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IIKOJIBI-KOH(EPEHIIUH JUIi MOJIO/BIX YYEHBIX U crenuanucToB. Mocksa, 14 —
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OPT'’AHM3ATOPBI HIKOJIBI-KOH®EPEHIIUU

e TK «POCATOM»

e MeXpernoHanbHOEe HAYYHO-TEXHHUECKOE OOINECTBO MAaTepUalIOBeE-
noB (MOM)

e HauuoHanbHBI  HMCCIEOOBATENBCKUN  SOEPHBIA  YHUBEPCUTET
«MUDON» (HUAY MUDN)

- Kadenpa dusnueckux npodiem Matepuanosenaenns HUSY MUDU

- JlabopaTopus COBpEMEHHBIX TEXHOJIOTHI IPOU3BOACTBA HOBBIX Ma-
TEPUAJIIOB C NPUMEHEHHEM HMILYJIbCHBIX 3JICKTPOMArHUTHBIX IOJICH
HUAY MUDU

e HanuoHanbHBIA MCCIEAOBATENBCKUI TEXHOJOTUYECKUN YHUBEPCHU-
teT «MUCuC» (HUTY MUCuC)

- Kadenpa matepuanosenenns u ¢pusuku npounocta HUTY MUCuC

e HarmuonanbHbIi HccnenoBaTenbCckuil HeHTp «KypyaToBCKUN WHCTH-
Ty (HUL] KN)

e BBICOKOTEXHOJIOTUYHBII  HAyYHO-UCCIIEIOBATEIIbCKUA ~ UHCTUTYT
Heopranndeckux marepuanos (BHMMHM)

e HayuHo-HccIe10BaTeNbCKUit HHCTHTYT Hay4dHO-TTPOM3BOICTBEHHOTO
o6wveuaenus «JIYUY» (HUU HITO «JIYUy)

e VIHCTUTYT CTPYKTYpHOH MaKpOKHHETHKH W MPOOJeM MaTepualioBe-
nenust uM. A.I'. Mepxxanosa Poccuiickoit akanemnu Hayk (MICMAH)



OPTAHU3AIIMOHHBII KOMUTET

IIpencenarenn:

Bbannrix O.A. UMET PAH
Conpencenareinb:

bap6ammuaa H.C. HUAY MUDU
3amecTHTENb:

HUSAY MUADU
Cexperapsb:

oxymaes I1.C.  HUAY MUOU
YseHbl KOMUTETA

AnbeivoB M. NCMAH
Fapuep @perk  REC (CIIIA)
I'ypoBuu B.A. HUIT K1
Kapmiok JLA. AO BHUVMHM
Ncaenkosa M.I'. HUAY MUDU
Huxynun C.A. HUTY MUCuC
Moxkpymmn A.A.  HITO "JIy4Y"
Hosukog B.B. AO BHUMHM
Canun B.H. NCMAH
Carapanze B.B. - UM® YPo PAH
Tuxomupos I'.B. HUAY MUDU
[Hopt Maiikn MIT (CILA)
Bannsix 1.0. UMET PAH

NCIIOJTHUTEJIBHAS I'PYIIIA

xymaes I1.C. — pykoBoautens, HUSIY MUOU
Enmanos I'"H. — 3am. pykosoaureins, HAY MUOU
bauypuna .M. HUAY MUDOU

Emenssnora O.B. HUAY MDA

Kucenes JI.C. HHU HIIO «JIYYy»

Koznos U.B. HUAIL K1

JIu 3.B. HUTY MUCuC

Muxansuuk B.B. HUAY MUOU

Muxaiinosa T.B. HUAY MUOU

[lepeaxosa T.H. AO BHUMHM

lopaukos JA.II. HUAY MUDU

Croatos C./I. HUAY MUDOU
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25 nos6ps 2021 roga na 87 romy
JKU3HH TIOclie  OOJNe3HH CKOHYAJICS
mpodeccop, TIOKTOP (hu3uko-
MaTeMaTHYeCKUX HayK, BHJHBIA yue-
HBIH ¥ OPraHM3aToOp HHHOBALMOHHBIX
WCCIIEIOBAHUH B 00JIACTH PEAKTOPHOTO
MaTepHaIOBEACHUS

Bopuc Anexkcanaposu4 Kanun

C 1984 r. bopuc AnexcanapoBud
Bo3rNaBIsl  Kadenpy «Du3mgeckux
npo0OiieM MarepuanopeneHus» HUAY
MUODHU. OH sABIsUICS TeHEpaTOPOM
UAe W OJHUM W3 OPTaHW3aTOPOB CO-
3aaHug B 1997 ronmy MexperuoHalib-
HOW o0OIIecTBeHHOW opranuzanuu «HaydHo-TeXxHHYecKoe OOIIeCTBO
MartepuanoBenoB» (MOM), BUIlC-TIPE3UACHTOM KOTOPOTO OH SIBIISJICS
Bce 3T0 BpeMs. MimeHHo 310 00mecTBo U b.A. KanwH SBIAINCH HHATIH-
atopamu npoBenenus ¢ 2000 r. HayYHBIX KOH(DEPEHLIUH I MOJIOJBIX
VYEHBIX U CIEIUAIHNCTOB, a 3aTeM, HaunHas ¢ 2014, — MexXayHapoaHbIX
IITKOJT-KOH(epeHTTHT.

[epBbie KOHGDEpeHIMH TPOXOIWIN B JoMe OTAbIXxa «EpmioBoy, a
3areM B Jlome ydeHbIx «3BeHuropoackuii». Haunnas c 2014 r. Mexny-
HapOJHBIE MIKOJNBI-KOH()EPEHIIN TPOBOIMINCE B MOCKBE B TOCTHHU-
nax «Munan» u «Unrypucr-Konomenckoe». OCHOBHOM LEIBIO BCEX
3TUX MEPONPHUATHI SIBISIIOCH O3HAKOMIIEHHE MOJOABIX YYEHBIX, CIIeIH-
aJMCTOB, aCITUPAHTOB U CTY/IEHTOB C TEHIACHIMSMH Pa3BUTHUA MaTepHua-
JIOB aTOMHOM SHEPreTHKH, IEPCIEKTUBHBIMHA TEXHOJIOTUSIMU U HOBBIMHU
MaTepraiaMy, METOAaMU UCCIEAOBAaHUS M MOJEIUPOBAHUS PA3IUIHBIX
MPOIIECCOB B TBEPJIOM Tejie. BaskHOW cocTaBHOW YacThio KOH(pEpeHIHH
SBIISIIOCH YCTAHOBIIEHHUE JIETOBBIX KOHTAKTOB MEXIY YYCHBIMH Pa3HBIX
CTpaH U MOKOJICHUH.

Konunna bopuca AnekcannpoBrda — HEBOCIIOHUMAS yTpaTa IS
poccuiickoro o0pa3oBaHHsA U HAYKH, CIYKEHHUIO KOTOPBIM OH ITOCBSITHI
BCIO CBOIO JKH3HBb. boprc AnekcanIpoBHY OCTaBWI SIPKHHA TBOPUYECKUI
clie]l B HayKe, )KU3HHU Kadelpbl U Bcero MHCTUTYTa. HayuHas, oOpazoBa-
TEIbHAs U OPraHU3aTOPCKasl ACSITENbHOCTh, IIKOJA TalaHTIMBBIX y4e-
HUKOB CHHCKaJll eMy IIyOOKOe yBa)KeHHE M Bbicouaiiiee mpogeccuo-
HaJBHOE MPU3HAHUE.




MPOI'PAMMA
(JIeKIIMU BBIACIICHBI CEPBIM (DOHOM)

14 nexadpn
OTKPBITHE 10-00
1. | N.1. YepHoB HUAY [amsatu 3aBemyromero ka- | 10-15
MUOU ¢denpoit Ne 9, nm.d.-m.H.,
mpogeccopa b.A. Kanuna
2. | M. AnsivoB | ICMAH [Mpumenenne meroma CBC | 10-30
PAH IUTS pa3pabOTKU TEXHOJIOTUH
HUTPHJIOB
3. | B.B. HoBukor | AO Bomnpocsr passutus marepu- | 11-00
BGHUMHM» | anoB I TEMJIOBBIIENSAIO-
mHX cOOPOK aKTHBHBIX 30H
BOJIO-BOJISIHBIX SIIEPHBIX pe-
aKTOpOB
4, | M.B. Jleonrs- | AO Pammarmonusie sBinenns u | 11-30
eBa-CmupnoBa | «BHUMHM» CTPYKTYPHO-(ha30BbIE co-
CTOSIHUSI B PEAKTOPHBIX CTa-
JSIX
5. | 1.O. baneeix | UMET PAH | Ocobennoctu  ¢dopmupoBa- | 12-00
HHUS CTPYKTYpHO-(ha3oBOro
COCTOSIHUST ¥ (pH3HKO-
MEXaHUYECKHX CBOWMCTB BbI-
COKOA30THCTBIX  ayCTEHHUT-
HBIX cTajen
6. | U.B. ®enotoB | HULl "Kyp- | Martepuanosenuyeckuii moa- | 12-30
YaTOBCKHUH XOJ TIpU pa3padoOTKe craiei
UHCTUTYT" KopIrycoB peakTopoB BBOP
7. | J.W.Coenen FZ Juelich, | Tungsten  fibre-reinforced | 13-00
Germany tungsten
IIEPEPBIB 13-30
8. | HIO. beitmn- | AO «HUU- |Ponp Tepmoxmmmueckoit o6- | 14-15
Ha rpaduT» pabotk B (HOPMHUPOBAHUH
CBOICTB CHHTETHYECKOTO
rpaguTa
9. | B.H. Ilerpos- | HUAY AnputuBHbele  TexHojoruu. | 14-45
CKHH MU®U CoBpeMEHHOE  COCTOSIHHE,
TIePCIIEKTHBHI
10.| A.A. Octpo- | Ypanbckuii CuHTE3 CJI0OKHBIX OKCHIOB B | 15-15
YILKO (denepann- peakuusx ropeHus: 3pQpexT
HBIi ~ YHH- | TEHEpUPOBaHHS 3apsiioB —
BEPCUTET N3y4YEeHUE U UCIIOJIb30BAHUE




11.

H.M. Cronos

DHEPTOAB
AHTAP]I

3D-mieuars uM3genuid U3 Ke-
pPaMUKH 10  TEXHOJOTHH
LCM

15-45

IIEPEPLIB

16-15

12.

M. CaBenneB

HUAY
MHU®U

Tepmomexanmaeckast 00padboT-
Ka (hpeppuUTHOIA CcTaIM HA OCHO-
Be cucrembl Fe-Cr-Al-Si

16-30

13.

A.B. Knay3

HUAY
MHU®U

Hanoctpykrypa aucnepcHo-
YIIPOYHEHHBIX OKCHIAMHU
cTajell W ee IepecTporKa
pu 00Iy9IeHUN HOHAMHU

16-45

14.

K.E. KimrokoBa

HUAY
MHUOU

3aKOHOMEPHOCTH (HOPMHPO-
BaHMA PEKPHCTAJUIN30BAH-
HOHM CTPYKTYpHI B epopMu-
POBaHHBIX  W3ACIHAX M3
crmiaBoB 0110, D110M u
D635 npu TepMmdecKon 00-
paboTke

17-00

15.

M.U. Iletpos

HUAY
MUOU

BimsiHue cocraBa LUPKOHH-
€BOTO CIUIaBa Ha PacTBOPH-
MOCTh BOJIOpOJid

17-15

16.

M.B. XKapos

MAI
(HAY)

®opmupoBaHHEe  33aTaHHOTO
CTPYKTYpPHO-(ha30BOTO COCTO-
SIHUSI MaTepuaja TPaHyN Ka-
POINPOYHBIX HHKEJICBBIX
CIUTABOB, TONYYaeMBIX METO-
JlaMH Ta30BOM aTOMU3aluK U
LEHTPOOCIKHOTO PACTIBUICHUS
JUTOrO Moty (habprkara

17-30

17.

A.E. PybanoB

HUAY
MUOU

BrnusiHue CTPyKTYphl U KpH-
crautorpaduyeckoii  Tek-
CTYyppl Ha  AHU30TPOIHIO
cBoiicte cmiaBa BJXK159,
MOJYYEHHOTO CEJICKTUBHBIM
JIa3€PHBIM CILJIaBJIEHUEM

17-45

18.

K.O. Bazanee-
Ba

PYIH

Ocobennoct  auddy3noH-
HOTO HACBIIIEHUS CTajew,
CHHTE3MPOBAaHHBIX METO/a-
MU J1azepHoit 3D-neuat

18-00

19.

A.A. Baxenos

HUAY
MHUOU

[epepacnpenenenue rajo-
JIMHUS B ypaH-
TagOJIMHUECBBIX OKCHUAAX IPHU
JIOCTIEKaHUN

18-15




20.| EA. Tapaka- | ®KII "I'JII | IlepcriekTuBbl passurust | 18-30
HOB "Pamyra" TEXHOJIOTHH MOy ICHUS
OTECUECTBCHHOW  JIa3€pHOM
KEepaMHKH
21.| E.B. l'ankun MAU AHanu3 TexHH4YecKux mpo- | 18-45
onem, MPETSATCTBYIOMINX
LIUPOKOMY  NPUMEHEHHIO
cepruvecKnx TMOPOIIKOB H3
CIJIABOB Ha OCHOBE AJIOMU-
uuna wukens NiAl B cospe-
MEHHOW NPOMBIIIIIEHHOCTH
22.| M. Conpmar- | AO «HUU | UcnsiTanus oxnHOYHEIX | 19-00
KUH HIIO «JIyu» | UMHTaTOpOB TB3JOB PEAKTO-
pos BBOP Ha ctenae mapa-
metp B yenoBusx LOCA
15 nexadps
23.| F. Garner Radiation Impact of radiation-induced | 9-30
Effects Con- | changes in composition,
sulting, USA | dimension and mechanical
properties of reactor struc-
tural components.
24.| B.B. Yrios BI'Y, Munck, | YcroiunBocts crpykTypsl | 10-10
Bbenapyce MHOTOCJIOMHBIX HUTPUIHBIX
TUICHOK, 0OJyIEeHHBIX
HOHaAMMU IeJiust
25.| C.B. Porox- | HUAY Kommnemenrapusiid anamms | 10-40
KUH MHUOU panuaoHHbIX 3G deKToB B
MaTepHaiax
26. | V. Krsjak Slovak Uni- | Variable-energy  positron- | 11-10
versity of | beam study of helium bub-
Technology ble swelling in ODS steels
in Bratislava
IIEPEPbIB 11-40
27.| AIl. Meny- | HUAY CunxporponHoe m3inydenue | 11-50
IIIEHKOB MHOU B (uU3MKEe TBEPAOIO Teaa U
MaTepUaIOBEACHUH
28.| A®.Tyokun | UOM VYpO | [opomkoBas mudpaxmun | 12-20
PAH HEUTPOHOB B PELUCHUM Ma-
TEpUAJIOBETYECKUX 3a/1a4
29. | M. Wolff Uppsala Neutrons in  materials | 12-50
University research
30. | M. Wolff Uppsala Solid-liquid boundaries | 13-20
University studies with neutrons
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13-50

MEPEPBIB
31.| A.C. IlaruteBa | AO CoBpeMeHHEIC 14-30
"BHMWHM" | cepxmpoBonsiiue
MaTepualbl u ux
MPUMEHEeHHE
32.| V. Vishnukan- | University of | Materials for Next genera- | 15-00
than Oslo tion Solar cells — Challenges
33.| C2K. Kapa- | IFE, Norway | PagmaumonHo-tonepantHbie | 15-30
JKAHOB KPEMHHCBBIC  COJIHCYHBIC
ANIEMEHTHI [l TPUMEHECHUS
B KOCMOCE
MEPEPBIB 16-00
34.| B.H. Ilamesn- | HUAY Bnusnue cuctemsl mocrosH- | 16-15
Hes MHoU HBIX MAarHATOB Ha BBIXOJE
MarHeTpoHa Ha IUIOTHOCTh
MOHHOT'O TOKA Ha IOJUIOKKY
35. | K.C. BepeMefI BFY, CprKTypHO-(baSOBOG COCTOSI- 16-30
Mumuck, HUE W CTOMKOCTh K BBICOKO-
benapyck | reymeparypromy okucnenmio
MHOTOCJIOMHBIX MOKPBITUI
ZrN/Zr14Cuy, chopmupoBan-
HBIX MAarHeTPOHHBIM PacIibl-
JICHUEM
36.| 3.4. MHmku- | HTO Mouduxkanus nosepxsocteii | 16-50
HACB "MPO- . cTaneil CKaHUPYIOIUM Ja3ep-
Tomoc HBIM JIy4OM
37.| E.C. Anrono- | HUSY Hccnenoranue BiusiHust uoH- | 17-05
Ba MHU®U HO-TUTa3MEHHOH  00paboTKu
aproHOM Ha aJre3uio MOKpHI-
THH HW [IEPOXOBATOCTH IO-
BEPXHOCTH 000J0YEK U3 CILIa-
Ba D110
38.| E.A. OpnoBa | UATOD Cunepreruka Mmoandukauun | 17-20
HUAY MMOBEPXHOCTH KOHCTPYKIIUOH-
MUDU HBIX MAaTepUalioB KUIAKHMHU
MeTaiaMu
[epepacmpenesnenne B o0Ja-
CTHM MEXaHUYEeCKOr0 MOBpe-
JKICHUSI KOMIIOHCHTOB CTallH,
HCIIBITAHHOM B CBUHIIE
39. | M.B. Kpsuio- AO Paspaborka NbsSn cepxmpo- | 17-35
Ba "BHUMHM» | BOOZHUKOB HOBOTO IIOKOJIEHUS

9




JUII COBPEMEHHBIX YCKOpPHUTE-
JIen
40. | H.B. Konosa- AO Ctpykrypa u cBoiictBa NbgSn | 17-50
JI0Ba "BHUMHM) | CBEpXIIPOBOJHUKOB Jyisi pabo-
TBI B TIEPEMEHHBIX MarHUTHBIX
TOJISAX
41. | 1.M. Casens- | AO [Tpumenenue nerupoBanus Ta | 18-05
¢B "BHAMHM» | i 7Zr B nonyuennmn NbsSn
CBEPXIIPOBOJIHUKOB C TOBBI-
LIEHHON TOKOHECYIIEel cro-
COOHOCTBIO
42. | 1.A. Abun HUAY Bmmstaue o6iyuenust wonamu | 18-20
MHoHn JKene3a Ha KPUTHICCKYIO TeM-
neparypy BTCII koMno3utos
43.| A. ConoBbeB HUAY WmnynecHag nasepHas moau- | 18-35
MHUou (UKaLys CIOUCTBIX M KOMIO-
3UTHBIX IIeHOK BCx
44,1 N.3. Mamenor | HUSAY Vemnenne — ruppodobHOCTH | 18-50
MHUOU TOHKHMX IIJIEHOK JUOKCHIA Iie-
pUs IyTeM KOHTpOJs mapa-
METPOB IMOBEPXHOCTH
45.| P.A. Munyw- | HUAY Bawusinne kpucramiorpaduye- | 19-05
KUH MHUoOU CKOM TEKCTypbl HA MEXaHHYe-
CKHE CBOMCTBA B ayCTEHUTHOM
cranu AISI 304 npu xomon-
HOW TIpOKaTKe M TepMooOpa-
6oTKe
16 nexadpsn
46.| O.A. Tpoun- | UMAIIl wum. | Ilpoueccsr penakcanuu ge- | 10-00
KU A.A. bnaro- | ¢opmauuii npoBogHUKa NpH
HpaBOBa JNEHCTBUU  AIIEKTPUIECKOTO
PAH HMITYJIbCA
47.| E.I'. I'purops- | UCMAH Perucrpamus  Temmeparypst | 10-15
€B PAH MaTepualoB B  IIpoLecce
BO3/ICHCTBUSI  BBICOKOBOJIBT-
HOT'O MMITYJIbCA TOKa
48. | C.B. Hecko- AI'TY TepMo-UHAYKIIMOHHO- 10-30
POMHBIii JIMHAMMYECKOE  COETMHE-
HHUE MATEPUAIIOB
49.| M.M. 3apu- HUAY Anamu3  ¢asoBbix mpe- | 10-45
1oBa MHoHn BpAlllEHUli B CBEPXYIPY-
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I'MX CIUIaBaxX IPHU UCIIOJIb-
30BaHUU PEHTTEHOBCKOIO
W3JIy4ECHHs] pa3HOW MOII-
HOCTH

50.

IT.A. Kpoxu-
yeBa

UMET PAH

Calcium-magnesium  phos-
phates bone ce-
ments:research of antibacte-
rial properties, biocompati-
bility and osteoconductive
potentials in vivo

11-00

51.

A.B. AGpa-
MOB

HUAY
MHU®U

BricTpo3akaneHHbIE CIUIABBI-
npunou cuctembr Al-Ge-Si,
HepCHeKTI/IBHLIe I coeau-
HCHUSA BLICOKOHpO‘IHOFO
ATIOMMHHEBOTO cIiaBa
AA6082 ¢ KOpPpPO3HOHHO-
crolikoii crtanpio AISI 304

11-15

52.

A.N. T"'aboB

HUAY
MHUoHu

[NonyueHne MasHBIX COEIH-
meauit  BK94-129HK u
C48-3/IIM-2A  aKTUBHBIMH
ObICTPO3aKATIEHHBIMH  TIPH-
TTOSIMH

11-30

53.

I0.A. T'ypoBa

HUAY
MHUOU

HpI/IMeHGHI/IG AJIFOMHUHHUECBBIX
MPUIIOCB  JIsL MMaiikk Mbe30-
KEepaMHYICCKUX KOMIIOHCH-
TOB

11-45

54.

JAM. bauy-
puHa

HUAY
MHUOU

CrpykTypa U CBOMCTBa mnas-
HOTO COCMHEHNUS
W/Ta/Rusfer, momydeHHOTO
C HCIIOJIB30BAHUEM TIPHUIIOS
Ti-Zr-Be

12-00

55.

E.A. Ba3gun-
KUHA

HUAY
MHUoHU

OtpaboTka mapaMeTpoB IO-
JAy4eHus: 00bEMHBIX aMopd-
HBIX u amopdHO-
KPHCTAJUIMYECKHX  CIUIABOB
cocTaBa Zr35Ti3()BeZ7V5CU7V5
METO/IOM HCKpPOBOTO IlIa3-
MEHHOTO CIIEKaHHUs MOPOII-
KOB

12-15

56.

Corthay
Shakti

HUTY
MHUCHUC

Elevated-temperature high-
strength H-BN-doped
Al2014 and AI7075 compo-

12-30
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sites

BN reinforced Ni
composites

matrix

57.

E.1O. Crpy-
TOBIIMKOB

University of
Rovira i Vir-
gili, Tarra-
gona, Spain

[Ipeobpa3oBaHus B XHMHUE-
CKOM  IIPOCTpPAaHCTBE: Ha
npuMepe OKCUTHIPHUIIOB
pelIKo3eMeIbHBIX METaJIOB

12-50

IIEPEPBIB

13-05

58.

A.B. bpanyk

HUAY
MUOU

CuHTe3 HaHOTPYOOK M3 AU-
OKCH/Ia THTaHa ¥ 0COOEHHO-
CTH UX MOJM(DUKALMU TPH-
MEHHUTEIbHO K CO3IAaHUI0
0eTa-BOIBTAMUECKUX  DJIe-
MEHTOB

13-45

59.

M.O. D1peko-
Ba

HUAY
MHUou

TexHonorus na3epHON MHK-
podpe3epoBku
st SMD-koprrycupoBaHus
CCHCOPOB BOJIOpOIA, pac-
TBOPEHHOTO B TpaHC(opMa-
TOPHOM Macie

14-00

60.

M.A. Ilaxo-
MOB

NMAIII

Bnusnue rpadena Ha Tpu-
00JIOrHUECKHE CBOMCTBA
HAHOKOMIIO3UTHON KepaMmHu-
KH

14-15

61.

M.I. I'punke-
BHY

HUAY
MHUoHU

Tpubonornyecknue cBOWCTBa
TBEPAOCMA30YHOTO  TOKPHI-
THsI, c(QOPMHPOBAHHOTO pe-
AKITUOHHBIM HUMITYJIbCHBIM
JIa3epHBIM OCAKACHHEM TH-
TaHa U MOJIHOAEHA

14-30

62.

O.B. Pybusn-
KOBCKasi

HUAY
MHUoHu

DoTO3NEKTpOKATATIUTHYE-
CKas aKTHBHOCTb pacIlen-
JCHUS  BOJBl THOPHIHOU
cTpykTypoit  MoSy/WSe,,
dbopmupyeMolt  MeTOgaMH
TEPOMOXHMHUYECKOTO CHHTE-
3a U OCaXKICHUS

14-45

63.

E.B. Kpormno-
4yeB

HUTTY

YucneHHoe — HCCIIEI0BaHUE
nporecca noixydeHus ¢gropa
B CpeaHeTeMIepaTypHOM
IIEKTPOIHU3EPE

15-00

64.

I1.M. Kopy-
CEHKO

CIIor'y

N3yuenne
CTPYKTYPBI

AJICKTPOHHOM
KOMILICKCa

15-15
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[Ni(Salen)] meromom peso-
HaHCHOH (hoToAIMHCCHU

65.

H.A. Boukos

AO «HUU
HITO «JIyu»

[IpoyHOCTHBIE  XapaKTepH-
CTHKH  MOHOKPHUCTAaJTUYe-
CKUX CIIABOB CUCTEMBI MO-
0 eH-HHoOu i

15-30

66.

J.0. ®ponos

Ty

K  nocrpoenuto
MUKPOTUIACTUYHOCTH

TeOpUHu

15-45

IIEPEPBIB

16-00

67.

M.JI. Poma-
HEHKO

BoarI' TY

Ocobennocti  (ha30BBIX U
MUKPOJIepOpMaliOHHBIX
N3MCHEHUH THUTaHOBOT'O
criaBa BT22 B pesynbrarte
BBICOKORHEPTETHUECKUX
BO3JCHCTBUIL

16-15

68.

AT.
TsIpeBa

Jler-

MITY wum.
baymana

Da30BO-CTPYKTYpHOE  CO-
CTOSIHHE TIOBEPXHOCTH YTJIe-
poaucToit cTamu, Momudu-
LOUPOBAHHOW METOIOM Jie-
(hOPMUPYIOIIETO pe3aHus

16-30

69.

E.P. Yepnas-
cKas

HUAY
MUOU

MexaumsM  popMupoBaHUs
COEIMHEHUS IIPU BaKyyMHOM
maitke SIiC ¢ moMOLIBIO
OBICTPO3aKaJICHHOTO CIIaBa-
npuros cucremsr ZrTiCuBe

16-45

70.

H.A. Komapos

HUAY
MUOU

MonemupoBaHue CTPYKTYPHI
TpaHMIBl  pa3fena Mexay
JKENe30M M MarHeTHTOM B
yCIIOBUAX 0Opa3oBaHUs 3a-
OIUTHOTO OKCHIHOTO CJOS
Ha ¢bepputHO-
MapTEHCHTHBIX CTalliX B
KHCIJIOPOI0COIepKAIIEM
TETIOHOCHUTEIIS

17-00

71.

H.A. Tlyxape-
Ba

HUAY
MU®U

KunkodazHoe moBepxHOCT-
HOE JITUPOBaHME TYTOILIAB-
KAMH MeTajUlaMH  CIUIaBa
3110

17-15

72.

A.A.Komunna

MU DU,
HTO «HUPDO-
TTomroc»

MeToauka  IpeUU3UOHHOU
JTa3epHOM HAPO3UHU HEpKaBe-
IOILIEeH cTanu

17-30

3AKPBITUE KOH®EPEHIIUN

17-45
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CONFERENCE PROGRAMME

(lectures are highlighted in gray)

December 14th

OPENING OF THE CONFERENCE 10-00
1.| I.I. Chernov NRNU In memory of the head of Ma- | 10-15
MEPhI terials Science Department
prof. Kalin B.A.
2. | M.U. Alymov | ISMAN Application of the SHS meth- | 10-30
RAS od for the development of ni-
tride technologies
3. | V.V. Novikov | JSC*“VNINM” | Issues of development of ma- | 11-00
terials for fuel assemblies of
pressurized water nuclear re-
actors cores
4. | M.\V.Leont’ye | JSC“VNINM” | Radiation phenomena and | 11-30
va - Smirnova structural-phase states in reac-
tor steels
5. | .O.Bannykh | IMET RAS | Features of the formation of | 12-00
the structural-phase state and
physico-mechanical properties
of high-nitrogen austenitic
steels
6. | L.V. Fedotov NRC Materials science approach to | 12-30
“Kurchatov | development of VVER reactor
institute” pressure vessel steels
7. | J.W.Coenen FZ Juelich, | Tungsten fibre-reinforced | 13-00
Germany tungsten
BREAK 13-30
8. | N.Yu.Beylina | JSC “NII- [The role of thermochemical | 14-15
graphite” treatment in the formation of
the properties of synthetic
graphite
9. | V.N. NRNU Additive technologies. Current | 14-45
Petrovskiy MEPhI state, prospects
10.| A A Ural Federal | Synthesis of complex oxides | 15-15
Ostroushko University in  combustion  reactions:
charge generation effect -
study and use
11.| N.M Sgonov Energo- 3D printing of ceramic prod- | 15-45
avangard ucts using LCM technology

14




BREAK

16-15

12.

M. Savelyev

NRNU
MEPhI

Thermomechanical treatment
of ferrite steel based on Fe-Cr-
Al-Si system

16-30

13.

A.V. Klaus

ITEP, NRC
“Kurchatov
institute”

Nanostructure  of  oxide-
dispersion-hardened steels and
its rearrangement under ion
irradiation

16-45

14,

K.E. Klyuko-
va

NRNU
MEPhI

Regularities of formation of a
recrystallized structure in de-
formed products from E110,
E110m and E635 alloys dur-
ing heat treatment

17-00

15.

M. Petrov

NRNU
MEPhI

Effect of zirconium alloy
composition on hydrogen sol-
ubility

17-15

16.

M.V. Zharov

MAI

Formation of given structural-
phase state of material of
granules of  heat-resistant
nickel alloys obtained by
methods of gas atomization
and centrifugal spraying of
cast semi-finished products

17-30

17.

A.E. Rubanov

NRNU
MEPhI

Influence of structure and
crystallographic texture on the
properties  anisotropy  of
VZH159 alloy obtained by
selective laser melting

17-45

18.

K.O.
Bazaleeva

RUDN

The features of diffusion satu-
ration of steels, synthesized by
laser 3D printing

18-00

19.

AA.
Bazhenov

NRNU
MEPhI

Redistribution of gadolinium
in uranium-gadolinium oxides
after sintering

18-15

20.

E.D.
Tarakanov

SLPRaduga

Perspective for the develop-
ment of technology for pro-
ducing domestic laser ceram-
ics

18-30

21.

E.V. Galkin

MAI

Analysis of technical prob-
lems preventing widespread
use of spherical powders from
nickel nickel-based alloys
NiAl in modern industry

18-45
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22.| D.M. LUCHJSC | Tests of single imitators of | 19-00
Soldatkin VVER reactors on the parame-
ter stand under LOCA condi-
tions
December 15th
23.| F. Garner Radiation Impact of radiation-induced | 9-30
Effects Con- | changes in composition,
sulting, USA | dimension and mechanical
properties of reactor struc-
tural components.
24.| V.V. Uglov Belarusian Stability of multilayered ni- | 10-10
state tride films structure irradi-
university ated with helium ions
25. S.V. NRNU Complementary analysis of | 10-40
Rogozhkin MEPhI radiation effects in materials
26.| V. Krsjak Slovak Uni- | Variable-energy  positron- [ 11-10
versity of | beam study of helium bub-
Technology ble swelling in ODS steels
in Bratislava
BREAK 11-40
27.| AP. Men- | NRNU Synchrotron  radiation in | 11-50
ushenkov MEPhI solid state physics and
materials science
28.| A.F. Gubkin IPM RAS Powder neutron diffraction | 12-20
in the solution of material
science problems
29. | M. Wolff Uppsala Neutrons  in  materials | 12-50
University research
30.| M. Wolff Uppsala Solid-liquid boundaries | 13-20
University studies with neutrons
BREAK 13-50
31.| AS. Tsapleva | JSC“VNINM” | Modern  superconducting | 14-30
materials and their
application
32.| V. Vishnukan- | Oslo Univer- | Materials for Next genera- | 15-00
than sity tion Solar cells — Challenges
33.] S.zh.  Kara- | NRNU Radiation-tolerant  silicon | 15-30
zhanov MEPhI solar cells for space applica-
tions
BREAK 16-00
34.|1 V.N. NRNU Influence of the system of | 16-15
Pashentsev MEPhI permanent magnets at the
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output of a magnetron on the
density of the ion current on
the substrate

35.[ L.S. Veremei Belarusian Structural-phase state and | 16-30
state resistance to high-
university temperature  oxidation of

multilayer  Zrn/Zr1-xCux,
coatings formed by magne-
tron sputtering

36.| E.D. Ishkin- | IRE-Polus Surface  modification of | 16-50

yaev steels with scanning laser
beam

37.| E.S. Antonova | NRNU Study of the influence of | 17-05
MEPhI ion-plasma argon treatment

for coating adhesion and sur-
face roughness of E110 alloy

38.| E.A. Orlova IATE Synergy of modification the | 17-20
MEPhI structural materials sur-face

by liquid metals
Redistribution in the field of
mechanical damage of com-
ponents of the steel tested in
lead

39.| M.V. Krylova JsC Development of new genera- | 17-35
“VNIINM” tion NbsSn superconductors

for modern accelerators
40.| N.V. JSC Structure and properties of | 17-50
Konovalova “VNIINM” NbsSn superconductors for
alternating magnetic field
applications

41.| LI Savel’ev JSC Application of Ta and Zr | 18-05
“VNINM” doping in the production of

NbsSn superconductors with
increased current capacity

42.| D.A. Abin NRNU Influence of irradiation with | 18-20
MEPhI iron ions on the critical tem-

perature of hts composites

43.| A. Soloviev NRNU Pulsed laser modification of | 18-35
MEPhI layered B-C and mixed BCx

films
44. D.Z. NRNU Enhanced hydrophobicity of | 18-50
Mamedov MEPhI cerium dioxide thin films by

surface engineering
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45.| R.A. Minush- | NRNU Influence of crystallographic | 19-05
kin MEPhI texture on mechanical prop-
erties in austenitic steel AISI
304 after cold rolling and
heat treatment
December 16th
46.| O.A. Troitsky | Mechanical Relaxation processes of con- | 10-00
Engineering | ductor deformations under the
Research action of an electric pulse
Institute
47.| E.G. ISMAN Registration of materials tem- | 10-15
Grigoryev RAS perature in the process of ex-
posure to a high-voltage pulse
current
48.] S.V. Don State Thermo-induction-dynamic 10-30
Nescoromniy | Technical connection of materials
University
49.1 M.M. NRNU Analysis of phase transfor- | 10-45
Zaripova MEPhI mations in superelastic alloys
using X-ray radiation of differ-
ent power
50. | P.A. Krokhi- IMET RAS Calcium-magnesium phos- | 11-00
cheva phates bone cements:research
of antibacterial properties, bio-
compatibility and osteocon-
ductive potentials in vivo
51.| AV. NRNU Rapidly-quenched filler alloys | 11-15
Abramov MEPhI of the Al-Ge-Si system, prom-
ising for the connection of
high-strength aluminum alloy
AA6082  with  corrosion-
resistant steel AISI 304
52.| A.l. Gabov NRNU The obtaining of joints alumi- | 11-30
MEPhI na/kovar and
glass/molybdenum alloy with
active amorhous and
nanostructures brazing alloys
53. Y.A. Gurova | NRNU Application of aluminum braz- | 11-45
MEPhI ing filler metals for brazing
piezoceramic components
54.| D.M. NRNU Microstructure and properties | 12-00
Bachurina MEPhI of the
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W / Ta / Rusfer brazed joint
obtained with the use of the Ti-
Zr-Be brazing alloy

55.| E.A. NRNU Obtaining parameters for the | 12-15
Bazdnikina MEPhI production of bulk amorphous
and amorphous-crystalline al-
loys of the composition
Zr35Ti30Be27,5Cu7,5 by
spark plasma sintering of pow-
ders
56. | Corthay NUST Elevated-temperature high- 12-30
Shakti MISIS strength H-BN-doped Al2014
and Al7075 composites
BN reinforced Ni matrix com-
posites
57.| E. Strugovsh- | University of | Transformations in the chemi- | 12-50
chikov Rovira i Vir- | cal space: rare-earth metal ox-
gili, Tarra- | yhydrides as a case study
gona, Spain
BREAK 13-05
58.| A.V. Bratsuk | NRNU Titanium dioxide nanotubes | 13-45
MEPhI synthesis and modification for
the development of betavoltaic
cells
59. | M. Etrekova NRNU Laser micro milling technolo- | 14-00
MEPhI gy for smd housing of gas sen-
sors for measuring hydrogen
dissolved in transformer oil
60. | M.A. Mechanical Influence of graphene on tribo- | 14-15
Pakhomov Engineering | logical properties of nanocom-
Research In- pOSIte ceramics
stitute
61.| M.D. NRNU Tribological properties of sol- | 14-30
Gritskevich MEPhI id-lubricating coating formed
by reactive pulse laser deposi-
tion of titanium and molyb-
denum
62.| O.B. Pyoun- | HUAY dotoanekrpokaranutudeckas | 14-45
KOBCKas MHNOU aKTUBHOCTb DPACILEINIEHUs BO-

IO6l TUOPHAHOW CTPYKTYpOit
MoSx/WSe,,  dopmupyemoit
METOJJAMH TE€POMOXHMHYECKO-
IO CHHTE3a M OCAXKICHUS
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63.| O.V. Ru- NRNU Photoelectrocatalytic  activity | 15-00
binkovskaya MEPhI of MoSx/WSe2 hybrid struc-
ture water splitting prepared by
thermochemical synthesis and
deposition
64.| E.V. National Re- | Numerical study of the process | 15-15
Kropochev search of obtaining fluorine in a me-
Tomsk State | dium temperature electrolyser
University
65.| P.M. St.  Peters- | Study of the electronic struc- | 15-30
Korusenko burg  State | ture of the [Ni (Salen)] com-
University plex by resonance photoemis-
sion
66.| N.A. Bochkov | LUCH JSC Strength  characteristics  of | 15-45
monocrystalline alloys of the
molybdenum-niobium system
BREAK 16-00
67.| M.D. Roma- VolgGTU Features of phase and microde- | 16-15
nenko formation changes in titanium
alloy VT22 as a result high en-
ergy impact
68.| A.G. Degt- BMSTU Phase-structural state of car- | 16-30
yareva bon steels surfase modified by
the method of deforming cut-
ting
69. | E.R. Cher- NRNU The mechanism of joint for- | 16-45
navskaya MEPhI mation during vacuum SiC
brazing using a fast-hardened
alloy of the ZrTiCuBe system
70.| N.D. NRNU Modeling of the boundary | 17-00
Komarov MEPhI structure between iron and
magnetite under the conditions
of formation of a protective
oxide layer on ferrite-
martencite steels in an oxygen-
containing coolant
71.| N.A. Pukha- NRNU A liquid-phase surface alloy- | 17-15
reva MEPhI ing of alloy E110
72.| AAKolchina NRNU Precision laser erosion tech- | 17-30
MEPhI nique for stainless steel
17-45

CLOSING OF THE CONFERENCE
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Te3ucel JIeKIM U JTOKJIAI0B

Absracts of lectures and report

21



M.U. AJILIMOB, B.B. BAKOPXXEBCKUIA
Hncmumym cmpykmypHoti MaxpoKuHemuKu u npooiem mamepuanogedenus
um. A.I'. Mepoacanosa Poccuiickoti akademuu nayk, Yepuoeonoska, Poccus
alymov@ism.ac.ru

INPUMEHEHME METOJA CBC J1JIAA PABPABOTKH
TEXHOJIOI' il HUTPUIOB

Otkpeitre, caenannoe B 1967 r. A.I'. MepxanoseiM, 11.I1. bopoBuHCKOI 1
B.M. IlIkupo «IBiaeHKE BOIHOBOMU JIOKAIU3ALMU ABTOTOPMO3AIIUXCS TBEPLO-
(ha3HBIX peakuuii» CTano OCHOBOI HOBOTO METO/IA MOIYIEHHS HEOPTaHUUCCKUX
COEIMHEHUH, KOTOPHIH OBII Ha3BaH CaMOPacIPOCTPAHSIONIMNCS BBICOKOTEMITE-
parypusiii cuaTe3 (CBC). OcoOeHHOCTh JaHHOTO METOa 3aKII04YaeTCsi B TOM,
YTO CHHTE3 BEIECTBA OCYLIECTBIISICTCS B PEXKUME TOPEHUS 3a CUET B3aUMOJCH-
CTBHSI KOMIIOHEHTOB HCXOJHON PEAKIIMOHHOM CMECH C BBICICHHEM SHEPTUH.

Ha ocnose metona CBC, B MICMAH pa3pabotaH psiJi TSXHOJOTHIA MOJTyde-
HHS TIOPOLIKOB HUTPHJIOB. M3ydyeHbl 3aKOHOMEPHOCTH CHHTE3a U pa3paboTaHbl
METOJIBI YNIPABICHUSI MOP(OIOTHEN JACTHIl HUTPHUAA aMIOMUHNMS. Pa3paboTaHbl
texHonorun CBC HHUTpuAa aqfoMUHHS U TOJyYEHHUS MTOPOIIKOB C 3a/laHHbI-
MU XapaKTepUCTUKaMH{ B 3aBUCHIMOCTH OT 00JIaCTH ITPUMEHEHHS.

PazpaboTana TEXHOIOTHS MOMYYEHHUsI KOMIO3UIIMOHHOTO MOPOIIKa 00IIIero
coctaBa AIN-Al,O3-Y,03 mist criekaHusl TEIIONPOBOIAIIEH JUAIECKTPUUSCKOI
kepamukd. [lomydeHsl  o0pasmpl  KepaMHKH C  TEIUIONPOBOAHOCTHIO
200BTt/(M°K).

OKCHEepUMEHTAIBHO HCCIIeJOBAaHbl 3aKOHOMEPHOCTH CHHTE3a alb(a-(as3bl
HUTpUAA KPEMHHS C UCIIOJIb30BaHHEM J100aBOK Ta3U(QHIUPYIOUIMXCS U JErKO-
IUTaBKUX cosied. Pazpaboransl TexHonorust CBC HUTpuaa KpeMHHS ¢ BOJIOKHU-
CTOH U paBHOOCHOH (popmoitl yacTu. Briepsrie paspaborana CBC-TexHOIOTHS
MOJyYeHHs] KOMITO3MIMOHHOTO TIOpOIIKa Ha ocHoBe anbda (a3sl HUTpHIA
kpemHust coctaBa SigN4-MgO.

Brepsbie pazpadorana CBC texHonorust azotupoBanus ciuiaBa V3Aly s
HOJTy4eHHs1 a30TcoAepxkaiero Marepuana cocrtasa V-Al-N, koTopslit ncross-
3yeTcst ISl POM3BOACTBA BEICOKOIPOYHBIX TUTAHOBBIX CILIABOB.

BriepBrie paspaborana texnosoruss CBC mosrydeHHs MOpOIIKa HUTPHUIA
uupkonust ¢ppakiun 40-50 MKM COCTOSIIIETO U3 MOHOKPUCTAIBHBIX YACTHULL, JJIS
TUTa3MEHHOTO HAHECEHHMS )KapOCTOWKOTO MOKPHITHS.

ITo pazpabortanabiM TexHoONMOTUsM B MCMAH oprann3oBaHO ONBITHOE
MPOU3BOJCTBO MOPOIIKOB HUTPHUJOB Il POCCUHCKUX NPEANPHUITHH.
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M.U. ALYMOV, V.V. ZAKORZHEVSKY
Merzhanov Institute of Structural Macrokinetics and Materials Science Russian
Academy of Sciences, Chernogolovka, Russia
alymov@ism.ac.ru

APPLICATION OF THE SHS METHOD FOR THE
DEVELOPMENT OF NITRIDE TECHNOLOGIES

The discovery made in 1967 by A.G. Merzhanov, I.P. Borovinskaya and
V.M. Shkiro "The phenomenon of wave localization of auto-braking solid-
phase reactions™ became the basis of a new method for obtaining non-organic
compounds, which was called self-propagating high-temperature synthesis
(SHS). A feature of this method is that the synthesis of a substance is carried
out in the combustion mode due to the interaction of the components of the ini-
tial reaction mixture with the release of energy.

Based on the SHS method, ISMAN has developed a number of technologies
for obtaining nitride powders. The peculiarities of synthesis have been studied
and methods for controlling the morphology of aluminum nitride particles have
been developed. Aluminum nitride SHS technologies have been developed to
produce powders with specified characteristics depending on the application
area.

A technology has been developed for producing a composite powder AIN-
Al,O5-Y,0; for sintering heat-conducting dielectric ceramics. Ceramic samples
with a thermal conductivity of 200 W/ (m-K) were obtained.

The regularities of the synthesis of the alpha phase of silicon nitride using
additives of gasifying and fusible salts have been experimentally investigated.
The technology of SHS of silicon nitride with fibrous and equiaxial particle
shapes has been developed. For the first time, a SHS technology for producing
a composite powder based on the alpha phase of silicon nitride SizN,-MgO has
been developed.

For the first time, the SHS technology of nitriding the V;Al, alloy was de-
veloped to obtain the nitrogen-containing material V-Al-N, which is used for
the production of high-strength titanium alloys.

For the first time, the SHS technology for obtaining zirconium nitride pow-
der of a fraction of 40-50 microns consisting of single-crystal particles for
plasma application of a heat-resistant coating has been developed.

According to the developed technologies, ISMAN has organized pilot pro-
duction of nitride powders for Russian enterprises.
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M.B. JEOHTBEBA-CMHUPHOBA
AO «BHUHHM», Mocksa, Poccus

PAJIMALIMOHHBIE ABJIEHUA U CTPYKTYPHO-®A30BBIE
COCTOsAHUSA B PEAKTOPHBIX CTAJIAX

W3BecTHBIC pafMaIlOHHBIC SIBICHHA B MaTepHalax Pa3iIH4YHBIX KIACCOB,
BBI3BIBAEMbBIC KACKaJHBIM OOTydYe€HHEM HEHTpPOHAMH, Ha CETOTHSAILIHEM 3Tare
UCCIICI0OBaHMS, Pa3BUTHA U IIHPOKOTO HCIOJIb30BaHUS PEAKTOPHBIX YCTaHOBOK
B IPOMBIIIICHHOM MacmTa0e, JOCTaTOYHO IIOJHO HM3YYCHBI C TOYKH 3PCHUS
(yHIaMEHTAIBHBIX, (PU3NUECKUX 3aKOHOB.

IIpakTuka mpUMEHEHHs KOHCTPYKLIMOHHBIX MAaTe€pHajioB B peakTopax, B
YaCTHOCTH Ha OBICTPBIX HEHTPOHAX, MPUBHOCUT YTOYHECHHMS B TPAAHUIOHHBIC
MOAXOMBI, pacUIMpsieT T'PaHUIbl 3HAHWH O 3aKOHOMEPHOCTSX 3THX SIBJICHHH.
Kpome Toro, umeer nmpakTuyeckoe 3HaueHHE JUIs aJIeKBaTHOW OLEHKHU 3 dek-
THUBHOCTH CIIOCOOOB YIPABJICHUSI DKCIUTYaTAallHOHHBIMH XapaKTePHUCTUKAMHU
MPUMEHSEMBIX U MEPCHEKTUBHBIX MATEPHAJIOB, B TOM YHCIE C ITO3MLIUI BIHA-
HUS OOJyueHHs] Ha M3MEHEHHs CTPYKTYpHO-(a30BOr0 COCTOSIHUSI MaTepHajioB
MIPOMBIIIJICHHBIX CTalel H UX MEXaHHYECKUX XapaKTePUCTHUK.

TemaTHdeckue HampaBICHUS HCCIEIOBAaHMH 0a3MPYIOTCS Ha BBINCIICHUH
OCHOBHBIX CTPYKTYPHBIX 3JIEMEHTOB HEPXaBEIOIIMX CTajled ayCTEeHHUTHOTO U
(heppUTHO-MaPTEHCUTHOTO KJIACCOB B MCXOJHOM M OOJIYYCHHOM COCTOSIHUSIX.
[IpocnexuBaercs TpanchOpMaIMs CTPYKTYPHI 0] JEHCTBHEM PEaKTOPHOTO U
yckopuTenbHoro obmydenus. Ilociennee paccMmaTpuBaeTcst Kak METOJ 3KC-
[IPECCHOM OLEHKU paJIMAlIMOHHON CTOMKOCTH CTajiell ¢ BO3MOXHOCTBIO OLIEHKH
YPOBHSI UX CTPYKTYpHOTO YIIPOYHEHHsI M OXpymuuBaHus. llenenanpasieHHoe
M3ydeHHE OONIHOCTH M CYIIECTBEHHBIX Pa3lIMuUil pa3HOTO THIA OOJIydeHUs
(peakTopHOTO M MMHTAIIOHHOTO) YBEJIHMYUBACT CIEKTP 0a30BBIX CHUCTEM Me-
TAJJIMYECKUX NOTEHIUATBHO PAJAUAIIHOHHOCTONKINX MaTepHaJIOB.
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RADIATION PHENOMENA AND STRUCTURAL-PHASE
STATES IN REACTOR STEELS

There are a lot of investigations have been carried out from the point of
view of fundamental and physical laws of the known radiation phenomena in
materials of various classes caused by cascade neutron irradiation at the present
stage of research, development and widespread use of reactor plants on an in-
dustrial scale.

The practice of using structural materials in reactors, in particular fast neu-
trons, brings refinements to traditional approaches, expands the boundaries of
knowledge about the regularities of these phenomena. Also it is apply for an
adequate assessment of the effectiveness of methods for managing the operat-
ing characteristics of used and prospective materials, including from the stand-
point of the effect of irradiation on the structural-phase state and mechanical
characteristics changes of industrial steels.

Thematic areas of research are based on the eduction of the main structural
elements of stainless austenitic and ferritic-martensitic steels in the initial and
irradiated states. The transformation of the structure under the action of irradia-
tion in reactor and accelerator is traced. This is considered as a method for ex-
press-evaluation of the radiation resistance of steels to determine the level of
their structural hardening and embrittlement. A purposeful study of the com-
monality and significant differences of different types of irradiation (reactor
and simulation) expanded the range of potentially radiation-resistant metallic
materials basic systems.
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OCOBEHHOCTHU ®OPMHUPOBAHUS CTPYKTYPHO-
®A30BOI'0 COCTOSIHUS U ®U3UKO-MEXAHUYECKHX
CBOWMCTB BBICOKOA3OTUCTBIX AYCTEHUTHBIX
CTAJIEN

BrIcOK0a30TUCTBIE ayCTEHUTHBIE CTAIU MO CPaBHEHUIO C TPAAULMOHHBIMU
AyCTEHUTHBIMH CTAJISIMH 00J1afatoT 0ojiee BHICOKMMH IIOKa3aTeNsIMH CTaTuie-
CKOHM U LUKJIUYECKON IIPOYHOCTH, BA3KOCTH pa3pylCHUs, KOPPO3UOHHOMN CTOM-
KOCTH M CTaOMJIbHOCTH ayCTCHUTA NPH CYIIECTBEHHO MEHBIIEM COJCPIKAaHUU
HHKEJS, 9TO JETaeT WX MEPCIEeKTHBHBIM KOHCTPYKIIMOHHBIM MaTepHaloM, OT-
BEYAIOIIIM COBPEMEHHBIM TPeOOBaHMAM MPOMBIIUIEHHOCTH. OQHAKO, IS [10-
CTHXXEHUSI BBICOKMX (PU3MKO-MEXaHWYECKHX CBOMCTB HEOOXOAWMO YYHUTHIBATH
3aKOHOMEPHOCTH (POPMHPOBAHUS CTPYKTYpHl JAHHOTO Kiacca craneil. HeoO-
XOAMMO YYUTHIBAThH 3aBUCSIINE OT KOHIIEHTPAIUH a30Ta B CTaJIH 0COOCHHOCTH
€ro BIMAHUS Ha (a30BbIC MPEBPAIICHUS M MEXaHUIECKUE CBOMCTBA, KOTOPBIC
MOTYT NPHUBOJUTH K AETPajalliil XapaKTepUCTHK, MPUCYIIUX ayCTEHUTY Tpa-
JUIMOHHBIX XPOMOHHKENEBBIX CTajei. B uacTHOCTH, cledyeT yduThIBaTh Be-
POATHOCTH MOSABIICHUS BSI3KO-XPYIKOTO MEPEeXoa B ayCTEHUTHON 06JacTu mpu
coxpanennn I'IK xpucrtammmueckoit pemerku. Crexyer UMeTh B BHAY, UTO
HanbOosee 3Ha4MMbIM (ha30BbIM npeBparieHreM B BAC npu TepMuYeckoM BO3-
JEWCTBHN SBISAETCS Paclaj Y-TBEpAOTO pacTBopa ¢ 00pa3oBaHHEM HHUTPHUIOB
xpoMa. [laHHBIH nponecc HanbosIee HMHTEHCUBHO MPOTEKAET IPH TeMIlepaTypax
650-1000°C. Heo6X0aMMOCTh BBEAEHUS B CTalb JOPOrOCTOSAIINX KOMIIOHEH-
ToB (Mo, V, Nb) ¢ 1esnpio NOBBICUTE €€ MPOYHOCTh MOXKHO KOMIIEHCHPOBATH
ONTHMU3AINEH peXHMa IpeIBapUTEIbHON TepMUYECKOH 00paboTKu. , coxpa-
HEHHE B CTAJIM HEOOJIBIIOTO CO/lEepKaHUs HUKENS (B OOJBIIMHCTBE CIydaeB 2—
4%) cnocoOCTBYeT CHIDKEHHIO TEMIepaTyphbl BS3KO-XPYIKOTO Iepexoja |
TEMIIepaTypHOT0 HMHTEepBaja NMPOTEKaHWS MapTEHCHUTHOTO NPEBPAIIECHHUS, UTO
1esiecoo0pa3Ho MPH YCIOBUH OTPaHUYEHUS KOHIIEHTPAIMH a30Ta U He0OX0au-
MOCTH MUHUMH3AINN COACP)KaHUs YTiepoia ¥ MapraHua.

1. Bannykh 1.O., Bocharova 1.0., Zvereva T.N. Specific features of structure for-
mation in high-nitrogen austenitic steels in quenching Russian metallurgy (Metally).
2011, V.9, pp.. 826-830.

2. Bannykh 1.0O., Sevost’yanov M.A., Prutskov M.E. Effect of heat treatment on
the mechanical properties and the structure of a high-nitrogen austenitic
02Kh20AG10N4MFB steel. Russian metallurgy (Metally). 2016, V.7, pp. 613-618.
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FEATURES OF THE FORMATION OF THE STRUCTURAL-
PHASE STATE AND PHYSICO-MECHANICAL PROPERTIES
OF HIGH-NITROGEN AUSTENITIC STEELS

High-nitrogen austenitic steels, compared with traditional austenitic steels,
have higher indicators of static and cyclic strength, fracture toughness, corro-
sion resistance and stability of austenite with a significantly lower nickel con-
tent, which makes them a promising structural material that meets modern in-
dustrial requirements. However, to achieve high physical and mechanical prop-
erties, it is necessary to consider the regularities of the formation of the struc-
ture of this class of steels. It is necessary to consider the peculiarities of its in-
fluence on phase transformations and mechanical properties depending on the
concentration of nitrogen in steel, which can lead to degradation of the charac-
teristics inherent in austenite of traditional chromium-nickel steels. It is neces-
sary to take into account the probability of the appearance of a brittle-plastic
transition in the austenitic region while maintaining the FCC of the crystal lat-
tice. It should be considered that the most significant phase transformation into
HAS under thermal action is the decomposition of an y-solid solution with the
formation of chromium nitrides. This process proceeds most intensively at tem-
peratures of 650-1000°C. The necessity to introduce expensive components
(Mo, V, Nb) into steel in order to increase its strength can be compensated by
optimizing the pre-heat treatment mode. , the preservation of a small nickel
content in steel (in most cases 2-4%) helps to reduce the temperature of the
brittle-plastic transition and the temperature interval of the martensitic trans-
formation, which is advisable under the condition of limiting the concentration
of nitrogen and the need to minimize the carbon and manganese content.

1. Bannykh 1.0., Bocharova 1.0., Zvereva T.N. Specific features of structure for-
mation in high-nitrogen austenitic steels in quenching Russian metallurgy (Metally).
2011, V. 9. p3. 826-830.

2. Bannykh 1.O., Sevost’yanov M.A., Prutskov M.E. Effect of heat treatment on
the mechanical properties and the structure of a high-nitrogen austenitic
02Kh20AG10N4MFB steel.Russian metallurgy (Metally). 2016. V. 7, pp. 613-618.
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MATEPUAJIOBETUECKHI MOAXO/I ITPA PASPABOTKE
CTAJIEM KOPITYCOB PEAKTOPOB BBJP

Heo6xoaumocTs pa3BUTHS SIEPHON SHEPTETHUKH C LENbI0 oOecrieueHus B
OyxymeMm moTpeOHOCTEH YeIoBedecTBa B SIEKTPOIHEPTHH TpeOyeT COBEpIICH-
CTBOBAHUS SIIEPHBIX PEAKTOPOB — MOBBIMIEHHUA HX 3()()EKTUBHOCTH, SKOHOMHUY-
HOCTH ¥ Oe3omacHOCTH. [IpakTmyeckol OCHOBOW MPOMBINIICHHOW AaTOMHOW
SHEPreTHKN Ha ONIVDKaiIIne AECSTWICTHS M 3HAYMMOM €€ COCTaBIIAIOIIEH 10
KOHIIa CTOoJeTus A Poccuu u Bcero mMupa SBISETCS TEXHOJIOTHS KOPITYCHBIX
BOJIOOXJIAKIAEMBIX PEaKTOPOB.

[MoBeiienne 3¢(GEeKTUBHOCTH M 0E30MAaCHOCTH PEaKTOPOB JaHHOTO THIIA
CBSI3aHO, B TOM YHCIIE, C pa3paboTKoil cTaneii kopmycoB peaktopoB (KP) ¢ mo-
BBIIICHHBIMY TEPMUYECKON U paJUallMOHHON CTOMKOCTBIO, IOCKOJBbKY I'JIaBHOE
TpeboBaHue, KoTopoe npenbspisiercss kK KP — coxpaHeHue 1IelIOCTHOCTH B JIIO-
6011 MOMEHT IITaTHON SKCIUTyaTallud W B IPOLECCEe MAKCUMAIBHO MPOEKTHOMH
aBapHH.

Pa3zpaboTka HOBBIX MmOKOJIeHUH peakTopoB BBOP HeBo3MoOXHO 0e3 HakoII-
JIEHHBIX 3HAaHUM M OMNbITAa MO SKCIUTyaTallMd peakTopoB noxoseHuil 1-1I1+, B
TOM yHcie 0e3 NOHMMaHMs (PU3NIECKHX MEXaHU3MOB Pa/JIMAllMOHHOTO BO3JICH-
CTBHSI Ha PEaKTOPHbIE MaTepHaibl. B CBSI3M ¢ 3TUM, Ha Py C OTPabOTKOM
KOMIUIEKCHOTO JIETMPOBAHUS, MPOBOJMWIOCH M3YUYEHHE MEXaHH3MOB pajaualiu-
OHHOT'O OXPYITYMBAHUS TEMJIOCTOWKHX MajoJerHpoBaHHbIX cTtaneit KP ¢ o.ark.-
peLIeTKON, UMEIOLIHUX CBOHU clielrdruyeckue 0cCOOEHHOCTH.

B »BomonnonHoi! 1ienouke peakropos BBOP ot moxosenus |l 1o moxose-
uus |V: or BBOP-440 no BBOP-1000 u ganee k BBOP-1200, BBOP-TOU,
BB3P-C u BBOP-CK]] npoucxoamino ysenmdenne nuamerpa KP (mmst camxke-
HUS paJInalliOHHON Harpy3KH), MOBBIIIEHUs] KaTETOPUU MPOYHOCTH (711 0Oec-
MEYECHNS 33/1aHHBIX AKCILTyaTal[MOHHBIX I1apaMeTpOB), YJIyUIIEHHE pajuanu-
OHHOHM CTOHKOCTH (C II€TIbI0 yBEIMYEHUs CpPOKa CIIy>KOBI), a TAK)KE BBIBOJ Me-
TaJlla CBAPHOTO IIBA (11 KOTOPOTO XapaKTepeH OONBIINI TEMIT PaauallMOHHO-
rO OXPYHUYUBAHUS 110 CPAaBHEHHIO C OCHOBHBIM METAJIOM) 3a IIPEAENbl AaKTHB-
HOI1 30HBI.

[Ipu mcceqoBaHNE METAIOB CBapHBIX MIBOB peakTopoB BBOP-1000 ¢ co-
nepxanreM Ni Ha BepxHem mpeneie 1m0 TY ObUI YCTAHOBJEH BBICOKHH TEMIT
panuaOHHOTO OXPYIUYMBAHUS, HE MO3BOJISIONINN OOECIeYNTh pPEeCypCHBIH
CPOK CIIy’KOBI. DTO 0OCTOATENHCTBO BBI3BAJIO HEOOXOIMMOCTH pa3pabOTKH
craneit uin peakropa BBOP-TOU nokonenus I+ ¢ mpoaneHHBIM Cpokom
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ciyxk0bl 1o 80 user. Beutm paspabortansl cramu 15X2M®DA-A mox.A u
I15X2M®A-A moa.b ¢ monmkennsim comepxkanuem Ni (0,2-0,7) macc.%.
CHIDKEHHE COAEpKaHUsI HUKEIS TIO3BOJIMIIO MTOBBICUTH TEPMUYECKYIO U pajua-
IIMOHHYIO CTOWKOCTB MPU 00ECTIeYeHNH 3aJaHHOTO CpPOKa CIIYXKOBI B yCIOBHAX
JKcIutyataiuu peakropa BBOP-TOU, a Takke MOCTHKECHUS HEOOXOIMMOTO
ypoBHs Kareropuu npounoctu (KI1-45).

IlepCneKTUBHBIMM POCCHUICKUMU PEAKTOpPAMU CIEAYIOUIMX MOKOJIECHUH SIB-
JISIFOTCS KOPITYCHBIE PEaKTOPHI CO CIIEKTpalbHBIM perynupoBanneMm (BBOP-C)
U cO cBepXKpuTHdecknMHu mapamerpamu TertoHocutens (CKI). OmHako mis
paboThI B 3KcIDTyaTannoHHBIX yenoBusx BBOP-CK/I B kauecTBe KaHIUAaTHBIX
MaTepuagoB PacCMaTPUBAIOTCS] KOPITYCHBIE CTANIU C MOBBIIIEHHBIM COJCPKaHH-
eM HuKess (10 5 macC.%) u nossieHHO# pouHocThio (KII-65), uto Tpebyer
MIPUMEHEHUS KOMIUIeKca Mep (B TOM YHCIle, METAIypru4ecKUX) A7 IOBBIIIe-
HUS CITy>KEOHBIX XapaKTEepUCTHUK, a TAKKe 00eCIIeYeHUs] TEPMUYECKOM U pajaua-
LIMOHHOM CTOMKOCTH.

E.A. KULESHOVA, L.V. FEDOTOQOV, D.A MALTSEV.,
A.S. FROLQV, S.V.FEDOTOVA
NRC “Kurchatov institute”’, Moscow, Russia
evgenia-orm@yandex.ru

MATERIALS SCIENCE APPROACH TO DEVELOPMENT OF
VVER REACTOR PRESSURE VESSEL STEELS

The development of nuclear engineering to meet mankind's future needs in
electricity requires the improvement of nuclear reactors. It includes increasing
the efficiency, economy, and safety of nuclear power plants. The practical basis
of industrial nuclear energy for the coming decades and its significant compo-
nent until the end of the century for Russia and the whole world is the technol-
ogy of water-cooled reactors. Improving the efficiency and safety of this type
of reactor, among other things, is through the development of reactor pressure
vessel (RPV) steels. Since the main requirement for the RPV is to maintain in-
tegrity at any time of normal operation and during the maximum design basis
accident, the new steel must have increased thermal and radiation resistance.

The development of new generations of VVER reactors is impossible with-
out accumulated knowledge and experience in operating reactors of 1 — Il +
generations. It includes understanding the physical mechanisms of radiation
exposure on the structure materials. In this regard, along with the complex al-
loying development, the mechanisms of radiation embrittlement of heat-
resistant low-alloy RPV steels with a bcc lattice with their specific features
were studied.

In the evolutionary chain of the VVER reactors from generation 1l to gener-
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ation 1V (from VVER-440 to VVVER-1000 and further to VVVER-1200, VVER-
TOI, VVER-S, and VVER-SKD), the following changes occurred: increase of
the diameter (to reduce the radiation load); increase of the strength category (to
ensure the specified operational parameters), improvement of radiation re-
sistance (to increase the service lifetime), as well as the withdrawal of the
welds outside the beltline region (weld metal is characterized by a higher rate
of radiation embrittlement compared to the base metal).

When studying the weld metals of VVER-1000 reactors with Ni content at
the upper limit according to specification, a high rate of radiation embrittlement
was established, which did not ensure the lifetime. This required the develop-
ment of new steels for the 111+ VVER-TOI reactor with an extended lifetime up
to 80 years. The new steels 15Kh2MFA-A mod.A and 15Kh2MFA-A mod.B
with a reduced Ni content (0.2-0.7) wt.% were developed. The decrease in the
nickel content allowed to increase the thermal and radiation resistance while
ensuring the specified service life under the operating conditions of the VVER-
TOI reactor, as well as achieving the required level of the strength category
(KIT-45).

The promising Russian reactors of the next generations are vessel reactors
with spectral control (VVER-S) and supercritical water-cooled reactors
(SCWR). However, for operation in SCWR (VVER-SKD) operating condi-
tions, RPV steels with an increased nickel content (up to 5 wt.%) and increased
strength (KII-65) are considered as candidate materials. This requires a set of
measures (including the metallurgical ones) to improve the service characteris-
tics and to ensure the radiation and thermal resistance.

30



H.IO. BEMJIMHA
AO «HHHepagumy, Mockea, Poccusa
NYBeylina@rosatom.ru

POJIb TEPMOXUMHYECKOIN OBPABOTKH
B ®OPMHUPOBAHHUU CBOMCTB CUHTETUYECKOI'O
I'PAOUTA

B nexuuu npencraBieHbl OCHOBHBIE NMOHATUS O CTAJUSAX IOTYYEHUS CUHTE-
THYECKOTO TpauTa, CHIPHEBBIX MaTepHanax, NX B3aUMOJCHCTBIH IIPH CMEIIH-
BaHWM, ()OPMOBAHHHM, CIIEKAaHHM WM W3MEHEHHM IIPH BBICOKOTEMIICpATypHOMH
TEPMOXUMITIECKON 00paboTKe.

Wznenus M3 UCKyCCTBEHHBIX TpaduToB 00IaNaf0T: BBICOKOH IIOTHOCTBIO 1
MPOYHOCTBIO, BHICOKON TEIUIO- U AJIEKTPONPOBOIHOCTHIO, PAAHAIIMOHHON CTa-
OMIBHOCTBIO. YHHUBEpPCAJIbHBIE TEXHOJOIMH MO3BOJISIOT YIJIEBOJAOPOIHOE ChI-
phe - HAIOJHMUTENb M CBA3YyIOIIEE nepepadoTaTh B KOMIIO3ZUIMIO U3 KOTOPOM
npu o6padotke 10 2600-3000 °C  obpasyercst yriaepos B alllOTPOIHON MOIM-
¢ukanuu rpadura.

CuHTreTH4ecKuil TpaduT MOJYy4aroT U3 KOKCO-NEKOBOW KOMIIO3ULIMH, B CO-
CTaB KOTOPOW BXOJST HAIOJIHUTENb - KOKC U3 HE(TIHOH MM KaMEHHOYTOJIb-
HOW CMOJBI M CBS3YIOIICe - KAaMCHHOYTOJIBHBIN min HedTsHOH mek. K criphe-
BBIM KOMITOHEHTaM TIPEIbSBIAIOTCS OTpaHWYHUTEIbHBIE TPEOOBAHUS 110 COAEP-
JKaHUIO Cepbl, MUHEPAJBHBIX MPUMECEH, a TaKKe CYIIECTBYIOT CIIELHaIbHbIC
TpeOOoBaHUS K KOMIIOHEHTHOMY COCTaBY HEKOB, MX TEeMIICpaTypHOMY MHTEpBa-
Ty pa3MsrdeHHs, BA3KOCTH, BBIXOJY KOKCOBOT'O OCTaTKa NpH KapOOHHM3AIUH.
Koxkc-HamomHuTens OrpaHudeH JIOMOJIHUTEIBHO HOPMaMHM IO IUIOTHOCTH, HC-
THUPACMOCTH. DTH XapaKTEPUCTHUKU 3aJI0KEHbI B POCCHUICKUX U 3apyOeimHbBIX
cta"gaptax. CyIIecTBYIOT TakKe HECTaHAApPTHbIE TPeOOBaHUS K CHIPHEBBIM
Marepuaiam, CB3aHHbIE ¢ OCOOCHHOCTSIMH TEXHOJIOTHH, @ UMEHHO MPECCOBbIE
XapaKTepUCTHKH, U3MEHEHUS MacChl U 00beMa MpH MIPOKATUBAHUH KOKCA U IIPH
cnexaruu 10 1300 °C u npu tepmudeckoit oopabdorke no 2500°C B mporiecce
rpaduTanuu.

CymIecTBYIOT ABE pa3lIMuHbIC TEXHOJIOTHYECKHE CXEMBI MOJTYUCHHS HCKYC-
CTBEHHOTO OJIOUHOTO rpaduTa: 4epe3 Mmpecc-Macchl, CMEIIaHHbIe IIPH TeMIIepa-
Typax 120-150 °C ¢ nocieayoouyM ropsidauM 3KCTPY3HOHHBIM MIPECCOBAHUEM
3aroTOBOK, MX mnociexyommmM oGxurom mpu 1300 °C, 3aTeM yIIOTHEHHEM
MPONUTKON KaMEHHOYTOJIBbHBIM ITEKOM, TOBTOPHBIM OOKHIOM M TpaduTaIei.
Hukn «IponuTKa-00KUr» MOKeT OBITh MMOBTOPEH MHOTOKPATHO IS JOCTHXKE-
HUSL HEOOXOUMOM MJIOTHOCTH. 3aBepIIAIONIei onepamnueit spisiercs rpadura-
s mpu 2500-2800°C. Kak mpaBuiio, mo 3Toi cxeMe MoIydaroT rpaduTupo-
BaHHBIE DJICKTPOJBI JUIS AJIEKTPOCTANCIUIABIIIBHBIX TT€YeH, CpeIHEe3epHHUCTHIC
KOHCTPYKIIMOHHBIE TPaUTHI, MPIMEHEHHE KOTOPHIX B METAJUTYPTHH, 3JIEKTPO-
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HHMKE, XUMUYECKOW ¥ aTOMHOH IPOMBIIIJIEHHOCTH BECbMa PaclpoCTPaHEHO.

[To Takol TEXHOJIOTHHM IOTy4eHBI TpadUTOBBIC OJIOKHU AJISi aTOMHBIX PEaKTo-
poB PEMK, BTysnkM W KoOJbLIa TBEPJIOrO KOHTAKTA TOIUIMBHBIX KaHAJIOB HSTHX
)K€ PEaKTOPOB, KPYMHOTabapUTHBIC TUTJIM JJISI IUIABKU PEIKO3EMENIbHBIX Me-
TaJIJIOB, HAarpeBaTeNM, YKPaHbl YCTAHOBOK MO MOJYYEHHUIO KPEMHHUS METOI0M
YoxpanbCKOT0 U APYTHE U3CIHS U3 Pa3INIHBIX MapoK rpaduTa.

Jpyras npHHIUNHAIBHAS CX€Ma OTHOCHTCS! K BBICOKOIUIOTHOMY U BBICOKO-
NPOYHOMY TpaduTy M3 MENKO3EPHHCTOrO KOKCA-HANOJHHUTENS M KaMEHHO-
YTOJIBHOTO TEKa (CpeHe- W BBICOKOTEMIIEpaTypHOro). B sToil TexHomormm
Macca KOKCO-TIEKOBOH KOMITO3MIINH CMELIHBACTCS METOJOM TOpSIYET0 CMEIH-
BaHMS WM COBMECTHOT'O TOHKOT'O ITOMOJIA, @ 3aTOTOBKU ()OPMYIOTCSI XOJIOIXHBIM
WIM TOPSIYMM HPECCOBAHHMEM B MaTpuIly, Wi B ruzapocrare. [lomydeHHble
MPECCOBaHUEM B MaTPHILy 3arOTOBKH IPU TEPMHUUECKOH 00paboTKe 00safatoT
BECbMa BBICOKMMH YCaJKaMH, B OCOOCHHOCTH, €CJIM B KOMIIO3HIMH HCIOJb3Y-
10T KOKCBI, TTOJTyuyeHHbIe Ipu Temiepatype a0 600 °C. CymmapHbIe ycaIku 10
o0BeMy mpHu TepMmudeckoit oopadotke no 2800 °C mocturator ot 28-35 % 1o
45-50 %. B Takoil TexHOIOTHN YacTO HET HEOOXOAUMOCTH B JIOTIOJHUTEIBHBIX
MPONUTKAX 000OKEHHBIX 3ar0OTOBOK, OHM Cpa3y IOCIE IEPBOrO OOXKHIa MOJA-
BEpraroTcs rpaduTayn, U JUIMTEIBHOCTD IUKIIA TPOM3BOACTBA COKPAIACTCS B
2-3 paza. IlomydeHHble TPadUTHI 10 IUIOTHOCTH M MPOYHOCTH, MHOT/AA B JBa-
TP pa3a IIPEBOCXOIAT MapaMeTphl MaTepHalIoB, MOTYYEHHbIX 11O MEPBON TEX-
HoJoruu. VX MpUMEHSIOT B AETANSIX ABUTaTeleH, pabOTarOIMX IPH BBICOKHX
CKOPOCTSX Tra30BbIX OTOKOB, IPH 3JIEKTPOIPO3UOHHON 00pabOTKE METAJUIOB B
Ka4eCTBE AJIEKTPOJ-MHCTPYMEHTA, B Ka4eCTBEe MaTepHaja (uibepbl B yCTaHOB-
Kax HEIPEephIBHOTO JINTHSI METAJIOB U CIUIaBOB H JP.

KnroueBbiMu mponieccamMu B3aMMOJIEHCTBHS KOMIIOHEHTOB B KOKCO-TIEKOBOM
KOMIIO3UIINH Ha CTAaJUH X CMEIINBAHUS ABJSIFOTCA: CMaYMBAHUE CBA3YIOIINM,
aare3us KOMIIOHEHTOB, Tepepaclpe/ielieHue MOJIEKYIIPHO-MacCOBOTO COCTaBa
CBSI3YIOIIEr0 Ha TIOBEPXHOCTH M B IOpaxX HAIOJHHUTEIS. DTH MPOLECCHl yCHIIH-
BAIOTCSl IIPOLIECCOM MPECCOBAHMS KOMITO3MIMH 10J] AaBieHueM. [Ipuiem naB-
JICHUsSI TIPECCOBAHMS TOPSUEii MacChl OTHOCUTEIBHO HEBEIHMKH, a JUIsl IOPOIIKO-
BBIX KoMmo3ummid gocturarot 60-100 MIIa. [Tocie npeccoBanms popMoBaHHBIC
3arOTOBKH TPOXOJIAT cTafmio oOxura (cnekanns) npu 1250-1300 °C. Lensro
CIEKaHHs SBJIAETCS YNPOYHEHHE CBS3EH MEXIly YacTHLIAMH HAIlOJHHUTENS Iy-
TEM IIEMEHTAIINN KOKCOM CBSI3YIOIIETO MM X HEMOCPEICTBEHHOTO CIIETIICHHS.

IIpu cnexkaHuM cHpeccOBaHHBIM MaTepuas NEPEXOAUT B HOBOE KadyecTBO,
YBEJIMYUBACTCSI €T0 MEXaHMYEeCKasi MPOYHOCTh, PE3KO YMEHBIIAETCS 3JIEKTPH-
YECKOe CONMPOTHUBIICHNE, MIOBBIIIAETCS H3HOCOYCTOMIMBOCTD.

Matepuan 0003 KEHHON 3arOTOBKH IIOCJIE CIEKaHUS MPEACTaBIsAeT coOO0M
arJioMepar yriepoaHBIX YaCTUYEK, He TOJIBKO CKJIECHHBIX KOKCOM CBS3YIOIIETO,
HO ¥ CBSI3aHHBIX C IOCJIEAHUM XMMHUYECKOH KOBAICHTHOH CBs3bI0. OCHOBHBIE
CTaJMN CIICKaHMSI MOXKHO ITIPEJICTaBUTh KaK COBOKYITHOCTb CIEAYIOLIMX IIPO-
LECCOB:
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o OCBOOOXK/ICHUE YIIIEPOIAHBIX YAaCTHL[ OT BHYTPEHHHMX HANpsDKEHHH M HeoOpa-
TUMOTO PAaCIIUPEHUs] 3aTOTOBOK IMOCJ]E JOCTHXKCHMS TeMIIEpaTyphl Hadajga pas-
Msirdenust cesizyromtero (70-200°C)

o YacTHyHas OTTOHKA BJIary W JIETKUX (pakiuii cszyromero 10 360 °C

e OkuciurenbHas aeruapomnoiukonaencanus npu 100-360 °C B pesynbrate
B3aUMOACHCTBUS (DYHKIIMOHATIBHBIX TPYII, HAXOIIIIUXCS Ha MOBEPXHOCTH YT-
JIEpOHBIX MOPOMIKOB | B CBs3ytommeM. OTmiemenue Bogopoaa. [lepexon nerknx
(pakimii CBA3YIOMIETO B MOJMKOHICHCHPOBAHHOE COCTOSHHE

e [locienoBarenbHO-TIApAIEbHBIC PEAKIINH PA3II0KEHHS CBA3YIOMIETO U CHHTE3
HOBBIX MOJIEKYJ U3 MPOXYKTOB pa3iokeHus. [IMponu3 u MoJeKyIsipHas accolu-
anus CBA3YIOWIETO C (POPMHUPOBAHNEM aKTHBHBIX PAIHKAIIOB.

e PajykanbHas MOJIMMEpU3alus, NIPU KOTOPOM pajuKaibl B3aUMOJEHCTBYIOT C
ocTaTKaMH CBSI3YIOILETro MpOoTeKaeT Hpu Temmeparype Huwxke 360 °C B xkuakoii
(a3se u 3akaHYMBAIOTCS 00pa3oBaHueM mnoiykokca (450-500 °C)

o JlanpHelimee YIUIOTHEHHE MaTepuana 3a c4eT MOJICKYJSpHOH mepecTpoilku
KOKCa CBS3YIOILEr0 ¢ 00pa30BaHMEM XMMHYECKHX W aJCOPOLMOHHBIX CBS3EH C
MOPOIIKOBBIMA KOMITOHEHTAMH CIICKAaEMBIX CMeCe M MPAKTHYECKH ITOJHOTO
yaanenus jerydux (800-850°C) u cTpyKTypHas IEpECTpOKa XUMUYECKHX CBS-
3ei, KOTOpBIC BO3HHUKIIHM paHee

e YaneHne MOCTOPOHHUX aTOMOB U COCIMHEHHH C mepudepud MOJIEKyJ, co-
npoBoXkaaroeecs npu Temneparypax Boie 800 °C ymjioTHEHHEM IUIEHOK CBSI-
3YIOMIETO BCICACTBUE €T0 MOJIEKyIspHO nepectpoiiku (8§00—1300°C)

o OxyaxxieHue CIIeUeHHBIX U3IeNuil

CriekaHne He CleyeT CUMTaTh KOMIIJIEKCOM IIPOIECCOB, 000COOICHHO Ha-
YUHAIOMMUXCS M 3aKaHYuBarommxcs. CIEKaHWIO TPEIIIeCTBYIOT ONepaliu
MOJTOTOBKH CMecei: CMellleHNe, BaJlblieBaHNe, IepepaboTka B IIHEKaX, KOTO-
pBI€ IPOBOJATCS B TEMIEPATYPHBIX WHTEPBAJIaX, BXOJAIIUX B MEPBYIO CTAJHIO
cnekanus. C Ipyroi CTOpOHBI, rpaduTanus sSBISETCS MPOAODKEHHEM CIIeKa-
Hus. PopMmupyromuecs MpH CHEKaHUH CTPYKTYPHI ONPEACISIOT KUHETHKY U
MEXaHN3M rpaduTalnu.

Bonbmioit 3aciyroif oTeuecTBEHHBIX y4yeHbIX, coTpyaHukoB AO «HUUrpa-
¢ut» Octporckoro B.C., Jlammmuoi#t H.A., CeickoBa K.U. cienyer cunrath BBe-
JICHWE B IIPAKTHKY KOJIMYECTBEHHOT'O ITOKAa3aTelsl «KPUTEPHs CIEKaeMOCTH»
(AK), ompernensieMoro Kak JOTOJHUTENBHBIN (1100aBOYHBIN) BBIXOI KOKCA W3
MeKa B CMECH C HAIIOJHHUTENIEM, B CPAaBHEHHH C KOKCOBBIM OCTATKOM W3 IIEKa.
YCcTaHOBIIEHO BIHMSIHHE Ha 3TOT MOKa3aTelb KOMIIOHEHTHOTO COCTaBa CBS3YIO-
IIEr0, TPAHCOCTaBA M YAEIHHON MOBEPXHOCTH HAMOIHHUTEIS M €T0 IpeiBapu-
TeJIHHOU TeMmmepaTypbl 00paboTku. B CBOIO odepenn, MPOYHOCTH CTIEUEHHOM
KOMIIO3UIINH | rpaduTa, B [EJIOM, JTUHEWHO 3aBUCHUT OT KPUTEPHs CIIEKaeMo-
CTH.

33



B.H. IETPOBCKUU
Hayuonanvhuiii uccnedosamenvcxuil soeprulil ynugepcumem « MUDH y,
Mocksa, Poccus
E-mail: vnpetrovskij@mephi.ru

AJJUTUBHBIE TEXHOJIOI'MU. COBPEMEHHOE
COCTOSHUE, NIEPCIIEKTHUBbBI

Ha coBpemMeHHOM 3Tarne MpOMBIIIICHHON KOHKYPEHIIMY OCHOBHBIM HalpaB-
JICHHEM COBEpIIEHCTBOBAHUS MPOU3BOJCTBA SBIAETCS MOJCPHU3AIMS U3BECT-
HBIX ¥ CO3[JaHNE HOBBIX TEXHOJIOTUYECKHX ITPOIIECCOB.

Beayuryto ponb mpu 3TOM HrparoT anauTuBHble TexHomormu (Additive
Manufacturing - AM) uim, HHaYe, TEXHOJIOTUH MOCIOWHOTO CHHTE3a — 3TO CO-
3/aHAe KOMIBIOTEPHOH Monesnu OynyIiei neTtannd M IMOJydeHHE CaMoTo H3Je-
JMA IMyTEeM IOCIOHHOTO A00aBIeHNs MaTephaia Ha CHenHaIbHOM 000pyHoBa-
HHUH C UCIIOJIb30BAaHHEM PA3IMYHBIX METOAOB. [10/100HBIE TEXHOIOTUHU TIO3BO-
JISIFOT Peajn30BaTh OCHOBHBIC NMPUHIUIIBI CO3aHUSA MaTepUaNIoB HOBOTO IOKO-
JICHUSI ¥ TIPEJICTABJIAIOT COOOH MHHOBAIIMOHHBIN MOJX0]] K MPOSKTUPOBAHUIO U
M3TOTOBJICHUIO JeTaleil 0 CPaBHEHHUIO C TPAJAUIIMOHHBIMU METOJAMHU JIUThS U
00paboTKM Ha METAJUIOPEKYLIUX CTAHKAX

B noxnage npoaHanu3MpOBaHBI COBPEMEHHBIE TEHICHIIMM Pa3BUTHUS aJiH-
THUBHBIX TEXHOJIOTHH, IPUMEHSIOMMXCS B PAa3IMYHBIX OTPACIAX NMPOMBIIUICH-
Hoctu CILA, EBponbl u PO.

PaccmaTpuBaroTcst pa3iMyHbIe METOABI CO3/MAaHMS M3JEIHH U METOAbI ha-
THOCTHKH ITOJIy9aeMOil ITPOTyKINH, UCTIOJIb3yeMbIe TIOPOIIKOBBIE MAaTepHAIIbI 1
NPUMEHEHNE MX B MPOM3BOJCTBE PA3IMYHBIX JeTaneil. OIEeHNBaOTCS U CpaB-
HHUBAIOTCS C TPAJUIMOHHBIMU CIIOCOOaMH 00pabOTKH TEXHOIOTHYECKHE U KO-
HOMHUYECKHE TI0Ka3aTeJId IPOU3BEICHHON MPOTYKIINH.

PaccMarpuBaroTCsl NEpPCHEKTUBBl AIJAUTUBHBIX TeXHOJOruid B Poccuu.
IIpencraBneHs! mociaeIHNUe JOCTIDKEHHS B Pa3BUTUHU aJIUTUBHBIX TEXHOJIOTHH
B I'K Pocarom. IlotpebHocTs B 3D-mpuHTEpax aBHACTPOCHHUS, KOCMHUYECKOH
TEeXHUKH, CYIJOCTPOCHHUS, DHEPreTHKH M JPYTHX OTpacield OIeHHMBaeTcid Ha
ypoBHe 300 mammH. HamOospmme mnepcrneKTHBBI B BBICOKOTEXHOJIOTHYHOM
CEKTOPE SKOHOMUKHU UMEIOT CEIEKTUBHOE CIIJIABIEHHE METAITMYECKUX MOPOII-
koB (SLS), na3epHas HamnaBka MeTayutmueckux nopouikoB (LMD), cnexanue
BBICOKOTEMIEPATYPHBIX IIACTUKOBBIX MAaTEPUANIOB, H3TOTOBICHUE JeTalei U3
KEepPaMHYECKUX MOPOIIKOB C UCIOJIb30BAaHUEM PA3IMYHBIX TEXHOJIOTHH (popmu-
pOBaHUs U3JENUN.
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ADDITIVE TECHNOLOGIES. CURRENT STATE, PROSPECTS

At the present stage of industrial competition, the main direction of improv-
ing production is the modernization of well-known and the creation of new
technological processes.

The leading role is played by Additive Manufacturing (AM) or, in other
words, layer-by-layer synthesis technologies - this is the creation of a computer
model of the future part and the production of the product itself by layer-by-
layer addition of material on special equipment using various methods. Such
technologies make it possible to implement the basic principles of creating new
generation materials and represent an innovative approach to the design and
manufacture of parts in comparison with traditional methods of casting and
processing on metal-cutting machines

The report analyzes the current trends in the development of additive tech-
nologies used in various industries in the USA, Europe and the Russian Federa-
tion.

Various methods of creating products and methods of diagnostics of the
products obtained, the powder materials used and their application in the pro-
duction of various parts are considered.

Technological and economic indicators of the manufactured products are
evaluated and compared with traditional methods of processing.

The prospects of additive technologies in Russia are considered. The latest
achievements in the development of additive technologies in Rosatom State
Corporation are presented. The need for 3D printers in the aircraft industry,
space technology, shipbuilding, energy and other industries is estimated at 300
machines. Selective fusion of metal powders (SLS), laser surfacing of metal
powders (LMD), sintering of high-temperature plastic materials, manufacturing
of parts from ceramic powders using various product forming technologies
have the greatest prospects in the high-tech sector of the economy.
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CHUHTE3 CJIOKHBIX OKCHUJAOB B PEAKIIUAX 'OPEHUA:
IOPEKT 'EHEPUPOBAHUA 3APAN0OB - UBYUEHUE U
HNCITOJIBb30OBAHUE

CuHTE3 HaHOPa3MEPHBIX CIIOKHBIX OKCHJIOB PA3IMYHOTO (DYHKIHOHAIBHO-
TO Ha3HAYCHUS B PEAKIMAX TOPEHHS HUTPAT-OPTaHUIECKUX HPEeKypcopoB (SO-
lution Combustion Synthesis) ucmosnb3yercs B HacTosiiee BpeMs AOCTATOYHO
mupoko. [Ipu ncenenoBaHUN MPOIECCOB CHHTE3a HAMH OBUIO OTKPHITO HOBOE
SIBJICHHE T'€HEPHPOBAHMS DJICKTPUYECKUX 3apsioB 3a CUET YAaJICHHs U3 Ipe-
Kypcopa B ra3oByIO Cpeqy MOJCKYJSIPHBIX TPYIITUPOBOK, YHOCSIINX 3apsi 0-
JIO)KUTEIBHOTO WJIM OTPULATENLHOTO 3HaKa. M3MepeHHast pa3HOCTb MOTEHIINA-
JIOB TIPEKYPCOp — 3eMJIs, CBSI3aHHAs ¢ COCTAaBOM BBIJCIIFOLIMXCS Ta3000pa3HbIX
BEILIECTB, IOCTUraeT B HEKOTOPBIX CIIy4asX COTEH BOJIBT. VI3MeHeHHeM cocTaBa
MCXOIHBIX KOMIO3UINH (IPHPO/a ¥ KOINIECTBO OPTaHUIECKHX KOMIIOHEHTOB)
yIlaeTCsl peryJIMpoBaTh HHTCHCUBHOCTh T€HEPUPOBaHUs 3apsinoB. Hannuue 3a-
PSIIOB CYIIECTBEHHBIM 00pa30M BIIMSET HAa CBOHCTBA ITOJIyYaeMBIX MaTEPUaIIOB.
[Tpu HamMuuK OOJNBIION MIIOTHOCTH 3apsI0B HAHOYACTHIBI CJIOXKHBIX OKCHJIOB
WCTIBITHIBAIOT B3aHMMHOE OTTAJKMBAHWE, YTO MPUBOJUT K OOPa30BAaHMIO JIUIIH
TOYEYHBIX KOHTAKTOB MEXIYy HMMH. Hu3Kue 3HaueHHs 3apsioB NPUBOAAT K
GoJiee TIIIOTHOMY KOHTaKTHPOBaHUIO. B pe3yibrare TemnepaTypa HHTEHCHBHO-
ro CIIeKaHHs KOMIIAKTU3UPOBAaHHBIX MAaTepUalioB MOXET ObITh M3MEHEHa Ha
COTHH TPaycoB. DTO TO3BOJISIET OCYLIECTBHTH ITOATOHKY KPHBBIX CIIEKaHUS
JUISL CJIOKHBIX OKCHJIOB Pa3HOrO COCTaBa W IMPOBOAWTH JAaHHYIO ONEPaIHio B
OJTHOM LIMKJIE, HAIIPUMEp, JUIS CIOUCTHIX KOMITO3WIMH TBEPIOOKCHUIHBIX TOTI-
JIMBHBIX HJIEMEHTOB.

OnHuM 13 (HaKTOPOB, CIOCOOCTBYIOMIMX T€HEPUPOBAHHUIO 3apsI/IOB, SBISET-
Csl HAIMYME B COCTABE OKCHJIHOTO MaTepHaia MOHOB METAIIOB, 00IaIatomnx
JTAaOUJIBHOM CTENEeHBI0 OKHCJICHUS. DTO OTHOCHUTCS, B YaCTHOCTH, K CJIOKHBIM
OKCH/IaM TIEPOBCKUTHOT'O TUIIA HA OCHOBE MaHTaHWUTA JIAHTaHA, TOTTMPOBAHHOTO
JIMOKCHJA IEpHs CO CTPYKTYpo# (urtooputa u np. Ha renepupoBanue 3apsizioB
BIIMSIET TaK)Ke ra3oBas cpela, B KOTOpOW NMPOMCXOIUT ropenue. Boccranosu-
TeNbHas cpefa OJIOKHUPYeT CIIOCOOHOCTh HOHOB MEPEXOAHBIX METAJUIOB K 00pa-
TUMOMY M3MEHECHMIO CTENICHH OKHCIICHUS W IOAABJIIET BOSHUKHOBEHHE 3apsi-
J0B. [ToBepXHOCTh HOCHTEIIS], T/Ie Pean3yeTcsl MPOLEeCC CUHTE3, TOXKE BIHSIET
Ha mporecc reHepupoBaHus. CyliecTBEHHAs pa3HHUIA BHUAHA ISl METaJuInde-
CKUX U IUAJIEKTPUYECKUX HOcUTeNel. IHTEHCUBHOCTBIO T€HEPUPOBaHHS 3apsi-
JIOB MOXXHO YIPaBIISITh ITyTeM BO3AEHCTBHUS HA ITPEKYPCOP IIEKTPOMArHUTHOTO
TOJTISL.

1. Ostroushko A.A., Russkikh, O.V., Maksimchuk T.Y. Ceramics International

2021.V. 47. No. 15. P. 21905-21914.

36


https://science.urfu.ru/ru/persons/%D0%BE%D0%BB%D1%8C%D0%B3%D0%B0-%D0%B2%D0%BB%D0%B0%D0%B4%D0%B8%D0%BC%D0%B8%D1%80%D0%BE%D0%B2%D0%BD%D0%B0-%D1%80%D1%83%D1%81%D1%81%D0%BA%D0%B8%D1%85
https://science.urfu.ru/ru/persons/%D1%82%D0%B0%D1%82%D1%8C%D1%8F%D0%BD%D0%B0-%D1%8E%D1%80%D1%8C%D0%B5%D0%B2%D0%BD%D0%B0-%D0%BC%D0%B0%D0%BA%D1%81%D0%B8%D0%BC%D1%87%D1%83%D0%BA

A.A. OSTROUSHKO, 0.V. RUSSKIKH
Ural Federal University, Ekaterinburg, Russia
alexander.ostroushko@urfu.ru

SYNTHESIS OF COMPLEX OXIDES IN COMBUSTION
REACTIONS: CHARGE GENERATION EFFECT - STUDY AND
USE

The synthesis of nanoscale complex oxides with various functional purpos-
es via the combustion reactions of nitrate-organic precursors (Solution Combi-
nation Synthesis) is widely used in present time. A new phenomenon of charge
generation through removing molecular groups from the precursor into the gas
medium that carry away the charge of a positive or negative sign was discov-
ered by us during the investigation of synthesis processes. The measured poten-
tial difference of the precursor - ground, associated with the composition of re-
leased gas substances, in some cases reaches hundreds of volts. By changing
the composition of the starting precursors (nature and amount of organic com-
ponents), it is possible to control the intensity of charge generation. The pres-
ence of charges significantly affects the properties of the resulting materials. In
the presence of a large charge density, nanoparticles of complex oxides experi-
ence mutual repulsion, which leads to the formation of only point contacts be-
tween them. As a result, temperature of the intense sintering of the compactized
materials could be changed to hundreds of degrees. This allows adjusting sin-
tering curves for complex oxides of different composition and caring out this
procedure in a single cycle, for example, for layered solid oxide fuel cell com-
positions.

The presence of metal ions having a labile oxidation state in the oxide mate-
rial is one of the factors contributing to charge generation. This applies, in par-
ticular, to perovskite type complex oxides based on lanthanum manganite,
doped cerium dioxide with a fluorite structure, etc. The gas environment in
which combustion occurs also affects the charge generation process. The reduc-
ing medium blocks the ability of transition metal ions to reversibly change the
oxidation state and suppresses charge occurrence. The surface of the support
where the synthesis process is realized also affects the generation process. A
significant difference for metal and dielectric support was detected. The intensi-
ty of charge generation could be controlled by exposing the precursor to an
electromagnetic field.

1. Ostroushko A.A., Russkikh, O.V., Maksimchuk T.Y. Ceramics International
2021.V. 47. No. 15. P. 21905-21914.
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3D-IIEYATH U3IEJINI U3 KEPAMUKH ITO TEXHOJIOT YA
LCM

IIpormecc m3roToBneHns 3akimrouaercs B cienyromeMm: CAD-Monmens u3ze-
JHsL B CIIEIIHAIFHOM IIPOTPAaMMHOM OOecreueHnn paspesaercss Ha 2D-cimou u
OTIIPABIISETCS B CHCTEMY MTOCIOWHOTO cuHTe3a. C TOMOIIBIO CHCTEMBI MOJaun
MaTepHajia KepaMHdecKasi CyCleH3us (CMech KepaMHU4IeCKOTO IOpPOINKa U CBS-
3YIOIIETO Ha OCHOBE (POTOMOJMMEpa) IOCTYHaeT B BaHHY, I'Zle PaBHOMEPHO
pactpenensercs o MOBEPXHOCTH ¢ MOMOIIBI0 pekoyTepa. [anmee mmatdopma
MOCTPOCHHUS OMYCKAETCS B BAHHY JIO MOJHOTO COMPUKOCHOBEeHUsA. CHU3Y HaXo-
JUTCS TIPOCKTOP YIBTPa(HOIETOBOTO U3IYYCHHUS, KOTOPBIl BEIOOPOYHO 3acBe-
yuBaeT ceueHue CAD-monmenu 10 MoMeHTa (HOTOTIONUMEPU3AIIUN CYCIICH3HH.
3arem miaTGopma MOJHUMACTCS, CYCIICH3Us 3aHOBO Pa3paBHUBACTCS C MOMO-
HIBI0 peKoyTepa, miardhopmMa MOCTPOCHHUS OMYCKACTCS U MPOIECC MOBTOPSICTCS
10 IIOJJHOI'O BI)IpaHlI/IBaHI/ISI n3acius.

[punmmmuansaas cxema LCM-texnonornn komnanuu Lithoz:
1) mnatdopma mocTpoeHus; 2) BaHHA ¢ cyclieH3uel; 3) ontuueckas cucrema; 4) LED-
HPOEKTOP

[NomydeHHast «green-mMozenb» B JANbHEWIIEM MPOXOAWT TPaAWUIMOHHBIE
3TaIbl MOcTOOpaboTKM: Ae0aiaNHr (yJajeHue CBSI3YIOIIETro) M CIICKaHue It
YIIOTHEHHUS KEPaMHUUYECKHX YacCTHUI] M MOJY4YEHHsI TpeOyeMbIX XapaKTepHCTHK
KOHEYHO M3/IeHsl.

OKCIIOHMPOBaHUE Ha IIAT(GOPMY ITOCTPOEHUS NPOUCXO-TUT BHIOOPOUHO,
T.e. Tonpko 1o cedeHnto CAD-momenmn. U skcnonmpoBanue ceuenuit CAD-
MoJieJieldl TIPOUCXOJMUT EJMHOBPEMEHHO, IMOITOMY KOJMYECTBO H3JENHi Ha
miatopme He BIUSET Ha o0lee BpeMs MOCTPOCHUSI.

OO6opynoBaHHE MCHONB3YET TaKOe KOJIMYECTBO MaTepHualia, KOTOpoe Heoo-
XOAMMO AJIsl BBIpAIIMBaHus u3lenuil. M Tta cycmeHsus, KoTopas ocTanach B
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BaHHE IOCJIE MpoLiecca MeyaTu, MOXKET MCI0Ib30BaThes 3aHOBO. U Takke 000-
pYyZAOBaHUE SIBISICTCS OTKPBITBIM K HCIIOJIBb30BAaHHIO CTOPOHHUX MaTepualioB,
YTO MO3BOJISIET pa3padaThIBaTh M HCIOJIB30BaTh JII000H COOCTBEHHBIH MaTepH-
aJ1, KOTOPBIH YAOBJIETBOPSET TEXHUIECKUM TpeOOBaHMUSI.

CycneH3usi IpeACTaBIsieT U3 ceds cMeTaHOOOpa3Hyl0 KOHCHCTEHIUIO, KO-
TOpasi CTOWT W3 KEPaMHUYECKOTO IOPOINKAa WM CBSA3YIOWETo ((oTormonmmepa).
Marepuainsl IMEIOT IIUPOKUH CHEKTP MAaTEPHANIOB, B CYCIIEH3USIX HCIIOIb3YIOT-
Csl T€ XK€ MOPOIIKH, YTO ¥ B TPAJULHUOHHBIX METOAax GopMooOpa3oBaHus, BO3-
MOJKHBI pa3pa0OTKH CIIEIHAIbHBIX MaTepHaIoB 1mox TpeboBanns 3aka3zunka. B
JOCTYTIe HAaXOISTCsA CTaHAAPTHBIC (pa3paboTaHHBIE) MaTepHAbl: OKCHI AIo-
MHHUS, AUOKCUJ IUPKOHHS, HUTPUA KPEMHHSA, NBYOKHCh KPEMHHS, TPHUKAIb-
uidocdar, rUAPOKCUANIATHT, YCUJICHHBIH IUPKOHUEM OKCHJ| aJIFOMHHUS. Ma-
TepHUajbl, KOTOPbIE HAXOIATCS B pa3paOOTKe: HUTPHJ aIOMHHUS, MbE30Kepa-
MHUKa, TU3JIeKTpUUecKas KepaMuKa, Ipo3padHas KepaMHKa, JUCHINKAT JTUTHA.

O0paboTKa KepaMUKU U KOHTPOJIb SIBJISIIOTCS OCHOBHBIMHU COCTABJISIOLIMMU
B OajlaHCEe CTOMMOCTH KepaMHuecKuX u3aenuil. I[Io HeKkoTopeIM TaHHBIM, CTOU-
MOCTb UCXOJHBIX MaTEpUaOB COCTaBisAeT Bcero aumsb 11 % (st metanios 43
%), B TO BpeMs Kak Ha 00pabotky mpuxomurcst 38 % (amst metamios 43 %), a
Ha KOHTpoIb 51 % (mmst metamioB 14 %).

OTcyTCTBHE TUIACTUYHOCTH, BBICOKAsl TBEPAOCTh, CKIIOHHOCTD K PAaCTPECKH-
BaHMIO, HMW3Kas CTOMKOCTh K TEIUIOBBIM yAapaM OCIOXHSIOT MEXaHHYECKYIO
00paboTKy Kepamuueckux MarepuanoB. OCOOCHHO CIO0XHO OpraHHW30BaTh
MpOLIECC BBHICOKOTOYHOW 0OpabOTKM M3AEIMH W3 KepaMUKH Ha CEpUHHOM M
MaccoBoM mpousBozcTBe. TexHonoruss LCM mo3BonsgeT yilTu oT TpyZoEMKOTo
npolecca MeXaHW4eCKOH MOCTOOPaOOTKH, YTO MO3BOJISAET COKPATHTh Kak (u-
HAHCOBBIE 3aTPAThl, TaK M BPEMEHHBIE.

OCHOBHBIMHU TIPEUMYIIECTBAMU JaHHOW TEXHOJIOTUH SBISETCS IMOTydCHHE
U3JIEIMH CO CIIOKHOM reoMeTpueil, KOTOPbIE HElb3s MOJIYyYUTh TPAJAULUOHHBI-
MH MeToJaMH. Pedb HIeT o ceTyaThIX CTpyKTypax, BHyTPEHHUX KaHallax U OT-
BepcTusix 10 0.50 MM, TOHKHX cTeHKax 10 0.10 MM, 371eMEHTOB CJIOKHOM KOH-
(burypanun, a TakKe AOCTHXEHHE TOYHOCTH M3roToBieHus 10 20-40 mxwm [2].
[Ipn 3TOM HET HEOOXOAMMOCTH M3TOTABIMBATH JIOPOTOCTOSALIYIO OCHACTKY, YTO
3HAYUTENBEHO CHMXXAET ce0EeCTOMMOCTh NMPOAYKIMH. B urore Bpems Ha mpose-
nenue HUP u HUOKP cokpaiaeTcst B pasbl, YTO MMO3BOJISIET BBIBOJUTH HA PhI-
HOK MHHOBAIIMOHHYIO KOHKYPEHTOCIIOCOOHYIO MTPOAYKIHIO B KpaTdaifmme cpo-
KH.

1. Johannes Homa. A Novel Additive Manufacturing Technology for High-
Performance Ceramics, 2014.

2. M.K. Pomanos, JLL.U. XKypapieBa. AHanu3 TEXHOJIOTHUECKOH U S3KOHOMHYECKON
uenecoo6pa3ﬂocm NPUMEHCHUA aJUTUBHBIX TEXHOJIOTHH IpHU HU3rOTOBJICHHUU KE-
pamuueckux neraneii // Crexno u kepamuka. 2019 Ne 9
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3D PRINTING OF CERAMIC PRODUCTS USING LCM
TECHNOLOGY

The manufacturing process is as follows:; the CAD model of the product is
cut into 2D layers in special software and sent to the layer-by-layer synthesis
system. With the help of the material supply system, the ceramic suspension (a
mixture of ceramic powder and a binder based on a photopolymer) enters the
bath, where it is evenly distributed over the surface using a recoater. Further,
the building platform is lowered into the van-well until full contact. Below
there is an ultraviolet radiation projector, which selectively illuminates the sec-
tion of the CAD model until the suspension is photopolymerized. Then the plat-
form is raised, the slurry is re-leveled using the recoater, the build platform is
lowered and the process is repeated until the product is fully grown.

%0
8

Schematic diagram of Lithoz LCM technology:
1) build platform; 2) a bath with a suspension; 3) optical system; 4) LED
projector

The resulting "green-model™ further goes through the traditional stages of
post-processing: debiding (removal of the binder) and sintering to compact the
ceramic particles and obtain the required characteristics of the final product.

Exposure to the building platform is selective, i.e. cross-section only of the
CAD model. And the exposure of sections of CAD-models occurs at a time, so
the number of products on the platform does not affect the total construction
time.

The equipment uses as much material as is necessary to grow the products.
And the suspension that remained in the bath after the printing process can be
reused. And also the equipment is open to the use of third-party materials,
which allows the development and use of any own material that meets the tech-
nical requirements.
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The suspension is a creamy consistency, which consists of a ceramic pow-
der and a binder (photopolymer). Materials have a wide range of materials, in
suspensions the same powders are used as in traditional methods of shaping, it
is possible to develop special materials according to the requirements of the
Customer. Standard (developed) materials are available: aluminum oxide, zir-
conium dioxide, silicon nitride, silicon dioxide, tricalcium phosphate, hydroxy-
apatite, zirconium-reinforced aluminum oxide. Materials in development: alu-
minum nitride, piezo ceramics, dielectric ceramics, transparent ceramics, lithi-
um disilicate.

Ceramic processing and control are the main components in the balance of
the cost of ceramic products. According to some reports, the cost of raw mate-
rials is only 11% (43% for metals), while processing accounts for 38% (43%
for metals), and 51% for control (14% for metals).

Lack of ductility, high hardness, tendency to cracking, low resistance to
thermal shock complicate the machining of ceramic materials. It is especially
difficult to organize the process of high-precision processing of ceramic prod-
ucts in serial and mass production. LCM technology eliminates the time-
consuming mechanical post-processing process, which reduces both financial
costs and time.

The main advantages of this technology is the production of products with
complex geometries, which cannot be obtained by traditional methods. We are
talking about mesh structures, internal channels and holes up to 0.50 mm, thin
walls up to 0.10 mm, elements of complex configuration, as well as achieving
manufacturing accuracy up to 20-40 microns [2]. At the same time, there is no
need to manufacture expensive tooling, which significantly reduces the cost of
production. As a result, the time spent on research and development and re-
search and development is reduced significantly, which allows bringing innova-
tive competitive products to the market as soon as possible.

1. Johannes Homa. A Novel Additive Manufacturing Technology for High-
Performance Ceramics, 2014.

2. M.K. Romanov, L.I. Zhuravleva. Analysis of the technological and economic fea-
sibility of using additive technologies in the manufacture of ceramic parts // Glass
and ceramics. 2019 No. 9
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TEPMOMEXAHUYECKASI OFPABOTKA ®EPPUTHOMN
CTAJIU HA OCHOBE CUCTEMBI Fe-Cr-Al-Si

B nHacrosiee BpeMsi B MUpe BeAyTCs UCCIIEIOBaHUS TOILIUBA IS JIETKOBO-
JSIHBIX SICPHBIX PEAKTOPOB, HMEOLIETO ITOBBIICHHYIO YCTOHYMUBOCTD K TXKE-
JBIM 3aMPOEKTHBIM aBapuaM. OJHAM U3 HaNpPaBICHUI HCCIECIOBAHUI SBISIETCS
M3y4eHUe M pa3pabdoTKa MaTepuajoB Ui 00O0JOYEK TEIUIOBBIIEISIONNX dJIe-
MeHTOB. Cpeay KaHIUIATHBIX MaTepHalloOB pacCMaTPUBAIOTCS CTAIH Pa3IMdHO-
ro cocrasa. PaHee aBTOpamm OBIIO YCTAaHOBJICHO, YTO CIUIaBBI cocTaBa Fe-
5%Cr-5%(Al+Si) umMeroT BHICOKYI0 KOPPO3HOHHYIO CTOHKOCTH B BOJIE BHICOKHX
napametpos (523 K, 16 MIla) [1]. 11 He moaBep>keHBI SIBICHUIO pacnana TBEP-
JIOTO pacTBOPA, XapaKTEPHOMY ISl KEJIE30-XPOM-aIIOMHUHUEBBIX CTaleH [2].

OnmHUM M3 OCHOBHBIX TpeOOBaHMH K MaTepHayly 000JOYEK TB3JIOB BOIO-
BOJISIHBIX PEaKTOPOB SIBJISETCS COXPAaHEHHE BBICOKUX MPOYHOCTHBIX XapaKTepH-
CTHK Ha IPOTSDKEHUN BCEH TOIUIMBHON KaMIIaHUH.

Lenpto nanHOI pabOTHI SBIAETCA YCTAHOBJIECHHE 3aKOHOMEPHOCTEH H3Me-
HEHMS MPOYHOCTHBIX XapaKTEePHUCTHK HHU3KOXPOMHUCTOH cTanu Ha ocHOBe Fe-
Cr-Al-Si u oneHKa CTPYKTYpHBIX H pa3MepHbIX (AKTOPOB JUCIEPCHO-
YIPOYHSIOIINX YaCTHIl OKCUAA UTTPHS, B CTAISIX, TOJyIEHHBIX METOIOM TOpsi-
Yero MpeccoBaHUs C MOCIEAYIONICH XOIOAHOM AedopMaIiie.

B nmanHO#l paboTe paccMOTpeHBI CIUIaBwl, cofepxamiue 5 mac.% Cr, 5
Mmac.% (Al+Si) 1 JONONHUTENBHO JIErNPOBAaHHbBIE [UISl TIOBBIIICHHUS KOMIUIEKCA
CBOMCTB pa3nu4HbIM KonnyecTBoM Nb, Ti, Zr, Mo, Bu Y.

IToxaszano, uto HabmOMaeTCsA pe3Koe MaeHIHe MUKPOTBEPIOCTH I H3yda-
EMBIX CIUIaBOB ITOCIIE OT)KUTA B MHTEpBaiie Temmnepatyp 600-700 °C.

[IpoBenénnsie B [IOM wuccienoBaHus MMOKa3aid, YTO WCXOJHBIE YaCTHIIBI
OKCHJIa UTTPHS PACTBOPSAIOTCS B IPOIIECCe MEXAHOAKTHBALIMN U BBIMAAIOT PU
CIIEKaHHH B BHJE aJIIOMHHHUI-copepskamier (asbl, BeposiTHEE BCEro aloMo-
UTTPUEBOTO IrpaHara.

1. Tarasov B. A., Savelyev M. D., Shornikov D. P. Corrosion Resistance of Fe-Cr-
Al-Si Alloys with Low Chromium Content //KnE Materials Science. — 2018. — T. 4.
—Ne. 1. — C. 480-490.

2. Tarasov B. A. et al. Short-term Mechanical Properties of Fe-Cr-Al-Si Alloys
/IKnE Materials Science. — 2018. — T. 4. — Ne. 1. — C. 491-497.
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THERMOMECHANICAL TREATMENT OF FERRITE STEEL
BASED ON Fe-Cr-Al-Si SYSTEM

Now, lots of research for light water nuclear reactors fuel, which has an in-
creased resistance to severe accidents, is in progress. One of the areas of re-
search is the study and development of materials for the cladding of fuel ele-
ments. Among the candidate materials, steels of various compaositions are con-
sidered. Previously, the authors found that alloys of the composition Fe -5%Cr
-5%(Al + Si) have high corrosion resistance in water of high parameters (523
K, 16 MPa) [1]. And they are not subject to the phenomenon of solid solution
decomposition, which is characteristic of iron-chromium-aluminum steels [2].

One of the main requirements for the cladding material of the fuel elements
of pressurized water reactors is to maintain high strength characteristics
throughout the entire fuel campaign.

The aim of this work is to establish the regularities of changes in the
strength characteristics of low-chromium steel based on Fe-Cr-Al-Si and to
evaluate the structural and dimensional factors of dispersion-strengthening yt-
trium oxide particles in steels obtained by hot pressing followed by cold defor-
mation.

This work considers alloys containing 5 wt.% Cr, 5 wt.% (Al + Si) and ad-
ditionally alloyed to improve the complex of properties with various amounts
of Nb, Ti, Zr, Mo, B, and Y.

It is shown that a sharp drop in microhardness is observed for the studied al-
loys after annealing in the temperature range 600-700 °C.

TEM studies have shown that the initial particles of yttrium oxide dissolve
during mechanical activation and fall out during sintering in the form of an
aluminum-containing phase, most likely yttrium-aluminum garnet.

1. Tarasov B. A., Savelyev M. D., Shornikov D. P. Corrosion Resistance of Fe-Cr-
Al-Si Alloys with Low Chromium Content //KnE Materials Science. — 2018. — T. 4.
— Ne. 1. - C. 480-490.

2. Tarasov B. A. et al. Short-term Mechanical Properties of Fe-Cr-Al-Si Alloys
/IKnE Materials Science. — 2018. — T. 4. — Ne. 1. — C. 491-497.
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HAHOCTPYKTYPA JUCIIEPCHO-YIIPOUHEHHBIX
OKCHUJIAMU CTAJIEN U EE IEPECTPOMKA IIPU
OBJYYEHUU UOHAMMU

JlucnepcHo-yIpoYHEeHHbIE OKCHIAMU CTald SIBISIOTCS MOTEHLIUAIbHBIMU
KOHCTPYKLIMOHHBIMU MaTepuajlaMid aKTHBHON 30HBI CIIEIYIOLIEr0 HMOKOJICHUS
peakTopoB Ha OBICTPBIX HeHTpoHax. Ilpenmnomaraercsi, YTO OHM JOJKHBI BBI-
JEp)KUBaTh PaJNallMOHHYI0 HAarpy3Ky 0 MOBPEXKAAIOMNX 103 OOIydEeHHUS II0-
psaaka 200 cua mpu temneparypax 400-700 °C. Takas Harpy3ka MOXeET OBITH
BBIZICp)KaHa MaTepUalioM, B CTPYKTYpPY KOTOPOTO BXOZST MajlOpa3MEpHBIC OK-
CH/THBIC JaCTHIIBI.

Mexanndeckue cBoiictBa YO cranel CymecTBEHHO 3aBUCAT OT XapaKTe-
PHUCTHK HaHOCTPYKTYPBI: pa3Mepa M MPOCTPAHCTBEHHOT'O PACIPENEICHUS TUC-
MEPCHBIX BKJIIOYEHUH M HAHOPA3MEPHBIX KJIACTEPOB. DTH YACTHUIIBI oOecTedn-
BalOT 3HAYMUTEIbHOE MOBHILICHUE Npezena nmoiasydect B YO cransx, sBIssICh
a¢dexkTuBHBIMU GapbepaMu LIS ABUKEHHS AUCIOKALUH.

Jlns aHanm3a 3BOJIIOIMHU pacTpeelIeHNs] OKCUIHBIX BKIIOUCHUI M KiacTe-
pOB B Marepuasie B mporecce o0JydeHHs, ObUIM MPOBEIEHbI UMHUTAIIHOHHbBIE
OKCIIEPHMEHTHI 110 00ydeHHo noHamu Fe?* — ¢ smeprueii 5.6 MaB 0 mospe-
xpatommx 103 3, 6 u 30 cHa mpu Temneparype 350 °C obpasmos YO craneit
10Cr ODS, KP-3 ODS u Eurofer ODS. HccrienoBanue MpoBOINIOCH C UCTIONb-
30BaHUEM COBPEMEHHBIX METO/IOB YJIbTPaMHKPOCKOIIMH: IPOCBEYMBAIOICH
anekTpoHHON Mukpockomuu (IIOM) u aromHO-30HI0BOI TOMOTpaduu (A3T).

B ncxomHOM cocTosiHMM cTanie 0OHapy)KE€HbI OKCHHbIE BKIIOUCHUS U
knactepbl. CpeHU pa3Mep OKCHJOB BapbUPOBAICSA OT 3 10 8 HM, 00BEMHAS
mIoTHOCTH coctaimsuia ot 2 % 102 M2 1o 13 x 102 M, Pasmeps! knactepoB
6JIM3KH K pa3MepaM OKCHJIOB, HO HX INIOTHOCTb BapbHpOBamach ot 2 x 107
3 10 4 x 10% M. Ipu yBenuuennn xonnentpamun Ti 10 0.3 at.% Habmoaer-
Csl TeHJICHIMSI YMEHBILICHHSI pa3Mepa KJIacTepOB U OKCHIOB, a TAKIKE yBeJInye-
HUSA X 00bEMHOM MIOTHOCTH. IToka3zano, uto Ti B Ooblel cTEeeHu Crocoo-
CTBYET (hOPMHUPOBAHUIO KIACTEPOB, UeM V U Zr.

IIponemoHCTpHPOBaHO, UTO OKCHIHBIE YacTHIEI B ctanu Eurofer ODS 6o-
nee crabmIbHBI K HOHHOMY 00iy4eHHio 10 10361 30 cHa npu 350 °C.
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3AKOHOMEPHOCTHU ®OPMHUPOBAHUA
PEKPUCTAJIJIN30BAHHOM CTPYKTYPHI B
JE®OPMHUPOBAHHBIX U3JAEJIHNAX U3 CIIJIABOB 3110,
3110M M 3635 TP TEPMUYECKOM OBPABOTKE

IIpoBeneHbl UCCIIEMOBAHMS 3aKOHOMEPHOCTEH pa3BUTHS KpucTamaorpadu-
YECKOM TEKCTYPBI U CTPYKTYPHI B AC(OPMUPOBAHHBIX H3AEIUIX W3 CIIABOB
D110, D110M u D635 Ha O0CHOBE LHUPKOHKA. AKTYaJIbHOCTL pabOTLI 00YCIOB-
JICHA 3aBUCHMOCTBIO (DHU3MKO-MEXaHHYECKHUX CBOMCTB U IOBEICHHS MaTepHa-
JIOB B MPOIIECCE MX JKCIUTyaTanuu. MeToJaMu PEHTICHOBCKOM audpakToMeT-
PHUH, SJICKTPOHHON MHKPOCKOIHH M U3MEPEHHUS MHKPOTBEPAOCTH HCCJIeI0BaHA
KMHETHKA HU3MEHEHHUS CTPYKTYPHI U CBOMCTB (MHKPOTBEPAOCTH) IEHOPMHUPO-
BaHHBIX JIUCTOB M TPYO B TemriepaTypHoM uHTepBasne ot 480 no 640 °C npu
JUIMTENIBHOCTAX OTXKHAra or 2 10 6 yacos. llens pa®oThl 3aKiIroyaiach B ycra-
HOBJICHUU 3aKOHOMEPHOCTEH M3MEHEHHUS MapaMeTPOB CTPYKTYPHI M MEXaHUYe-
CKMX CBOMCTB B pe3yJibTaTe TEPMHUECKOW 00pabOTKH Je(OPMHUPOBAHHBIX Ma-
TEPUAJIOB U BBIOOP TEX XapaKTEPHCTHK CTPYKTYPBI, KOTOPHIE MOXKHO HCIIOJIb-
30BaTh JUISI ONMCAHMSI MIOJTHOTHI PEKPUCTAIUIM3AIIMNA MaTepHrasa.

BhIsiBIICHBI OCHOBHBIE XapaKTEPUCTUKH CTPYKTYPHI [IUPKOHUEBBIX CILJIABOB,
KOTOPBIC OKAa3bIBAIOTCS YYBCTBUTEJIBHBIMH K TIPOLIECCY PEKPUCTAJLIM3AIMH.
Cpeny TakuX XapaKTePUCTHUK OKA3allMCh: MOBOPOT KPUCTAJUIMUECKOM rekcaro-
HaJIbHOM CTPYKTYpPhI BOKPYI Oa3MCHBIX HOpMAJIEH B pe3ylIbTaTe POCTa 3€PEH,
pa3opueHTHPOBaHHLIX Ha 30° MO mpU3MaTUYECKUM HOPMAaJIsIM OTHOCHUTEIHHO
JIe(OPMHUPOBAHHON MATPHIIBI; MOJYIIMPHHA PCHTTCHOBCKUX OTPaKCHUH; Iie-
PHOIBI KPUCTAIUIMIECKOH CTPYKTYPHI ¢ U ¢; MUKPOTBEPIOCTb.

YuuteiBas, 4TO OPHEHTAILMs MPU3MATHUYECKHUX HOPMAaJEH CYIECTBEHHO
CKa3bIBAE€TCS HA M3MEHEHHMH Pa3MEPOB H3JEIUN MpHU TEPMHUUYECKOM Harpese B
temueparypaoM auamnazone 20-1200 °C [1], B kauecTBe OCHOBHOIO I1apaMerpa
JUISL JajdbHEHIIEH ONEHKH CTEICHU PEKPUCTAIUIM3ALMK BLIOpAH MMEHHO IIOBO-
POT 10 MPU3MATHIECCKUM HOPMAJISIM | [TOJYITMPUHA OTPaKCHHIH.

1. Isaenkova M.G., et al. // Nuclear Materials and Energy, 29 (2021) 101071
https://doi.org/10.1016/j.nme.2021.101071
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REGULARITIES OF FORMATION OF A RECRYSTALLIZED
STRUCTURE IN DEFORMED PRODUCTS FROM E110, E110M
AND E635 ALLOYS DURING HEAT TREATMENT

Investigations of the regularities of the development of crystallographic tex-
ture and structure in deformed products made of alloys E110, E110M and E635
based on zirconium have been carried out. The relevance of the work is due to
the dependence of the physical and mechanical properties and behavior of ma-
terials during their operation. The Kkinetics of changes in the structure and prop-
erties (micro hardness) of deformed sheets and tubes in the temperature range
from 480 to 640 °C with annealing duration from 2 to 6 hours has been investi-
gated by the methods of X-ray diffractometry, electron microscopy and meas-
urement of micro hardness. The purpose of the work was to establish the regu-
larities of changes in the parameters of the structure and mechanical properties
as a result of heat treatment of deformed materials and the choice of those char-
acteristics of the structure that can be used to describe the completeness of re-
crystallization of the material.

The main characteristics of the structure of zirconium alloys, which are sen-
sitive to the recrystallization process, have been revealed. Among these charac-
teristics were: rotation of the crystal hexagonal structure around the basic axes
as a result of the growth of grains misoriented by 30° along the prismatic nor-
mals with respect to the deformed matrix; half-width of X-ray reflections; peri-
ods of the crystal structure a and c; micro hardness.

Considering that the orientation of the prismatic normals significantly af-
fects the change in the size of products during thermal heating in the tempera-
ture range of 20-1200 °C [1], the rotation along the prismatic normal and half-
width of reflections were chosen as the main parameter for further assessing the
degree of recrystallization.

1. Isaenkova M.G., et al. // Nuclear Materials and Energy, 29 (2021) 101071
https://doi.org/10.1016/j.nme.2021.101071
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BJIMSTHUE COCTABA IMPKOHUEBOI'O CILJIABA HA
PACTBOPUMOCTH BOJOPOJIA

B mpomecce 3kcmryaTanni B aKTHBHON 30HE TEIIOBBIX PEaKTOPOB 000JI0U-
KM ¥ HaIPaBJISTIONINE KaHATBl U3 IIUPKOHUEBBIX CILIABOB HACHIIIAIOTCS BOJOPO-
moM. IIpu DOCTIDKEHHH TpeAeTbHON pPacTBOPUMOCTH BO3HHUKAIOT THAPHIIEI
upkonust. OOpazoBaHue paJHalbHBIX THIPUAOB B 000JOYEUHBIX TPyOax WK
HaNpaBIAIONMX KaHaJlaX MOXET NPHUBOAUTH K 3aMETHOMY CHIDKEHHIO ILIa-
CTHYHOCTH Marepuana. [y uckimoueHus moao0HbIX 3P PEeKToB HE0OX0AUMO, B
TOM 4HCIIe, pacnoyiarath HHpoOpMaIuei 0 3aKOHOMEPHOCTSX BBIJICJICHHSI U pac-
TBOpeHUs TuApuaoB. JaHHas paboTa MOCBAIIEHA ONMpeAeTEHUIO MpeaeIbHON
PacTBOPUMOCTH BOJOPOJA B OT€UECTBEHHBIX ciutaBax D110ont m D635, mpu-
MEHJIEMBIX B KaueCTBE KOHCTPYKIIMOHHBIX MAaTCpHUAIOB aKTHBHBIX 30H TEILIO-
BBIX PEaKTOPOB.

JJ1s mocTpOeHUs KPUBBIX MPEIeIbHON paCTBOPHMOCTH BOJIOPO/Ia B CIIaBaX
O110onT 1 D635 mpumensuics MeTon AU depeHIINaTbHON CKaHUPYOMEeH Ka-
nopumetpun (JCK), mo3Bosttoniuii onpeaenuTs TOYKy (pa3zoBOro IpeBparie-
HUS TI0 TETJIOBOMY MOTOKY peakuuu. [Ipu pazpaboTke mpoueaypsl IpoBeIeHHS
JKcIieprMeHTa Obuta BhIOpaHa ¢opMa wucciaemyemMoro obpasiia, CKOpOCTh
HarpeBa-oOXJIAXACHUs, U APYrue MapameTpbl ¢ Y4E€TOM TakuxX (DaKTOpOB Kak
qyBCTBUTEIBHOCTh METOZA, BOCIPOM3BOAUMOCTh PpE3yJIbTATOB, COXPAaHEHHE
CTPYKTYPHO-()a30BOTO COCTOSHHSI MCXOJHOTO 00pa3iia M KBa3H-paBHOBECHOCTh
MIPOTEKAIOIIETO Mpoliecca.

[To momy4eHHBIM pe3yibTaTaM OBUIH MOCTPOCHBI KPUBBIE PACTBOPHUMOCTH
Bozopoa B ciiaBax D110ont u D635 nmpu HarpeBe U oxyaxaeHuu. [loareep-
JKJICHO, YTO HAYAJBHBIN y9acTOK (a30BOW AMArpaMMbl IIUPKOHUEBBINA CIIAB —
BOZOpOJ uMeeT rucrepesuc. OnpeneneHsl 3Ha4eHNs TEIUIOThHI peaKkIi pacTBO-
pEeHUs U BBIAEJIECHUS TUAPUIOB Ul UCCIeAOBaHHbIX ciiaBoB. [lokazaHo, 4To B
npenenax NorpeuHoCTH KpUBbIe PACTBOPUMOCTH BOJOpOJia B ciiaBax 2635 u
D110onT coBnanaroT. [IpoBecHO CpaBHEHHE MONYICHHBIX PE3YJIBTATOB C JIH-
TepaTypPHBIMHU TaHHBIMU [Tl IPYTHX ITUPKOHUEBBIX CIIJIABOB.
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EFFECT OF ZIRCONIUM ALLOY COMPOSITION
ON HYDROGEN SOLUBILITY

Zirconium alloy claddings and guide tubes used in thermal reactors pick up
hydrogen during operation. When the maximum solubility is reached, for-
mation of hydrides starts. Radial hydrides in claddings or guide tubes can cause
sufficient decrease of ductility. To prevent such phenomena, among other
things, one should know specific features of the formation and dissolution of
hydrides. In present paper we elucidate the terminal solid solubility of hydro-
gen in domestic alloys E1100pt and E635 which are being used as construction
materials of thermal reactor cores.

To plot the curves of the terminal solid solubility of hydrogen in E1100pt
and E635 alloys, differential scanning calorimetry (DSC) measurements were
carried out. This method allows extracting the phase transformation point by
the measurement of the reaction heat flow. Developing the experiment proce-
dure we choose the shape of the test sample, speed of heating and cooling and
other parameters, taking into account such factors as the method sensitivity, re-
producibility of results, saving of the initial material structure and the quasi-
stationarity of the process.

Based on the DSC-results, the curves of the hydrogen terminal solubility in
E1100pt and E635 alloys during heating and cooling were plotted. It is con-
firmed that the initial section of the phase diagram of zirconium alloy has hys-
teresis. Heat of dissolution and heat of precipitation for these alloys are deter-
mined. The thermal solid solubility curves for E635 and E110opt alloys are
shown to coincide within the error bars. Obtained results were compared with
published data for different zirconium alloys.
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UCCJIEJJOBAHUE BJIMSTHUSI HOHHO-IIJIASMEHHOM
OBPABOTKHM APTOHOM HA AJITE3UIO IMIOKPHITUI U
HIEPOXOBATOCTbH HIOBEPXHOCTHU OBOJIOYEK U3
CIIJIABA 2110

OnHUM U3 Hauboee BaXKHBIX ATANOB HAHECCHMUS MOKPBITHS SBISETCS MOJ-
TOTOBKA MOBEPXHOCTH MOJUIOXKKH. Ilocne 04MCTKH XUMHUECKUMH PacTBOPUTE-
JSIMM ¥ YNBTPa3BYKOM C TIOBEPXHOCTH JeTaneil HeoOXOAUMO yAalIuTh 0bpa3o-
BaBINHMECS OKCHIHBIEC IUICHKHM M OcTaBInHMecs 3arpssHeHus. HambGonee sddex-
THUBHBIM METO/IOM OYHCTKH SIBISIETCSI HOHHO-IUIA3MEHHOE TpPABIICHHE HWHEPT-
HBIMH Ta3aMH C HCIOJB30BaHHWEM TICIOUIEero paspsaa. [loMMMo O4YHCTKH TO-
BEPXHOCTH TPH HOHHOM pacIbUICHNH MOIU(UIpYeTcs penbed MoBepXHOCTH,
YTO CIOCOOCTBYET IOCTIKCHUIO ONTUMAIBHONW aAre3uH TMOKPHITHS C TOATI0XK-
Koii. [1-2]

Llenbto pabOTHI SBISUIOCH BBISBICHHE ONTHMANBHBIX PEXHMOB HOHHO-
IUTa3MEHHON OYHMCTKHM aproOHOM Iepeli HAaHECEHHEM XPOMOBBIX HMOKPBITHH Ha
TBIbHBIE TPYOKH M3 cruitaBa IupkoHuA D110 11 co3manus 3alUTHBIX WK Oa-
PBEPHBIX CIIOEB Ha 000JI0YKaX TBAJIOB TOJIEPAHTHOTO TOIUIUBA.

O6paboTka TOBEPXHOCTH OOpa3llOB M HAHECEHHE 3AlUTHBIX MOKPBITUH
MPOU3BOJWIOCH B JKCIepUMeHTaidbHOW ycraHoBke WMJIYP-03. VYcranoska
OCHallleHa KaMepol MOHHOM OYMCTKH, MO3BOJIIOMAS O0JIydaTh LMIIMHIpUYE-
CKHe 00pa3Ibl paJHaIbHBIM ITy9KOM HOHOB aproHa.

PaccmoTpeHo BimsiHME BpalleHUs MaHUIYJISATOPA Ha IPOLECC MOJIMPOBKU
00pasioB, BEIOpaHa ONTHMalIbHAs CKOPOCTH BPALIEHUs, IIPHU KOTOPOH pesbed
MIOBEPXHOCTH CTAHOBHUTHCS Haubosee riafkuM. V3ydeHo BIUsHUE T03BI 00Ty-
YEeHUS Ha COCTOSHHE TOBEPXHOCTH, H3MEPEHA IIEPOXOBATOCTh IO MapaMeTpaM
Ra, Rq 1 Rz, npoananusupoBanbl Tpo(UIIM OBEPXHOCTH U MOCTPOEHBI TUCTO-
TpaMMBI pacIpeesieHIs HEpOBHOCTEH BHEITHEH TOBEPXHOCTH I10 BBICOTAM IS
00pasioB, rpadguku QyHKIHMA CIEKTPATBLHON MIIOTHOCTH HEPOBHOCTEH Mpodu-
ns1. ViccneioBaHO BIHMSIHYE AAaBJICHHS HA MPOIIECC HOHHOTO TPaBJICHNUS, IIPOaHa-
JU3UPOBAHO COJIEPKAHNE KUCIOpPOa IS pa3HBIX HATEKaHWH aproHa METOJIOM
SHEProAMCHEPCUOHHOIO aHann3a. MeTo10M MarHeTpOHHOTO HAIbIICHUS HaHe-
CEHBI OKPBITUS U3 XPOMa, aJre3us MOKPBITUS ¢ MOUIOKKON U3ydeHa METOJ0M
CKPEeTUY-TECTUPOBAHHUSL.

YcTaHOBIIEHO, YTO HOHHAs 00paboTKa MPUBOANT K CTIAXHUBAHUIO penbeda,
c(OpPMHUPOBAHHOTO B IPOIECCE MEXAaHWYECKOW IIIM(OBKH, NPUUEM IPOIIECC
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pacnblUICHHs BBICTYIOB MPOXOJAUT UHTEHCUBHEE, YEM 3a1€UMBAHUE TEXHOIOTU-
yeckux IapanuH. OOHapyXeHO, 9TO 4TO IS 33aJaHHBIX IApaMETPOB ITydKa
Ar+ mMakcuManbHast 3 (eKTHBHOCT HOHHOH MOJMPOBKY HaOII0OAaeTCs 1S He-
pOBHOCTEH ¢ XapakTepHbIM pazMepoM 30-50 MKM, mapaMeTpsl KOTOPHIX B 3Ha-
YUTENIFHOM CTENEHU BIMAIOT HAa IMOBEPXHOCTHBIC CBOWCTBA MaTepHasa, TaKHe
KaK KOPPO3HOHHAsI CTOMKOCTb, TPEHHE, H3HOC U T.II.

Pe3ynbTathl ckpeT4-TECTUPOBaHUE MOKA3aIU, YTO JUIA MOKPHITUS C HOHHOU
obpabotkoii B 60 MA, 80 MA n 100 MA oTclioeHNe HauMHAETCS PU HAarpy3Kax
25 H, 48 H u 13 H cootBercTBeHHO. Ha ocHOBe ImpoBeAEHHBIX UCCIEIOBaHUN
U Pe3yNbTaTOB CKPETY-TECTUPOBAHUS, pekKuM Mpu Toke 80 MA, naBneHus ap-
roHa B kamepe nonHoro tpasneHus 0,18 Ila u ckopoctu Bpamernus 10 o6/muH
NpU3HAH Haubojee ONTHMANBHBIM AJISI TOATOTOBKM IMOBEPXHOCTH OOOJIOUKH
TB3J U3 ciiaBa D110 A HaHECEHU 3alUTHOIO XPOMOBOI'O MOKPBITHSL.

1. Bischoff J., Delafoy C., Vauglin C. & oth. AREVA NP's enhanced accident-
tolerant fuel developments: Focus on Cr-coated M5 cladding. // Nuclear Engineering
and Technology.— 2018.— VVolume 50.— P.223-228

2. Kurt A. Terrani. Accident tolerant fuel cladding development: Promise, status,
and challenges. // Journal of Nuclear Materials.— 2018.— VVolume 501.— P.13-30
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STUDY OF THE INFLUENCE OF ION-PLASMA
ARGON TREATMENT FOR COATING ADHESION AND
SURFACE ROUGHNESS OF 3110 ALLOY

One of the most important step in the coating process is the surface prepara-
tion of the substrate. After cleaning with chemical solvents and ultrasound, it is
necessary to remove the formed oxide films and remaining contaminants from
the surface. The most effective cleaning method is ion-plasma etching with in-
ert gases using a glow discharge. In addition to cleaning the surface by ion
spraying, the surface relief is modified, ensuring optimal adhesion of the coat-
ing to the substrate. [1-2]

The aim of the work was to identify the optimal modes of ion-plasma clean-
ing with argon before applying chromium coatings to fuel tubes made of zirco-
nium alloy to create a protective layer on the cladding of fuel rods of a tolerant
fuel.

Sample processing and application of protective coatings were carried out in
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an experimental setup ILUR-03. The installation is equipped with an ion clean-
ing chamber, which allows irradiating cylindrical samples with a radial beam of
argon.

The influence of the manipulator rotation on the polishing process is con-
sidered, the optimal rotation speed is selected, at which the surface is the
smoothest. The effect of the radiation dose on the surface condition was stud-
ied, the roughness was measured by the parameters Ra, Rq and Rz, the surface
profiles were analyzed and histograms of the distribution of the external surface
irregularities by heights for the samples, the graphs of the spectral density func-
tions of the profile irregularities were constructed. Chromium coatings were
applied by magnetron sputtering, the adhesion of the coating to the substrate
was studied by scratch testing.

It was found that ionic treatment leads to smoothing of the relief formed in
the process of mechanical grinding, and the process of smoothing the protru-
sions is more intensive than the healing of technological scratches. It was found
that for the given parameters of the Ar + beam, the maximum efficiency of ion
polishing is observed for irregularities with a characteristic size of 30-50 pm,
whose parameters significantly affect the surface properties of the material,
such as corrosion resistance, friction, etc.

Scratch test results showed that for ion treatment of 60 mA, 80 mA and 100
mA, critical coating failures begins at loads of 25 N, 48 N and 13 N, respective-
ly. Based on the results of scratch testing, the mode at a current of 80 mA, an
argon pressure in the ion etching chamber of 0.18 Pa and a rotation speed of 10
rpm was selected as the most optimal for preparing the surface of an E110 alloy
for applying a protective cr-based coating.

1. Bischoff J., Delafoy C., Vauglin C. & oth. AREVA NP's enhanced accident-
tolerant fuel developments: Focus on Cr-coated M5 cladding. // Nuclear Engineering
and Technology.— 2018.— Volume 50.— P.223-228

2. Kurt A. Terrani. Accident tolerant fuel cladding development: Promise, status,
and challenges. // Journal of Nuclear Materials.— 2018.— VVolume 501.— P.13-30
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®OPMHUPOBAHME 3AJIAHHOT'O CTPYKTYPHO-®A30BOI'O
COCTOSIHUSI MATEPUAJIA TPAHY.I )KAPOITPOUHBIX
HUKEJIEBBIX CILIABOB, IIOJTYYAEMBIX
METOJIAMHU I'A30BOM ATOMU3ALIUM U
LEHTPOBEKHOT'O PACHBLIEHUS TUTOTO
MOJIY ®PABPUKATA

BakxHo oTMeTHTh TOT (akT, 4To mpobdiema obecneyeHus 3a1aHHOTO CTPYK-
TypHO-()a30BOTO COCTOSIHUSI I'paHyJl HUKEJEBBIX CIUIABOB JIaBHO CTOUT Hepen
Metautypramu. [Ipy mpou3BOACTBE TpaHyJ Uil W3TOTOBIICHHUS KAPOIPOYHBIX
HHKEJIeBbIX CIUIaBOB Ha Teppuropuu PD u 3a pyOexoM HCIONB3YIOTCS CIedy-
IOIIME METOABL: ra30Bas aTOMHU3ALMUs CTPYH PACIUIABICHHOTO METaula CTpyei
MHEPTHOTO I'a3a, METOA JYroBOTO IEHTPOOEKHOTO PACHbUICHHS BPAIafoLIero-
cs1 anektpona (rotate electrode process — REP), MeTos miia3MeHHO# M1aBKU U
HEHTPOOEIKHOTO pacblICHUs OBICTPO Bpamiaromieiics 3aroToBku (plasma rotate
electrode process — PREP), uentpudyrosanue pacmiaBa yepe3 OTBEPCTHS Iep-
(hOopHPOBAHHOTO THTJISL.

W3BecTHO, 4TO MpH NMPOM3BOACTBE TPaHYJ CTPYKTYPHO-(ha30BbIli COCTAB
CJIOYKHOTO HUKEJIEBOT'O CIUIABa ONPEJENseTCs] HE TOJILKO COCTABOM HIMXTHI HITU
CTPYKTYPHO-(a30BbIM COCTOSIHUEM MaTepHasa OIUIABJISIEMOro CIHUTKa (IoJy-
(habpukata), HO U TaKKe OMPEJENAETCS CKOPOCTHIO OXJAXKICHHS Karlld pac-
IIaBa, ee pa3MepamH, YCJIOBUSIMHU TEIUIOOTBOJIA, XUMHUYECKUM COCTaBOM Ia30-
BOM cpensl, OCOOEHHOCTAMH KpHcTauM3anuu. JKapompouHble HHKeEJIEBBIE
CIIaBBI COCTOAT M3 TBEPJOTO PAacTBOpa HA OCHOBE HHKEINS C TPaHELEHTPUPO-
BaHHON KyOwdeckoil pemeTkoi (y-asza), HHTEpPMETAIUTHIHON YIIPOYHSIOMICH
(ha3el Ha OCHOBE JIETUPOBaHHOTO coennHeHHs NizAl, kapounos u 6opunos. B
MaJbIX JIOJIIX MOTYT CO/EPXAThCS OKCHIbI, HEMETAJUINYECKHE BKIFOUCHHS.
Boumn poBeieHs! MccIeI0BaHus 10 TOIyYSHNI0 METOJlaMU ra30BOH aTOMH3a-
n 1 PREP rpany: sxaponpouHbIx HUKeeBbIX criaBoB D174 1HIT, DU698II,
DOI1975I1.

bbia npoBesieHa olleHKa CTPYKTYpHO-(a30BbIX COCTOSIHUI Marepuana rpa-
HyJ1. BBIIO yCTaHOBIIEHO, YTO TPH MOJYYSHUH TPaHyJ METOJIaMU Ia30BOH aTo-
MH3aLUH B OOJIBIION CTEIICHH IPOSIBIISIETCS aprOHHAst IOPUCTOCTh TpanyJ1. [1pu
pacrbUIeHHH MOTOKa PACIUIaBICHHOIO MeTallla I'a30BOM CTpyeil HM3HAYalbHO
MoJTyyaeTcsl He Kalulsi MeTajia, a HeKas [POCTPaHCTBEHHas IUICHKA CII0KHOMN
koH(purypauuu. [lanee, B npouecce ABMXEHUS JAHHOW YaCTHIBI ITPOUCXOIUT
€e CXJIONBIBAHUE 3a CYET CHJI MOBEPXHOCTHOTO HaTshkeHus. [Ipu 3ToM wacTh
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aproHHOW CpeJlbl OKa3bIBacTCsl BHYTPH C(OPMHUPOBABIIICICS I'PaHyJIbI.

Pa3Has MHTEHCHBHOCTH OTBOJA TeIJIa U, CIEA0BAaTENbHO, pa3Has CKOPOCTh
KPHUCTAJUTU3aLUH, IPUBOJUT K PA3IMYHOMY (ha30BOMY COCTOSIHUIO IO TeIly Ya-
cTuupl. B panpHeimem npu ropsiueM m3ocratudeckoM mpeccoBanun (I'UIT)
MPOUCXOJUT PACKPHITHE TOp U (OPMUPOBAHUE OJHOPOJHON CTPYKTYPBI KOM-
nakTupyeMoro mMarepuana. OHaKO pacKpbITHE TMOpP MPUBOAUT K WHTEHCHBHO-
My CHIDKEHUIO IOKa3aTeel Mmpenesia IpoYHOCTH, 3HAaUEHUN YAApHOU BSI3KOCTU
U JIPYIHMX MEXaHMYECKHX XapaKTEPUCTUK KOMIAKTHPYEMOTO MaTepHana, 4To
HENOIYCTHMO IIPH U3TOTOBIEHHUHU JETajdel OTBETCTBEHHOIO Ha3HAYeHHs. Y CTa-
HOBJIEHO, YTO TIPH OTPBIBE OT OCHOBHOM MacCHI PacIUIaBa MPOUCXOIUT BO3HUK-
HOBEHUS JKUAKOTO MOCTHKA, KOTOPBIH BMECTE C KaIllIEW OTPBIBAETCSA OT pac-
IUIaBa, a Jajiee OH 3aCThIBaeT Ha IOBEPXHOCTH YACTHIBl B BUIE CaTeNIMTa
(puc.1). 3a cueT pa3HBIX CKOPOCTEH OXJIAXKICHUS OCHOBHOI I'paHyJbI U caTe-
JIUTa UX CTPYKTypa COOTBETCTBEHHO pa3Has — CaTEeJUIMTHI XapaKTepU3yHTCA
MCHBUIMMHU pazMEepaMu ﬂeH}lpHTOB.

L4

Pucynok 1 — KauecTBo MoBEpXHOCTH rpaHyJl M CaTEJUIUThI Ha IOBEPXHOCTH I'PaHyJI CIUIaBa
OI1741HII, noiy4eHHbIX METOIOM ra30BOW aTOMHU3ALUK

Kpome Toro, ycraHoBieHo, 4T0o npu (JOPMHUPOBAHUH T'PaHyJ METOJAMH T'a-
30BOM aTOMM3alMK pa30poc TpaHyJIOMETPUYECKOr0 COCTaBa OOJIbIlE, YeM B
ciydae mosydeHus rpanyn merogamu PREP. Hanwuwne caremuroB n Hanuuue
Pa3HOPOJHOTO I'PaHYJIOMETPHUYECKOTO COCTaBa MPHUBOIUT K CHM)KEHHIO CHIITY-
yecTH rpanyi. [loaTomy onepaiyn 3amojHeHust 1 yTpscKu (GopMbI niepen pea-
nm3anueii nporeccoB ['MIT HEOOX0aMMO MPOBOIUTH OOJIee THIATEIBHO U 3TO
TpeOyeT Ooliee CyIMIECTBEHHBIX BPEMEHHBIX 3aTpar. B pesymbTare mpoBencH-
HBIX HCCIICOBAaHUI YCTaHOBICHO, YTO HpH peanm3anun MeToqoB PREP HeoO-
XOJMMO CTPEMHUTHCS K IMONyYEHHIO CPEPUIECKUX MOPOIIKOB C pa3MepoM da-
ctun <100 mxwM. [Ipu TakoM pa3Mep YacTHIl yIaeTCs MOyYUTh Ooliee BBICOKHE
CKOPOCTH OXJIAXIICHHS Jaxke B aproHHOH cpere. CKOPOCTH OXJIaXKICHHS pac-
I1aBa B 5TOM Ciiydae gocturaior yposrs 10°—10° °C/c. B urore 310 yBemmue-
HHE CKOPOCTEil OXJIaXKIEHHUS TO3BOJSIET YBEIUYUTH CTEIeHb JICTHPOBAaHUS
CIJIABOB, 3HAYMTENIbHO CHHM3UTh pa3Mep ACHIPHUTHBIX S4EeK WM IHEepPeuTH K
SYEUCTOH CTPYKTYpE, 4TO CIIOCOOCTBYET MOBBILICHUIO OHOPOJHOCTH XUMHYE-
CKOTro U (ha30BOr0 COCTaBa MarepHaja, yBEIUYCHHIO MEXaHHMYECKUX XapakTe-
PHCTHK U T. 1.
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FORMATION OF GIVEN STRUCTURAL-PHASE STATE OF
MATERIAL OF GRANULES OF HEAT-RESISTANT NICKEL
ALLOYS OBTAINED BY METHODS OF GAS ATOMIZATION AND
CENTRIFUGAL SPRAYING OF CAST SEMI-FINISHED PRODUCTS

It is important to note the fact that the problem of ensuring a given structur-
al phase state of nickel alloy granules has long been faced by metallurgists. In
the production of pellets for the manufacture of heat-resistant nickel alloys in
the Russian Federation and abroad, the following methods are used: gas atomi-
zation of a molten metal jet with inert gas jet, the method of arc centrifugal
spraying of a rotating electrode (rotate electrode process - REP), the method of
plasma melting and centrifugal spraying of a rapidly rotating workpiece (plas-
ma rotate electrode process — PREP), centrifugation of the melt through the
holes of a perforated crucible.

It is known that in the production of granules, the structural-phase composi-
tion of a complex nickel alloy is determined not only by the composition of the
charge or the structural phase state of the material of the melted ingot (semi-
finished product), but also determined by the cooling rate of the melt cap, its
dimensions, heat removal conditions, chemical composition of the gas medium,
crystallization features. Heat-resistant nickel alloys consist of a nickel-based
solid solution with a face-centered cubic lattice (y-phase), an intermetallic rein-
forcing phase based on an alloyed compound Ni3Al, carbides and borides.
Small fractions may contain oxides, non-metallic inclusions. Studies have been
carried out to obtain granules of heat-resistant nickel alloys EP741NP, EI698P,
EP975P by gas atomization and PREP methods.

The structural and phase states of the granule material were evaluated. It
was found that when granules are obtained by gas atomization methods, the ar-
gon porosity of the granules is manifested to a large extent. When spraying a
stream of molten metal with a gas jet, initially it turns out not a drop of metal,
but a kind of spatial film of complex configuration. Further, during the move-
ment of this particle, its collapse occurs due to surface tension forces. In this
case, part of the argon medium is inside the formed granule.

The different intensity of heat removal and, consequently, the different crys-
tallization rate leads to a different phase state in the particle body. In the future,
during hot isostatic pressing (GIP), the pores are opened and a homogeneous
structure of the compacted material is formed. However, the opening of the
pores leads to an intensive decrease in the strength limit, impact strength values
and other mechanical characteristics of the compacted material, which is unac-
ceptable in the manufacture of parts for a responsible purpose. It is established
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that when separated from the main mass of the melt, a liquid bridge occurs,
which, together with a drop, breaks away from the melt, and then it freezes on
the surface of the particle in the form of a satellite (Fig.1). Due to different
cooling rates of the main granule and satellite, their structure is correspondingly
different — satellites are characterized by smaller dendrites.

Figure 1 - Surface quality of gre'inules and Sateilites onﬁ the surface of granules of
EP741NP alloy obtained by gas atomization

In addition, it was found that when forming granules by gas atomization
methods, the spread of the granulometric composition is greater than in the case
of obtaining granules by PREP methods. The presence of satellites and the
presence of heterogeneous granulometric composition leads to a decrease in the
flowability of granules. Therefore, the operations of filling out and adjusting
the form before implementing the ISU processes must be carried out more care-
fully and this requires more significant time costs. As a result of the conducted
research, it was found that when implementing PREP methods, it is necessary
to strive to obtain spherical powders with a particle size of 100 microns. With
such a particle size, it is possible to obtain higher cooling rates even in an argon
medium. The melt cooling rates in this case reach the level of 10°-10° °C/sec.
As a result, this increase in cooling rates makes it possible to increase the de-
gree of alloying of alloys, significantly reduce the size of dendritic cells or
switch to a cellular structure, which contributes to an increase in the uniformity
of the chemical and phase composition of the material, an increase in mechani-
cal characteristics, etc.
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BJMUSIHUE CTPYKTYPbI U KPUCTAJLJIOTPA®UYECKOM
TEKCTYPBI HA AHU30TPOIINIO CBOMCTB CILIABA
BK159, TIOJYYEHHOI'O CEJIEKTUBHBIM JIASEPHBIM
CIVTABJIEHUEM

HccnenoBansl CTpyKTypa U KpucTamiorpaduieckast TEKCTypa o0pasioB u3
HukeneBoro criaBa BXK159, u3roroBieHHBIX METOIOM CEJIEKTUBHOTO JIa3epPHO-
ro crasnerus (CJIIT) mo Tpem pekuMam medaTH, OTINIAIOIINMCS CTpaTernei
CKaHMPOBAHUS JTa3€PHOTO Jy4a: 1) oJHONPOXOIHAS; 2) C MOCIOHHBIM H3MEHE-
HHEM HampaBlIeHUs cKaHupoBaHug Ha 60°; 3) maxmaTHas. M3roToBieHHBIE
CJIII-meTomoM 00pasIipl MOABEPTaINCh pa3HbIM TEPMOOOPAOOTKAM: 3aKajKa C
1100°C, nBykpaTHOe U YeTHIpEXKpaTHOE cTapeHue. Bee ommcanHbIe BEIIIE 00-
pasIbl XapaKTepU3yIOTCS SPKO BBIPAXKEHHON MPEUMYIIECTBEHHON OpHEHTAIlu-
el 3epeH: OCHOBHOM TEKCTYpHOH KoMmmoHeHToH sBimsercs {100}<001>, T. e.
HarpasieHue <001> mapatensHO HampaBleHUIO pocta obpasna. Ipu uenosns-
30BaHUM IIaXMaTHOW CTPAaTErHH CKAHUPOBAHMS M C U3MEHEHHEM HaIlpaBIICHUS
ckaHupoBaHus Ha 60° OT CJIOS K CIIOI0, 9Ta KOMIIOHEHTA SIBIISIETCS] €IMHCTBEH-
HOH. B To Bpemst Kak Ui OJHOIIPOXOJHOM CTpaTeruy HAaOIIOMAeTCsl JOTOIHH-
TeJbHas KoMroHeHTa ¢ <110>, mapauienpHON HAIIPaBIEHUIO POCTA.

MexaHW4YecKHe UCTIBITaHUS MIPHU PAa3HBIX TEMIIepaTypax 00pa3lioB BHISIBHIIN
AQHM30TPONMIO TIpeAeia TEeKy4eCTH, MaKCHMaJbHas BEJIMYMHA KOTOPOTO
HaOmonaeTcs npu yriae 45° Mexay HamnpaBlICHHSIMH POCTAa M PWIOKECHUS
Harpy3ku. [IpyuuHON aHU30TPONHH SIBISIETCS] KpUCTa/UIorpaduueckas TEKCTY-
pa, COXpaHSIOLIAsACS NMPU MPOBEICHUN TEPMOOOPaOOTKH. YBeIMYEHHE Mexa-
HUYECKHUX CBOMCTB IIOCJIE CTAPEHUSI CBSI3aHO C BBIICJIICHHEM BTOPHYHBIX (a3 B
TeJIe 3epHA U 10 TPAaHWIIaM 3epeH.
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INFLUENCE OF STRUCTURE AND CRYSTALLOGRAPHIC
TEXTURE ON THE PROPERTIES ANISOTROPY OF VZH159
ALLOY OBTAINED BY SELECTIVE LASER MELTING

The structure and crystallographic texture of VZh159 nickel alloy samples
produced by the selective laser melting (SLM) method using three printing
modes differing in the laser beam scanning strategy: 1) single-pass; 2) with a
layer-by-layer change of scanning direction by 60°; 3) chessboard. The samples
produced by the SLP method were subjected to different heat treatments:
quenching from 1100°C, double and quadruple aging. All the samples de-
scribed above are characterized by a pronounced preferential grain orientation:
the main textural component is {100}<001>, i.e., the direction <001> is parallel
to the growth direction of the sample. When using a chessboard scanning strat-
egy and with the scanning direction changing by 60° from layer to layer, this
component is the only one. Whereas for the single-pass strategy, an additional
component with <110> parallel to the growth direction is observed.

Mechanical tests at different temperatures were carried out and revealed an
anisotropy of the yield strength, the maximum value of which is observed at an
angle of 45° between the directions of growth and load application. The anisot-
ropy is caused by crystallographic texture, which is preserved during heat
treatment. The increase in mechanical properties after aging is due to the re-
lease of secondary phases in the grain body and at the grain boundaries.
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OCOBEHHOCTH IN®P®Y3UOHHOI'O HACBHIILEHU S
CTAJIEN, CHHTE3UPOBAHHBIX METOJAMM JIABEPHOM
3D-IIEYATH

W3BeCTHO, YTO METAIUTBI U CIUIABHI, MONYyYCHHBIC METOJAMHU JlazepHon 3d-
neyaru (CeNIeKTUBHBIM JIa3epPHBIM IUIABICHHEM WM HPSMBIM JIa3epHBIM BBIpa-
IIMBaHUEM) OOJIAZAOT IENBIM PAJOM CTPYKTYPHBIX ocobeHHOcTel. X cTpyk-
Typa HepapxXxu4yHa — BaHHBI paciulaBa pa30OWMThl Ha (parMeHThl, KOTOpBIE, B
CBOIO OYepelIb, pa3OHThI HA SYCHKN KPUCTAJUTM3ALMY; TUCIOKAOHHAS CTPYK-
Typa HOJO0HA SYCHCTOH CTPYKTYype AedopMalyu; Ha TpaHULax SYeeK MPUCYT-
CTBYIOT Cerperaniy NpUMecHBIX aTOMOB MJIM YacTHIbI BTOPOH (a3bl; HabII0-
JlaeTcst TEKCTypa; NPUCYTCTBYIOT MaKPOHAIIPSKECHHS.

B nanHOI#i paboTe HccIe0BaHO Ha PUMEpe CTajell pa3HOro CTPYKTYPHOTO
KJacca Kak OCOOCHHOCTH CTPYKTYpbI, cQOPMHUpPOBaHHON mpu nasepHoit 3d-
MeYaTH, OBIHUICT Ha MPOIECCH XUMUKO-TEPMHUYECKON 00paboTKH.

K.O. BAZALEEVA, |I.C. CHEKIN
RUDN University, Moscow, Russia
bazaleeva-ko@rudn.ru

THE FEATURES OF DIFFUSION SATURATION OF STEELS,
SYNTHESIZED BY LASER 3D PRINTING

It is known that metals and alloys obtained by laser 3D printing methods
(selective laser melting or laser metal deposition) have a number of structural
features. Their structure is hierarchical — melt baths are divided into fragments,
which, in turn, are divided into crystallization cells; the dislocation structure is
similar to the cellular structure of deformation; segregations of impurity atoms
or particles of the exess phase are present at the boundaries of the cells; texture
is observed; macrostresses are present.

In this work, it was investigated on the example of steels of different struc-
tural classes how the features of the structure formed during laser 3D printing
affects the processes of chemical-thermal treatment.
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HEPEPACIIPEAEJEHUE I'AJOJIMHUA B YPAH-
TF'AJOJIMHUEBBIX OKCUJIAX ITPU JOCIIEKAHUN

SlnepHOE TOMIMBO HA OCHOBE YPaH-TaJOTMHHEBBIX OKCHIOB MPEACTABISET
6oJIbIIION MHTEpEC, TAK KAaK MO3BOJIICT yMEHBIINTH H30BITOYHYIO PEaKTHBHOCTh
Ha HadaJIbHBIX 3Talax TOIUIMBHOTO LUKJIA 0€3 MCIIOIb30BaHMS KOHTPOIUPYIO-
MU CTepIKHEH, TakKe MTO3BOJISIET YBEIMYHUTH IITyOHHY BEITOPAHHS TOIUIUBA.

B nanHO#l pabote paccMaTpHBaIMCh 00pa3libl U3 YpaH-T'aJOJIUHUEBBIX OK-
CHUJIOB CO CTaHIAPTHBIMU cojaepkanusmu 3,35, 5, 8 mac.% Gd,03, u3roroseH-
Hele Ha [TAO «MC3» no cra"gapTHO#H TexHoioruu. Ilepen mocnekanuem 06-
pasupbl, uMeroiue GopMy MIMHAPA, Pa3pe3alIich 0 IUaMeTpy Ha JIBE paBHbIC
nosoBuHbL. YacTe 00pa3ioB Obula 3annidoBaHa M OTIIOJUPOBAaHA C TIOMOILBIO
aJIMa3HOM MacThI JJI UCCIIEAOBAHMUSI MUKPOCTPYKTYPHI U 2JIEMEHTHOTO COCTaBa
B 00BeMe 00pas3noB, KOTOPOE MPOBOJHMIOCH C MOMOIIBIO PacTPOBOTO 3JIEK-
TpoHHOTO MuKpockoma JEOL JSM-6610LV. Jlocrekanue oOpa3moB MpoBOIHU-
noce B aunaromerpe DIL 402 E/8 Pyro ¢upmer NETZSCH, mpeumyiectBom
JAHHOHM YCTaHOBKHU SIBIIICTCS BO3MOXKHOCTH HarpeBa oOpasmos jgo 2400 °C
Harper mpousBoamics co MOCTOSHHONH CKOPOCTBIO paBHO# 6 °CMUH 0e3 BHI-
JIep>KeK MPH TIOCTOSTHHOM HPOITyCKaHUU 4Yepe3 cucreMy cmecH razoB Ar+8%H,
¢ nmotokoM paBHbIM 350 mur/muH. [Tociae HarpeBOB MPOU3BOIUIOCH TOBTOPHOE
HCCIIeI0BaHUE MUKPOCTPYKTYPHI U 3JIEMEHTHOTO COCTaBa B 00beMe 00pa3IioB.

IIpoBenénHble HCCIeOBaHMSA ITOKA3alM, YTO IOCIE JOCIEKAaHUS 3HAdH-
TeJNBbHO yBenuduBaercs (Oojee uem B 4 pasza) coaepkaHHe raJI0OJUHHA Ha MO-
BEPXHOCTH YpPaH-T'aJIOJIMHUEBBIX OKCHJIOB. AHAJIN3 IMOJYYEHHBIX JaHHBIX yKa-
3bIBaET HA TO, YTO 3TO MPOMCXOIUT HM3-3a TEPEKOHICHPOBAHUSI U OOCTHEHUS
MIOBEPXHOCTH T10 YpaHy, TaKkKe 3TO IOJITBEP)KAACTCS HEpaBHOMEPHBIM pacipe-
JIeTICHUEM TaJIOJMHUS 110 TTOBEPXHOCTH, YTO CBSI3aHO C IOTOKOM Ta3a BHYTpH
YCTaHOBKH.
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REDISTRIBUTION OF GADOLINIUM IN URANIUM-
GADOLINIUM OXIDES AFTER SINTERING

Nuclear fuel based on uranium-gadolinium oxides is of great interest, be-
cause it allows to reduce excess reactivity at the initial stages of the fuel cycle
without the use of control rods, and also allows to increase the depth of fuel
burnup.

In this work samples of uranium-gadolinium oxides with standard contents
of 3.35, 5, 8 wt.% Gd,0; were made at PAO “MSZ” according to the standard
technology. Before sintering, cylinder-shaped samples were cut into two equal
halves along the diameter. A part of the samples was polished with diamond
paste to study the microstructure and elemental composition, which was carried
out with a scanning electron microscope JEOL JSM-6610LV. The samples
were sintered in a DIL 402 E/8 Pyro dilatometer made by NETZSCH, the ad-
vantage of which is the possibility of heating up to 2400 °C. Heating was per-
formed at a constant rate of 6 °C/min at a constant flow through the system of
Ar+8%H2 gas mixture with a flow rate of 350 ml/min. After heating, the mi-
crostructure and elemental composition of the samples were re-examined.

Studies showed that after sintering the content of gadolinium on the surface
of uranium-gadolinium oxides significantly increased (more than 4 times). In
addition, uneven distribution of gadolinium over the surface is observed, which
is associated with the gas flow inside the unit. Analysis of the obtained data in-
dicates that this is due to the peculiarities of evaporation and recondensation of
both uranium and gadolinium at temperatures up to 2400 °C, with the partial
vapor pressure of gadolinium being much higher than that of uranium.
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NEPCIHEKTUBBI PA3BBUTHUS TEXHOJIOTI'MU IMTOJTYYEHUS
OTEYECTBEHHOM JIASEPHOM KEPAMUKHA

BonpmMHCTBO COBPEMEHHBIX TBEPOTEIbHBIX Ja3€PHBIX CUCTEM MOCTPOCHO
Ha OCHOBE MOHOKPHCTAJ/UIOB B KaUeCTBE aKTUBHOIO 3jieMeHTa. OOIIEeMUpPOBO
OIIBIT MOKAa3bIBACT, YTO MOHOKPUCTAJLUI OTXOAUT Ha BTOpOﬁ IJIaH, U IOABJISCTCA
Ja3epHasi KepaMuKa, KOTopasi MO3BOJISIET CYLIECTBEHHO YJIYYIIUTh MOKa3aTean
Ja3epHBIX CHCTEM IPH TeX XK€ MaccorabapHTHBIX MmapamMeTpoB. Vi ke mo3Bo-
JISI€T MOCTPOUTHh COBEPLIEHHO HOBBIE JIA3EPHBIE CUCTEMBI, KOTOPHIE HEBO3MO K-
HO pea30BaTh HA MOHOKPHUCTAILIAX.

Kepamudeckast TeXHOJIOTHS TpejiaracT ruOKoe KOHCTPYHUPOBAaHHE HA MaK-
PO, MHKPO- U MOJIEKYJISIpHOM ypoBHe. CyIIecTByeT MHOTO Pa3IHYHBIX BO3-
MOXHOCTEH Il CO3/1aHUsI BBICOKOMOIIHBIX J1a3€pOB, KOTOPbIE HEBO3MOKHBI
IMPOU3BECTHU C O6I)I‘IHI>IMI/I MOHOKpHUCTaJIJIaMH, TAKHUC KaK CO3JaHHUC KOMIIO3UT-
HOM CTPYKTYpBI, YBEJIMUEHHE ATOMHOW KOHLEHTPALIUU JETUPYIOLIETO 3JIEMEHTa
(penxo3eMeNbHBIe AIEMEHTHI JTAHTAHOMIHOW TPYIIIEI), KOTOPOE YIydIIaeT Tre-
HEPALMOHHBIE XAPAKTEPUCTUKU BBIXOJHOTO H3JIYyYEHHUS aKTUBHOIO 3JIEMEHTa
na3zepa. OnTHYECKHE CBOMCTBA AKTHBHBIX 3JIEMEHTOB JIa3€pHOM KEPAMHUKH Ha
JIAHHBIT MOMEHT CPaBHUMBI C aHAJIOTUYHBIMH Y MOHOKpucTamios [1]. Takxe
NMPpEUMYHICCTBOM JIa3€PHBIX CUCTEM Ha OCHOBE KE€PAMHKU SABJIACTCA HU3KAA CC-
6eCTOI/IMOCTI) H3rOTOBJICHUSA AKTUBHBIX JJIEMEHTOB B CPAaBHCHHUEC C MOHOKpHU-
cTajulamu.

Ha ®KII «IJIIT «Pagyra» mpu yuactun ®MPO um. B.A. KorenpHuKoBa
PAH pa3paboTtana u BBeJeHa B SKCIUTyaTallMI0 TEXHOJOTHYECKAs JIMHUS IO
MPOU3BOJCTBY BBICOKOIPO3pAuyHOM JIa3epHON KEepaMHKH, B TOM YHUCJIE KOMIIO-
3uTHOM. [2][3] TexHonorus Nnpou3BOJCTBA KEPAMHUECKHX ONTUYECKUX MaTe-
pHaIoB OOBEAWHICT CIEAYIONINE TEXHOIOTHUECKUE OTCPAIiH: CHHTE3 HCXO/I-
HBIX TIOPOLIKOB, (hopMOBaHMe (IpUIAHHE HCXOJHOMY IMOPOLIKY TpeOyeMbIX
(dhopmbl U pazMepoB), CIIEKaHUE WU TepMUIecKasi 00paboTKa Mo JaBJICHUEM,
MeXaHu4decKkas 00paboTKa 3aroTOBKH s (POPMHUPOBAHHS ONITHYECKON JeTaly,
HaHCCCHUEC 3alllUTHBIX U MPOCBETIIAIOMINX HOKpBITPIﬁ, KOHTpPOJIb Ka4Ye€CTBa Io-
TOBOT'O U3/EIIHS.
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PERSPECTIVE FOR THE DEVELOPMENT OF TECHNOLOGY
FOR PRODUCING DOMESTIC LASER CERAMICS

Most modern solid-state laser systems are based on single crystals as an ac-
tive element. Worldwide experience shows that a single crystal fades into the
background, and laser ceramics appears, which can significantly improve the
performance of laser systems with the same weight and size parameters. Also,
laser ceramics makes it possible to build completely new laser systems that
cannot be realized on single crystals.

Ceramic technology offers flexible design at macro, micro and molecular
levels. There are many different possibilities for creating high-power lasers that
cannot be produced with conventional single crystals, such as creating a com-
posite structure, increasing the atomic concentration of a dopant (rare earth el-
ements of the lanthanide group), which improves the lasing characteristics of
the output radiation of the active laser element. The optical properties of active
elements of laser ceramics are currently comparable to those of single crystals.
[1] Another advantage of ceramic-based laser systems is the low cost of manu-
facturing active elements in comparison with single crystals.

At the FSE “SLP Raduga” with the participation of the Kotelnikov IRE of
the RAS, a technological line for the production of highly transparent laser ce-
ramics, including composite ones, was developed and put into operation. [2] [3]
The technology for the production of ceramic optical materials combines the
following technological operations: synthesis of initial powders, molding (giv-
ing the initial powder the required shape and size), sintering or heat treatment
under pressure, machining the workpiece to form an optical part, applying pro-
tective and antireflection coatings, quality control of the finished product.

1. A. lkesue, Yan Lin Aung, Synthesis and Performance of Advanced Ceramic La-
sers, Journal of the American Ceramic Society, 89(6), 136-1944, (2006).

2. V.V. Bezotosnyi, V.V. Balashov, V.D. Bulaev, et al. Lasing characteristic of new
Russian laser ceramics, Quantum Electron. 48(9), 802806, (2018).

3. V.V. Bezotosnyi, E.A. Cheshev, V.P. Gordeev, et al. Composite Ceramic
Nd**:YAG/Cr**:YAG Laser Elements, Journal of Russian Laser Research, 40(3),
237-242, (2019).
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AHAJIN3 TEXHUYECKHUX ITPOBJIEM,
HNPEINATCTBYIOIUX HIMPOKOMY IIPUMEHEHUIO
COEPUYECKUX ITIOPOLIKOB U3 CIIVIABOB HA OCHOBE
AJIIOMUHUJIA HUKEJISI NIAL B COBPEMEHHOM
MNPOMBIIIJIEHHOCTH

OnuuMu U3 HanboJsiee NEpCHEeKTHBHBIX MaTEepHalioB, KOTOPBIE IIEIEC000-
pa3HO MCIOJb30BaTh IPHU MPOHU3BOJICTBE OTBETCTBEHHBIX M3JCIHI aBHAIMOH-
HOM TEXHHKH, paOOTaIOIINX NPH KpaiHe BBICOKHX TEMIEpaTypax M BBICOKHX
JUHAMHYECKUX HArpy3Kax, SBISIFOTCS MaTepuallbl, CO3/JaHHBIE Ha OCHOBE II0-
POIIKOB aJTIOMHUHUIOB HUKeNs. B HacTosiee BpeMsi B OT€UECTBEHHOH Npo-
MBIIIIEHHOCTH aKTHBHO HCIIOJB3YIOTCS MMOPOIIKOBBIC U T'PaHyIHNPOBAaHBI MaTe-
puansl Ha ocHoBe amromMuHuaa Hukens NizAl. M3BecTHO, 9TO MHTEpMETaIUTUT
NizAl siBisiercst Hanboee U3yIEHHBIM U3 BCEX CTAOMIBHBIX COCIHHCHUH NaH-
Ho#t rpymmsl (NiAls, NiAls, NiAl, NizAl, NisAls). Amomunun Hukens NisAl
IMIMPOKO UCTIONB3yeTCS B KAUECTBE YIMPOUYHSIONIETO KOMIIOHEHTa B BEICOKOTEM-
nepaTypHbIX CYIepCIUIaBOB HAa OCHOBE HUKEJIsI, U IIPH 9TOM 00BbEeMHast JI0JIs CO-
ennHenuii NizAl B kauecTBe ynpouHstouiel (a3bl B HUKEJIEBBIX KapOHNPOYHBIX
cruiaBax Kojebuercs B npenenax 25-70%. Tax kak coequnerus NiAls, NipAls,
NisAl; UIMEIOT HU3KYIO TEeMIEPaTypy pa3ylnopsaOYHBaHUs, MPAKTUYECKUN HH-
Tepec Ui HMCIOJB30BaHUS B KAa4yeCTBE BBICOKOTEMIIEPATYpPHBIX MaTepHaoB
npenctaBisioT Tobko NiAl u NizAl. OnHako 1Mo cBOMM XapaKTEPUCTHKAM, CO-
enuHenust NigAl 3HauntensHo ycrynaior uatepmeramiuaam NiAl. Ecnu npo-
aHAJIM3MPOBATh TUArPaMMy COCTOSIHHSI, TO CTaHOBUTBHCSI NMOHSATHO, YTO IUIOT-
HOCTh CTEXHMOMETPHYECKOTO coeanHeHms i uHrepMmertawinaoB NiAl  co-
craBiser 5,86 r/cm’, uTo npumepHo Ha 40% HIKE IUIOTHOCTH COBPEMEHHBIX
HHUKEJIEBBIX CyNepcIiaBoB. 1 cpaBHEHUS IUIOTHOCTh MHTepMeTaunaa NizAl
cocrasiser 7,16 r/em’®. CoryacHo nquarpamme cocrostaust cucrembl, Ni-Al na-
tepMeTananble coenuneHnss NiAl sBisercst camoil BRICOKOTEMIIEpATypHOU
¢azoit B cucreme Ni-Al. Temmeparypa IUIaBICHHUS CTEXHOMETPHYECKOTO CO-
enunenust NiAl cocrasmser mopsaka 1638°C. It cpaBHEHHS — TEMIIEPATypa
mnaeienus NisAl cocrapnsier 1385-1395°C. CrienoBatesibHO, MOXHO YTBEp-
KIaTh YTO MaTepHallbl, CO3MaHHbe Ha ocHOoBe mHTepMmeTammmuaa NiAl, Gymyrt
XapaKTepU3yIOTCsl KpaiiHe HU3KOW IUIOTHOCTBIO, YTO OE3YCIIOBHO CKa3bIBACTCS
Ha BECE TOTOBOT'0 M3/IEIHS U, B TOXKE BpeMs, OHH 00JIaIal0T JOBOJIBHO BBICOKOM
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TEeMIIEpaTypol IUIABJICHUS M JKApONPOYHOCTHIO IPHU BBICOKMX TEMIIEpaTypax,
YTO 00ecIeYnBaeT BO3MOKHOCTE d(PPEKTHBHON pabOTHl M3AEIHHA U3 ATHX Ma-
TepuajoB npu temmeparypax csbime 1000°C. Kpome Toro Heo0XoauMo oTMme-
TUTh 4TO JierupoBaHHble MaTepuanbl NiAl 0671aga0T BRICOKOH kKapOCTOHKO-
CTBIO, CONPOTHUBIICHHEM K OKHCICHHIO NPH TOBBIICHHBIX TEMIEpaTypax, 4To
TaOKe KpaifHe Ba)XKHO Ul AeTajiel, paboTalomuX MPU BBICOKUX TEMIIEpaTypax.
OnHaKo UMeeTcs LEeNbId P TEXHUYECKUX (haKTOPOB, MPEISTCTBYIONIUX IIH-
POKOMY IPHMEHEHHUIO JaHHOTO Marepuana. B mepByro odepenp 3TO mpakThude-
CKH HyJeBas IIACTHIHOCTh MaTepHana W HEBBICOKAs IPOYHOCTh NPH KOMHAT-
HOH Temmeparype. DTO IPEICTaBIIET CI0XKHOCTh IPH MEXaHMYeCKOW o0pa-
00TKe U3eNuit U3 HUKeNeBbIX ciuiaBoB Ha ocHOBe NiAl. EmuHCTBeHHBII BBIXO
— 3TO M3TOTOBJECHHUE M3IEIMH CIEKaHHEM W3 TpaHys U IOPOMIKOB ¢ (OPMOH,
NpUOJIMKEHHOH K TOTOBOMY H3J/IENHUIO, HE TPEOYIOIeH AOTOIHUTENbHBIX 00b-
eMOB Tocienyloleii MexaHnyecko o0paboTku. Jlpyroil BapuaHT peuieHUs
TEXHOJIOTHYECKOH TPOOJIEMbI — HCHONB30BAHUE TIPH M3TOTOBICHUH JeTajeh
AU THBHBIX TeXHOJ’IOFHﬁ, a UMEHHO TEXHOJIOTHUH QJICKTPOHHO-JIY4Y€BOT'O HJIHU
CEJIEKTUBHOT'O JIa3epHOT'0 CIUIABJICHHS, a TAK)KE TEXHOJIOTHI NMPSMOTo JIa3epHO-
ro HaHeceHus! Matepuana. K moporikam, HUCHONB3YEMBIM B aAJUTHUBHBIX HPO-
1eccax, MPebsIBISIOTCS HE TOJIBKO TPeOOBaHMS O HEOOXOJMMOCTH 33aHHOTO
XAMHYECKOTO U TPaHYJIOMETPUYECKOr0 COCTaBa, a TAK)KEe TaKUe TPeOOBaHUS
KaK BBICOKasl CTEIICHb ChepHIHOCTh I'paHyll, OTCYTCTBUE Ne(EeKTOB B BHAE Ta-
30BOH MOPHCTOCTH, CATEIUINTOB M OOBEMHOW JHMKBanuu. V3BecTHO, 4TO B
HacTosimee BpeMs B PD rpanys, ¢ KauecTBOM, yIOBICTBOPSIOMUM TpeOOBaHU-
SIM aJUIMTHBHBIX TEXHOJIOTHWH, N3 MaTtepuaioB Ha ocHoBe NiAl B mpoMbInuieH-
HBIX MacmTabax He Mpou3BoAMTCs. Takum 00pa3oM, BO3HHMKaeT mpodiiemMa B
paspaboTke aemeBoil u dQHEKTUBHONW TEXHOJOTMH MPOU3BOJCTBA TPaHYN U3
3aJJaHHOTO MaTepuana. B kauecTBe 0a30BBIX TEXHOJOTHIl IPU MPOU3BOACTBE
chepuueckux nopomkos cucteMbl NiAl cTanu TexHONOrHs IIa3MEeHHON aTo-
MU3aluu OILIABIISIEMOI 3arOTOBKH M TEXHOJIOTHHU HEHTpO6e)KHOFO pacCnblJICHUA
pacruiaBa. Taxke CylIecTByeT npodsema, CBI3aHHas C JISTHPOBAaHHEM CILIABOB
Ha ocHOBe (hasel NiAl. YUHCTBIl HONMKPUCTAIIMYCCKUI ATIOMUHHI HHUKEIS
NiAl u3-3a HA3KOH TUIACTUYHOCTH U HU3KOH KapOIPOIHOCTH IIPU TEMIIepaType
6osiee 700°C Henb3s UCTIONBH30BATh B KAYECTBE KOHCTPYKIIMOHHOTO MaTepHaia.
Hawubonee gacTo ii1st MOBBIMICHNS! TPOYHOCTHBIX XapaKTEPUCTUK CIUIABOB HC-
nonb3yrT crneayromue eMeHtel: Cr, V, Ti, Mo, W, Nb, Ta, Zr, Hf. beum
IMPOBEACHBI UCCICAOBAHNA 110 U3IrOTOBJICHUIO U IPUMCHCHUIO TPaHyJl U3 CIlja-
BoB cucteM NiAl-Cr-Co-Hf, NiAl-Cr-Co-Hf-B u NiAl-Mo-Cr-B-Mn-Hf.
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ANALYSIS OF TECHNICAL PROBLEMS
PREVENTING WIDESPREAD USE OF
SPHERICAL POWDERS FROM NICKEL NICKEL-BASED
ALLOYS NIAL IN MODERN
INDUSTRY

One of the most promising materials that can be used in the production of
critical aircraft products operating at extremely high temperatures and high dy-
namic loads are materials based on nickel aluminum powders. Now in the do-
mestic industry powder and granulated materials on the basis of nickel alyumi-
nid Ni3Al are actively used. Intertallid Ni3Al is known to be the most studied
of all stable compounds in this group (NiAl3, Ni2AI3, NiAl, Ni3Al, Ni5AI3).
Nickel aluminum Ni3Al is widely used as a strengthening component in high-
temperature nickel-based superalloys, and the volume fraction of Ni3Al com-
pounds as a strengthening phase in nickel heat-resistant alloys ranges between
25-70%. Since the compounds NiAI3, Ni2AI3, Ni5AI3 have a low disordering
temperature, only NiAl and Ni3Al are of practical interest for use as high tem-
perature materials. However, on the characteristics, the Ni3Al connections con-
siderably concede to NiAl intermetallida. While state diagram is analysis, it be-
comes clear that the density of the stoichiometric compound for intermetallic
NiAl is 5.86 g/cm3, which is about 40% lower than the density of modern nick-
el super-alloys. For comparison, the density of intermetallic Ni3Al is 7.16
g/cm3. According to the state diagram of the Ni-Al system, intermetallic com-
pounds NiAl is the highest temperature phase in the Ni-Al system. The melting
point of the stoichiometric compound NiAl is about 1638 °C. For comparison,
the melting point of Ni3Al is 1385-1395 °C. Therefore, it can be aasumed that
materials based on intermetallic NiAl will be extremely low in density, which
certainly affects the weight of the finished product and, at the same time, they
have a rather high melting point and heat resistance at high temperatures, which
makes it possible to effectively operate products from these materials at tem-
peratures above 1000 ° C. In addition, it should be noted that doped materials
NiAl have high heat resistance, resistance to oxidation at elevated temperatures,
which is also extremely important for parts working at high temperatures.
However, there was a number of technical obstacles to the wide use of the ma-
terial. First of all, it is almost zero plasticity of the material and low strength at
room temperature. This presents a difficulty in machining nickel alloy articles
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based on NiAl. The only way out is to make the products by sintering from
granules and powders with a shape close to the finished product, which does
not require additional volumes of subsequent machining. Another solution to
the technological problem was the use of additive technologies in the manufac-
ture of parts, especially electron beam or selective laser fusion techniques, as
well as direct laser material deposition techniques. The powders used in addi-
tive processes are not only required for a given chemical and particle size dis-
tribution, but also high degree of pellet sphericity, absence of defects in the
form of gas porosity, satellites and volume elimination. It is known that cur-
rently in the Russian Federation grains from materials based on NiAl are not
produced on an industrial scale with the quality that meets the requirements of
additive technologies.Thus, there arises a problem in the development of a
cheap and efficient technology for producing pellets from a given material.
Among the basic technologies in the production of spherical powders, the NiAl
system was the technology of plasma atomization of the fused billet and the
technology of centrifugal sputtering of the melt. There is also a problem with
alloying alloys based on the NiAl phase. Pure polycrystalline nickel aluminum
NiAl due to low ductility and low heat resistance at a temperature of more than
700 © C cannot be used as a structural material. Most often, the following ele-
ments are used to improve the strength characteristics of alloys: Cr, V, Ti, Mo,
W, Nb, Ta, Zr, Hf. Studies have been carried out on the manufacture and use of
pellets from alloys of NiAl-Cr-Co-Hf, NiAl-Cr-Co-Hf-B and NiAl-Mo-Cr-B-
Mn-Hf systems.
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HUCIIBITAHUA OJUHOYHbBIX UMUTATOPOB TBJJIOB
PEAKTOPOB BB3P HA CTEHJAE TAPAMETP B YCJIOBUAX
LOCA

B crnoxuBiueiics MexayHapOIHOH NPaKTHKE JIMIEH3UPOBAHMs 0€30MacHo-
ctu ADC paccMaTpuBarOTCsl IPOEKTHBIE aBapuu. [IpoekTHBIE aBapuM MOApas-
JIeIsiFoTCes Ha aBapuu ¢ nortepeit teronocurens (LOCA) u aBapun 6e3 notepu
terutonocutens (NON-LOCA), Hanpumep aBapuu ¢ BO3pacTaHWEM PEaKTHBHO-
ctu (RIA). Be30omacHOCTh PEaKTOPHOW YCTAHOBKHM B aBapUIHBIX PEKUMax B
3HAYNUTEIHHONW CTENCHHU 3aBHCHUT OT IOBEJICHHS KOHCTPYKIIHOHHBIX JIEMEHTOB
akTHBHOH 30HBL [Ipn 3TOM 000709Ka TB37A SBISIETCS OAHUM M3 NEPBHIX (GH3H-
9ecKUX OapbepoB Ha IyTH PACHpOCTPaHCHHsS HOHM3MPYIOLIETO0 M3Iy4YeHHS U
PaZMOAaKTUBHBIX BEIECTB B OKPY)KAIOIIYIO cpely. A TakxKe caM TB3J OTHOCHUT-
csi K mepBoMy (Hambosiee BBICOKOMY) KJIacCy KOHCTPYKTHBHBIX 3JIEMEHTOB
ADC, pnustonux Ha 0€30MacHOCTb.

B cootBerctBum ¢ tpeboBanusimu 16 PY ADC-89 B kauecTBe Makcu-
MaJbHOU NMPOEKTHOM aBapuu peakropa tuna BBOP paccmarpusaercs aBapust ¢
HaydalbHBIM COOBITHEM - MITHOBEHHBIM Pa3phIBOM TIJIABHOTO LUPKYIALUOHHOTO
Tpy6ompoBosia Ha Bxozae B peaktop (aBapust LOCA). B xome aBapuu LOCA
JIaBJICHUE TETJIOHOCHUTEJIS IaJjaeT B TeUEHHE HECKOJIBKUX CEKyHJI, TeMIlepaTrypa
MOBEPXHOCTH 000JI04YeK MOBHIaeTcs (MoxkeT gocturath 1200°C) 1 Bo3HHKaeT
XapakTepHOe I aBapuil ¢ MoTepel TEIIOHOCHUTENs HarpykeHue 000JI0ueK
TBAJIOB BHYTPEHHHM JIaBJIeHHEM. B pe3ynbraTe Takoro HarpyXeHust 000109Ka
TBAJIAa MOXET 1e(OPMUPOBATHCS M PA3TEPMETHIUPOBATHCS.

B HacTosmie#t paboTe mpeacTaBIeHB Pe3yNbTaThl HCCIEOBAHUI TepMOMe-
XaHWYECKOTO MOBEJCHUS 000JI0UeK OJMHOYHBIX HMHUTATOPOB TB3JIOB B aBapuii-
HbIX ycnoBusx Ha creHne [IAPAMETP. VMcnbitanusi nmpoBeieHbl HA UMUTATO-
pax 1TB3110B BBOP ¢ obomoukamu u3 crmaa 9110 ¢ qnuHON HarpeBaemoi 4a-
cta 600 mM. Harpes B mpomecce 3KCIIEpIMEHTa OCYIIECTBIISICA 32 CYET BOJIb-
¢pamoBoro HarpeBarens (@ 4 MM), PacIOJIOKEHHOTO B IEHTPE TOIUIMBHBIX
Tabnetok. [locne wcnBITaHMHA MPOBEIEHBI M3MEPEHHS] T€OMETPHUYSCKUX Iapa-
METPOB 000JIOUKH B 00JIACTH pa3repMETH3AINH.
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B Hacrosimiee BpeMst mpoBezieHa cepus U3 15 ucnbltaHui IpH MakcUMaib-
HBIX Temmeparypax obomouku 1000, 1100 u 1200 °C (ckopocTs HarpeBa 10
MaKcUMaJIbHOHM TemmepaTypbl ~5 °C/c, BpeMs BBLACPKKH IPH MaKCHMAIbHOMN
temneparype ~300 c) 1 UCXOAHBIX 3HAUEHUAX BHyTpeHHero faasieHus 0.1, 0.5,
1, 5 u 10 MlIla. Tunu4HbIA cLeHApU SKCIEPUMEHTA NPUBEIEH HA PUCYHKE 1.
B pesynbprare MCHBITAHMHA ONpPEIEICHBI MapaMeTpsl Pa3srepMETH3ALNH HCIIbI-
TaHHBIX 00pa3oB (Tabnuua 1), ucrnonab3yemsle, B Y4aCTHOCTH, IIPH pa3paboTke
KPUTEPHUEB pa3repMeTH3aIIH 000I09eK TBAJIOB peakTopoB Tunia BBOP B ycimo-
Busix LOCA.

1200 60
1000 / avd 50
(] .
°“; 800 40 E
S e
g 600 <:/I/ 30 %
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200 10
0 R\’ 0
800 900 1000 1100 1200 1300 1400
Bpewms, ¢
Pucynok 1 -Tunuunsiii cueHapuil 3KCiepUMeHTa
Tabmuna 1 — [TapameTphl pasrepMeTH3aiuy TBIJIOB B OKCIIEPUMEHTAX
Ne | Makcumane- | HauansHoe | Buyrpennee | Temneparypa| OkpykHas
Has TeMIlepa- | BHYTPEHHE |JaBJICHHE IPH| TIPH pasrep- | aeopmanus,
Typa, °C JABJICHHWE, | pa3TepMeTH- | MEeTH3alluH, %
MIla 3anuu, MIla °C
1 1200 0.5 0.8 1146 40
2 1200 1.2 985 24
3 1100 9.1 816 12
4 1200 6.2 866 16
5 1100 10 10.1 743 14
6 1200 10 9.6 780 21
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TESTS OF INDIVIDUAL VVER TYPE FUEL ROD
SIMULATORS ON THE PARAMETER FACILITIE UNDER
LOCA CONDITIONS

In the international practice of NPP safety licensing, design basis accidents
are considered. Design basis accidents are subdivided into loss of coolant acci-
dents (LOCA) and without loss of coolant accidents (non-LOCA), for example,
reactivity initiated accidents (RIA). The safety of a reactor facility under acci-
dent conditions largely depends on the behavior of the structural elements of
the core. In this case, the cladding of a fuel rod is one of the first physical barri-
ers to the propagation of ionizing radiation and radioactive substances into the
environment. And also the fuel element itself belongs to the first (highest) class
of structural elements of nuclear power plants that affect safety.

In accordance with the requirements of Russian authority , an accident with
an initial event - an instantaneous rupture of the main circulation pipe at the re-
actor inlet (LOCA accident) - is considered as the maximum design basis acci-
dent for a VVER-type reactor. During the LOCA accident, the coolant pressure
drops within a few seconds, the cladding surface temperature rises (it can reach
1200 ° C), and the internal pressure loading of the fuel rod cladding, typical for
loss of coolant accidents, occurs. As a result of such loading, the cladding of
the fuel rod can be deformed and depressurized.

This paper presents the results of studies of the thermomechanical behavior
of claddings of fuel rod simulators under LOCA conditions at the
PARAMETER facilitie. The tests were carried out on simulators of VVER fuel
elements with cladding made of E110 alloy with a length of the heated part of
600 mm. Heating during the experiment was carried out using a tungsten heater
(9 4 mm) located in the center of the fuel pellets. After the tests, the geometric
parameters of the claddings were measured in the area of depressurization.

At present, a series of 15 tests has been carried out at maximum tempera-
tures of 1000, 1100, and 1200 ° C (heating rate to the maximum temperature ~
5 © C /s, holding time at the maximum temperature ~ 300 s) and initial values
of internal pressure 0.1, 0.5, 1, 5 and 10 MPa. A typical scenario of the experi-
ment is shown in Figure 1. As a result of the tests, the parameters of the depres-
surization of the tested claddings (Table 1) were determined, which are used, in
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particular, in the development of criteria for the depressurization of the clad-
ding of fuel elements of VVER reactors under LOCA conditions.
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Figure 1 - Typical experiment scenario
Table 1 - Parameters of fuel rod depressurization in experiments
Ne | Maximum |Initial internal| Internal pres- | Temperature | Hoop strain,
temperature, |pressure, MPa|sure at depres-| at depressuri- %
°C surization, zation, °C
MPa
1 1200 0.5 0.8 1146 40
2 1200 1.2 985 24
3 1100 9.1 816 12
4 1200 6.2 866 16
5 1100 10 10.1 743 14
6 1200 10 9.6 780 21
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YCTOMYUBOCTD CTPYKTYPBI MHOT'OCJIOMHBIX
HUTPUIHBIX IIJIEHOK, OBJIYYEHHBIX HOHAMU I'EJINS

B Hacrosmee Bpemsi pa3paboTKa HOBBIX PaIHallHOHHO-CTOWKHX MaTepHa-
JIOB SIBJSICTCS Ba)KHOM MpPOOJIEMOM, KOTOpas OCOOCHHO akTyajbHa s sep-
HOW/TEPMOSIICPHOM MPOMBINUICHHOCTH, a3POKOCMHYCCKONW MPOMBIIUICHHOCTH
U T. A., Tie 00BEKTHl MOABEPraroTCsl CHIBHOMY OONYyYeHHIO MOHAMU, HEHTpO-
HaMmH, 3j1ekTpoHamu. OOIydeHue JEerKUMH HOHAMH, M3-3a SICPHBIX CTOJIKHO-
BEHHMH, MOXET BBI3BaTh B METAUIMYECKHX KpUCTAIUIaX OOJblIee KOJINYECTBO
TOYEYHBIX JIeheKTOB (HarmpuMmep, BaKaHCUI U MEKY3eJIbHBIX aTOMOB) 110 CpaB-
HEHHIO ¢ KilacTepaMu aedekToB (Hanpumep, my3bipekamu He) [1]. D10, B cBOIO
ouepeb, 3HAYUTEIBHO YXYAIIACT XapaKTCPUCTHKH KOHCTPYKIIMOHHBIX MaTe-
pHaloB B peakTopax AEJCHHS/CHHTE3a, KOTOphle HEOOXOIMMO 3HAYUTEIFHO
VIIyYIIATE, YTOOBI IIOBBICUTH HAICKHOCTH U 3P PEKTHBHOCTH peakTopoB [2].

IMosTomy IIst MOCTHXKEHUS STOH [ENTN HEOOXOJUMO CO3/[aBaTh MaTEPHAIIBI C
6OJBIINM KOJUYECTBOM CTOKOB JJISI TOUEUHBIX Ie(PEKTOB, TAKMX KaK TUCIOKa-
I[UH, TPaHMIBI 3epeH U Mex(pasusie rpanuisl [3]. HaHOCTpyKTYpHpOBaHHBIC
MaTepuanbl, Takue Kak HaHOKpucTaumueckue [4] m MHorocnoinsele [5], co-
Jiep>KaT MHOXKECTBO TPaHHMIL pa3ziesia, KOTOPbIe MOTYT CIIYKUTh 3 ()eKTHBHBIMU
CTOKaMH Je(eKTOB U MOTJIOMIEHUS Ne(eKTOB, BBI3BAaHHBIX OOIydeHHEM, U
YMEHBIIICHNS PaJUallMOHHBIX MOBPEXIeHUNH [6]. MHOroCiIOiHBIE CUCTEMBI
MEPCICKTHBHBI IS WUCCIICAOBAHHM, TTOCKOJIBKY MEXKCIOEBbIE TPAHHUIBI MOTYT
BJIMATH Ha YCTpaHCHHE PalUAIlMOHHBIX Ae(peKToB. Y HUX eCTh 3HAUYHUTEILHBIC
MexdaszHbIe 00JIaCTH, KOTOPBIE MOTYT JCHCTBOBATh KaK CTAOMIIBHBIC ITOTIIOTH-
Tenu aedekToB. Mucpa u ap. [7] mokasan, yto rpaHuipl paszaena ciaoes Cu/Nb
C/ICPXKMBAIOT 3apO>K/IEHHE W POCT ITy3bIpbKOB Tenusi. O crmocoOHOCTH IpaHuI]
pasjena cjoeB yNaBIMBaTh KiIacTepbl Ae(EKTOB M yMEHbIIATh PaJANallMOHHOE
MOBPEKACHUE TAKXKEe COOOIANIOCH B JAPYTrUX cHucTeMax, Takux kak Cu/V [8],
AI/Nb [9], Cu/Mo [10] u Fe/W [11] u T. 1. Kak npaBuiio, yMeHbIIIEHAE TOJIIIH-
HBI CJI0S MMPUBOAMT K YIYYIICHHIO PAAHAIIMOHHONW CTOWKOCTH HM3-3a yBEJHUe-
HUS TTIOTHOCTH TPAHMUIL Pa3Jiena CIIOeB.

Mtuorocioitasie miaenka MeN/a-SisNy (Me = Zr, Al, Cr) 6buti copmupo-
BaHbl 1pu 500°C MeTO10M PEaKTUBHOIO MarHETPOHHOI'O HANBUICHUS B KaMepe
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BBICOKOTO BakyyMa (0a3oBoe JlaBlicHHE <10 Ia), ocHameHHOi Tpems KoH(o-
KaJIbHBIMHM MUILICHSIMHU ¥ KpHOT€HHBIM HacocoM (Makc. 500 1/ ¢) [16]. Bo Bpe-
MSI OCKICHUS K ITOJUIOKKE HMPHUKIIAIBIBATIOCH IIOCTOSHHOE HAIlPsHKEHUE CMe-
meHus -60 B, B To BpeMs Kak MOJUI0OKKa Bpallanach coO CKOPOCThIO 15 00/MuH
Ha MPOTSHKEHHH BCEro OCAXJIEHMsS, YTOOBI TapaHTHPOBATh OAMHAKOBYIO CKO-
POCTb OCAKACHUS MO BCEH IUIOMIAAN MOAJIOXKKH. BomooxnmasknaeMble MHUIICHH
n3 Zr (aucrota 99,92%), Al (ancrora 99,92%), Cr (uuctora 99,95%) m SizNy4
(aucrora 99,99%) auamerpom 7,62 cM, pacrooKEHHbBIE HA PACCTOSIHUH 18 cM
OT JepXKaTelsl MOJIOKKH, MCIONB30BATNCH B IUIA3MEHHOM paspsiae Ar+N, B
PEKHMME ITOCTOSTHHOM MOIITHOCTH.

WoHHas MMILIAHTAIMA MHOTOCIOWHBIX mieHok MeN/a-SisN, (Me = Zr, Al
Cr) 1 MOHOHUTPHIHBIX IUIeHOK MeN mpoBoguiIack HOHAMH He” ¢ SHeprueu
40 x3B Ha yckopurene Tsokenbix noHoB [11-60 npu ¢moencax ot 3,0x10" 1o
1,1x10" cm?. OGmydeHne HOHAMH TelUs MPOM3BOIMIOCH MEPIICHINKYIISPHO
moBepxHOCTH 00pa3ioB. Temnepatypa ummuiantaiuu cocrasisuia 300 K (KT).

HccnenoBanus METOAOM MPOCBEUYHMBAIONICH 3JIEKTPOHHOM MHUKPOCKONHU
MHorocnoiaeix cucteM ZrN/a-SizNs, AIN/a-SisN, n CrN/a-SisN, mocne oca-
JKACHUS TO0KAa3ajlM, YTO IUIEHKH COCTOAT M3 YEpeIyIOLINXCS CJI0E€B HaHOKPH-
craumueckoro ZrN (AIN, CrN) u amopdHOro a-SisNy. BrIsBiIeHBI TOPH30H-
TaJbHBIE CIUIOIIHBIE CJIOM C MJIOCKUMH U PE3KUMH IpaHUIlaMU pa3zaena. YeTkoe
paznenenue cnoeB ZrN (AIN, CrN) u a-SigNy yka3piBaeT Ha TO, 4TO OHU HE
cvemuBaroTces. Cinou ZrN (AIN, CrN) uMeroT NOTHKPUCTAIUINIECKYI0 MHUKPO-
CTPYKTYpY, a citon SigN, He POSBISAIOT KPUCTALIMIECKOTO Xapakrepa. Ctomud-
yarasi CTpyKTypa pocTa 3epeH NPOXOAUT Yepe3 BCEe MHOT'OCIOWHOE MOKPBITHE.
O6pa3zoBanne kpuctainmmdeckux cinoeB ZrN, AIN u CrN Taxke moaTBepKIacT-
Csl PEHTT€HOCTPYKTYPHBIMH HUCCIIEJOBAHHUSIMH.

bbi10 00HapyKeHO, YTO MHHUMAJBHBIN KPUTHYECKHH (uitoeHC oOpa3oBa-
Hus GircTepoB obHapyken Uit mienkn AIN (duoerc 3x10Y em), a mMakcu-
MaJlbHBIH KpuTHueckui diroenc xapakrepen Juist mwieHoK ZrN u CrN (¢uroeHc
6x10"" cm®). Huskoe 3HaueHHe KPUTHYECKOTO (IIIOSHCa 00pa3sOBaHMs GIIHCTe-
poB B miueHke AIN, mo-BUANMOMY, CBSI3aHO C €€ KPUCTAJUINIECKOH CTPYKTYpOH
(TexcaroHanbpHas MJIOTHOYIIAKOBAaHHAA), @ HE C PETYJISIPHON CTOIOUYATOM CTPYK-
Typo#, kak y ZrN. COM uccrnenoBaHus HOBEPXHOCTH IJICHOK MOHOHUTPHJA a-
Si3N,, 06nyuennoro wonamu He, He BBISBHIM 0Opa30BaHUS OJIMCTEPOB JIAXKE
IPU MakCUMAaJIbHOM (uItoeHce. DTO CBS3aHO C BBICOKOH PacTBOPUMOCTBIO pa-
JMAIOHHBIX 1e(EeKTOB B aMOP(HBIX MaTephalax, a TakKe C HU3KOH IMOABHXK-
HOCTBIO KJIACTEPOB TeIMi-BakaHCHs. B TO BpeMs Kak, MOCTpagHallMOHHBIN OT-
xkur (600°C) BBIABIJI 3HAYUTEIBHOE YBEIMYCHUE TOIBIDKHOCTH 3THUX KJIACTe-
poB B mieHKax a-SizN,, o0bequHeHHe UX B OoJbLIne OIUCTEPhI 1 00pa3oBaHue
GumcTepoB yike mpu duoerce 5x10' em

Muxpockormmdeckue (COM, ACM) ucciieqoBaHUsI MHOTOCIOHHBIX IUICHOK,
o0ydeHHBIX noHaMU He, mokasanm, 9To paguanroHHas 3po3usl TOBEPXHOCTH B
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HAaHOCIOUCThIX cucTeMax MeN/a-SisN, 3HaYHTETbHO HUXKE MO CPABHEHHUIO C
moHouutpuaamu MeN (Me = Al, Cr, Zr). YcTaHOBIECHO, YTO CTENEHb pajana-
LIUOHHON 3PO3UU MHOTOCIOMHBIX IUIEHOK CHJIBHO 3aBHCHUT OT COOTHOUICHHUS
TOJIIMH KPHCTAJUIMYECKOro M aMopdHoro cioeB (fien) ¥ MUHMMalbHA MPH
fven paBHoit 0,29. Haubonee yCTONYUBEI K PaMAI[HOHHON SPO3MU MHOTOCIOH-
HBIC CHCTEMBI C TONIIHMHON aMOp(HOro ciosi, OOIbIIeH, 4YeM y KpHCTauInde-
CKOTO CIIOSI.

Kputnueckmii guroeHc oOpa3oBaHUs OIMCTEPOB B MHOTOCIOHHBIX IUICHKAaX
YBEIHUYHBACTCS C yMEHbIIEHHEM fyey 1 mpeBbimaer 1,1x10™ cm?. B ormiune
ot MOHOHUTPpHUAHBIX cucTeM (CrN, ZrN u AIN) 0co6eHHOCTBIO MHOTOCIIOHHBIX
IUICHOK SIBJISIETCS OTCYTCTBHE 3aBHCHMOCTH pa3Mepa ¥ INIOTHOCTH ONHCTEpOB
ot ¢uroeHca obxydeHus. beuto 0OHapykeHO, YTO B MHOTOCIOHHBIX IUICHKaX
00pa3oBaHKe ITy3bIPHKOB IPOMCXOAMT IO MEXaHM3MY (ICKHHTA, MOCKOIBKY
OHU oOpasytorcsi B amopdHOM ciioe. B pesynbrare o0Opasyrorcsi OamucTepbl
6onpmioro auamerpa (3-7 MKM).

1. M.J. Demkowicz, A. Misra, A. Caro, The role of interface structure in
controlling high helium concentrations, Curr. Opin. Solid State Mater. Sci. 16
(2012) 101-108.

2. R.E. Baumer, M.J. Demkowicz, Radiation response of amorphous metal alloys:
Subcascades, thermal spikes and super-quenched zones, Acta Mater. 83 (2015) 419—
430.

3. Xinghang Zhang, Khalid Hattar, Youxing Chen et al., Radiation damage in
nanostructured materials, Prog.Mat. Sc. 96 (2018) 217-321.

4, 0. El-Atwani, K. Hattar, J. Hinks et al., Helium bubble formation in ultrafine
and nanocrystalline tungsten under different extreme conditions, J. Nucl. Mater. 458
(2015) 216-223.

5. D. Chen, N. Li, D. Yuryev et al., Self-organization of helium precipitates into
elongated channels within metal nanolayers, Sci. Adv. 3, 11 (2017) eaa02710.

6. X. Zhang, K. Hattar, Y. Chen et al., Radiation damage in nanostructured
materials, Prog. Mater. Sci. 96 (2018) 217-321.

7. A. Misra, M. Demkowicz, X. Zhang et al., The radiation damage tolerance of
ultra-high strength nanolayered composites, JOM 59 (2007) 62—65.

8. E.G. Fu, A. Misra, H. Wang et al., Interface enabled defects reduction in helium
ion irradiated Cu/V nanolayers, J. Nucl. Mater. 407 (2010) 178-188.

9. N. Li, M.S. Martin, O. Anderoglu et al., He ion irradiation damage in Al/Nb
multilayers, J. Appl. Phys. 105 (2009) 123522.

10. N. Li, J.J. Carter, A. Misra et al., The influence of interfaces on the formation of
bubbles in He-ion-irradiated Cu/Mo nanolayers, Philos. Mag. Lett. 91 (2011) 18-28.
11. N. Li, E.G. Fu, H. Wang et al., He ion irradiation damage in Fe/W nanolayer
films, J. Nucl. Mater. 389 (2009) 233-238.

73


https://www.sciencedirect.com/science/article/pii/S1359028611000738
https://www.sciencedirect.com/science/article/pii/S1359028611000738

V.V. UGLOV"?, S.V. ZLOTSKI', I.S. VEREMELI", .A. IVANOV?®*,
A.E.RYSKULOV*, M.V. ZDOROVETS**
'Belarusian state university, Minsk, Belarus
“National Research Nuclear University "MEPhI", Moscow, Russia
3L.N. Gumilyov Eurasian National University, Nur-sultan, Kazakhstan
*Institute of Nuclear Physics, Nur-sultan, Kazakhstan

STABILITY OF MULTILAYERED NITRIDE FILMS
STRUCTURE IRRADIATED WITH HELIUM IONS

Nowadays the development of new radiation-resistant materials is a crucial
problem that is especially urgent for fission/fusion industry, aerospace applica-
tion, etc. wherein objects are exposed to strong irradiation with ions, neutrons,
electrons. So irradiation with light ions due to nuclear collisions can induce a
higher ratio of point defects (e.g. vacancies and interstitials) produced relative
to defect clusters (e.g. He bubbles) in metallic crystals [1]. This in turn remark-
ably degrades the performance of structural materials in advanced fis-
sion/fusion reactors, which must be significantly improved to extend the relia-
bility and efficiency [2].

So it’s necessary to create materials with a large number of sinks for point
defects, such as dislocations, grain boundaries, and interphase boundaries to
achieve this goal [3]. Nanostructured materials, such as nanocrystalline [4] and
multilayer materials [5], contain abundant interfaces, which can serve as effec-
tive defect sinks to absorb irradiation-generated defects and relieve radiation
damage [6]. Multilayer systems are promising for research because interlayer
boundaries can affect the removal of radiation-induced defects. They have sig-
nificant interphase regions, which can act as stable sinks of defects. Misra et al.
[7] showed that Cu/Nb layer interfaces curtail the nucleation and growth of He
bubbles. The ability of layer interfaces to trap defect clusters and reduce radia-
tion damage has also been reported in other systems, such as Cu/V [8], Al/Nb
[9], Cu/Mo [10], and Fe/W [11] and etc. Generally, the reduction in layer
thickness leads to enhanced radiation performance due to the increasing density
of layer interfaces.

MeN/a-SizN, (Me = Zr, Al, Cr) multilayer films were grown at 500°C by
reactive magnetron sputter-deposition in a high vacuum chamber (base pressure
< 10" Pa) equipped with three confocal targets configuration and a cryogenic
pump (max. 500 I/s) [16]. A constant bias voltage of -60 V was applied to the
substrate during deposition, while the substrate was rotated at 15 rpm through-
out the whole deposition to ensure an equal deposition rate across the substrate
area. Water-cooled, 7.62-cm-diameter Zr (99.92 % purity), Al (99.92 % purity)
and Cr (99.95 % purity) and SizN4 (99.99 % purity) targets, located at 18 cm
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from the substrate holder, were used under Ar+N, plasma discharges at constant
power mode.

lon implantation of the MeN/a-SisN, (Me = Zr, Al, Cr) multilayered and
MeN monolithic films was carried out using 40 keV He®* ions at the DC-60
heavy-ion accelerator at the fluence from 3.0x10" to 1.1x10% cm™. Irradiation
with helium ions was perpendicular to the surface of the samples. The implan-
tation temperature was 300 K (RT).

TEM investigations of the as-deposited ZrN/a-SisN4, AIN/a-SisN, and
CrN/a-SisN4 multilayer systems have revealed that the films consist of the al-
ternating layers of nanocrystalline ZrN (AIN, CrN) and amorphous SisN,. Lat-
erally continuous layers, with planar and sharp interfaces are observed. A clear
separation of the ZrN (AIN, CrN) and a-Si3N, layers indicates that they are not
miscible. ZrN (AIN, CrN) layers have a polycrystalline microstructure, while
SisN, layers showed no crystalline character. Columnar structure extends
through the multilayers. The formation of crystalline layers of ZrN, AIN and
CrN is also confirmed by XRD studies.

It was found that the minimum critical fluence of blister formation is detect-
ed for AIN film (fluence of 3x10*" cm™), and maximum critical fluence is char-
acteristic for ZrN and CrN films (fluence of 6x10"" cm™). The low critical flu-
ence of blister formation of AIN film is apparently connected with it’s crystal-
line structure (hexagonal close-packed AIN phase) and not so regular columnar
structure as for ZrN. SEM studies of the surface of a-SizN, mononitride films
irradiated with He ions did not reveal the formation of blisters even with a max-
imum irradiation fluence. This is connected with the high solubility of radiation
defects in amorphous materials, as well as the low mobility of helium-vacancy
clusters. While post-radiation annealing (600°C) leads to a significant increase
in the mobility of these clusters in SisN,4 films, their unification into large bub-
bles, and the formation of blisters even at a fluence of 5x10*® cm?.

Microscopic (SEM, AFM) studies of the multilayered films irradiated with
He ions showed that radiation surface erosion in MeN/a-SizN4 nanolayered sys-
tems is significantly lower as compared with MeN (Me = Al, Cr, Zr) mono-
nitrides. It was found that degree of radiation erosion of multilayered films
strongly depends on the ratio of the thicknesses of crystalline and amorphous
layers (fyen), and it is minimal when fyen < 0.29. The multilayered systems
with the amorphous layer thickness large then crystalline are most resistant to
radiation erosion.

The critical dose of blister formation in multilayer films increases with a
decrease in fyey and is greater than 1.1x10 cm™ In contrast to mononitride
systems (CrN, ZrN and AIN), the feature of multilayer films is the absence of
dependence of the size and density of blisters on the radiation dose. It was
found that in multilayer films, blistering occurs through the exfoliation mecha-
nism, since blister is formed in the amorphous layer. As a result, blisters of
large diameter (3-7 um) are formed.
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COBPEMEHHBIE CBEPXIIPOBO/JSIIMUE MATEPUAJIBI U
X TPUMEHEHHME

SBnenne cBepxmpoBogmMocTd ObUT0 OTKpeITO B 1911r. Kamepmmar-
Onnrecom. OcHOBOMW TposiBiIeHUS d(h(eKTa CBEepXIPOBOIUMOCTH B METaJUIaX U
CriaBax sBisieTcs (hopMHpOBaHHME B MaTepHale YCIOBHH B3aMMOAEHCTBUS
MOHOB KPUCTAJIIMYECKOH PELIETKH C 3JIEKTPOHAMH NPOBOJUMOCTH, IIPH KOTO-
PBIX CTAHOBUTCS SHEPT€THYECKH BBITOIHBIM 00pa30BaHUE KOPPEISILUOHHO CBSI-
3aHHBIX ap 3JEKTPOHOB, TaK Ha3bIBAEMBIX KYNEPOBCKHX Iap C JOCTATOYHO
OoJIbIION XapaKkTepHOH aiauHOW KorepeHTHOCTH. B 1986 1 2021 roay mpu riry-
0GOKOM HCCIIEIOBAaHUH BHICOKOTEMIIEPATYPHBIX CBEPXIPOBOAHNKOB OBUIN TIpEa-
JI0>KEHBI U IpYTre MeXaHu3MBbI 3dexra CBEepXIPOBOANMOCTH.

B Hacrosmiee BpeMs KOJMYECTBO CBEPXMPOBOMISAIINX COCAWHEHHH HAaCUH-
TBIBAET HECKOJBKO COTEH M HENPEPBIBHO pacTeT. Hampumep, K HUIM OTHOCSTCS
WHTEPMETAILUIMYECKUE COCOUHEHUS cO CTpyKTypoit A-15, ¢assr Illespens
(PbMo0gSg),  dynepornr  (RbCs,Cgq),  Kene3ocomepiKaliie  MHUKTHIbI
(SmFeAsOqgs), xemesocomepxkainie xampkoreHumsl (NayFe,Se,), aubopun
MarHust, MaTepuaibl Ha ocHoBe BiS; (YbOgsFqsBiS,) u 1.1

VYueHble pa3fensioT uX Ha ABe OOJbIIME IPYIIBI — BEICOKOTEMIIEPATypHbIE
(BTCII, pabouas temneparypa - Beimie 20 K) u am3koremneparypasie (HTCII,
pabouast remneparypa 4,2 K 1 H1xKe) CBepXIpOBOISIIIE MaTepHaIbl.

Kpome temmepaTypsl, mapameTpaMu, ONpeessIoNMU TIepeXo/l BelecTBa
B CBEPXIPOBO/ISIIIIEE COCTOSIHUE, SIBIISIOTCS BENMYNHA MarHUTHOTO TIOJISL U KPH-
THUYECKHH TOK. VIMEHHO KOMIUIEKC JaHHBIX TPEX KPUTHUECKHX I1apaMeTpoB U
orpeziesIsieT TOTEHIMAl NPUMEHEHHS TOTO WM HHOTO CBEPXIIPOBOJHHKA B
TEXHHKE.

Ha mpakTuke TOJIbKO Majiasi 4acTh CBEPXIIPOBOSIIMX COSTUHEHUH ITPUTO/I-
Ha JUI CO3/IaHMsl TEXHUYECKHUX CBEPXIIPOBOAHUKOB B BHJE JIEHT, €AMHHYHBIX
MPOBOJIOK (CTPEHAOB), MHOTOIIPOBOJIOYHBIX KabOeneil M MCHoIb3yeTcs pH Co-
3JaHUHM TEXHUYECKUX YCTPOHCTB.

Kak npaBuiio, TeXHHYECKHE CBEPXIPOBOAHMUKH TPEICTaBIISII0 cOOOH CI0XK-
HBIX KOMIIO3UIIMOHHBIA MaTepHal, B KOTOPOM CaMO CBEPXIIPOBOJISILEE COEIH-
HEHHE WJIM CIUIaB 3aKJIOYEHO B 000JI0YKY U3 pe3uctuBHOro meramuia. Cosna-
HHE TaKMX KOMIIO3UTOB SIBJISIETCSI CJIOKHOM, MHOTOYPOBHEBOW 3ajiauei, CBs-
3aHHOIl HE TOJILKO C MOJIyYEHHEM CaMOro CBEPXIIPOBOJHMKA, HO M UCXOIHBIX
MaTepuaioB Ui ero U3roToBieHus. Hampumep, mpu pa3paboTke TEXHOJIOTUU
MOJYYeHHs] KOMITIO3UIIMOHHOM MPOBOJIOKH M3 XPYIKOT'O MHTEPMETAJUTNUECKOTO
coenuHenust ND3Sn as1s MarHuTHOW cucTeMbl poekta MexayHapoaHoro Tep-
MosiiepHoro DKcnepuMmenTaibHoro Peakropa (MTOP) Obuto HEoOxoanmo pasz-
paboTaTh TEXHOJIOTMU IUIABKH BBICOKOYHCTOTO HHUOOMS M BBICOKOOJIOBSHHOM
OpoH3bI ¢ coaeprkanreM ojoBa 14 mac.%, uccaenoBaTh MUKPOCTPYKTYPY U Me-
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XaHUYECKHE CBOMCTBA MOIYYEHHBIX MAaTEpUalioB, pPAacUUTaTh KOHCTPYKIHUIO
€IMHUYHOTO CBEPXIPOBOJIHHKA, KOTOPask MO3BOJIMIIA OBl MOJIYYUTh TpeOyemble
aMeKTpoU3NIECKIe XapaKTePUCTHKH, ONPEIEIUTh MapIpyThl AeOpMaIuu U
PEKMMBI IPOMEXYTOYHBIX TEPMOOOPAOOTOK, KOTOPbIE MO3BOJIMIN OBl M3TOTO-
BUTbH CBEPXIPOBOJIHHK C €IMHUYHOH JUIMHOI Kycka Ooiiee 3 KM.

Takum 00pazom, I pa3paOOTKHM TEXHOJOTUH H3TOTOBICHHS CBEPXIIPO-
BOJHUKA TONBKO Aiist ipoekta UTOP Opiia cozmana KoOMaHAa YYCHBIX M MHXKe-
HEpOB B 00J1aCTH MaTEePUaOBEACHUS, [UIABKU U JINThS, KPUOTEHHOH U BAKyyM-
HOW TEXHHKH, 00pabOTKHM MeTayuoB AaBieHueM H T.1. CiakeHHas paboTa BEI-
COKOKBAJIH(UIIMPOBAHHBIX CIEIHATINCTOB IO3BOJIMJIA CO3/aTh KOHKYPEHTHO
CIIOCOOHBIHM, OTBEYAIOINI BCceM TpeOOBaHHUSIM CBEpXNPOBOAHKMK. B Poccun Ha
AO YM3 pmnst marautHO# cuctembl UTOP 6buto BeimymeHo 6osiee 100T.
cBepxmpoBoaHKKa Ha ocHoBe ND3Sn, cooTBeTCTBYIOIIETO BCeM TpeGOBaHUSIM,

Tem He MeHee, 10 CHX IOP MHOKECTBO BOIIPOCOB IO TEXHOJIOTUU TEXHUYE-
CKUX CBEPXIPOBOJHHKOB OCTACTCSI HEPEIICHHBIMH. JTO YaCTHYHO 00yCIIOBIIE-
HO TIOCTOSIHHO BO3pacTalOIMMK TpeOOBaHUSIMH pa3pabOTUYMKOB MAarHUTHBIX
CHCTEM Ha OCHOBE CBEPXIPOBOJHMKOB. Hampumep, Anst co3naHus MarHUTHOH
cuctemsl Kpyroeoro Komnaiinepa byaymero (FCC, HEPH), koTopsrit nmoTen-
uansHo morpedyer npumenenus 6osee 9000 Toun HTCII cBepxmpoBoaHUKa
Ha ocHoBe Nb3Sn u NbTi, He0OOXOqUMBI JUTMHHOMEPHBIE TEXHHYECKHE CBEPX-
TPOBOJHUKH C IUIOTHOCTHIO KPHTHUECKOTO TOKa Gormee 1500 A/Mm’ Bo BHem-
HeM MarHuTHoM moie 16 Tu mpu Temneparype 4,2 K.

B marautHO# cucteme MeautuHcknx MPT - TomorpadoB ceituac ncmonb-
3ytorcst NbTi cBepxmpoBogHnky, kak Hamboiee aemeBble M3 Bcex. Ho yxke
paccMaTpuBaroTCsi KOHCTPYKIMHA TOMOTPagoB ¢ UCIOIb30BAaHNEM OOMOTOYHBIX
MatepuangoB Ha ocHoBe MgB, u BTCII. B marautHoit cucreme Kpyrosoro
ANIEKTPOH - no3uTpoHHOro Kojutaitnepa (CEPC, Kutaii) muaHupyeTcst UCIOb-
30BaTh CUJIBHOIIONBHEIE KETIe30C0 IeprKaIie CBEPXIIPOBOIHHUKH.

BricokoTMIIepaTypHbIe CBEPXIIPOBOTHUKH MOTYT MPEIACTABIATH COO0M Kak
KOMIO3UINOHHYI0 TpoBoJioky (BTCII 1-ro mokosieHus), Tak ¥ JIEHTY C HaHe-
CEHHBIMH B OIIPE/IeJICHHON IOCIIEA0BAaTEIbHOCTH Ha METAJUINYECKYIO JICHTY -
MOJIOKKY CBEPXIPOBOSIIMMA U OypepHbIMU ciaosiMH. OCHOBHBIMHU JIMMUTH-
PYIOIIMMH ITapaMeTpaMH NMIPUMEHEHHS STHX MATEPHAIIOB SIBIISIOTCS HE CTOJIBKO
KPUTHUYECKHE CBOICTBA, KOTOpHIE, Onaronapst 6onee yeM 30-JIeTHUM HHTEHCHB-
HBIM Hay4YHbIM HCCIIEIOBAHUSM, JOCTHUIVIM, B YaCTHOCTH MAJISI KYIPATHBIX
BTCII, oueHb BBICOKOTO YPOBHS, HO BOIPOCHI HX CTOUMOCTH M T€XHOJIOTHYHO-
CTH.

B 3axiroueHnn xoTenoch ObI MOAYEPKHYTH, YTO pa3pabOTKa HOBBIX METO-
JIOB TIOJyYEHUS] TEXHHYECKUX CBEPXIPOBOJHUKOB M3 M3BECTHBIX M IIEPCIICK-
TUBHBIX MAaTE€pPHAJIOB OCTAeTCAd AaKTyalbHbIM, HapsAy C OTKPBITUEM HOBBIX
CBEPXIPOBOASAIINX COEAUHEHUH.

«Meura) y4yeHBIX — KOMHATHas CBEPXIPOBOAUMOCTh C KaXKABIM TOJOM
npUOIMKAETCS K PealbHOCTH.
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MODERN SUPERCONDUCTING MATERIALS AND THEIR
APPLICATION

The phenomenon of superconductivity was discovered in 1911 by Kamer-
ling-Oneness. The basis for the manifestation of the superconductivity effect in
metals and alloys is the formation special conditions in the material for the in-
teraction of crystal lattice ions with conduction electrons, at which it becomes
energetically advantageous to form correlational-coupled pairs of electrons, the
so-called Cooper pairs with a sufficiently large characteristic coherence length.
In 1986 and 2021, during the in-depth study of high temperature superconduc-
tors, other mechanisms of the superconductivity effect were proposed.

Currently, the quantity of superconducting compounds numbers several
hundred and is continuously growing. For example, these include intermetallic
compounds with A-15 structure, Chevrel phases (PbMogSg), fullerenes
(RbCs,Cgp), iron-containing pnictides (S,,FeAsOogs), iron-containing chalco-
genides  (NaxFe,Se,), magnesium  diboride, BiS,-based  materials
(YbOO_5F0_5BiSZ), etc.

Scientists divide them into two large groups — high temperature (HTS, oper-
ating temperature - above 20 K) and low temperature (LTS, operating tempera-
ture 4,2 K and below) superconducting materials.

In addition to temperature, the parameters determining the transition of a
substance to a superconducting state are the magnitude of the magnetic field
and the critical current. It is the complexity of these three critical parameters
that determine the potential of using a particular superconductor in engineering.

In practice, only a small part of superconducting connections is suitable for
creating technical superconductors in the form of ribbons, single wires
(strands), multi-wire cables and is used in the creation of technical devices.

As a rule, technical superconductors are complex composite materials in
which the superconducting compound or alloy itself is enclosed in a shell of
resistive metal. The creation of such composites is a complex, multi-level task
associated not only with obtaining the superconductor itself but also with the
raw materials for its manufacture. For example, when developing a technology
for producing composite wire from a brittle intermetallic compound NbsSn for
the magnetic system of the International Thermonuclear Experimental Reactor
(ITER) project, it was necessary to develop technologies for melting high-
purity niobium and high-solute bronze with a tin content of 14 wt.%, to investi-
gate the microstructure and mechanical properties of the materials obtained, to
calculate the design of a single superconductor that would allow obtaining the
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required electrophysical characteristics, to determine the deformation routes
and intermediate heat treatment modes that would make it possible to produce a
superconductor with a single piece length of more than 3 km.

Thus, to develop a superconductor manufacturing technology only for the
ITER project, a team of scientists and engineers in the field of materials sci-
ence, melting and casting, cryogenic and vacuum technology, metal pressure
treatment, etc. was created. The coordinated work of highly qualified specialists
made it possible to create a competitively capable superconductor that meets all
requirements. In Russia, JSC ChMZ produced more than 100 tons of Nbs;Sn-
based superconductors for the ITER magnetic system that meets all the re-
quirements.

Nevertheless, there are still many questions about the technology of tech-
nical superconductors that remain unresolved. This is partly due to the ever-
increasing demands of developers of magnetic systems based on superconduc-
tors. For example, to create a magnetic system of the Circular Collider of the
Future (FCC, CERN), which will potentially require the use of more than 9,000
tons of NbsSn and NbTi-based superconductors, long-length technical super-
conductors with a critical current density of more than 1500 A/mm? in an ex-
ternal magnetic field of 16 T at a temperature of 4,2 K.

The magnetic system of medical MRI scanners now uses NbTi supercon-
ductors, as the cheapest of all. But the designs of tomographs using winding
materials based on MgB, and HTS are already being considered. It is planned
to use high-field iron-containing superconductors in the magnetic system of the
Circular Electron-Positron Collider (CEPC, China).

High temperature superconductors can be either a composite wire (HTS of
the 1st generation) or a tape with superconducting and buffer layers applied in a
certain sequence to a metal tape substrate. The main limiting parameters of the
use of these materials are not so much the critical properties, which, thanks to
more than 30 years of intensive scientific research, have reached, in particular
for cuprate HTS, a very high level, but the issues of their cost and manufactur-
ability.

Currently the development of new methods for obtaining technical super-
conductors from known and promising materials remains relevant, along with
the discovery of new superconducting compounds.

The "dream" of scientists - indoor superconductivity is getting closer to reality
every year.
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MOPOIIKOBAS TU®PAKIIMA HEHTPOHOB B PEINIEHUU
MATEPHUAJIOBEJYECKHUX 3AJIAY

Judpakunonusie Metoas! yxe Oonee 100 mer ycmemHo NpUMEHSIOTCS B
(yHAaMEHTANBHBIX HCCIICJOBAHUSAX KOHICHCUPOBAHHBIX CpEl, a TaKKe IS
pelIeHusT MaTepuanoBeYecKuX 3a/ayu MpoMbIIUIeHHBIX Komnanuid [1]. Cero-
JTHS TIPAKTUYECKU 0001 MccIenoBaTeIbCKUi MPOEKT B 00JIACTH (PU3HMUECKOTO
MaTepuagoBeACHH HauWHAeTCAd C aTTecTalMyd OOpas3oB MNpPH IOMOINM [IH-
(pakIM PEeHTTEHOBCKOTO M3IydeHHA. lIpw aTTecTanyy MOIydeHHBIE HKCIIe-
pUMEHTAJIbHBIE JAaHHBIE B aBTOMATHYECKOM pEXHME IPOXOAAT INPOBEPKY MU
UIeHTU(HUKALUIO TT0 06a3aM TaHHBIX COTEH THICSY M3BECTHBIX MaTepHanoB. Tem
He MeHee, IIPOrpecc B Pa3BUTUH IKCIEPUMEHTAILHOIO 0OOpYIOBaHUS, ajro-
PHUTMOB M IPOTPaMMHBIX TAKETOB 00Pa0OTKHU JTAaHHBIX MPEBPATHII TOPOIIKOBYIO
Judpakuuio U3 pyTHHHOTO MeTo/a (a30BOro aHaian3a B 3 (GEeKTUBHBIH crIOco0
NOJNyYeHHs: MHPOPMAIMA O CTPYKTYPHBIX M MHKPOCTPYKTYPHBIX CBOMCTBax
MaTepuaos.

HecMoTpst Ha MOMYJISIPHOCTh PEHTIEHOBCKUX METOJOB AU(PAKIHsI HEHTPO-
HOB B MaTEpHAJIOBEUECKOM COOOIIECTBE M3BECTHA B MeHbIIeH cTeneHu. Oc-
HOBHBIE NIPUHIUIBI PacCestHNUSI HEHTPOHOB Majlo OTIMYAIOTCS OT KHHEMaTH4e-
CKO TEOPHH pacCestHUs] pEHTTCHOBCKUX Jydeil. TeM He MeHee, peHTTeHOBCKOe
W3JTydeHNE B3aUMOJIEHCTBYET C AJICKTPOHHBIMH 000JI0YKaMH aTOMOB B TO Bpe-
M$l, KaK HEHTPOHBI PacCeMBAIOTCS NMPEUMYIIECTBEHHO siapaMu aToMoB. VHOM
MEXaHN3M pacCestHUsl HEHTPOHOB O3HAYAET, YTO B HEHTPOH-IH(paKINOHHOM
OKCIIEPUMEHTE HCCIIEIOBATENIb MOXKET MOJYYUTh JIOMOJIHUTEIbHYI0 HHpOpMa-
IIMI0 O CTPYKTYPHBIX CBOMCTBAaxX MaTepHaia, OueHb 4acTO HEAOCTHKUMYIO B
PEHTTEHOBCKOM JKCIIEpUMEHTe. B 4acTHOCTH, HEHTPOHBI 00Jiee YyBCTBUTENb-
HBI K A7paM JIETKUX 3JIEMEHTOB (BOJOPOJ, JIUTHH U T.1.), XOPOIIO Pa3INYaOT
aTOMBI C COCE/IHMU TTOPSAKOBBIME HOMEpaMHt (HalpuMep, XKene30 U KoOalbT),
MO-pa3sHOMY PACCEHMBAIOTCS M30TONAMH OJHOTO M TOTO K€ 3JIeMEHTa (HarpH-
Mep, Bomopox U gaedtepuil). bonee Toro, Hanmuuue y HEHTPOHA MarHUTHOTIO
MOMEHTa JeJlaeT HEUTPOHHYIO TU(PaKINI0 YHUKAIBHBIM HPSMBIM METOJOM
MCCIIEIOBaHNSI MAarHUTHOTO YIOPSJOYEHHS B MaTepHasax.

B Hacrosmem poxiaze OyneT ocBelIeHbl OCHOBHBIE MTPUHIMIIBI TOPOIIKO-
BOW IU(paKIUK HEHTPOHOB M NPHBEAEHBI NMPHUMEPHI MCIOIB30BaHUS JTaHHON
METOJIUKH JJIsl PELICHUs] MaTepPUAIOBEAYECKUX 3a/1a4.
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Puc. 1. [lopomikoBas HEHTpoHOrpaMma U MOJETb
SIIeMEHTAPHOM stuelku coeuueHust ThaNi

1. V.K. Pecharsky, P.Y. Zavalij "Fundamentals of Powder Diffraction and Structur-
al Characterization of Materials", Second edition, Springer, 2009.
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MAX WOLFF
Uppsala University, Uppsala, Sweden

NEUTRONS IN MATERIALS RESEARCH

Neutrons are a nuclear probe and an excellent tool for materials research.
The weak interaction with the nuclei leads to a high penetration power and the
possibility to measure bulk properties. In addition, neutrons are sensitive to
light elements and isotope selective. This property enable contrast variation ex-
periments by e.g. hydrogen and deuterium labelling. Finally, the spin of the
neutron allows, not only, to sense the magnetic induction in materials but also
results in so called spin incoherent scattering, which allows to probe tracer dif-
fusion. In this talk I will present the basic principles of neutron scattering
methods and show some recent applications in material science, highlighting
the unique capabilities of the method.

MAX WOLFF
Uppsala University, Uppsala, Sweden

SOLID-LIQUID BOUNDARIES STUDIES WITH NEUTRONS

Solid-liquid boundaries are difficult to study, as a probe is required, which
penetrates engineering materials and gets strongly scattered from light ele-
ments. Neutrons are such a probe and | will summarise recent contributions of
Neutron Reflectometry and grazing incidence scattering to the filed. In particu-
lar, I will discuss the solid-liquid boundary condition in hydrodynamics and
consequences as well as potential molecular origins of surface slip and stick
slip transitions.

83



C.B. POTOXKMH"?, A. A. HUKUTUH*!, A.A. XOMUY>*, A.A.
BOT'AYEB*!, A.B. KJIAY3"? H.A. UCKAHJIAPOB??, A.A.
JIVKBSIHUVK?!, O.A. PASHULIBIH?!, A.C. IIIYTOB**, AT
3AJIYKHBIN'?, FO.E. TOPIIKOBA® T'.Jl. BOTYUABA®
YHayuonansuwiii uccnedosamenscxuii sa0epHblil yHueepcumem « MUDH »,
Mocxea, Poccus
2HUI] «Kypuamosckuii uncmumymy — HTI®D, Mocksa, Poccus
} O6veounennwviii uncmumym sdepuvix uccredosanui, JJybua, Poccus
SVRogozhkin@mephi.ru; Sergey.Rogozhkin@itep.ru

KOMILVIEMEHTAPHBINA AHAJIN3 PAJTMAITAOHHBIX
IDPPEKTOB B MATEPUAJIAX

[Iporao3upoBanne paguanMOHHON CTOHKOCTH KOHCTPYKIMOHHBIX MaTepHa-
JIOB B paJIMAIIIOHHBIX IOJITX HEPa3phIBHO CBSI3aHO ¢ MOHUMAaHHEM IIPOIIECCOB
SBOJIIOLMH  MHKPOCTPYKTYPHI ((OPMUPOBAaHUS pPaAMALMOHHBIX AE(EKTOB,
TpeIBBIACTICHUN M BBIACTICHAN (a3, mepepacrpeieieHus IpuMeceii U Jerupy-
IOIINX 3JEMEHTOB). XOPOIIO U3BECTHO, YTO CYIIECTBECHHBIC MAaKPOCKOIIIYCCKIE
MPOSIBJICHUS, TaKUe KaK pacllyXaHue, OXpyHMUUBaHUE U T.1., HEIOCPEACTBEHHO
CBsI3aHBI C MPOLIECCAMH, IPOTEKAOIIMMHU Ha aTOMHO-TH00 HaHO-MaclTaOHOM
ypoBHe. B Toe Bpems 3KCIepHMEHTAalbHOE M3y4YeHHE IMPOIIECCOB Ha TAKUX
MacmTabax B CTAISIX U APYTMX MHOTOKOMIIOHEHTHBIX MaTepHanax 3aTpyIHH-
TeNbHO. V3ydueHne CTPyKTYpHBIX MEPeCcTpoek TaKUX MaTepHalioB TpeOyeT mpu-
MEHEHUS Psia SKCIICPUMEHTATBHBIX METO UK.

YHUBepCaJIbHBIM METOJIOM aHAJH3a MUKPOCTPYKTYpPHI MaTepHaJIOB SBISET-
Csl IPOCBEUYMBAIOIIAs EKTPOHHAsA Mukpockornus (IIOM), mo3posstromas aHa-
JTU3UPOBATh 3€PEHHYIO CTPYKTYPY, ()a30BOE COCTOSHHE U pa3IMIHBIC BKITIOYE-
HUs (cm., Hanpumep [1,2]). CoBpemennsie [I9M yCTaHOBKH TakkKe MO3BOJITIOT
MPOBOIUTH PEHTTCHOBCKOW CIIEKTPOCKONHUIO MM CIEKTPOMETPHIO 3JIEKTPOH-
HBIX 3HEpPreTudYeckux noreps [3]. Menbuaiiiive BKIOYEHHUS U KIacTEPhl MOX-
HO O0OHAPYKHUTh C IOMOIIBIO MaJIOyTrIIOBOro paccesiHus Heltporos (MYPH) [4]
WK ¢ TTOMOIIBIO aTOMHO-30H,10B0# ToMorpaduu (A3T) [2,5]. MYPH no3sosis-
€T ONPEIETUTh C BBHICOKOW TOYHOCTHIO OOBEMHYIO IUIOTHOCTH BKIIOYCHHHA U
HAaHOKJIACTEPOB, a TAKXKE IMOJYUUTh UX PACIpeesIeHHe N0 pa3Mepam. XUMHIe-
CKHUI COCTaB M MPOCTPAHCTBEHHOE pacIpe/ie]IeHHe 3TUX KIacTepOB MOTYT OBITh
JIETATHHO M3YYeHBI ¢ TIOMOIIBIO aTOMHO-30HA0BON Tomorpadum. A3T wuccie-
JIOBAaHUS TOKA3bIBAIOT, YTO COCTAB HAHOPA3MEPHBIX BKIIFOUCHHI 3a9acCTyI0 OT-
JIUYAETCS OT COCTaBa OOJIBIITUX CTEXHUOMETPUIECKUX BKIIOUEHUH (a3. Dtu me-
TOJBI SIBJIAIOTCS B3aMMOIOIIOIHAIONINMH, W HCYEPIBIBAIONIYI0 HH(OPMAIHIO
JTaeT TOJILKO KOMIUICKCHBIH aHAIN3 PaJUAllIOHHO-HHIYIIUPOBAHHEIX Y((EKTOB
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[5,6].

B Hacrosmeit paboTe IpencTaBIeHBl PE3yIbTaThl aHATN3a HAHOCTPYKTYPHI
Pa3IMYHBIX PEaKTOPHBIX CTajied. 3HaYMTEIIbHOE BHUMAHUE Y/EIEHO AMCIEpC-
HO-YIPOYHEHHBIM OKCHJIAMH CTaJISIM, COAEP)KAallM BBICOKYIO IUIOTHOCTH OK-
CHIHBIX BKJIIOYEHUH M HAHOKIACTEPOB, oOorameHHbIX Y, O u IpyruMu Jiern-
pyromuMu 31eMeHTaMH. [IpeacTaBiaeHs! pe3ynbTaThl KOMIUIEKCHOTO aHAIN3a ©
NPUMEHEHUEM METOJIOB NPOCBEUMBAIONICH JIEKTPOHHONW MHKPOCKOIHH, aTOM-
HO-30H/I0BO1 TOMOTpaduu, MalOyTJIOBOTO PEHTTEHOBCKOTO PACCESTHUSL.

1. S.V. Rogozhkin, A.A. Bogachev A.A. Nikitin, et al. Nuclear Instruments and
Methods in Physics Research B 486, 1-10 (2021),

2. S.V. Rogozhkin, A.A. Khomich, A.A. Bogachev, et al. Physics of Atomic Nuclei,
83(11), 1519-1528 (2020),

3. M. Klimenkov, R. Lindau, A. Méslang, J. Nucl. Mater. 386—-388 553-556 (2009),
4. R. Coppola, M. Klimiankou, R. Lindau, R.P. May, M. Valli, Physica B 350,
e545-e548 (2004)

4. S.V. Rogozhkin, A A. Aleev, A.G. Zaluzhnyi, et al, J. Nucl. Mater. 409, 94-99
(2011),

5. E. Meslin, M. Lambrecht, et al, J. Nucl. Mater. 406, 73-83 (2010)

6. A. Kryukov, L. Debarberis, A. Ballesteros, et al, J. Nucl. Mater. 429, 190-200
(2012).
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COMPLEMENTARY ANALYSIS OF RADIATION EFFECTS IN
MATERIALS

Prediction of radiation resistance of structural materials under irradiation is
inextricably linked with understanding the microstructure evolution (the for-
mation of radiation defects, pre-precipitates and precipitation of phases, redis-
tribution of impurities and alloying elements). It is well known that significant
macroscopic effects, such as swelling, embrittlement, etc., are directly related
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to processes occurring at the atomic or nanoscale level. However, the experi-
mental study of processes on such a scale in steels and other multicomponent
materials is difficult. The study of structural rearrangements of such materials
requires the use of a number of experimental techniques.

Transmission electron microscopy (TEM) is a universal method for analyz-
ing the microstructure of materials, which makes it possible to analyze the grain
structure, phase state, and various inclusions (see, for example, [1, 2]). Modern
TEM devices also make it possible to carry out X-ray spectroscopy or spec-
trometry of electronic energy losses [3]. The smallest inclusions and clusters
can be detected using small-angle neutron scattering (SANS) [4] or using atom-
ic probe tomography (APT) [2, 5]. SANS makes it possible to determine with
high accuracy the bulk density of inclusions and nanoclusters, as well as to ob-
tain their size distribution. The chemical composition and spatial distribution of
these clusters can be studied in detail using atomic probe tomography. APT
studies show that the composition of nanosized inclusions often differs from the
composition of large stoichiometric phase inclusions. These methods are com-
plementary, and only a comprehensive analysis of radiation-induced effects
provides required information [5, 6].

This work presents the results of an analysis of the nanostructure of various
reactor steels. The most attention is oxide dispersion hardened steels contain-
ing a high density of oxide inclusions and nanoclusters enriched in Y, O and
other alloying elements. The results of a comprehensive analysis using the
methods of transmission electron microscopy, atom probe tomography, small
angle X-ray scattering.

1. S.V. Rogozhkin, A.A. Bogachev A.A. Nikitin, et al. Nuclear Instruments and
Methods in Physics Research B 486, 1-10 (2021),

2. S.V. Rogozhkin, A.A. Khomich, A.A. Bogachev, et al. Physics of Atomic Nuclei,
83(11), 1519-1528 (2020),

3. M. Klimenkov, R. Lindau, A. Méslang, J. Nucl. Mater. 386—-388 553-556 (2009),

4. R. Coppola, M. Klimiankou, R. Lindau, R.P. May, M. Valli, Physica B 350,
e545-e548 (2004)

4. S.\V. Rogozhkin, A.A. Aleev, A.G. Zaluzhnyi, et al, J. Nucl. Mater. 409, 94-99
(2011),

5. E. Meslin, M. Lambrecht, et al, J. Nucl. Mater. 406, 73-83 (2010)

6. A. Kryukov, L. Debarberis, A. Ballesteros, et al, J. Nucl. Mater. 429, 190-200
(2012).
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BJIMAHUE CUCTEMBI HOCTOAHHBIX MAI'HUTOB HA
BBIXOJIE MATHETPOHA HA IINIOTHOCTBb HOHHOI'O
TOKA HA NIOJJIOXKKY

MarHeTpoHBI IIMPOKO HCTIONB3YIOTCS JUIS OCAXKICHUS IUICHOK METaJlIOB,
OKCHJIOB, HUTPHIOB M KapOUIOB, MMEIOINX PA3INYHbIC ONTHYECKUE, AUIIICK-
TpUYECKHE U 3JIEeKTPHUECKUE CBOUCTBA. BaskHBIM ABIISIETCA HE TOJIBKO XUMHUUeE-
CKUIl CcOCTaB MOKPBITHS, HO U (OPMUPOBAHUE IJIOTHOH CTPYKTYPHI IUICHKH.
Ecnu pacrymias mieHka UMeeT JOCTaTOYHO BBICOKYIO TEeMIIepaTypy M dombap-
JUPYeTCsl TIOTOKOM HMOHOB C PHEPTUeH IECATKH — COTHH JIEKTPOH-BOJBT, TO
MOJBI)KHOCTh OCaX/IaeMbIX aJJaTOMOB Ha IMOBEPXHOCTH IUIEHKH yBEIMYMBACT-
cs1. IloaTomMy coryacHO 30HHOM MOJEIU MUKPOCTPYKTYPHBIX IUICHOK IOKPBITHE
MOXeET OBITh CTPYKTYPHPOBAHHBIM U TUIOTHBIM O€3 IOp M CTOJIOUATON CTPYKTY-
pBI Ha ee moBepxHOcTH. bomMbapanpoBKa HOHAMU IUICHKH 3HAYNTEIHHO BIHUSET
Ha ee pocT mporecc GOpMHUPOBaHUS ee CTPYKTYpbl. Ha GonbImMX paccTOSHUAX
MOTOK MOHOB Ha TOAJIOXKKY, HaXOSIITYIOCS 0] OTPHLIATEIbHBIM HAPSHKEHHEM
CMEUIEHHs, SBIAETCS HE3HAUMTENHBIM, TaK KaK MaKCHMalbHas IJIOTHOCTh
TUTa3MbI HAXOJUTCS BOJIM3M KaToJla MarHeTpoHa. J[Jist mOBBIIEeHNST HOHHOTO TO-
Ka Ha MOJUIOKKY MEXIY MarHeTpOHOM M IOIJIOKKOW YCTaHOBJIEH KOJBIIEBON
psin auckoBeix NdFeB marunToB quamerpom 15 MM, ¥ KOTOPBIX OJJHOMMEHHBIE
MOJIFOCa HAIIPaBIICHBI HaBCTpEdy APYT APYTy NEpHEeHAMKYISIPHO OCH MarHe-
TpoHa [1]. BHelrHee MarHUTHOE TI0JIE COBMECTHO C MATHUTHBIM IOJIEM MarHe-
TPOHa YAEP)KHBAET JJIEKTPOHBI, yBeJIH4YUBas 3(PHEKTHBHOCTh IJIEKTPOHHOMN
MOHM3AILIMK Ta3a, YTO MPHBOAUT K YMEHBIICHHIO paboyero AaBICHUS U YBEJIH-
YEHHIO INIOTHOCTH HOHHOTO ToKa [2]. B paboTe npeacTaBieHbl pe3yibTaThl UC-
CJICIOBAaHUH 3aBHCHMOCTH IJIOTHOCTH MOHHOTO TOKA Ha TOMAJIOXKKY B 3aBHCH-
MOCTH OT PacloJIOKEHHsI BHEIIHUX MarHuToB. Tok paspsaa cocrasist 300 MA,
HanpsiokeHue 350 - 450 B, ucnonp30Banich ra3sl: aprod, KUCIOPOA U a30T.

1. P. Spatenka, I. Leipner, J. Vicek and J. Musil. Plasma Sources Sci. Technol., 6,
46, (1997).

2. A.H. 3axapos, K.B. Ockomos, C.B. Pa6orkun, A.A. Conosbes, H.C. Couyros.
KT, 80 (5), 127, (2010).
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INFLUENCE OF THE SYSTEM OF PERMANENT MAGNETS
AT THE OUTPUT OF A MAGNETRON ON THE DENSITY OF
THE ION CURRENT ON THE SUBSTRATE

Magnetrons are widely used to deposit films of metals, oxides, nitrides, and
carbides with various optical, dielectric, and electrical properties. It is important
not only the chemical composition of the coating, but also the formation of a
dense structure of the film. If the growing film has a sufficiently high tempera-
ture and is bombarded by a flow of ions with an energy of tens to hundreds of
electron-volts, then the mobility of the deposited adatoms on the film surface
increases. Therefore, according to the band model of microstructured films, the
coating can be structured and dense without pores and columnar structure on its
surface. The ion bombardment of the film significantly affects its growth, the
formation of its structure. At large distances, the ion flux onto a substrate under
a negative bias voltage is insignificant, since the maximum plasma density is
located near the magnetron cathode. To increase the ion current, an annular row
of NdFeB disk magnets 15 mm in diameter is installed on the substrate between
the magnetron and the substrate, in which the poles of the same name are di-
rected towards each other perpendicular to the magnetron axis [1]. The external
magnetic field, together with the magnetic field of the magnetron, holds the
magnetized electrons, increasing the efficiency of electron ionization of the gas,
which leads to a decrease in the working pressure and an increase in the ion
current density [2]. This work presents the results of studies of the dependence
of the ion current density on the substrate depending on the location of the ex-
ternal magnets. The discharge current was 300 mA, voltage 350 - 450 V, gases
were used: argon, oxygen and nitrogen.

1. P. Spatenka, I. Leipner, J. Vicek and J. Musil. Plasma Sources Sci. Technol., 6,
46, (1997).

2. AN. Zakharov, K.V. Oskomov, S.V. Rabotkin, A.A. Soloviev, N.S. Sochugov.
Technical Physics, 80 (5), 127, (2010).
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CTPYKTYPHO-®A30BOE COCTOSIHUE U CTOMKOCTD K
BBICOKOTEMIIEPATYPHOMY OKHUCJEHAIO MHOT'OCJIOMHBIX
MOKPBITUI ZRN/ZR;,CU,, COOPMHUPOBAHHBIX
MATHETPOHHBIM PACIIBIJIEHUEM

[TepcrieKTHBHBIM HaNpaBJICHUEM B COBPEMEHHOM PaJMAllMOHHOM MaTepHa-
JIOBE/ICHHUH SIBIISICTCS CO3JIaHME KOHCTPYKLUMOHHBIX MaTepUalioB JUIsl sSIEPHBIX
OHEPreTUUECKUX YCTaHOBOK, CIIOCOOHBIX o0OecrneunBaTh paboTy peakTopa npu
OospIINX TemrepaTypax. MHOrOCIOMHbIE TOKPHITUS HUTPHIOB NEPEXOHBIX
METaJUIOB 00JIaal0T BBICOKOW TBEPIOCTHIO M MOKA3ald JIYYIIyI0 CTOHKOCTh K
okucineHuro [1]. Takxke MPOBOJUINCH HCCIENOBAHUS MHOTOCIOMHBIX MOKPBI-
THH, B KOTOPBIX CJION HPEACTABIAIOT CO00M HAHOKPUCTAIIMIECKUE U aMopd-
Hble (hasel [2]. Habmomaercs Gombmias CTOMKOCTh K BEICOKOTEMIICPATYPHOMY
OKHCJICHHIO TI0 CPAaBHEHHMIO C TUNIEHKAMU MOHOHUTPHJIOB ¥ aMOP(HBIX MICHOK.

Hoxpertus ZrN/ZrCu ocaxipaiauchk METOIOM MarHeTPOHHOTO OCAKICHUS B
BaKyyMHOi Kamepe (6asoBoe masmenne <107 Ila). IlneHkn (popMHpOBaIHCH
npu pacnsuieHnH munieHel u3 Zr, Cu npu temmnepartype 300° C Ha MOATOKKH
MoHokpucTauueckoro Si (100) ¢ Tepmudecku BbIpaiieHHbIM ciioeM SiO;
tonuuHoi 10 HM. [Toanoxkka Bpaianack co CKOPOCThIO 15 00/MUH B TeueHHE
BCEr0 OCAXAEHUs, 4TOOBI OOECIEYUTh PABHOMEPHYIO TOJIIIMHY IMOKPBITHS.
OcaxieHne MOKPBITHH Mporcxoamio B armocdepe Ar + N, Mutuens Zr pac-
MBUISUIACh B peXXUMe HecOalaHCUPOBAHHON KOH(GUIyparuyu MarHUTHOTO TIOJIS ©
WCIIOJIb30BAaHUEM MCTOYHHUKA ITOCTOSHHOTO Toka. Oco0oe BHUMaHHE YIEIsIIOCh
KOHTPOJIIO COCTOSIHUSI TOBEPXHOCTH OOBEKTA MEpel Ha4aIoM OCaKACHHS C HC-
MOJIb30BAHNEM MHOTOSTAITHOM MpPOUEAYphl OYMCTKH MUIIeHH. [laprmansHoe
nasneHne N, M3MepsIoch M KOHTPOIMPOBAJIOCH BO BPEMs OCAXKICHUS C TTOMO-
mpro Macc-ciektpomerpa MKS Microvision.

OnemeHTHBIH U (Pa30BbIil cOCTAB OCXKICHHBIX IUICHOK, & TAKXKE IUICHOK,
OTOXOKCHHBIX Ha BO3/yXE, HCCIEAOBAICA METOJAMH PEHTICHOCIEKTPAIbHOTO
MHUKpPOaHAJIN3a U PEHTTeHOCTPYKTYPHOTO aHAIIN3A.

TonmuHa naARBAAYANbHBIX ciioeB ZIN u Zr;,Cuy ObLTH HalACHBI METOOM
PEHTTCHOBCKOH pe(IEKTOMETPHH C HCIIOJIB30BAaHHEM METHOTO W3ITydeHHS
(CuK,1, A =0,15406 um).

Omxur o0pa3loB Ha BO3JYyXE IMPOU3BOJMIICS MOCIEI0BATEILHBIM HarpeBa-
HUeM B uHTepBaie Temmneparyp 400—-950°C. 3amuch pe3ynbTaTOB OKHCIEHUS
MPOM3BOIMIIACH B PEKUME PEaIbHOTO BPEMEHH.

DJIeMEHTHBIM COCTaB MHOTOCJIONHBIX MOKPBITHH IOKa3ajl 00pa3oBaHUE CH-
crembl ZIN/Zr,4Cuy (X = 52,3 u 73,8 aT. %). AHaIN3 JaHHBIX PepICKTOMETPUH
CBHJIETENLCTBYET 00 00pa30BaHUN YEPEIYIOIIUXCS MIIOTHBIX CIOEB, B KOTOPBIX
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HE MTPOMCXO/UT CMEIIMBAHUSL, TO3BOJISIET ONPEAEIUTh TOJIINHY 00pa30BaHHBIX
TUICHOK W TOJIIMHBI UHJUBUAYJIbHBIX clloeB. [1oyiHas TOJIIMHA NOKPBITUH CO-
crapnseT 300 HM, a TonmnuHa cinost ZrCu paBaa 5 HM u 10 HM.

Pe3ynpraThl pEeHTTEHOCTPYKTYPHOTO aHajM3a MHOTOCJIOWHBIX ITOKPBITHI
HK-ZrN/a-Zr4Cuy okaszan o0pa3oBaHAE KPUCTAIUIMYCCKUX W aMOP(HBIX CIIO-
eB ZrN u ZrCu cootBerctBeHHO. [IpucyTcTByromue audpakioHHbIE MaKCH-
MyMBI cooTBeTcTBYIOT (aze ZrN ¢ 'K crpykrypoit u opmentanumeit (111),
(200), (220) u (311). C yBenmnueHHEM aTOMHOTO COJEPXaHWUsS MEIH B amop (-
HOM CJIO€ IIPOHMCXOJAUT IOCTENIEHHOE MEPEOPHEHTHPOBAHUE OT HAIPaBICHUS
[111] x [200]. B uncTo amMOp(HBIX MJICHKaX 3aMETHO YBEIMYEHHUE YTIOBOTO
MOJIO’KEHNSI aMOP(HOTO TaJl0 C MOBBIIIEHHEM KOHLECHTpanuu Mmenu. JlaHHoe
amMopdHoe Taxo roBoput 00 oOpazoBaHuK TBep0H (a3sl Ha ocHoBe Zr u Cu. B
MHOTOCJIOMHBIX MOKPBITHSIX aMOp(HbIE MHUKH HE HAOIIOJA0TCS U3-3a EPEKPhI-
THSI UX KPUCTAIITHYECKUMH.

Metonom Xapanbaa-Baraepa 6sutu paccuntansl pasmep OKP u mukpone-
tdbopmarms. Pasmep OKP cocrasnsier 34,4 um, a mukpoaedopmanus 0,3%.

B xoje omkura Ha Bo3ayxe B uHTepBaie temmeparyp 400—950°C Obutu 1mo-
JydeHb! JJaHHBIE O CIIOCOOHOCTH MHOTOCIOMHBIX IOKPBITHH COMPOTHBISTHCS
okucnernto. [Ipu remnepatype 400°C obpasyrores okcunsr Cu,0O, m-ZrO; u t-
ZrO,. AMopdHBIif croif pacmagaeTcss Ha KPUCTAJUIMIECKYIO MEIb U ITUPKOHHIA,
KOTOpBIC B MOCJEACTBUH OKUCIIIOTCA. B MIIEHKaX ¢ MakCHMalIbHBIM COJEpKa-
HHEM Mequ oOpazoBaHue okcuaa M-ZrO, mpoucxoaut mpu OobIIel Temmepa-
Type Harpesa - 700°C. DTo cBA3aHO C MEHBIINUM YAEIbHBIM BECOM IIUPKOHUS B
amopduom cnoe. [Ipu temmneparype 400°C u 550°C ucyezaeT xapakTepHBII
muk ZrN (200) B o6pa3max ¢ koHueHTparue meau 73,8 u 52,3 at. % cooTBeT-
ctBeHHO. OT TONIIKMHBI aMOP(HOTO CJI0SI OKUCIINTEIbHAS CTOMKOCTh OKPBITHI
HE U3MEHSIETCS.

1. Panjan P, Navinsek B, Cvelbar A, Zalar A, Milosev |. Oxidation of TiN, ZrN,
TiZrN, CrN, TiCrN and TiN/CrN multilayered hard coatings reactively sputtered at
low temperature. Thin Solid Films. 1996;281-282:298-301. DOI: 10.1016/0040-
6090(96)08663-4.

2. U. A. CononyxuH, I'. AGamu, B. B. Yrnos, C. B. 3noukuii, A. A. Manamesuy.
CTOHKOCTh K BBICOKOTEMIIEPATYPHOMY OKHUCJICHUIO MHOTOCJIOHHBIX l'lOKpI)ITI/Iﬁ
ZrN/SiNx n CrN/SiNXx, chopMHUpOBaHHBIX MarHETPOHHBIM PACIHBUICHHEM. ITOBEPX-
HOCTb. PEHTI'€HOBCKUE, CHHXPOTPOHHBIE U HEHTPOHHBIE HccaenoBanus, 2020, Ne 4,
c. 1-9.
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STRUCTURAL-PHASE STATE AND RESISTANCE TO HIGH-
TEMPERATURE OXIDATION OF MULTILAYER ZRN/ZR.,CU,,
COATINGS FORMED BY MAGNETRON SPUTTERING

A promising direction in modern radiation material science is the creation
of structural materials for nuclear power plants capable of ensuring the opera-
tion of a reactor at high temperatures. Multilayer coatings of transition metal
nitrides have high hardness and have shown better resistance to oxidation [1].
Also, studies were carried out on multilayer coatings, in which the layers are
nanocrystalline and amorphous phases [2]. A high resistance to high-
temperature oxidation is observed in comparison with films of mononitrides
and amorphous films.

ZrN/ZrCu coatings were deposited by magnetron deposition in a vacuum
chamber (base pressure <10 Pa). The films were formed by sputtering Zr and
Cu targets at a temperature of 300 ° C onto single-crystal Si (100) substrates
with a thermally grown SiO, layer 10 nm thick. The substrate was rotated at 15
rpm throughout the deposition to ensure a uniform coating thickness. The depo-
sition of coatings took place in an Ar + N, atmosphere. The Zr target was sput-
tered in the unbalanced configuration of the magnetic field using a direct cur-
rent source. Particular attention was paid to monitoring the state of the object
surface before the start of deposition using a multi-stage target cleaning proce-
dure. The N, partial pressure was measured and monitored during deposition
using an MKS Microvision mass spectrometer.

The elemental and phase composition of the deposited films, as well as
films annealed in air, was investigated by X-ray spectral microanalysis and X-
ray structural analysis.

The thicknesses of the individual ZrN and Zr,,Cu, layers were found by X-
ray reflectometry using copper radiation (CuK,y, A = 0,15406 um).

The samples were annealed in air by sequential heating in the temperature
range 400-950 ° C. The oxidation results were recorded in real time.

The elemental composition of multilayer coatings showed the formation of
the ZrN/Zr,,Cu, system (x = 52.3 and 73.8 at. %). An analysis of the reflec-
tometry data indicates the formation of alternating dense layers, in which mix-
ing does not occur, and makes it possible to determine the thickness of the
formed films and the thickness of individual layers. The total thickness of the
coatings is 300 nm, and the thickness of the ZrCu layer is 5 nm and 10 nm.

The results of X-ray diffraction analysis of multilayer coatings nc-ZrN / a-
Zr1,Cuy showed the formation of crystalline and amorphous ZrN and ZrCu
layers, respectively. The diffraction maximums present correspond to the ZrN
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phase with an fcc structure and orientation (111), (200), (220), and (311). With
an increase in the atomic content of copper in the amorphous layer, there is a
gradual reorientation from the [111] to [200] direction. In purely amorphous
films, an increase in the angular position of the amorphous halo with increasing
copper concentration is noticeable. This amorphous halo indicates the for-
mation of a solid phase based on Zr and Cu. In multilayer coatings, amorphous
peaks are not observed due to their overlap with crystalline ones.

The CSR size and micro-strain were calculated using the Hareld-Wagner
method. The CSR size is 34.4 nm, and the microdeformation is 0.3%.

During annealing in air in the temperature range 400-950°C, data were ob-
tained on the ability of multilayer coatings to resist oxidation. At a temperature
of 400°C, the oxides Cu,0, m-ZrO, and t-ZrO, are formed. The amorphous
layer decomposes into crystalline copper and zirconium, which are subsequent-
ly oxidized. In films with the maximum copper content, the formation of m-
ZrO, oxide occurs at a higher heating temperature - 700°C. This is due to the
lower specific gravity of zirconium in the amorphous layer. At temperatures of
400°C and 550°C, the characteristic peak of ZrN (200) disappears in samples
with copper concentrations of 73.8 and 52.3 at. % respectively. The oxidation
resistance of the coatings does not change with the thickness of the amorphous
layer.

1. Panjan P, Navinsek B, Cvelbar A, Zalar A, Milosev 1. Oxidation of TiN, ZrN,
TiZrN, CrN, TiCrN and TiN/CrN multilayered hard coatings reactively sputtered at
low temperature. Thin Solid Films. 1996;281-282:298-301. DOI: 10.1016/0040-
6090(96)08663-4.

2. U. A. CononyxuH, I'. AGamu, B. B. Yrnos, C. B. 3nomnkuii, A. A. Manamesuy.
CTOWKOCTh K BBICOKOTEMIIEPATYPHOMY OKHCJICHHIO MHOTOCIOWHBIX MOKPBITHIH
ZrN/SiNx n CrN/SiNX, cOpMHPOBaHHBIX MarHETPOHHBIM PACIBUICHHEM. TTOBEPX-
HOCTh. PEHTTEHOBCKHE, CHHXPOTPOHHbBIE 1 HEUTpOHHBIE HccnenoBanus, 2020, Ne 4,
c. 1-9.
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MOJUDUKALMS MOBEPXHOCTEM CTAJIEN
CKAHUPYIOIUM JIASEPHBIM JIYYOM

B pabote mpezacTaBieHa TEXHOJOTUS TEPMUUCCKON 0OpPaOOTKH Pa3IHMIHBIX
MHCTPYMEHTAIBHBIX CTaJIell CKaHMPYIOUIMM JIa3epHBIM JIy4OM JUIS 3aKaJKH U
JIETHPOBAHUSI MPUIIOBEPXHOCTHOTO CJIOSI METaJUTMUECKHX u3nenuit. JlazepHas
MOILI/Iq)I/IKaHI/IH HHCTPYMECHTAJIbHBIX cTaje MMEET MHOXKECTBO MpeuMyuIcCTB
M0 CPaBHEHHIO C TPAIUIMOHHBIMH METOJAMH TepMH4ecKol oOpaborku. Oc-
HOBHBIM HCIOCTATKOM SBJIACTCA BbICOKAasA HCOAHOPOAHOCTH TEMIICPATYPHBIX
nojsedl B 00JacTH BO3/ACHCTBUS JIa3epHOTO H3JIYYEHHs INpPU HCIOJIb30BaHUU
CTaH/apTHOI ONTHYECKOIl rooBKkH (opMupYrOLMEeH CHOKYCUPOBaHHBIH rayc-
COBBIH IydoK. [IJIsl pemeHnsl TaHHOW MpOOJIEMbI IPOSKTUPYIOTCS ONTHYECKUE
CHCTEMBI, TTIO3BOJISIONINE Tepe()OpMHUPOBATh BXOJHOM I'ayCCOBBINA ITy4OK B OII-
TUMaNbHOE Ul TePMHUYECKOH 00pabOTKM pachpesneneHHe WHTEHCHBHOCTH B
MONIEPEYHOM CEUYEHHH IMyTeM H3MEeHEHHs (OPMBI NMPETOMIISIONINX JIMH3 HIIN
UCIIONB30BaHMs JU(PPAKIIMOHHBIX ONTHYECKHUX dNieMeHToB [1,2]. OnHako, Takue
CHCTeMbI He 00JIa/Ial0T I'MOKOCTBIO B MCIOJIB30BAHNH, TaK KaK HE UMEIOT BO3-
MOJKHOCTH II€PECTPONKH PO I HHTEHCHBHOCTH B TIporiecce 06paboTKH.

I'opazno OomnbIeii CTENEHBIO afanTallMyd I0Jl T'€OMETPHUIO MOBEPXHOCTH
umMeer o6paboTka ckanupoBanueM [3]. [Ipu 3TOM U3MEHSISI aMILTUTYLY OCIIHI-
JIALMMA, CKOPOCTh JABM)KEHUS JIyda, MOILIHOCTh U3JIy4EHHUs B MPOIIECCE CKAaHUPO-
BaHMs, MOXKHO CO3JIaBaTh SHEPTETHUYECKUI BKJIA]| MPAKTHYECKH C JIFOOBIM pac-
IpesieNIeHHeM 110 TIommaan. Takum oOpa3oM CKaHAaTop SIBISIETCS] YHUBEPCAIb-
HBIM IIpeo0pa30BaTeIeM SHEPTeTHIECKOTO paclpeeIeH s, TO3BOJISIOINM CO-
37aBaTh HEOOXOJMMBIH MPO(MIb HHTEHCHBHOCTH JISi MOAN(PUKALNK TTOBEPX-
HOCTEH cO CIIOXHOW reoMerpueld. OqHAKO, SKCIIEPUMEHTAILHOE OIpe/IesIeHNne
ONTHMAJIBHBIX PEXHUMOB 00pabOTKH TpeOyeT JUIMTENbHBIX paboT BCIENCTBHE
0OJIBIIOTO KOJNMYECTBa KOHTPOJHMPYEMBIX IEPEeMEHHBIX mpouecca. B pabore
TaKKe MpeCcTaBlIeHa METOJMKa KOMIIBIOTEPHOIO MOJEIMPOBAHHA Ipolecca
00paboTKN CKaHATOPOM, PAacdeT MHTETPAIIbHOW MHTEHCHUBHOCTH IIPH CKAaHUPO-
BaHUU C UBMCHAIOMIMMUCA TCXHOJOTHMYCCKUMU HapaME€TpaMH U TEMIICpaTyp-
HBIX TIOJIEH B TIpoliecce BO3/ICHCTBUSL.
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SURFACE MODIFICATION OF STEELS WITH
SCANNING LASER BEAM

The paper presents the technology of heat treatment of various tool steels
with a scanning laser beam for hardening and alloying the near-surface layer of
metallic parts. Laser modification of tool steels has many advantages over tra-
ditional heat treatment methods. The main disadvantage is high inhomogeneity
of the temperature fields in the area of laser radiation exposure when using a
standard optical head that forms a focused Gaussian beam. To solve this prob-
lem, optical systems are being designed to transform the input Gaussian beam
into an optimal intensity distribution in the cross section for heat treatment by
changing the shape of refractive lenses or using diffractive optical elements [1,
2]. However, such systems are not flexible in use, since they do not have the
ability to change the intensity profile during processing.

Scanning optical systems has greater adaptivity to the surface geometry [3].
At the same time, by changing oscillation amplitude, scanning speed of the
beam and the radiation power during the scanning process, it is possible to cre-
ate an energy contribution with practically any distribution over the area. Thus,
the scanner is a universal converter of energy distribution, allowing you to cre-
ate the required intensity profile for the modification of surfaces with complex
geometry. However, the experimental determination of optimal processing pa-
rameters is challenging due to the large number of controlled variables. The pa-
per also presents a computer modeling technique of treatment by scanner, the
calculation of the integrated intensity during scanning with changing technolog-
ical parameters and temperature fields during laser treatment.

1. Klocke F. Optimization of the laser hardening process by adapting the intensity
distribution to generate a top-hat temperature distribution using freeform optics / F.
Klocke, M. Schulz, S. Grife // Coatings. — 2017. —Vol. 7. — Ne 6.

2. Analytical heat conduction modelling for shaped laser beams / J. Sundqvist [et
al.] // Journal of Materials Processing Technology. — 2017. — Vol. 247. —2016. —
P. 48-54.

3. Customized laser beam intensity distribution for the laser surface treatment of
geometrically convoluted components / P. Sancho [et al.] / Journal of Materials
Processing Technology. — 2019. — Vol. 263. — Ne December 2017. — P. 223-232.
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CHUHEPT'ETUKA MOJANPUKALIMU IIOBEPXHOCTHU
KOHCTPYKIHMOHHBIX MATEPHUAJIOB KUJIKUMU
METAJUIAMUA

BrICOKas HHTEHCUBHOCTD B3aMMOIEHCTBHS KOMIIOHEHTOB B YKHIKHX METall-
Jax 0COOCHHO SIBHO MPOSBIISET JSHCTBHE 3aKOHOB CHHEPTeTUKH (CaMOCOTIaco-
BaHHOCTH TIpoIleccoB). JlocTaTOuHO OBICTPO JAOCTUraeTCsl PABHOBECHE B CHUCTE-
Me, 4TO M03BOJIseT 3(D(PEKTUBHO HCIOJB30BATh KIACCHUECKHE TEPMOJMHAMM-
Yyeckue pacueThl. [Ipu 3TOM mpeaBapuTelibHas 00paboTKa MOBEPXHOCTH KOH-
CTPYKIIMOHHBIX MaTePHAIOB UTPACT MCHBIIIYIO POJIb, YUEM B Fa30BBIX CPEax.

[IpencraBneHHas Ha PUCYHKE 3aBHCUMOCTh MOTEPH MAcChl cTaneii (heppur-
HO-MapTCHCUTHOIO Kjacca OT JJIHTEIBHOCTA CTAaTUYECKUX H30TCPMHUCCKUX
ucnbITanui B criase Ph-Zr B atmocdepe N, mpu 973K, B ToMm gicne ¢ mpensa-
PUTEITBHON MMILTAHTAITUCH N ¢ sHeprueir 70 xk3B, mo3oit 5.10" pom/cm® ze-
MOHCTPHUPYET COBIMAJICHUE 3HAUCHHIA B Tpe/ieiax pa3dpoca JaHHBIX.

lg(Am -05 T |
, Kr/M°)

-15

oo

=25

lg(t,

1 15 2 : .
3aBucuMocTh oTepu Macchl crajieit 16X12BMC®EBP, X13M2C2 ot anu-
TeNbHOCTH HCMBITaHuit B crutase Ph-Zr B atmocdepe azora mpu 973K.

O - cram 16X12BMC®BP,  Am, kr/m°=4,810%1t"?,  R*=0,81;

QO - cram X13M2C2, Am, xr/m? =1,73-1031%"",  R?=0,33;
+ — C HpeHBapHTGHLHOﬁ HMHHaHTaHHeﬁ HNOHOB N+ B cTaJlb
16X12BMC®BP
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SYNERGY OF MODIFICATION THE STRUCTURAL
MATERIALS SUR-FACE BY LIQUID METALS

The high intensity of interaction of components in liquid metal flakes espe-
cially clearly shows the effect of the laws of synergy (self-coherence of pro-
cesses). Equilibrium in the system is quickly achieved, which allows the effi-
cient use of classical thermodynamic calculations. At the same time, prelimi-
nary treatment of the surface of structural materials plays a smaller role than in
gas raw materials.

The dependence of the weight loss of ferrite-martensitic class steels on the
duration of static isothermal tests in the Pb-Zr alloy in the atmosphere N, at
973K, including with preliminary implantation of N * with an energy of 70 keV,
a dose of 5-10" ion/cm?, is shown.

a | | lg(x, h)

1 15 2 25

=25

The weight loss dependence of steels 16Cr12WMoSiVNbB, Cr13Mo2Si2
on the duration of tests in the Pb-Zr alloy under nitrogen at 973K.
O - steel 16Crl2WMoSiVNbB,  Am, kr/m’ = 4,8.10*1t""%,  R*=0,81;

Q - steel, Cri3Mo2Si2, Am, xr/m? =1,73-10%1%7,  R?*=0,33;
+ — with preliminary implantation of N ¥ ions into steel
16Cr12WMoSiVNbB
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HEPEPACIIPE/IEJIEHUE B OBJACTH MEXAHUYECKOTO
MOBPEKJEHUSI KOMIIOHEHTOB CTAJIA, UICIIBITAHHOM
B CBUHIIE

[IpencraBneHsl pe3ysbTaThl UCCIECIOBAHNS METOIOM IBYXHMILYJIECHOH Ja-
36pHOH aTOMHO-IMHCCHOHHOW CIEKTPOCKOIIMM YyYacTKOB oOpasma cranu
16X12BMC®BP nocne BBIAEPKKA B CBUHLE C €AMHUYHON aKTHUBHOCTBIO KHC-
nopona nipu 923 K B Teuenue 15 4. u nocnenyromen BbIACPKKU ¢ HAHECEHHBIM
UCKYCCTBEHHBIM JIe()eKTOM B BHJE HaOOpa MapaulesIbHBIX [aparnuH NIHPUHON
367 mxMm u riryounoi o 20 Mxm mipu 900 K B Teuenue 15 u.

Meronuka UCCIEJOBAHUN BKIIIOYAECT CEPUI0 TOUEYHBIX U3MEPEHUH BIIOJIb
ocH, TEePIeHANKYJSIPHON K JIMHUU JedekTa, OT OTBEPCTHS O NPOTHUBOJIEKA-
et rpanu ¢ mwarom 0,5 MM, Kak ¢ JIMIIEBOMH, Tak U ¢ 0OpaTHOI CTOPOHBI B IBY-
XUMITYJIbCHOM pexuMe palboThl j1azepa ¢ sHepruer Hakaduku 10 J[x, meronom
nocyioiHoOTrO aHanmm3a. [ryOnHa KkpaTepa (cinosi, n) UCHapsieMoro MaTepHuana 3a
oauH BeicTpen <1 MkM. J{[uameTp kparepa okoiso 0,2 MM.

B momepeunom ceuennn oOpasma cramm 16X12BMCOBP obnapyxeHO
CHMMETPUYHOE OTHOCHUTENIFHO JIMHUM HCKYCCTBEHHOTO aedeKkTa mepepacipe-
JieJIeHne KOMIIOHEHTOB CTaJIM M CBHMHIA KaK C JIMIIEBOH, TaK M C 00paTHOH CTO-
poHbl oOpasua. Kpome TOro, OTKIOHEHHE OT MapOYHOIO COCTaBa CTalld
HaOmronamu BOJIM3HM KPETe)KHOTO OTBEPCTHS M Kpas oOpaslia, 4TO CBHUIETENb-
CTBYET O BJIMSIHMM MeXaHHYeCKoW Nedopmaluu Ha Iepepacrpe/iesieHue KOM-
MOHEHTOB CTaJId MPH KOHTaKTe co CBUHLOM. [Ipnuem koHueHtpauuu Cr, Mn,
Si pacTyr, oThaBas TPEUMYINECTBO “‘ecTecTBeHHBIM” Jedekram, T.e. Goiee
JUINTENIFHOE BpeMs KOHTAKTHUPYIOIIMM CO CBHHIIOM B HAIPSXKEHHOM COCTOS-
HUH. Pe3ynbTaTel CBUAETENHCTBYIOT O HEOOXOAMMOCTH HCCIIEIOBAHUS HCXO/I-
HOTO COCTOSTHMSI M TpeIBapUTEIbHONH OOpaOOTKH W3/AeNWil I MOBBIMLICHUS
COBMECTHUMOCTH CO CBHHIIOM.
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REDISTRIBUTION IN THE FIELD OF MECHANICAL
DAMAGE OF COMPONENTS OF THE STEEL TESTED IN
LEAD

Results of research by method of double-pulse laser-atomic emission spec-
troscopy of sites of a sample of steel 16Cr12WMoSiVNbB after endurance to
lead with single activity of oxygen at 923 K during 15 h and the subsequent en-
durance with the caused artificial defect in the form of a set of parallel scratch-
es with a width of 367 um and a depth of up to 20 pm at 900 K during 15 h are
presented.

The method of research includes a series of point measurements along the
axis perpendicular to the defect line, from the hole to the opposite face with a
pitch of 0.5 mm, both from the front and from the back in a two-pulse mode of
operation of a laser with a pumping energy of 10 J, using a layer analysis meth-
od. The depth of the crater (layer, n) of the vaporized material in one shot is <1
pm. The diameter of the crater is about 0.2 mm.

In the cross section of a sample of steel 16Cr12WMoSiVNDbB redistribu-
tion of components of steel, symmetric concerning the line of artificial defect,
and lead is revealed. Symmetric redistribution of components of steel concern-
ing the line of artificial defect is revealed as well from a reverse side of a sam-
ple. Besides, the deviation from branded composition of steel was observed
near a fixing opening and edge of a sample that testifies to influence of me-
chanical deformation on redistribution of components of steel at contact with
lead. Concentrations of Cr, Mn, Si increase, giving advantage to " natural " de-
fects, i.e., longer time in contact with lead in stressed state.

The results indicate the need to investigate the initial condition and pre-
treatment of products to improve compatibility with lead.
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PA3PABOTKA Nb;Sn CBEPXITPOBOJHHUKOB HOBOI'O
IHOKOJIEHUA JJISA COBPEMEHHBIX YCKOPUTEJIEU

MacmrabHol 3a1adeid moCHeTHIX JIeT ABJsieTcs pazpaborka NbzSn cBepx-
MPOBOJHHUKOB I MojepHu3anuu bonemoro AnponHoro Kommaiinepa ¢ mo-
BeIeHHO# cBeTumocTthio (High-Luminosity Large Hadron Collider) u Konb-
nesoro Komnaiinepa Bynymero (Future Circle Collider). OcuoBHoit mpo6iemoi
IpU U3roToBICHHH Nb3Sn CBEPXIPOBOIHUKOB IS 3THX IMPOCKTOB SIBISIETCS
JIOCTIDKEHHE COYETaHHs BBICOKON KPUTHYECKOH INIOTHOCTH TOKA IPH COXpaHe-
HHUH BBICOKOTO YPOBHSI CTAOMIM3UPYIOUIUX CBOHCTB MEAHOM 000JI0UKH.

W3BecTHO, 9TO HE TOJBKO KOJMYECTBO, HO M CTpyKTypa NbsSn ¢assl u ee
COCTaB OMpEICISIIOT YPOBEHb KPUTHUYECKOH miuoTHOcTH Toka (J). Ilpm stom
KOHCTPYKIIMOHHBIE NapaMeTphl UCXOAHOTO KOMIO3WIMOHHOTO IpoBoja (pas-
MEp COCTABJIAIOLINX €T0 JIEMEHTOB, MX COCTAaB M PACIOJIOKEHHUE), & TAKKE pe-
KUM peakuoHHOH TepmMoodOpadotku (PTO) (ckopocTh HarpeBa, TeMIepaTtypa
Y JJIMTEIBHOCTD BBIAEP)KKH) MMEIOT OIPEeIIIoNIee BIUsHIE Ha MOP(OIOTHIO
3epEHHOM CTPYKTYpPHI CBEPXIIPOBOIAIICH (asHl.

B paboTe m3ydeHO BIMSHHE KOHCTPYKIIMOHHBIX MapaMETPOB M PEXHMOB
PTO Ha ctpykTypHble M anekTpodusnueckre coiictBa NbzSn cBepxmpoBo-
HHUKOB, TIOJIyY€HHBIX METOJOM BHYTPEHHEI'O HMCTOYHHMKA TOAMUTKH OJIOBOM
(BUII). PaznuuHBIME METOIaMHU TIOATAIHO, B mporecce crynendaroi PTO, uc-
CJIe/IOBaHbl 0COOCHHOCTH MeXaHu3Ma (hOPMHUPOBAHUS CBEPXIIPOBOAIIEH (a3bl,
ee cocraB U MOp(oJOTHs 3€peHHOW CTPYKTyphl. IIpoBeneHsl mccienoBaHus,
BKJIIOUAOIINE B ceOs MeTayutorpadMuecknii 1 KOJIMIECTBEHHBIN aHaM3 N300-
pakeHHA, MOJTY4YeHHBIX MeTomoM COM, B TOoM umcie ¢pakrorpadudecKuii
aHaIM3 MOBEpXHOCTH M3noMa, MPC - aHanu3 cocraBa, a TakXke aHAIU3 H300-
PaXEHUH M AIEKTPOHOTPAMM, IMOJYYEHHBIX METOJOM IPOCBEUMBAIOLIECH PacT-
POBOI1 BJIEKTPOHHON MUKPOCKOIIHUH.

B pesynpTaTte mpoBENEHHBIX HCCIEAOBAHMNA OBUIM YTOYHEHBI MEXaHH3MBI
dbopmupoBanust pasel NbsSn Ha pasmudHBIX CTaAMIX Mpollecca TepMoodpa-
OOTKM W BBISBJICHA B3aMMOCBS3b KOHCTPYKIIMOHHBIX NapaMeTpoOB CBEPXIPO-
BoAHMKA " pexxuMoB PTO ¢ Mopdomorueit 3epeHHON CTPYKTYPBl U COCTaBOM
cBepxmpoBoasmiei ¢assl. [lokazaHo, 9TO ONTUMH3ANKS COOTHOIIEHUS pa3Me-
POB COCTaBIISIONIMX 3JIEMEHTOB KOMITIO3UIIMOHHOTO CBEPXIPOBOJIHHKA OKa3bl-
BaeT CYNIECTBEHHOE BIMSHHE HA CTPYKTYPHBIE XapaKTEPUCTHKU CBEPXIIPOBO-
Jstieit Qasel.
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AHanu3 pe3ysibTaToOB U3MEPEHHH JIIEKTPO(UINUECKUX XapAKTEPUCTHUK I10-
Jy4eHHBIX 00pa3loB MO3BOJIWI OOOCHOBATH IMOJXOJbI K ONTHMHU3ALUN KOH-
CTpykIui U pexxuMoB PTO cBepXNpOBOAHUKOB IJIs JOCTHIKEHHUSI UX BBICOKON
TOKOHeCYIIell CIOCOOHOCTH.

PazpaboTaHHble pEeKOMEHIALMH IO3BONMIM TNONyduTh NbsSn cBepxmpo-
BOJHHMKH HOBOTO TTOKOJIEHHSA C MTOBBIIIEHHON TOKOHECYINEH CTocOOHOCTHIO (10
2707 A/mm? B 12 Tn, 4,2 K), npeBbimaromeii 6omee gem B TpH pasa J, CBEpX-
npoBogHUKOB a1t UTOP. IIpm 3ToM ymanoch COXpaHUTH BBICOKHH ypPOBEHB
3HAYEeHUH OTHOCHUTEIBHOTO OCTATOYHOTO 3JIEKTPOCONPOTHBIICHUSI MEIHON CTa-
owmmsamun (RRR - Residual Resistive Ratio > 150).

Brepsrie B Poccnn B MpOMBIIUICHHBIX YCIOBUAX HoxydeH NbzSn cBepx-
MPOBOJHUK HOBOTO IOKOJIGHUSI C PAacIpelesleHHBIMH HCTOUYHHKaMH 0J0Ba U
JUIMHOM €MHUYHOTO Kycka Ooiee 1,5 kM (oOmiei ymmHON 12 kM) cO 3Ha4YEHU-
em Jc > 2450 A/mm2 (mpu 12 Tn u 4,2 K), yaoBneTBopsitomuii TpeboBaHUSIM
MarautHo# cuctembl HL-LHC, 1 noctasnen B [IEPH.
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CTPYKTYPA ¥ CBOMCTBA Nb;Sn CBEPXITPOBOJHUKOB
JJIs1 PABOTBI B TIEPEMEHHbBIX MATHUTHBIX ITOJIAX

B momckax anbTepHAaTHBHBIX NMyTeH MOJY4YEHMS SJIEKTPOIHEPIHMU U H3yde-
HUS NIPUPOJIBI BEIECTBA YUEHbIE pa3padaThiBaio Bce 0o0Jee CIOXKHBIE yCTPOH-
CTBa — TepMosaepHbIe peakTopsl (Hampumep, UTOP u JEMO) u xpynHOMac-
mTaOHbIe YKOPUTEIIH.

Jli co3maHust UX MarHUTHBIX CUCTEM KaK IPaBMJIO UCTIOJIB3YIOT CBEPXIIPO-
BOJAIINE MaTEPUAbI, Yalle BCEr0 Ha OCHOBE MHTEPMETAINIMYECKOTO COETUHE-
auss Nb3Sn. TpeGoBanust Kk TakuM MaTepuanaM MPEIbSIBISIOT MO KOMIUIEKCY
CBOMCTB — 3TO M JOCTAaTOYHO BBICOKas TOKOHECYIas CIOCOOHOCTH MOpsIKa
1000 A/Mm? i HI3KHE SHEPreTUUECKHUE MOTEPH.

OIHHMM W3 METOJOB HOJIyYEHHs CBEPXIIPOBOJHUKOB Ha ocHOBe ND3Sn siBis-
ercsi OpoH30BbIi MeToA. Ero cyTh 3akitodaercsi B 9KCTPY3UH M BOJIOUEHHUH
KOMITO3UIIMOHHOW COOPKH M3 HHOOMEBBIX IIPYTKOB, PACTIONOXKEHHBIX B OPOH30-
BOW Marpule, 10 puHAIBHOTO auamerpa. [locie n3roToBneHus NPOBOTHUKOB
npoBoauTcs muddy3nonHas repmoodbpadboTka s popmuposanus dassr NbaSn
3a CYeT PeaKIMOHHOTO B3aWMOIEHCTBUS MEXIy SN 13 OpOH30BOIM MaTpHIBI U
Nb BosokHamu. B 3ToM ciiydae TokoHecyIast CioCOOHOCTh CBEPXIPOBOIHUKA
oTpenieNnseTcsi He TOJIbKO KOHCTPYKIMEH MPOoBOJa, HO U COZIepKaHUEM OJIOBA B
6pon3oBoif MaTpuiie. IIpu 3TOM M3BECTHO, YTO BBHICOKOOJIOBSIHHAs OpoH3a (c
coziepkanueM onoBa 14 mac. % u Goiee) ABISETCS CIOXHO JeopMUPYEMOT,
MOCKOJIBKY IIPH Mepexo/ie Ipesesia paCTBOPIMOCTH 0JI0Ba B MEIH IMPOUCXOIHUT
BBIJICJIEHHE YaCTHUI[ TBEPAOTO U XPYIIKOTO 3BTEKTOMAA, KOTOPHIE MPETSATCTBYIOT
NPOTEKaHUIO IUIACTHYECKOH AeopManuu M BeIyT K 3HAUNTEIHHOMY CHHXKE-
HUIO TJIACTHYHOCTH OpOH3BI. B CBsI3M ¢ 3THM Ba’kKHO NOIYYUTH PaBHOMEpPHOE
pacripeielleHie MEIKOAUCIIEPCHOTO IBTEKTONIA B CIIMTKAX.

B pabore wn3ydeHBl OCOOEHHOCTHM MHUKPOCTPYKTYPHI M MEXaHHYECKHX
CBOHCTB BBICOKOOJIOBSHHOM JIETUPOBAHHON OpOH3BI, MOJYYEHHOW JIyILIEKC-
npoueccoM U 1o OSPrey-TexHoJOrnd B JMUTOM cocTosiHMU. I[lokaszaHo, 4To
Oponza, mosydeHHass mo OSPrey — TEeXHOJIOTHH, XapaKTEPH3YeTCS MEHBIIMM
KOJIMYECTBOM IBTEKTOMAHBIX YacTHI. [Ipm 3TOM, MX pa3Mep, MO CPaBHEHHIO C
OpOH30#1, MOJIYYEHHOH IyIUIEKC-IPOLIECCOM, B HECKOJBKO pa3 MeHbIne (Mak-
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CHUMaJIbHBII pa3Mep pocturaer 12-17 MKM Uit OpOH3BI C MOBBILIIEHHBIM 10 16
Mmac. % Sn). YcTraHOBIIEHO, YTO yBEJINYEHHE COJIEp)KaHHS 0JI0Ba B OpOH3e, 10-
aydeHHoit mo Osprey—rtexnosoruu, 10 16 mac. % npuBoaUT K HeOoIbIIOMY (Ha
5-40 Mma) yBelIHYSHHIO IPOYHOCTHBIX CBOWUCTB U CHIYKCHHIO OTHOCHUTEIHLHOTO
YIUIMHEHUS B CpelHeM Ha 5-15 enuHMI] 10 cpaBHEHHIO ¢ OpoH30ii ¢ 14,2 Mac.
% Sn.

Pa3paboTaHbl KOHCTPYKIMH M TEXHOJOTHS H3TOTOBIEHHUS Nb3Sn mpoBoa-
HHUKOB 110 OPOH30BOMY METOJY C MOBBILIEHHBIM 10 16 Mac. % conepkaHHeM
Sn B 6ponzoBoit Matpunie. B AO « BHUMHM)» Opir H3rOTOBJIEHHI 10 OpOH30-
BOM TEXHOJIOTHH 3KcniepuMenTanbable aptin JAM1 u JIM1,5 NbgSn crpernos
@ 1 MM, IIpU 3TOM pacueTHOE 3HAYEHWE AMAMETpa BOJIOKHA cocTaBwio 1,89 n
1,30 MKM, COOTBETCTBEHHO. V3yueHO BIUSHHE COACPIKAaHHUS OJIOBa B OPOH30-
BOW MaTpHIE Ha CTPYKTYPY CBEPXIPOBOJSIIETO CIIOSA B 3KCIICPUMEHTAIBHBIX
CBEpXIPOBOIHKMKAX. [loKa3aHo, YTO yBEeTMUEHUE COACPIKAHUS 0JI0Ba B OPOH30-
Bol matpuiie ¢ 14 1o 16 mac. % mpuBeNO K POCTy JOJIU PAaBHOOCHBIX 3€pPEH B
NDb3Sn cioe Ha ~11% ¥ K yMeHbLIEHHIO 00BEMHOI JOJTM CTONOYATHIX 3epeH Ha
~12%. IlpoBeneH aHamm3 pe3ynbTaTOB H3MEPEHHN KPUTHUYECKHX XapaKTepH-
CTHK TPOBOJHHMKOB [MOCJIE JBYX DPEKHMOB PEaKIMOHHOH TepMOOOpabOTKH.
MakcumanbHOe 3HaYCHHE TUIOTHOCTH KpuTHieckoro Toka (Jc) 882 Amm? (12
T, 4,2 K) gocturayTsl Ha obpa3nax crpernoB JJM1,0 va @ 1 MM, dTo BhIIIC
Ha 15 % 1o cpaBHEHHIO BEIWYMHON JC CTPEHIOB JUII MAarHUTHOHW CHUCTEMBI
HUTOP.

Juiss  OpoH30BO¥M TEXHOJOTHH IUIOTHOCTh KpHTHYeckoro Toka 1000 -
1100 A/mmM? sBasieTcs mpeaensHpIM 3HadeHneM. C HeNblo TOCTHKEHUs Oolee
BBICOKOM TOKOHECYIIeH CIIOCOOHOCTH ObLTH pa3padoTaHbl KOHCTPYKIUS U TeX-
HOJIOTHUECKHE PEKUMBI TIOJIydSHUS! CBEPXIIPOBOJAHUKOB 110 METOJNY BHYTPEH-
HEro MCTOYHHMKA 0JIOBa. B 3TOM ciydae CBEpXIPOBOAHUK COCTOHMT M3 MHOXe-
CTBa KOMIIO3UIIMOHHBIX MOJYJIEH, Ille CTOYHUK SN NpeNCTaBiIseT Co00M LieH-
TPabHYIO 4acTh, OKpykeHHy!0 npyTtkamu Nb, Baenpenusivu B CU marpuily. B
paboTe NpPHUBEACHBI Pe3yIbTAaThl HCCIIEAOBAHHUS SKCIEPHUMEHTAJIBHBIX CBEpPX-
MPOBOJHHUKOB JIBYX KOHCTPYKIUH, cocTosmmx u3 31 u 19 KOMIO3HIIMOHHBIX
Moaynei, quamerpom 1 u 0,82 MM. 3HaueHUS TUIOTHOCTH KPUTHYECKOTO TOKa
cocraBmmi 1223-1330 A/mm? (B mome 12 T mpu 4,2 K) juist 1ByX mapruii, a
YPOBEHb BEIHMUUHBI FHCTEPE3UCHBIX MOTEPh goctur 1976 mlx/cm® (maprus c
31 mMomynem) i 1529 mJlx/cm® (maprus ¢ 19 momymsivn).
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STRUCTURE AND PROPERTIES OF Nb3Sn
SUPERCONDUCTORS FOR ALTERNATING MAGNETIC
FIELD APPLICATIONS

To find new ways of energy generation and materials investigation scien-
tists are developed more and complicated devices: thermonuclear reactors (e.g.
ITER and DEMO) and large-scale accelerators.

The design of their magnet systems the superconducting materials based on
intermetallic compound NbzSn are demanded, as a rule. The requirements to
such materials are complex properties and consist of high current capacity of
about 1000 A/mm? and low energy losses.

One of the ways to fabricate Nb3Sn superconductor is bronze-process
method. It consists of extrusion and drawing of bronze matrix containing niobi-
um billets to the final diameter. This is followed by heat treatment to form
NbsSn phase during diffusion reaction between bronze matrix and Nb fila-
ments. In this case the current capacity is defined not only by wire construction
but also by tin concentration in bronze matrix. It is known that high tin bronze
(14 wt.% tin or more) has difficult workability as the transition of tin solubility
limit in copper leads to precipitation of hard and fragile delta phase particles. It
prevents plastic deformation and thereby significantly decreases bronze plastic-
ity. For this reason it is important to have uniform distribution of fine-dispersed
delta phase in ingots.

The features of microstructure and mechanical properties of high-tin alloyed
bronze produced by duplex process and Osprey-technology in cast state have
been studied. It has been shown that Osprey-technology bronze is characterized
by fewer number of delta phase particles and their sizes are somewhat smaller
(maximum size is 12-17 pum for 16 wt.% bronze) compared with duplex-
process bronze. It was found that the increase of tin content in the Osprey-
technology bronze to 16 wt.% results in a slight 5-40 MPa strength growth
while the elongation drops up to 5-15 units compared with 14.2 wt.% Sn
bronze.

Wire designs and production technology of bronze-process NbsSn super-
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conductors with up to 16 wt .% Sn in bronze matrix have been developed. Ex-
perimental NbsSn strands DM1 and DM 1.5 of 1 mm in diameter have been
produced by bronze route with estimated filament diameter 1.89 and 1.20 um
respectively. The effect of tin content in bronze matrix enhance on supercon-
ductor layer structure of experimental strand has been studied. It has been
shown that tin content increase from 14 to 16 wt. % gives rise to equiaxial grain
ratio in NbsSn layer to ~11% and decreases volume ratio of columnar grains to
~12%. The analyses of the critical properties measurements after two regimes
of reactions have been conducted. The maximum value of 882 A/mm? (at 12 T,
4.2 K) has been reached for DM1.0 strands at 1 mm diameter that is 15 % high-
er compared to Jc of NbsSn strand for ITER magnetic system.

The critical current density of bronze-process wire is limited to 1000-1100
A/mm?. In order to achieve higher level of Jc, the design and technology re-
gimes of Internal Tin fabrication method were developed. In this method the
superconductor strand consists of multiple composite modules where tin source
is a central part surrounded with Nb rods that are incorporated in Cu matrix.
The study results of two experimental superconductor strands designs with 31
and 19 composite modules have been presented in this paper. Critical current
density values are 1223-1330 A/mm” (at 12 T, 4.2 K) for two strands while hys-
teresis losses level reached 1976 mJ/cm?® (31 modules strand) and 1529 mJ/cm?
(19 modules strand).
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NPUMEHEHHWE JIETUPOBAHMSI Ta U Zr B IOJTYYEHNA
Nb;3Sn CBEPXITPOBOJHHUKOB C NOBBILIEHHOU
TOKOHECYIIEU CIIOCOBHOCTBIO

Jlnst moBeILIeHUs pabounx XapakTepucTHK bonbmoro Axponnoro Kosutaii-
nepa u npumenenus B Kpyrosom Komnaitnepe Byaymero (npoext FCC), npen-
MoJIaraeTcs UCIOJIb30BaHUE YCKOPAIOIINX MArHUTHBIX KaTyIIeK ¢ 0OMOTKOH U3
NDb3Sn cBepXIpPOBOJHUKOB ¢ BHICOKOI IIIOTHOCTBIO KPUTHYECKOTO TOKa (J¢) 10
1500 A/mm’ B MarauTHOM To71e 16 Tit mpu Temmepatype 4,2 K. OfauM u3 crio-
coboB yBenmueHus J; y NbzSn cBepXIpOBOJHUKOB B MarHUTHBIX IOJIAX SIBIIA-
eTcsl JISTHPOBaHUE TAHTAJIOM U IIMPKOHHEM. BBenenue Ta crocoOcTByeT yBe-
JWYCHUIO CKOPOCTH pocTa cBepxmpoBozsmiero cioss NbsSn. IoBeimenue xe
€ro cojepkaHus TNPHUBOIUT K POCTY BEIMYMHBI BEPXHETO KPUTUYECKOTO MOJIS
H., mpu HeOONMBIIOM CHIDKEHHH KpHTHYecKoi Temmeparypsl T.. Ilockombky
rpanulipl 3€peH NbSn sBJISIOTCS MPEUMYIIECTBEHHBIMU LEHTPAMH 3aKperuie-
HHS KBAHTOB MarHUTHOTO MOTOKa (T.H. MMHHHUHTA (DIFOKCOMIOB), TO YMEHbIIIE-
HHE pa3Mepa 3epHa B CIIO€ CIYXUT 3(P(PEKTHBHBIM CIIOCOOOM IOBBIMIEHUS J¢.
3T0 BO3MOXKHO IIPU BBeACHHH ZI (HarpuMep, IPU KCIOJIb30BaHuU ciijiaBa Nb-
1 mac.% Zr) u xucnoposaa (METOIOM BHYTPEHHETO OKHCIIEHHS) It (OpMHPO-
BaHUS yacTull ZrO, B CBEPXIIPOBOAIIEM CII0€. DTH YaCTHIIBI, paciojarasich Ha
rpaHnax 3€peH, NPEemsITCTBYIOT POCTY 3EPEH, YTO BEJET K YBEJIHMUYCHHUIO TUIOT-
HOCTH MX TPAHUI] U SBJISIOTCS IOMOJHUTEIbHBIMH LIEHTPAaMHM NMHHHUHTA, YTO
CHOocOOCTBYET BO3pPACTaHUIO J.

B pabote mcciaenoBaHo BIMSHHUE JISTUPOBAaHUS 1a M ZI' HA MEXaHHYECKHe
CBOICTBA U CTPYKTYpY Noiy(abpHKaToOB B BHJE NPYTKOB Ha OCHOBE HHOOWS B
JIe(OpPMAaMOHHBIX YCIOBUAX IOJy4eHHUs oTedecTBEHHBIX NbzSn cBepxmpo-
BOJHHMKOB, a TaKXX€ BJIMSHHE JIETUpOBaHMA ZI Ha CKOPOCTh POCTa MU MHKpPO-
CTPYKTYpY cBepXupoBozsmero ciost NbzSn.

Ha ocHoBaHMM aHanM3a 3aBHCHMOCTEH MEXaHWYECKHX CBOWCTB M CTPYKTY-
pbI ipyTKOB 13 ciutaBoB Nb ¢ 4 u 7,5 mac.% Ta oT cremeHd X0n0aHoM aedop-
Maluy U TEMIIEpaTyphl OTXKHUTa OBUTH pa3padoTaHbl TEXHOJIIOTHYECKUE PEXUMBI
1 U3TOTOBJIEHBI IIPYTKHU € IOJIHOCTBIO PEKPUCTAIIIN30BAaHHON CTpyKTypoi. Ilo-
Ka3aHo, YTO CPEAHUI pa3Mep 3epHa Ha MpyTkax S3,2 MM M3 CIUIaBOB HUOOMS C
Ta coctaBmi 20 MKM, 4TO B 2 pa3a MEHBIIIE, YeM B IPYTKaX U3 YHCTOTO HHOOHSA
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mapku HOM. Tlpu sTom Mexanuueckue cBoiictBa npyTtkoB (H,~65+75 HV u
6p~215+225 MIla) Heckonbko mpesbimanu (Ha 15-20%) 3HadyeHus g npyT-
KOB M3 HEJIETUPOBAHHOTO HHOOWS, TPUMEHSBIIIETOCs paHee, a O Hao0OpOT OKa-
3anoch Hmwke (28+30%). ITosToMy OHM OBUIM PEKOMEHIOBAaHBl M YCIIEIIHO
NPUMEHEHBI TPH H3TOTOBICHUH 3KCIIEPUMEHTANBHBIX HapTuit NbsSn cBepx-
MPOBOJHUKOB METOJOM BHYTPEHHETO HCTOYHHKA OJIOBA B IPOMBIIIIEHHBIX
yeaoBusix AO «UM3y. JlerupoBaHue cBepXnpoBOJHUKOB Ta MpUBENO K MOBHI-
MICHUIO UX J; B MarHuTHOM ToJie 16 Tir mpum 4,2K ¢ 1100 no 1300 A/,

YcraHoBIIeHO, 4TO JernpoBanue Huobus 1 mac.% Zr npuBeno K 3HA4YH-
TENPHOMY HM3MEJNBYCHUIO 3€pHA B MPYTKaxX IO CPAaBHEHUIO C aHAJIOTMIHBIMHU
NpYTKaMH KaK U3 YUCTOro HHOOMS, TaKk M U3 ero ciuiaBoB ¢ Ta. Ilocne pekpu-
crayumzanuonHoro omkura (1100 °C, 1 4), cpenHuit pa3mep 3epHa COCTaBIII ~
8 MKkM, 4TO MeHblIe B 4 pasa, yeM y HHOOHEBBIX NPYTKOB, U B 2 pa3a, 4yeM y
npyTKoB U3 ero ciuraBos ¢ Ta. ITokaszano, uro npytku n3 Nb-1 mac.% Zr B pe-
KPUCTaJUIM30BAHHOM COCTOSIHMM HUMeloT Oonbmytro H, (8 1,7-1,8 pasa) no
CPaBHEHHIO C HIOOHEM, a Op U O HaXOJATCS MPUMEPHO Ha TOM XK€ YPOBHE, U4TO
u i Nb ¢ Ta (65~250 MIla, 6~32 %).

AHanmn3 MHKpOCTPYKTYpsl NbzSn ¢as3sl B 00pas3max H3rOTOBICHHOTO B
AO «BHUMHM)» mozenbHoro NbsSn cBepXIpoBOAHUKA, JIETHPOBaHHOTO Zf,
MOATBEPNI HAIMYUE B HEW yacTuI] BTOpoH (asel. PesynbraTel usmepenus 1. u
Pacu€ToB BEIMYMHBI CUIIbl NMHHUHTA (Fy) mokasamy, uto Fy 1ernpoBaHHBIX 00-
pa3LoB BHIIIE, YEM Y HEJITUPOBAHHBIX. JTO, MMO-BUANMOMY, CBA3aHO C peau-
3anuel IByX MEXaHM3MOB IIMHHHMHTA: 3aKpeIruieHHeM (IIIOKCOMIOB KaK Ha rpa-
HHUIAX 3€peH, TaK M Ha YacTHLax BTOpoil ¢a3pl. Ha ocHOBaHMM MOTydEeHHBIX
pPe3yNbTaTOB pEeKOMEHI0OBaHO ompoboBaTh cmaB Nb-1 mac.% Zr B kadecTBe
Marepuana BOJIOKOH Nb3Sn cBEpXIIPOBOAHUKOB, HOIy4aeMbIX METOJOM BHYT-
PEHHET0 HCTOYHHKA OJIOBA.
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APPLICATION OF Ta AND Zr DOPING IN THE PRODUCTION
OF Nb3;Sn SUPERCONDUCTORS WITH INCREASED
CURRENT CAPACITY

Accelerating magnetic coils with NbzSn superconductor winding with a
high critical current density (J.) up to 1500 A/mm? (16 T, 4,2 K) are supposed
to be used in the Future Circular Collider and for improving performance of the
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Large Hadron Collider. Doping with tantalum and zirconium is one of the ways
to enhance J. of NbsSn superconductors. Ta doping provides the growth rate
increase of the superconducting NbsSn layer. The increase of Ta content leads
to an increase in the upper critical field H., with slight decline of the critical
temperature T.. Since the grain boundaries of NbsSn are preferential centers for
pinning of fluxoids, refinement of the grain size in superconducting layer is the
effective way to enhance J.. This is possible with the introduction of Zr (for ex-
ample, by using an Nb-1 wt.% Zr alloy) and oxygen (by the internal oxidation
method) to form ZrO, particles in the superconducting layer. These particles,
located at the grain boundaries, impede grain growth and lead to increase the
grain boundary density. Thus ZrO, particles are additional pinning centers what
contributes to the enhance in J..

The effect of Ta and Zr doping on mechanical properties and structure of
rods based on niobium, as well as the effect of Zr doping on the growth rate and
microstructure of the NbsSn superconducting layer have been investigated.

Nb rods with 4 and 7.5 wt.% Ta with completely recrystallized structure
were manufactured by developed technical regimes, based on the analysis of
the dependence of mechanical properties and structure depend on the cold de-
formation degree and regime of annealing temperature. It has been shown that
the average grain size in rods (S3.2 mm) of Nb-Ta alloys is 20 um, which is 2
times less than in the rods made of pure niobium. In this case, the mechanical
properties of rods (H,~65+75 HV and op~215+225 MPa) slightly exceeded (by
15-20%) the values for the rods earlier used from pure niobium, while & turned
out to be lower (28+30%). Therefore, semi-finished products (rods of Nb-
4 wt.% Ta and Nb-7.5 wt.% Ta) have been recommended and successfully ap-
plied in the manufacture of experimental batches of NbsSn superconductors by
internal-tin process in JSC «ChMP». Ta doping has led to enhance J. of NbsSn
superconductors from 1100 to 1300 A/mm? (16 T, 4.2 K).

Doping of niobium rods with 1 wt.% Zr has led to a significant refining of
grain size in comparison with similar rods of pure niobium and from its alloys
with Ta too. Average grain size was ~ 8 um after recrystallization annealing
(1100 °C, 1 h), which is 4 times less than that of niobium rods and 2 times less
than that of rods of its alloys with Ta. It has been shown that recrystallized Nb-
1 wt.% Zr rods have a higher H,, (1.7-1.8 times) compared to pure niobium, and
op and & are approximately at the same level as for niobium alloys with Ta
(c5~250 MPa, 5~32%).

The presence of second phase particles in samples of model NbzSn super-
conductor doped with Zr and manufactured in JSC «VNIINM» was confirmed
by the analysis of Nb;Sn phase microstructure. The results of T, measurement
and the pinning force (F,) calculation showed that F, of doped samples is high-
er than that of undoped ones. This is apparently associated with the implemen-
tation of two pinning mechanisms: pinning of fluxoids both at grain boundaries
and on second phase particles. As a result it has been recommended to use Nb-
1 wt.% Zr alloy as a material for fibers in NbsSn superconductors manufactured
by internal-tin process.
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BJIMAHUE OBJIYUYEHUA UOHAMMU KEJIE3A HA
KPUTHUYECKYIO TEMIIEPATYPY BTCII KOMIIO3UTOB

CoBpeMeHHbIE KOMIIO3UTHBIE BBICOKOTEMIIEpPATypHBIE CBEPXIIPOBOTHUKHU
(BTCII), B uactHOoCcTH, BTCII-neHTH BTOPOT0 MOKOJICHHUSI HA OCHOBE COEeIUHE-
Hu#t penkux 3emens (REBaCuO, rae RE — penkast 3emiist) 061a1a10T BBICOKUMU
3HAaYEHUSMH KPUTHYECKOTO TOKa, Onarojapst 4eMy OHH Ha JaHHBIH MOMEHT
IIMPOKO HCIOJB3YIOTCA B INEPBYIO O4Yepeib B 00JACTH 3IEKTPOIHEPreTHUKH,
MIO3BOJISISL CO3aBaTh BBHICOKOI((EKTUBHBIEC JMHUHU 3JIEKTPOIEpEaad, MOTOPHI
u TeHeparopsl. B cminy Toro, uto BTCII-koMImo3uTHl Takke 00JIamaloT BHICO-
KAMH 3HaYECHUSIMH TJIOTHOCTH KPUTHUYECKOTO TOKAa B CHJIBHBIX MAarHUTHBIX IO-
JSIX, ATO JETaeT MX KpaiiHe NMepCHEeKTUBHBIM MaTepHaloM Ul MCHOIb30BaHUS
B YCKOPHUTENAX M TOKaMaKax, I7Ie CBEPXIPOBOIHUKH MOTYT IOABEPTaThCs JUTH-
TEIIHOMY BO3JCHCTBHIO PaAMallMOHHOTO W3iIydeHus. [ peanmzamum 5THX
CHCTEM HEOOXOANUMBI SKCIIEpUMEHTAJIbHbIE UCCIIeI0OBaHNS BO3CHCTBUS pagua-
IIHOHHOTO M3JIy4eHHs Ha cBepxipoBoasmue ceoiicta BTCII-neHT.

B nannO#l paboTe mpeACTaBIECHBI PE3yNbTaThl U3MEPEHHUS KPHUTHYECKOI
Temneparypsl oopasios npomsinuieHHOH BTCII nentsl 20r0 mOKOJIEHHS, 00-
nyaéHHBIX HOHaMH xkene3a Fe?* ¢ sueprueii 5,6 MaB npu T=300 K ¢umoenca-
MU B auamasone 5,0x10% — 1,0x10* em™ [lepen Bo3nelCTBIEM C TOBEPXHO-
CTH 00pa3IOB METOJaMH XMMHUYECKOTO TPABJICHUS YAAISINCH CIION MEIH U Ce-
pebpa, Tak uro oOmydeHuro moxaBeprayics Toimsko BTCII crmod TommmHOM
~1 mxm. [locne kaxmoro ¢uroeHca NPOBOAMIOCH M3MEPEHHE 3aBHCHUMOCTH
anekTpocornpoTtuBieHus ot Temiepatypsl R(T) (puc. 1). U3 3aBucumocTeit
R(T) Obw1a onpeneneHa KpUTHYECKasi TeMIIEpaTypa M MIMPHHA CBEPXIIPOBOS-
miero nepexona. [lokazaHo, 4TO MpH yBeNUYCHUN (QIIFOEHCA KPUTHUYECKAs] TeM-
TepaTypa MOHOTOHHO ITaJaeT u 06paraercs B Honb mpH diroerce 1,0x10™ em™
? (puc.2), 9TO yKa3bIBAET HA MONHYIO OTEPIO CBEPXIPOBOAAIIMX CBOHCTB. ITo-
Jy4eHHBIE JaHHBIE BITOCIIEICTBUH OYAyT MCIOIB30BaHBI ISl IPOTHO3HBIX pac-
4eToB paanannoHHon cTolikocTd BTCII B HEHTPOHHBIX MOJISX.
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INFLUENCE OF IRRADIATION WITH IRON IONS ON THE
CRITICAL TEMPERATURE 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 possess high values of the critical current density in strong
magnetic fields, this makes them an extremely promising material for use in
accelerators and tokamaks, where superconductors can be exposed to radiation
for a long time. It is necessary to experimentally research the effect of radiation
on the superconducting properties of HTS tapes in order to implement these
systems.

This work presents the results of measuring the critical temperature of sam-
ples of an industrial HTS tape of the second generation, irradiated with Fe®*
ions with an energy of 5.6 MeV at T = 300 K with fluences in the range of
5.0 x 10" - 1.0 x 10* cm™. Before exposure, layers of copper and silver were
removed from the surface of the samples by chemical etching, so that only an
HTS layer ~ 1 pum thick was exposed to irradiation. After each fluence, the
temperature dependence of the electrical resistance R (T) was measured (Fig.
1). The critical temperature and width of the superconducting transition were
determined from the R (T) dependences. It is shown that with increasing flu-
ence, the critical temperature decreases monotonically and becomes zero at a
fluence of 1.0 x 10* cm™ (Fig. 2), which indicates a complete loss of super-
conducting properties. The data obtained will subsequently be used for predic-
tive calculations of the radiation resistance of HTSs in neutron fields.
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Fig. 1. Dependence of the electrical resistance of the HTS tape on temperature
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UMIIYJIbCHAS JTASEPHASA MOJAUPUKALUA CJIOUCTBIX
N KOMIIO3UTHBIX IIVIEHOK BC,

Ha ceronusiuranii feHs yriaepoaHble MaTEpHAIbl 1 HAHOMATEpUalIbl ITHPOKO
NPUMEHSIOTCA B TEXHHUKE, JJICKTPOHHMKE, IPOW3BOJACTBE, MEAWIMHE M T.II.
Bonbioil nHTEpEC MpEeACTaBIAIOT JIETUPOBAHHBIE YIIEPOAHbIE MaTepuaibl. B
JaHHOW paboTe MPOBEICHO CO3/aHHWE M HMCCIICIOBAHUE CBOWCTB IJICHOK YTJe-
poxa, nernpoBaHHbIX aToMaMu 6opa (BCy X €1...3). MHTepec kK faHHOMY THITY
CTPYKTYp OBLI BBI3BaH COBOKYITHOCTHIO YHUKAJIBHBIX CBOMCTB, TAKHX KaK: MPO-
SBJICHHE PA3IMYHBIX TUIIOB MPOBOAUMOCTH (OT METAJUINYECKOH 10 AMINEKTPH-
YeCKoil); BBICOKAsI TBEPAOCTh U MPO4HOCTh BC, MOKPHITHH; XMMHUYECKas CTOM-
KOCTb; KaTaJIUTHUECKass aKTHBHOCTH; BBICOKOTEMIIEpAaTypHas CBEPXIPOBOU-
moctb (BTCII) u 1. 1. BeI3bIBatOT MHTEpEC U pa3iHyHbIe CIOcOObl MOTUPHKa-
i BCy mieHOK, B 4aCTHOCTH, MMITYJIbCHOE JIa3€PHOE OIUIABJICHHE, KOTOPOE
aBysieTcs 3()(HEKTUBHBIM METOIOM IIOJydCHHUS] HOBBIX METAaCTAaOMIIBHBIX COCTO-
AHUH. Peanusanus CHIIBHO HEPAaBHOBECHBIX IPOIIECCOB TIPH JIA3EPHOM OTXKHIE,
MPOBOJMMOM HMMITYJIbCAaMH HAaHOCEKYHIHOH JUIMTEIHHOCTH, TTO3BOJIET TPaHC-
(opMupoBaTh yIIIEpOIHbIE IUICHKH B OPUTHMHAIBHYIO MeTacTabmibHylo Q-
carbon ¢a3y. TBepmocTs MeTacTaOWIBHBIX (pa3 Ha ocHOBe Q-carbon mpeBkImIa-
€T TBEPJIOCTh ajiMasa.

Crnoucteie B-C n cmentanasie BC, TOHKOIUIEHOYHBIE TPEKYPCOPHI TOJIIIH-
Hoit ~ 1200 — 1400 HM ObLIM CO3IAHBI METOJOM MMITYJILCHOTO JIA3EPHOTO OCa-
JKIIeHHs1 Ha carn(UpOBBIX NOMJIOXKKaX. B cocTaBe MIIEHOK OTHOIIEHHE aTOMHBIX
koHueHTparmit C/B ~ 3. Jla3epHBIIl OT)KUT CIOUCTHIX IPEKYPCOPOB C TOJNIIHU-
HOW OTHENBHBIX CIIOeB 6 — 18 HM He MO3BOJISLT MPOBECTH IPPEKTHBHOE IIIAB-
JICHUE TUICHKH JJIs1 CMEUIMBAHHWS KOMIIOHEHTOB, TOT/IAa KaK OIUIABJICHHE CMe-
IIaHHBIX TUICHOK BBI3BIBAJIO TPa(UTH3AIMIO M3HAYAIBHO aMOP(QHOI CTPYKTY-
pol. Ha cragun nmaBneHus cmecn 6opa U yriepoja IMpOUCXOAMIo GOpMUpPOBa-
HUe MHOTrOo(asHoi cTpykTyphl U3 g-BCy u B-doped GO/rGO. [Inenka ¢ takoii
CTPYKTYpOil MNpOsBIsIa OTHOCUTENIBHO BBICOKYHO IpoBoAMMOCTh (~1.6
MOM'CcM) ¥ TOTyMETaTMYECKUIl THIT 3aBUCUMOCTH OT TEeMIIEpaTypsl B JIHara-
30He 4.2 — 300 K. KonuenTpanus HocuTeneil (1pIpok) cocraBmsiia ~10° cm?, a
TOBIKHOCTD He IpeBbiana ~6 cmM>/B-c.
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PULSED LASER MODIFICATION OF LAYERED B-C AND
MIXED BC, FILMS

Today carbon materials and nanomaterials are widely used in engineering,
electronics, manufacturing, medicine, etc. Doped carbon materials are of great
interest. In this research, the creation and study of the properties of carbon films
doped with boron atoms (BCx, x €1 ... 3) is carried out. Interest in this type of
structure was caused by a combination of unique properties, such as: manifesta-
tion of various types of conductivity (from metallic to dielectric); high hardness
and strength of BC, coatings; chemical resistance; catalytic activity; high-
temperature superconductivity (HTS), etc. Various methods for modifying BCy
films, in particular, pulsed laser annealing, which is an effective method for ob-
taining new metastable states, are also of interest. The realization of highly
nonequilibrium processes during laser annealing performed by nanosecond
pulses makes it possible to transform carbon films into the original metastable
Q-carbon phase. The hardness of the metastable phases based on Q-carbon ex-
ceeds the hardness of diamond.

Layered BC and displaced BC, thin-film precursors with a thickness of ~
1200 - 1400 nm were created by pulsed laser deposition on sapphire substrates.
In the composition of the films, the ratio of atomic concentrations C/B ~ 3.
Laser annealing of layered precursors with a thickness of individual layers of 6
- 18 nm did not allow effective melting of the film for mixing the components,
while the melting of mixed films caused graphitization of the initially amor-
phous structure. At the stage of melting of a mixture of boron and carbon, a
multiphase structure was formed from g-BCx and B-doped GO / rGO. A film
with such a structure exhibited a relatively high conductivity (~ 1.6 mQ cm)
and a semi-metallic type of temperature dependence in the range 4.2 - 300 K.
The concentration of carriers (holes) was ~ 1016 cm-2, and the mobility did not
exceed ~ 6 cm2 / V with.
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YCUWJIEHUE T'NAPO®POBHOCTU TOHKUX IIVIEHOK
JUOKCHUJA HEPUA ITYTEM KOHTPOJISA TAPAMETPOB
MHNOBEPXHOCTH

Bnarogapst CBouM 0COOBIM MOBEPXHOCTHBIM CBOWCTBAM M Pa3IMYHBIM TEX-
HOJIOTUYECKH Ba)KHBIM MPUMEHEHHUSIM B Ka4eCTBE KaTallu3aTopa, TUOKCH] Iie-
pus (CeO,) cran 00bEKTOM MHOTOYMCICHHBIX HccienoBanuil. HenaBHo ObuI10
nmokazano, uro CeO, Tarke obmamaeT ruapodoOHOCTHIO, YTO PACHIMPSIET 00-
JIACTh €r0 MOTCHIMAIBHOTO MCIOIb30BaHUS B KAYECTBE BOJOOTTAIKHBAIOIICTO
TMOKPBITHUA. HeCMOTpSI Ha CynIe€CTBOBAHUE HECKOJIBKUX O6’])HCHI/ITCJ'H)HI>IX Moe-
Jiei TuAPOPOOHOCTH AUOKCHIA LIEPUs, PUPOJIAa TAHHOTO SBJICHUSA IO CHUX TIOP
OCTaeTCsl HESCHOM.

Hacrosias paborta mpeacTaBisieT uccieoBaHie (pakTopoB, BIUAIOMINX HA
cmaunBaemMocth Ce0,. Jl7st 3T0ro ObUIO MPOM3BEICHO OCAKACHHE TOHKUX ILIe-
HOK JMOKCHJAa METOJOM PEaKTUBHOTO MArHETPOHHOTO PACHbUICHHS Ha MOJ-
JOXKH pa3nudHoil Mopdosorun. s yBenuuenus: rugpopoOHOCTH, HA MMO-
BEPXHOCTh TOHKHX TUIeHOK CeO, GbUIO OCYIIECTBICHO JIOMOIHUTEIBHOE OCa-
JKICHUE PA3IMYHBIX OPraHUYECKUX coequHeHui. [lomydyeHHbIe 00pa3ibl 3aTeM
6I)IJ'II/I OXapaKTEpHU30BaHbI MMOCPEACTBOM KOHTAKTHOI'O yTjila CMaunuBacMOCTHU BO-
JAbI. HpOI/I3BCI[eHO CpPaBHCHUEC MOJYYECHHBIX 3HAYEHUH YTJI0B CMa4YuBaHUA JJId
MOBEepXHOCTEH ¢ ocaxaeHHbIMU TuieHKaMu CeO, u 0e3 TaKOBBIX JIs OICHKH
BJIMSIHUSL MaTepuajia Ha BOJOOTTAJIKHBAIOIINE CBOWCTBA MOBepXHOCTH. [loiy-
YCHHBIC PE3YyJIbTAThI MMOKA3bIBAIOT, YTO BCE pacCMAaTpUBACMBIC (baKTOpI)I — Ma-
Tepual, aacopOUpOBaHHBIC OPTaHUYECKUE MOJEKYJBI U MOP(HOJIOrus MOBEpX-
HOCTH — MOAUGDUIUPYIOT CBOHCTBA CMAYMBAEMOCTH. DTO YKa3blBaeT Ha HEOO-
XOJUMOCTb KOHTPOJISI BCEX MAPaMETPOB MOBEPXHOCTH, XaPAKTEPUIYIOIIHUX IM0-
BEJICHWC HA HEH BOMBI, IUIS IOCTIDKCHHS CYHNEprHIPOPOOHOTO COCTOSIHUS C
KOHTAaKTHBIM YTJIOM CMayuBaeMocTu cBbiie 150°.
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ENHANCED HYDROPHOBICITY OF CERIUM DIOXIDE THIN
FILMS BY SURFACE ENGINEERING

Due to its advanced surface properties and many technologically important
applications as catalytic material, cerium dioxide (CeQ,, ceria) has become un-
der the focus of extensive research. It was shown recently that CeO, also pos-
sesses hydrophobic behavior which expands the field of its potential practical
usage as water repelling coating. Despite existing of several explanation models
for hydrophobicity of cerium dioxide, the nature of this phenomenon still re-
mains unclear.

This work presents a study of factors influencing on the wetting properties
of ceria. For this, CeO, thin films were deposited via reactive magnetron sput-
tering on the substrates with different morphologies and characterized by
means of the water contact angle. The obtained results were expanded with us-
ing of different organic materials on top of the CeO, thin films to enhance their
hydrophobicity. The achieved WCAs were compared with those for samples
without ceria to find out effect of the material on the water repelling properties.
The results revealed that all the factors — material of the surface, adsorbed or-
ganic molecules and surface texturization — modify the wetting properties of the
surface. This indicates that for the achieving of the superhydrophobic condition
with WCA above 150°, it is necessary to pay attention to all of the parameters
which may control the water behavior on the surface.
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BJIUSHUE KPUCTAJUIOTPAOUYECKOM TEKCTYPBHI HA
MEXAHUYECKHUE CBOMCTBA B AYCTEHUTHOM CTAJIA
AISI 304 ITPY XOJIOTHOM ITPOKATKE U
TEPMOOBPABOTKE

AYCTCHUTHBIE CTaJH C BBICOKUM COJICPYKAHHUEM XpOMa M HHKEJsl HaXOMsT
HIMPOKOE NPUMEHEHHE B PA3IMYHBIX OTPACisiX, OT (apMareBTHUECKOil 10
aToMHOM. OJTHAKO CBSI3b KPUCTAIUIOTPAPHUYECKON TEKCTYPBI CTAIBHBIX U3/ICIHI
— OJIHOTO M3 YYBCTBHTEIBHBIX HHIUKATOPOB MEXaHM3MOB IUIACTHYECKOH je-
(dopmanmy U Ha3oBBIX MPEBPALICHHH, ¢ HX MEXaHHYECKUMHU CBOWCTBAMH, 5B-
JeTCs MaJOM3y4eHHBIM mporeccoM. [1oaToMy HEOOXOAMMO HMETh MOJHYIO
UHGOPMALIUIO O BO3MOXKHBIX CTPYKTYPHBIX U TEKCTYPHBIX M3MCHCHUSX MaTe-
pHana, ONpeesIOINX MEXaHHYECKHe CBOMCTBA N3ACIIHU.

B nmanHOI paboTe mOIpoOHO M3YUYEH Mpouece akTHBU3aLuK (Ha3oBOro mpe-
BpalleHHus yY—0’-MapTeHCUT TPU XOJOAHOW aedopmaiuu. BeisBieHO, 4yTO B
NPUCYTCTBHUH JIOTIOJHHUTENIBLHOI (ha3bl TEKCTypa Kak o’ -MapTEHCHUTA, TaK
M ayCTEHUTa B MPOIECCE MPOKATKH MOJIYYaeTCs JIOBOJILHO Pa3MbITasl.

OnuHako ¢ yBemmdeHHeM cTeneHH aedopmarmu Tekerypa {001-112}3<110>
MapTeHCHTa O0OCTPSIETCS, YTO CIIOCOOCTBYET YBEIMUCHHUIO aHU30TPOIUH MO-
JlyJisl yIIPYrOCTH MaTepuaa.

[NokaszaHo, 4TO B pe3ynabrare o0paTtHOro o’ —y (a3oBOro mpeBpalieHus B
HPOIOIBHO MPOKATAHHBIX JIHCTaX (GOPMUPYETCS TEKCTypa ayCTEHUTA C KOMIIO-
Hentamu {113}<332>+{110}<001-112>, a i HONEPEYHO MPOKATAHHBIX
{110}<334>, koTopoe HEe OMUCHIBACTCS HA OPUEHTAIMOHHBIM COOTHOIICHHEM
HummsaMel, HU OpUEHTAlIMOHHBIM cOOTHOIIeHHeM KyparomoBa—3akca, oHaKoO
OHO JISXKHT T/Ie-TO MeX 1y HUMH. OCTPOTa YKa3aHHBIX TEKCTYPHBIX KOMIIOHEHT
pacrer 1o Mepe YBEJIMYEHHUsI MIPOJIOJDKUTEILHOCTH OTHKUTa, MPU STOM CTEIeHb
TETParoHaIbHOCTH 0.’ -MapTEHCHTA YMEHbBIIACTCS.

Ha ocHOBaHMU PEHTI€HOBCKUX HCCIIEIOBAaHUN OblLIa paccuMTaHa JoJisi Map-
TEHCUTa JieOpMaIMi B CTAJIH ISl TOCIIEAYIOIUX PACYeTOB MOIYJIeH
yrnpyroctd. BennunHa Mopylnieil ynpyroctd U MHKPOTBEPJIOCTH HCCIIEIOBaH-
HBIX 00Pa3I0B YCHIIMBAETCS B PE3YJIbTATE OTXKUIOB 110 CPABHEHHIO ¢ 1e(hOopMH-
POBAaHHBIM MAaTEPUAJIOM 3a CYET BbIICICHHS Y-(ha3bl U PACTET MO Mepe yBElH-
YEHHs €€ JJOJIU B IPOLIECCEe OTIKHIA.
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INFLUENCE OF CRYSTALLOGRAPHIC TEXTURE
ON MECHANICAL PROPERTIES IN AUSTENITIC STEEL
AISI 304 AFTER COLD ROLLING AND HEAT TREATMENT

Austenitic steels with a high chromium and nickel content are widely used
in a variety of industries, from pharmaceutical to nuclear. However, the rela-
tionship between the crystallographic texture of steel products, one of the sensi-
tive indicators of the mechanisms of plastic deformation and phase transfor-
mations, with their mechanical properties, is a poorly studied process. There-
fore, it is necessary to have complete information about possible structural and
textural changes in the material that determine the mechanical properties of
products.

In this work, the process of activation of the y — o'-martensite phase trans-
formation during cold deformation has been studied in detail. It was found that
in the presence of an additional phase, the texture of both a'-martensite and aus-
tenite during rolling is quite blurry. However, with an increase in the degree of
deformation, the {001-112}<110> texture of martensite sharpens, which con-
tributes to an increase in the anisotropy of the elastic modulus of the material.

It is shown that as a result of the reverse o '— vy phase transformation in the
rolled sheets, the austenite texture {113}<332> + {110}<001-112> is formed,
which is not described either by the orientation relation of Nishiyama or the
orientation relation of Kurdyumov — Sachs however, it is somewhere in be-
tween. The texture sharpness of these textural components increases with an
increase in the duration of annealing, while the degree of tetragonality of o'-
martensite decreases.

It is shown that as a result of the reverse o '— y phase transformation in
longitudinally rolled sheets, austenite texture is formed with the components
{113}<332> + {110}<001-112>, and for cross rolled {110}<334>, which is
not described by either the Nishiyama orientation relation or the Kurdyumov —
Sachs orientation relation, but it lies somewhere between them. The texture
sharpness of these textural components increases with an increase in the dura-
tion of annealing, while the degree of tetragonality of o'-martensite decreases.
Based on X-ray studies, the proportion of deformation martensite in steel was
calculated for subsequent calculations of the elastic moduli. The value of the
moduli of elasticity and microhardness of the studied samples increases as a
result of annealing in comparison with the deformed material due to the pre-
cipitation of the y-phase and increases with an increase in its fraction in the
process of annealing.
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OCOBEHHOCTH ®A30BbIX U MUKPOJIED®OPMAILIMOHHBIX
WU3MEHEHH TUTAHOBOI'O CILIABA BT22 B PE3YJIBTATE
BBICOKOSHEPIETHYECKHX BO3JEVCTBUI

B pabote mpexacraBieHsl pe3ysbTaThl PEHTTEHOCTPYKTYPHOTO aHallU3a TH-
TaHOBOro ciaBa BT22 mocne ynpo4yHEHHsS MOBEPXHOCTU 3JIEKTPOMEXAHUYE-
CKOM 00pabOTKO U CTapeHHEM.

B pabote nccnenyercs KOMOMHUPOBAaHHAs AJIEKTPOMEXaHHYecKas oopaboT-
ka (OMO) turaHoBoro cmaBa BT22, koTopas cOmpoBOXIaeTcs €ro IMOBEpX-
HOCTHBIM YIPOYHEHHEM 3a CUYET BHICOKOCKOPOCTHOTO HarpeBa M OXJIaXICHHUS.
ITpu s>TomM xomOuHanust OMO co crapeHHeM NPHBOAUT K JIONIOJIHUTEIBHOMY
3¢ dexTy ynpoyHeHHs 3a c4eT (PUKcaruu o4aroB MetactabmiubHO# [B-hasel. B
pe3ynbTate 0OpabOTKM Ha MOBEPXHOCTH THUTAHOBHIX 00pas3moB (hopMHpyeTcs
rpajJiMeHTHAs CTPYKTypa ¢ moBbIeHHo# (Ha 30-55 %) MukpoTBepaocThio [1].

[To naHHBIM TPOBEJIEHHOTO PEHTICHOBCKOTO IMOJYKOJIMYECTBEHHOTO (ha3o-
BOTO aHaJM3a JUIl NCXOJHOTO 00pas3noB cmiaBa BT22 (cocrosHue mocTaBKH)
conepxanune o-hasbl cocrasisier ~74%, a B-dassr ~26%. [Tocie IMO Habr0-
Jaercs (pa3oBOoe BBIpaBHUBaHHE (-, [3-(ha3 10 COOTHOIICHUS HAa YPOBHE 55 K
45%. Ilocnenyromee crapeHue ympodHeHHbIX OMO 00pa3moB NMPUBOAUT K
JMCTIEPCHOHHOMY BbIJIeNIeHHIO 0-(ha3el (o 68—70 %) M KOIMIECTBEHHOMY
CHIKEHUIO cojiepkanus B-¢assl 10 30-32 %.

YcTaHOBIIEHHBIE 3HAYEHUSI OTHOCHTENBHBIX MHUKpozaedopmaruii (1o 3Have-
Huro Ad/d, rme d — MEXIIIOCKOCTHOE pacCTOSIHUE B A, a Ad — makcumanpHOE
OTKJIOHEHHE 3HAYCHUSI MEKIJIOCKOCTHOTO PACCTOSHHSI OT CPEIHETO €ro 3Haue-
HUS) U1 o-hasel HaxomaTces B muamazoHe 0,0015-0,0016 A, a s B-thazer —
0,00047 A, to ects MIPOUCXOIUT ApoOIIeHNe KPUCTALIOB (YMeHbIIeHHE 10 3,4
pa3), MakCUMalbHble 3HAYE€HHsS MHKDPOHAINPSDKEHUH O HaOIromaroTcs s o-
¢aszer — 170-180 MIla, nust B-daser — okono 50 MIla. Takoit s dekr, BeposiT-
HO, MOXET OBITh OOYCIIOBJIEH HAIMYMEM OOJIBILIETO YUCIIa BO3MOXKHBIX CHCTEM
ckonpxenus B OL[K-pemerke turana, mo cpasaenuto ¢ ['TIY perrerkoii.

Pasmeps! oOmacTeld KOTepeHTHOTO paccessHHus Kak o-(a3pl, Tak ¥ P-¢assl
TUTaHa B pe3yibprate MO 3HaUUTEIFHO YMEHBINAOTCS (TpUMEpHO B 6-14 pa3)
M0 CPAaBHEHUIO C HCXOJIHBIMHU (TIOCIIE OTXKUTra M 3aKajJKH U CTApEeHHsI) U COCTaB-
asmot, B cpeaneM, 200-460 A. Takoe ymeHbIIeHHE MOXKET TOBOPHTH 006 00pa-
30BaHUM BBICOKOJIUCIIEPCHON CTPYKTYPBI IIOBEPXHOCTHOTO ciios ocie IMO.
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BennunHa MUKPOTBEPJOCTH HO TOJIIMHE [TOBEPXHOCTHOTO CJIOS IIEpEeMEH-
Ha: MakCHMaJbHa Ha ITOBEPXHOCTH, WHTEHCHBHO CHMXXAETCS B MPHUIIOBEPX-
HOCTHBIX CJIOSIX Ha riryOuHy 10 30 MKM, 3aTeM IUIaBHO CHUIKAeTCs BILIOTH 10
UCXOAHBIX (IJI1 OCHOBHOTO MeTayuia) 3HaueHud Ha riuyoune 0,7-1,0 mm.
HauGonemmii mpupoct MukpoTBepaocTH (okoio 56 %) nmomyden npu MO To-
koM 600 A u mocnexyromem crapernu mpu 600 °C.

Takum 00pa3om, 3eKTpoMexaHndeckas 00paboTka U ee KOMOMHAIHS C T10-
CJIEMYIONINM CTapeHHEM (OPMHUpPYET B NMOBEPXHOCTH THUTAHA BBICOKOAE(EKT-
HYIO TPaAMeHTHYIO CTPYKTYPY, OTJIMYAIOLIYIOCS MOBBIIICHHOW MHKPOTBEPIO-
CTBIO.

Pabora BrimonHeHa npu ¢puHaHCOBOI moanepxkke PODU (mpoext Ne 20-38-
90295 AcnimpaHTHI).

1. The Influence of Surface Hardening by Combined Thermo-Forced Impacts on the
Fatigue Life and Damage of the VT22 Titanium Alloy / B.I1. Barmytos, B.11. Bozxo-
nbsiioB, M.H. 3axapos, I.C. Meuucesud, M.JI. Pomanenko, H.I'. Hazapog // Russian
Journal of Non-Ferrous Metals. - 2021. - Vol. 62, Issue 1. - P. 64-71. - DOI:
10.3103/5106782122101003X.
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FEATURES OF PHASE AND MICRODEFORMATION
CHANGES IN TITANIUM ALLOY VT22 AS ARESULT HIGH
ENERGY IMPACT

The paper presents the results of X-ray diffraction analysis of titanium alloy
VT22 after surface hardening by electromechanical treatment and aging.

The paper investigates the combined electromechanical treatment (EMT) of
titanium alloy VT22, which is accompanied by its surface hardening due to
high-speed heating and cooling. In this case, the combination of EMO with ag-
ing leads to an additional strengthening effect due to the fixation of site of the
metastable B-phase. As a result of treatment, a gradient structure with an in-
creased (by 30-55%) microhardness is formed on the surface of titanium sam-
ples [1].

According to the data of the X-ray semi-quantitative phase analysis for the
initial samples of the VT22 alloy (as delivered), the content of the a-phase is ~
74%, and the B-phase is ~ 26%. After EMO, phase alignment of a-, B-phases is
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observed to a ratio of 55 to 45%. Subsequent aging of the samples hardened by
EMO leads to the dispersive precipitation of the a-phase (up to 68-70%) and a
quantitative decrease in the content of the B-phase to 30-32%.

The established values of the relative microstrains (by the value of Ad/d,
where d is the interplanar distance in A, and Ad is the maximum deviation of
the interplanar distance from its mean value) for the o phase are in the range
0.0015-0.0016 A, and for B-phase — 0.00047 A, that is, particulation of crystals
occurs (decrease up to 3.4 times), the maximum values of microstresses cll are
observed for the a-phase — 170-180 MPa, for the B-phase — about 50 MPa. This
effect can probably be due to the presence of a larger number of possible slip
systems in the bcc titanium lattice, as compared to the hcp lattice.

The sizes of the coherent scattering regions of both the a-phase and B-phase
of titanium as a result of EMT significantly decrease (by about 6-14 times)
compared to the initial ones (after annealing and quenching and aging) and
amount, on average, to 200-460 A. Such a decrease may indicate the formation
of a highly dispersed structure of the surface layer after EMT.

The value of the microhardness over the thickness of the surface layer is
variable: it is maximum at the surface, intensively decreases in the near-surface
layers to a depth of 30 pm, then gradually decreases down to the initial (for the
base metal) values at a depth of 0.7-1.0 mm. The largest increase in microhard-
ness (about 56%) was obtained with EMT current of 600 A and subsequent ag-
ing at 600 °C.

Thus, electromechanical treatment and its combination with subsequent ag-
ing form a highly defect gradient structure in the titanium surface, characterized
by increased microhardness.

This work was financially supported by the RFBR (project No. 20-38-
90295 Postgraduates).

1. The Influence of Surface Hardening by Combined Thermo-Forced Impacts on the
Fatigue Life and Damage of the VT22 Titanium Alloy / V.P. Bagmutov, V..
Vodopyanov, I.N. Zakharov, D.S. Denisevich, M.D. Romanenko, N.G. Nazarov //
Russian Journal of Non-Ferrous Metals. - 2021. - Vol. 62, Issue 1. - P. 64-71. -
DOI: 10.3103 / S106782122101003X.
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®A30BO-CTPYKTYPHOE COCTOSIHAE MIOBEPXHOCTH
YIJIEPOJIUCTOM CTAJIM, MOJIU®UIIMPOBAHHOM
METOJIOM JE®OPMHUPYIOIIETO PE3AHUSA

Mexannueckass oOpaboTka nedopmupyrommm pesanuem (P) sBusgercs
MEPCIEKTHBHBIM METOIOM MOAM(MHUKALUN CTPYKTYPHl H CBOHCTB MOBEPXHOCT-
HOTO CJIOSI METaJUIOB | cIuiaBoB. OOpaboTka JIP peamusyercs Ha yHUBEPCATb-
HOM TOKapHO-BUHTOBOM CTaHKE C MCIIOJIb30BAaHHEM pE3La ONpPEAEICHHON Ieo-
Merpuu. B nponecce [IP noapesaemblii ciioil MeTaia HE OTAENAETCS OT 3aro-
TOBKH B BHJIE CTPYXKKH, a (OPMHUPYET Ha IOBEPXHOCTH OPEOPCHHBIN MaKpope-
nbed.

MeTogamu MeTamuIorpaUIeckoro U peHTreHAn(PAKIHOHHOTO aHAIH30B, a
TaK)Xe C MOMOIIBIO 3JIEKTPOHHON MUKPOCKONMUU ObLTa MCClIeJIOBaHa CTPYKTypa
MOBEPXHOCTHBIX CIIOCB YIJIEPOAMCTHIX CTajei 35 u Y8, MoyuyeHHbIX METOIOM

JIP.

A.G. DEGTYAREVA', K.0. BAZALEEVA?, C.G. VASIL’EV?
'Bauman Moscow State Technical University, Moscow, Russia
’RUDN University, Moscow, Russia
bazaleeva-ko@rudn.ru

PHASE-STRUCTURAL STATE OF CARBON STEELS
SURFASE MODIFIED BY THE METHOD OF DEFORMING
CUTTING

Mechanical treatment of deforming cutting (DC) is a promising method of
modification of metals and alloys surface layer structure and properties. The
treatment DC implement on a universal lathe with using a cutter of a specific
geometry. During DC trimmed layer don’t separates by way of shavings, but it
forms a ribbed relief on a surface.

The structure of surface layers of carbon steels with 0.35 and 0.8 %C, pro-
duced by DC method, were investigated by metallographic and X-ray analisis,
and by using electron microscopy.
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TUNGSTEN FIBRE-REINFORCED TUNGSTEN

Material related limitations are one of the main challenges for the design of
future fusion reactors. Tungsten (W) as the primary material choice is consid-
ered resilient against erosion, has the highest melting point of any metal and
shows low activation after neutron irradiation. However, W is intrinsically brit-
tle and faces operational embrittlement. To overcome these issues, W-based
composites have been in development. W fiber-reinforced W composite mate-
rials (Wf/W) incorporate extrinsic toughening mechanisms allowing the redis-
tribution of stress peaks and thus overcoming the intrinsic brittleness problem.

122



0.A. TPOULIKMI, O.5. CKBOPLIOB, B.U. CTAILIEHKO

HUnemumym mawunoseoenus um. A.A. bnacoupasoea PAH
oatroitsky@mail.ru

IPOLIECCHI PEJJAKCALIMH JE@OPMALUI IIPOBOJHUKA
IPY JENCTBUM JIEKTPHUYECKOTO UMITYJIBCA

[Ipn n3yueHnn BUOPAIIMOHHOTO OTKJIMKA B MPOBOJHHUKE HA JICHCTBHUE JJIEK-
TPUYECKOTO UMILYJIbCa HAOIIOAAeTCsl AIEKTPOILIaCTHYECKUi AP dekT n penak-
calMs OCTaTOYHBIX MeXaHuWdeckux HampspkeHuil [1, 2]. IlocnenoBarenbHble
ylIapHble ¥ 3aTyXalollie TapMOHHYECKHE BHOpalWH YKa3bIBalOT Ha IPOSIBIIE-
HHE PEe30HAHCHBIX MPOLeCCOB. Pe30HaHCHBIE MPOIECCHl B IPOBOJHUKAX MOTYT
OBITH CBS3aHBI C DJIEKTPOMArHUTHBIMU KOJICOAHHUSIMHU, MPOLIECCAMU BHYTPEHHE-
rO TPEHUS, a TaK)Ke MEXaHWYECKUMU MPOAONBHBIMU U MOMEPEUHBIMH 3HAKOIIE-
pPEMEHHBIMH J1e(OpPMaIMAMH MIPOBOAHUKA. JKCIEPHMEHTAIBHBIC aHHBIC HC-
CJICZIOBAHUS BUOPAIMOHHOTO YCKOPEHHS MOBEPXHOCTHBIX CIIOEB IPOBOJHHUKOB
IPH JICKTPOUMITYJILCHOM BO3JCHCTBHU ITOKa3bIBAIOT IIOCIECIOBATEIbHBIA BO
BPEMEHHU XapaKTep Pa3BUTUS MEXaHWYECKOT'O OTKIHMKA. TOIBKO B OTAEIBHBIC
KpPaTKOBPEMEHHBIE MHTEPBAJIbl B HadalbHbIE MOMEHTHI NEPEIHETO M 3aIHETO
(DpPOHTOB HIEKTPHUYECKOTO HUMITYJIbCA MPOUCXOANUT 3aMETHOE IpeoOpa3oBaHKE
3JIEKTPOMAarHUTHOM 3HEPTHH B YHEPIHI0 MEXAaHWYECKHX yIapoB U IOCIeTyIo-
mux konedanui. [lonspHOCTh yaapHOTo M KOnebaTeIbHOrO MPOIECCOB MPOTH-
BOIIOJIOKHBI [UISl TIEPETHETO U JJIs 33/IHETO (PPOHTOB BIEKTPHUUYECKOTO UMITYJIb-
ca, a TaKkKe IPU M3MEHEHWM 3HaKa BHEIIHETrO 3JIEKTPHYECKOr0 BO3JEHCTBHS.
CpaBHEHHE OIICHOK PE30HAHCHBIX YacTOT AJS PAa3IWYHBIX NPOBOJHUKOB MO3-
BOJISIET OLIGHUTH BIIMSIHUE BKJIaJa (PU3UUECKHUX IMPOILIECCOB B DIIEKTPOUMITYJIbC-
HOE BO3JICHCTBHE HAa MaTepHalibl. DTO OMNpEAENsSeT CBA3b BHOPOIUIACTUYECKHX
3¢ EeKTOB U MPOLECCOB B MPOBOJHHUKAX IIPU HPOSBICHUH HJICKTPOILIACTHYE-
ckoro sddekra. [{nkanaeckne BUOpanoHHbIe Ae()OPMALUH TIPH IIEKTPOUM-
MYJI5CHOM BO3/ICHCTBUH TaK)X€ MOTYT COIPOBOXIATHCS SIBICHUSIMH Pa3BUTHUS
IIUKJIMYECKOH YCTAIOCTH B NMPOBOSIIIMX KOHCTPYKIIMOHHBIX 3JIEMEHTaX MOII-
HOTO JIEKTPUYECKOT0 SHEPreTHIECKOT0 000pyI0BAHHUS.

1.CxBopuos O.b., Cramenko B.U., Tpoumxwuit O.A. Yrpyrue nedopmManuu mpoBoI-
HHKOB TIPH JICHCTBHH MMITYJIbCOB TOKa // MallMHOCTpOEHHE U HHKEHEPHOE 00pa3o-
Banue. 2018. Ne 1 (54). C. 26-35

2. Tpounkuit O.A., IlpaBotoposa E.A., Cramenko B.U., CkBoprioB O.b. Maruuto-
MeXaHHYeCKoe JIeHCTBHEe UMITYJILCHOTO ToKa B mpoBoauuke // / B coopuuke: JKupy-
4ecTh U KOHCTPYKIHOHHOE MatepuanoBenenne (JKusKoM - 2016). Tpyasl koHpe-
pernun. 2016. C. 145-148.
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RELAXATION PROCESSES OF CONDUCTOR
DEFORMATIONS UNDER THE ACTION OF AN ELECTRIC
PULSE

When studying the vibrational response in a conductor to the action of an
electric pulse, an electroplastic effect and relaxation of residual mechanical
stresses are observed [1, 2]. Successive shock and damped harmonic vibrations
indicate the manifestation of resonance processes. Resonant processes in con-
ductors can be associated with electromagnetic oscillations, internal friction
processes, as well as mechanical longitudinal and transverse alternating defor-
mations of the conductor. Experimental data on the study of the vibration ac-
celeration of the surface layers of conductors under electrical impulse action
show a time-consistent nature of the development of the mechanical response.
Only in separate short-term intervals at the initial moments of the leading and
trailing edges of the electrical impulse is there a noticeable transformation of
electromagnetic energy into the energy of mechanical shocks and subsequent
vibrations. IT The polarity of the shock and oscillatory processes are opposite
for the leading and trailing edges of the electric impulse, as well as when the
sign of the external electric impact changes. Comparison of the estimates of
resonant frequencies for different conductors makes it possible to assess the in-
fluence of the contribution of physical processes to the electrical impulse effect
on materials. This determines the connection between vibroplastic effects and
processes in conductors during the manifestation of the electroplastic effect.
Cyclic vibration deformations under electrical impulse action can also be ac-
companied by the development of cyclic fatigue in conductive structural ele-
ments of powerful electrical power equipment.

1. Skvortsov O.B., Stashenko V.1., Troitsky O.A. Elastic deformations of conductors
under the action of current pulses // Mechanical engineering and engineering educa-
tion. 2018. No. 1 (54). — P. 26-35 [in Russian].

2. Troitsky O.A., Pravotorova E.A., Stashenko V.l., Skvortsov O.B. Magneto-
mechanical action of a pulsed current in a conductor // In the collection: Vitality and
structural materials science (ZhivKoM - 2016). Conference proceedings. 2016. — P.
145-148 [in Russian].
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REGISTRATION OF MATERIALS TEMPERATURE IN THE
PROCESS OF EXPOSURE TO A HIGH-VOLTAGE PULSE
CURRENT

The main features of high-voltage electric pulse consolidation (HVC) of re-
fractory powder materials and the resulting unique capabilities of the method
are considered. The electrothermal processes of HVC at the contacts between
powder particles and at the macroscale of the entire consolidated sample are
analyzed. The results of experimental studies of the parameters of high-voltage
electrical impulse action in the processes of consolidation of high-temperature
powder compositions, high-voltage welding of dissimilar materials, as well as
high-voltage discharges in liquid are presented. The results of measuring the
intensity of thermal radiation of the investigated materials under high-voltage
electrical impulse action, recorded by the method of pulse photometry using
photodiode sensors, which, together with the Rogowski coil, are components of
the measuring complex developed by the authors, are presented. Figure 1 shows
an example of the registration by this measuring complex of the dynamics of
changes in the pulsed current (1) acting on the material, and the intensity of the
luminous flux (2) of the radiation from the material being processed.

Fig. 1. Dynamics of changes in current and thermal radiation intensity of
the processed material.
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PEI'UICTPALIUS TEMIIEPATYPBI MATEPUAJIOB B
MNPOLECCE BO3JEUCTBHUA BBICOKOBOJIBTHOI'O
NMITYJbCA TOKA

PaccMoTpeHBI OCHOBHBIE OCOOEHHOCTH BBICOKOBOJIBTHOM AJICKTPOUMITYIIHC-
HOW KoHcomumanuu (BOK) mopomIkoBBIX TYroIUTaBKHX MAaTepHajoB U 00y-
CIIOBJICHHBIC MMH YHHUKaJlbHbIE BO3MOXHOCTH MeToaa. IIpoaHanmusmpoBaHbI
3MeKTpoTepMuueckue mporeccel BOK Ha KoHTakTax MexIy 4acTHUIIAMM IIO-
pOIlIKa U B MakpoMaciitabe BCero KOHCONIUAUPOBAaHHOTO obOpa3ia. IIpuBeneHsl
pe3yIbTaThl SKCIEPUMEHTANBHBIX UCCIIeOBaHUI TapaMeTPOB BHICOKOBOJIBTHO-
TO 3JIEKTPOUMITYJIBCHOIO BO3JEHCTBHS B IpolieccaX KOHCOIHIALUHU BBICOKO-
TEMIIePaTyPHBIX MOPOIIKOBBIX KOMIO3MIMH, BRICOKOBOJIBTHOH CBapKH pa3HO-
POAHBIX MAaTepHAJIOB, a TAKXKE BHICOKOBOJIBTHBIX pa3psAnoB B xuakocTH. [Ipen-
CTaBJIEHBl PE3YJIBTATHl M3MEPEHHs] WHTEHCHBHOCTH TEIUIOBOTO WM3Iy4EHHS HC-
CJIC/IOBAHHBIX MAaTEpPHAJOB INPH BBHICOKOBOJIBTHOM 3JIEKTPOMMITYIBCHOM BO3-
JIEWCTBHN, 3apEeTHCTPUPOBAHHBIE METOAOM HMITYJILCHOW (DOTOMETpUHM C WC-
MOJIb30BaHNEM (DOTOIMOAHBIX JTaTYMKOB, KOTOPHIE BMECTe C 1osicoM Poroscko-
TO SIBISIFOTCS KOMITIOHEHTAaMH pa3pabO0TaHHOTO aBTOpaMH H3MEPHUTEIBHOTO
komIuiekca. Ha puc.l npuBesieH mpumep perucTpanyi AaHHBIM H3MEPHUTEIb-
HBIM KOMITJIEKCOM JMHAMHMKH M3MEHEHHsS MMITyJIbcHOTo Toka (1), Bo3nmeiicTBy-
IOIIEr0 Ha MaTepHall, I HHTEHCUBHOCTH CBETOBOTO MOTOKA (2) M3ITy4eHHUs OT

06pabaTsiBaeMOro Marepuaia
pr) [ ]

Puc. 1. Jlunamuka U3MeHEHHS] TOKa U MHTEHCUBHOCTU TEIJIOBOT'O HU3JyYe-
HUS 00padaTHIBACMOT0 MaTepHaa.
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TEPMO-UHAYKININOHHO-IUHAMHNYECKOE
COEAUHEHUWE MATEPHUAJIOB

IIpencraBiaeHsl uccien0BaHUS Pa3psAHO-UMIYIBCHBIX MPOIECCOB C HAKOTI-
JICHHEM 3aIlaCeHHOW PHEPrHM B Oarapesix KOHAECHCATOPOB JUIA MOJTyYCHHs He-
Pa3beMHBIX COCIMHEHHWH M3 pasHONPOQHIbHBIX JeTajel, ¢ HCIOIb30BaHHEM
MPOMEXYTOYHOTO Marepuaja — MOPOIIKOBOM KOMMO3MIMH. MexaHndeckoe
BO3JCUCTBHE OCYLIECTBISIOT 3a CYeT HCIOJIB30BaHMA HMHIYKIIMOHHO-
nmuHaMuaeckoro npusona (MIIT).

KomOunupoBanHasi 00paboTka TEpMHYECKHM BO3JICHCTBHEM MPOIYCKaHHs
TOKa W OJHOBPEMEHHBIM CHJIOBBIM HArpy>K€HHEM IIMPOKO HCIOIB3YEeTCs MpH
MOJy4eHUH Hepa3beMHBIX COCIMHEHMI: CBapKH, MpeccoBaHus, cnekanus. Kak
MPaBHJIO, UCHONB3YIOTCS pPa3AeIbHbIE SHEPTOOIOKH JUI TEITIOBOTO U CHIOBOTO
BO3ACUCTBH. B 9acTHOCTH, IPH NPUMEHEHUHN UMITYJIBCHBIX HCTOUHHKOB 3HEP-
THH HCIOJB3YIOTCS IBa TeHeparopa MMITYnbCHbIX TokoB (I'MT): mepBwiit mms
MPOMYyCKaHWsA TOKA, BTOPOH - AN MHAYKIMOHHO - JTWHAMHYECKOTO BO3JCH-
cTBUsl. ABTOpamH yctpoiictBa (pabotsl) [1] mpemiokeHo Al TapaHTUU CHH-
XPOHHU3AIMHU HUMITYyJIbCHBIX IponeccoB oT ogHoro I'MT mocnenosatenbHO co-
€AMHATH 30HY NPOIYCKaHWS TOKAa M WHAYKIMOHHO - JMHAMUYECKUN NPHBOJ,
COCTOSIIINH U3 IMIIOCKOTO WHIIyKTOpa U MPUBOIUMOTO B IBUKEHHE TOJIKATEIS.

BrICOKOBOJIBFTHAS KOHAEGHCATOPHAS CBAapKa ¢ MHIYKIMOHHO-TUHAMUYECKUM
npusonom (BKC ¢ U/IIT) mo3BonsieT coOequHATh Pa3HOTOIIIUHHEIC ETalld U3
pa3sHOPOAHBIX MaTepuanoB. OCyIIecTBICHHE Mpollecca Ha CYNEepKECTKUX pe-
JKMMax MO3BOJISIET OCYIIECTBIISTH CBapKy B TBepoi (ase 6e3 oOpa3oBaHMs MH-
TEpMETAIUIHBIX (ha3, COXpaHssi UCXOJAHYIO0 CTPYKTYPY MaTepHaliOB B 30HE CO-
enuHeHus [3].

CymHOCTh Ipolecca 3aKII0uaeTcs B IPOTEKaHUH 3JIEKTPHUUECKOro TOKa de-
pe3 UJII u cBapuBaemble metand. [Ipu 3TOM, OCymIeCTBIseTCS KOMOWHHPO-
BaHHOE TePMOAMHAMHYECKOE BO3/EHCTBHE Ha 30HY COCIUHEHHS CBapHUBACMBbIX
JeTayieil Ha CyNepKecTKHX pexuMax: Tok paspsga |,>100kA, Bpems ero
nportekanus t, = 100-400mKc, naBieHHe Ha 30HY coeAuHeHus: P, = 10%+10°
MITa.

Ha peanuzanuto npomnecca BKC, pacxomayercs sHeprusi, 3aBUCSIIAs OT €M-
koctu C OaTapen KOHAEHCATOPOB U pabouero HampspkeHust U. Dneprus, 3atpa-
yiBaeMasi Ha BBIJENICHHE Teria B 30He coeanHeHuss Wy 3aBUCUT OT BEJIMYHHBI
TOKa |p, aKTUBHOTO M MHAYKTHBHOT'O COIIPOTUBIICHHS Pa3psAIHOrO KOHTypa U
BpPEMEHHU pa3psana. DHEprus, 3aTrpadrBaeMas Ha MEXaHHUeCKOe BO3JeHCTBHE
coenuHsieMbIx neraneit W), onpeznensercs TOKOM paspsiia ¥ UHIYKTHBHOCTBIO
L mockoii cimpanu UJIIT.
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Tepmuueckoe BO3JEICTBHE HA INOPOLIKOBYK) KOMIIO3ULMIO TaK )K€ YCHIIH-
BaroT ucnojis3zoBanuemM VI npu uMmynbsCHOM 3JIEKTPOCIIEKAaHUH BBICOKOTEM-
nepaTypHOil KepaMHUKHU Ha OCHOBe KapOuna ra¢Hus [2]. Tax sxe Mcrorb30Baics
oaud I'NT Ha peanu3annio TEMIOBOIO U CUIOBOTO BO3AEHCTBHUS.

M3BecTHO coeMHEHNE MOHOJUTHBIX MAaTepUaoOB C MCIOJNb30BAaHUEM NPO-
MEKYTOYHBIX MOPOIIKOBBIX KOMIIOZUIMA. DTOT MPOIECC TaK Ke aKTHBHPYIOT C
MCIOJb30BaHNEM UHAYKIMOHHO-IMHAMUYECKOTO BO3AeHcTBYsA [3].

WHAyKOnOHHO- AIWHAMHYECKHH TPHBOI IEJIeCO00pa3HO HCHOJIH30BATH
TaKXKe JUIsl OPUKETHPOBAHUS OTXOIOB METAILIO00PaOOTKH (BTOPCHIPHS) [4].

IIpourocts OpuKeTOB obOecmeunmBaeMas 3a CUET SJICKTPUUCCKOW CBApKU
KOHTaKTOB MEX]y YacTUIAMHU CTPYKKH YBEIHYMBAETCS B pE3ylbTaTe CHH-
XPOHHOTO TEIJIOBOT'O ¥ CUJIOBOTO BO3JEHCTBUS.

Takum 00pa3oM, IOATBEPIKIACTCS 1IeJIeCO00pa3sHOCTh UcTonb3oBanus MITT
CO3/AI0IIET0 KOBOYHOE YCHUJIME MPU MOJYyYEHUH HEPA3bEMHBIX COECIUHEHUI
Pa3IMYHBIX KOMIIO3UIUH.

1. Grigoryev, E.G., Nescoromniy, S.V., Strizhakov, E.L. Super-hard modes of ca-
pacitor welding during the formation of joints from dissimilar materials. Procedia
Structural Integrity, 2020, V.30, p.p. 33-39

2. IIpenmymiecTBa BBICOKOBOJBTHOI KOHCOJIMAAIMY MOPOIIKOB Kapbuaa rabHus n
criaBoB Ha ocHOBe BonbGpama. ['puropseB E.I'., [omse B.JO., Ocunues A.B.,
IInotaukoB A.C., CtpmxakoB E.JI., Heckopomnsiii C.B., Bunorpanos B.I'., Arees
C.0. Nonequilibrium processes: Recent accomplishments. Edited by S. M. Frolov
and A. I. Lanshin. Mocksa, 2020. C. 190-192.

3. [ar. 136754 Poccuiickas deneparst, MIIK’ B22F 3/087. YeTpoifcTBO 11st H71eK-
TpoumityiascHoro cnekanus: / E.JI. Crpmkakos, C.B. Heckopomusiid, M.A. Paukos.
Ne2013114033/02; 3asBin. 28.03.2013; omy6a. 20.01.2014, Bron. Ne 2, 2 c.

4. 3notauxoB E.I'., Makcapos B.B. CoBpemeHHBIE TEXHOJIOTHHM MNepepaboTKu M
OpHKETHPOBAaHHS METAJUTMYECKOH CTPY)KKH B aBTOMATH3MPOBAHHBIX TPOM3BOJICTBAX
// Banncku ropHoro uHctutyta. 2014. c. 37-41.

S.V. NESCOROMNIY, E.L. STRIZHAKQOV
Don State Technical University, Rostov-on-Don, Russia
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THERMO-INDUCTION-DYNAMIC CONNECTION OF
MATERIALS

Investigations of discharge-pulse processes with accumulation of stored en-
ergy in capacitor banks for obtaining permanent connections from parts of dif-
ferent profiles, using an intermediate material - a powder composition, are pre-
sented. Mechanical action is carried out through the use of an induction-
dynamic drive (IDD).

Combined processing by the thermal effect of current transmission and sim-
ultaneous force loading is widely used in the production of permanent joints:
welding, pressing, sintering. As a rule, separate power units are used for ther-
mal and power effects. In particular, when using pulsed energy sources, two
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pulse current generators (PCG) are used: the first for passing current, the sec-
ond for induction-dynamic effects. The authors of the device (work) [1] pro-
posed to connect in series the current transmission zone and the induction-
dynamic drive, consisting of a flat inductor and a driven pusher, to guarantee
the synchronization of pulse processes from one PCG.

High-voltage capacitor welding with an induction-dynamic drive (HVCW
with IDD) allows vou to connect parts of different thickness from dissimilar
materials. The implementation of the process in super-rigid modes allows weld-
ing in the solid phase without the formation of intermetallic phases, while
maintaining the original structure of materials in the joint zone [3].

The essence of the process lies in the flow of electric current through the
IDD and the parts to be welded. In this case, a combined thermodynamic effect
on the joint zone of the parts to be welded is carried out in super-rigid modes:
discharge current Id> 100 KA, its flow time t; = 100-400 ps, pressure on the
joint zone P, = 10° = 10° MPa.

For the implementation of the HVCW process, eneray is consumed, which
depends on the capacity C of the capacitor bank and the operating voltage U.
The energy spent on heat generation in the W, connection zone depends on the
current IP, the active and inductive resistance of the discharge circuit and the
discharge time. The energy expended on the mechanical action of the connect-
ed parts W,, is determined by the discharge current and the inductance L of the
flat spiral IDD.

The thermal effect on the powder composition is also enhanced by the use
of IDF durina pulsed electric sintering of high-temperature ceramics based on
hafnium carbide [2]. One PCG was also used for the implementation of thermal
and power effects. It is known to join monolithic materials using intermediate
powder compositions. This process is also activated using induction-dynamic
action [3]. It is advisable to use the induction-dynamic drive also for briquetting
of metalworking waste (recyclable materials) [4].

The strength of briquettes, provided by electric welding of contacts between
chip particles, increases as a result of synchronous heat and force action.

Thus, the expediency of using the IDD, which creates a forging force, is
confirmed when obtaining permanent joints of various compositions.

1. Grigoryev, E.G., Nescoromniy, S.V., Strizhakov, E.L. Super-hard modes of ca-
pacitor welding during the formation of joints from dissimilar materials. Procedia
Structural Integrity, 2020, V.30, p.p. 33-39

2. Advantages of high-voltage consolidation of hafnium carbide powders and tung-
sten-based alloys. Grigoriev E.G., Goltsev V.Yu., Osintsev A.V., Plotnikov A.S.,
Strizhakov E.L., Nescoromniy S.V., Vinoaradov V.G., Ageev S.O. Noneguilibrium
processes: Recent accomplishments. Edited by S. M. Frolov and A. I. Lanshin. Mos-
cow, 2020.S. 190-192.

3. Pat. 136754 Russian Federation, MPK7 B22F 3/087. Device for electrical impulse
sintering: / E.L. Strizhakov, S.V. Nescoromniy, M.A. Rachkov. No. 2013114033/02;
declared 03/28/2013; publ. 01/20/2014, Bul. No. 2, 2 p.

4, Zlotnikov E.G., Maksarov V.V. Modern technologies of processing and bri-
quetting of metal shavings in automated production // Zapiski gornogo instituta.
2014, p. 37-41.
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AHAJIN3 ®A30BBIX IPEBPAIIIEHUI B CBEPXYIIPYTUX
CIITABAX ITPA UCTTIOJIb3OBAHUU PEHTTEHOBCKOI'O
MN3JIYYEHUSA PASHOU MOIIHOCTHU

Ha cmmaBax Ti-Zr-Nb mpoBeseH aHann3 3aKOHOMEPHOCTEH pa3BUTHS Map-
TEHCUTHBIX TpeBpamennid (MII) P—a’ B 3epHax MaTepuHCKOW (asbl.
CBepXynpyrocTb JaHHBIX CIUIABOB OMNpEAEseTcs MPOTEKaHHEM OOpaTHMBIX
MII mpu cHATHY BHEITHEH Harpy3ku ¢ obpasmna. B-¢aza nmeer OLIK-pemerky,
a MapTeHcHuTHas o''-¢aza — opropomoOmuyeckyro. MII mpeBpareHue mpoucxo-
JIUT CTPOTO B COOTBETCTBUHU C OPUEHTALMOHHBIMU COOTHOIIECHUSMH, MPHU KOTO-
peIx [100], || [110]s; [010], || [011]g; [001], || [011]s. HampsikeHHOE cocTosHUE
B JJAHHOM paboTe 3a1aBajioch B OTOXKCHHBIX (hoabrax Ti-(17-19)Zr-(14-15)Nb
(ar.%) myrem ux u3ruba BOKPYT OINpPaBKU WIM MyTeM pacupsiMieHust (oJbr,
OTOMOKEHHBIX B M30THYTOM COCTOSIHUH. [loBepXHOCTHBIE ciion (OJBrH pacTs-
MBI WINM CKUMaJIU B HanpasieHun npokatku (HII) wiam B momnepedHom
Harpasienun (ITH) no creneneit nedopmanun 1-1,6%. dazoBslit anaaus npo-
BOJIMJICS C TIOMOIIBIO CHHXPOTPOHHOTO M PEHTTEHOBCKOTO M3IydeHuil. OpueH-
TaIlMOHHBIE 3aBUCHMOCTH 00pa30BaHMs 36peH MApTEHCUTHOM (a3bl N3ydaINCh
C TIOMOIIIHIO 000OIIECHHBIX MPSIMBIX TOMOCHBIX Guryp (OIIID), mo3BosronTix
muddepeHInpoBaTh 3epHa 10 UX OPUEHTALUH U CYOCTPYKTYPHOMY COCTOSTHHIO
(MHUKpOHMCKa)XEHUS U JUCIIEPCHOCTH ).

OCHOBHBIMH TEKCTYpPHBIMH KOMITOHEHTaMH JedopmupoBanHoi 10 97%, a
3aTeM PEeKPUCTAIUTN30BAaHHOW (onbru sBistoTces {221}<114> u {100}<011>,
MIPUYEM TOCTIeIHAS TeKCTYpHasi KOMIIOHEHTa YCHUIIMBAETCs B IIPOLIECCE OTHKUTA.
MaptencutHas ¢asza obpasyercss B [-3epHax, oOpa30BaBIIMXCS HPH PEKPH-
CTAJNIM3aLUU. YCTaHOBJIEHA I0CIEN0BATENbHOCTh pa3Butus MII B maTepuH-
ckoit ¢asze. [1pn pactsoxenun 1o 1,4% sroas HIT wm ITH B B-3epHax, coxaTbix
BJI0JIb HOPMAJILHOT'O HarpasJiIeHus! (POJIbTH, MOSBISIOTCS 3epHa o' -(asbl ¢ opH-
enranueit (100)[001]. IIpu noBeimeHnn crernenu aedopmanuu ao 1,6% o'-
(asa Tarke obpasyercs B -3epHax ¢ opueHTaumei {221}<114>, npuyem ock
[100] opropoMbOHUecKoli CTPYKTYpBI, BI0JIb KOTOPOH MPOUCXOJSIT MaKCUMab-
HbIE pPa3MEpHbIC N3MEHEHHsI, PACIIOOKeHa B 00J1acTh cxKaTus -3epeH.

Pa6ota BeImosHeHa npu (UHAHCOBOH moanepxke Poccuiickoit @eneparun
B Jiie MuHHUCTEpCTBAa HAyKW M BhIcIIero oopasoBanust PO (Cormamenune Ne
075-15-2021-1352).
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ANALYSIS OF PHASE TRANSFORMATIONS IN
SUPERELASTIC ALLOYS USING X-RAY RADIATION OF
DIFFERENT POWER

On Ti-Zr-Nb alloys, the analysis of the regularities of the development of
martensitic transformations (MT) B—a’’ in the grains of the parent phase is
carried out. The superelasticity of these alloys is determined by the occurrence
of reversible MT when the external load is removed from the sample. The 3-
phase has a bcc lattice, and the martensitic o’ -phase has an orthorhombic one.
MP transformation occurs strictly in accordance with the orientation relations,
at which [100],, || [110]s; [010], || [011]s; [001]. || [0T11]e. The stress state in
this work was set in the annealed Ti-(17-19)Zr-(14-15)Nb (at.%) Foils by bend-
ing them around the mandrel or by straightening the foils annealed in the bent
state. The surface layers of the foil were stretched or compressed in the rolling
direction (RD) or in the transverse direction (TD) to a degree of deformation of
1-1.6%. Phase analysis was carried out using synchrotron and X-ray radiation.
The orientational dependences of the formation of grains of the martensite
phase were studied using generalized direct pole figures (GDPF), which make
it possible to differentiate grains by their orientation and substructural state
(microdistortions and dispersion).

The main texture components deformed to 97%, and then recrystallized foil
are {221}<114> and {100}<011>. The martensite phase is formed in B-grains
formed during recrystallization. The sequence of development of MP in the ma-
ternal phase has been established. When stretched up to 1% along the RD or
TD in the-grains compressed along the normal direction of the foil, grains of
the B-phase with the orientation (100)[001] appear. With an increase in the de-
gree of deformation to 1.6% the o''-phase is formed in B-grains with the
{221}<114> orientation, and the [100] axis of the orthorhombic structure,
along which the maximum decrease in size occurs, is formed in the region of
compression of B-grains.

The work was carried out with the financial support of the Russian Federa-
tion represented by the Ministry of Science and Higher Education of the Rus-
sian Federation (Agreement No. 075-15-2021-1352).
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KAJIBIIAH-MATHUI ®OCPATHBIE KOCHBIE IIEMEHTBI:
HCCJIEJJOBAHUE AHTUBAKTEPHUAJIBIX CBOMCTB,
O EHKA BUOCOBMECTUMOCTHU U
OCTEOKOHJIYKTHUBHBIX TOTEHIIUH IN VIVO

AKTyabHOCTh paboThl 00YCIIOBIEHa HEOOXOANMOCTBIO CO3aHUsI KOCTHBIX
LHECMCHTOB AJIA BepTe6p0HJ'IaCTI/IKI/I MMO3BOHOYHHMKA- MaJTOMHBAa3UBHOMU npoueay-
pe 3anosHeHus: 1eeKTOB KOCTHBIX TKaHEH, COPMUPOBAHHBIX B PE3yJbTaTe
TpaBM, OHKOJIOTHMYECKHX 3a00JIeBaHHH, ocTeonoposa. biaromaps 3HauuTelb-
HOMY COJIE€P’KaHHIO MOHOB MarHus (10 60 M011.%), UrparoyX 3HAYUTEIbHYIO
POJIb B YCUJICHUM OCTEOTeHe3a, CHIKEHUH aKTHBHOCTh OCTE00JacTOB, CTUMY-
JIMpOoBaHMHU OanaHca OMOpE30pOIMM M CHHTE3a MHUHEPAIbHOM COCTABIISIOMICH
KOCTH, KaJbIUi -MarHueBble (ocdaTHbIC HEMEHTHI B MOCIEIHNE HECKOJIBKO

JIeT HAIlUTM CBOE€ MPUMEHEHNE B KAUECTBE aTbTEPHATUBBI KJIACCHUYECKHM MaTe-
puanaM Ha ocHOBE (ocdaToB Kamprus [1].

Konrpons

6 Hezenn
6 nenens

12 nenens
12 nenens

a)

Pucynok 1. A - 3akpeiTas 061acTb AeekTa ¢ NCIOIb30BaHUEM [IEMEHTHBIX
MaTepuanoB, b- Mukpo-KT nemenTreix obpasios T0, V1 u koHTpOIBHOTO 06-
pasmua 6e3 niementa B 3D u 2D mpoeknusax depe3 6 u 12 HeJenb uccieoBaHus,

B— rucronornueckne cpessl eMeHTHBIX 00pa3noB TO u VI gepe3 6 u 12

HeZeNTb UCCIICIOBAHMSI, OKpacka — FreMaTOKCUIIMH-2031H, yBenudeHnue x200.

PaboTa nocesiiieHa co3/1aHUI0 U M3YUEHHIO CTPYKTYPHO-()a30BOTO COCTOSI-
HHSI KOCTHBIX IEMEHTOB Ha ocHOBe (asbl ctpyBut (MgNH4PO4*6H20). brum
MOJTyYeHbl HOBBIE KaJlbIMH-Maruuii ocgarHble IEMEHTHl Ha OCHOBE CHCTEMBI
(Ca+Mg)/P=2 ¢ comepxannem marHus 60 mMo1.%, 00Iagaromye MPOYHOCTHIO
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npu cxartuu 54+5 Mlla, BpemeHeM cxBaTblBaHUS 6-7 MUH M HEHTpaNbHBIM
3HaueHueM pH. Belo nccnenoBaHo BiIUsiHUE BBEACHUS B LIEMEHTHBIE MaTepHa-
761 BaHKoMHIIMHA B KoimdecTBe 160 Mr/r u 100 mr/r. [IpoyHocTh NpH CoxaTuu
LEMEHTHBIX 00pa3LoB yMeHbmaercst 10 38+3 MIla npu BBeaeHNH BaHKOMHIIH-
Ha BHE 3aBHCUMOCTH OT KOHIIeHTpauuu. VccnenoBaHue KMHETHKH BbIAEICHUS
BaHKOMMIIMHA 1T0KA3aJI0, 9TO B T€YEHHE 2] CyT MPOUCXOAMT BBIJCICHUE aHTH-
6uotnka B KommdecTBe 10 98%. MaTepuansl NpOSBISIIA BBIPAKCHHYIO aHTH-
OaKTepHaJbHYI0 aKTHBHOCTH B OTHOIICHHH mTaMMoB Staphylococcus aureus u
Escherichia coli. ITo Mmakpo- 1 MHKpO- IpU3HAKaM IIEMEHTHBIC MaTepHAaIbl SB-
JISIFOTCS TIOJTHOCTHI0 OMOCOBMECTHMBIMH, K 6 Heene HabmromaeTrcs obpa3oBa-
HHUE HOBOHM KOCTHOH TKaHU (pHc.1).

Pabota BrinonHeHa npu (puHaHcoBol nonuepxkke PODU u npaBurenscTBa
MockBbI B paMkax HayyHoro mpoekra Ne 21-33-70079.

1.Goldberg M. A. et al. In situ magnesium calcium phosphate cements formation:
From one pot powders precursors synthesis to in vitro investigations //Bioactive Ma-
terials. — 2020. — V. 5. — Ne. 3. — P. 644-658.
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CALCIUM-MAGNESIUM PHOSPHATES BONE CEMENTS:
RESEARCH OF ANTIBACTERIAL PROPERTIES,
BIOCOMPATIBILITY AND OSTEOCONDUCTIVE

POTENTIALS IN VIVO

Nowadays, the development of new bone cements requires to improve in-
jectability and cohesion properties for medicine applications in kyphoplasty
and vertebroplasty/ The aim of this work is creation new bone cements for ver-
tebroplasty of the spine, a minimally invasive procedure for filling bone tissue
defects formed as a result of trauma, cancer, osteoporosis. Due to the signifi-
cant content of magnesium ions (up to 60 mol%), which play a significant role
in enhancing osteogenesis, reducing the activity of osteoblasts, stimulating the
balance of bioresorption and synthesis of the mineral component of the bone,
calcium-magnesium phosphate cements have found their application in the last
few years as an alternative to classical materials. based on calcium phosphates
[1].

The work is devoted to the creation and study of the structural-phase state
of bone cements based on the struvite phase (MgNH4PO,*6H,0). Were ob-
tained new calcium-magnesium phosphate cements based on the system (Ca +
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Mg) / P = 2 with a magnesium content of 60 mol.%, compressive strength is
about 54 + 5 MPa, a setting time of 6-7 minutes and a neutral pH value. The
effect of the introduction of vancomycin into cement materials in the amount of
160 mg /g and 100 mg/g was investigated. The compressive strength of cement
samples decreases to 38 &= 3 MPa with the introduction of vancomycin, regard-
less of concentration. A study of the kinetics of vancomycin release showed
that up to 98% of the antibiotic is released within 21 days. The materials exhib-
ited pronounced antibacterial activity against Staphylococcus aureus and Esch-
erichia coli strains. According to macro- and micro-signs, cement materials are
completely biocompatible, by the 6th week, the formation of new bone tissue is
observed (Fig. 1).

Konrposns

6 Henens
6 nenens

12 nesens
12 nenens

a)

Figure 1. A - closed area of the defect using cement materials, B- micro-CT of
cement samples TO, V1 and a control sample without cement in 3D and 2D pro-
jections after 6 and 12 weeks of the study, B- histological sections of cement
samples TO and V1 through 6 and 12 weeks of the study, staining - hematoxy
lin-eosin, x200 magnification.

The research was funded by RFBR and Moscow city Government according
to the project Ne 21-33-70079

1. Goldberg M. A. et al. In situ magnesium calcium phosphate cements formation:
From one pot powders precursors synthesis to in vitro investigations //Bioactive Ma-
terials. — 2020. — V. 5. — Ne. 3. — P. 644-658.
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BBICTPO3AKAJIEHHBIE CILIABBI-IIPUIIOU CUCTEMBI
Al-Ge-Si, IEPCHEKTUBHBIE JJ151 COEJUHEHUSI
BBICOKOIIPOYHOI'O AJJIOMUHUEBOTI'O CILJIABA AA6082
C KOPPOBHOHHOCTOMKOM CTAJIBIO AISI 304

AKTYaJIbHOCTh NTPUMEHEHHMs JIETKHX AIOMHHHUEBBIX CILIABOB O0YCIIOBJIEHA
HSKOHOMMYECKON BBITOJON U IKOJOTHUECKOoH moBecTkoil. C pa3BUTHEM NpOU3-
BOJICTBA CTaHOBSITCSI Bce 00Jiee aKTyalbHBIMH HUCCIIEIOBAaHHS B 00JIaCTH COeIH-
HEHUSI BBICOKOIPOYHBIX ATIOMHUHUEBBIX CIUIABOB, NMPUMEHSEMBIX BO MHOTHX
cdepax TpaHcropTHOW oTpaciu. OJHOM U3 aKTyaJbHBIX TEXHOJOTHYECKUX 3a-
Jad SIBIISIETCSl TIOJydEHHE DPAa3HOPOJHOTO COEAWHEHUS] W3 BBICOKOIPOYHBIX
IIOMHHHUEBBIX CIUIABOB C KOPPO3MOHHOCTOMKOH cTaipio. JlaHHYIO 3amady
MOXHO PEIIUTh C HCIIOJIb30BaHWEM TEXHOJOTHMH MaiKH, MO3BOJIIONMIECH obec-
MEYUTh TEPMETHIHOCTh M NPOYHOCTh COCIMHECHHS B COYETAHWH C MUHHMalb-
HOH jaerpajnanueil cTpyKTypHO-(a30BOTO COCTOSHHS OCHOBHBIX MAaTEpHaJOB.
[oBbImeHne TPOYHOCTH ATFOMHHHEBBIX CITIABOB COMPOBOXKAACTCS MOHIKECHH-
€M TeMIlepaTyphl X coauayca 10 550600 °C, uTo HakIaAbIBaET OrpaHUYEHUE
Ha MPUMEHEHHE TPaIUIIHOHHBIX citaBoB cuctembl Al-Si [1]. Oxnako, ucmosb-
30BaHUE HJIEMEHTOB, MOHMWKAIOIIUX TEMIEPATypy IJIaBJICHUS, MO3BOJISIET MC-
MOJIB30BaTh Kiaccuueckyro cuctemy Al-Si B kauecTBe OCHOBBI 1S pa3pabOTKH
HOBBIX TPHUITOEB. BOJIBITMHCTBO PabOT MOCBSAIIEHO MCIIOJIL30BAHHUIO B KAUECTBE
JIETHPYIOIINX 3JIEMEHTOB IIMHK, MEJb M TepMaHUi. BrIcOKOE conepkaHue [IH-
Ka B IPUIOSIX BBI3BIBAET 3PO3UI0 AIIOMHHUS WM €r0 CIUIABOB, a NMIPUCYTCTBHUE
MeJi IPUBOJIUT K 00Pa30BaHHIO B MAsTHOM IIBE XPYIKHX HHTEPMETAJUTHUECKUX
¢da3 Al,Cu. B cygae 6unapHoro craBa Al-Ge BBICOKOE cofepikaHUe repMa-
HUS TaK)K€ BBI3BIBAET OXPYMYMBAHHE MassHBIX coenuHeHnH. CIulaBbl HA OCHOBE
cucrembl Al-Ge-Si, paccMaTpuBaembie B JJaHHOW paboTe, MEPCHEKTUBHBI IS
co3manusi npunoes. [IpeMMyllecTBaMH [aHHBIX CIUIABOB SIBIISIOTCS HHU3Kas
TeMIiepaTypa IJIaBJICHUS, NPUeMJIeMble MEXaHHUECKHE XapaKTePUCTHKU U J10-
CTATOYHAs TEXHOJOTHYHOCTh MPH MX mponsBoiacTse [2]. Llenbio paGoTs! sIBIIs-
JI0Ch KOMIUTIEKCHOE M3yYeHHE CBOMCTB CIIaBOB Ha 0cHOBe cuctembl Al-Ge-Si.
UccnenoBanbl skcnepuMenTtansHbie criasbl Al-30,4/35,5/40,0Ge-5,5/4,4/3,4Si
mac.%. CIUTKH CIUIaBOB TOJIy4aldd METOJOM HWHIYKIMOHHOH BaKyyMHOMH
TaBKH. JIGHTHI IPUIIOEB TOJIIUHON 55 + 1 MKM OBUIM TOJTyYEHBI 110 TEXHOJIO-
THH CBEPXOBICTPOTO 3aTBEPEBAHUS MJIOCKOM CTPYH paciilaBa Ha MEIHOM JIHC-
Ke-XOoJoAWIbHUKE. [[J1s1 onpeiesieHus TeMIIepaTypHBIX XapaKTEPUCTHK CIJIaBOB
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UCIIONb30BAIM  MeTo] Au(PepeHalbHOl CKAaHUPYIOIEH KaJopuMeTpUuu
(JACK). Ilomy4yeHHBlE SKCIEpUMEHTANbHBIE PE3yJIbTaThl IO ONPEAEICHHIO 3a-
BHCHMOCTH TEMIIEpaTyphl JIUKBHAYCa OT cofaepkanus Si u Ge, cormacyrrcs ¢
TEOPETHYECKUMH NPOEKLMSIMUA TTOBEPXHOCTH JIMKBHIyca TPOHHOW (azoBoit
nuarpammsl coctosiaus Al-Ge-Si [3]. Ha kpuBsix JICK HabnrogaroTes miasie-
HHE/KPUCTAJUIM3ANUs TBEPJIOTO PAacTBOpa M [Ba YETKO BBIPAKEHHBIX IIHKA,
CBHJICTENBCTBYIOIUX O IUIABJICHUN/KPUCTAIIN3ALUN JIBYX Pa3IMIHBIX CTPYK-
TYPHBIX COCTABIISIIOIINX 3BTEKTHYECKOTO THMA. M3ydeHHEe MHKPOCTPYKTYpPHI
CJIUTKOB TI0Ka3ajio, YTO CIUIaB COCTOUT M3 ABYX 3BTEKTHK. C IIOMOIIBIO PEHT-
reHoBCcKoro ¢aszoBoro aHamm3a (PDA) ycraHOBIE€HO, YTO mepBasl IBTEKTHKA
cocrout u3 TBepaoro pacteopa (Al, Ge) ¢ Teepasim pactBopom (Ge, Si), a BTO-
pas — u3 TBepaoro pacteopa (Al, Ge) ¢ TBepabIM pacTBopoM Ha ocHoBe Ge.
V3MepeHus: HAaHOTBEPIOCTH MOKa3aii, 4To pactBop (Si, Ge) u pacTBop Ha Oc-
HoBe Ge MUMEIOT OJIM3KYH) HAHOTBEPJOCTh, OHA coctasiser 11,6 I'Tla u 10,2
I'Tla, coorBercTBeHHO. [Ipn 3TOM pacTBOp Ha ocHOBe Al M MHTepMeTayUIHYe-
ckas daza Al;Ge,Fe umeroT 3HaunTenbHO MeHbIIyI0 HaHoTBepaocTh 0,7 I'Tla u
6,7 I'Tla cooTBeTcTBEHHO. VI3MepeHus TBepAOCTH CIUTKOB o bpuHesto mokxa-
3aJM, YTO CIMTKH NIPUIIOEB JOCTATOYHO IUIACTUYHBI M 00JIaaroT TBEPAOCTHIO,
CPaBHUMOH C TBEpHOCTHIO amfoMuHHEBOro ciutaBa AA6082, xoTopeiii Oyzer
HCIIONB30BaThCS I TAHKH ¢ KOppO3HOHHOCTOMKON cTanpio AlSI 304. TTomy-
YEHHBIE PE3YJIBTATHl AL UCCIECAYEMbIX CIMTKOB MOTYT OBITH HCIIOIH30BAHbI
JUISL TIPOTHO3MPOBAHMS (POPMHPYIOLIEHCS CTPYKTYpHI IIBA IOCI]E IAHKH C I10-
npaBKkod Ha UQQy3HOHHBIE MTPOLECCHI, TPOUCXOIAIINE MEXKIY NasieMbIMH Ma-
TepHaNnaMu 1 UCCIIEAYEMbIMH CIUIAaBaMHU-TIPHIIOSIMH.

HccnenoBanue BHINOIHEHO NpU (rHAHCOBOI noaaepkke PODOU u Hemen-
KOro Hay4HO-HCCIIEI0BATEIbCKOTO COOOIECTBA B PaMKaX Hay4dHOIO IPOEKTa
Ne 21-52-12026.

1.Velu P.K. Study of the effect of brazing on mechanical properties of aluminum
alloys for automotive heat exchanges. Purdue University, 2017.— 92 p.

2.NIU Z. wei.Effects of germanium additions on microstructures and properties of
AI-Si filler metals for brazing aluminum // Trans. Nonferrous Met. Soc. China. —
2016.— P. 775-782.

3.Al-Ge-Si Liquidus Projection of Ternary Phase Diagram: Datasheet from
“PAULING FILE Multinaries Edition — 2012” in SpringerMaterials / ed. Villars P.,
Okamoto H. Springer-Verlag Berlin Heidelberg & Material Phases Data System
(MPDS), Switzerland & National Institute for Materials Science (NIMS), Japan.
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RAPIDLY-QUENCHED FILLER ALLOYS OF THE Al-Ge-Si
SYSTEM, PROMISING FOR THE CONNECTION OF HIGH-
STRENGTH ALUMINUM ALLOY AA6082 WITH CORROSION-
RESISTANT STEEL AISI 304

The actuality of the use of the light aluminum alloys is caused by the eco-
nomic benefits and ecological agenda. With the development of manufacturing,
research of the joining high-strength aluminum alloys, that used in many areas
of the transport industry, is becoming increasingly important. One of the actual
technological tasks is to obtain a heterogeneous compound from high-strength
aluminum alloys with corrosion-resistant steel. This problem can be solved by
using brazing technology, which allows to ensure the tightness and strength of
the joint in combination with minimal degradation of the structural and phase
state of the base materials. An increase in the strength of aluminum alloys is
accompanied by a decrease in their solidus temperatures to 550-600 °C, which
imposes a restriction on the use of traditional alloys of the Al-Si system [1].
However, the use of elements that reduce the melting point makes it possible to
use the classical Al-Si system as a basis for the development of new filler al-
loys. Most of the works are devoted to the use of zinc, copper and germanium
as alloying elements. The high zinc content in filler alloys causes erosion of
aluminum or its alloys, and the presence of copper leads to the formation of
brittle intermetallic phases of Al,Cu in the brazed joint. In the case of the bina-
ry Al-Ge alloy, the high germanium content also causes embrittlement of the
brazed joints. Alloys based on the Al-Ge-Si system, considered in this paper,
are promising for the creation of filler alloys. The advantages of these alloys
are low melting point, acceptable mechanical characteristics and sufficient
manufacturability in their production [2]. The aim of the work was a compre-
hensive study of the properties of alloys based on the Al-Ge-Si system. Exper-
imental alloys investigated in the work were Al-30,4/35,5/40,0Ge-5,5/4,4/3,4Si
wt.%. Alloy ingots were obtained by induction vacuum melting. Filler foils
with a thickness of 55 + 1 microns were obtained using the technology of ultra-
fast solidification of a flat melt jet on an installation with a rapidly rotating
copper disk. The method of differential scanning calorimetry (DSC) was used
to determine the temperature characteristics of alloys. Experimental results on
the determination of the liquidus depending on the content of Si and Ge are
consistent with the theoretical projections of the liquidus of the triple-phase di-

137



agram of the Al-Ge-Si state[3]. Melting/crystallization of the solid solution and
two distinct peaks are observed on the DSC curves, indicating melt-
ing/crystallization of two different structural components of the eutectic type.
The evaluation of the ingot microstructure showed that the alloy consists of two
eutectics. Using X-ray phase analysis (XRD), it was found that the first eutectic
consists of a solid solution (Al, Ge) with a solid solution (Ge, Si), and the sec-
ond consists of a solid solution (Al, Ge) with a Ge-based solid solution. Nano-
hardness measurements have shown that solid solution (Ge, Si) and Ge-based
solid solution are significantly harder than other microstructural components of
alloy ingots. The elastic modulus of indentation of an Al-based solid solution is
significantly lower than the measured values of other structural microstructural
components. Ingot hardness measurements have shown that filler ingots are
sufficiently ductile and have a hardness comparable to that of aluminum alloy
AA6082, which will be used for brazing with corrosion-resistant steel AISI
304. The results obtained for the ingots under study can be used for predicting
the emerging structure of the seam after brazing, adjusted for diffusion process-
es occurring between the brazed materials and the studied filler alloys.

Acknowledgments: The reported study was funded by RFBR and DFG, pro-
ject number 21-52-12026.

1.Velu P.K. Study of the effect of brazing on mechanical properties of aluminum
alloys for automotive heat exchanges. Purdue University, 2017. — 92 p.

2.NIU Z. wei.Effects of germanium additions on microstructures and properties of
AI-Si filler metals for brazing aluminum // Trans. Nonferrous Met. Soc. China. —
2016. - P. 775-782.

3.Al-Ge-Si Liquidus Projection of Ternary Phase Diagram: Datasheet from
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(MPDS), Switzerland & National Institute for Materials Science (NIMS), Japan.

138



AM.T'ABOB, A.A. UBAHHHKOB, O.H. CEBPIOKOB

Hayuonansnuiii uccnedosamenvcxuil adeprulii yHueepcumem « MUDH
artem.g1297@yandex.ru

MOJIYYEHUE MASTHBIX COEIUHEHUMI BK94-1/29HK U C48-
3/IIM-2A AKTUBHBIMU BBICTPO3AKAJIEHHBIMUA
NPUINOAMM

Kepamuueckne MaTepuainsl IPUMEHSFOTCS B CAMBIX PAa3IHYHBIX 00IacTsX, B
TOM YHCJIE M B BaKyyMHOH TEXHHKE, I'/I€ MIMPOKO HCIOJIB3YETCs] AIFOMOOKCH -
Has BaKyyMHOIUIOTHas kepamuka BK94-1. Jlns pacmupeHus BO3MOXKHOCTEH
MPUMEHEHUsI KepaMUK, CO3[Aal0TCS UX COEAMHEHHs C MeTajlaMM, MO3BOJISIO-
M€ HCTIONIB30BATh MOJIE3HbIE CBOMCTBA 00OMX MaTEpHAIOB. 3afada CO3JaHUs
TaKUX COCIUHEHUHN SIBISETCS aKTyalbHOM, MOCKOJBKY KEpaMHKH O0JagaroT
HU3KOW TEXHOJIOTMYHOCTBIO U3-3a CBOCH BBICOKOH TBEPAOCTH U NPAKTUYECKU
HYJIEBOH IIACTUYHOCTHIO, a MPOIIECC UX MIPOU3BOICTBA CIOKEH. [ Takux 1e-
neii wacto npumensiercs ciiaB 29HK (Fe-29Ni-17Co). OcobeHHOCThIO 3TOrO
CIIaBa SIBIISICTCS] HU3KUI Kod(puuumeHT temnoBoro pacumpenus (KTP), koro-
PBIIl cornacyercsi ¢ HEKOTOPHIMM BHJAMH CTEKON M KepaMuk. CyIIecTBYIOT
pa3IYHbIC TEXHOJIOTHH CO3IAaHUs COCAMHEHNI METauIoB ¢ Kepamukamu. Of-
HUM U3 HUX SIBJISETCS aKTHBHAs MaiKa, TO €CThb HCIIOJIb30BAaHHUE MPHIIOEB, KO-
TOpBIE COAEPKAT aKTUBHBIC KOMIIOHEHTHI. B naHHOI padore uccieaytoTcs mna-
sHBIe coenuHeHus kepamuku BK94-1 co crmaBom 29HK, a taxke crexna C48-
3 co cmraBoMm [IM-2A, momrydeHHBIE ¢ MTOMOINBI0 OBICTPO3aKATICHHBIX aKTHB-
HBIX IIPUIIOEB.

B xome paboTsl mOA00paHbl HECKOJIBKO aKTHBHBIX MPUIIOEB Ha OCHOBE Ti,
Zr n sBrekTuKH CU-AQ, TOAXOAAIINX VIS MOTYYEHHS TAaKUX MasHbIX COeIHE-
HUH, CO3[aHa MOJENb ISl pacuéra OCTaTOYHBIX TEPMHUUYECKUX HANpsDKEHUH B
MastHOM COEIMHEHMH, ITPOBEACHBI U3MEPEHUs YII0B CMAaYHBAHUSA 3THUX MPHUIIO-
€B, PaCCMOTPEHO UX (PU3UKO-XUMHUYECKOE B3aUMOJEHCTBUE C MOII0XKKAMH U3
naseMbIX MarepuanoB. OTpaboTaHbl peKUMBI MAWKK CTEKIa co cruraBoM LIM-
2A u xepamuku BK94-1 co cnmaBom 29HK, nonydens! HepazbEMHBIE cOenU-
HEHMS C MCIIOJH30BAHHWEM aKTHBHBIX NPHUIIOEB Pa3INYHBIX cocTaBoB. IToxasa-
HO, YTO TMOJY4YEeHHBIE COCTUHEHHUS 00IafaroT repMETHYHOCTRI0 U TepMOIPOY-
HOCTBIO.

1. Way M., Willingham J., Goodall R. Brazing filler metals // Int. Mater. Rev. 2020.
T. 65, Ne 5. C. 257-285.

2. Ali M. u ap. Evolution of the interfacial phases in Al203—Kovar® joints brazed
using a Ag-Cu-Ti-based alloy // Philos. Mag. Taylor & Francis, 2017. T. 97, Ne 10.
C.718-742.

3. Marinho C. u ap. Electrochemical response of Ti joints vacuum brazed with Ti-
CuNi, AgCu, and Ag fillers // Trans. Nonferrous Met. Soc. China (English Ed. The
Nonferrous Metals Society of China, 2021. T. 31, Ne 4. C. 999-1011.

4. Siegmund P. u np. Reactive wetting of alumina by Ti-rich Ni-Ti-Zr alloys // J.
Mater. Sci. Springer US, 2016. T. 51, Ne 8. C. 3693-3700.

5. Ali M. u np. Active metal brazing of Al203 to Kovar® (Fe-29Ni-17Co wt.%)
using Copper ABA® (Cu—3.0Si—2.3Ti—2.0Al wt.%) // Philos. Mag. Taylor & Fran-
cis, 2018. T. 98, Ne 3. C. 182-202.

6. Morokhov P.V. u ap. Microstructure formation and mechanical properties of iso-
thermally-solidified titanium alloy joints brazed by a Ti—Zr—Cu—Ni—Be amorphous
alloy foil // Non-ferrous Met. 2020. T. 2. C. 63-72.
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THE OBTAINING OF JOINTS ALUMINA/KOVAR AND
GLASS/MOLYBDENUM ALLOY WITH ACTIVE AMORHOUS
AND NANOSTRUCTURES BRAZING ALLOYS

Ceramic materials are widely used in a variety of applications, including
vacuum engineering, where alumina ceramic is one of the common materials.
To increase the possibilities of using ceramics, they are combined with metals,
to make it possible to use the favorable properties of both materials. The creat-
ing of such compounds is highly significant, as the workability of ceramic is
restricted due to its high hardness and near-zero plastici%/, thus the ceramic
production process is complex. For such purposes, Kovar™ (Fe-29Ni-17Co) is
often used. The characteristic of this alloy is the low coefficient of thermal ex-
pansion (CTE), which is consistent with some types of glass and ceramics.
There are different technologies for obtaining metal-ceramics compounds. One
is active brazing that uses the brazing alloys containing active components.
This paper examines two types of joints: alumina ceramic joint with Kovar al-
loy and glass joint with molybdenum alloy. These joints are produced with
amorphous or nanostructures active brazing alloys.

This study shows several brazed joints produced with active brazing alloys
that are based on Ti, Zr, and Cu-Ag eutectic and are suitable for the production
of such compounds. A model for the calculation of residual thermal stresses in
the brazed assembly was created. Moreover, the angle of wetting of described
brazing alloys was investigated. The research also describes the interaction be-
tween brazing alloys and substrates. The brazing regimes of brazing glass with
molybdenum alloy and alumina ceramic with Kovar have been developed, solid
joints have been obtained with active brazing alloys of various compositions.
The resulting joints showed a hermeticity and good thermal sustainability.

1. Way M., Willingham J., Goodall R. Brazing filler metals // Int. Mater. Rev. 2020.
V.65, No 5. P. 257-285.

2. Ali M. et al. Evolution of the interfacial phases in AI203-Kovar® joints brazed
using a Ag—Cu-Ti-based alloy // Philos. Mag. Taylor & Francis, 2017. V. 97, Ne 10.
P. 718-742.

3. Marinho C. et al. Electrochemical response of Ti joints vacuum brazed with Ti-
CuNi, AgCu, and Ag fillers // Trans. Nonferrous Met. Soc. China (English Ed. The
Nonferrous Metals Society of China, 2021. V. 31, Ne 4. P. 999-1011.

4. Siegmund P. et al. Reactive wetting of alumina by Ti-rich Ni-Ti-Zr alloys // J.
Mater. Sci. Springer US, 2016. V. 51, Ne 8. P. 3693-3700.

5. Ali M. et al. Active metal brazing of A1203 to Kovar® (Fe—29Ni-17Co wt.%) us-
ing Copper ABA® (Cu—3.0Si-2.3Ti-2.0Al wt.%) // Philos. Mag. Taylor & Francis,
2018. V. 98, Ne 3. P. 182-202.

6. Morokhov P.V. et al. Microstructure formation and mechanical properties of iso-
thermally-solidified titanium alloy joints brazed by a Ti—Zr—Cu—Ni—Be amorphous
alloy foil // Non-ferrous Met. 2020. V. 2. P. 63-72.
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MPUMEHEHUEAJTIOMUHUEBBIX IIPUIIOEB JIJISI MAWMKHA
INBE3OKEPAMUNYECKUX KOMIIOHEHTOB

IIpe30cuioBBIE 3JIEMEHTHI IUIAHUPYETCS UCIOIB30BATh AT NIPUBEACHUS B
JIBIDKEHHE BHYTPUBAKYYMHBIX KOMIIOHEHTOB JHArHOCTHKH TOMCOHOBCKOTO
paccesinust (JITP) B peakrope UTOP. YenoBus padoter JITP xapakrepusyroTes
BBICOKMMH paJHAIlIOHHBIMU Harpy3kaMH, BBICOKOH TeMIlepaTypod Hpu mHpo-
rpese, BUOpanueil ¥ BEICOKUMMU Meperpy3kaMu MPU BEPOATHBIX aBapUIHBIX CO-
ObiTisAX [1]. B cuimy 3TOro K cCOeMHEHUSIM, B TOM YHCIIE U Hepa3bEMHBIM, DKC-
IUTyaTHPYEMbIM B PEaKTOpE, IPEABIBISIIOTCS BEChbMa XKECTKHE TPeOOBaHMS.

B nanHOIt paboTe mcciaenoBanty BO3MOXHOCTh IPUMEHEHHS BBICOKOTEMIIE-
paTypHO# MailKu NMbE30CHUIIOBBIX 3JIEMEHTOB OBICTPO3aKATIEHHBIMU MPUIIOSMH.
beutu ciasiael ctonbuku kepamudeckux nuckos [1KB-460 u TCBC-2 Tosmu-
HOM 0,5 1 1 MM, COOTBETCTBEHHO, C MEIHBIM MOKPBITHEM 3 MKM U JJIEKTpHYE-
CKHMH BBIBOZaMHU U3 MenHOU (onbru. [laiika mpousBoauiach aMOP(QHBIM JICH-
tounsiM npunoem CTEMET™1502 (Al-29,5Ge-3,9Simac.%), Ts = 425 °C T,
=520 °C npu temmneparype 600 °C u Boiiepxke 10 munyt [2].

Jist cpaBHEHUs ObLIA MIpOBe/IeHa Maiika mbe3okepaMuk TCBC-2 TommuHON
I mm u IIKB-460 0,5 MM ¢ MeAHBIM MOKPBITHEM, M BBIBOJAMH H3 MEIHOM
tomeru uncteM amomuHueM pu 680 °C ¢ BeIgepkkoi 10 MUHYT.

Metogom 3/IC-aHanm3a Ha pacTpOBOM 3JIEKTPOHHOM Mukpockorme Carl
Zeiss EVO 50 XVP uzydeHbl MHKPOCTPYKTYPBI MASHBIX COCTUHCHHUI M TIONTY-
YeHBI KapThl paclpeieIeHns] XUMHUECKUX AJIEMEHTOB B nasHOM IiBe. [Tokasana
BO3MO>KHOCTb MOJYUSHHSI MEXaHUUECKH ITPOYHOTO coenuHeHns kepamuk [TKB-
460 u TCBC-2 ¢ omeanenneM i $pombroii s meau, npunoem CTEMET M1502.
Hcnonp30BaHne aqrOMHHHEBOH (HOJIBIM B KadeCcTBE MPHUIOS HE MO3BOJISAET IO-
JYyYUTh MEXAHWYECKH MPOYHOE HEPa3beMHOE COEIUHEHUE U3 MbE30KEPAMUK
JTAaHHOTO THUTIA.

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.
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APPLICATION OF ALUMINUM BRAZING FILLER METALS
FOR BRAZING PIEZOCERAMIC COMPONENTS

The piezoactuators are planned to be used for motion of the in-vessel com-
ponents of ITER Divertor Thomson scattering (DTS) diagnostic. The operating
conditions of the DTS are characterized by high radiation loads, high tempera-
ture during baking, vibration and high overloads during possible emergency
events. [1]. Due to this, very strict requirements are imposed to the connections,
including the permanent, operating in the reactor.

In this work, we investigated the possibility of using high-temperature braz-
ing of piezoelectric elements with a brazing alloy. Stacks of ceramic discs
PKV-460 and TSVS-2 with a thickness of 0.5 and 1 mm, respectively, with a
copper coating of 3 microns, and electrical leads made of copper foil were
brazed with a brazing alloy STEMET ™1502 (Al-29.5Ge-3.9Si mas. %), Ts =
425 °C T1= 520 °C at a temperature of 600 °C and holding for 10 minutes [2].

For comparison, the brazing of piezoceramics TSVS-2 with a thickness of 1
mm and PKV-460 0.5 mm with a copper coating, and leads from copper foil
with pure aluminum at 680 ° C and a holding time of 10 minutes was carried
out.

The microstructures of the brazed joints were studied by the EDX analysis
on a scanning electron microscope Carl Zeiss EVO 50 XVP and maps of the
distribution of chemical elements in the brazed seam were obtained. The possi-
bility of obtaining a mechanically strong connection of PKV-460 and TSVS-2
ceramics with copper plating and copper foil, STEMET "™1502 was demon-
strated. The use of aluminum foil as a brazing allow does not allow obtaining a
mechanically strong permanent connection of piezoceramics of these types.

1. Mukhin E. et al. Hardware solutions for ITER divertor Thomson scattering//
Fus. Eng. Design, 2017. VVol. 123. P. 686—689.
2. Sevryukov O.N., Suchkov A.N., Guseva E. V. Brazing of modern engineering
materials with STEMET® amorphous brazing filler metals. “Ore and Metals” Pub-
lishing house, 2015. Vol. 2015, Ne 1. P. 45-49.

142


mailto:Violinarus@inbox.ru

AM. BAYYPUHA, A -H. CYYKOB, I0.A. TYPOBA,
O.H. CEBPIOKOB

Hayuonanenutii uccnedosamensvckuil adeprulii yrugepcumem « MUDH »,
Mockea, Poccus
dmbachurina@mephiru

CTPYKTYPA U CBOMCTBA IASTHOI'O COEJIMHEHUSI
Wi/Ta/Rusfer, IOJTYYEHHOI'O C HCIIOJIB30OBAHUEM
MPUIIOSA Ti-Zr-Be

Juis co3nanus peaktopa DEMO HeoOxoauMo pa3paboTaTh Ka4eCTBCHHYIO
TEXHOJIOTHIO COeIMHEeHUsI Bojib(pama co cranbio. CII0)KHOCTH BO3HHMKAIOT NPU
UX NPSMOM COEIMHEHHH 13-32 OOJIBIION pa3HUILBI B KO3 UIHEHTE TeMI0BOro
pacuupenust (KTP). [ns nomaenenus paszuuiisl KTP 00bIYHO HCIOIB3YIOTCS
MPOMEXXYTOUYHbIE MIPOCTONKH, TAKHE KaK BaHAAWN WM TaHTaJ, IPU 3TOM BBICO-
KOTEMIIepaTypHasl Iaiika SBJISETCs MEepCIeKTHBHONW TexHooruel. Ilomasmsio-
1mee OONBIIMHCTBO PAabOT MOCBAIICHO NPHUITOSIM HAa OCHOBE MEIH W HHUKEIS, O11-
HAaKO MX MPHUMEHHMOCTh OTPAaHWYEHA M3-3a BBICOKOW OCTaTOYHOW paJlOaKTHB-
HocTH. [ToaToMy B maHHOH paboTe OBUT NCTIOIB30BAH IOJHOCTHIO MaJIOAKTHBH-
pyemserii npunoit 48Ti-48Zr-4Be mac.%. TemmepaTypa IUIaBIeHUS IaHHOTO
MIPUIIOS ITO3BOJISIET COBMECTHUTD TMPOLECCHI MTalKK U TepPMOOOPaOOTKH CTaseH.

C nomormipio EDS u EBSD ananusa ycTaHOBIEHO CTPYKTYpHO-(ha30BOE CO-
crosiuue nasubix mBoB. Ilos Rusfer / TiZrdBe / Ta cocrout u3s ¢a3 OLK-Fe,
ZrC, Ta,Be, ZrFe, u OLIK-Ta. Illos Ta / TiZr4Be / W cocrour u3z OLK-Ta,
Ta,Be, B-Ta, TBepaoro pacteopa Ha ocHose OLIK-Ti, ZrC.

IIpouHocTk Ha cpe3 masHOTO coequHeHus coctaBisieT 127 + 20 MIla. Pasz-
pyuierne npoucxoaut mo mBy Rusfer / Ta o dase Ta,Be.

[IpoBenu ncnbITaHUS HA TEPMOLMKINPOBAHIE B BAKyyMe B JIMANa30HE TEM-
nepatyp 300-600 °C (marpes - 5 °C / muH, oxnaxaenue - 2 °C / muH). Ycra-
HOBJICHO 00pa3oBaHUE TPELIMH W OTCIOCHHH B MepH(EpUItHBIX ydacTKax Co-
€IMHEHUs, YTO CBSA3aHO C HEJOCTATKOM I'€OMETPUH AKCIIEPUMEHTAIBHBIX 00-
pasuoB. I[locie TepMOIMKIMPOBaHHUSI HU MOPQOJOTHUS, HA COCTaB IIBOB, HU
MHUKPOTBEPAOCTh HE H3MEHHJIKCH.

Pabora BrimonHena npu noaaepxke Coseta mo rpantam Ilpesnnenta PO,
npoekT Ne CI1-3248.2019.2
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MICROSTRUCTURE AND PROPERTIES OF THE
W /Ta/ Rusfer BRAZED JOINT OBTAINED WITH THE USE
OF THE Ti-Zr-Be BRAZING ALLOY

To create a DEMO reactor, it is necessary to develop high-quality technolo-
gy to join tungsten with steel. Difficulties arise in their direct connection due to
the large difference in coefficient of thermal expansion (CTE). To suppress dif-
ference of CTE intermediate interlayers are usually used, such as vanadium or
tantalum and brazing is a prospective technology to conduct joining. The vast
majority of works represent copper o nickel based brazing alloys, however their
applicability is under big discussion because of irradiation. That’s why in this
work fully reduced activation 48Ti-48Zr-4Be wt.% brazing alloy was used,
melting point of what allows to unite brazing and steels’ heat treatment pro-
cesses

By EDS and EBSD analysis microstructure of the joint was determined.
Rusfer/TiZr4Be/Ta seam consists of bcc-Fe, ZrC, Ta,Be, ZrFe, and bcc-Ta
phases. Ta/TiZr4Be/W seam consists of bcc-Ta, Ta,Be, B-Ta, solid solution
based on bce-Ti, ZrC.

Shear strength of as-joined composition is 127420 MPa. The failure occurs
along Rusfer/Ta seam throughout Ta,Be phase.

Thermocycling tests were carried out in vacuum in the temperature range
between 300-600°C (Vheating = 5°C/min, Vcooling=2°C). Individual cracks
formed in Rusfer/TiZr4Be/Ta after 200 thermocycles, which do not propogate
neither into Ta nor into the steel. After thermocycling neither morphology nor
composition of the seams changed as well as microhardness.

The work was funded by The Council on Grants of the President of the Rus-
sian Federation, project Ne CI1-3248.2019.2.
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OTPABOTKA TAPAMETPOB INOJTYYEHUSA OB bEMHBIX
AMOP®HBIX U AMOP®HO-KPUCTAJVIMUECKHUX
CIIJIABOB COCTABA Zr35TigoBez7v5CU7v5 METOHOM
HNCKPOBOTI'O IINIASMEHHOTI'O CITIEKAHUMA ITIOPOLHIKOB

B pabore npezncraBieHo 000CHOBaHUE BHIOOpA ONTHMAILHOTO peXHUMa Mo-
JTydeHHus 00bEMHOro amop(HOro cruiaBa (METaJUIMYECKOTrO CTEeKJa) METOI0M
ANIEKTPOUMITYJILCHOW KOHCOJIMJAIMKA aMOpP(HOro CEepHuYeckoro IOpoIIKa
¢pakumeir 63-100 MKkM cIulaBa Ha OCHOBE UUPKOHUSA ZrzsTizBes7sCuss.
Hacpinnast mioTHOCTh MOPOIIKOB cocTaBisia 3,35 r/em?, TekydecTb — 25 ¢/50
r. JIna onpeneneHus ONTUMAIbHOW TEMIEPaTyphl CIIEKaHUs, METOAOM audde-
PEHLNANBHO-TEPMHYECKOT0 aHanu3a cIutaBa ZrslizgBes;sCuss ompeneneHa
TeMieparypa crexjoBanus Tg = 299 °C, temneparypa Kpuctajumzanuu Tx =
468 °C, 1 BennurHa TepMUYecKoil cTabuinbHOCTH ciaBa AT = 169 °C.

C uenpio noiyueHuss 00bEMHOr0 aMop(HOro cruiaBa ObUIO MPOBEJCHO Ba-
pPbUpOBaHUE MApaMETPOB KOHCOJIMAALMU: JIABJICHHE, TEMIIepaTypa CIIeKaHHs,
BpeMsi BBIICPXKKH, CKOPOCTH HarpeBa M OXJaxAeHus. s IocTiKeHUs
HanOoubIIel cTereHn aMOpHOCTH ObUIa ONpejiesieHa ONTHMAalIbHAsI TeMITepa-
Typa UCKPOBOTO IJIa3MEHHOro cnekanusi B unrepsaie ot 280 °C no 400 °C,
koTtopas coctasmina 340 °C. Ins GopMupoBaHHS MUHHMAJIbHOH MMOPUCTOCTH
BpeMsl BBIZICP’KKH BapbHpOBAIN B HHTEpBajie oT 7 MuH 10 20 MUH 1pu HUKCH-
poBannoii Temmnepatype 340 °C u naBnennu 50 Mmna. HanbGosbinast mioTHOCTh
MOJIy4€HHOTO 00pa3ia Mmpu 3ToM cocraBuia 4,9 r/em®, IIpH 3TOM TUIOTHOCTH
auToro obpasia — 5, 5 r/em®,

Meto/i0M peHTreHO(ha30BOro aHainu3a YCTaHOBJEHO, YTO 0Opa3lpbl, U3ro-
ToBNeHHbIe B uHTepBaiie Temneparyp 320 — 340 °C, UMErOT OJTHOCTBIO PEHT-
reHo-aMop¢HyIo CTpyKTypy. [Ipn u3ydeHnn MUKpOCTPYKTYpBI 00pa3ioB oOHa-
PY’KEHO, YTO TOCJIE CIIEKaHHsI OcTaércsi OOJIBIIOE KOIMYECTBO TPAHUI] MEXIY
MCXOZHBIMH, BEPOSATHO OKUCICHHBIMHM NOBEPXHOCTSIMU YaCTHII.

YCTaHOBIEHO, YTO MHKPOTBEPAOCTH 00pa3IOB, IMOIYYCHHBIX HCKPOBBIM
TUIA3MEHHBIM CIIEKaHHUEeM MEHbIIE MUKPOTBEPCTH JIMTOTO 00pa3ia B CpeAHEM
Ha 22-30%, 9TO CBSI3aHO B MEPBYIO OYepeb ¢ HAIMIHEM MOp B oOpasiax, mo-
Jy4EeHHBIX METOJ0M KOHCONHMAANU. MUKPOTBEPOCTh JIUTOTO 00pa3Ia cocra-
Buia 6,3 I'Tla, HanbompImas MUKPOTBEPAOCTH 00pasiia, HOIYICHHOTO CIIEKaHH-
eM, coctaBuna 4,9 I'Tla.

[TokazaHo, YTO ONTHMaJILHBIM PEXUMOM SBIISICTCS: HarpeB CO CKOPOCTBIO
50 °C/munu mo 300 °C u co ckopoctsio 5 °C/mun no 340 °C npu naienun 50
MIla, BeIneprkKa B TeueHHe 20 MUH U OXJIAXKIEHHE CO CKOpOocThIo 80 °C/MuH.
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OBTAINING PARAMETERS FOR THE PRODUCTION OF
BULK AMORPHOUS AND AMORPHOUS-CRYSTALLINE
ALLOYS OF THE COMPOSITION Zr3zsTizBe;7sCuz5 BY SPARK
PLASMA SINTERING OF POWDERS

The paper presents the rationale for choosing the optimal mode for obtain-
ing a bulk amorphous alloy (metallic glass) by the method of electro-pulse con-
solidation of an amorphous spherical powder with a fraction of 63-100 um of a
Zr- based alloy ZrssTizgBey;5Cuzs. The bulk density of the powders was 3.35
glcm?, the fluidity was 25 s/50 g. To determine the optimal sintering tempera-
ture, the glass transition temperature Ty =299 °C, crystallization temperature Ty
=468 °C, and the value of the thermal stability of the alloy AT = 169 °C were
determined by differential thermal analysis of the alloy Zr3sTizBey; sCuy s.

The consolidation parameters were varied: pressure, sintering temperature,
dwell time, heating and cooling rates. To achieve the highest degree of amor-
phousness, the optimal temperature of SPS was determined in the range from
280 ° C to 400 ° C, and it made up 340 ° C. To form the minimum porosity, the
holding time was varied in the range from 7 min to 20 min at a fixed tempera-
ture of 340 °C and a , pressure of 50 MPa. The highest density of the obtalned
sample was 4.9 g/cm®, while the density of the cast sample was 5.5 g/cm?®.

By X-ray phase analysis, it was found that the samples produced in the tem-
perature range 320 - 340 °C have a completely amorphous structure. When
studying the microstructure of samples, it was found that after sintering, a large
number of boundaries remain between the initial, probably oxidized surfaces of
particles.

The microhardness of the samples obtained by spark plasma sintering is less
than the microhardness of the cast sample by an average of 22-30%, which is
primarily due to the presence of pores in the samples obtained by the consolida-
tion method. The microhardness of the cast sample was 6.3 GPa, the highest
microhardness of the sample obtained by the test was 4.9 GPa.

It is shown that the optimal mode is: heating at a speed of 50 ° C/min to 300
°C and at a speed of 5 °C/min to 340 °C at a pressure of 50 MPa, dwelling for
20 minutes and cooling at a speed of 80 © C/min.
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ELEVATED-TEMPERATURE HIGH-STRENGTH H-BN-DOPED
AL2014 AND AL7075 COMPOSITES

Al2014 (Al2) and AI7075 (Al7) series composites with and without addi-
tion of hexagonal BN (h-BN) flakes were fabricated from the powder mixtures
of individual elements using a combination of high-energy ball milling
(HEBM) and spark plasma sintering (SPS).

Structural study of the fabricated composites revealed the presence of phas-
es which differed from standard alloys obtained via casting and subsequent heat
treatment. During SPS, one part of BN additives had reacted with Al, Si, and
Mg to form AIB,, SiN,, and MgB,/Mgs(BOs3), inclusions, while the other part
remained unreacted and contributed to the material strength.

Classical molecular dynamics simulations indicated that the h-BN
nanosheets had provided solid lubrication, prevented nanoparticle agglomera-
tion during HEBM, led to a reduced porosity and more homogeneous reinforc-
ing phase distributions in the powder mixtures and resultant composites.

Addition of 3 wt% h-BN led to an increase in hardness of 60% (Al2 series)
and 34% (Al7 series), an increase in the room-temperature tensile strength of
74% and 16%, and at elevated temperatures, the tensile strength values were
also improved in comparison to unreinforced composites.

The enhancement of the mechanical properties was attributed to the combi-
nation of high thermal stability of the reinforcing phases, solid solution harden-
ing, and Orowan (precipitation) strengthening.
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BN REINFORCED NI MATRIX COMPOSITES

An actual trend in the world of materials science is the strengthening of
materials by addition of nanosized particles. Nickel, by its high-temperature
strength, is often used as a metal matrix in composite materials and is frequent-
ly reinforced by graphite, graphene and carbon nanotubes.

In this work, for the first time, Ni metal matrix composites containing nano
hexagonal boron nitride (h-BNn) particles (0-0.1 wt.%) were fabricated by
combination of high energy ball milling and spark plasma sintering. h-BNn has
a high Young’s modulus and lubricating properties similar to those of graphite,
but has a significantly higher oxidation resistance temperature.

The mechanical properties, that is tensile, bending and compressive strength
were measured on sintered specimens. By addition of only 0.05 wt.% of h-
BN, specimens showed a maximal tensile strength at 25 and 750°C, which
represents an improvement of 26% and 63% compared to additive free Ni. The
bending strength of this composite at room temperature showed an improve-
ment of 121 % in comparison to additive free Ni specimens, whereas compres-
sion tests showed high ductility.

Addition of h-BN reinforcer in small quantities decreased the Ni grain size,
strengthened the material by solid solution and grain boundary strengthening.

Such composites can have potential applications in aeronautics, automobile
and high temperature work which demand light-weight materials, resistance to
corrosion and relatively good mechanical properties at room and elevated tem-
peratures.

S.Corthay thanks the Russian Foundation for Basic Research (project num-
ber No. 20-33-90110).
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INPEOBPA30OBAHUA B XUMHNYECKOM INIPOCTPAHCTBE:
HA ITPUMEPE OKCUT'UAPU OB PEJIKO3EMEJIBHBIX
METAJJIOB

TouHoe mpencka3zaHue TOro, KaKUM 00pa3oM ONpeneNsieTcsi CTPYKTYPHO-
(ha30BOE COCTOSIHHE HOBOT'O MaTepHaa, sIBJIACTCS OJHON U3 BOKHEUIIMX 3a7ad
MarepuagoBeieHHs. B yacTHOCTH, YeTKoe MOHUMAaHUE TOro, KaKMM OyJeT OT-
HOIIICHWE COCTaB-CTPYKTypa-CBOICTBA I JAHHOW KPUCTAJUTM3AIMNH, UMEET
pemaroriee 3HAUYCHHWE NpPU pa3padOTKe HOBBHIX MarepuanoB. OmHAKO, It
0OJBIIOTO KOJUYECTBA HOBBIX HEOPTAHMUYCCKUX XUMHUYECKAX KOMIIO3UIUHA 3T
mpobJeMa Bce eIe 0CTaeTcsl OTKPBITON. B cBoeM moKiIaje st paccKaKy O HOBOM
TEOPETHIECKOM IMOIX0AE K MPOSKTUPOBAHUIO KPUCTAILTMUECKIX CTPYKTYp, KO-
TOPBIN TIpeuIaraeT OONBIINEe BO3MOKHOCTH Il HAanOOoJIee TOYHOTO IIpeacKa3a-
HUS HOBBIX (PYHKIMOHAJIBHBIX MAaTEPHANIOB C KEIaeMbIMH CBOMCTBAMHU. DTOT
MOJXOJ TIPEACTABIIAET COOOH 3BOJIIOIMOHHYIO CTPAaTeruio, OCHOBAaHHYIO Ha
KPHCTANIOXUMHUYECKOM MOJEIHPOBAaHUH, B KOTOPOH HAbOp IKCIEPHMEHTAIb-
HBIX JTaHHBIX, UCIIOJIb3YeMbIe TEOPETHUECKHE METOJBI U BBIYUCIUTEIbHbIE ajl-
TOPUTMBI OOBEJMHEHBI B €IMHYI0 MHTETPUPOBAHHYIO CTPYKTYpy. KirtoueBbim
MOMEHTOM Hallleil CTpaTeruu SBIAETCA TO, YTO MBI HCIOJIB3yeM KIIACCHYECKYIO
KOMOWHAIIMIO KPHUCTAILIOTpaiH M METOIOB TEOPHH TPYIIIL, JIOTHKY KBAHTOBOM
XIUMHU W COOTBETCTBYIOIIHE CUMYJIIMAMHU TEOPHH (PYHKIMOHANA IIOTHOCTH
JUTS OTIMCAHWS CTPYKTYPHOH 3BOJIONHMH MaKPOCKOIMMIECKOTO MAaTepHUAITBHOTO
00BEKTa HAa Pa3IHYHBIX YPOBHAX CIOKHOCTH. TakuM 00pa3oM MBI MOIydaeM
Ha0Op Mojesel, KOTOpEIe CoJiepKAaT HAWIYYIINe aTOMHbIC KOH(PUTYpauu IS
KaXIOT0 KOHKPETHOTO COCTOSIHUS CHCTEMBI. Takol MoX0a K MOJCITUPOBAHUIO
JTaeT BO3MOXKHOCTD IPeACKa3aTh MIUPOKHUN CIIEKTP HOBBIX CTAOMIIBHBIX COEIH-
HeHuil ¢ pazmuuHoi 21 u 3]1 apxutekTypoi kpuctamioB. Hame uccnenoBanue
OBLTO MOTHUBHPOBAHO OONBIINM KOJMYECTBOM JKCIIEPHUMEHTAIBHBIX pe3yibTa-
TOB TI0 CHHTE3Y W aHAJIN3y Pa3IUYHBIX CBOMCTB MYJIbTH-AaHWOHHBIX XUMHYeE-
CKHX CHCTEM, TaKUX KaK OKCHTHIPHIBI PEIKO3EMEIbHBIX MeTamios [1,2]. Otu
MaTepHualbl 00JIAAr0T PSIIOM MHTEPECHBIX CBONCTB, KOTOPBIE MOTYT OBITH HC-
MOJIb30BAHBI LTSI IPOCKTUPOBAHUS U Pa3paOOTKU HOBBIX ()YHKIIMOHATHHBIX Ma-
tepuanoB [3,4]. OgHako, B X0/1€ MHOTOUHCIIEHHBIX MCCIEA0BaHUMN, POBEIACH-
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HBIX C OTHMH CHUCTEMaMH, BO3HHK Ds (yHIAMEHTAJbHBIX BOIIPOCOB, Kacalo-
IMIMXCS KIFOYEBBIX (DaKTOPOB M OCHOBHBIX MEXaHM3MOB, OTBETCTBEHHBIX 32 ITy-
TH UX (HOPMHPOBaAHHUS, CTPYKTYypHBIE, DJIEKTPOHHBIE U ONTHYECKHE CBOWCTBA
9THX MaTepHanoB. Kpome TOro, B KOHTEKCTE MHOTO(QYHKIIMOHAIBEHBIX CBOWCTB,
s ONHMIIY TEXHOJOTMYECKUE MEPCIEKTHBBI PA3IMYHBIX MPUMEHEHUH AJISl 3THUX
MaTepuaoB.

1. J. Maehlen, et all, Lattice contraction in photochromic yttrium hydride, J. Alloys
Compd., 2013, 580(1), 119-121.

2. C. You, et all, Engineering of the band gap and optical properties of thin films of
yttrium hydride, Appl. Phys. Lett., 2014, 105, 031910.

3. A. Pishtshev, et all, Conceptual Design of Yttrium Oxyhydrides: Phase Diagram,
Structure, and Properties, Cryst. Growth Des., 2019, 19(5), 2574-2582.

4. E. Strugovshchikov, et all. Orthogonal chemistry in the design of rare-earth metal
oxyhydrides. Pure and Applied Chemistry, 2021, 07
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TRANSFORMATIONS IN THE CHEMICAL SPACE:
RARE-EARTH METAL OXYHYDRIDES AS A CASE STUDY

A rigorous prediction of how a given structural-phase state of a new materi-
al is established is one of the most important problems of materials science. In
particular, a clear understanding of how the composition-structure-property re-
lationships will unfold for a given crystallization is crucial when designing ma-
terial characteristics. However, for a large number of inorganic chemical com-
positions this problem is still open. In this talk, I will discuss a new theoretical
approach in solid-state structure design that offers great opportunities for mak-
ing the most accurate predictions of new functional materials with desired
properties. This approach represents an evolutionary strategy that is based on
crystal-chemical modeling in which experimental datasets, theoretical methods,
and computational algorithms are combined into an integrated framework. The
key point of our strategy is that we use the classical combination of crystal ge-
ometry with group-theory methods, quantum chemistry reasoning, and appro-
priate DFT simulations to describe the structural evolution of a macroscopic
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material object at various levels of complexity as complete sequences of the
best available configurations in every given state. This modeling approach
leads to the possibility of predicting a wide range of new stable compounds
with different 2D and 3D crystal architectures. Our study was motivated by a
large number of experimental results on the synthesis and various properties of
multi-anion chemical systems such as rare-earth metal oxyhydrides [1,2]. These
materials exhibit a number of interesting properties that can be used in the de-
sign and development of new functional materials [3,4]. However, in the course
of the many studies conducted on these systems, a number of fundamental is-
sues have arisen concerning the key factors and basic mechanisms responsible
for the formation pathways, structural, electronic, and electrical properties of
these materials. In the context of multifunctional properties, | will describe the
technological perspectives regarding various applications of these materials.

1. J. Maehlen, et all, Lattice contraction in photochromic yttrium hydride, J. Alloys
Compd., 2013, 580(1), 119-121.

2. C. You, et all, Engineering of the band gap and optical properties of thin films of
yttrium hydride, Appl. Phys. Lett., 2014, 105, 031910.

3. A. Pishtshev, et all, Conceptual Design of Yttrium Oxyhydrides: Phase Diagram,
Structure, and Properties, Cryst. Growth Des., 2019, 19(5), 2574-2582.

4. E. Strugovshchikov, et all. Orthogonal chemistry in the design of rare-earth metal
oxyhydrides. Pure and Applied Chemistry, 2021, 07
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CHUHTE3 HAHOTPYBOK U3 ITUOKCHUIA TUTAHA 1
OCOBEHHOCTHU X MOJUPUKAIIMU TIPUMEHUTEJBHO
K CO3JAHUIO BETA-BOJIBTANYECKHUX 2JIEMEHTOB

HanoTtpy0OuaTbie CTpYKTYypHI Ha OCHOBE JHOKCHAA THTaHAa aKTyaJlbHBI BO
MHOTHX MPHJIOKCHUAX, HaTIpuMep, B (OTO- U OeTa-BOIbTauKe, MUKPOIIIECKTPO-
HUKE, MEJUIIHHE, CHCTeMaX (QUIBTPAINH, JATINKOB, CEHCOPOB. Llenpio paboTsl
SIBJIICTCSI CO3IAHHE MACCHBOB HAaHOTpYyOOK m3 mumokcuma tutana (TiO, HT) ¢
nocienyoumed ux Momudukanuen Ui NpUMEHEHUs B OeTa-BOJIbTanYECKHX
anemenTax (bBD) B kadecTBe MOIYNMPOBOJHUKOBBIX MpeoOpa3oBareseil IHep-
Uy 6eTa-u3IydeHHs B JIEKTPUIECKYIO.

B pa6ote TiO, HT cunTe3upoBaiu B BUjie BEPTHKAIbHO-OPHEHTHPOBAHHBIX
MacCHBOB METOJIOM IEKTPOXHMHUYECKOT0 aHOJUPOBAHMS TUTAHOBOM IOJIOXK-
KA BO (ropuacomepxameM SJICKTPOIUTEe B CTaHAAPTHOHN IBYXAIICKTPOIHON
INEKTPOXUMUIECKO# staeike. OTpaboTaimm pexMMbBl CHHTE3a, BIUSIOMIAE Ha
CTETIeHb CaMOOPTaHU3AINI HAaHOTPYOOK, a TaKkkKe Ha MX [UIHHY, THAMETp, TOJ-
HIMHY CTeHOK u Mopdosoruto. [Tonyumnu rnaakue u posusie TiO, HT ¢ ot-
KPBITBIMH KOHIIAMH U C MHHUMAIIEHBIM KOJHMYECTBOM CTPYKTYPHBIX NE(PEKTOB
(Puc.1). nmHa HaHOTPYOOK 3aBHCENIa OT BPEMEHH aHOAUPOBAHUSI U COCTaBIIS-
na o 15 mxm. Inamerp HaHOTpYyOOK BaphupoBajcs oT 70 um 10120 HM B 3a-
BUCHMOCTH COZIEPIKaHUsI HOHOB (hTOPA U BOJBI B JIEKTPOJIUTE.

Momuduramuto csexenpurotoBieHHbx 110, HT mpoBomuin ¢ UCIOIb30-
BaHHEM HM3BECTHOT'O METOJAA KPUCTAJUIM3AINH, OT)KUTA Ha BO3/yXe, B pe3yJbTa-
Te MpoBejaeHus1 Kotoporo amopduas dasza TiO, HT tpanchopmupoBanacek B
(hazy anarasza.

Mpowmenmune moaudukanuo maccusbl 110, HT GuaromnoiydHo oTmensiu
OT WCXOJHOW THUTAHOBOW MOJUIOKKH C TIOMOIIBIO JOTOJHHUTEIFHOTO CHHTE3a
aMop¢HOH TPOCTONKN AHOKCHIA THTAHA TOJ KPUCTAUIN30BAaHHBIM MaCCHBOM
TiO, HT u nocnenyromiero ee XMMHYECKOrO pacTBopeHus. dparMeHT oTne-
aexHoro Maccusa Ti0, HT npencraenen Ha Puc. 2.

Ha ocHoe otnenennsix MaccuBoB TiO, HT u donbru u3 Hukensn-63 cosja-
BaM enuHIYHBIE BBD 1 M3Mepsanu TOk KOPOTKOTO 3aMBIKAaHHUS M HaNpsOKCHHE
XOJIOCTOTO X0/1a, B pe3yJIbTaTe 4ero B JydmeM Bapuante gocturiu 0,2 B u 0,3
HA/CM?, COOTBETCTBEHHO, npu Tonmuae BBD ~ 15 mxMm. JlaHHble 3HaYeHUS
NpUeMIIEMBl W ABIIOTCS MHOTOOOCHIAIOIIMMH  JJIsl  co3MaHus Oeta-
BOJIFTAMYECKON OaTraper MHUHHATIOPHOTO pa3Mepa C MOBBINICHHON yJenbHOU
MOIIHOCTBIO.
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Puc. 1. DneKTpOHHO-MUKPOCKOIMIECKOE H300paKEHUE ydacTKa
MmaccuBa TiO, HT

T
Puc. 2. DIeKTPOHHO-MHUKPOCKOITHIECKOE H300paKEHHE OTACIEHHOTO MacCHBa
TiO, HT B momnepevHOM CeueHHN
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TITANIUM DIOXIDE NANOTUBES SYNTHESIS AND
MODIFICATION FOR THE DEVELOPMENT OF
BETAVOLTAIC CELLS

Nanotubular structures based on titanium dioxide are relevant in many are-
as, for example, in photo- and beta-voltaics, microelectronics, medicine, filtra-
tion systems, detectors and gas sensors. The aim of this work is to create arrays
of titanium dioxide nanotubes (TiO, NT) with their subsequent modification for
use in beta-voltaic cells (BVC) as semiconductor converters of beta-radiation
energy into electrical energy.

In this work, TiO, NTs were synthesized as vertically oriented arrays by
electrochemical anodization of a titanium substrate in a fluoride-containing
electrolyte using a standard two-electrode electrochemical cell. We have
worked out the synthesis modes, that affect the self-organization degree of
nanotubes as well as their length, diameter, wall thickness, and morphology.
Smooth and straight TiO, NTs with open ends and with a minimum number of
structural defects were obtained (Fig. 1). The length of the nanotubes depended
on the anodization time and amounted to 15 um. The nanotube diameter varied
from 70 nm to 120 nm depending on the concentration of fluorine ions and wa-
ter in the electrolyte.

The modification of as-prepared TiO, NTs was carried out using the well-
known crystallization method, because of which the amorphous TiO, NT phase
was transformed into the anatase phase. Heat treatment in a muffle furnace
were used.

The modified TiO, NT arrays were safely detached from the initial titanium
substrate by additional synthesis of an amorphous titanium dioxide interlayer
under the crystallized TiO, NT array and its subsequent chemical dissolution. A
fragment of the detached TiO, NT array is shown in Fig. 2.

Based on the detached free-standing TiO, NT arrays and nickel-63 foil, sin-
gle BVCs were created and the short-circuit current and open-circuit voltage
were measured, because of which, in the best variant, they reached 0.2 V and
0.3 nA/cm? with a BVC thickness of ~ 15 um. These values are acceptable and
perspective for a miniature beta-voltaic battery with increased power density.
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Fig. 2. SEM image of the detachable TiO, NT array in cross section
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TEXHOJIOT' A JASEPHON MUKPO®PE3EPOBKHA
JJIs1 SMD-KOPITYCHUPOBAHUSI CEHCOPOB BOJAOPO/JA,
PACTBOPEHHOI'O B TPAHC®OPMATOPHOM MACIJIE

OmnynaifH MOHUTOPHHT KOHIIEHTPAUH Ta30B, PACTBOPEHHBIX B Macie TPaHC-
¢dopmaropoB - addexTrBHAsT Mepa NPODUIAKTUKN aBapUHHBIX CUTYyallMH U3-3a
CTapeHHsI WM HEHUCIIPABHOCTH BBICOKOBOJBTHOTO oOopynoBanus. B [1] npen-
JIOKEeH MeTOox KOHTpoisi H,, pacTBOpeHHOro B TpaHC(OPMATOPHOM Macie, C
nomotpblo M/II1-ceHCOpOoB KOHIEHCATOPHOTO THUIIA C MOPOrOM OOHAPYKEHUS
no KoHueHTpauuu H, HemocpenctseHHo B Macie Ha yposHe 0,5 ppm. OxHako
3aJja4a OCHAIICHUsI MACIOHANIOJIHEHHOT0 000py/I0BaHMsI MTOJJOOHBIMU CEHCOpa-
MH HaKJIaJbIBa€T CTPOTHE OTPAHMUYCHUS Ha Tab0apUThl UyBCTBUTEIBHBIX 3JIe-
MeHTOB. [losTOMy paspaboraHo pemnreHue 0o MuHHaTopu3amuu MJIII-
CEHCOPOB € MEPEXOIOM OT 06BEMHOTO METAILIOCTeKIsHHOro Kopryca (0,6 cm®)
K kepamuueckomy SMD kopnycy aist noBepxHocTHoro Montaxa (0,1 cm”), uz-
TOTOBJICHHOMY IO TEXHOJIOTHH JIa3ePHON MUKPO(pe3epoBKH [2].

B oriuuue OT NMOTOYHOM KPEMHHUEBOM MHKPOXJIEKTPOHHON TEXHOJIOTHUH,
pa3paboTaHHBINH MPOrPaMMHO-ANNAPATHEIH KOMIIEKC MHKPO(PE3EepOBKH HA
0a3e UTTEPOMEBOTO MMITYJILCHOIO BOJOKOHHOTO j1asepa IPG-Photonics mo3Bo-
JsIeT IPON3BOJUTE 00pabOTKy IIMPOKOTO MEpedHs] MaTepHaIoB TOJIIMHON OT
0,005 mo 10 MM: KpeMHUsI, KEPaMHUKH M Pa3lIUYHBIX METAJUIOB. DTO JaeT BO3-
MOXHOCTh M3TOTaBIMBaTh YMIIBI MHUKpoHarpeBaresieit m SMD kopmyca s
CIEIMATU3UPOBAHHBIX T'a30BBIX JATYMKOB B OJJHOM IPOM3BOJCTBEHHOM ITHKIIE
€O CKOPOCTBIO (pe3epoBki 10 200 MM/, 4TO ONTHMH3HPYET MHOTOHOMEHKIIA-
TypHOE MeJKocepuitHoe Npou3BoAcTBO. OTiakeHa YHHMKaJdbHAs METOJAMKa
(hopMHpOBaHUS TOIOJOTUYECKHX PHCYHKOB JIBYCTOPOHHEW IUIATMHOBOM Me-
TAJUIM3AlMU C KCIOJIb30BAHUEM JIa3epHOH alisluu (TOYHOCTh COBMEIICHUS
+5 MKM TIpH MOBOPOTE JIMCTOBOro Martepuana Ha 180°), koTopas mo3Boimia
YMEHBIINTh TPOU3BOACTBEHHBIN Opak ¢ 50 %, 4To XapakTepHO Ul MarHe-
TPOHHOTO HANIBUICHHS Yepe3 MacKy, 110 1 %.

Pab6ota nonnepkana PH® (Cornamenune 18-79-10230 ot 08.08.2018).

1. Litvinov A., Samotaev N., Etrekova M., lvanova A., Filipchuk D. Hydrogen con-
centration control in oil-filled power transformers using field effect capacitive gas
sensors // Journal of the Electrochemical Society, 2021, 168(1), 017503.

2. Fritsch M., Mosch S., Vinnichenko M., Trofimenko N., Kusnezoff M., Fuchs
F.M., Oblov K. Printed Miniaturized Platinum Heater on Ultra-Thin Ceramic Mem-
brane for MOX Gas Sensors // ECS Meeting Abstracts I0P: Bristol, UK, 2020. P.
2125.
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LASER MICRO MILLING TECHNOLOGY FOR SMD
HOUSING OF GAS SENSORS FOR MEASURING HYDROGEN
DISSOLVED IN TRANSFORMER OIL

Online concentration monitoring of gases dissolved in the transformers’ oil
is an effective measure for preventing emergencies due to aging or malfunction
of high-voltage equipment. In [1], a monitoring method for measuring of hy-
drogen dissolved in transformer oil using capacitor-type MIS sensors with a
limit of detection hydrogen concentration directly in the oil at a level of
0.5 ppm was proposed. However, the task of equipping oil-filled installation
with such sensors imposes strict restrictions on the sensitive elements dimen-
sions. Therefore, a solution has been developed for the miniaturization of MIS
sensors with the transition from a bulk metal-glass case (0.6 cm®) to a ceramic
SMD case for surface mounting (0.1 cm®), manufactured using laser micro
milling technology [2].

Unlike in-line silicon microelectronic technology, the developed software
and hardware micro milling complex based on the IPG-Photonics ytterbium
pulsed fiber laser allows processing a wide range of materials with a thickness
of 0.005 to 10 mm: silicon, ceramics and various metals. This makes it possible
to manufacture micro heater chips and SMD housings for specialized gas sen-
sors in one production cycle with a milling speed of up to 200 mm® per hour,
which optimizes multi-product small-scale production. A unique technique for
the formation of topological patterns of double-sided platinum metallization
using laser ablation (alignment accuracy of + 5 microns when rotating the sheet
material by 180°) has been debugged, which made it possible to reduce manu-
facturing defects from 50%, which is typical for magnetron sputtering through
a mask, to 1%.

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

1. Litvinov A., Samotaev N., Etrekova M., lvanova A., Filipchuk D. Hydrogen con-
centration control in oil-filled power transformers using field effect capacitive gas
sensors // Journal of the Electrochemical Society, 2021, 168(1), 017503.

2. Fritsch M., Mosch S., Vinnichenko M., Trofimenko N., Kusnezoff M., Fuchs
F.M., Oblov K. Printed Miniaturized Platinum Heater on Ultra-Thin Ceramic Mem-
brane for MOX Gas Sensors // ECS Meeting Abstracts I0P: Bristol, UK, 2020. P.
2125.
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BJIUSIHUE TPA®EHA HA TPUBOJIOTMYECKHAE CBOMCTBA
HAHOKOMITIO3UTHOM KEPAMUKHA

CnieueHHasi KpyIHOKpUCTayeckasi kepamuka Al,O3 siBisieTcss oqHUM U3
COBPEMEHHBIX KOHCTPYKLMOHHBIX MaTepHajoB C BBICOKON TeMIeparypoii
IUIaBJICHUSA, MOJIYyJeM  YIPYrOCTH, TEPMOCTOMKOCTBbIO, KOPPO3MOHHOU
CTOMKOCTBIO, HO MMEET pPsii HEeIOCTAaTKOB, OTPAHHYMBAIONIMX IPaKTHYECKOe
NPUMEHEHHE — BBICOKYIO XPYNKOCTh, HH3KHE TPEIIMHOCTOMKOCTh U
usHococroiikocts [1]. JoOaBneHue rpadeHa B COCTaB HaHOpPa3MEPHOU
KEPaMHKH MOXXET CTaTh CIIOCOOOM YITyUINEHHS IMEPEUHCICHHBIX CEPBUCHBIX
xapakTepucTuk. Llenpro naHHOM paboTH ABIAETCS H3yYCHHE BINUSHUA rpadeHa
Ha TpUOOJIOTHYECKHE CBOICTBA HAaHOKOMIIO3MTHOH KEpaMHUKH HA OCHOBE
OKcH/a aIFOMUHMAL.

Bl ncmonp30BaH KOMIO3UT M3 Kepamudeckoro HaHomopomka Al,O; m
rpadeHOBBIX HAaHOXJIONbEB, CIe4YeHHbI meronoMm SPS, B dopme naucka
pasmepom J15 x 2 mm. UccnenoBansl 00pasipl 6e3 rpadeHa U ¢ coxepxaHueM
rpadena 2 macc.%. McnblTanus Ha U3HOC M TPEHHE MPOBOJUINCH 0€3 CMa3Ku
Ha Tpubomerpe «CSM Instruments» pu KOMHaTHOH TeMIepaType U KpyroBou
CXeMe TpPEHHUS «Iap-IUCK» C PaguycoM TpeHus 1=2,5 MM U JHHEHHOU
CKOpPOCTBIO 15 cMm/c. DKCHEpUMEHT MPOBOJMIN Ha BO3IyXe NPU KOMHATHOM
TeMmepaType. MarepuaioM KOHTpTeda Obul camdUpoBBId Imapuk &3 MM,
Harpy3ka 20H.

Beenenne 2 macc. % rpadeHa B KepaMHKy OKCHIa aJIOMUHHS MPHUBEIO K
CHIDKEHUIO M3HOca U kodddunmenta tpenus Ha 19 n 30%, cOOTBETCTBEHHO, U
CKOpOCTH HM3HOCa Ha TpU Hopsiaka ¢ 2,55 X 10® 10 6,13 x 10° mH ' 'm™
o0cyxIaeTcs MexaHu3M BIMSHUA IpadeHa, CBA3aHHBIH ¢ ero Mopdosiorueit n
pacrpeieIeHUEM.

1. O. Jankovsk'y, P. Simek, D. Sedmidubsk'y, S. Huber, M. Pumerab, Z. Sofer.

Towards highly electrically conductive and thermally insulating graphene nanocom-
posites: Al,O3; — graphene, RSC Adv., 2014, 47, p. 7418-7424.
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INFLUENCE OF GRAPHENE ON TRIBOLOGICAL
PROPERTIES OF NANOCOMPOSITE CERAMICS

Sintered coarse-crystalline ceramics Al,O3 is one of the modern structural
materials with high melting point, elastic modulus, heat resistance, corrosion
resistance, but has a number of disadvantages limiting practical application -
high brittleness, low crack resistance and wear resistance [1]. The addition of
graphene to the composition of nanosized ceramics can be a way to improve the
listed service characteristics. The aim of this work is to study the effect of gra-
phene on the tribological properties of nanocomposite ceramics based on alu-
minum oxide.

It has been used a composite sintered by the SPS method, consisting of an
Al,O; ceramic nanopowder and graphene nanoflakes, in the form of a disk with
a size @15 x 2 mm. Samples without graphene and with a graphene content of
2 wt.% were studied. Wear and friction tests were carried out without lubrica-
tion on a tribometer CSM Instruments instrument at room temperature and a
circular ball-disk friction pattern with a friction track radius r = 2.5 mm and a
linear velocity of 15 cm / s. The experiment was carried out in air at room tem-
perature. A sapphire ball served as a counter body &3 mm, the load was 20N.

At friction the addition of 2%, graphene to aluminum oxide ceramics al-
lows:

- to reduce wear and friction coefficient by 19 and 30%, correspondingly;

- to reduce the wear rate by three orders of magnitude, from 2.55 x 10® to
6.13 x 10°mm® - N* - m™).

The structural mechanism of the graphene influence depending on its mor-
phology and distribution is discussed.

1. O. Jankovsk'y, P. Simek, D. Sedmidubsk'y, S. Huber, M. Pumerab, Z. Sofer.
Towards highly electrically conductive and thermally insulating graphene nanocom-
posites: Al,O3; — graphene, RSC Adv., 2014, 47, p. 7418-7424.

2. E.A. Klyatskina, A. Borrell, E.G. Grigoriev, A.G. Zholnin, M.D. Salvador, V.V.
Stolyarov, Structure features and properties of graphene / Al,O; composite, J. of Ce-
ram. Soc & Tech. 2018, 9 (3), p. 215-224. 10-3
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TPABOJIOTTUECKHUE CBOMCTBA TBEPJJOCMA30YHOI'O
MHOKPBLITUSA, COOPMHUPOBAHHOI'O PEAKIIMOHHBIM
HUMITYJIbCHBIM JIASEPHBIM OCAKJIEHUEM TUTAHA 1
MOJIMBAEHA

PaccMOTpeHBI CTPYKTYpHBIE H3MEHEHUS B TOKPBITUSX, ITOJYyIEHHBIX METO-
JIOM PEaKIMOHHOTO UMITYJIbCHOTO JIA3€PHOTO OCAXKJICHUH MOJIMOACHA U THTaHa
B PEaKIMOHHOM Tra3oBoii cpene (cepoBomopose, H,S) pasnmuunoro nasnenus (5
u 10 I1a) Ha Harperyto 10 +250°C moanmoxkKy. BeisiBieHB! pa3mimdaus B TpuOo-
JIOTHYECKUX CBOMCTBaX B 3aBHCHMOCTH OT PEKHUMa ocakieHus. lIpuBeneHsl
Pe3yNIbTaThl UCCIECAOBAHUS CTPYKTYPBI M TPHOOIOTHUECKUX CBOWCTB ATHX IO-
KPBITHH NP pa3IuyHBIX 3HAUCHUAX AABICHHA. YCTAHOBIEHO, YTO MOKPHITHA,
MOy4YeHHBIE TIpU AaBieHuu 5 [la, o0mamaroT JyqmmMu TpuOOXapaKTEepHUCTH-
KaMH BO BCEX PEXHMax HcHbITaHuA. IloMHMO 3TOro, MOKphITHAM Tpeldyercs
MEHBIIIE IIUKIIOB IPHPabOTKH NpH (HyHKIIMOHUPOBAHNUH TP BEICOKOI Temrepa-
Type U B cpeie a3oTa.

M.D. GRITSKEVICH, D.V. FOMINSKI, R.I. ROMANQV, V.Y.
FOMINSKI
National Research Nuclear University “MEPhI”, Moscow, Russia

TRIBOLOGICAL PROPERTIES OF SOLID-LUBRICATING
COATING FORMED BY REACTIVE PULSE LASER
DEPOSITION OF TITANIUM AND MOLYBDENUM

Structural changes in coatings obtained by the method of reactive pulsed la-
ser deposition of molybdenum and titanium in a reaction gas medium (hydro-
gen sulfide, H,S) of various pressures (5 and 10 Pa) on a substrate heated to +
250°C are considered. Differences in tribological properties were revealed de-
pending on the deposition regime. The results of studying the structure and
tribological properties of these coatings at various pressures are presented. It
was found that coatings obtained at a pressure of 5 Pa have the best tribo char-
acteristics in all test modes. In addition, the coatings require fewer burn-in cy-
cles when operating at high temperatures and under nitrogen.
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®OTOIEKTPOKATAJIMTHYECKASI AKTUBHOCTD

PACHIEIIEHNS BOJAbI TUBPUIHON CTPYKTYPOM
MoSx/WSe,, ®OPMUAPYEMOI METOJAMM

TEPOMOXHMHWYECKOTO CUHTE3A M OCAKJIEHUS

HcenenoBanbl 0COOCHHOCTH TEPMOXHMHYECKOH 0OpabOTKH TOHKOILICHOY-
HOTO IpeKypcopa Tpuokcuaa Bonbdppama (WO,) B cepoBoJOpOJiE, HAMpaBIeH-
HOW Ha (opMHpOBaHHUE cloeB Aucynbhunaa Bonbdpama (WS;) B ruOpumHOM
ctpykrype MoS,/WSe, npu ObICTpOM CEJICHHPOBAHUU HAa CTEKIOYIJIEPOIHOMN
noytoxkke mpu 900 °C. Hanocnoit amopdroro cynbhuaa monmudaeHa (MoSx ~
3), obOnazaromuii BRICOKOI KAaTaJHTHYECKOH aKTHBHOCTBIO B DIICKTPOXUMHYE-
CKOI peakiMy BBLICTICHHS BOJOPO/a, HAHOCUTCS HA TIOBEPXHOCTB MOJIyYEHHBIX
wieHok WSe, MeToIoM HMITYJIbCHOTO JIa3epHOr0 ocaxieHus. [lokaszaHo, 4yTo
COCTaB TOHKOIUIEHOUHOTO TpeKypcopa WOy OKa3bIBAaeT CYIIECTBEHHOE BIIHS-
HHe Ha Mopdonoruro HaHociaoeB WSe,, M 3Ta XapaKTepUCTHKa BO MHOIOM
ompezenseT A(PQPEKTUBHOCTh  BBIICNEHHS  BOJOPOJA TE€TepOCTPYKTYPOM
MoS;/WSe, tpu (HhOTOaKTHBHUPOBAHHOM pacIIelUleHHH Boabsl. Hambosee 3¢-
(eKTUBHOE BBIZCIICHHE BOJOPOAa OOHApYKEHO Ui TeTepoCTPYKTypa
MoS3/WSe,, conepsxamias WSe, B BUJIe KPUCTAIUIMYECKUX JIETIECTKOB TOJIIIIH-
HOHM ~ 50 HM, IpUYEM 3TH KPUCTAIUIBI OPUEHTUPOBAHBI MEPIICHIUKYISPHO T10-
BEPXHOCTH MOJJIOKKHU. [IpOBeieH TEOpETHYECKUI aHANIN3 CHHEPreTHYECKOro
B3auMoieiicTBusl Ha rpanuie MoS3/WSe, Ha addextruBHOCTH 00pa3oBaHUs BO-
noposa. Pacyersl Teopun (yHKIMOHANA IUIOTHOCTH IIOKA3aJlk, YTO KJIACTEPhI
MoS; mMoryT moBbIaTh 3QEKTHBHOCTh peakiys BBIICICHHS BOIOPOJA HPH
KOHTaKT€e C IOBEPXHOCTHBIMH y4aCTKaMH HAaHOKpHCTAIIIOB WSe,.
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PHOTOELECTROCATALYTIC ACTIVITY OF MoS,/WSe,
HYBRID STRUCTURE WATER SPLITTING PREPARED BY
THERMOCHEMICAL SYNTHESIS AND DEPOSITION

The characteristics of thermochemical treatment of a thin-film precursor of
tungsten trioxide (WOy) in hydrogen sulfide aimed at the formation of layers of
tungsten disulfide (WS,) in a hybrid MoS,/WSe, structure with rapid seleniza-
tion on a glass-carbon substrate at 900 °C. A nanolayer of amorphous molyb-
denum sulfide (MoS, ~ 3), which has a high catalytic activity in the electro-
chemical reaction of hydrogen evolution, is applied to the surface of the ob-
tained WSe; films by pulsed laser deposition. The composition of the thin-film
precursor WO, has a significant effect on the morphology of WSe, nanolayers,
and this characteristic largely determines the efficiency of the MoS3/WSe, het-
erostructure hydrogen evolution by during photoactivated water splitting was
shown. The most effective hydrogen evolution for the MoSs/WSe, heterostruc-
ture containing WSe; in the form of crystal petals ~ 50 nm thickness, and these
crystals are oriented perpendicular to the surface of the substrate was found. A
theoretical analysis of the synergetic interaction at the MoSs/WSe, boundary on
the efficiency of hydrogen evolution is carried out. Calculations of the density
functional theory have shown that MoS; clusters can increase the efficiency of
the hydrogen evolution reaction upon contact with the surface areas of WSe,
nanocrystals.
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YUCJIIEHHOE UCCIIELJOBAHUE ITPOLECCA IHOJIYYEHUSA
®TOPA B CPEJHETEMIIEPATYPHOM 2JIEKTPOJIN3EPE

B coBpeMeHHOI siiepHON TEXHOJIOTHUH C MOMOLIBbI0 (hTOpa MONTy4aroT OANH
U3 OCHOBHBIX €€ MpPOIYKTOB — rekcadropuj ypaHa. B TIpon3BOACTBEHHBIX
ycrmoBuAX (GTop moiydarT cpegHeremmeparypHeiM (~100 °C) snmexTpommzom
paciuiaBa ruapodTOpHAa Kanus, KOTOPBI 00pa3yercst MpH HACHILECHUU pac-
mwraBa KF-2HF ¢ropoBomoponom o comepkanus 36,5-41,0% mac. HF, Hanbo-
Jee pacHpoCTpaHEHHbIE KOHCTPYKIMH ITPOMBIIUICHHBIX CpPEIHETEMIIepaTyp-
HBIX 3JIEKTPOJIM3epOB pabOTAOT MPH TUIOTHOCTH TOKa Ha aHoxax 0,1-0,2 AleM?.
IIpu snekTponu3e MPOUCXOAUT MpPEBpAIleHUE SIEKTPHUECKON PHEPruu B XU-
MHUYECKYI0. DJIEKTPOIN3 MoauuHsAeTca 3akoHaM Dapanes U ypaBHEHHSIM KHHe-
THKH 3JIEKTPOIHBIX Mpoiieccos [1].

[Monyuenue ¢propa — GU3MYECKU SHEPTOEMKHI M JOPOTOCTOAIIN Tpolecc,
YTO 3aTPYAHSET MpOBelIeHHE OOBEMHBIX HKCIEPUMEHTAIBHBIX HCCIIECJOBAHHUM.
B cBsi3u ¢ 3TUM 0OIIEHIPU3HAHHON MUPOBOM MPAKTUKOH sSIBIIsACTCS pa3paboTka
MaTEeMaTHYECKUX MOJENIeH B 0OJIaCTH COBEPIICHCTBOBAHMS KOHCTPYKIHMH H
TEXHOJIOTHH (PTOPHBIX SJIEKTPOJM3EPOB. ANEKBATHBIA pacdeT, AAloIuil aeTa-
JM3UPOBaHHOE MPEICTABICHUE O MOAPOOHOCTSX MpoLecca, SBISCTCS OJHUM U3
MEPBOCTENICHHBIX yCIOBHH 3KOHOMHYECKHN 3((eKTHBHOTO IPON3BOJCTRA [2].

B panee npoBeneHHbBIX pabOTaX OTCYTCTBYET ITOJHBIH CUCTEMHBIH Y4eT J10-
CTOBEPHBIX 3KCIIEPUMEHTAIbHBIX JaHHBIX MPU MPOU3BOJCTBE (TOpa, KOTOPHIS
MornH OBl JIeYb B OCHOBY pa3pabaTeiBaeMbIX Mojeneil. s ycoBepuieHCTBOBA-
HUSI KOHCTPYKIIMH U PEKUMOB pabOThI CpeTHETEMIIEPAaTyPHBIX JIEKTPOIN3EPOB
PEKOMEHAyeTCs: MPOBECTH HCHBITAHHWS BHOBb pa3pabOTaHHON KOHCTPYKIIUH
ceT4aroro (GuIbTpa AJS OYUCTKU aHOJIHOTO ra3a OT TBEpJAO- U KUAKO(pa3HBIX
B3BELICHHBIX YaCTHUI[, NIPOBECTH MCCIIEJJOBaHUE BIMAHUSA J00aBKU (propmaa
IIOMHHUS B JICKTPOJIMT HA BBIXOA (TOpA MO TOKY; MPOBECTH HCIIBITAHUS IO
CHIKEHHIO BBICOTHI KOKCOBOH IUIACTUHBI Ha 25%, YTO MO3BOJIUT CHU3UTH KOP-
PO3HI0 METHOTO TOKOIOJBOJA U pa3pylleHHe KOKCOBOM IJIACTHUHBI; pACCMOT-
peTh BOINPOC IYJbCALHOHHOTO IMEPEMENIMBAHMS JJIEKTPOJIUTA C HUMITYJIbCOM,
MPUBOASIIMM K U3MEHEHHUIO YPOBHS 3JIEKTPOJIMTA MPUMEPHO + (5-10) MM.

1. l'ankun H.I1., Kpytukos A.B. Texuomnorus ¢gropa. —M.: Atommzaat, 1968.—188 c.
2. Bymunos W.H., Jlykamyk }O.B. MozaenupoBanne MarHUTOTHIPOJHHAMHUYECKUX
IPOIIECCOB B MPOMBIIUICHHBIX 3JIeKTpoin3epax ¢ nomonipio ANSYS // ANSYS
Solutions. Pycckas pemakimst. — 2007, Ne6. — C. 13-17.
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NUMERICAL STUDY OF THE PROCESS OF OBTAINING
FLUORINE IN A MEDIUM TEMPERATURE ELECTROLYSER

One of the main products of modern nuclear technology is obtained with the
help of fluorine - it is uranium hexafluoride. Under industrial conditions, fluo-
rine is obtained by medium-temperature (~ 100 ° C) electrolysis of potassium
hydrofluoride melt, which is formed when the KF-2HF melt is saturated with
hydrogen fluoride to a content of 36.5-41.0% wt. HF. The most common de-
signs of industrial medium-temperature electrolyzers operate at an anode cur-
rent density of 0.1-0.2 A/cm?. Electrolysis converts electrical energy into chem-
ical energy. Electrolysis obeys Faraday's laws and equations of the kinetics of
electrode processes [1].

The production of fluorine is a physically energy-consuming and expensive
process, which makes it difficult to carry out voluminous experimental studies.
In this regard, the generally recognized world practice is the development of
mathematical models in the field of improving the design and technology of
fluorine electrolyzers. Adequate calculation, which gives a detailed view of the
details of the process, is one of the primary conditions for cost-effective pro-
duction [2].

A complete systematic account of reliable experimental data in the produc-
tion of fluorine, which could form the basis of the models being developed, is
absent in previous works. To improve the design and operating modes of medi-
um-temperature electrolyzers, it is recommended: to test the newly developed
design of the mesh filter for cleaning the anode gas from solid and liquid-phase
suspended particles; to conduct a study of the effect of the addition of alumi-
num fluoride to the electrolyte on the fluorine output by current; to conduct
tests to reduce the height of the coke plate by 25%. This will reduce the corro-
sion of the copper current lead and the destruction of the coke plate; to consider
the issue of pulsating mixing of the electrolyte with a pulse leading to a change
in the electrolyte level of about + (5-10) mm.

1. Galkin N, Krutikov A. Fluorine technology. — M.: Atomizdat, 1968. — 188 p.

2. Budilov I, Lukashchuk Yu. Modeling magnetohydrodynamic processes in indus-
trial electrolysers using ANSYS // ANSY'S Solutions. Russian edition. - 2007, No. 6.
-S.13-17.
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M3YUYEHHUE DJIEKTPOHHOM CTPYKTYPbI KOMILTEKCA
[Ni(Salen)] METOJIOM PE3OHAHCHOW ®OTOPMUCCHUM

HenaBHOo MeTomamu peHTreHOBCKOW BanieHTHOH ¢orosmuccun (VB PE) n
norioniernst (NEXAFS) ¢ ucnons3zoBannem CH ObUTO BBITIOTHEHO HCCIICIOBA-
HHE IIEKTPOHHOTO cTpoeHms kominiekca [Ni(Salen)], NiO;N,CygH14, KOTOpBEIIA
SBIISICTCS TIEPCIIEKTUBHBIM MOHOMEpPOM [UIS 3JEKTPOXHUMHUYECCKOTO CHHTE3a
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IOTJIOIICHMUA.

3JEKTpONpOBOAAIINX noaumepos [1]. s
MOATBEPXKIeHUsST BbIBOIOB o0 Ni  3d-
IPUPOJC BEPXHUX 3AHATHIX COCTOSIHUH B
[Ni(Salen)] nmomoaHWTENBHO OBUTM H3Me-
pensl VB PE cnekrpel mMeTonoM peso-
HaHCHO# (oToamuccuu [2]. DTH CHEKTPHI,
BO30yXIacMbie (HOTOHAMU C DHEPTUAMHU
pesoHaHcoB B Ni2pgp-, Ols- m Nls-
NEXAFS crnekrpax koMmImiekca, ObIIH IT0-
JIy4YEHB, HCIIOJIB3YS Poccuiicko-
I'epmanckuii kanan CU  351€KTpOHHOTO
nakonutenss BESSYII. [lonyuennsie nas-
HBIE JICMOHCTPUPYIOT HaJIWYHE CHIIBHBIX
pe3oHaHCHBIX 3((heKToB TpU BO30YXKIe-
Huu VB PE cnekTpoB KBaHTaMu ¢ 3HEPIU-
simu 853.6- 855.65 5B B oOmacTu pe3oHaH-
ca a B Ni 2p3; NEXAFS cnekrpe (pucy-
HOK, BCTaBKa). I[lomoOHbie 3(dekTh He
HaOIONAMNCh B CIEKTPaX, HM3MEPEHHBIX
IIPY MCHOJIB30BaHUHM (DOTOHOB C DHEPIHs-
Mu pe3oHaHcoB B Ols- u Nls-cnekrpax

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

1. G.I. Svirskiy, et al. Electronic structure of the [Ni(Salen)] complex studied by
core-level spectroscopies. Phys. Chem. Chem. Phys. 23, 11015 (2021).

2. J.W. Allen, Resonant photoemission of solids with strongly correlated electrons,
in: R.Z. Bachrach (Ed.), in: Synchrotron Radiation Research. Advances in Surface
and Interface Science, vol. 1, Plenum Press, New York, 1992, pp. 253-323.
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STUDY OF THE ELECTRONIC STRUCTURE OF THE [Ni
(Salen)] COMPLEX BY RESONANCE PHOTOEMISSION

Recently, the electronic structure of the [Ni(Salen)], NiO,N,C;H.4 com-
plex, which is a promising monomer for the electrochemical synthesis of elec-
trically conductive polymers [1], has been studied by X-ray valence photoemis-
sion (VB PE) and absorption (NEXAFS) methods using SR [1]. To confirm the

Absorption

ity

Photoemission intensi

Binding energy, eV

10029.

T T T
30 25 20 15 10 5

conclusions about the Ni3d nature of the
upper occupied states in [Ni(Salen)], the
VB PE spectra were additionally meas-
ured by the resonant photoemission
method [2]. These spectra, excited by
photons with resonance energies in the
Ni2ps,-, Ols- 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-

1. G.I. Svirskiy, et al. Electronic structure of the [Ni(Salen)] complex studied by
core-level spectroscopies. Phys. Chem. Chem. Phys. 23, 11015 (2021).

2. J.W. Allen, Resonant photoemission of solids with strongly correlated electrons,
in: R.Z. Bachrach (Ed.), in: Synchrotron Radiation Research. Advances in Surface
and Interface Science, vol. 1, Plenum Press, New York, 1992, pp. 253-323.
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MOJMPUIIUPOBAHUE CTPYKTYPbBI MHOI'OCTEHHBIX
YTJIEPOJHBIX HAHOTPYBOK C UCIIOJIB30BAHUEM
HEITPEPBIHOT'O HOHHOT O ITYYKA

VYraeponusie HaHOTPYOKH (YHT) sABIIOTCSA NEPCHIEKTUBHBIM MaTepHAIOM,
NPUMEHSIEMbIM B pa3NIMuHBIX OOJIACTAX HAayKH W TeXHUKH. CyliecTByromas
npobnema arjmomeparu YHT B XryThl WIM KpYIHBIE YaCTHI[BI MHKPOHHBIX
pa3sMepoB, MOXET OBITh pelleHa C IPUMEHEHHEM BO3JEHCTBUS Pa3IMYHBIX
MOTOKOB 3HEPTUH (MOHOB, NEKTPOHOB, H 1p.) [1]. Takoi moxxox mo3Bonser
(opMupOBaTh CTPYKTYpHBIC AE(PEKTH HAa IMOBEPXHOCTH HAHOTPYOOK M TeM

CaMbIM (YHKIIMOHAIN3UPOBATh nux 3a cyer 3aKpeIUICHHs
kucnopoacogepxkamux rpynn (KCID), KoTopble MOBBIMIAIOT XHMHUYECKYIO
MHEPTHOCTb.

Lenpto maHHOTO HWCCIENOBAaHMS  SBISETCA  pa3pabOTKa  METOIWKHU
¢yaxanonamm3anuu MHorocteHHBIX YHT (MYHT) myrem 3akpemienns KCIT
Ha WX IOBEPXHOCTH C HCIOJB30BAaHHEM OOIYyUEHHUS HEMPEPBHIBHBIM ITy9KOM
HMOHOB aproHa JJIS TIOCJIEAYIOIEr0 CO3/IaHMsI HOBOIO KOMIIO3UTHOTO MaTepHana
Ha OCHOBE JJICKTPOMPOBOIAIINX pemokc-momumepos poly-[M(Salen)] (M=Ni,
Co, Cu) u MYHT.

B pabore 6pumm ucnonszoBansl MYHT, nomyuennsie metogom CVD [2].
OO6iyyeHre TPOBOAWIM B KaMepe BBICOKOJO3HOTO UMIUIAHTEpA CO
crenyomuMu pexxumMamu oomyderns: dHeprus (E) 5-12 x3B; ¢uroeHc myuka
(F) 10'%-10" cm™.

AHanu3 HU3MEHEHUs CTPYKTYpbl M Xumuueckoro cocrossHuss MYHT c
HCIIOJIb30BAaHUEM COBPEMEHHBIX METOJIOB 3JIeKTPOHHON MuKpockonuu (SEM) u
pertreHoBckorr criekrpockormu  (XPS, NEXAFS) mo3Bonmn omnpemenuTsb
ONTHUMANIFHBIE TapaMeTpbl HOHHOW OOpabOTKH, KOTOpbIE OOECIeYHBAIOT
¢ dexkTrBHYI0 (QYHKIMOHAIN3ANNIO WX TIOBEPXHOCTH M B TO XK€ BpeMs HE
MIPHUBOJAT K 3HAYUTEIHHBIM d(h(heKTaM pacTbUICHHS.

HccnenoBanue BIMOJIHEHO 3a cueT rpanTa PHD Ne21-72-10029.

1. AV. Krasheninnikov and K. Nordlund. J. Appl. Phys. 107, 071301 (2010).

2. P.M. Korusenko, S.N. Nesov et. al. Nanomaterials, 11, 2163 (2021).
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MODIFICATION OF THE MULTI-WALL CARBON
NANOTUBES STRUCTURE BY A CONTINUOUS ION BEAM

Carbon nanotubes (CNTSs) are promising materials used in various fields of
science and technology. The existing problem of CNT agglomeration into bun-
dles or large particles of micron size can be solved using the effect of various
energy fluxes (ions, electrons, etc.) [1]. This approach makes it possible to form
structural defects on the nanotubes surface and thereby functionalize their due
to the fixation of oxygen-containing groups (OCG), which increase the chemi-
cal inertness.

The aim of this study is to develop a way for the functionalization of multi-
walled CNTs (MWCNTS) by fixing OCGs on their surfaces using irradiation
with a continuous beam of argon ions for the subsequent formation of a new
composite material based on poly-[M(Salen)] (M = Ni, Co, Cu) and MWCNTSs.

We used MWCNTSs obtained by the CVD method [2]. Irradiation was car-
ried out in the chamber of a high-dose implanter with the following irradiation
modes: energy (E) 5-12 keV; beam fluence (F) 10*°-10" cm™.

Analysis of changes in the structure and chemical state of MWCNTS using
modern methods of electron microscopy (SEM) and X-ray spectroscopy (XPS,
NEXAFS) make it possible to determine the optimal parameters of ion treat-
ment, which ensure efficient functionalization of their surface and at the same
time do not lead to significant sputtering effects.

The study was supported by the Russian Science Foundation grant No. 21-
72-10029.

1. AV. Krasheninnikov and K. Nordlund. J. Appl. Phys. 107, 071301 (2010).
2. P.M. Korusenko, S.N. Nesov et. al. Nanomaterials, 11, 2163 (2021).
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INPOYHOCTHBIE XAPAKTEPUCTUKH
MOHOKPUCTAJVIMYECKHUX CITABOB CUCTEMBI
MOJIMBAEH-HUOBNHU

DONeMeHTH PaKeTHO-KOCMIYECKOW, aBUAIIMOHHOM U SIIEPHOM TEXHHKH, pa-
OoTarolue B YCJIOBUAX BBICOKMX TEMIIEpATyp U HANpsOKEHUIM C pa3HOil mpo-
JIOJDKUTENLHOCTBIO KCIUTyaTaluy, TpeOyIOT MPUMEHEHHsI MaTepPUaioB B 3aBU-
CUMOCTHU OT YPOBHS HampsOKEHHUH OO C BHICOKUM COMPOTUBJICHUEM MOJ3yue-
CTH, JINOO C BBICOKOH MPOYHOCTHIO, JIMOO U C TEM U C JAPYTUM.

[Tpu BeIOOpE U pa3zpaboTke KaHIUAATHBIX MAaTEPUATIOB HY>KHO aHAJIU3HPO-
BaTh UX KPAaTKOBPEMEHHYIO MPOYHOCTh B MIMPOKOM TEMIIEPaTypHOM JHara3oHe
1 XapaKTEePUCTHUKH MTOJI3YUECTH MIPH padOIHNX TeMIepaTypax.

B mannOi#l paboTe B KadecTBe KaHAMIATHBIX MaTEPHAJIOB pacCMaTpPUBAIA
MOHOKPHCTAJUTMIECKHE CIUIABBI HHOOUS C BRICOKHM COAEp)KaHHEM MOJHOICHA
(HM) ¢ opuenTanmeit pocta <110>, — MOIy4eHHBIC II0 TEXHOJIOTHH AJICKTPOH-
HOJIY4eBOH OECTHTEIbHOW 30HHOW IIaBKH, W MOJHOACHOBHIE crutaBbl MH3,
MH4, MHS, MH6, MH7 u MH10 ¢ opuenrauueit pocra <111> [2]. Ux kpaT-
KOBPEMEHHBIE MPOYHOCTHBIE CBOMCTBA OINpPENETsUIM B TEMIEPATypHOM JHara-
30He OT KoMHaTHOH 70 1800 °C.

[TpoyHOCTHBIE UCTIHITAHUSI HA PACTSHKEHUE MPOBOMIN HA BHICOKOTEMIIEpa-
TypHOH MaIIWHE JUIS MCIBITAHMA KOHCTPYKIMOHHBIX MaTepuaioB «YTC
110MH-50» B umntepBanie Temmeparyp oT 20 mo 1800 °Cco ckopoctbio 1
mm/MuH 110 TOCT 9651-84 B Bakyyme He HIke 10 mI]a.

W3 pe3ynpTaToB UCHBITAHWUN CIEAYET, YTO TEeMIEepaTypHBIC 3aBUCHMOCTH
MPOYHOCTHBIX XapaKTEPUCTUK UMEIOT JIBa TEMIIEPaTypHBIX nepenoma. J[is mo-
n0JeHa HU3KOTEMIIEPAaTypHBIHA IEpesioM pearu3yercsl MpH TeMIlepaTypax B
nuana3one ot 450 no 600 °C, a BeicoKOTEMIIEpaTypHbIH B AuanazoHe ot 1300
o0 1500 °C. [Ins HM, Tak ske XxapakTepHBbI [1Ba MepeioMa, X0Th U MEHee BhIpa-
XeHbl. B guama3oHe temmneparyp 0 HU3KOTEMIIEPATYPHOTO TepeoMa TMpOUC-
XOJIUT MHTEHCUBHOE Pa3yNpOYHEHHUE CIUIAaBOB, B MIPOMEKYTKE MEXAY IMEpero-
MaMU pa3ynpoyHEeHNe TMPAKTUYECKH UCUE3aeT, a TOTOM TI0CIie BEICOKOTEMIIEpa-
TYpPHOTO MepeaoMa HHTEHCUBHOCTh Pa3yIpOYHEHHsI CHOBA YBEJIUYUBAETCSI.
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PesynbraThl HMCHBITAHUA MOKa3anM, YTO JISTUPOBAHHE MOJIHMOJICHOBOTO
craBa 10 % HHOOMS NPUBOAMT NP KOMHATHBIX TEMIIEpAaTypax K He3HA4YH-
TenpHOMY, ~50%, YNpOYHEHHIO B CPaBHEHHHM C YHCTHIM MOHOKPHCTAJIMYE-
ckuM MoimbOneHoMm. OxHako npu Temreparypax ot 600 mo 1300 °C rakoe xe
JIETUPOBaHNE YBEIMUYHMBACT MPEAET NPOYHOCTH Oosiee YeM BJIBOE, a TEKy4eCTH
yke oT 2 10 6 pa3, a npu 1550 °C nerupoBaHue MOBBIIIAET IPOYHOCTHHIC Xa-
pakrepuctuku Oosiee 8 pa3. JlerupoBanue HuOOUsT MonmbIeHOM, OT 1 10 30-40
IMPOUCHTOB YBCIWYUBACT MNPCACT MPOUYHOCTH MU TEKYUCCTU IIpU KOMHATHOM
TemriepaType 0oJjiee ueM B 8 pas.

1. A.A. Scrpebkos, H.I'. Adanacnes, B.A. Penuii, B.I1. CmuproB. — Pa3zpabotka
JKapOMPOYHBIX MOHOKPHCTAUTHIECKHX CITIABOB HA OCHOBE MOJIMO/IEHA 1
Bonb(pama. — «L{BeTHBIe MeTamTB». Nell, 2007, 10-14 c.

2. Konecaukor E.I'., Cepuror B.C., BoukoB H.A., Adanacees H.I'., Koueros
J.U., 3BoaKkoB A.A. — IIpouHOCTHBIE XapaKTEPUCTUKH MOHOKPHUCTAIINYECKHAX
CIUIaBOB Ha OCHOBE MoynOJeHa. — MexoTpacneBas Hay4HO-TeXHHUUYecKas KoHde-
peHuus «PeakTopHble MaTepHalbl sAepHOI SHepreTuxkn». Tesucsl noknanos. Exa-
TepuHOypr, 06-09 cenrsiops 2021 r. — 48-49 c.
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K IOCTPOEHUIO TEOPUU MUKPOIIVIACTUYHOCTHU

IIpennoxkeH NoaX0, OCHOBAHHBIN Ha TEPMOJUHAMUUECKUX COOOpaKEHUSX,
MO3BOJISIIOIIMIA B 00JIACTH YMEPEHHO BBICOKHMX TEMIIEpaTyp MOCIJIEI0BATEIHLHO
MOCTPOUTH Ul TBEPJOTO TeNa MOJHYI0 TEOPHI0 MHUKPOIIACTUYHOCTH, BO3HU-
Karolleil BcIeACTBHE HEYNPYTHX SIBICHUN M MUKPOTEKYYEeCTH, B OKPECTHOCTHU
¢usmueckoro mpenena ynpyroctu. [Ioka3aHo, 9TO KOJMYECTBEHHBIE IMOJOXKE-
HUSI TEOPUH MOTYT OBITh BBIBEACHBI B TPETHEM M YETBEPTOM INPHOIIKCHUU
CcBOOOAHON 3HEpruM Tena. B TpeTbeM NpHONMMKEHHM TOIYYEHO BBIpa’KCHHE
JUIL TEH30pPHOTO TOJISI HANPSDKEHWH M COCTaBIICHBI YPAaBHEHUS PaBHOBECHS
TBEPAOTO TeJa MPU MUKPOIIACTHYHOCTH.

Beeoenue

B Marepuajiax, B TOM YHCJIC U KAPOMNPOUYHBLIX CIUIaBaX, MHUKPOIIJIaCTUY-
HOCTb HAYMWHACT MNPOABIATHCA B JIOKAJIBHBIX 30HAX, IIPU 3TOM CaM MaTepual
HaXOIUTCs B ynpyroi oomactu. [To mepe nehopMupoBaHuUs Tejla BOBICKAOTCS
BCE HOBBIE M HOBBIC 30HBI, U B UTOT'€ MaTepUall MOJHOCThIO MEPEXOAUT B IJIa-
CTHYECKOE COCTOSHUE. B CBS3M C 3THM HapsLy ¢ YIPYTUM IIOBEACHUEM 0COOYIO
pOJb MPHOOpETaeT ONMMCAHME MpoIlecca Iepexoa MaTepuaia OT YIpyrou oo-
nactu aehopMaluii K ynpyro-miactiudeckoit [1].

OcHtosHble nooJicens meopuu MuKponiacmu4nocmu

beuto 3ameueno [1, 2], kak B METaLTMIECKHX CIUIaBax Ja)e MPH MajbIX
nedopmanmsx y << 1 BO3HMKAIOT OTKJIOHEHHS OT UJCaIbHO YIPYroro moBeje-
HHS BEIIECTBA, OMKMCHIBAEMOT0 B paMKaX KIACCHYECKOI TEOPHH YHPYrOCTH 3a-
KoHOM ['yKka (cM. pUCYHOK).

; =7
0 Y

Pucynox — OOmuii B KPUBOH HArpy>KEHUS IPH KPYICHUH.
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st onucanus HaNpsHKEHHO-Ie()OPMUPOBAHHOTO COCTOSIHUSI B OKPECTHOCTH
Toukn «C» paccMOTpuUM HeleGopMHUpPOBaHHOE TBepaoe Teno obbemoM V.
[TycTb ero cBoOOAHAs 3HEPTHs, TPUXOASIILIASACST Ha eUHUIY 00bema, paBHa Fo.
Torna nonHast cBOOOAHAS SHEPTHUSI B PABHOBECHU
Dy =[RdV,
I7ie UHTErPUPOBAaHKE TIPOU3BOIUTCS 110 BCEMY 00beMY Tela.
[IpunoxuM BHELIHIOK CHITy, HallpUMep, HAuHEM TeJ0 3aKpyduBaTh M Tak
ero cierka nedopmupyem. Hamumem cBOOOIHYIO SHEPruio TeHepb Yke Je-
(hOpMHPOBAHHOTO TeJa B TPETHEM NMPHUOIIKEHUN

F=FR+F@+F®4

rae F@ — coGoxnas SHeprust ynpyrou aedopmarum, F® — SHEpTus HEeylpy-
roii nehopMany B 00IIEM cIydae.
B rykoBckoM npubnmxenun [3]

2) _ 2 2
F = pui + (V2)ug,
rae |, A — koagdunueHtsl Jlama. Jlanee ajst ©U30TPOIHOTO TeJla KMEEM
(3 _¢ 2 Y.,3
F™= 3 YiclieUs +B Uiy gl
rIe o, 3, Y — HOBbIe MOJYITH, XapaKTePH3YIOIINEe MaTepHal.
3amuceiBas TeH30p Aedopmaruu Uy B obLIeM BuJe, U OCTaBIIsA ClaraeMble

0O;U, - Ok U, , Haxoaum CBOGO/IHYIO SHEPTHIO TENA B TPETHEM IIPHOIHKEHUN
A
F=F +%(6kui +0,U) 2 + (u+ al4)8,u; d;u, 8, +§(64uk) 24
Bt+a
2

Tenzop HanpspkeHuit Koty CTaHOBUTCS HECUMMETPUYHBIM,

+ (B,u;) %0,u, +%6kui U, 8,u, +%6kui Uy O, +%(6€u/)3.

Ok = u(@kui +5iuk)/2+(u+ (l/4)aiU/ 5kué + (B‘f‘?\)@kui a/u€ +
+(0/12)3;u, 0,uy +(B/2)du, 8,U, +3NEU; +(D,U,)2 By

YTO COTJIACYETCS C MPEJCTABICHUAMH O MHUKPOILUIACTUMHOCTH. HoBBIE ypaBHe-
HHs paBHOBecHs riacar 0,0 =0.

Pabora BemomHeHa npu ¢uHAaHCOBOHM moamepkke IlpaBurensctBa Tyob-
ckoit o6mactu (rpant Ne JIC/260).
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TO THE CONSTRUCTION OF THE THEORY OF
MICROPLASTICITY

An approach based on thermodynamic considerations is proposed, which
makes it possible to consistently construct for a solid a complete theory of mi-
croplasticity resulting from inelastic phenomena and micro-fluidity in the vicin-
ity of the physical limit of elasticity in the region of moderately high tempera-
tures. It is shown that the quantitative provisions of the theory can be derived in
the third and fourth approximation of the free energy of the body. In the third
approximation, an expression for the tensor stress field is obtained and the
equations of equilibrium of a solid body with microplasticity are compiled.

Introduction
In materials, including heat-resistant alloys, microplasticity begins to mani-
fest itself in local zones, while the material itself is in an elastic region. As the
body is deformed, more and more new zones are involved, and as a result, the
material completely passes into a plastic state. In this regard, along with elastic
behavior, a special role is played by the description of the process of transition
of a material from an elastic deformation region to an elastic-plastic one [1].

The main provisions of the theory of microplasticity
It was noticed [2] how in metal alloys, even with small deformations y << 1,
deviations from the ideally elastic behavior of a substance described in the
framework of the classical theory of elasticity by Hooke's law occur (see Fig-
ure).

=Y
'
i Y
Figure — A general view of the torsion loading curve.
To describe the stress-strain state in the vicinity of point "C", consider an
undeformed solid with volume V. Let its free energy per unit volume be equal
to Fo. Then the total free energy is in equilibrium
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where integration is performed over the entire volume of the body.

We will apply an external force, for example, we will start twisting the body
and so we will slightly deform it. Let's write the free energy of the now de-
formed body in the third approximation

F=R+F@4+F®4
where F@ is the free energy of elastic deformation, F® is the energy of inelas-

tic deformation in the general case.
In the Hooke approximation [3]

2
i

F@=pui +gu

where p, A are the Lamé coefficients. Further, for an isotropic body, we have

3 _o 2 Y..3
F —guikuizuke +Bujcuy, +§UM ,

where a, B3, y are the new modules characterizing the material.
Writing down the strain tensor uy in general form, and leaving the terms of

the second order o;u, -0, U, , we find the free energy of the body in the third
approximation

F=F +%(akui +0,U) 2 + (u+ al4)8,u; d;u, B, +%(6[uk) 24

B+2
2
The Cauchy stress tensor becomes asymmetric,
Gik = u(@kui +6iuk)/2+ (I.L+ (1/4)(9iué akuf + (B+7»)6kui ﬁzué +

+(0/12)3,u, d,u, + (B/2) 85Uy DU, +3XU; +7(D,U,)2 8y
which is consistent with the concepts of microplasticity. The new equilibrium
equations state 0,6y =0.

The work was supported by a grant from the Government of the Tula region
Ne DS/260.

+ (Bu;) %0,u, +%6kui U, 8,u, +%6kui Uy O, +%(65u/)3.
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MEXAHHW3M ®OPMUPOBAHUS COEJUHEHUS [TPU
BAKYYMHOM MAMKE SiC C TOMOIIBIO
BBICTPO3AKAJIEHHOI'O CILJTABA-IIPUIIOSI CACTEMBbI
ZrTiCuBe

B Hamm nHM KapOWI KpeMHHs paccMaTpUBAeTCs KaK MEpCHEKTUBHBIA Ma-
Tepuajl MHUPOKOT0 NPUMEHEHHS], IIPOYHOCTHBIE CBOMCTBA KOTOPOIO MOXKHO I1O-
BeicuTh apmupoBaHueM (Cf/SiC wmmu SiC/SiC). [dns M3rOTOBICHHUS NeTalei
CJIOKHOM TeoMeTpuH U3 KapOuaa KpeMHHUsS M KOMIIO3UTOB Ha €r0 OCHOBE HC-
MOJIB3YIOT TEXHOJIOTHIO AKTUBHOM MalKu.

B pabore mccrenmoBaHa BO3MOMKHOCTh HNPUMEHEHHSI OBICTPO3aKaJIEHHOTO
JeHTOYHOrO cruiaBa ZrssTipsCuiBeys, ar.% mns akTuBHOM maiiku kapOuma
kpeMHus1. OnpeneneHbl KpaeBble YIilbl CMauuBaHUs KepaMuku npumnoeM. C 1mo-
Moo MeTos10B SEM, EDX, XRD, B masHOM cOeITUHEHUN OOHApPY)KEHBI Clie-
nyromue dassr: (Zr,Ti),Cu, ZrBe, u TiBe,. Taxke, MpeArnoa0 UTeIbHO, B Masi-
HOM M1Be (opMUPYIOTCS cuiuimasl ZrSi u Zr,CuSiy.

HcnbiTanusi Ha MPOYHOCTH IPH C/IBUTE MOKA3allH, YTO pa3pyLICHHE COellH-
Hernid SiC/SiC IpOHUCXOAWT MO XPYNMKOMY MEXaHH3MY C O00pa3oBaHHEM Tpe-
IIMHBI U €€ PacIpOCTpaHeHHEM Yepe3 KapOuJl KpEMHUS M TIOBEPXHOCTh pasjerna
nasHbid moB/SiC. CpeHsisi IPOYHOCTH Ha CIBUT cocTaBuia 153 + 54 MIla s
pexxumMa naiiku ¢ HarpeBoM 110 720 °C u Beiaepkkoi B Teuenue 10 mun u 201 +
57 MIla npu narpese 10 810 °C u Bbiaepxkoit 10 MuH. MUKpOTBEPIOCTD Masi-
HOTO IBa HaxomuTcs B mpenenax 3,2-4,4 I'Tla u cimabo 3aBUCHT OT pexuMa
NanKy.

O1eHKa TEpMOCTOMKOCTH TMasHOTO IIBA NMPOM3BOAMIACH ITyTEM HCIBITAHUH
Ha pacmaiiky ¢ HarpeBoM 110 1450 °C u Beigepxkoit 10 mua. O6HapYKEHO, YTO
MOCJIE UCIIBITAHUI COCIMHEHHE COXPAHSET LIEJIOCTHOCTh, C M3MEHEHHEM MHK-
POCTPYKTYpBI M (pa30BOTO cocTaBa M yBEJIMUCHHUEM TOJIIMHEI 11Ba B 4 pa3a (0T
~ 15 Mxm o 60 MKM). 3HauUNTEeNbHAST KOHIICHTPALUS KPEMHUS B MAsHOM IIIBE
MOCJIE MCIBITAHUS YKa3blBAaeT HAa TO, YTO IPOM3OILIO PAcTBOpPEHHE KapOuja
kpemHus1. CpaBHeHHe CBOOOMHBIX 3Hepruii ['mb0ca mokasano, 4Tto B masHOM
Be HanboJiee YCTOMUNBBIMU CHITUITUAAMH sIBIsitoTCS (ha3wl ZrSi, TiSi,.

HWccnenoBanne BBIIOIHEHO NMPH (PUHAHCOBOW MOIIEPIKKE COBETA IO TpaH-
tam [Ipesunenta Poccutickoit @eneparmm. NeCI1-1192.2021.1.
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MOJEJIMPOBAHUE CTPYKTYPbI I'PAHUILIBI PA3JIEJIA
MEXIAY KEJE30OM U MATHETUTOM B YCJIOBUSAX
OBPA3OBAHMUA BAIIUTHOI'O OKCUJHOTI'O CJIOA HA
®OEPPUTHO-MAPTEHCHUTHBIX CTAJIAX B
KHUCJOPOJOCOJEPKAINEM TEIIJIOHOCHUTEJIE

OkcrutyaTauusi CTajed B peakTopax Ha OBICTPBIX HEHTPOHAX C JKUIKOMeE-
TAJJIMYECKUM TEIUIOHOCHUTEJIEM CBS3aHA C PUCKOM OBICTPOTO KOPPO3HOHHOTO
paspymeHus Metasuia. s mpeqoTBpalieHns NPsIMOTro B3aUMOAEHCTBHS CTaIH
C JKUAKOMETAJUIMYECKHM TEIUIOHOCUTENEM MPEANOoNaraeTcsi HCIOIb30BaTh
€CTECTBEHHBIE CIIOM OKAJIHHBI HA IOBEPXHOCTH CTAJH, TOJIMHA KOTOPBIX MPO-
ecce SKCIUTyaTallly CTalbHBIX M3JCIUH PErylupyercst mog00poM ONTHMallb-
HOW KOHLIEHTpPAI¥ PACTBOPEHHOTO KHCIOpoJa B TemtoHocurene. Ilpeackasa-
HHUE U3MEHEHUH TOJILUHBI U BHYTPEHHEW CTPYKTYpbl OKCHIHOM IJIEHKH B LIU-
POKOM Jnana3oHe SKCIUTyaTallOHHBIX ITapaMeTpoB (TeMIepaTypsl, coIepika-
HHS KUCJIOpPOJa B TEIIOHOCHTEINle, MHTEHCUBHOCTU M JJIMTENILHOCTH O0Jyde-
HUS) SIBJIETCS CJIOKHOW 3a/1adyei, pellIeHUI0 KOTOPOH MOXKET 3HAYUTEIbHO IO-
MOYb aHAJIMTUYECKOE U YHCIIEHHOE MOJICIMPOBAaHHE, TO3BOJISIONIEE MPOSICHUTh
(hu3nYecKre MEXaHU3MbI POCTa OKCHIHOTO CJIOS M OLEHUTH IapaMeTphl Ipe-
JlaraeMbIX MOJIEJIei pocTa.

OpHUM K3 Ba)KHEHIIUX aclEKTOB MOCTPOCHHS MPEACKA3aTENbHON MOIEIN
pocTa OKCHUAHOTO CIIOSI Ha TIOBEPXHOCTH CTAIU SIBJISETCS. KOPPEKTHOE ONKCaHKE
MPOLIECCOB, MPOUCXOAAIINX HAa TPAHMIE Pa3liena MEXIy CIOEM OKHUCIA U OC-
HOBHBIM METaJUIOM, BKIIIOYas OCOOEHHOCTH 3axBaTa aTOMOB KHCJIOpOJa W Ba-
KaHCHH MeTayla y TpaHWIBl pa3jena, a Takke OCOOEHHOCTH MHOBPEXKICHUS
TPaHMIBI B Mporecce 00IydeHHs. ATOMHCTHYECKOE MOJEIMPOBAaHHE yKa3aH-
HBIX TIPOIIECCOB HEBO3MOXKHO 0e3 (hn3ndeckn 000CHOBAHHBIX MPEACTaBICHUH O
CTPYKTYpE TPaHHUIIBI Pa3JieNa «CTalb-OKCUI.

B nannoii paboTe ObLT JeTATLHO U3YYEH Pl BO3MOXHBIX aTOMUCTUYECKUX
MO/IEJICH TPAHMIIBI PA3IeiIa MEXKILy OIIK JKeIe30M u okcuaoMm FesO,4 (MarueTur),
YYUTHIBAIOMINX CYNIECTBYIOIINE JTUTEPATYPHBIE TaHHBIE O CBOMCTBAX TPAHMIIBI
pa3zmena «CTalb-OKCHI», B YaCTHOCTH - €€ BBICOKYIO KOT€pPEeHTHOCTh. J{JIs Bcex
NPE/IIOKEHHBIX MOJIEJICH TpaHMI] ObIIIM OLIEHEHBI NX YHEPTHH C HCIOIb30BaHH-
€M HECKOJBKHUX MOJIyIMIHPUUECKUX MOTEHIUAIOB aTOMHOTO B3aUMOJIEHCTBHUS,
YTO MO3BOJIMJIO ONPENIEINTh HanboJiee SHEPreTHUECKH BBITOJIHBIH BapHaHT CO-
HpsDKEHHS PELIETKH OKCUAA ¢ MaTpuuel Metamna. B nanpHeimem 3ta ontumu-
3UpOBAaHHAs MOJIENIb MOXET OBITh MCIOJIB30BaHa IS AETATLHOTO aTOMUCTHYE-
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MODELING OF THE BOUNDARY STRUCTURE BETWEEN
IRON AND MAGNETITE UNDER THE CONDITIONS OF
FORMATION OF A PROTECTIVE OXIDE LAYER ON
FERRITE-MARTENCITE STEELS IN AN OXYGEN-
CONTAINING COOLANT

The operation of steels in fast reactors with a liquid metal coolant is associ-
ated with the risk of rapid corrosion destruction of the metal. To prevent direct
interaction of steel with a liquid metal coolant, it is proposed to use natural lay-
ers of scale on the surface of steel, the thickness of which during the operation
of steel products is regulated by selecting the optimal concentration of dis-
solved oxygen in the coolant. Predicting changes in the thickness and internal
structure of an oxide film over a wide range of operating parameters (tempera-
ture, oxygen content in the coolant, intensity and duration of irradiation) is a
difficult task, the solution of which can be significantly helped by analytical
and numerical modeling. This will make it possible to clarify the physical
mechanisms of the growth of the oxide layer and to evaluate the parameters of
the proposed growth models.

One of the most important aspects of constructing a predictive model for the
growth of an oxide layer on a steel surface is a correct description of the pro-
cesses occurring at the interface between the oxide layer and the base metal.
These processes include the features of the capture of oxygen atoms and metal
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vacancies at the interface, as well as features of damage to the interface during
irradiation. Atomistic modeling of these processes is impossible without physi-
cally grounded ideas about the structure of the "steel-oxide" interface.

In this work, a number of possible atomistic models of the interface be-
tween bcc iron and Fe;O4 oxide (magnetite) were studied in detail, taking into
account the existing literature data on the properties of the steel-oxide interface,
in particular, its high coherence. For all proposed boundary models, their ener-
gies were estimated using several semiempirical atomic interaction potentials,
which made it possible to determine the most energetically favorable variant of
conjugation of the oxide lattice with the metal matrix. In the future, this opti-
mized model can be used for detailed atomistic modeling of both the motion of
the interface deep into the metal due to the capture of oxygen and the features
of destruction and restoration of the interface under the action of atomic colli-
sions cascades.

1. Martinelli L. etc. Oxidation mechanism of a Fe-9Cr—1Mo steel by liquid Pb-Bi
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KUJKOPAZHOE NIOBEPXHOCTHOE JIET'HPOBAHUE
TYTOIIVIABKUMU METAJIJIAMMU CIIVIABA 3110

BosneiicTBrue KoHIEHTpUpOBaHHBIME noTokaMu 3Heprun (KIID) Ha mmpko-
HHUEBBIH CIUTaB IPHBOANT K U3MEHEHHIO CTPYKTYPHO-(a30BOTO COCTOSIHUS IO-
BEPXHOCTHBIX CJIOEB MaTepHalla, YTO YJIy4dlIaeT ero 3KCILTyaTallMOHHbBIE CBOM-
CTBa, B YaCTHOCTH, MEXaHUYECKHE U KOPPO3UOHHBIE [1].

BricokoTeMnepaTypHble MOTOKM MMIyJbcHOM Mnasmel (BTUII), sBussace
pasHoBUAHOCTBIO TexHosoruu KIID, mmeroT mpeuMyliecTBa mnepes APYTUMU
METOJlaMH BBHY BO3MOXKHOCTH 00pabaThiBaTh OOJIBINYIO IJIOIIA/Ab TOBEPXHO-
CTH 32 KOPOTKHUI1 MPOMEXKYyTOK BpeMeHu. [Ipu aToM obpasoBasiumiicss Mmoaud u-
[IUPOBAHHBIN CJI0H MMEET BBHICOKYIO OAHOPOIHOCTE IO CTPYKType U (pa3oBOMY
cocraBy. Eciin Ha MaTepuall npeiBapUTENbHO HAHECTH MOKPBITHE, TO C IIOMO-
mipio Bo3aelictBus BTUIT MoxxHO HOOUTHCS RKUAKO()A3ZHOTO JETUPOBAHUS aTO-
MaMH IUIEHKH. TOJIIKHA MOJy4EHHOTO €0 MPEBBIIIAET TONIMHY MOKPBITHS,
IPU 3TOM JIETUPYIOIIHI IEMEHT PABHOMEPHO PACHpeesieTcs B MaTPULE MU-
meHu [2, 3]. B xadecTBe JETHPYIOIIUX 3JIEMEHTOB BHIOMPAIOTCS MaTepHAIIBI,
HMMEIOIIHE CIIEAYIONINe XapaKTePUCTUKU: BBICOKAs TeMIIepaTypa IUIABJICHUS;
obecrieyeHre 0JHOBPEMEHHON MPOYHOCTH U MIACTUYHOCTH BO BCEM JAMANa30HE
TeMIIepaTyp; BbICOKasi KOPPO3HMOHHAsI CTOMKOCTh. B CBsA3M ¢ 3THM, B KauecTBe
JIETUPYIOIINX 3JEMEHTOB BHIOpPAaHBI TYTOIUIABKME METaJUIBl, TAKHE, KaK THUTaH,
HHOOWH U TaHTaI.

B nanHo#t paboTe McciIe10BaHO BIMSHUE TOJIIHUHBI MTOKPBITHSA, €T0 KOHDH-
Typamuy, YUCcJIa UMITYJIBCOB M IFIOTHOCTH MOTOKA SHEPTHH IUIa3Mbl Ha 3 dek-
TUBHOCTH KUIAKO(A3HOTO JIETHPOBAHUS IIUPKOHKEBOTO cruiaBa J110.

IoxpeITHs HAa TTOBEpXHOCTH 000JI0YEK TBAJIOB M3 cruiaBa D110 morydeHs!
METOJIOM MarHeTpOHHOT'0 HanbuleHHs. ToNIHa HaHeceHHbBIX OKpeITHi — 300
u 600 HM. IlomryueHBI MHOTOKOMIOHEHTHBIE OJHOCIONHBIE U MHOIOCIIOMHBIE
nokpeiTHs cucteMsl “Ta-Nb-Ti”. 3atem 00pa3sipl NOABEPralicCh BO3ACHCTBUIO
[IOTOKaMH BBICOKOTEMIIEPATYPHON HMITYJIbCHOM IeJIMeBOW IIa3MOMl B DKCIIe-
PUMEHTAJIFHON IMIa3MEeHHOW ycTaHoBKe THma Z-muHd — «JECHA-My. Ilnor-
HOCTB MOTOKA dHEPTHH Mma3Mbl Q coctapisiia 26 u 29 JIx/eM?, wmco HUMITYJIb-
coB o0mydeHns N U3MEHsUI0Ch OT 2 10 6. MeToIoM pacTpoBOM 3IEKTPOHHON
MHUKPOCKOIIMH MOTyYeHBI CHUMKH MHKPOCTPYKTYpPHI M MPOBEACH aHAIN3 dJe-
MEHTHOTO COCTaBa MOBEPXHOCTH M MONEPEYHOr0 CEYEeHHsI MOANDHUIMPOBAHHO-
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ro ciost. MeTo1IoM SHEepProUCIIEPCHOHHOTO aHaJIn3a MOIyYeHbl TPO(WIN KOH-
LEHTPALNH JIETUPYIOIINX JJIEMEHTOB I10 TITyOUHE CIIOSL.

Y CTaHOBIICHO, YTO YBEIWYEHHE KOJINYECTBA UMITYJILCOB TUIA3MEHHON 00pa-
60TKH ¢ 2 10 4 114 BCeX UCMOJIb30BAaHHBIX YJENbHBIX PHEPTUIl Majalonux Mno-
TOKOB IIIa3MbI (26 u 29 I[)K/CMZ) IPUBOJUT K YJIYYIICHUIO CTPYKTYPBI MOJHU-
(hUIIPOBAHHOTO CIIOS M OJHOPOJHOCTH PACHpEeNeICHHUS JIETUPYIOMNX dIIeMeH-
TOB. JlanpHelmee yBeTUUEHIE YHCIIa UMITYIIHCOB MIPHBOANT K ACTPadalii Mo-
BEPXHOCTH: IMIPOUCXOTUT 00pa30BaHNE TPEIIHMH U ITOP B IIOBEPXHOCTHOM CJIO€.

OmnpeneneHbl ONTHMANBHBIE PEXUMBI TONyYeHHS MOTUPHUIHPOBAHHOTO
CJIOS METOIOM JKuAKo¢aszHoro yerupoBaHus. O6paboTka B TaKHX pPEKUMAax
MO3BOJISIET TOJIYYUTh HaUMEHEE Pa3BHTHIA penbed) MOBEPXHOCTH W OTHOPOI-
HBIA MOMUGUIIMPOBAHHBIN CI0H. TakOBBIMH SIBIICTCS BO3JICHCTBHE IIa3MCH-
HBIMH MOTOKAMH C TJIOTHOCTHIO 2Hepruu Q=26 II)K/CM2 W YUCJIIOM HMMIIYJIbCOB
N=4 B cnyyae HaHeceHHs Ha MOBepXHOCThH TonuuHou 300 HM. B ciydae Hane-
CEHMs MOKPHITUA ToNIMHON 600 HM — BO3AEHCTBHE MOTOKAMH C IUIOTHOCTBIO
sHeprun Q=29 Jlx/cM® 1 arciIoM UMIyIbCcoB N=4,

1. IlepcnekTHBHBIE pagHallMOHHO—ITYYKOBBIE TEXHOJOTUH OOpabOTKH MaTepHalIoB:
Vuebnuk / I'puokos B.A., I'puropseB @.1., Kamun Bb.A., fAxymun B.JI. Tlox pen.
b.A. Kanuna. — M.: Kpyruasiii roa, 2001. — 528 c.

2. Kamun B.A., Bonkos H.B., SIxkymun B.JI. PagnannonHo-Ty4koBO€ BO3ACHCTBUE —
METOJl CO3JaHUS TPAJUEHTHOTO CTPYKTYPHO-()a30BOTO COCTOSHUS B MaTepuaiax
aTOMHO#M TexHuKH // Bompocsl aromuoi Hayku u Texuuku. — 2007. — Ne 90. — C.
164-171.

3. Ixymaes I1.C. Brnusaue o0paboTKH MOTOKaMH BBICOKOTEMIIEPATYPHON UMITYJIb-
CHOH IITa3Mbl Ha KOPPO3HOHHYIO CTOMKOCTH CTaledl B Pa3IMYHBIX arpecCHBHBIX
cpenax: Juc. ... kKaud. TexH. Hayk : 01.04.07 / I1. C. Jlxymaes; pyk. padotst B. JI.
Sxymmn. — 2015. — 152 c.
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A LIQUID-PHASE SURFACE ALLOYING OF ALLOY E110

The influence of concentrated energy fluxes (CEF) on a zirconium alloy
leads to the structural-phase state modifying of the material’s surface, which
improves its operational properties, in particular, mechanical and corrosion be-
havior.[1].

High-temperature pulsed plasma flows (HTPPF), being a type of CEF tech-
nology, is more efficient than other methods due to the ability to process a large
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surface area in a short period of time. In this case, the resulting modified layer
has a high homogeneity in structure and phase composition. If the material is
preliminarily coated, using HTPPF, it will be possible to achieve liquid-phase
doping with film atoms. The thickness of the obtained layer exceeds the thick-
ness of the coating, while the dopant is evenly-distributed in the target matrix
[2, 3]. Materials with the following characteristics should be selected as alloy-
ing elements: high melting point; maitaing simultaneous strength and ductility
over the entire temperature range; high corrosion resistance. Hence, refractory
metals such as titanium, niobium and tantalum were selected as alloying ele-
ments.

In this paper, the influence of the coating thickness, its configuration, the
number of pulses and the plasma energy flux density on the efficiency of lig-
uid-phase alloying of zirconium alloy E110 is investigated.

The coatings on the surface of the fuel element cladding made of alloy E110
were obtained by magnetron sputtering. The thickness of the applied coatings is
300 and 600 nm. Multicomponent single-layer and multilayer coatings of the
“Ta-Nb-Ti” system were obtained. Then the samples were treated with high-
temperature pulsed helium plasma flows in an experimental plasma installation
of the Z-pinch type — "DESNA-M". The plasma energy flux density Q was 26
and 29 J/sm?, the number of irradiation pulses N varied from 2 to 6. It was
sound that an increase in the number of plasma treatment pulses from 2 to 4 for
all the energies of incident plasma flows used (26 and 29 J/cm2) leads to an
improvement in the structure of the modified layer and the homogenious distri-
bution of alloying elements. A further increase in the number of pulses leads to
degradation of the surface: cracks and pores formation in the surface layer.

The optimal modes of obtaining a modified layer by liquid-phase alloying
are determined. Processing in such modes makes it possible to obtain the least
developed surface relief and a homogeneous modified layer. These are the ef-
fects of plasma flows with an energy density of Q = 26 J/cm? and the number of
pulses N = 4 in the case of application coating to a surface with a thickness of
300 nm. In the case of coating with a thickness of 600 nm — exposure to flows
with an energy density of Q = 29 J/cm? and the number of pulses N = 4.
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METOJIUKA IPELIU3UOHHOM JIASEPHOM SPO3UHN
HEPKABEIOIIEN CTAJIA

B pabote mpencraBieHa TexHOmorus oOpaborku ctamu mapkud 12X18H9
CKaHMPYIOIIMM JIa3ePHBIM JIy4OM JUI CEJIEKTHBHOH NazepHOil apo3un. Jlazep-
Has 9pO3Ms, TaKKe HasbiBaeMas (ppe3epoBKOH, CTanM UMEET MHOXECTBO Ipe-
MMYILECTB 110 CPAaBHEHHUIO C TPAaJULMOHHBIMU METOIaMi 00paboTKu. JTa TeX-
HOJIOTHUS TIOAXOAUT JJIsi 00pabOTKH IUPOKOTO CIIEKTpa MaTepUaioB: METalIbl,
CTEKJIO, KepaMuKa, Iactuk. JlazepHas (pe3epoBKa Takxe NOAXOAUT B Ciiydae,
KOr/ia He JONyCTUM (pU3MYECKUH KOHTaKT MEXIy 00pabaThIBaloOIIUM HHCTPY-
MEHTOM M 00pa3loM, a TaK)Ke €CIIM HEBO3MOXKHO 00pabaThiBaTh MaTepHal Tpa-
JNULHAOHHBIMU MeToJaMU. [Ipu 3TOM y maHHOrO MeToJa CyLIECTBYET psAll HEAO-
CTaTKOB: JUIMTEIBHOE BpeMs 00pabOTKH M3aenuii, Manas 3()(heKTHBHOCTD MPO-
ecca, HaJM4due KOHYCHOCTH, HaJIW4IHMe 30HBI Tepmuueckoro BmusHus (3TB).
Taxoke CIOXHOCTh CO3JaeT KOJMYECTBO BapbHPYEMbIX MapaMeTPOB JIA3epHOM
CHCTEMBI, TaK KaK ONpPENeNNTh 3HAaYUMOCTh IIapaMeTpa Ha KOHEYHBIH pe3yiib-
TaT JOCTaTO4HO HerpocTo. [Ipn 3ToM ux BiustHHE HAa 00pabOTKy emé 10 KoHIa
HE M3YYEHO, II0ATOMY HaXOXKACHHE ONTUMAJbHBIX IMapaMeTpoB 00paboOTKH AB-
JsieTcst BXHOH 3anaueil. K ToMy ke HeT BO3MOXHOCTH MOJHOCTHIO CMOEITH-
poBaTh HOHy‘IaeMLIﬁ PE3YJIbTAT, TAK KaK 3HAYCHUA HEKOTOPBIX KIIFOYEBBIX Xa-
PaKTEepUCTHUK KauecTBa OOpPaOOTKH, TaKMX KaK IOKa3aTesd LIEPOXOBATOCTH,
HEBO3MOYKHO MOJIYYUTh U3 MOJIEIIH.

Hanocexynnnas o0paboTka sBIsS€TCS ONTHMAJIBHONH IO COOTHOIIECHHIO
MPOU3BOIUTENEHOCTH/KaYeCTBO, OCKOIBKY IHKO- M (peMTOoCeKyHIHas oOpa-
00TKa XOTh ¥ TIO3BOJISIET MOyYUTH OoJiee KadecTBEHHYIO 00paboTKy 00pa3IoB
[1], HO He MO3BOJAET MOJNYYUTH BHICOKYIO HMPOM3BOJIUTEIBHOCTD, TAaK KaK HC-
NoJNb30BaHue OoJiee IIMTENBHBIX HMITYJIbCOB NPHBOANUT K NPeoOIagaHuio
KHUJKON (ha3bl MpU a0JSLMK U K YBEIWYEHHIO IIEPOXOBATOCTH IIOBEPXHOCTH, a
CJIE/IOBATENILHO, U TIOHW)KEHHIO KauecTBa 00paboTku [2].

B nannoii paboTe MpoBOAUIOCH UCCIEA0OBAHNE 110 BIUSHUIO SHEPTUU B M-
ITyJbCE, YaCTOTHI CJICAOBAHUA UMITYJIBCOB, NJIUTCIbHOCTU UMITYJIbCOB U CKOPO-
CTH CKaHUPOBaHHs Ha CKOPOCTh yJaJICHWs] MaTepualia U LIepOXOBAaTOCTh IO-
BEPXHOCTH TIOCNE Jla3epHON 00paboTku. Takke OBIIO OMpENeNeHO BIUSHHE
KOCBCHHBIX ITapaMETPOB (HHOTHOCTB MOMIHOCTH, IJIOTHOCTb DHEPIrUH, CKBAXK-
HOCTb) Ha JIa3epHYI0 (hPEe3epoBKY.
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PRECISION LASER EROSION TECHNIQUE FOR STAINLESS
STEEL

The paper presents the technology of 12X18H9 steel treatment by scanning
laser beam for selective laser erosion. Laser erosion, also called milling, of steel
has many advantages over traditional methods of processing. This technology is
suitable for processing a wide range of materials: metals, glass, ceramics, plas-
tics. Laser milling is also suitable when physical contact between the machin-
ing tool and the sample is not allowed, and if it is impossible to process the ma-
terial using traditional methods. However, this method has a number of disad-
vantages: long machining time, low process efficiency, the presence of conici-
ty, the presence of a heat-affected zone (HAZ). The number of varied parame-
ters of the laser system also creates a difficulty, as it is rather difficult to deter-
mine the importance of the parameter on the result. Their influence on the ma-
chining is not yet completely understood, so finding the optimal machining pa-
rameters is an important task. In addition, it is not possible to fully simulate the
obtained result, since the values of some key machining quality characteristics,
such as roughness values, cannot be obtained from the model.

Nanosecond processing is optimal in terms of performance/quality ratio, be-
cause pico- and femtosecond processing, although it allows to obtain higher
quality processing of samples [1], but does not allow to obtain high productivi-
ty, because the use of longer pulses leads to the predominance of the liquid
phase during ablation and to an increase in surface roughness and, therefore, a
decrease in processing quality [2].

In this work, a study was conducted on the effect of pulse energy, pulse rep-
etition rate, pulse duration and scanning speed on the material removal rate and
surface roughness after laser treatment. The influence of indirect parameters
(power density, energy density, and duty cycle) on laser milling was also de-
termined.

1. Domke M., Matylitsky V., Stroj S. Surface ablation efficiency and quality of fs la-
sers in single-pulse mode, fs lasers in burst mode, and ns lasers // Applied Surface
Science. North-Holland, 2020. VVol. 505. P. 144594.

2. Leitz K.H. et al. Metal Ablation with Short and Ultrashort Laser Pulses // Physics
Procedia. Elsevier, 2011. Vol. 12, Ne PART 2. P. 230-238.
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CTPYKTYPHO-®A30BOE COCTOSHUE KAPBUJIA
KPEMHUIs, OBJIYYEHHOI'O HU3KOOHEPIT'ETUYECKUMH
NOHAMM KPUIITOHA

Bcenencterue cBoel BBICOKOTEMIIEPATYpPHOH NIPOYHOCTH, BBEICOKOH TEIIO-
MPOBOJHOCTH M MaJOMY IIOTIEPEYHOMY CEUCHHIO 3aXBaTa HEUTPOHOB KapOwn
KPEMHHMSI SIBJISICTCS. IEPCIIEKTUBHBIM MaTEpUaliOM JJIsl UCTIOJIb30BaHMsI B Kade-
CTBE KOHCTPYKTHBHBIX 3JIEMEHTOB B TEPMOSICPHBIX peakropax (obomouxa
TBDJIa), a Takke B KaueCTBE I€PMETU3HUPYIOLIETO MaTepuaia sl SAESPHOTO
TOIUIMBA B JIETKOH BOZE, PEAKTOPAX M Ta300XJIaXK/JaEMBIX PEaKTOPax JEICHUs, a
TaKXe B 3aXOPOHEHUAX PaJMOAKTUBHBIX SIIEPHBIX OTX00B [1].

Kepammueckue obpasubr SiC 0pumn noxydensr B U”TMO HAH PB mytém
cBsi3bIBaHMs NBYX (ppakumit mopomkos SiC M5 u M50 (pazmep 3€peH 5 MKM u
50 MKM COOTBETCTBEHHO) C IIOMOIIBIO TEPMOILIACTUYHOTO CBS3YIOIIEro Ha OC-
HoBe mapaduHa P-2 W mocienyromuM CHIMIUPOBAHHEM IIPH TeMIlepaType
1800°C u maBmenum 0,13 Ila. B pesymprate koHeuHas Si/SiC kepammka co-
Jepxut nopsiaka 78 % xapOuma KpeMHUs ¥ MeHee 2 % CIUHMYHBIX OCTaTOY-
HBIX IO C XapaKTEPHBIM Pa3MepoM 110 HECKOIBKHX MKM [2].

OO6nydyeHne 00pasloB MPOBOJWIOCH HU3KOIHEPTETUUECKUMH HOHAMH
kpunrona (280 k3B) Ha yckoputene Tsoxensix nono AI[-60 (MuacTHTYT simep-
Ho# ¢u3uku, Hyp-Cynran, Ka3axcran). O0irydeHus HOHAMU KPUNITOHA [TPOBO-
quucs pu pmoencax 1-10%, 1.10*, 5.10" cm™.

HccnenoBanme cTpykTypHO-()a30BOTO COCTOSIHUSI UCXOJHBIX M OOTy4EHHBIX
00pa3oB kapOupa KpeMHHs NPOBOJMIOCH METOJOM PEHTTEHOCTPYKTYPHOTO
ananmu3a (PCA) n metogom xombOunannonsHoro paccesnust csera (KPC). PCA
npoBommiics Ha audpakromerpe Ultima IV Rigaku) ¢ mcmoms3oBanmem reo-
METpHH Mapajie’bHoro mydka B MeqHOM (Cuk,) U3ITydeHHH C JUIMHOM BOJIHBI
0,154179 um. KPC npoBoauics npu KOMHAaTHOM TeMIepaType C UCIOJb30Ba-
HHEM CIIEKTPaJbHO-aHAJUTUYECKOTO KOMIUIEKCA Ha OCHOBE CKAHHPYIOIIETO
koH(oxkaiapHOro Mukpockomna «Nanofinder HighEnd» (LOTIS-TII, benapycs -
Snonns). Jnmmaa BomHBI BO30YXAeHHS cocTaBisuia 532 HM, a riTyOrMHa BO30Y kK-
JleHus npesbimana 10 Mxm.

PesynbpraTel uccienoBanmii (pa3zoBOro cocraBa IMOKa3allkd, YTO HMCXOJHBIC
00pasipl npeAcTaBisioT codol MHorodasnyio cucremy: SiC-6H — rekcaro-
HanpHas (P63mc) cunronms, Si— xkybudeckas (Fd-3m) cunronns n SiC-15R —
TpuronanbsHast (R3m) cunronus. OcHoBHOI dazoii sBisercs SiC-6H (oxono 80
%), comeprxkanune ¢asznl SiC-15R — okomno 20 %, Si — menee 5 %.
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B kauecTBe cTpykTypHhI BlopiuTa ¢dasza 6H-SiC nmeeT KOMOWHAITMOHHO- aK-
TUBHBIE (JOHOHHBIE MOJIBI, KOTOPbIE MOKHO pa3JeinTh Ha npojonbHble (LO) n
norrepegnsie (TO): A1(LO), E1(TO) u E2(TO).

st 06paznos SiC oOHapyKeHbI HEThIpe MiKa TIEPBOTO MOpsIKa KoJieOaHui
Si-C nipu 766.4, 788.9, 796.3 u 966.5 cM ™, cooTBeTcTByRomuEX Moaam E, (TO),
E, (TO), E; (TO) u A; (LO) coorserctBerro. Moxa E, (TO) (766 cm™) otHo-
CHTCA K pasynopsaoueHHbIM cBsi3aM Si-C. [3]

AHamu3 CHeKTpOB 06pasioB, obmydennsx mpu gozax 1-10™ ul-10™ em?,
MOKa3aJl, YTO C YBEJIWYECHHEM J03bl YMEHBIIAETCS HHTEHCHUBHOCTD M YIIUPEHUE
IIKOB, YTO CBS3aHO C Pa3ylOpsIOYCHHEM KPUCTAIMIECKOH CTPYKTYpBI, a
TaKke (POPMUPOBAHMEM M HAKOIUICHHEM paJMalMOHHBIX Ae(eKToB B 0Opasie
SiC. Hem3MeHHOCTD TIOJIOKEHHSI MOJ] CBHACTEIECTBYET 00 OTCYTCTBUHU YIIPY-
rux HanpspkeHuil. [lpu nose 5.10" cm? OTCYTCTBYIOT IHMKH MEPBOrO MOPsAKa
KoJie0aHMH, U3 Yero MOXHO CIENaTh BBIBOJ 00 aMOp(HU3anny MOBEPXHOCTHOTO
ciost SiC, 9To Takke MOATBEPKIACTCS SIICKTPOHOMHUKPOCKOTIMIECCKUMHE HCCIIC-
JOBAaHHUSAMH.

1. A HRXRD and nano-indentation study on Ne-implanted 6H-SiC / C.L. Xu,
C.H. Zhang, J.J. Li, L.Q. Zhang, Y.T. Yang, Y. Song, X.J. Jia, J.Y. Li, K.Q. Chen //
Nuclear Instruments and Methods in Physics Research B. — 2012. — ¢. 129-133.

2. Effect of technological parameters on densification of reaction bonded Si/SiC
ceramics / P.S. Grinchuk, M.V. Kiyashko, H.M. Abuhimd et al.// Journal of the
European Ceramic Society 38. — 2018. — p. 4815-4823.

3. Xiaofei Chen, Wei Zhou, Qijie Feng et al. / Irradiation effects in 6H-SiC in-
duced by neutron and heavy ions: Raman spectroscopy and high-resolution XRD
analysis // Journal of Nuclear Materials, 478 (2016) 215-221.
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STRUCTURAL-PHASE STATE OF SILICONE CARBIDE
IRRADIATED WITH LOW-ENERGY IONS WITH KRYPTON

Due to its high-temperature strength, high thermal conductivity and small
neutron capture cross-section, silicon carbide is a promising material for use as
structural elements in thermonuclear reactors (fuel element shell), as well as a
sealing material for nuclear fuel in light water, reactors, and gas-cooled fission
reactors, as well as in the burial of radioactive nuclear waste.

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
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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 krypton ions was carried out with fluencies 1-10",
1-10%,5.10"cm™.

The structural and phase state of the initial and irradiated silicon carbide
samples was studied by X-ray diffraction analysis (XRD) and raman scattering
(Raman). X-ray analysis was performed on an Ultima IV diffractometer
(Rigaku) using the geometry of a parallel beam of copper (CuKa) radiation
with a wavelength of 0.154179 nm. The Raman was carried out at room tem-
perature using a spectral-analytical complex based on a scanning confocal mi-
croscope "Nanofinder HighEnd" (LOTIS-TII, Belarus - Japan). The excitation
wavelength was 532 nm, and the excitation depth exceeded 10 microns.

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 20%, Si is less than 5%.

As a wurtzite structure, the 6H-SiC phase has combinational active phonon
modes, which can be divided into longitudinal (LO) and transverse (TO): Al
(LO), E1 (TO) and E2(TO).

Four peaks of the first order of Si-C oscillations were detected in SiC sam-
ples at 766.4, 788.9, 796.3 and 966.5 cm™, corresponding to the modes E,
(TO), E,(TO), E; (TO) and A, (LO), respectively. The mode E, (TO) (766 cm™)
corresponds to disordered Si-C bonds.

Analysis of the spectra of samples irradiated with doses of 110" and 1.10*
cm™? showed that with increasing dose, the intensity and broadening of peaks
decreases, which is associated with the disordering of the crystal structure, as
well as the formation and accumulation of radiation defects in the SIC sample.
The immutability of the position of the modes indicates the absence of elastic
stresses. At a dose of 5-10"° cm™, there are no peaks of the first order of oscilla-
tions, so we can conclude the amorphization of the SiC surface layer, which is
also confirmed by electron microscopic studies.

1. A HRXRD and nano-indentation study on Ne-implanted 6H-SiC / C.L. Xu,
C.H. Zhang, J.J. Li, L.Q. Zhang, Y.T. Yang, Y. Song, X.J. Jia, J.Y. Li, K.Q. Chen //
Nuclear Instruments and Methods in Physics Research B. — 2012. — ¢. 129-133.

2. Effect of technological parameters on densification of reaction bonded Si/SiC
ceramics / P.S. Grinchuk, M.V. Kiyashko, H.M. Abuhimd et al./ Journal of the
European Ceramic Society 38. — 2018. — p. 4815-4823.

3. Xiaofei Chen, Wei Zhou, Qijie Feng et al. / Irradiation effects in 6H-SiC in-
duced by neutron and heavy ions: Raman spectroscopy and high-resolution XRD
analysis // Journal of Nuclear Materials, 478 (2016) 215-221.
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HCCJEJJOBAHUE CTOMKOCTHU TA®HATA JUCHPO3US
K HOHHOMY OBJIYYEHUIO

B xauecTBe HOBOTO MEPCHEKTUBHOIO MOJIONIAIOIEr0 MaTepHraa Al peak-
TOPOB Ha TEIUIOBBIX HEHTPOHAX IIMPOKO paccMarpuBaercs radHar AuCHpo3us
(Dy,HfOs), xoTopsIiii 0bnamaeT MOBBIICHHBIM CPOKOM IKcmutyatamuu (10 20
JIeT), 3a CYET MEHBIIEH CKOPOCTH CHIDKEHHUS (prm3mueckor 3(PPEeKTHBHOCTH H
OTCYTCTBHEM pacliyxaHus. PaguanioHHas CTOHKOCTh MaTepHana o0yclIoBiIeHa
(n, y) MexaHM3MOM IpH HOIVIOLIEHHMH HEUTPOHOB. [lodTOMy HamOOIBIIMIA
BKJIaJ B paJUallOHHOE BO3JCHCTBHE INpPH AKTUBHOM O3KCIUTyaTanuu OynmeT
OCyLIECTBIIATECA 3a cueT 3¢ddexra cMmemeHus, ¢ oOpa3oBaHHEM AEHEKTOB
O®penkensd. MIMUTHPOBATh yNpyroe BO3JEHCTBUE HEUTPOHOB HA CTPYKTYpy Ma-
Tepuaja MOXHO 00JydeHHEM HOHaMH OOJIBLIOI SHEPTHH.

Llenbro gaHHO# pabOTHI OBUIO MCCIENOBAaHHE CTOWKOCTH CTPYKTYpbI rad-
Harta JUCIPO3Hsi oA AEHCTBUEM BBICOKOI03HOTO HOHHOTO OOJTyYEHUS.

Kepamuueckue o0pasipl moruoraroniero marepuana cocrasa Dy,HfOs,
Dy, ¢Gdg 1HfOs, Dy, TiOs 6b1H moTy4eHbl METOIOM XOJIOIHOTO IIPECCOBAHUS H
MexaHn4ecKr obpadoTans! 1o 13 kmacca mepoxoBatoctd. OOIydYeHH MaTepH-
anoB nposoamiock Ha 6aze AO «['HL[ P® — ®3U» B untepnane 20-300 cHa
npu temneparypax 350 °C u 550 °C.

Ilo pesynpraram unccineqoBaHMK OONYYCHHBIX MaTepualoB IIOKa3aHa
CKJIOHHOCTPH Ta(yHaTa IUCIIPO3UsI K COXPAHCHHIO €r0 KPUCTAIIIMIECKOH CTPYK-
TYpbl U 0HO(A3HOCTH IO CPABHEHHIO C TUTAHATOM JAWCIIPO3MUS MO BO3JCH-
CTBHEM HOHHOTO O0JIyUeHHS.

[TponeMoHCTpUpPOBaHa 3aBUCHUMOCTh (DOPMHUPOBAHHUSI TIOPUCTOCTH B Mare-
pHae OT TeMIlepaTypsl U 03kl 00JTydEeHUs.

Pacniyxanue o0pasioB Kak 4YHCTOTrO, TaK W JIETUPOBAHHOrO TadHaTta Juc-
Mpo3us, SBIAETCS KpaiiHe HU3KUM U He npesbimaet 0,1 % mpu MakcuManbHBIX
HaOpaHHBIX J103aX O0TyYeHHS.
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STUDY OF THE RESISTANCE OF DYSPROSIUM HAFNATE
TO ION IRRADIATION

As a new promising neutron absorbing material for thermal neutron reac-
tors, dispersion hafnate (Dy,HfOs) is widely considered, which has an in-
creased service life (up to 20 years), due to a lower rate of decrease in physical
efficiency and the absence of swelling. The radiation resistance of the material
is due to the (n, y) mechanism during neutron absorption. Therefore, the great-
est contribution to radiation exposure during active operation will be due to the
displacement effect, with the formation of Frenkel defects. It is possible to sim-
ulate the elastic effect of neutrons on the material structure by irradiation with
high-energy ions.

The purpose of this work was to study the stability of the structure of dys-
prosium hafnate under the action of high-dose ion irradiation.

Ceramic samples of absorbing material of the composition Dy,HfOs,
Dy1GdyHfOs, Dy,TiOs were obtained by cold pressing and mechanically
processed to grade 13 roughness. Irradiation of materials was carried out at
IPPE JSC in the range of 20-300 dpa at temperatures of 350 °C and 550 °C.

According to the results of studies of irradiated materials, the propensity of
dysprosium hafnate to preserve its crystalline structure and single-phase nature
in comparison with dysprosium titanate under the influence of ion irradiation is
shown.

The dependence of porosity formation in the material on temperature and
radiation dose is demonstrated.

The swelling of samples of both pure and doped lithium hafnate is extreme-
ly low and does not exceed 0.1 % at the maximum radiation doses collected.
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I'UAPAI TA®HHUSA KAK NEPCNEKTUBHBIN
HOT'JIOINAIOIIINU MATEPUAJL IUIS1 PEAKTOPOB HA
BBICTPBIX HEUTPOHAX

Ob6oramennsiii kapoun 6opa (B4C), ncnonp3yeMsiil B CTEPIKHSIX PErYIHPO-
BaHusa bH-peakropos, uMeer psn HegocraTtkoB. Bo-mepBbix, B Poccuu Her
MPOU3BOJICTBEHHBIX MOIIHOCTEH MO oOorameHuio 0opa, YTO BBIHYXKIAET MM-
MOPTUPOBATh AaHHBIM Marepuall. Bo-BTOpbIX, KapOum Oopa ObICTPO BBITOpAeT,
Tepsisi cBOO 3(p(heKTHBHOCTH MOTJIONIEHHsT HEUTPOHOB. B-TpeThux, kapoua 0o-
pa Mo/IBEpXKEH 3HAYUTENILHOMY PaJHalliOHHOMY PacIlyXaHHIO 3a c4eT o0pa3o-
BaHMs renus B npouecce (N, o) siiepHOM peakuuu. B xadecTBa aabTepHaTUBHO-
ro TOMJIOUIAIONIEr0 MaTepuana Juil OBICTPBHIX PEaKTOPOB pPaccMaTpPHBACTCS
ruapua rapuus (HfH,). O 3HaUYUTENBEHO MEHBIIIE TOIBEPKEH PaJIHANNOHHOMY
pacIyxaHuio, 1o cBoeH 3(h(h)eKTUBHOCTH 3KBHBAJIEHTEH KapOHIy 0OOraleHHo-
ro 6opa, KoTopast TOJIbIIIE COXPAHAETCsS 0] AeHCTBUEM HEHTPOHHOTO 00Iyte-
HHUSL.

Lenpto paboTHI ABISETCSA CO3MAaHHE M HCCIEIOBAaHHWE CBOMCTB IOTJIOLIAO-
HIMX MaTepuajoB HOBOTO IOKOJIEHHSI HA OCHOBE I'MpHUa raHusl.

B HacTosmeit paboTe mpencTaBieHBl Pe3yIbTaThl Pa3paboTKH TEXHOJIOTHU
M3TOTOBIICHUS M3/IENNI U3 THApUAa TaQHUs Pa3IuYHON CTEXHOMETPUU CKBO3-
HBIM (TIPSMBIM) HachIIEHHEM BOJOpojoM ((ha3oBbiii cocTaB — O-aza HfHyg,
maccoBast 10J1st Bogopoza — 0.86+0.02 %, miotHoets — 11.5-11.6 r/em®), a Tak-
JKE ClieKaHueM Iopolika ruapuna rapuus (dpazossiit cocraB — e-dpaza HfHy g,
MaccoBas ot Bogopoaa — 1.09+0.01 %, mnotHocTh — 10.4-10.6 F/CMS).

[Tokazana TexHOJIOTHYECKAsh BO3MOXXHOCTh (DOPMHUPOBAHMS KEPaMHUUECKHX
MOKPBITHI Ha MIOBEPXHOCTH THPUAA METOIOM OKCHIHOTO aHoaupoBaHus. Ok-
cunHoe nokpeitue (HfO,) cnyxuTt 6apbepoM, OrpaHHYMBAIOIINM TOTEPIO BO-
Jlopoza B npouecce 3kcmityarauud CY3.

IpoBenena cepust ucmbiTanuii obpasuoB HfH,, B pesymbrare koTopsix
OIpe/ieJieHbl  OCHOBHBIE — TEIUIO(PU3NYECKHE XapaKTepHCTHKH Marepuaia
(ynenbHasi TEMJIOEMKOCTb, TEIJIOIPOBOIHOCTh, TEMIIEPATYPOIPOBOJHOCTS,
TJIOTHOCTB ).

[Mosy4eHb! JaHHbBIC 0 KHHETHKE BBIXOJa BOJAOPO/A U3 TUAPHUAA radHuUs 10
temneparypsl 1100 °C. ITokazaHo, 9TO HCIOIB30BAHNE KEPAMHUYECKHUX MTOKPHI-
THH TO3BOJISICT MOBBICUTH TEMIIEPATypy Hadaja BBIXO/a BOJOPO/A, a TaKKe
MHUKOBYIO Temueparypy aeruapuposanus (¢ 900 °C go 1000 °C).

189



K.K. POLUNIN, A.A. URUSOV, S.V. CHUVIKOV, D.V.
MITRONOV
LUCH JSC, Podolsk, Russia
PoluninKK@sialuch.ru

HAFNIUM HYDRIDE AS A PROSPECTIVE NEUTRON
ABSORBING MATERIAL FOR FAST NEUTRON REACTORS

Enriched boron carbide (B4C) used in control rods for BN reactors has sev-
eral disadvantages. Firstly, Russia does not have production facilities for boron
enrichment, which makes it necessary to import this material. Second, boron
carbide quickly losing its efficiency in absorbing neutrons. Third, boron carbide
is subject to significant radiation swelling due to the formation of helium dur-
ing the (n, a) nuclear reaction. Hafnium hydride (HfH,) is being considered as
an alternative neutron absorbing material for fast reactors. It is much less sus-
ceptible to radiation swelling; in its effectiveness it is equivalent to enriched
boron carbide, which remains longer under the action of neutron irradiation.

The aim of this work is to create and study the properties of new generation
neutron absorbing materials based on hafnium hydride.

This work presents the results of the development of a technology for manu-
facturing products from hafnium hydride of various stoichiometry by direct
saturation with hydrogen (phase composition — 6-phase HfH, g, hydrogen con-
tent — 0.86+0.02 wt. %, density — 11.5-11.6 g/cm®), and also by sintering hafni-
um hydride powder (phase composition - e-phase HfH; 4, hydrogen content —
1.09 + 0.01 wt. %, density — 10.4-10.6 g/cm®).

The technological possibility of forming ceramic coatings on the hydride
surface by the method of oxide anodizing is shown. An oxide coating (HfO,)
serves as a barrier limiting the loss of hydrogen during the operation of the con-
trol rods.

A series of tests of HfH, samples was carried out, as a result of which the
main thermophysical characteristics of the material (specific heat, thermal con-
ductivity, thermal diffusivity, density) were determined.

Data were obtained on the kinetics of the release of hydrogen from hafnium
hydride up to a temperature of 1100 °C. It is shown that the use of ceramic
coatings makes it possible to increase the temperature of the onset of hydrogen
release, as well as the peak temperature of dehydrogenation (from 900 °C to
1000 °C).
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METOJ CO3JAHUA HAHOPABMEPHBIX CTPYKTYP B
AMOP®HBIX MATEPHUAJIAX C IOMOIIIBIO
ABTOMATHU3UPOBAHHON CUCTEMBI OT)KUT'A U
KOHTPOJIS1 COIMTPOTUBJIEHUA

[IpoBeneHO HcCIeOBaHUE TOMYYaEMBbIX CTPYKTYP B aMOp(hHON MaTpHule C
MOMOIIBI0 aBTOMaTH3UPOBAHHON CHCTEMBI OTHKHUra M KOHTPOJIS COIPOTHBIICHHS
B KOMIIIEKCE C MAaJarolUM CHHXPOTPOHHBIM H3IIyd4eHUEM U 2D-IeTeKTOpoM.
Bo Bpemst TepM00OpabOTKN MOCTOSIHHBIM TOKOM I10 33JaHHOMY PEXHMY IIpO-
BOJMJIACH HEMPEPBIBHBIE U3MEPEHHS IEKTPOCONIPOTUBIIEHHS], BENCA KOHTPOJIb
CTPYKTYPHO-()a30BOTO COCTOSHMS aMOP(HBIX 00pa3oB pa3IMYHON MIJIMHBL.
Taxoif moaxox MpH KOHTPOIHPYEMOIl TepMooOpabOTKE MOCTOSHHBIM TOKOM
MO3BOJIMII 00ECIEYUTh CO3aHNE HAHOPa3MEPHBIX CTPYKTYp, a TaKXKe CI0C00-
CTBOBAJI BBIPALMBAHUIO 3aJaHHON WIM HOBOM KPUCTAJULIMYECKOU CTPYKTYpHI B
aMopGHBIX CIUIaBax.

LV.KOZL OV, S.A.GUDOSHNIKOQOV,
V.LLODINTSOV, Y.B.GREBENSHCHIKOV
National University of Science and Technology « MISIS», Moscow, Russia
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CREATION METHOD OF VARIOUS NANOSCALE
STRUCTURES IN AMORPHOUS MATERIALS USING A
MEASURING SYSTEM WITH PROGRAMMABLE CONTROL
OF THE HEATING MODES

The formation of clusters and nanocrystallization of amorphous materials
during DC Joule heating were investigated. The approach of controlled long-
term holding during the DC Joule heating applied in the study allows for crea-
tion of various nanoscale structures in an amorphous matrix provides an oppor-
tunity to grow of a given structure in amorphous alloys.
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COopHUK Te3ucoB NoKIaa0B 19-it MexayHapoIHOH MIKOIbI-KOH(epeHINT
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