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BerynuTenibHOe CJI0BO mpeacenaTelisi OPraHH3alHOHHOT0 KOMHUTETA
18-1 MexnyHapoaHo# IIKOJIbI-KOH(epeHIun
«HepaBHOBeCHbIE COCTOSIHMSA: TeOPHUsl, OJIydeHUue U IPUMeHeHue',
MPOBOMIMOI1 B IIUKJI€ PErYJIAPHBIX HAYYHBIX KOH(pepeHmii
«HoBble MaTepuaibI»

IIpe3uaenta Me:KperuoHaJbLHOr0 HAYYHO-TEXHHYECKOT 0
o01ecTBa MaTepuaaoBeaAoB, akagemuka PAH
Ounera Anexcanaposuya baHHbIX

[TpumeHeHne METAUINYECKIX MAaTEPHAJIOB B PABHOBECHOM COCTOSIHUH — 3TO
HETUIIMYHBIN Cy4aidl UX pealbHOro Mcnojbp3oBaHus. Kak nmpaBuiio, MeTaisl U
CIIIaBbl SBKCILTYaTUPYETCA B TEPMOIUHAMUYCCKU HECTAOMIILHOM COCTOSIHHSI.
VIMEHHO B TakOM COCTOSHUHM OHHM B IOJABJISIONIEM OOJIBIIMHCTBE CIIy4aeB
UMEIOT HanboJiee IIeHHbIE COYETaHMUsl SKCILTYyaTallMOHHbBIX XapaKTEePUCTHUK.

Crnenyer OTMETUTD, YTO COCTABIISIOLIUE MAaTEPHATbHYI0 OCHOBY COBPEMEH-
HOW TEXHUKH KOHCTPYKIIMOHHBIC CJIO’KHOJIETHPOBAHHBIC MaTEPHAIIBI TIOYTH BO
BCEX CIIy4asX TEPMOIUHAMHUYIECKH HECTAOUIIbHBL, @ PABHOBECHOE COCTOSHHE HE
SIBJISIETCS] ONITUMAJIBHBIM JUTsl (JOPMHUPOBAHUSI Y HUX HEOOXOJAUMBIX CBOHCTB.

VY4uThIBas, 4TO CBOMCTBA B 3HAYMTEIBHOM CTENEHU OMPENENSIOTCS CImpyK-
mypHo-gazoevim cocmoanuem (COC) maTepuanos, 1e1ecooOpa3HO paccMaT-
pHUBaTh WX OTHOCUTEIBHYIO CTaOMIIBHOCTB, T. €. CIIOCOOHOCTh K COXpPaHEHHIO
COC wu, cienoBaTenbHO, CBOMCTB B pealIbHBIX TEMIEPATYPHBIX H BPEMEHHBIX
YCIIOBUSX, @ TAKKE IPH W B3aUMOJEHCTBUM C BHEIIHUMH CPElaMH B TCUCHHE
3aJaHHO! NPOJOJIKUTEIBHOCTH 3KCILTyaTallui MaTepHuara.

PaccMoTpuM HekoTOpble INpuMmepbl. Matepuansl, IOJIyYEHHBIE IIOCPEI-
CTBOM JIMTBSI M3 PACIUIaBOB, OOBIYHO O0NAAIOT JAJIeKo He ONTHMAIbHON (JTH-
TOW) CTPYKTYpOHl, W1 TpaHCHOPMUPOBAHUS KOTOPOH TPEOYIOTCSI TOMOT€HH3a-
IIUOHHBIA OTXKHT C MOCJIEAYIOIINMH TEPMUYECKIMHU BO3JEHCTBUAMH, HapyIIa-
IOIIMMH PaBHOBECHOE COCTOSIHUE, WM TPAIUIHOHHO IPUMEHSIOIIUECS mep-
momexanuveckas (TMO) unm gaxe MHOSOKpAmMHAs MEPMOMEXAHUYECKAS
(MTMO) o6paboTku.

Bamr moxopHBIi cityra B HacTosiIiee BpeMsi paboraeT Hajx mpobieMoi co-
30aHUSI CYNEPIPOYHBIX SKOHOMHO JIETMPOBAHHBIX CTaJICH, MCIIOJB3YsI HEIOJI-
HYI0 TOMOTEHHU3aIuIo (a, CIe0BaTENbHO, HEPABHOBECHOE COCTOSIHHUE) U yUH-
ThIBasl pa3nuuus B IU((y3HOHHONH MOIBIKHOCTH BXOIALIMX B COCTAaB CTald
3JIEMEHTOB BHEIpeHUs (Yriaepoja U a30Ta) U 21IEMEHTOB 3ameleHus. Henonnas
TOMOTEHM3allUs B Pe3yJIbTaTe TEIUIOBOM BBIAEPKKU MEpes 3aKaIKoi, IPUBOIUT
K JUCCOLMALNN TEPMOJIMHAMHYECKN HecTaOMIIBHBIX KapOWIHBIX, HUTPHIHBIX,
M kap0o HUTPUAHBIX (a3 ¥ POPMHUPOBAHHIO TPAAUCHTOB COJCPKaHUS yrile-
poa WM a30Ta B ayCTCHUTE MEpE 3aKAIKOH, CBSI3aHHBIX TAKKE C HATHMIHEM
rpasul 3épeH u cyo3epeH, Kak ciencTBue 3Toro, B pe3yabTaTe 3aKalky HPOHC-
X0UT (GOpMHUpPOBaHUE CrieIIM(DUUECKON MAPTEHUTO - AYCTEHUTHOMN CTPYKTYPHI,
KOTOpas MO3BOJIACT B pCaJIbHBIX ACTAIAX UMETh HE JOCTUTABHIMECA paHEE CO-
YeTaHus MPOYHOCTH, TNIACTHYHOCTH M BSI3KOCTH.
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[TockonpKy OoJpIIas 4acTh ayAWTOPHUH — 3TO CTYIEHTHI, MO3BOJIO cebe
MPUBECTH HEKOTOPBIC OOIIHE CBEIACHUS O MPHPOIC HEPABHOBECHOTO COCTOSI-
HUSL.

PeanbHbie MaTepuaibl, 00JaarONIMe U30BITKOM CBOOOJHOW JHEPrUU, He-
CTaOWIIBHBI WJIH OTHOCHUTEIIFHO CTaOWMIBHBL. Bcerma MoryT mpoTeKaTh Mmporec-
CBI, CBSI3aHHBIE C U3MEHEHNEM SHTAJIBIIHN!

AHAi = AGAi + TASAi
T.€. ygenuueHuem snmponuu AS u ymenvuienuem c60600notl snepeuu AG ma-
Tepuania:
AG; = min m AS; = max.

IHpoyecc AG; — min (kax u AS; — max) ykazvieaem wna obujee nanpaeie-
HUe npoyecca 63aumoOeltiCmeusi amomog: Yem MeHbule YposeHb C80O0OHOT
oHepeuu, mem cmadbunvree noaoxcernue amomos u COC.

Ecmm ucxomnoe COC ObUIO ONTHMANBHBIM, TO B MPOLECCE IKCIUTYaTAIHH
yKa3aHHBIC U3MEHEHUs OYIyT MPUBOIUTH K YXYIIICHUIO COCTOSHUS H, CIEHO-
BaTEJIbHO, CBOMCTB Marepuana. XapaKTEepHbIH IpUMeEp Mepexoda MeTamia B
CTaOMIILHOE COCTOSIHHE — JTO TMPOIECC OKUCIEHUs (MTepexol MeTallia B Pyay).

C 9TOii TOYKM 3pEHHS COCTOSIHHE aTOMOB B PyIe fABJSCTCA HauOoJsiee cTa-
OWJIbHBIM, I METAJUT HEU3MCHHO CTPEMUTCSI BHOBb MEPEUTH B OoJiee CTAOMIb-
HOE XUMHUYECKOE COCTOSIHHE, OTIIMYAOIICECs OT METALTHYCSCKOTO.

[lepexox aToMOB MeTalla U3 METAaCTAOMIBFHOTO B CTAaOMIBHOE COCTOSHHE,
KaK TPaBmIO, TpeOyeT SHEPTHH aKTHBAIMH, KOTOPYIO aTOMBI TBEPIOTO Tela
MOJIYYaroT 32 CYET TEIUIOBBIX (PIYKTYalni.

Kuneruka nporecca nepectpoenusi atomoB (u COC) Oyner onpenensrbes
sHeprueil aktuBanuu (Guj) 3TOrO mporecca. B GONBIIMHCTBE MpPaKTHYECKUX
ciyuaeB AGp >> kT Tak, 4TO CKOPOCTh MPEOIOICHHUS SHEPIeTHUIESCKOTO Oaphe-
pa OYeHb Mara.

IIpo6aembl crabuiabHocTH COPC MaTepuaIoB

UYem Oomrpiie 0 aOCOTIOTHOH BETMYMNHE pa3HUIA CBOOOIHON SHEPTHH IBYX
pasubix coctossHuit AG = AG; — AG,, TeM 00JIbIIe CTUMYIT K IEPEXOTy CHCTE-
MBI B OTHOCHTEIIFHO 00JIee CTa0MIFHOE COCTOSHIE.

W36BITOK CBOOOIHOM PHEPTUH YCIOBHO IPEACTABIIIOT B BHIE TPEX ciara-
eMbIX: M30bITKa XUMHUYeCKOil sHeprun (KIK/MOIb), TIOBEpPXHOCTHOW 3HEPIUU
(Hdx/mMomp) m sneprun mepopmammu ([x/monp), .6 AG = AGy,y + AG,,; +
AG g

Mexann3zmamu n3Menennsi COC saBiasiorcs:

* o0beMHasl ¥ OBEepXHOCTHAs (rpaHuyHast) Aupdy3usi aTOMOB;

* COrJlacOBaHHOE (KOJUICKTHBHOE) IBIDKEHHE aTOMOB, HalpHMEp AWCIIOKa-
1117H

* Tepexoj aTOMOB dyepe3 MexX(asHylo TpaHHIy, MPEACTABISIONIMA cO00M
KOMOMHaIMIO TU(DY3UH 1 XHMHYECKOTO B3aUMOACHCTBHS aTOMOB.
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Heckoabko uudp, Xapakrepusyumx Koy — KOHepeHIUI0:

Ha ydactue B Heli 3apeructpupoBaiioch 6osee 120 uenoBek, mpeacTaBIeHbBI
16 nekuwmii ¢ pernmamenToMm 30 MUHYT U 45 JOKIJIAIOB C perjiiaMeHToM 15 MUHYT
10 TEMaTHKaM:

*  BBICOKODHTPOIIMITHBIE MaTepHaJIbl: JEKIUI — 5, TOKJIaoB — 2;

*  BBICOKOHMKEJIEHBIE CIIIABBI: JIEKIIUHA — 2, JOKIAI0B — 1;

*  ObICTpO3aKaJiCHHBIC CIUIABBI: JICKIUH — 2, JOKIa10B — 6;

* Marepualibl, IMOJYy4Ya€MbIC C HCIIOJIb30BAHUEM aANAUTHUBHBIX TEXHOJIOTUH:
JIEKIUi — 3, JoKnanos — 8;

* Marepuaisl, HoJTy4aeMble KOHCOJIM/AIMEH MOPOLIKOB: JIEKIMH — 2, TOKJa-
noB — 12;

*  KOHCTPYKIIMOHHBIE MaTepUalIbl: ICKIHUH — 2, TOKIanoB — 16.

K BricokosaTpOonmitHEIM ciutaBam (BOC) oTHOcsATCS MaTepuansl ¢ aHO-
MaJlbHO BBICOKMMH 3HAYEHUSIMA KOH(UI'YPaLMOHHON SHTPONUHU CMEIIEHHMS,
3HAYUTCIIBHO 60.]'[66 BBICOKMMH, YEM B OOBIYHBIX MHOTOKOMIIOHEHTHBIX CITIa-
Bax. Jlnst cozpanust BOC xonmuecTBO XMMHUYECKHX 3JIEMEHTOB B CIIIABE JOJIXK-
HO OBITh HE MEHEE IIATH, & NX KOHIICHTPAIINHU JOJDKHBI HAXOANUTHCA B MPEAEIax
oT 5 o 35 at.%. IMeHHO GOJBIIOE YHCIO XUMHUYECKUX HIIEMEHTOB YBEINIH-
BAIOT KOH(DUTYPALIMOHHYIO SHTPOIHIO CMEIIEHHS TaKOTo CILIaBa 10 MaKCUMY-
Ma. Jluana3oH uccieayeMbix CIuiaBoB BKitodaeT oxHodasueie I'LIK crmaBbl
cucrembl CoCrFeNiMn, onnodasnsie ynopsigouennsie (B2) OLK criaBsl cu-
crembl AINbTiV n muorodasnsie cruiaBB cucremsl AICoCrCuFeNi. 3to koH-
CTPYLIMOHHBIE MaTepHaIbl M TIOKPHITHSL.

BBICOKOHHKETIEBBIE CIUIABBI CO CIIOKHBIM JIETHPYIOIINM COCTABOM OTHOCST-
Csl K TPYIIIE KapOIIPOYHBIX MAaTEPHAJIOB U SIBIIAIOTCS MEPCHEKTUBHBIMHU MaTe-
pyanamMu Juis SAEpHBIX peakTopoB VI - moKoyieHus.

BricTpo3akaneHHble U3 paciuiaBa CIIaBbl B aMOP(HOM WIIM HAaHOCTPYKTYD-
HOM COCTOSIHUHM SIBIISIIOTCS BOKHEWIMIMMH (DyHKIMOHAJILHBIMU MaTepuaaMu
JUISL CO3/IaHMSI, HAIIPIMEP BBICOKOTEMIIEPATYPHBIX IPHUIIOEB, MATEPHAJIOB C I1a-
MSTBIO (POPMEI H JIp.

Marepuansl, MOITy4EHHBIE C HCHOJIb30BAHHEM aJUIMTHBHBIX TEXHOJOTHH
SABIIFOTCA JIUTBIMU CIZIaBaMH CO BCEMHU BBITCKAKOIINMU HpO6HCMaMI/I ux no-
BOJIKH JUTS HCTIOJIb30BaHUSI.

Marepuanbl, THONy4eHHbIE KOHCOJNMIAIMEH MOPOIIKOB C IPUMEHEHHEM
MepPCIIEKTUBHBIX TEXHOJIOTHUH KOHCOJHJALWY, BKIIOYAs 3JIEKTPOUMITYIbCHBIE
METO/IBI, TO3BOJISIOT CHHTE3UpoBaTh HOBbIe CDC cocTostHMS.

Pazpemmte orkpbITH 18-10 Me:xxnayHapoaHyo on-line mxoJy-
koH(pepennuio "HoBble maTepunainl': «HepaBHOBecHBIC COCTOSHUSI: TEO-
pus, MoJIy4YeHHe H IPUMeHeHne'.
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PAH Ha MeTaJlI




19. | E.A.MakcumkuHa | HUSIY HoBblit crioco0 momy4eHust ciaox- 14-45
A.H.Cyuxkos, MU, HOJIETMPOBAHHBIX IIOPOLIKOBBIX
0O.H.Cesproxos, UMET CIIJIABOB C BBICOKOH CTEIICHBIO ce-
A.B.CamoxuH, PAH PUYHOCTH
H.B.Anekcees,

A.A.Danees,
M.A.Cunaiickuii

20. | E.B. I'ankumn, MAU HccrnenoBanue MpomeccoB Moryse- 15-00

M.B.Xapos HUS TOPOLIKOB HA OCHOBE aIIOMHU-
uuaa Hukenst NiAl neHTpoGeKHBIM
pacrbUICHHEM C BEICOKUMH CKOPO-
CTSIMH OXJIQXKJCHHS

21. | E.B. I'ankuH, MAU AHanu3 0COOCHHOCTEH METOI0B 15-15
M.B.Xapos TI0JIy4€HUSI TIOPOIIKOB U TPaHyIl U3

HHKENEBBIX CIUIABOB C TOUKH 3pe-
HHS Ka4eCTBa M3rOTaBINBAEMOI0
CBIPBSI

22. | C.B.Heckopomnsiit | o' TY, | Ocobennoctu snexrpouMnynscaod | 15-30
A.H.CtporaHos, HNCMAH | xoHCOMMAAINH MOPOIIKOBBIX KOM-

E.I' I'puropnes, TO3HULUH U3 KapOuaa radhHust

E.JI.CtpmxakoB

MEPEPBIB 1545

23. | EI'.I'puropses, NCMAH, | IpeumyiiectBa BEICOKOBOJIBTHOI 16-00

B.IO.T'onb1ies, YepHoro- | KOHCONMAALMH MOPOIIKOB TYrO-
A.B.OcuHues, JIOBKA, IUTAaBKMX MaTepHaioB
A.C.IInoTHHKOB, HUAY
E.JI.Ctpuxakos, MHUDU,
C.B.Heckopowm- JATTY,
HBII Pocros-
B.I.Bunorpaznos, | Ha-/lony

C.O.AreeB

24. | T.H.CmerioxoBa, | I'HI{ [lonmy4uenne MeTom0M UCKPOBOTO 16-15
A.B.lBaHoB, OIVYIT IJIA3MEHHOTO CIEKAHUS TJIOTHOM
H.H.CutHuKOB, “Uentp KEpaMHKH U3 TOPOIIKOB HUTPHUA U
W .H.JlanTes Kennsi- KapOuIa KpeMHUS

ma”,
MockBa,

25. | B.AT'nymenkoB, | Camap- ITnakupoBaHue paciuiaBoM LHUIHH- 16-30
N.A Bensena, CKUH JIPUUYECKHX JIeTaleld U3 IOPOIIKO-
B.N.Ilecouxwnii, H1Y BOH KOMITO3HUIUN
B.A .Muponos,
10.C.Yuepenko

26. | B.A. bopoaus, HUAY ToBsimenne 3pHEKTUBHOCTH KOM- 16-45
A.B. Tenuues, MUOU NaKTUPOBAHUS TaOJIETOK ANOKCHIA
JIIL. IllopHukoB ypaHa METOZI0OM BBICOKOTEMIIEpPa-

TYPHOTO IPECCOBaHUS
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27. | H.B.®unatona, HBanos- MeracrabunbHble Heopranmdeckue | 17-00
H.®.Kocetko, CKHI JHCIepcun Kak 3pdeKTUBHbIE CBsI-
B.B.Xpamorus, I'XTY 3YIOLIUE I KOMIIO3ULIMOHHBIX Ma-
JI.B.Xpenos TEpPHUAJIOB

28. | I'.B.Mapxkoga, Tyns- 3aKOHOMEPHOCTH U3MEHEHUS 17-15
JA.M.JleBun cKuit CTPYKTYpBL U CBOMCTB CpeHEMap-

rocyaap- | raHmeBbix cruiaBoB Mn-Cu mpu
CTBEH- €CTECTBEHHOM CTapeHUH

HbII yHU-

BEpPCHUTET

29. | D.b.3aBoitunn- MI'Y O MHOTO- ¥ THralyKiIoBoit ycrano- | 17-30
cKast CTH METAJIJIOB U CILUIABOB IPH OIHO-

OCHOM Harpy>KeHUH

30. | E.A.)Kakan6aes, NSI® M3 | Crpykrypa u cBoiicrBa cruiasa Hf- 17-45

K.b.CapcenbaeBa | PK, C-N moay4eHHOro MeTo0M MarHe-
Anmatsl, | TPOHHOTO OCaXKACHHUS
Kazacran

31. | E.J.Mepcom, HUN BmmsiHue KoHLIEHTpanuu BOAOpOaa 18-00
[L.H.Msirkux, mporpec- | ¥ CKOpOCTH JehOpMaIiK Ha 0CO-
I".B.KneBuos, CUBHBIX OCHHOCTH BOJOPOIHOTO OXPYITIH-
J.J.Mepcosn, TEXHOJO- | BaHUsA YIbTPaMEIKO3EPHUCTON HU3-
A.YO.BunorpaznoB | rui, KOYTJIEPOJUCTON CTau

Hopsex-
ckuii TY,
Hopserus

32. | B.Il.barmyros, Bouro- Oco0eHHOCTH HEpaBHOBECHON 18-15
1.H.3axapos, IpafcKuil | CTPYKTYypBI YIIIEPOAUCTBIX CTaNEH,
B.M.Boponbsinos, | I'TY c(OPMHUPOBAHHOM B XO/I€ BBICOKO-

J.C.JlenuceBuy,
M.A.Pomanenko,
A.A.Cenos,
B.B.bapunos

OHEPTETUYICCKOr0O BO3JICHCTBUS
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16 nexadps

33. | P.E.Bockoboii- HUAY Ni-base refractory alloys for in-core | 13-00
HHUKOB MHU®U Gen |V reactor applications

34. | C.B.Poroxkun HUAY ATOMHO-30HI0Bast TOMOTpaQus 13-30

MUDH, pacnpeneneHuss XUMUIECKHX dI1e-
UTOD MEHTOB B HAHOCTPYKTYpax MaTepu-
aJIOB

35. | B.B.Yruos, Benopyc- | CtpykrypHO-(ha30BoOe COCTOSHHE 14-00
K. J{3uH, ckuii I'Y, BBICOKOIHTpONHitHOHN cucremsr Ni-
C.B.3nomukwuii, MHUDU, Co-Fe-Cr-Mn, o6y4enHoii HoHAMK
N.B.Cadponor IMexun-

ckuil TY

36. | b.A Kamun, HUSY Paguanuonnsie 3G dexTsl B MeTal- 14-15
M.C.Cranb1oB, MUDU, JIax | CIUIaBaX, BEI3BAHHBIC 00Ty~
HN.1.YepHos, MAD PK, | ueHHeM BBICOKO3HEPTE€THUECKUMU
A.C./lukoB, MUCuC, TSKEIBIMA HOHAMU
N.A.VBaHOB, HUII KA
I1.b.JIaros,

C.H.KopmryHos.

37. | C.B.Poroxkus, HUAY HccnenoBanue NpuIuH HA3KOTEM- 14-30
T.B.Kynesoii, MUDU, NepaTypHOro pagualliOHHOI O
A.T".3amyxHblIi, UTOOP, YIpOYHEHHsT PeppUTHO-

A.A Hukutus, HUIL[ KW | mapTeHCUTHBIX CTaseil B UMUTAIU-
H.A.Vckannapos OHHBIX IKCIIEpUMEHTAX Ha My4Kax
U Ip. HOHOB

38. | A.B.Kuays, UTO® HUccnenosanue Bausaus odmydenus | 14-45
A.T".3amyxHbIH, TSKENBIMA MOHAMU Ha HAHOCTPYK-
C.B.Poroxxkus, Typy AMCIIEPCHO-YIPOYHEHHBIX OK-

A.A. Xomuu CHJIaMU CTaJiell COBpEMEHHBIMU Me-
TOJJAMHU YIbTPAMHUKPOCKOIIHU
39. | Yong Yang City Cold joining of metallic glass 15-00
Univ. of
Hong
Kong
IIEPEPLIB 15-30
40.| A.B.Hazapos HUAY Features of interdiffusion in multi- 16-00
MUDU, component alloys and HEA. Theory
UTOD and modeling
41. Wen Chen U. Mas- Additive manufacturing of refracto- | 16-30
sachusetts | ry and high entropy alloys
Amherst,
USA
42.| Frank Garner Radiation | Credibility of using ion irradiation | 17-00
Effects as a surrogate for neutron irradiation
Consult- of reactor structural alloys
ing, USA
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43.| Michael Short Massa- Predicting and Verifying Single 17-30
chusetts Phase Stability and Primary Radia-
Institute tion Resistance in Single Phase,
of Tech- Multi-Principle Element Alloys
nology,
USA
44.| Peter Liaw Universi- | Lattice Distortion in the NbTa- 18-00
ty of Ten- | TiV(Zr) Refractory High-entropy
nessee, Alloy
Knox-
ville,
USA
17 nexadpsi
45.| M.A.Tlens3s, HUAY Bmusane cTpykrypHO-dazosoro co- | 13-00
M.J1.0tTo0, MUDU, CTOSIHHUS NasHbIX coenuuenni AISI
A.A WBannukoB | VauBepcu- | 304/NiCrSiB Ha koppo3noHHYyIO
A. IlImunr- ter opt- YCTaJIOCTh
Kamne6opH, MyHJa,
M.Kus3esa, I'epmanus
b.A KanuHn,
®.Banbrep
46.| A.E.XBopoctoBa, | HUSIY Hccnenopanue CTpyKTypblI IaSHOTO 13-15
.B.®enoros, MHUDU COEJIMHEHHS ATFOMOOKCHIHOM Kepa-
A.H.Cyuxkos, MHKH C TUTAHOM, TTIOJTy4CHHOU C
0O.H.Cesprokos, npumeneHneM npumnos Ti-Zr-Co
M.A.IleHs35p,
I1.C.IxxymaeB
47. A.W.T'abos, HUAY [MpumeneHne ObICTPO3aKaICHHBIX 13-30
A A VBannuxos, | MUOU IIPUIIOEB JUIs MTOJIy4€HHs MasHbIX
0O.H.CesprokoB coennHeHNH kepamuku BK94-1
48.| M.A.IleHs3p, HUAY Y napHas BA3KOCTh MastHBIX COEAH- 13-45
A.A.VBannukos | MUOU HeHuit u3 ctamu 08x 1819, monmyden-
H.C.Ilomnos, HBIX C IIOMOIIBI0 aMopdHO-
A.B.AGpamos, KPUCTAJUINYECKUX IIPUIIOEB CUCTEMBI
O.H.CeBprokoB NiCrSiB
49.| FO0.AT'yposa, HUAY Bnusanue pexumMa naiiku Ha MUKPO- 14-00
J.M.bauypuHa, MHNoOU CTPYKTYpY NasiHbIX COEIUHEHUN
A.H.Cyuxkos, BoJb(hpama u cranei peppUTHO-
0O.H.Cesprokos MapTEHCUTHOIO KJIACCa PA3IMUHbIX
MapoK
50.| K.E.KiokoBa, HUAY 3aBUCHMOCTH THIIAa KPUCTAJLIOTPa- 14-15
M. HcaenkoBa, | MUOU (hudeckoit TEKCTYpPhI peKPUCTAILIH-
O.A KpbiMckas, 3alUM OT COOTHOILEHUS TEKCTYPHBIX
B.A.®ecenko KOMIIOHEHT B ITPOKaTaHHOM CILJIaBe

Zr-2,5%Nb
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51.] M.M.3apunosa, HUAY 3aK0HOMEPHOCTH (hOPMUPOBAHMUS 14-30
M.I".HUcaeHKoBa, MHUOU KpHcTauiorpadu4ecKoil TEKCTYPHI B
B.A.®ecenko, CBEpPXYNPYIUX CIIaBaX Ha OCHOBE
A.B.OcuHies Ti-Zr-Nb npu npokaTke ¥ moCaeay-

I0IIEM OTXKHTe

52.| O.A.Catonos, HUAY HccnenoBanue XpoMocoaepKamux 14-45
b.A Kamyn, MUOU MOKpBITHH Ha ctase D110 ¢
[1.C.Ixymaes, GapbepHBIM CIIOEM
A.C S,

E.JI.KopeneBckuii
P.II1.UcaeB,
B.AYypcun

53.] A.B.Cymapokosa, | HUAY Amnamu3 mudQy3noHHON 15-00
B.M.AnanbuH, MUOU MOJBIKHOCTU IIpUMecei BHEIpeHUs
b.A Kamn B cruiaBe Zr - 1 %Nb o nanHBIM

N3MepeHHI BHYTPEHHETO TPEHHs
MEPEPBIB 15-15
54.| T1.C.3axaposa UTO® BimsiHue nOHHOTO 00TydeHUs IPH 15-30
temmeparype 500°c Ha MEKpOCTpPYK-
Typy ¥ MEXaHUYECKUE CBOICTBA
criaBa W-6Re

55| A.A.Ypycos, HUW HIIO | Iorsomniaromue MaTepraIbl HOBOTO 15-45
K K.Ilonynus, JIYUn», MTOKOJICHHS JJIsl SHEPTeTHYECKUX
W.5.I'anes, AO «Hayka | sepHBIX peakTOPOB Ha TEIUIOBBIX
A.A MokpylinH, | ¥ UHHOBa- HEHTpOHAX
B.J1.PucoBansbrit U,

56.| U.M.Epmouenkop | I'mpenmer MOHOHM30TOITHBIE CKaHIUH coaep- 16-00
10.1.3aBapries, Kalyue KPUCTAJLTEI IS JTa3epHBIX,
A.N.3arymeHHbIi, CUMHTUJUIALIMOHHBIX IPUMEHEHHUH U
A.A.T'acaHoB, KBaHTOBOM MaMSITH
0.B.IOpacoga,

J.A.Camuena

57.] C.B.3achinkuH, Tonpsar. VY, MarHueBbl€e CIUIaBbI ¢ TOBBIIIEHHOW | 16-15
AW.bpunesckuii, | OO0 TeMIIepaTypoil BOCTIIIaMEHEHUS
AN Hpreros, «COM3y,

J.JL.Mepcon CosnKkaMcK

58.] M.A.boGokamba- | HUAY OCOoOCHHOCTH MOJICTTUPOBAHUS CKaY- 16-30
poBa, MHOU, KOB aTOMOB TP TIOCTOSTHHOW TeMITe-
A.B.Hazapos UTO® parype METOJOM MOJIEKYIIIPHON JH-

HaMUKH. MoJiesb eCTeCTBEHHOTO Tep-
MocTara

59.| M.A.ITaxomos, NMAII Cyxoe TpeHHEe KepaMHuecKOro 16-45
B.}O.HoBuxos, PAH, HaHOKOMTIO3UTa ¢ T0OaBKOH rpade-
B.B.Cronsapos Benropon- Ha

ckuit THUY
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60.| A.A baxenos, HUAY MopnepHu3zanus yCTaHOBKH U aBTO- 17-00
B.B Muxanpuuk, | MUOU MaTHU3aIus U3MEPEHUI KHCIOPOIHO-
A.B.Tenwuies, ro MOTEHI[Maa OKCUIHOTO TOIIMBA
P.B.CvupHOB, meroaom D/C TI'S1
JL.IL.IIopHrKOB

61.| I'".H.Enmanos, HUAY dopmupoBaHue CTpyKTYpHI masiHoro | 17-15
I1.C.Ixymaes, MUOU coequHEeHuUs pu T Gy3nOHHON
T.JI.MuieHko, naiike HUKeJ sl aMOP(HBIMHU TIPHITO-

M.A Ilens13p smu cucremsl Ni-Cr-Fe-Si-B

62. A.b.Muxaiinosa | UMET, HccrenoBasie BIMSHUS YAAPHO — BOJ- 17-30
B.I1.Muxaiinos, dusnye- HOBOT'O BO3/IGHCTBHA IIA3Mbl HA CTPYK-
B.A.Hukynun, CKUH UH- TYpY U MUKPOCTPYKTYpPY KOMIIO3H-
I1.B.Cuum, CTUTYT toB (Bi-2223+ZrN)

1.B boposukas,
E.H. Ileperynosa
IMOJABEJEHUE UTOTOB 17-45
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CONFERENCE PROGRAMME

(lectures are highlighted in gray)

December 14

OPENING OF THE CONFERENCE 13-30
1. | Andrey Lit- FZ Julich, Advanced materials for future fu- 13-45
novsky Germany, sion power plants: performance and
NRNU technology challenge
MEPhI
2. | Yuji Ichikawa Tohoku Cold Spray Bonding Mechanism 14-15
University, Revealed by Auger Electron Spec-
Japan troscopy
3. | .A.Bogachev VIAM Formation features of the structural- | 14-45
phase conditions of martensitic-
aging steel VNL14-PS, obtained by
selective laser melting
4. | M.G.Isaenkova, MEPHI, Formation of structure and crystal- 15-15
A.E.Rubanov, JSC “RPA lographic texture in products during
A.V.Yudin “CNIITMA | selective laser melting of powders
SH” and their influence on anisotropy of
mechanical properties
BREAK 15-45
5. | A.G.Evgenov VIAM Formation of track’s thin structure 16-00
in SLM- process
6. | Zach Cordero Massachu- Ultrasonic additive manufacturing 16-30
setts Inst. of | of bulk nanostructured materials
Technology,
USA
7. | V.R.Baraz, UrFU Structural state of a copper-nickel 17-00
S.S.Gerasimov, alloy obtained by selective laser
I.A.Gruzdeva melting
8. | 1.V.Perinskaya, | SSTU Additive synthesis of nanostruc- 17-15
V.V. Perinsky tured forms on titanium surface
with hydroxyapatite coating ion-
beam treatment
9. | L.S. Chekin, RUDN Nitriding of steels of various struc- 17-30
K.O. Bazaleeva tural Classes produced with laser
E.V. Tsvetkova 3D printing
10.| E.V.Tsvetkova, RUDN Influence of technological parame- | 17-45
K.O.Bazaleeva, ters on structure of metal-matrix
A.A. Shibalova, composites Ni/TiC and Ni/WC in
A.V. Alekseev laser cladding
11.| K.O.Bazaleeva, RUDN Metals and alloys produced by se- 18-00
E.V.Tsvetkova lective laser melting: structure and
structural stability
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12.| D.A.Gera- NRC Kur- Formation of the Ni-Fe system 18-15
shchenkov chatov insti- | coating on a steel substrate using a
tute, diode laser
CRISM
"Prometey"
13.| A.V.Krasikov, NRC Kur- Influence of laser treatment on mi- 18-30
M.V.Merkulova, chatov insti- | crohardness and structure of Ni-W
M.V .Staritsyn, tute, non-equalible electrochemical coat-
A.D.Bykova, CRISM ings
M.L.Fedoseev, "Prometey"
P.A.Kuznetsov
December 15
14.| Xiaoyue Tan Hefei Realizing of advanced W-Cr-Zr 13-00
University smart alloys using field-assisted sin-
of Technol- | tering technique: basic theory and
ogy, Chine | critical factors
15.| V. Mironovs, RTU, Riga, | Movement of metal macroparticles 13-30
Y. Usherenko Latvia in a pulse electromagnetic field
16.| Felix Klein FZ Julich, Understanding the effects of impuri- | 14-00
Germany ties in oxidation-resistant smart
tungsten alloys™ for fusion"
17.| N.A. Epifanov, IMET Copper alloys under the influence of | 14-15
A.S. Demin, high-power pulsed fluxes of
E.V. Morozov, deuterium ions and deuterium
S.A. Maslyaev, plasma
V.N. Pimenov
18.| O.B. Skvortsov, | NTC «Bal- | Dynamics of development of 14-30
V.1. Stashenko, ancing Ma- | deformation processes under electric
O.A. Troitsky chine pulse impact on metal
Planty,
IMASH
RAS
19.| E.A. Maksim- MEPHI, A new method for producing com- 14-45
kina, IMET plex-alloyed powders with a high
A.N. Suchkov, degree of sphericity
O.N. Sevryukov,
A.V. Samokhin,
N.V. Alexeev,
A.A. Fadeev,
M.A. Sinayskiy
20.| E.V. Galkin, MAI Research of processess of produc- 15-00
M.V. Zharov tion of powders based on nickel

aluminide NiAl by centrifugal pul-
verization with high cooling speeds

17




21.| E.V. Galkin, MAI Analysis of pecularities of methods | 15-15
M.V. Zharov of production of powders and grains
of nickel alloys from viewpoint of
produced primary material quality
22.| S.V. Necorom- DSTU, Features of electric pulse consolida- | 15-30
niy, ISMAN tion of powder compositions from
A. N. Stroganov, hafnium carbide
E.G. Grigoriev,
E.L. Strizhakov
BREAK 15-45
23.| E.G. Grigoryev, ISMAN, Advantages high voltage consolida- | 16-00
V.Yu. Goltsev, MEPHI, tion of powders refractory materials
A.V. Osintsev, DSTU
A.S. Plotnikov,
E.L. Strizhakov,
S.V. Nesorom-
niy,
V.G.Vinogradov,
S.0. Ageev
24.| T.N. Smetyu- KeRC Production of dense ceramics from 16-15
khova, powders of silicon nitride and car-
A.V. lvanov, bide using a spark plasma sintering
N.N. Sitnikov, technique
I.N. Laptev
25.| V.A. Glushchen- | Samara Melt cladding of cylindrical parts 16-30
kov, University made from powder compositions
I.A. Belyaeva,
V.1. Pesotsky,
V.A. Mironov,
Ju.S. Usherenko
26.| V.A. Borodin, MEPHI Increasing the efficiency of uranium | 16-45
A.V. Tenishev, dioxide pellet compaction by high-
D.P. Shornikov temperature pressing
27.] N.V. Filatova, ISUCT Metastable inorganic dispersions as 17-00
N.F. Kosenko, effective binders for composite materi-
V.V. Khramogin, als
D.V. Khrenov
28.| G.V. Markova, TULA Regularities of structure change and | 17-15
D.M. Levin State Uni- properties of mediummanganese
versity Mn-Cu alloys during natural ageing
29.| EB. MSU On multi- and hygacycle fatigue of 17-30

Zavoychinskaya

metals and alloys at axial loading
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30.| E.A.Zhakanbaev, | INP Ka- Structure and properties of Hf-C-N 17-45
K.B.Sarsenba- zakhstan alloy produced by magnetron depo-
yeva sition
31.| E. D. Merson, TSU, Effect of hydrogen concentration 18-00
P.N. Myagkikh, NTNU and strain rate on the hydrogen em-
G.V. Klevtsov, brittlement features of ultra-fine
D. Merson, grained low carbon steel
A. Vinogradov
32.| V.P. Bagmutov, | VolgGTU Features of non-equalible structure 18-15
I.N. Zakharov, carbon steels formed during high
V.1.Vodopyanov, energy impact
D.S. Denisevich,
M.D.Romanenko
A.A. Sedov,
V.V. Barinov
December 16
33.| R. E. VVokoboi- MEPHI Ni-base refractory alloys for in-core | 13-00
nikov generation iv reactor applications
34.| S.V. Rogozhkin MEPHI, Atom probe tomography of the dis- | 13-30
ITEF NRC | tribution of chemical elements in
Kurchatov the nanostructures of materials
Institute
35.| B.A. Kalin, MEPHI, Radiation effects in metals and al- 14-00
I.1. Chernov, MISIS, loys caused by high-energy heavy
M.S. Staltsov, NRC Kur- ions irradiation
A.S. Dikov, chatov In-
I.A. Ivanov, stitute
P.B. Lagov,
S.N. Korshunov
36.| V.V. Uglov, Belarusian Structural-phase state of a high- 14-15
K. Jin, State Uni- entropy system Ni-Co-Fe-Cr-Mn
S.V. Zlotski, versity, irradiated with ions
1.V. Safonov MEPHI,
Beijing In-
stitute Of
Technology
37.| S.V.Rogozhkin, | MEPHI, Stydy of the origin of low tempera- | 14-30
T.V. Kulevoy, ITEF NRC | ture radiation hardening of farritic-
A.G. Zaluzhny, Kurchatov martensitic steels by emulation ex-
A.A. Nikitin, institute, periments with ion beams
N.A. Iskandarov | NRC Kur-
Et.C. chatov in-
stitute
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38.| A.V.Klauz, MEPHI Investigation of influence of heavy 14-45
A.G. Zaluzhnyi, ion irradiation on the nanostructure
S.V. Rogozhkin, of dispersion-strengthened oxide
A.A. Khomich steels by modern ultramicroscopy
methods
39.| Yong Yang City Cold joining of metallic glass 15-00
University
of Hong
Kong
BREAK 15-30
40.| A.V.Nazarov MEPHI, Features of interdiffusion in multi- 16-00
ITEP NRC | component alloys and HEA. Theory
Kurchatov and modeling
Institute
41. Wen Chen U. Massa- Additive manufacturing of refracto- | 16-30
chusetts ry and high entropy alloys
Ambherst,
USA
42.| Frank Garner Radiation Credibility of using ion irradiation | 17-00
Effects as a surrogate for neutron irradiation
Consulting, | of reactor structural alloys
USA
43.| Michael Short Massachu- Predicting and Verifying Single 17-30
setts Insti- Phase Stability and Primary Radia-
tute of tion Resistance in Single Phase,
Technolo- Multi-Principle Element Alloys
gy, USA
44.| Peter Liaw University Lattice Distortion in the NbTa- 18-00
of Tennes- | TiV(Zr) Refractory High-entropy
see, Knox- Alloy
ville, USA
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December 17

45. M. Penyaz, MEPHI, Influence of the structural-phase 13-00
J. L. Otto, TU Dort- state of AISI 304 / NiCrSiB brazed
A. Ivannikov, mund Uni- joints on corrosion fatigue
A. Schmiedt- versity,
Kalenborn, Germany
M. Knyazeva,
B. Kalin,
F. Walther
46.| A.E. Khvoros- MEPHI Investigation of the AI203/Ti joint, 13-15
tova, brazed
1.V. Fedotov, With Ti-Zr-Co filler metal
AN. Suchkov,
O.N. Sevryukov,
M.A. Penyaz,
P.S. Dzhumaev
47.| A.l. Gabov, MEPHI Application of fast solidified brazing | 13-30
AA. lvannikov, alloys to obtain brazed joints of
O.N. Sevryukov VK94-1 ceramics with Kovar
48. M. Penyaz, MEPHI Impact toughness of austenitic steel 13-45
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®OPMUPOBAHUE CTPYKTYPbI U
KPUCTAJUVIOTPA®UYIECKOU TEKCTYPBI B U3JEJIUAX
IIPU CEJIEKTUBHOM JIASEPHOM CIIJIABJIEHUN
IHOPOIIKOB 1 UX BJUAHUE HA AHU3O0TPOIINIO
MEXAHHUYECKHUX CBOVMCTB

[To pe3ynbraram aHanM3a MOCIOWHOTO U3MEHEHHsI KpHCTAILIOTpaduuecKoi
TEKCTYpbl B MOHOJIUTHBIX M PEIIETYATBIX H3/AENUAX, MOTYyYEHHBIX CEIEeKTHB-
HBIM Ja3epHbIM ciuiaBienreM (CJIIT) mopoImkoB CIiaBOB ¢ pa3HBIMU KPHUCTAJI-
JUYECKUMH CTPYKTYypaMH, BBISIBICHBI 3aKOHOMEPHOCTH (OPMHPOBAHUS HX
CTPYKTYpHL. B paboTe paccMOTpeHBI U3IeTHs U3 ayCTeHUTHOH cTamu 3161, Hu-
KeneBoro cmiasa Inconel u turanosoro cmiasa BT1-0. M3BecTHO, YTO IIOT-
HOCTb M3JIENUH, UX CTPYKTypa U MEXaHUYECKHE CBOMCTBA 3aBUCAT OT CIIEAYIO-
IIMX MapaMeTPOB M3TOTOBJIECHHsS 00pa3llOB: MOLIHOCTH JIa3€pHOTO M3JIyYeHUS,
CKOPOCTH CKaHHPOBAaHUS JIA3€PHOTO Jyda, CTPAaTeTWH CKAaHWPOBaHUS (IIara,
MOCIIEIOBATEIHHOCTH (DOPMUPOBAHUS CIOCB, M3MCHEHUS HAIMPABICHUS B CIIOC
U B TOCIIEIOBATENbHBIX CIIOSIX U T.IL.). IIpy M3rOTOBICHWH W3/ENUi, Tpexe
BCEr0, ONTHMHU3HPOBAIN TEXHOJIOTHIO MX IOJIy4eHHUs! (MOIIHOCTb, IIar CKaHU-
poBaHuUs), 3aTeM BapbUPOBAIM CTPATETHIO0 CKaHUpoBaHMA. Kpucramimzaims
BCEX IEPEYHCICHHBIX CIUIABOB OCYIIECTBISETCSA IYTEM pPOCTa KPHUCTAJIIOB C
kyongeckoit ctpykrypoit (OLIK mmm ['IK). [Ipu mocnenyromniem oxaxJeHUN B
oOpasuax THTaHa JONOJHUTENIBHO MPOMCXOJIHUT (ha3oBOe NpeBpaiieHue f—>a
IPU CTPOTOM COXPAaHEHWH MEXKIYy HUMH OPHEHTAIIHOHHOTO COOTHOIICHHS
Broprepca. B cpenHux 1o BBICOTE CIOSIX MOHOJMTHBIX M3JEIUNA U3 Pa3HbIX
CIUTaBOB (opMupyeTcsi ocTpas KyOmdeckas Tekcrypa {100}<001>, xotopas
onpexaemnsier anuzoTpormio cBoiictB CJII-o0pasmos. IocnoiiHoe w3MeHeHUE
KpHCTauIorpadMueckoil TEKCTYpBI CBS3aHO C POCTOM CTOJIOYATHIX KPHCTAJUIOB
kyondeckoit daspr (I'TIK min OIIK), koTopsie 00pa3yroTcs 3a CYET TEIIOBOTO
BO3IICUCTBUS PACIUIABICHHON OONAaCTH Ha HIDKENIEKAIINE CIIOW, 3aalollie
OpHEHTALMIO PacTyIIero Kpucraiwia. B cimydae (GopMUpOBaHHS pemIeT4aThIX
CTPYKTYp CTOJIOUAThIe KPUCTAJLIBI C MPEAMOYTHUTEIBHON opueHTaruen <001>
BJIOJIb HAIPaBJICHUSI pocTa 00pa3yloTcs B LIEHTPAJIbHOW 4acTH pedep W y3iI0oB
0 IMaMEeTpPy IEMEHTOB KOHCTpyKIuH. [lo pesynmpTaram aHaigm3a KpHUCTaLIO-
rpadUIecKoi TEKCTYphl MOHOJNWTHBIX M PEIIeTYaThIX CTPYKTYp pPaccuMTaHa
AHU30TPONUS CBOMCTB U3EITHIA.

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

2. lsaenkova MG, Perlovich YA, Yudin AV et al. Inorg. Mater. Appl. Res., 2020,
11(3), 692-698

3. lIsaenkova MG, Yudin AV, Rubanov AE et al. J. Mater. Res. Technol., 2020,
9(6), 15177-15184.
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FORMATION OF STRUCTURE AND CRYSTALLOGRAPHIC
TEXTURE IN PRODUCTS DURING SELECTIVE LASER
MELTING OF POWDERS AND THEIR INFLUENCE ON

ANISOTROPY OF MECHANICAL PROPERTIES

Based on the results of the analysis of layer-by-layer changes in the crystal-
lographic texture in monolithic and lattice products obtained by selective laser
melting (SLM) of alloy powders with different crystal structures, the regulari-
ties of the formation of their structure have been revealed. The paper considers
products made of 316L austenitic steel, Inconel alloy and VT1-0 titanium alloy.
It is known [1-3] that the density of products, their structure and mechanical
properties depend on the following parameters of the manufacture of samples:
the power of laser radiation, the scanning speed of the laser beam, the scanning
strategy (step, sequence of formation of layers, change of direction in layer and
in successive layers, etc.). In the manufacture of products, first of all, the tech-
nology of their production (power, scanning step) was optimized, then the
scanning strategy was varied. Crystallization of all of the listed alloys is carried
out by the growth of crystals with a cubic structure (bcc or fcc). During subse-
quent cooling in the titanium samples, the f—a phase transformation addition-
ally occurs with strict preservation of the Burger's orientation relation. A sharp
cubic texture {100} <001> is formed in medium-height layers of monolithic
objects made of different alloys, which determines the anisotropy of the proper-
ties of SLM samples. The layer-by-layer change in the crystallographic texture
is associated with the growth of columnar crystals of the cubic phase (fcc or
bce), which are formed due to the thermal effect of the molten region on the
underlying layers that set the orientation of the growing crystal. In the case of
the formation of lattice structures, columnar crystals with a preferred orienta-
tion of <001> along the growth direction are formed in the central part of the
ribs and nodes along the diameter of the structural elements. Based on the re-
sults of the analysis of the crystallographic texture of monolithic and lattice
structures, the anisotropy of the properties of products is calculated.

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

2. lIsaenkova M.G., Perlovich Y.A., Yudin A.V. et al. Inorg. Mater. Appl. Res.,
2020, 11(3), 692-698.

3. Isaenkova M.G., Yudin A.V., Rubanov A.E. et al. J. Mater. Res. Technol.,
2020, 9(6), 15177-15184.
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®OPMHPOBAHUE TOHKOM CTPYKTYPHI TPEKA B
INPOIECCE CEJIEKTHUBHOI'O JIABEPHOI'O CIIVIABJIEHU S

[MpoBeneH aHanm3 JIUTEPATYPHBIX JaHHBIX 110 MOJICTMPOBAHHUIO YCIIOBHH
KpucTayum3anuu tpeka B npouecce CJIC, nccnenoBaHusiM TOHKOH CTPYKTYPEI
TpeKa M paclpeeeHuUs IEMEHTOB 110 CeUeHMIO siueek. IIpoBeneHsl aKkcnepu-
MEHTBI 110 CHHTE3Y >KapOIIPOYHBIX MaTepUaOB Ha CHHTE3UPOBAHHBIX MOJIO0NK-
KaxX M3 pa3HOMMEHHBIX CIUIABOB ISl YCTAHOBIJICHHS BIIMSHUSI KOHIIGHTPALIMOH-
HOW HEOJHOPOJHOCTH Ha (POPMHUPOBAHHE TYEEK M CYOCTPYKTYPHBIX COCTaBIIS-
fomux Tpeka. IIpoBexeHo uccienoBanne Mop(oJorMu sUeek Ha aedexTax
CTPOEHHS: TIOpaX, TPEIINHAX, B 00IACTIX CENEKTHBHOTO 3JIEKTPOXHMMUYECKOTO
pacTpaBa TIIpH CHHTE3€ Pa3sHOPOIHBIX MaTepUaioB. YCTAHOBJIECHBI MPEHMYIIIe-
CTBEHHBIE MEXaHNU3MBI ()OPMHUPOBAHUS TPEKOBOH CTPYKTYPHI.

TpekoBasi CTPYKTYypa CHHTE3UPOBAaHHBIX METAJUIMYECKUX MaTEPHAJIOB SIBIIS-
ercs HepaBHOBecHOH. Ee ¢opMupoBanue o0yclOBIEHO I'ayCCOBCKUM pacIpe-
JIeTIECHUEM SHEPTUH Jla3epHoro Jiyda. ITpu 3ToM, SKCIIOHHPOBAaHUE AKTYaJlbHOTO
CEUECHHUS] MIPOMU3BOJUTCS C YACTHYHBIM «HAXJIECTOM» TPEKOB, YTO B KOHEYHOM
UTOTE€ NIPUBOJIUT K IMOSBICHHIO CTPYKTYPBI, IMEHYEMOH B 3apyOEXHBIX UCTOU-
HUKaX «peI0beit uennyein» (fishscale).

dopma Tpeka M HaINPaBICHHBIH TETIIOOTBOJ] ONPEACISAIOT CI0XKHOE HaIlps-
JKEHHO-Ae(OPMUPOBAHHOE COCTOSIHUE CHHTE3MPOBAHHOTO MaTephaia, TEKCTY-
Py ¥ aHU30TPOIIHIO CBOMCTB. BhICOKHE CKOpPOCTH KpUCTAIUIH3ANH (TI0 Pa3Iny-
HbEIM JaHHBIM oT 1%¥10% 10 2*10 K/C) mpHBOAAT MONYYEHHIO OIHOPOIHOI
CTPYKTYPBI C yABTPAJUCIEPCHBIMU BBIACIEHUSIMH BTOPHIX (a3. HarnpaBieHHbIH
TEIUIOOTBOJI BBI3bIBACT (OPMHUPOBAHHME CTOJOYATHIX CyO3epeH, NperMylle-
CTBEHHO OPHUEHTHUPOBAHHBIX B HAIPABJICHUM I€YaTH Marepuana. Pasmuuus an-
TOPUTMOB 3KCIIOHUPOBAHUS, B YACTHOCTH, KCIIOHUPOBAHUE CEUEHHSI AUCKPET-
HBIMH JIEMEHTAMHU C 33IaHHOM MEPHOANYHOCTHIO MX CMEIICHHS Ha KaKIOM
MOCIIEAYIONIEM CIIO€, U3MEHEHHE HAaIlPaBJICHHUS ITPUXOBKH MOTYT IPUBOJNTH K
(OPMHPOBAHUIO YIOPAIOUYEHHBIX CTPYKTYPHBIX 3JEMEHTOB, MEPHOINIECKOMY
PacnosoKeHHIO IIETI0YEK MOp, YTO BHOCHT CBOM BKJIAJl B CTATUYECKHE M yCTa-
JIOCTHBIE XapaKTEePUCTUKH CUHTE3UPOBAHHOTO MaTepHaa.

[Tonumanue mnponeccoB, 00yCIOBIMBAIOMIMX (OPMHUPOBAHUE TOHKOM
CTPYKTYpPbI TpeKa KpallHe Ba)KHO B YAaCTH YIPABJICHUS CTPYKTYpOH U TEKCTY-
poit matepuana. Hanpumep, aisi HUBEITUPOBaHUS WU, HA000POT, 060CTPEHUS
TEKCTYpPBI B IIPOIIECCE MOCIEAYIOIIEH TepMUUECKOi 00paboTKK MeTasia.

B oTkprITOl MTUTEpaType MMEETCs 3HAYUTEIBHBINH 00BeM JaHHBIX 0 MOJIE-
JMPOBAHMIO MPOLECCOB KPUCTAIIM3ALNH TPEKa, 3aKOHOMEPHOCTSIM (hOpMHUpO-
BaHMS TOHKOW CTPYKTYpBI Tpeka. MHOTHE HCCIIEIOBAHNUS, MOCBSIICHHBIC YHC-
JICHHOMY MOJEIMPOBAaHUIO Tpoliecca (OPMHUPOBAHUS TPEKa CBSA3BIBAIOT €TI0
CIIOKHYIO CTPYKTYpY C HposiBIeHHeM d(dekTa TepMO-KanHUIIPHOH KOHBEK-
i (Oddekra benapa-Mapanronn). @opma U pa3Mmepsl siUEEK CBSI3bIBACTCS
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MHOTHMH HCCIIEAOBATEIISIMH C YHCIOM MapaHroHH, a SY€HKH Ha ITOBEPXHOCTH
U BHYTPH TpeKa B OTJEIBHBIX paboTax paccMaTPUBAIOTCS KaK JJIEMEHTHI pa3-
JIMYHOM MTPUPOJIBI TIPOUCXOXKICHHUS.

OpnHako, (GopMUpOBaHNE KOHBEKTHUBHBIX sIYEEK BO BCEX CHCTEMaX ITPOUCXO-
JIUT TOJIBKO IIPU HarpeBe «CHU3Y». B mpoleccax CenekTUBHOTO Ja3epHOTo
CIUIABJICHUS U MIPSAMOTO JIa3€PHOTO BHIPAIIUBAHUS HArPEB BCET/IAa OCYLIECTBIIS-
ercsi «cBepxy». Kpome Toro, mposiienue sddexra benapa-Mapanronu s
METAIMYECKUX MaTepHaloB HAONIOAaeTcss B CTallMOHApHBIX CHCTEMaX,
HampuMep, NMpH MOJIYYCHHH MOHOKPHUCTAUIOB HO Merony YoxpaiabCKoro, a
(dbopMupoBaHue TUEEK OTMEUYAETCS B pacIuiaBe. BrICOKHE CKOPOCTH KPHCTaJUIH-
3alMM JeNaloT mpeoOnananne 3¢dekra TepMO-KANHUIIPHOH KOHBEKIUH B
npouecce GOpPMUPOBAHIE TOHKOH CTPYKTYPbI TPEKa MaJIOBEPOSTHBIM.

AHanu3 CTPYKTYp CHHTE3MPOBAHHBIX MaTEpPHAJIOB Ha OCHOBE HUKEJ, JKe-
ne3a, KoOajbTa, aIFOMUHUS C TOYKH 3PEHMs KIIACCHUECKUX MaTephalioBeye-
CKUX TPEICTaBIICHHUIA, HAIPOTHUB, CIIOCOOCH TOJIHOIICHHO OOBSCHHUTH MPHPOTY
oOpazoBanus sueek. OHU MPEACTaBIAIOT COOOW OCH JEHIPUTOB IEPBOTO ITIO-
psioKa, MX pasiuuus B MOP(OJOIHH BBI3BaHBI TOJBKO YIJIOM pe3a Humda u
MPOTSHKEHHOCTHIO Cy03epeH, (POPMHUPYIOMINX TPEK.

HccnenoBanue pacrpeneneHus 3JIEMEHTOB 110 CEUEHHIO SIUEEK MOKa3bIBACT
MIOJIHOE COOTBETCTBHE HOPMAJIHbHOMY 3aKOHY KPHCTAaJUTU3aIHHU: JIEMEHTHI, M0-
BBIIIAIONINE TEMIIEPATypy IUIABJICHHUS OCHOBBI CIUIaBa, UMEIOT 00Jiee BBICOKYIO
KOHLIEHTPALIMIO K LIEHTPY OCH JEHAPUTA (SYEHKH); JIEMEHTHI, CHHKAIOIINE
TEMIIepaTypy IUIaBlieHHuss — K ee nepudepun. ['paHULBI sSUeeK HPEeICTaBISIOT
co00ii KITyOKH W3 TUCIOKAIMA — 3TO T.H. MUTAKCHATIBHBIC JUCIOKAIMH, WM
JIICIIOKAIIMU HECOOTBETCTBUS, 00pa30BaHUE KOTOPBIX BBI3BAHO HECOOTBETCTBHU-
€M PELIETOK B 3ITUAKCHATLHOM CIIOE.

ITpn He3HAYNTEIFHOM CHMXEHHH CKOPOCTH KPUCTAIUIM3ALMH (IIPU CHHTE3E
TPaIUIMOHHO JIUTCHHBIX MaTtepuanoB Thma JKC32 Ha TUTOH MOHOKPHCTAILIH-
YEeCKOH IMOJUIOJKKE, YCTaHABIMBAEMOM B IIaT(OopMe MOCTPOCHHUS) OTMEUACTCs
NOSIBJICHUE BBIPRKCHHBIX BETBEH BTOPOTO IIOPS/IKA, YTO TAKKe TOBOPUT B
TI0JIb3Y KJIACCHUECKOM TEOPHUH 3aTBEPCBAHMS.

HanpoTuB, nperMyIecTBEeHHBIN 3MUTaKCHAJIBHBIH POCT sSYeeK — repeaaya
OpHUEHTAlMK SIYEEK/IICHAPUTOB OT MPEIBIAYIIEro CJI0sl — XapaKTepHOe JUIs
¢dopmupoBanuu crpykrypbl pu CJIC, cBsSi3aHO UMEHHO C BHICOKUMH TeMIIEpa-
TYpHBIMHU IpajieHTaMu. HampaBiieHHbIH TEMI00TBO IPUBOAUT K (hOpMHPOBa-
HUIO IMPEUMYILIECTBEHHOW pPOCTOBOW TEKCTYpHI, a BbIrHyTass (opma (poHTa
KPHCTAJUTM3alMK — K O0meMy paIualbHOMY XapakTepy pocra sueek. CMmeHa
HalpaBJIeHUS] CKAHUPOBAHUS Ha Ka)KJIOM CIICIYIOIIEM CJIO€ BCIEACTBHE KOHKY-
PEHTHOTO poCTa MPHUBOJUT K TOSIBICHUI0 MHOTOUYHCIIEHHBIX Pa30pUEHTHPOBAH-
HBIX CyOCTPYKTYPHBIX COCTaBIISIOIINX, IPH OOLIEM ITpeoOialaHii TEKCTYPhI B
HarpaBJIeHUH MOCTPOCHHSI.

[TpoBeneHHbIE MCCIEIOBAHMS MTO3BOJISIOT MPU3HATH ONPENEISIOIUMA (ak-
Topamu Ut (POPMHUPOBAHUS TOHKOM CTPYKTYPBI TpeKa SMUTAKUCATBHBIA POCT B
YCIIOBUSIX HAIIPaBIEHHOTO TEIUIOOTBOAA M KOHKYPEHTHBII POCT CyOCTPYKTYp-
HBIX COCTABIISIOIIHX.
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FORMATION OF TRACK’S THIN STRUCTURE IN SLM-
PROCESS

The scientific literature data on the condition modeling of track’s crystalli-
zation in SLM- process, on the studies of track’s thin structure and elements
distribution over the cell cross-section was analyzed. Experiments were carried
out on the synthesis of heat-resistant materials upon the synthesized substrates
of dissimilar alloys to determine the influence of the concentration heterogenei-
ty on the cell formation and substructural constituents of the track. The study of
the cell morphology was conducted on defects of construction: pores, cracks, in
zones of selective electrochemical selective etching in case of_synthesis of het-
erogeneous materials. Preferential mechanisms of the track’s structure for-
mation were determined.

The track’s structure of synthesized metallic materials is nonequilibrium. Its
formation is stipulated by the Gaussian’s distribution of laser beam energy.
Meanwhile the exposure of the actual section is made with a partial overlap of
tracks which ultimately leads to the appearance of a structure called “fishscale”.

Shape of track and directed heat sink determine the compound stress-strain
condition of the synthesized material, its texture and anisotropy. High crystalli-
zation rate (according to various data from 1*10* to 2*10’K/c) leads to the for-
mation of the homogeneous structure with superdispersed extractions of second
phases.

Directed heat sink causes the formation of columnar subgrains predominate-
ly oriented to the direction of material printing. Different algorithms of expo-
sure particularly the exposure of cross-section by discrete elements with a set
periodicity of their displacement on each next layer, a change of hatching direc-
tion can lead to the formation of ordered structure elements, to periodical
placement of pore chain that make contribution to static and fatigue properties
of the synthesized material.

The comprehension of the processes stipulating the formation of track’s thin
structure is capitally important in terms of controlling the structure and texture
of the material. For example, for leveling or conversely sharpening the texture
during the subsequent heat treatment of the metal.

The literature contains a significant amount of data on process modeling of
track’s crystallization and patterns of track’s thin structure formation. Many
studies devoted to the numerical process modeling of track’s formation connect
its compound structure with the effect of thermocapillary convection (the
Benard-Marangoni effect). According to many researches the shape and size of
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the cells related to the Marangoni number while the cells on the surface and in-
side of the track are considered as elements of different kind of origin.

However the convective cells formation occurs only with heating “from be-
low” in all systems. The selective laser melting process and direct metal deposi-
tion are always carried out with heating “from above”. In addition the Benard-
Marangoni effect for metal materials is observed in stationary systems, for ex-
ample, the monocrystal growing by the Chokhralsky’ method and the cells
formation is observed in the melt. High crystallization rate makes the predomi-
nance of thermocapillary convection effect in process of track’s thin structure
formation hardly probable.

Analysis of the structures of synthesized materials based on nickel, iron,
cobalt, aluminum with the view of traditional materials science on the contrary
is able to explain adequately the nature of cell formation. The cells represent
the axis of dendrites 1* order, their morphology differences are caused only by
the cut angle of crossection and extent of subgrains forming the track.

The study of the elements distribution over the cross-section of cells shows
full compliance with the normal law of crystallization: the elements increasing
the melting point of the alloy’s base has a higher concentration by the centre of
axis of dendrite (cell); the elements decreasing the melting point has a higher
concentration by the periphery of axis. The borders of the cells represent the
tangles of dislocations which are so-called epitaxial dislocations or dislocations
of discrepancy whose formation is caused by the discrepancy of lattices in epi-
taxial layer.

With a slight decrease in crystallization rate ( the synthesis of traditional
casting materials such as GhS32 on the cast monocristall substrate setting in
steel base plate) it is observed the appearance of pronounced brunches 2st order
that also say much for the traditional theory of solidification.

Conversely the primary epitaxial cell growth — the cells/dendrites orienta-
tion transfer from previous layer that is inherent for the SLM — structure for-
mation is related precisely to the high temperature gradients. Directed heat sink
leads to the formation of primary growth texture while the curve shape of crys-
tallization front leads to a common radial pattern of cells growth. Change of
scanning direction on each next layer owing to a competitive growth leads to
the appearance of numerous disoriented substructured constituents with a
common predominance of texture in the building direction.

The conducted research allows to recognize the epitaxial growth under con-
ditions of the directed heat sink and the competitive growth of substructured
constituents as the determining factors for the track’s thin structure formation.
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CTPYKTYPHOE COCTOSSHUE MEJHOHUKEJIEBOI'O
CIIJIABA MH19, CUHTE3UPOBAHHOI'O CEJIEKTUBHBIM
JIABEPHBIM CIIVIABJIEHUEM

Paccmotpens! cTpykTypa M (HU3MKO-MEXaHHYECKHE CBOWCTBA TPEXMEPHOU
MOJIENIM, M3TOTOBJICHHOW METOJIOM CEJEKTUBHOTO JIa3ePHOTO CIUIABJICHUS
(CJIC) u3 mopomkoB MmemHoHHKeneBoro cmuiaBa MH19. Tlomyuennas 3D-
MOJIENIb XapaKTepU3yeTCsi OTCYTCTBHEM XapaKTEPHBIX MPU3HAKOB KPUCTAILIH-
YECKOTO CTPOCHHUS M COIEPKUT IEMEHTHI KBa3HaMOP(HOTO COCTOSIHHMS, a TaK-
)K€ OTIIMYAETCs OT CTaHNAPTHOM MOHOJIMTHOW 3arOTOBKHM MEHBIICH IIepOXOBa-
TOCTBIO IIOBEPXHOCTH, 00JIee BBICOKUMH 3HAYEHHSIMH TBEPIOCTH NP COXpaHE-
HUM NPAKTHYECKN aHAIOTMYHBIX ITOKa3aTesle INIOTHOCTH.

Meron TpexMepHoro noctpoeHust 3D-Moenu myreM CeNeKTHBHOTO Ja3ep-
HOTO CIUIaBJICHHSI OBUT pEaJM30BaH NPHUMEHHTEIPHO K METHOHHKEIECBOMY
crutaBy Menbxuop tuna MH19. TlomydeHue Takoro mMarepuana MpOBOJHIOCH
Ha TpoMbITUIeHHOW yctaHOBKe EOS M280 m3 mopomrkoBeIX (paknuii pa3me-
pom He Oomnee 40 MKM.

Mertannorpaduyaeckuil MPOCMOTP MUKPOCTPYKTYPHI TaHHBIX 00pas3IoB (CM.
PHCYHOK) ITOKa3aJl MPHHIMITHAIBHOE pa3lindue B MX CTPOEHHH. B mcxomHOM
COCTOSIHUM (MOHOJIUT) JIaHHBIN CIUIaB UMEET TUIHYHYI0 KapTHHY OTOXKKEHHO-
ro Marepuaja C TPaHELlEHTPHUPOBAHHOW KyOMYECKOH peleTkol — Haluuue
MPaKTUYECKA PAaBHOOCHBIX 3epeH (pasMepoM mpuMepHO 50 MKM) ¢ MpHCYT-
CTBHEM MHOTOYHMCIICHHBIX IIUPOKHX JBOMHHMKOB OTXHra. B TO ke Bpems
cTpyKTypa copmupoBanHOor 3D-moxenn He OTIMYAEeTCS TUTUYHBIMH IPU3HA-
KaMH KPHCTaJUIMYECKOTO CTPOCHUsS (HET ASHIPUTHBIX 00pa3oBaHWi, OTCYT-
CTBYIOT IIPU3HAKUA 3EPEHHOI0 CTPOEHUS C HAJIWMYHUEM TIPaHUL 3TUX CTPYKTYP-
HBIX 00BekTOB). OHA COCTOWT U3 MHOTOYHMCIIEHHBIX JAUCIEPCHBIX (PparMeHTOB,
MMEIOIIMX XapaKTePHBIH BHJI TaK HA3bIBAEMBIX TYPOYJICHTHBIX 3aBHXPEHHH,
COXpaHAIOIINX KaIICBUOHYIO KOH(Urypamuioo. Pa3zmep 3THX CTPYKTYPHBIX
JJIEMEHTOB YyKJajbiBaeTcs B quarna3on 70-100 Mxm.

AHanu3 GU3NKO-MEXaHUYECKUX CBOWCTB MOKa3ai, 4To noigydeHHas 3D-
MOJIEJIb 0 TWIOTHOCTH (paKTHUECKH aHAIOTUYHA MOHOJIMTHOMY 00pasity, HO
3HAYMUMO BBIICISICTCS. MEHBIIIEH IEPOXOBATOCTHIO IIOBEPXHOCTH M OOJIee BBICO-
KAMU 3HAUYCHISIMA MUKPOTBEPAOCTH (TabIuIa).
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Pucynox. Ctpykrypa ciuraBa MH19 B MoHONMTHOM (@) 1 crutaBieHHOM 3D
(6) cocrostHusAX
Tabnuma
®duzuko-MexaHndyeckue nokazarenu cruiasa MH19 B 0Tox0keHHOM COCTOS-
HUHU (MOHOIIUT) U TIOCJIE CEJIEKTUBHOTO Jla3epHOTo crutaBieHus (3D-momens)

XapaxkTepuCTHKU MaTepuaia
Oopaszen ITnotHOCTB [lepoxoBaToCTh MHUKpPOTBEPAOCTD
P, r/em® Ra, HM HV5s
Momnomur 8,925+0,005 710+15 62+3
3D-Mmonens 8,562+0,005 660+20 7543

[IpencraBneHHble JaHHBIC, KacaroIIUECs CTPYKTYPHOTO  HCCIEIOBAHUS
crutaa MH19, monygennoro merogom CJIC, maroT OCHOBaHHUE BBICKA3aTh Cle-
Iyrolee cooOpaxeHne. B yCIIOBUSX JIOKaNBHOTO JIA3EPHOTO HArpeBa TOHKOTO
MTOPOIIKOBOTO CIIOS TIOCIIEAYIONIee OXJaKICHHE B PACIUIABICHHBIX yJ9acTKax
UJET C TaKOM CKOPOCTBIO, YTO CTAHOBHUTCS BO3MOXKHBIM B 3aMETHOW CTENEHU
MOJaBJICHNE TPOoIecca KPUCTAIUTU3AMA U (PUKCHPOBAHUE CHIBHO IEpPEOXJia-
JKICHHOW XUAKOHM (ha3pl, T.e. MOMyYCHHE aMOP(PHOTO COCTOSHUS (METalIHde-
ckoro crekia). Tem cambIM TOCJI€ JIa3epHOrO CIUIaBIeHUs Toiydaemas 3D-
MOJIeNTb B 3HAYUTEIHHON Mepe XapaKTepHU3YeTCsl HalM4heM KBaznaMop(HOTO
cocTtosiHusA. KOCBEHHBIM MOATBEPKICHUEM 5TOM BEPCHUU CIIY)KAaT Pe3yNIbTaThl
n3MepeHuss (PU3MKO-MEXaHMUECKUX CBOMCTB. M3BECTHO, YTO CIIEUCHHBIH Jiase-
pPOM MaTepHal XapaKTepu3yercs 0oJiee BBICOKOW TBEPAOCTHIO U (PaKTHUYCCKH
MOXXET He YCTyMaTh MO MMOKa3aHUSM IUIOTHOCTH. VIMEHHO yKa3aHHBIE XapaKTe-
PUCTUKHU OTIMYa0T 3D-MO/1e1b HCCIeI0BaHHOTO CIUIaBa.
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STRUCTURAL STATE OF A COPPER-NICKEL ALLOY
OBTAINED BY SELECTIVE LASER MELTING

The structure and physical and mechanical properties of a three-dimensional
object produced by selective laser melting (SLM) from powders of copper-
nickel alloy (81Cu-19Ni) are considered. The 3D object is characterized by the
absence of the crystalline structure and contains elements of a quasi-amorphous
state. Moreover, the 3D model differs from the standard cast workpiece in a
smaller surface roughness, higher hardness values while maintaining practically
the same density indicators.

The method of a layered three-dimensional construction of a 3D model pro-
duced by selective laser melting was implemented in relation to the copper-
nickel alloy with the following composition: 81Cu-19Ni. The 3D object pro-
duction was carried out with an EOS M280 industrial machine. In this stage of
study, powder fractions were with a size of no more than 40 um.

The sample structure and properties produced by the SLM- method were
compared with the structure and properties of the cast sample. Metallographic
examination of these samples’ microstructure (see figure) showed a fundamen-
tal difference in their structure. In the cast state, this alloy has a typical micro-
graph of an annealed material with a face-centered cubic lattice. There are near-
ly equiaxed grains (about 50 um in size) with the presence of numerous wide
annealing twins. At the same time, the 3D object structure produced by SLM-
method does not differ in characteristic signs of a crystalline structure. There
are no dendritic formations, no signs of a grain structure with the presence of
boundaries of these structural objects. It consists of numerous dispersed frag-
ments with characteristic so-called turbulent eddies that retain a drop-shaped
configuration. These structural elements size is within the range of 70-100 mi-
crons.

The analysis of physical and mechanical properties showed that the 3D-
model in terms of density is similar to a cast and annealed sample, but it is sig-
nificantly distinguished by a lower surface roughness and higher microhardness
values (table).
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J - L
cture of copper-nickel alloy produced by direct casting

(a) selective laser melting (b)

o :
Figure. Stru
Table

Physical and mechanical properties samples made of 81Cu-19Ni alloy in
annealed state (monolithic) and 3D printing state (3D-object)

Physical and mechanical properties
Sample IT1oTHOCTH Surface roughness Microhardness
P, g/Cm3 Ra: nm HVO’5
Monolithic 8,925+0,005 710+£15 62+3
3D-object 8,562+0,005 660+20 7543

The presented data concerning the structural study of the sample made the
81Cu-19Ni alloy produced by the SLS method give grounds to state the follow-
ing consideration. Under conditions of local laser heating where only a thin
powder layer is melted, subsequent solidification in the melted regions pro-
ceeds at a very high cooling rate, which makes it possible to appreciably sup-
press the crystallization process and fix a highly supercooled liquid phase, i.e.
obtaining an amorphous state (metallic glass). Indirect confirmation of this
version is the results of physical and mechanical properties. This study clearly
shows that the material sintered by a laser is characterized by a higher hardness
and in fact may not be inferior in terms of density readings. It is these charac-
teristics that distinguish the 3D model made of the copper-nickel alloy pro-
duced by selective laser melting.
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A30TUPOBAHHUE CTAJIEN PA3JIMYHBIX CTPYKTYPHBIX
KJIACCOB, IIOJIYYEHHBIX METOJAMMH JIASEPHBIX
AJJIMTUBHBIX TEXHOJIOI'NHU

Jlazepras 3D meuarp siBIsieTCs] IEPCIIEKTHBHBIM M aKTUBHO Pa3BHBAIOIINM-
cs cnocoOoM M3roToBJIeHUS Aeraneil. CTpyKTypa TakuX JAeTalieil XapaKTepHu3y-
€TCsI BRICOKOI HEepPaBHOBECHOCTHIO, TIOBBIIICHHOW KOHIICHTpaLel Ae(eKkToB u
HaJIMYUEM OCTATOYHBIX HANpPsDKEHUH. DTH (akTOpbl MPUBOAAT K YCKOPEHHUIO
IuQy3Un HACHIIIAIONIETO 3JEMEHTa NPH XUMHUKO-TEPMUYEcKoil oOpaboTke
(XTO).

Ilenpro maHHON pabOTHI SABIAETCS HCCIEAOBAHUE BIMAHHUS HCXOIHOTO
CTPYKTYPHOTO COCTOSIHMSI CTaJIell Ha ImapaMeTpsl a30THUPOBAHHBIX CIIOEB U IO-
JydeHHEe OTBETa Ha BONPOC O TOM, MPOHCXOAUT JH YCKOpEHHe Ipoliecca
HACBIIEHUS JUIS CTaleH, MOJTy4eHHBIX METOIaMH JIa3ePHBIX aJUINTHBHBIX TEX-
Hosoruil. HccrnemoBamuch 1Be MapKu CTajedl — MapTeHCUTHas CTalb
25X13H2 u aycrenutHas cramb 316L. Crams mapku 25X13H2 Haxoaunack B
TPEX UCXOJAHBIX CTPYKTYpPHBIX COCTOSIHUSX: IIOCNE MPSIMOTO J1a3epHOTO BhIpa-
mBanus (I1JIB), mocne ITJIB u Beicokoro otirycka (700 °C) u mocine mpokaTKu
n ynyamrenus (3akanka ¢ 1030 °C, Beicokmit ormyck nipu 700 °C). Cranp 316L
HCCIIEI0BANIACH B JIBYX MCXOJHBIX CTPYKTYPHBIX COCTOSIHHSX: TIOCNIE CEIEeKTHB-
Horo JtazepHoro miasienus (CJIIT) u mocie npokarku u omxura (1150 °C).

MeronamMu MeTamiorpadMueckoro aHanu3a ONpeNelsulach CTPYKTypa HC-
XOZHOTO COCTOSTHHS M a30THPOBAHHBIX ci1oeB. Da30BbIi cocTaB U e(hEKTHOCTH
CTPYKTYp OTpENeNsINCh PEHTTEHOCTPYKTYPHBIM aHaiau3oM. M3mepeHue Muk-
POTBEPAOCTH O MeToqy BHKKepca 1Mo3BOIMIIO OLIEHUThH paclpeieieHie TBep-
JIOCTH TIO TITyOMHE a30THPOBAHHOTO CJIOSI.

brino BesiBneHO, yto ctanb 25X13H2 mocne I1JIB B pe3yabTaTe a30THPO-
BaHUs pruoOpeTaa ypoYHeHHBIA CI0# TommuHo# 160 MKM, 9TO 0Ka3ajaoch B
2 pa3a 0O0JIbIIe TONIIMHBI @30 THPOBAHHOTO CJIOSI 9TOH )K€ CTalU B YAYYIIEHHOM
cocrosiauu (80 MkMm) [1]. Dbdexr nHTeHCUPUKAIMKY a30 THPOBAHHUS JIISI CTAIN
316L nocne CJIII ne Habmonancs. Kak s obpasua mocie CJIII, Tak u st
OTOXOKEHHOTO 00pasiia TOJNMINHA a30THPOBAHHOTO CIIOS COCTaBHIA 125 MKM.

Takum oOpasom, nazepHas 3D mewath mo-pasHOMY MOBJIMsIIA Ha HOCIENY-
IOIIMH TpoLEecC a30TUPOBAHUS Ul CTajled MapTEeHCHUTHOIO M ayCTEHHTHOI'O
KJacca.

1. IlBerkoBa E.B. A3oTupoBanue crajieil pa3iIuuHbIX CTPYKTYpPHBIX KJIACCOB, IOJIY-
YEHHBIX METOJAMH JIa3ePHBIX aAAuTHBHBIX TexHosoruii / E.B. I]serkosa, K.O. bazanee-

Ba, U.C. Yexnn // M3BecTns BoIcIIMX y4eOHBIX 3aBeneHuid. UepHas metamryprus. 2020.
Tom 63. Nel. C. 63-70.
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NITRIDING OF STEELS OF VARIOUS STRUCTURAL
CLASSES PRODUCED WITH LASER 3D PRINTING

Laser 3D printing is a promising and actively developing technology of
parts manufacturing. The structure of such parts is characterized by strongly
nonequilibrium state, increased concentration of defects and the presence of
residual stresses. These factors lead to the diffusion acceleration of the saturat-
ing element during thermo-chemical treatment (TCT).

The aim of this work is to study the effect of the initial structural state of
steels on the characteristics of nitrided layers and to answer the question
whether the saturation is accelerated for steels produced with laser additive
technologies. Two grades of steel were investigated — martensitic steel
25Kh13N2 and austenitic steel 316L. Steel 25Kh13N2 was studied in three ini-
tial structural states: after direct laser deposition (DLD), after DLD and high
tempering (700 °C) and after rolling with following quenching (from 1030 °C)
and tempering (at 700 °C). Steel 316L was studied in two initial structural
states: after selective laser melting (SLM) and after rolling and annealing (1150
°C).

Metallographic analysis was utilized to determine the structure of the initial
state and the nitrided layers. The phase composition and the degree of structure
defectiveness were determined by X-ray diffraction analysis. The depth distri-
bution of hardness of the nitrided layers was provided by Vickers hardness test-
ing.
It was revealed that steel 25Kh13N2 produced with DLD after nitriding ac-
quired a hardened layer of about 160 um that is 2 times greater than the thick-
ness of the nitrided layer of same steel after rolling with following quenching
and tempering (80 um) [1]. The effect of nitriding acceleration for steel 316L
after SLM was not observed. For both the sample after SLM and the annealed
one the thickness of the nitrided layer was 125 pum.

Thus, the effect of 3D laser printing on subsequent nitriding was different
for martensitic and austenitic steels.

1. Tsvetkova E.V. Nitriding of steels of various structural classes manufactured by

laser additive technologies / E.V. Tsvetkova, K.O. Bazaleeva, A.E. Smirnov // Izvestiya
VUZov. Chernaya Metallurgiya. 2020. Vol. 63. Nel, pp. 63-70.
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BJIMSAHUE TEXHOJIOI'MYECKUX ITIAPAMETPOB
JA3BEPHOI HAILIABKH HA CTPYKTYPY
METAJUIOMATPUYHBIX KOMIIO3UIIMOHHBIX
MATEPHAJIOB Ni/TiC U Ni/WC

OpmHUM M3 BO3MOXHBIX CIIOCOOOB CHHTE3a METAITIOMaTPUYHBIX KOMIIO3H-
LUOHHBIX MAaTepHaJOB M MOKPBITHH, MPEICTABISIONIMX COOOH OTHOCHTEIHLHO
IUTACTUYHYI0 METALIMYECKYI0 MaTpHUIy, apMHUPOBAHHYIO YIPOUYHSIIONMMH Ya-
cruuamu (a3 BHEIpEHHs, SIBISIETCS Ja3epHas HaliaBka. JlazepHas HaruiaBka
OCYIIECTBIISETCS MPH KOAKCHAIBHOW MOJa4e N3ITYIEHHUS U TOPOIIKOBOTO MaTe-
pHaia Ha HOBEPXHOCTH MOJUIOKKH.

Tak Kak MaTpu4Has W apMUpPYIOIIas CTPYKTYpPbl 0OJIafaroT CYIIECTBEHHO
pa3IUIHBIME (PU3NYECKIMHU CBOMCTBAMH, B TOM UHCIIE, pa3HBIMH KO3 GHUINCH-
TaMH TEPMUYECKOT'O PACUIMPEHUs, TO NPU CHHTE3e MaTepHuaya B YCIOBUIX
CBEPXOBICTPOTO OXJIAXKICHUS B CTPYKTYPE BO3MOXXHO BOSHUKHOBEHHE TPEIIHH.
Bapbupyst TexHOJIOrHYecKHe apaMeTphl polecca Ja3epHOil HAaIUIaBKU, U TEM
CaMbIM M3MEHAS INIOTHOCTh MOTOKA 3HEPTHH, MOXHO CYLIECTBEHHO IMOBIHATH
Ha CKJIOHHOCTh KOMIO3WIIMOHHOTO MaTepHajia K TpemuHooopasoBanuio. Kpo-
Me TOT0, OT IJIOTHOCTH TOTOKA DHEPrHU 3aBUCHT CTENEHb IMEPeKpUCTAIIN3a-
UM KPUCTAJUIOB YIPOUHSIOMEH (asbl.

MeronaMu pEHTIEHOCTPYKTYPHOTO aHajiu3a M pacTpOBOM AIIEKTPOHHOU
MHUKPOCKOIIMH HCCIIeOBaHbl KoMmno3uiuonusie Matepuansl Ni/20%TiC u
Ni/WC ¢ oTHOCHTENIBHBIM KOMMYECTBOM KapOumHoit ¢assr ot 10 mo 70 % (Hu-
keneBass Marpuia — cruas Inconel 625). B mpouecce sta3epHOW HamIaBKU
MOIITHOCTH Jiazepa BapsupoBaiach oT 400 1o 1000 BT, ckopocTh CKaHUpOBaHUS
nazepa ot 400 1o 1000 Mm/MuH., IUamMeTp Ja3epHOTO msTka coctasisi 1 u 1.8
mm. [l komrio3utoB Ni/TiC ObuTH HCTOIB30BAHBI HCXO/IHBIC TIOPOIIKH B TPEX
CTPYKTYPHBIX COCTOSTHHSIX: TIOPOLIKH HUKEJIEBONH MaTpHIBl M KapOuaa moaasa-
JMCh U3 pa3HbIX Koj0 (1), MOpOLIKH MPeABapUTEIbHO CMEIINBAINCH B I'PaBU-
TaIMOHHOM cMecuTene (2) WK IIaHEeTapHOH MIapoBoif MenbHUIIE (3).

YCcTaHOBIIEHO, YTO BO BCEM JAMAIIa30HE TEXHOJIOTHYECKUX M1apaMeTPOB IPo-
1iecca NpeJBapuTeIbHOE CMEIINBAHKE TIOPOLIKOB B IIAPOBOI MEJIBHUIIE MTO3BO-
a5t u3bexath GopmupoBanus TpemuH [1].

1. AnexcannpoBa A.A. Ilpsmoe a3epHOE BBIpaIIMBaHHE KOMIIO3HLIMOHHOIO MaTe-
puasia uHKOHENb 625/TiC: BIMsSHHE UCXOIHOTO COCTOSHHUS moporuka / A.A. AnekcaH-
nposa, K.O. basaneesa, 3.B. banakupes // ®DMM. 2019. T.120. Ne5. C. 498-504.
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INFLUENCE OF TECHNOLOGICAL PARAMETERS ON
STRUCTURE OF METAL-MATRIX COMPOSITES Ni/TiC AND
Ni/WC IN LASER CLADDING

Laser cladding is one of the possible methods of metal-matrix composites and coat-
ings synthesis, which are a relatively plastic metal matrix reinforced with strengthening
particles of the interstitial phases. Laser cladding is carried out with coaxial supply of
laser irradiation and powder on substrate plate.

Since physical properties of matrix and reinforcing particles are significantly differ-
ent, including different coefficients of thermal expansion, it can result in the appearance
of cracks during ultrafast cooling of material after synthesis. Varying the technological
parameters of laser cladding process, and thereby changing the energy flux density, it is
possible to significantly affect the tendency of the composite material to crack for-
mation. In addition, the level of recrystallization of hardening phase crystals depends on
the energy flux density.

Composite materials Ni/20% TiC and Ni/WC with carbide phase ranging from 10 to
70% (nickel matrix - Inconel 625) have been investigated by XRD and SEM. In the pro-
cess of laser cladding, the laser power was varied from 400 to 1000 W, the laser scan-
ning speed was from 400 to 1000 mm/min, and the laser beam diameter was 1 and 1.8
mm. For the Ni/TiC composites, initial powders were used in three structural states:
nickel matrix and carbide powders were supplied from different flasks (1), the powders
were pre-mixed in a gravity mixer (2) or a planetary ball mill (3).

It has been established that in the entire range of technological parameters of the
process, preliminary mixing of powders in a ball mill result in avoiding the formation of
cracks [1].

1. Alexandrova A.A. Direct laser growing of the composite material Inconel 625 /

TiC: the influence of the initial state of the powder / A.A. Alexandrova, K.O. Bazaleeva,
E.V. Balakirev // FMM. 2019.T.120. No. 5. C. 498-504.
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METAJUIBI ! CIIVIABBI, CUHTE3UPOBAHHBIE METOJOM
CEJIEKTUBHOI'O JIABEPHOI'O IIJIABJIEHUS:
OCOBEHHOCTHU CTPOEHUA U
CTPYKTYPHOH CTABMJIBHOCTH

CenextuBHoe nazepHoe ruraBnenue (CJIII) sBnsgercs omHONW M3 J1a3epHBIX
AJITUTHBHBIX TEXHOJOTHHA, MHTEPEC K KOTOPBIM CYIIECTBEHHO BO3POC 3a IO-
cienHee aecstuierhe. JlaHHas TEXHOJIOIMS OCHOBAaHA Ha IIOCIOWMHOM moaade
MTOPOIITKOBOTO MaTepHalia Ha MOUI0KKY W €r0 BEIOOPOYHOH MepeKpHCTaIIN3a-
MM JIa3€PHBIM JIy9OM B COOTBETCTBHH C TpoduieM aeTain. Tak Kak mopouok
MOJIAeTCA CIOSIMH TOJIIIMHOW HECKOJIBKO NECATKOB MKM, a IEpPeKpUCTaUIN3a-
LSl IOPOIIKA B CI0€ UAET MOCIEN0BATENIBHO, TO CTPYKTypa UMEET CIIOMCTHIN
XapakTep, ¥ BHYTPH CJIOsl HaOJIOAAIOTCS TPEKW JBMXKEHHs Jazepa. [Iponecc
TIPOBOJIUTCS B 3allIUTHON aTMocdepe.

HecMmotpst Ha TO, 4TO B JIUTEpaType MPUCYTCTBYET OOJIBLIOE KOJIMYECTBO
myonukaruit o npuMeHernn CJIIT TeXHONIOTHH B pa3IHYHBIX 00IACTIX TEXHU-
KH, B HACTOsIIee BPEMs OCTAETCsI OTKPBITBHIM LIEIIbIH Psii BOIPOCOB, CBSI3aHHBIX
€ 0COOCHHOCTSIMH CTPYKTYPBI H CBOMICTB 0OBEKTOB, CHHTE3UPOBAHHBIX JTAHHBIM
MeTo/ioM. B manHO# paboTe paccMOTpEHBI OCHOBHBIE CTPYKTYpPHBIE OCOOEHHO-
CTH METAJUIOB M CIUIaBOB, MOJTY4YeHHBIX ¢ momortnsio CJII, a Taxke UX CTPyK-
TypHasti cTaOMIBHOCTb.

Crpykrypa cmaBoB nipu CJIIT ¢opmupyercss B yCIOBHSAX CBEpXOBICTPOTO
OXJTAXACHUS (CKOPOCTH OXJIaXICHHS TPH JIA3ePHOM MepeKpUCTaUIN3AIIH CO-
CTaBJISIOT MPUMEPHO 10° = 10° K/c). Jlanee, B nporecce MepeKpUCTAILIH3aAIUH
COCEJIHUX TPEKOB U CJIOE€B MEPEKPUCTAIIIN30BAHHAS YacTh CILIaBa MOJBEPraeT-
CA TCPMOLUKIIUPOBAHHUIO PA3HOTO YPOBHA HHTCHCUBHOCTH.

B pe3ynbrare CII0)KHOTO TEPMHUYCSCKOTO BO3JCHCTBHUS Ha MaTEpUaN B IPO-
Hecce ero IoCieI0BaTeNIbHOW MepeKpUCTAIH3alH POPMUPYETCsl CTPYKTypa
CO CIECIYIOIIMMH 0COOCHHOCTSIMH:

— OHA MMEEeT MepapXUIHOCTh: (GOpPMHpYyEMBIE IIPH Ja3epPHOM BO3ICHCTBUU
BaHHBI pacIulaBa pa3ouThl Ha (PArMEHTHI AUCIIEPCHOCTHIO HECKOJIBKO JIECSTKOB
MKM, KOTOpBIE, B CBOIO OUepeilb, COCTOAT U3 siUeeK KPUCTAUIM3ALUU MHUKpPOH-
HOTO pa3Mepa;

— 0COOCHHOCTh JAMCIOKAIIMOHHOW CTPYKTYpPHI CILIaBOB, mosrydeHHBIX CJIIT
METO/IOM, 3aKJIIOYAETCsl B TOM, YTO I'PaHUIIBI SU€EK KPUCTAIUIN3ALMH B HEKOTO-
PBIX CIUTaBax IMPEJCTABISAIOT COO0H 0ObeMHBIE CIUIETEHHS TUCIOKAIHi, TOTaa
KaK BHYTPH SYCCK IUIOTHOCTH JAWCIOKAINA HEBBICOKas, T.c. popMupyercs awc-
JIOKAIIMOHHAs CTPYKTYypa MmoA00Has ae)OpMaIiMOHHOMN SYCHCTOIH;
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— Ha IpaHHLax TYEEeK KPUCTAIIM3AUHN MOTYT (JOPMHUPOBATHCSA CErperannuu
MIPUMECHBIX aTOMOB WJIN BBIIENISITHCS YaCTHUIIBI BTOPOH (ha3bl, 4TO JIOKa3bIBaeT
TOT (haKT, YTO UMCHHO suciika SIBJISIETCS 3€PHOM, a He (parMeHT, Kak yTBep-
JKIAeTCs B JIUTEPATYpeE;

— B oOpexrax, momydeHHBIX CJIII meTomom, m3-3a BBICOKHX CKOPOCTEH
OXJIAKACHWA BO3HUKAIOT BBICOKUC TCPMUUYCCKHUEC HAIIPSKCHUSA, IJIA CHATUA KO-
TOPBIX HEOOXOIMMO pa3padaThIBaTh PEKUMBI TEPMUIECKOI 00paboTKH;

— CIIOMCTBIH XapakTep (OPMUPYEMBIX CTPYKTYpP MPHUBOAUT K HATHUYHIO KPU-
cTayorpadIeckoi TEKCTyphl, KOTOPOH, KaK IMOKa3aHO B PSJE MCCIIEIOBAHH,
MOJKHO YIPaBJIATh, BapbUpPys TeXHoOJoruueckue napamerpsl npouecca CJIII, u
TEM CaMbIM U3MEHSSI MAaKPOCBOMCTBA CHHTE3NPOBAHHBIX OOBEKTOB.

Oco0bl1ii HHTEpEC MPEACTABIIET TePMUYECKasi CTAOMIBHOCTh CTPYKTYp, MO-
mydeHHbIx npu CJIII, B KOTOPBIX TPaHMIIB! SYEEK KPUCTAIM3ALNH MPEACTAB-
JSI0T c000¥ 0OBEMHBIE CIUIETEHUS AWCIIOKALWH, CTaOMIIM3UPOBAaHHBIE Cerpe-
ranusiMA MPUMECHBIX aTOMOB HJIM YaCTUIIAMH BTOPOH (a3bl. AHAIM3 TepMUe-
cKkoit crabmipHOCTH aycTeHnTHOU cramm 03X17H14M2 moxkaszai, uto chopmu-
posanHas npu CJIII cTpykTypa crabuipHa 10 TeMIepaTtyp, cocTaBistomux 0.6
X Ty, T.€. 10 TEMIEPATYP, BBIIIE TEMIICPATYPhI PeKPHUCTAILTH3ANNH cTaid [1].

1. BazaneeBa K.O. Tepmuueckasi crabHIBHOCTD STYEHCTON CTPYKTYPhI ayCTEHUTHOTO
criaBa, popMHpyeMoit Ipu ceneKTUBHOM JazepHoM Iuianenun / K.O. bazaneesa, E.B.
IBerkoBa, D.B. Banakupes // Merambr. 2016. Ne3. C. 31-39.
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METALS AND ALLOYS PRODUCED BY SELECTIVE LASER
MELTING: STRUCTURE AND STRUCTURAL STABILITY

Selective laser melting (SLM) is one of the laser additive technologies, the
interest in which has grown significantly over the past decade. This technology
is based on the layer-by-layer supply of metal powder onto a substrate plate and
its selective melting with a laser beam in accordance with the part’s profile.
Since the powder is supplied in layers with a thickness of several tens of mi-
crons and powder melting proceeds sequentially, the structure is layered and
laser tracks could be observed in crystalized layer. The process is carried out in
a protective gas atmosphere.

Despite the fact that there are a large number of publications on the usage of
details made by SLM in different fields of technology, a number of questions
related to the structure and properties of parts manufactured by SLM still open.
In this paper, we consider the main structural features of metals and alloys ob-
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tained by SLM, as well as their structural stability.

The structure of alloys after SLM is formed under conditions of ultrafast
cooling (the cooling rates during laser melting are about 10° - 10° K/s). Further,
during the melting process of adjacent tracks and layers, the previously recrys-
tallized material undergoes thermal cycling of different intensity.

As a result of complex thermal effect on the material during SLM, structure
is formed with the following features:

- structural hierarchy: the melt baths formed under laser irradiation consist
of fragments with a fineness of several tens of microns, which, in turn, consist
of micron-sized crystallization cells;

- the boundaries of crystallized cells in some alloys are volumetric disloca-
tions tangling, while the density of dislocations inside the cells is low, i.e. dis-
location structure is similar to the deformation cellular one;

- segregations of impurity atoms or particles of the second phase can be
formed on the boundaries of crystallization cells, which proves the fact that the
cell but not a fragment is a grain, as stated in the literature;

- there are high thermal stresses due to ultrafast cooling rates, for the re-
moval of which it is necessary to develop heat treatment modes;

- the layered structures result in the presence of crystallographic texture,
which, as shown in a number of studies, can be controlled by SLM technologi-
cal parameters, and thereby changing the macro properties of the synthesized
objects.

Of the particular interest is the thermal stability of structures after SLM, in
which the boundaries of the crystallization cells are volumetric dislocations
tangling, stabilized by segregations of impurity atoms or particles of the second
phase. An analysis of the thermal stability of 316L austenitic steel showed that
the structure formed upon SLM is stable up to the temperatures of 0.6 of melt-
ing temperatures, which is above the temperature of steel recrystallization [1].

1. Bazaleeva K.O. Thermal stability of the cellular structure of an austenitic alloy

formed by selective laser melting / K.O. Bazaleeva, E.V. Tsvetkova, E.V. Balakirev //
Metals. 2016. No. 3. S. 31-39.
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NOJYYEHUE NMOKPBITUA CUCTEMBI Ni-Fe HA
CTAJIBHOU NOVIOKKE C UCITOJIb30BAHUEM
JAUOJHOI'O JIABEPA

B Hacrosimee Bpems CO34aHO OTPOMHOE KOJIMUYECTBO PA3IMUHBIX Mapok
ctamu. Cpeau HUX BBICOKOIPOYHBIE, KOPPO3HMOHHOCTOMKHE, HHCTPYMEHTANIb-
HBIE, PAJMAlMOHHOCTOWKHE M OTIMYAIOTCS OHM NPEHMYIIECTBEHHO JIETHPYIO-
mUMH JoOaBKkamu. 13-32 HEOOXOIMMOCTH BBEICHHS JIETHPYIOIIUX J100aBOK
YBEJIMYHMBACTCS CTOUMOCTH CTIH. IIpH 3TOM OOBIMHHUTH HECKOJBKO BBICOKHX
XapaKTEepUCTHUK B COCTaBE OJHOM CTalIM He Bcerna yaaercs. M3pecTHo, 4o npu
UCII0JIb30BaHUN (DYHKIIMOHAIBHBIX MOKPBHITHH BO3MOXHO NPHIATh, HAIIPHUMED,
BBICOKOIIPOYHOM CTalH BBICOKHE KOPPO3HOHOCTOMKUE CBOMCTBA.

B craTbe mpencraBieHsl peXUMbI 00pabOTKU U Pe3yibTaThl UCCIeJOBAHUS
mokpeITus cucteMbl Ni-Fe Ha mommoxke u3 cramu 0912C. TlokpeiTis OBLTH
MoJIydeHsl B JBa sTana. Ha nepBom stamne Ha noBepxHoctu ctanu 0912C meto-
JIOM XOJIOJJTHOTO T'a30ANHAMHYECKOTO OBIJIO HAHECEHO MPEKYpPCOPHOE TIOKPHITHE
W3 HUKENS 33J1aHHOM TOJIIIMHEI, HA BTOPOM 3Tarie OblIa OCYIIIECTBIEHA €T0 I10-
BEPXHOCTHas J1azepHast 00paboTka. OcOOCHHOCTBIO SBISETCS TO, YTO, 337aBast
TpeOyeMyro TOJIIUHY MPEKYPCOPHOTO MOKPHITHS M BapbUPysS PEXKHUMBI J1azep-
HOW 00paboOTKM Ha MOBEPXHOCTH (POPMHUPYETCS MOKPHITHE 33AaHHOTO XUMHYE-
CKOTO COCTaBa.

[Tpumenenne amst 06pabOTKH TMOAHOTO J1a3epa MO CPABHEHHIO C ONITOBOJIO-
KOHHBIM T03BOJISIET 3HAUYUTEIBHO MOBBICUTH MPOM3BOANTEIHHOCTH TIpoliecca 3a
cuer OoJiee MNPOKOTO MATHA 00pabOTKH, B JAHHOW paboTe IuIonaah IsATHA CO-
craBisuta okoo 16 Mm?. Kpome TOro, IHOHBIIA Ja3ep MO3BONSET YCTAHABIIH-
BaTh (OPMYy M YHPABIISATH PACIpENIENICHHEM MOIIHOCTH HEMOCPEACTBEHHO B
nsaTHE. JTO obecrieunBaeT 0ojiee paBHOMEPHOE TEPMHUECKOE BO3JIEHCTBHE B
30He 00paboTKH. [laHHEIH TpoIIece MOXO0XK Ha MPOIECC Ja3epHON 3aKaJKH, OT-
JIMYHE COCTOUT B TOM, YTO OOECIIEUNBACTCS PACIUIABICHHE MOBEPXHOCTH MO JI-
JIOXKKH U TIPOMICXOIUT €€ JIETUPOBaHME.

[TpencTaBieHsl CpaBHUTENBHBIC PE3YNIBTAThl PACHPENCICHUS XUMHIECKOTO
COCTaBa MO TOJIIIMHE MOKPBITHA U MUKPOTBEPIOCTh B 3aBUCHMOCTH OT PEXH-
MOB JIa3epHOM 00pabOTKH. DKCHEPHMEHTAIBFHO YCTAHOBICHBI PEKUMBI Ja3ep-
HOW 00paboTKK 00ecneynBaIOINE OTUTABICHHIE MOJIOKKH C CO3/IaHNEM BaHHBI
paciuiaBa B KOTOPOH IPOMCXOINT MEpEMEIINBAaHNE KOMIIOHEHTOB. VccnenoBan
npo¢uIb TPAHUIEl MEKIY HMOIOKKON M TOKpeITHEM. [lokazaHo, 4TO TpH HC-
MOJIb30BAaHUH AWOJTHOTO JIa3epa pean3yeTcsi BO3MOXKHOCTD PETYINPOBATh pac-
IIpe/ieNIeHNe MOITHOCTH B IISITHE. JTO MO3BOJISIET NOIyYaTh HOKPBITHS C PAaBHO-
MEpHBIM parnpeeIeHneM TOMIIUHB! PACIUIABICHHOTO Y9acTKa B OJHON OTAETb-
HO B3STOH TOPOXKKE.
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FORMATION OF THE Ni-Fe SYSTEM COATING ON A STEEL
SUBSTRATE USING A DIODE LASER

Currently, many different grades of steel have been created. Among them
are high-strength, corrosion-resistant, instrumental, radiation-resistant. They
differ mainly in alloying additives. Due to the need to introduce alloying addi-
tives, the cost of steel increases. At the same time, it is not always possible to
combine several high characteristics in the composition of one steel. It is
known that when using functional coatings it is possible to impart, for example,
high-strength steel high corrosion-resistant properties.

The article presents the processing modes and the results of studying the
coating of the Ni-Fe system on a substrate of 09G2S steel. The coatings were
obtained in two stages. At the first stage, a precursor coating of nickel of the
required thickness was deposited on the surface of 09G2S steel by the cold
spray method; at the second stage, its surface laser treatment was carried out. A
special feature is that, by setting the required thickness of the precursor coating
and varying the modes of laser treatment, a coating of a given chemical compo-
sition is formed on the surface.

The use of a diode laser instead of a fiber optic laser can significantly in-
crease the productivity of the process due to a wider processing spot. In this
work, when obtaining coatings, the spot area was about 16 mm®. In addition,
the capabilities of the diode laser allow you to set the shape and control the
power distribution directly in the spot. This provides a more uniform thermal
effect in the treatment area. This process is similar to the process of laser hard-
ening, the difference is that the substrate surface is melted and doped.

Comparative results of the distribution of the chemical composition over the
coating thickness and microhardness depending on the modes of laser treatment
are presented. The modes of laser processing were experimentally established,
which ensure the melting of the substrate with the creation of a melt bath in
which the components are mixed. The profile of the interface between the sub-
strate and the coating is investigated. It is shown that when using a diode laser,
it is possible to control the power distribution in the spot. This makes it possible
to obtain coatings with a uniform thickness of the molten section in each track.
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BJIMSIHUE JIASEPHOM OBPABOTKH HA
MUKPOTBEPAOCTDb U CTPYKTYPY HEPABHOBECHBIX
JIEKTPOXUMHUYECKHUX MOKPBITHAM Ni-W

JlazepHas 00paboTKa TOBEPXHOCTH SIBISIETCS MEPCHEKTHBHBIM U THOKAM
CHOCOOOM YIyYIIEHHsI SKCIUTyaTallMOHHBIX CBOMCTB m3zenus. KomOuHMpoBa-
HHUE TaJbBaHWYECKUX TEXHOJOTHH M Ja3epHOH OOpabOTKH OTKPBIBACT e€Ile
OoJbIIe BOBMOYKHOCTH JUIS ITOJTy9EHHS Ha TIOBEPXHOCTH JIETAJICH MaIlInH CII0-
€B C 33JaHHBIM XHMUYECKHUM H (Pa30BbIM cocTaBOM. B ocHOBHOM paboTsI 1O
WCCJIEIOBAaHUIO BIIMSHMS JIa3€PHOTO OOJyUeHHs TalbBaHONOKPHITHI MOCBAIIE-
HBI 00paboTKe MOKphITHIA crcTeMbl Ni-P [1, 2], B KOTOpBIX OBLIO MOKA3aHO H3-
MeHEeHHe (a30BOT0O COCTaBa M YIyqIIEHHE MUKPOTBEPIOCTH.

B nacrosiiee BpeMsi 3HaUNTEBHBIA HHTEPEC MpeACTaBisieT 00paboTka Io-
KPBITHH W JAPYTMX CHCTEM, B YacTHOCTH CIUIABOB TYTOIUIABKHX METAJUIOB,
Hanpumep, Ni-W. Jis yiydiieHust uX CBOHCTB IPOBOASAT TEpMOOOpabOTKY pH
Temreparypax, nocrurapoumx nHorga 600-700 °C, uro 0HO3HAYHO MIPUBEACT
K TIOTepe CBOMCTB OOJNBIIMHCTBA cTaneil. Bo m3bexxaHue 3TOro HaMu mpesio-
YKEHO WCIIOJIh30BaTh JIA3epHYI0 00pabOTKy, U4TO MO3BOJISIET M30EKaTh HarpeBa
oObeMa M3aenus M JOCTUTHYTH 33/IaHHBIX MEXaHM4YecKnux cBoiicTB. K coxaie-
HUIO, JTUTEPATYypPHBIX CBEIEHUN O Ja3epHO 00paboTKe MOKPBITUI U3 IEKTPO-
OCaXXIIeHHBIX ciuiaBoB Ni-W HeT.

Lenpto paboThl OBUIO WCCIENOBaHUE Ja3epHOW 00pabOTKH MOKpbITUS Ni-
37%W u yCTaHOBJICHUE BIUSHUS PEKUMOB OOTyIEeHUSI HA MUKPOTBEPIOCTh H
CTPYKTYPY HOKpPBITHA. [[JIs1 3TOTO IUIaCTUHBI U3 TpaHC(OPMATOPHOTO Kelie3a ¢
nokpeiteM Ni-37%W Tonmuuoi 14 MkM Gbutd 00paboOTaHbI Jla3epoM Ha
ycranoBke Russian SLM Factory npu pa3indHBIX SHEPrOBIOKEHHUIX.

Kak moka3zan sKCHepHUMEHT, MpHU BO3AEHCTBUM JIA3€PHOTO HU3IYyUEHHUS C
MorrHOCThIO 30 1 60 BT He mponcXouT KakuxX OO0 BUAWMBIX W3MCHCHUN Ha
noBepxHoctd mokpbiTist Ni-W. He3aBHCHMO OT CKOPOCTH CKaHUPOBAHMUS, MHK-
POTBEPAOCTh TOKPHITHS MPAKTHYECKH HE M3MEHHIACh M COCTaBHJIA XapaKTep-
ueie 500 — 520 HV. IIpu 6omnee Beicokux MomHOCTAX 90 1 120 Bt MukpoTBep-
JIOCTH TIOKPBITHSL W3MEHsIach (puc. 1), a mpu MakCUMaJbHOM SHEPrOBJIOXKe-
HUH, TO ecTh npu MomHocTH 120 BT U ckopoctu ckanmposanus 250 mm/c —
MOKPBITHE CIUIABISUIOCH C OCHOBHBIM MeTauloM. B 3ToM ciydae MuKpoTBep-
JIOCTh MUHHAMAJIbHA.
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Pucynoxk 1 — BimstHue 3HEproBIloyKeHUs MpH JIa3epHOH 00paboTKe Ha MUKPO-
TBEPJOCTb IOKPBITUS NIPU PA3IUIHBIX MOIIHOCTSIX.

PeHTreHOCTPYKTYPHBIN aHAN3 TOKa3al, 4To HeoOpabOTaHHOE MOKPBITHE
CYLIECTBYET B BUJIE IIEPECHIIICHHOTO TBEPIOTO pacTBopa Bosb(ppaMa B HUKEIE
¢ HaHopa3MepHbIM 3epHOM (10-20 HM). [1pu nazepHOi 00paboTke HabOAANCS
3HAUUTEINILHBIA POCT KPUCTAIUIOB MOKPBITHS, OTHAKO OHO COXPAHSAET COCTOSIHUE
TBEPJIOr0 PACTBOPA.

Takum 00paszom, nazepHas 00padboTKa MOKpeITHIH Ni-W M03BOJISIET peryu-
pOBaTh UX MUKPOTBEPIOCTh COXPaHss HEPABHOBECHOE COCTOSHHE.

Baaropapuocru
Pabora BrimosiHeHa npu ¢puHaHcupoBanuu 1o rpanty PO®U u I'K «Poca-
Tom» HOMep mpoekta 20-011-70001.
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INFLUENCE OF LASER TREATMENT ON MICROHARDNESS
AND STRUCTURE OF NI-W NON-EQUALIBLE
ELECTROCHEMICAL COATINGS

Laser surface treatment is a promising and flexible way to improve product
performance. The combination of galvanic technologies and laser processing
opens up even greater opportunities for obtaining layers with a given chemical
and phase composition on the surface of machine parts. Basically, studies on
the effect of laser irradiation of electroplated coatings are devoted to the treat-
ment of coatings of the Ni-P system [1, 2], in which a change in the phase
composition and an improvement in microhardness were shown.

At present, the processing of coatings and other systems, in particular, al-
loys of refractory metals, for example, Ni-W, is of considerable interest. To
improve their properties, heat treatment is carried out at temperatures some-
times reaching 600-700 °C, which will definitely lead to the loss of properties
of most steels. To avoid this, we have proposed to use laser processing, which
allows avoiding heating the volume of the product and achieving the specified
mechanical properties. Unfortunately, there is no literature data on laser pro-
cessing of coatings from electrodeposited Ni-W alloys.

The aim of the work was to study laser treatment of the Ni-37% W coating
and to establish the effect of irradiation modes on the microhardness and struc-
ture of the coating. For this purpose, the plates of transformer iron coated with
Ni-37% W with a thickness of 14 um were laser treated with a Russian SLM
Factory installation at various energy inputs.

As the experiment showed, when exposed to laser radiation with a power of
30 and 60 W, there are no visible changes on the surface of the Ni-W coating.
Regardless of the scanning speed, the microhardness of the coating practically
did not change and amounted to the characteristic 500 - 520 HV. At higher
powers of 90 and 120 W, the microhardness of the coating changes (Fig. 1),
and at maximum energy input, that is, at a power of 120 W and a scanning
speed of 250 mm / s, the coating is remelted with the base metal. Inthiscase, the
microhardness isminimal.
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Figure 1 - Influence of energy input during laser processing on the microhard-
ness of the coating at different powers.

X-ray diffraction analysis showed that the untreated coating exists in the
form of a supersaturated solid solution of tungsten in nickel with nanoscale
grains (10-20 nm). During laser processing, significant crystal growth of the
coating was observed, but it retains the state of a solid solution.

Thus, laser treatment of Ni-W coatings allows you to control their micro-
hardness while maintaining a nonequilibrium state.
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HNEPEMEHIEHUE METAJIVIMYECKUX MAKPOYACTUILI B
NMITYJIBbCHOM JIEKTPOMATI'HUTHOM ITOJIE

Hcnonp30BaHue 3HEPTHH HUMITYIBCHOTO 3JeKTpoMarautHoro noist (MUMIT) B
TEXHOJIOTHYECKHX TpoIleccaX yKe IOCTaTOYHO H3BecTHO. Hamboree 3Haum-
TEJNbHBIC JOCTHKCHHUS TIOTYIITH METOIBI MATHUTHO-UMITYJIECHOW IITAMIIOBKH,
CBapK# U COOPKH JIMCTOB M TPYO, SIMEKTPOMATHUTHOTO OPHEHTHPOBAHUS JIETa-
JIed, MpeccOoBaHMs MOPOLIKOB, HAHECEHUSI U YAAJIeHUs NOKPBITUH. M3BeCTHBI
HEKOTOpbIe PabOTHl 10 MarHUTHO-MMITYJIBCHOMY IIEPEMEIICHUI0 MEeTallInde-
CKHUX NOpPOIKOB. Tema mpeacTaBiisieT 3HAUWTEIbHBIA HAaydHBIM M IpaKTH4eE-
CKUIl MHTEpPEC B CBA3H C OIEHKOH BO3MOXXHOCTH BBICOKOCKOPOCTHOTO TpaHC-
MOPTHPOBAHUS JUCKPETHBIX MAaTEPHAJIOB, a TakXke Ui 00paboTKH MOBEPXHO-
cty u3aenuii. B Hacrosiei paboTe gaH 0030p AOCTMXKEHUN B 3TOM 00yacTH, a
TaKXKe NMPHUBEICHBI Pe3yIbTaThl IKCIIEPUMEHTAIBHBIX UCCIEI0BAaHUI.

HccnenoBanus IpOBOAMIINCE C MCIIONB30BAaHUEM T'€HEPATOPOB MMITYIBCHBIX
TOKOB KOHJICHCATOPHOT'0 THIA dHEproeMKocThio ot 0,3 no 2,0 KJx. Bemmun-
Ha pabodero HampspkeHwsT — 10 1 kB. [ u3sMepeHust UMITyJIbCHBIX TOKOB
ucroib3oBaics nosc Porosckoro. IlomydeHHbIe oCHMIIIOrpaMMBl TOKa3aiH,
YTO MaKCHMAaJbHBIH Pa3psiIHbIA TOK B 0OMOTKE MHIYKTOpa cocraBiser 6-12
KA. [l 3aIuCcH AKCIEPUMEHTAIBHBIX JAHHBIX CKOPOCTH I0JIETa YaCTHIl U UX
aHanM3a pa3paboTaHa cUcTeMa, BKIIOYArOIas U(poBOH 3alIOMHHAIOIINHA OC-
mutorpad ¥ KOMITBIOTEp € IaTYMKOM MUKpoQoHHOro THIa. [Ipu mummHe TpyOs!
S=0,85 M cpemHss CKOPOCTh IBIKEHUS 00BEKTa U3MEHSUIACh B MpeJeNiax oT 3-
x 1o 50 m/c.

AHanmu3 TOJyYeHHBIX JaHHBIX ITOKa3ajH, YTO HaIH4he (eppoOMarHUTHBIX
CBOWCTB y HepeMelnaeMbix (parMeHTOB JaeT BO3MOXKHOCTH OOECIEYUTh HMX
HETIOCPECTBEHHOE YCKOPEHHOE NBIDKCHHE B AJIEKTPOMArHUTHOM Toie. [lpu
9TOM CKOPOCTH MoJjieTa 6oJice KPYIMHBIX YaCTHI[ U3 cTanu (raiku, nraiiObr) oka-
3BIBACTCS BHIIIE, YeM y YYTYHHOH JAPOOH WM KeJe3HOTO MOPOIIKa. DTO MOKHO
00BSICHUTH X OOJiee BHICOKOH MAarHMTHOW NpoHHLaeMocthio. IIpu sToM uem
GompIe Macca 00bEKTa, TEM BEIIIE €0 JOCTUTraeMas CKopocTh. Ilepemerenne
B MMII amoMUHHEBBIX IHCKOB (HEMAarHHTHBIX, HO OOJIQJAIONIMX BBICOKOM
ANIEKTPONPOBOTHOCTHIO) TaKXKE UMEET MecTo. B 3ToM ciydae mpoucxoauT B3a-
UMOJICHCTBHE BUXPEBBIX TOKOB B AWCKE U TOKOB B HHAYKTOPE. DTO OTKPHIBACT
BO3MOXHOCTh  nepemewmate B MIMII pasnnunble JAUCKPETHBIE MaTepUabl,
HE3aBHUCHMO OT HX IIEKTPOIPOBOJHOCTH M MAarHUTHBIX CBOMCTB, pa3Melnas ux
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Ha MOJJIOHE U3 JIIOMHUHUS WU IPYTHUX BBICOKOZJIEKTPOIPOBOJHBIX MaTepHa-
JIOB.

Jannas paborta Obuta ojnepxana EBporneiickuM (GOHIOM PErHOHAIBHOTO pas3-
BuTHS B pamkax Mepompustus 1.1.1.2 «IlocTmokTopaHTCKas MCCaeIoBaTeIb-
ckas rmomomby, Pazmen 1.1.1 «IloBEIIeHNE UCCASAOBATEIHECKOIO M HHHOBAIIU-
OHHOTO TOTEHIHANa HAYYHBIX YUpexaeHuil JIaTBUM M BO3MOXKHOCTH TIpHBIIE-
YCHHS BHEIIHETO ()MHAHCHUPOBAHWS, WHBECTHIIMH B YEIOBEYECKUE PECYPCHI U
HHDPACTPYKTYPY» OnepanuoHHOW mporpaMMbl  «POCT ®  3aHATOCTHY
(Nel.1.1.2/VIAA/2/18/335).
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V. MIRONOVS, Y. USHERENKO
Riga Technical University, Powder Materials Research Laboratory, 1
Kalku Street, LV-1658, Riga, Latvia
E-mail: Viktors.Mironovs@rtu.lv

MOVEMENT OF METAL MACROPARTICLES IN A PULSE
ELECTROMAGNETIC FIELD

The use of pulsed electromagnetic field (PEF) energy in technological pro-
cesses is already well knowns. The most significant achievements were ob-
tained by methods of magnetic-pulse stamping, welding and assembly of sheets
and pipes, electromagnetic orientation of parts, pressing of powders, applica-
tion and removal of coatings. Some works about the magnetic-pulse movement
of metal powders are known. The topic is of significant scientific and practical
interest in connection with the assessment of the possibility of high-speed
transportation of discrete materials, as well as for surface treatment of products.
In this paper, we review the achievements in this area, and also present the re-
sults of experimental studies.

The studies were carried out using capacitor-type pulse current generators
with an energy capacity of 0.3 to 2.0 KJ. The operating voltage is up to 1 kV. A
Rogowski coil was used to measure the impulse currents. The oscillograms ob-
tained showed that the maximum discharge current in the inductor winding is
6-12 kA. To record the experimental data of the particle flight speed and ana-
lyze them, a system has been developed that includes a digital storage oscillo-
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scope and a computer with a microphone-type sensor. With a pipe length S =
0.85 m, the average speed of the object's movement varied from 3 to 50 m/s.

The analysis of the obtained data showed that the presence of ferromagnetic
properties in the moved fragments makes it possible to ensure their direct ac-
celerated motion in an electromagnetic field. In this case, the flight speed of
larger particles made of steel (nuts, washers) turns out to be higher than that of
cast iron shot or iron powder. This can be explained by their higher magnetic
permeability. Moreover, the greater the mass of the object, the higher the
achieved speed. Moving of aluminum disks (non-magnetic, but with high elec-
trical conductivity) in a PEF also takes place. In this case, there is an interaction
of eddy currents in the disk and currents in the inductor. This opens up the pos-
sibility of moving various discrete materials into the PEF, regardless of their
electrical conductivity and magnetic properties, placing them on a pallet made
of aluminum or other highly conductive materials.
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MNOBEJIEHWUE MEJIHBIX CILIABOB IIPU BO3JEACTBUHA
MOIIHBIX UMITYJIbCHBIX IOTOKOB MOHOB JIEMTEPUS
U JEVMTEPUEBOM IJIA3MBI

[IpencraBieHb pe3yabTaThl IKCIIEPUMEHTOB 110 OOYIEHHIO 00pa3oB Me-
HbIX crmaBoB Cu-10%Ga, Cu-4%Ni u Cu-4%Ni-10%Ga (macc. %) MOIIHBIMA
HUMITYJIECHBIME TIOTOKaMH JieiTeprueBoit masmel (/17) u monos neiirepust (M),
MpOBEACHHBIX B ycTaHoBKe [Inmasmennsiii gokyc (I1D). Llens paboTsl cocTosina
B M3YYEHHH XapakTepa MOBPEXIAeMOCTH M CTPYKTYPHBIX H3MEHEHHH B
MOBEPXHOCTHHIX c0sX (//C) ucciuemnyeMbIX CIIIaBOB MOJ AEHCTBHEM JKECTKUX
UMIIYJIbCHBIX SHEPIeTUYECKUX MOTOKOB M BO3HHKAIOMIMX MPH 3TOM YAAPHBIX
BomH (VB). OrmneHuBaniach TakkKe CTOHKOCTh MEJHBIX CIUIABOB K
BO3HUKHOBCHHUIO MHUKPOTPCIIMH W BO3MOXHBIM pPa3zpymiCHUAM IIPpU UMITYJIbC-
HBIX PaJHallMOHHO-TEPMHUUECKUX U YIAPHBIX HArpy3Kax, OJHM3KHX K YCIOBUSIM,
pCain3yeMbIM B TCPMOAACPHBIX YCTAHOBKAaxX C HMHCPUUAJIBHBIM YIACPKAaHUCM
I1J1a3MBbI.

CmnaBsl ObUTH OOJYYEHBI MPH COBMECTHOM BO3JCHCTBUU IMOTOKOB /J[I1
(C TIIOTHOCTBIO MOIIHOCTH () = 10° -10° Br/cMm? 1 [UIHTEIBHOCTBIO HMITYJICOB
7o = 100 uC) u X1 npu Q; = 10° 10" Br/em?, 7= 50 He. Yncno MMIYIIbCHBIX
BosaeiicTBuii coctasisiio N = 5.

[TokazaHo, dYTO XapakTep IOBPEKIAEMOCTH CIUIABOB B HCIBITAHHBIX
pexuMax OOJTYYCHHS] MPUMEPHO OJUHAKOB M OMPEICIACTCS BOIHOOOPA3HBIM
penbedoM MOBEPXHOCTH, HATMYNEM Ha HEH KpaTepoB, MUKPOIIOP, (parMEeHTOB
KaruieoOpa3Horo BUAA U OTCYTCTBHEM MHUKPOTPEIIUH. [IpU KakJOM HMITYIbC-
HOM BO3JCHCTBHH TOTOKOB SHEPIMH Ha CIUIABBI MPOUCXOAUIIO PacIljIaBICHHE
ux [IC, B3pBIBHOE KHUIIEHUE ¢ 00pa30BaHUEM KpaTepOB W MOp HA OOIydeHHOU
MOBEPXHOCTH, a TaKXke HcHapeHue Matepuana (mporecc sposun). [locne Bo3-
nevictBus motokoB JIT v H/] nabnronaercs miactudeckas aedopmarus (/7]) B
TIC wuccnenoBaHHBIX CIUIABOB. [7/] mpoTeKaga MEXaHHU3MOM CKOJIBXKCHHS II0
IUIOCKOCTSIM HamboJlee TUIOTHOH ymakoBku {111} mox BIUSHHEM TEPMHUYECKUX
HATIPsDKCHAN, BOSHUKABIIAX HA 3aBEPIIAIOIICH CTAIUU KaXKIOTO UMITYIbCHOTO
BO3JIEHCTBUSA, a Take mon neiictBueM YVB. Cnenbl I1/] B obmydenubix [1C
CILTaBOB TIPE/ICTABIICHBI Ha pucC. 1.

B ornuune oT OGMHApHBIX CIUIABOB, CTpyKTypa cruiaa Cu-4%Ni-10%Ga
nociue obmydenus notoxkamu JI1 n M/, pactinasnenus //C U KpUCTAIUIN3ALUH
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JKUJKON (ha3bl UMEET SUCUCTHIN WM SYCHUCTO-ACHIPUTHBIN xapakTep (puc. 2).
Ha dbopmupoBanme paccMaTpuBaeMoOil CTPYKTYPhI 3aMETHOE BIIUSTHHE, [IOMUMO
ycioBuil 00IyueHHs1 U HalpaBJIEHHOTO 3aTBEpPAEBAHMS PAacIliaBa, OKa3bIBAaeT
JICTUPOBAaHUE OWHAPHOTO CIIaBa TPETHBUM JJIIEMEHTOM U, BEPOSTHO,
JIEHAPUTHAS CTPYKTYpa CIlJIaBa B UCXOJHOM COCTOSTHUH.

JIMHAY CKOBKEHUS

.

a 40 MKM o

Puc.1 Mukpoctpykrypa y4acTkoB mnoBepxHocTH cruiaBoB Cu-10%Ga (a) u
Cu-4%Ni (6) mocie o6yuenus B ycranoske I[1®. Bumwbr ciemst 17/].

JeHaputsl JIuHMU CKOIBKEHUS Sueiiku

2 -~ A
2 MKM 2 MKM
== a — 0

Puc. 2 MukpocTpykTypa y4acTkoB ToBepxHOcTH cmuiaBa Cu-4%Ni-10%Ga
mocie oomydeHus B ycraHoBke [1D

OTMe4eHO, YTO UCCIICOBAaHHBIC TUIACTHYHBIE MeIHbIE CIUIaBbl cucteM Cu-
Ga, Cu— Niu Cu — Ni— Ga mposIBJISIIOT BecbMa BBICOKYIO TPEIIIMHHOCTONKOCTE
K BO3JCHCTBUIO MOIIHBIX HMITYJIbCHBIX PaJHallMOHHO-TEPMUYECKHX U YIapHO-
BOJIHOBBIX HArpy3oK, I'€HEPHPYEMbBIX B JKECTKHX pPEKHUMax OOIydeHUs B
ycranoBke 1@, B cpaBHeHnu ¢ Tyromiaskumu metamiamu W, Mo, V' mpu tex
JKE YCIOBUSIX 00TyUeHHSI.
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COPPER ALLOYS UNDER THE INFLUENCE OF HIGH-
POWER PULSED FLUXES OF DEUTERIUM IONS AND
DEUTERIUM PLASMA

The results of experiments on irradiation of copper alloy samples Cu-
10%Ga, Cu-4%Ni and Cu-4%Ni-10%Ga (mass %) by powerful pulsed streams
of deuterium plasma (DP) and deuterium ions (DI) performed on Dense Plasma
Focus device (DPF) are presented. The main goal of the research was to
investigate the damageability pattern and structural alterations in the surface
layers (SL) of the studied alloys under the influence of power pulsed energy
flows and the shockwaves (SW) generated during irradiation. The resistance of
copper alloys to microcracks and possible destruction under pulsed radiation,
thermal and shock loads close to the conditions in inertial confinement fusion
units was evaluated as well.

The alloys were irradiated by joint impact of DP flows (power density q =
10° ~10° W/cm? and pulse duration 7, = 100 ns) as well as DI flows (q; = 10°
-10" W/ecm? and 7= 50 ns). The amount of pulsed exposures was N=5.

It is shown that the nature of damage to alloys in the tested irradiation

modes is approximately the same and is determined by wavy surface relief, the
presence of craters, micropores, droplet-like fragments, and also the absence of
microcracks. Each pulse action of energy flows on the alloys resulted in
melting of their SL, explosive boiling with craters and pores formation on the
irradiated surface, as well as material evaporation (erosion). After DP and DI
impact plastic deformation (PD) in SL is occurred. The PD was developed by
the sliding mechanism in the direction of the most dense packaged planes
{111} under the influence of thermal stresses that appeared at the final stage of
each pulse action, in addition to the SW impact. The traces of PD in the
samples’ irradiated SL are presented on fig. 1.
Unlike binary alloys, the structure of Cu-4%Ni-10%Ga alloy has a cellular or
cellular-dendritic nature after DP and DI flows exposure and following melting
and crystallization (fig. 2). There is a noticeable influence on the structure
formation of doping of the binary alloy with the third element and, probably,
the dendritic structure of the alloy in the initial state, apart from radiation
conditions and directional solidification of the fluid metal.

52



—Soum b
Fig.1 Surface microstructure of Cu-10%Ga (a) and Cu-4%Ni (b) after
irradiation in DPF unit. The PD signs are noted.

Dendrites Slip lines Cells

s

2um g ' 2um
Fig. 2 Microstructure of Cu-4%Ni-10%Ga alloy after irradiation in DPF unit.

It is noted that the studied ductile copper alloys of Cu-Ga, Cu — Ni, and Cu-
Ni-Ga systems exhibit very high crack resistance to the effects of high-power
pulsed radiation-thermal and shock-wave loads generated in hard irradiation
modes in the PF installation, in comparison to refractory metals like W, Mo,
and V under the same irradiation conditions.
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JAUHAMMUKA PA3ZBUTHUSA JE®OPMAIMOHHbBIX
NPOLECCOB IIPH SJIEKTPOUMITYIbCHOM
BO3JIEUCTBUU HA METAJLJI

B Hacrosiiee Bpemsi pacipoCcTpaHEHHBIM SIBIISIETCS TIPECTaBICHHE 00 O1-
HOCTYIIEHYAaTOM XapaKTepe MPOLIECCOB B MeTaJlIax MpU BO3JIEHCTBUU 3NEKTPH-
geckoro mmmynsca (OW) [1], Hanmpumep, W3-3a TepeMeIIeHUs IUCIOKAINH.
OKcIepUMEeHTaJIbHbIE HCCIEeOBAaHUS MOKA3bIBAIOT, YTO HauboJiee 3HAYUTENb-
HO€ MEXaHWYECKOEe JMHAMHUIECKOE BO3ACHCTBHE B MOMEHTHI Hadala 1 OKOHYa-
Hust OU. B 5T MOMEHTHI TOK 4Yepe3 NPOBOJHHK OJHM30K K HYIIO, HE IPOSBIIS-
I0TCS HU CKUH-3(DEKT, HU CTaTHYeCKUH MUHY-3Q(EKT, a BIUSHUE TEIUIOBOTO
JielcTBUsL TOKa KpaliHe Mano. HadyanbHbBIM M KOHEUHBIM MOMEHTHI NMPHIIOKEH-
Horo DU xapakTepH3yIOTCs CO3/IaHHEM HEPaBHOBECHOTO PACIHpeAeTICHUS dMIeK-
TPUYECKUX IMOJIEN KaK BHYTPH, TaK U BHE METAJUIMYECKOTO MPOBOAHUKA [2, 3].
JlaHHBIE TIpOLIECCHI OKa3bIBAIOTCSl OBICTPONPOTEKAIOIIUMH  (IJIUTEILHOCTHIO
MeHee 10 MKC) 1 3aKaHYMBAIOTCSl K MOMEHTY Hadasla YBEJIHMUCHHUS TOKA M TPO-
sBJIEHUs] CKUH-3QdekTa. BoznelicTByrone B MOMEHTHI Hadayla U OKOHYaHHS
BHEIITHETO IEKTPHUUECKOTO MMITY/IbCA CHIIBI BBI3BIBAIOT yAapHbIE AehOpMaIiu
Marepuana npoBosHuKa. Takne pedopmariy, Kak BIOJIb OCH NPOBOJHHKA, TaK
U B TIONIEPEYHOM K 3TOW OCH HAINlpaBJICHUH 3aBUCAT HE TOJIBKO OT BEIUYHHBL, HO
u oT noJisipHOCTH nprtoxkeHHoro DO. Tlocne yka3aHHBIX MOMEHTOB B MaTepH-
aJie MPOBOJHHUKA HAOJIONAIOTCS 3aTyXalolIe MexaHuueckue kojeoanus. Takue
KOJIeOaHHsI XapaKTepH3YIOTCS CPaBHUTEJPHO HHU3KHMH YacTOTaMH, CyIIe-
CTBEHHO 0o0Jiee HU3KUMH, YEM YaCTOTHI AJIEKTPOMarHUTHBIX KoJieOaHWH B Tpo-
BOJIHMKE WJIM YaCTOTHl BHYTPEHHEIO PE30HAHCA, CBSA3aHHOTO C IPOSBICHHEM
BubOporutacrnueckoro 3dpexra. Cymma KonebaHuii, BOSHUKAIONINX B MOMEHTHI
Hadana u okoH4aHus BHemIHero DU [1] co3maeT nuHaMu4ecKkue IUKINYECKHE
HarpyXeHusi MaTepHaia IIpoBOJHHUKA. [lapaMeTpbl TaKOro Harpy>KEHHs 3aBUCST
OT aMIUIUTYAbI U BPEMEHHBIX XapaKTepUCTUK UMIYNbCOB,. IIpu aelicTBuu mo-
CJIEZIOBATEIFHOCTH UMITYJIBCOB Ha XapakTep JAedopmannii MOKET 3aMETHO BITH-
SITh MIPOIIECC TETVIOBOTO JEHCTBUS AJIEKTPUUECKOTO TOKA.

1. Tpouukuit O.A., u ap. Bo3gelictBus ummynbcamu Toka 1 CBU- n3yueHneM Ha
KOHCTPYKIMOHHBIC MaTCpHrallbl. QHCKTPOHI/IHaMI/I‘IeCKI/Ie " JJICKTPOXUMHUYECKUEC 3(1)(1)61(-
ThI B mpoBogHKKax // M.: U3x-Bo «Kum JI.A.», 2019, 278 c.

2. Purcell E.M., Morin D.J. Electricity and magnetism // Harvard, 2013, 868 p.

3. Hernandes J.A., Torres A.K. Assis surface charges and fields in stationary con-
ductors with steady currents // AIP conference proceedings. 2008, p. 236-239.
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DYNAMICS OF DEVELOPMENT OF DEFORMATION
PROCESSES UNDER ELECTRIC PULSE IMPACT ON METAL

At present, the idea of one-step nature of processes in metals under the ac-
tion of an electric pulse (EI) [1], for example, due to displacement of disloca-
tions, is widespread. Experimental studies show that the most significant me-
chanical dynamic impact is at the moments of the beginning and end of EI. At
these moments, the current through the conductor is close to zero, neither the
skin effect nor the static pinch effect is manifested, and the influence of the
thermal action of the current is extremely small. The initial and final moments
of the applied EI are characterized by the creation of a nonequilibrium distribu-
tion of electric fields both inside and outside the metal conductor [2, 3]. These
processes turn out to be fast (lasting less than 10 us) and end by the time the
current starts to increase and the skin effect appears. The forces acting at the
moments of the beginning and end of an external electrical impulse cause shock
deformations of the conductor material. Such deformations, both along the axis
of the conductor and in the direction transverse to this axis, depend not only on
the magnitude, but also on the polarity of the applied EIl. After the indicated
moments, damped mechanical vibrations are observed in the conductor materi-
al. Such vibrations are characterized by relatively low frequencies, significantly
lower than the frequencies of electromagnetic vibrations in the conductor or the
frequency of internal resonance associated with the manifestation of the vibro-
plastic effect. The sum of the vibrations arising at the moments of the begin-
ning and end of the external EIl [1] creates dynamic cyclic loading of the con-
ductor material. The parameters of such loading depend on the amplitude and
time characteristics of the pulses. Under the action of a sequence of pulses, the
character of deformations can be significantly affected by the process of ther-
mal action of an electric current.

1.Troitsky O.A, et al. Effects of current pulses and microwave study on construction
materials. Electrodynamic and electrochemical effects in conductors // M .: Publishing
house "Kim L.A.", 2019, 278 p.

2.Purcell E.M., Morin D.J. Electricity and magnetism // Harvard, 2013, 868 p.

3.Hernandes J.A., Torres A.K. Assis surface charges and fields in stationary conduc-
tors with steady currents // AIP conference proceedings. 2008, p. 236-239.
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HOBBI CITIOCOB INOJIYUYEHUA
CJIOKHOJIETUPOBAHHBIX ITOPOIIKOBBIX CIIJTABOB
C BBICOKOMU CTENNIEHBIO COEPUYHOCTHU

B moxmane Ha mpumepe HukeneBwIX ciutaBoB BlIp27, BIlp50 u CTEMET
1301 moka3zaHa BO3MOXKHOCTh TOJYYCHHMsI MOPOIIKOB MHKPOMETPHUECKOIO
pasmepa co cheprueckoil popmoii yactuil. [Iponecc peannzoBan yepes crajuu
M3TOTOBIICHUSI CIUTKA, MOTYyYeHUsT OBICTpO3aKaleHHONH aMOP(HOIl JIEHTHI C e
MOCJICAYIONICH TEPMUIECKO# OTPaOOTKOM, U3TOTOBICHHEM TOPOIIKA OCKOJIOY-
HOTO THIA U BbIAeNIeHHeM (pakiuu yactul pasmepoM 40 — 63 MKM CHTOBBIM
METO/IOM, C(EpONIN3alnH BBLACICHHOW (PaKIMH B MOTOKE TEPMUUECKON
mwra3mel [1]. B mpomecce chepomanzannil MOPOIIKOB JOCTUTAETCS CTENCHb
chepuunoctu 6osiee 99%. TekyuecTh MOPOIIKOB yiyuiaeTcs Ha 37%, HaChIII-
Hasl TNIOTHOCTD yBeNMUMBaeTcs Ha 15% B cpaBHEHUM C OCKOJIOYHBIMH TTOPOII-
kamu. JlaHHBIH MeTOJ| MOJydeHHs CQEpPHUECKUX IOPOIIKOB OOecreunBacT
Y4y Tekydects — 15¢/50r u y3koe pacnpenesieHue U CTaOMIbHOCTh TPaHy-
JIOMETPUYECKOro cocTaBa — 53-57 MKM, a Takxe OOJIBIIYIO HACBIIHAS IIOT-
Hocts: BIIp27 — 5 r/em®, BIIp50 — 4,6 r/em®, CTEMET 1301 — 4,8 r/em® B
CpaBHCHHHU C IMOPOIIKaAMH, MOJYYCHHBIMU METOAOM ra3oBoi aToMHU3alu pac-
iaBa. Beixon npoaykra ¢pakiuu 40 — 63 MxMm coctasisier 6onee 90%. Mop-
¢ororust cheponN3NpPOBaHHBIX MMOPOIIKOB MOJATBEPXKIACT OTCYTCTBHUE HAIIH-
maHus gacTull ¢ppakauit <20 MKM Ha TIOBEPXHOCTH OCHOBHBIX "actuil. [lo pe-
3yJIbTaTaM AJIEMEHTHOT'O MUKPOAHAIIM3a YCTaHOBJIEHA OJHOPOJHOCTh XHMHYeE-
CKOTO COCTaBa OCKOJIOYHBIX M C(EPHUUECKHX YACTHUI], YTO OTPAXKAET BHICOKYIO
TOMOTEHHOCTh OOBEMHOTO pacTpeeNieHus] JIETHPYIOIUX IEMEHTOB, CPOpMHU-
pPOBaHHOTO B Mpolecce ObICTPOro 3aTBepiAeBaHUS pacmiaBa. Ha mpumepe
craBa BIIp27 mpoaeMOHCTPUPOBAHO MPEUMYIIECTBO MPEIOKEHHON TEXHO-
JIOTHHU C HMCIIOJIb30BaHHUEM IUIa3MEHHOHN ceponau3auy JUIsl TOTydeHUs Kade-
CTBEHHOTO TIOPOIIKA CJIOKHOJETMPOBAHHBIX CIUIABOB C BBICOKOH CTENECHBIO
C(bepI/I‘IHOCTI/I, HaCBIITHOM TIOTHOCTH, TOMOT'CHHOCTH U TCKYYCCTU.

1. Camoxun A.B., ®aneeB A.A., AnekceeB H.B. u np. Cheponanzarus mopoIikos
Ha OCHOBE ’kKeJle3a B II0TOKE IUIa3MBI AJIEKTPOAYTOBOTO INIa3MOTPOHA M HX NPUMEHCHUE
B CEJIEKTUBHOM JIa3epHOM IIaBieHnn. dusnka u xumus odpabotku Marepuanos. 2019.
Ne4. C. 12-20.
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ANEW METHOD FOR PRODUCING COMPLEX-ALLOYED
POWDERS WITH A HIGH DEGREE OF SPHERICITY

The report shows the possibility of obtaining micrometer-sized pow-
ders with spherical particle shapes using the example of Ni-based alloys VPr27,
VPr50 and STEMET 1301. The process includes the stages of ingot manufac-
turing, obtaining a rapidly quenched amorphous tape with its subsequent ther-
mal processing, manufacturing a fragment-type powder and separating a frac-
tion with a particle size of 40 to 63 um, spheroidization of the selected fraction
in the flow of thermal plasma. [1]. In the process of spheroidizing in thermal
plasma of electric arc discharge is achieved a high degree of particle sphericity
— more than 99%. The fluidity of powders improves by 37%, and the bulk den-
sity increases by 15% in comparison with fragmented powders. This method of
producing spherical powders provides a better fluidity — 15 sec /50 g and a nar-
row distribution and stability of the granulometric composition — 53 — 57 mi-
crons, as well as a greater bulk density: VPr27 — 5 g/cm®, VPr50 — 4.6 g/cm®,
STEMET 1301 — 4.8 g/cm® in comparison with powders obtained by gas atom-
ization of the melt. The yield of the product fraction 40 — 63 um is more than
90%. The morphology of spheroidized powders confirms the absence of parti-
cles of fractions <20 um sticking to the surface of the main particles. Based on
the results of elemental microanalysis, the chemical composition of fragmen-
tary and spherical particles was found to be homogeneous, which reflects the
high homogeneity of the volume distribution of alloying elements formed dur-
ing rapid solidification of the melt. The advantage of the proposed technology
using plasma spheroidization for obtaining high-quality powder of complex-
alloy alloys with a high degree of sphericity, bulk density, homogeneity and
fluidity, which can be useful for the production of powders for additive tech-
nologies, is clearly demonstrated by the example of the VPr27 alloy.

1. Samokhin A.V., Fadeev A. A., Alekseev N. V. and others. Spheroidization of
iron-based powders in the plasma flow of an electric arc plasma torch and their applica-
tion in selective laser melting. Physics and chemistry of materials processing. 2019. No.
4. pp. 12-20.
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HNCCJIEJOBAHHUE ITPOLHECCOB ITIOJYYEHUS TIOPOLIKOB
HA OCHOBE AJIIOMUHUJIA HUKEJISA NiAl
HEHTPOBEXXHBIM PACIIBIVIEHUEM C BBICOKUMU
CKOPOCTAMMH OXJIAZKAEHU A

Ha ceroHsimiiHuii MOMEHT METO/] MOBBIIICHUS TPOYHOCTHBIX M JKCILTyaTa-
IIUOHHBIX XapaKTEPUCTUK COBPEMEHHBIX KOHCTPYKIIMOHHBIX MaTCPUAIIOB JICT U-
POBaHMEM IPAKTUYECCKH Hcuepran ceds. BMmecTe ¢ TeM KOHCTPYKTOpaMH CO-
BPEMCHHOW aBHAITMOHHOW M KOCMHYECKOW TEXHUKU MPEIBSIBIIIOTCS BCe Oosee
BBICOKHE TPEOOBAHUS K COBPEMCHHBIM KOHCTPYKIIMOHHBIM MaTepHajiaM U TeX-
HOJIOTUSAM UX co3faHus. TakuMm o0pa3oMm, Ha MEPBOE MECTO B MPOU3BOJICTBE
BBICOKOKAYECTBCHHBIX MATCPUAIOB, C BHICOKHMMHU MPOYHOCTSIMH M IKCILTyaTa-
IUOHHBIMHU XapaKTEPUCTHKAMHU BBIXOJST TEXHOJIOIMH TPAHYIBHON U TOPOIIKO-
BOI METaJUTypruy, TEXHOJIOTUH 8 UIMTUBHOTO pou3BoacTBa. CYIIHOCTH BIIUS-
HUSI CKOPOCTH KPUCTATM3ALUKA Ha CTPYKTYPY M CBOHCTBA MHOTOKOMIIOHEHT-
HBIX CIUIAaBOB CBOJMTCS HE TOJBKO K CO3AAHUIO TOHKOTO BHYTPEHHETO CTpOe-
HUs 3epHA. VI3BECTHO, YTO YBEIHYECHHE CKOPOCTH OXJIAKICHUS JKUAKOHN (ha3sl
JI0 Hayala KPUCTALUIM3ALUK M CKOPOCTH CaMOTrO IPOIECCa KPHCTAJLUTU3AINU
CIOCOOCTBYET U3MENIBUYCHUIO BHYTPCHHETO 3epHA METa/lla 3a CUCT yMEHbIIIe-
HUSI TOJIIUHBI OTJCIbHBIX BETBEH NCHPHUTA M YBEIMUYCHUS YUCIIA ITHX BETBEH.
Ho, uro emie Ooyiee BaXKHO, BHICOKHE CKOPOCTH KPHCTAJUIM3AIUU TTO3BOJISIOT
MOJIy4YaTh MEPEeChIIEHHbIC TBEPIbIE PACTBOPHI C 3alpele/bHBIMU IT0Ka3aTelln
PacTBOPUMOCTH JICTUPYIOIIUX SJICMCHTOB.

W3BectHO, yro uHTepMeTauAbl cucteMbl Ni-Al, u B yacTHOCTH Ccoemu-
HeHUst NigAl m NiAl, SBISTIOTCS TOBOJBHO MEPCIEKTHBHON 0a3MCHOM OCHO-
BOH IS TPOU3BOJICTBA BBICOKOTEMIIEPATYPHBIX MATEPHATIOB OTBETCTBECHHBIX
M3JIeINi aBUAIIMOHHOM M KOCMHYECKOW TeXHUKH. BhICOKOE co/iepKaHue ajro-
MUHHS B UX COCTaBE MAaTEPHAJIOB MO3BOJISCT 3HAYUTEIIFHO CHIDKATh IJIOTHOCTD
Marepuaia, 4To Haubojee BaXHO MPHU OTPAHMUYCHUSIX Beca KOHCTPYKIHH, a
TaKXKe MOJIOKHUTEIHHO BIHSIET HA KAPOCTOMKOCTh U KOPPO3SHOHHYIO CTOHKOCTB
MarepuaioB npu TemmepaTtypax ceime 1000 °C. OgHako WHTEPMETAIIHIHBIC
coenunenust NiAl sBisieTcst ofHOW W3 CaMbIX BBICOKOTEMIEpaTypHbIX (a3 B
cucreme Ni-Al. Temmeparypa IiaBieHHsS CTEXHOMETPUUYECCKOTO COCAUHCHUS
cocranisier mopsaka 1620-1640 °C. B coOTBETCTBHH € OUarpaMMON COCTO-
stHusL. [IJIOTHOCTh CTEXHOMETPHUECKOTO COCIMHEHHS COCTaBisieT 5,86 rlem,
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4yTO0 B cpemHeM Ha 35 % HIKE IUIOTHOCTH COBPEMEHHBIX HUKENEBBIX CY-
nepcruiaBoB. TakuM o6pazoM, Martepraisl Ha ocHoBe coemuneHns NiAl o6ma-
JlaeT KpaliHe HHU3KOW IJIOTHOCTBIO M OJIHOBPEMEHHO BBICOKOW TeMIiepaTrype
IUIaBJICHUS, a TAKOKe BBICOKOH JKapOCTOMKOCTBIO, YTO [JEJTaeT €ro IOBOJBHO
MIepPCIIEKTHBHBIM B IIPOM3BOJICTBE JIIEMEHTOB arperaToB JIETHON TeXHHUKHU. [Ipu
IMPOU3BOACTBE IOPOIIKOB B BHUIC C(bepI/I‘IeCKI/IX YacTull B TNPOMBIIIIICHHBIX
MaciTadax MPUMEHSIIOTCSI METOIbI, OCHOBAHHBIC Ha TEXHOJIOTHSAX PACIIBUICHHUS
pacruiaBa. 3a py0eKoM pa3BHTa TEXHOJIOTHsI NOIYyYCHUsS] CHEPHUUECKUX TPaHy
METOJOM pACIBUICHHS CTPYHd paciylaBa  BBICOKOCKOPOCTHBIM — MOTOKOM
HWHEPTHOI'O rasa. I'maBHBIM HCOOCTATKOM 3TOI'0 METOAA SABJIACTCA 3axBaT
WHEPTHOTO Ta3a B IEHTP CepruecKor TpaHylbl, a Takke oOpazoBaHue OOJb-
IIOT0 KOJMYeCTBa HeC(PEPHUUECKUX YACTHI. ITO MPOMCXOAUT BCIEICTBHE TO-
ro, YTO CTpys paciuiaBa II0J] BO3ACHCTBHEM BBICOKOCKOPOCTHOTO I'a30BOTO
IIOTOKAa JpoOWTCS CHayana Ha IUIEHKM, a 3aTeM IUIEHKAa paciuiaBa IIOf
JICHCTBUEM CHJI TIOBEPXHOCTHOTO HATSDKCHHUS 3axJIOMbIBAaeTCs W Mpu  (op-
MHPOBAHUM KaIUId MPOMCXOAUT 3aXBaT HHEPTHOrO ra3a BHYTPb YaCTHIIBL.

Bbutn mpoBezieHb! McciieIoBaTeNIbCKie paboThl IO pa3paboTKe TeXHOJIOTUi
mosrydeHus: cepuyeckux rpaHyd (HOPOIIMHOK) METOJaMHU LEHTPOOESKHOTO
pa3OpbI3TUBAHUS 110 TEXHOJIOTHSM HCKIIOYAIOMINX 00pa3oBaHUs BOKPYT KpH-
CTAJUITM3YeMON TpaHyJdbl MapoBOil 00OJIOYKHM OT WCHAPEHHSA OXJIAXKIAroIei
cpenpl. B kauectBe Marepuana HccieloBaHWM ObUT  BBIOpaH — cIUIaB
CompoNiAI-M5  cucremsr  NiAl-Cr-Co-Hf ¢ cooTHoIeHHEM 3IEMEHTOB
Cr/Co=2. B pe3synsTaTe MpPOBEICHHBIX AKCIECPUMEHTOB OBUIM TIOJYYEHBI Ua-
CTHILBI IOPOIIKOB (TpaHylibl) ceprueckoil u Hechepuueckoit popmbl. OCHOB-
HOHN CTPYKTYpPHOH COCTaBJISIOLIEH BCEX I'PaHysl SBISIFOTCS JEHAPUTHBIE 3€pHA
NiAl. Pasmep pmeHapuTHBIX BeTBed KoseOnercs B mpeaenax 5-20 mxM. B
MEXICHAPUTHOM IIPOCTPAHCTBE KPHCTAJUIM3YeTCsS TBEPABIH pacTBOp Ha OC-
HOBe Xxpoma. ToJlMHa MPOCIOEK paccMaTpuBaeMOro TBEPAOrO PacTBOpa Ha
OoCHOBE xpoma cocrapiser nopsaka 1,0-2,0 MkM. YcTaHOBJICHO, YTO C POCTOM
CpenHero pasmepa rpaHyJbl HaOJIIOJAaeTCsl yBENMUYCHHE Pa3MEepOB ACHIPHTOB,
YTO OJIHO3HAYHO ONPENENSeTCs] ¢ MEHBIINM CKOPOCTSIMH OXJIAXKICHUS Oosee
KPYITHBIX YacTHIl B Hpolecce MX KpHcTauIm3anuu. Habmiomaercss NOBOJBHO
pasHOpOJHAsl CTPYKTypa BHYTPEHHEH M MOBEPXHOCTHOW 30H rpanyisl. [Ipen-
0JIaraeTcs, YTOo NEepPBOHAYAIIBLHO TIOBEPXHOCTHBIN CIION I'paHyl 3aTBEpACBal B
BUjie aMOP(MHON CTPYKTYpHI C BBICOKOH CKOPOCTh KPHUCTAIUIM3ALMM MOPSIKa
10° -10° °C, a mpu ocThiBaHMK pacrancs Ha (a3oBble cocTapisromme. I1opu-
CTOCTh TIOJIYYCHHBIX TPaHYI, ONPE/ICNICHHAs METAIOrpaMIecKuM METOIOM,
cocraBuna menee 0,12-0,15%. B pesynbTare NMpOBEACHUS HCIBITAHHA OBLIH
olpezeNieHbl  HauOojee ONTHMAaJbHBIC PEXHUMBl TEXHOJOTHH IIPOM3BOJCTBA
rpaHy.
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RESEARCH OF PROCESSESS OF PRODUCTION OF
POWDERS BASED ON NICKEL ALUMINIDE NiAl BY
CENTRIFUGAL PULVERIZATION WITH HIGH COOLING
SPEEDS

Nowadays the method of increase of resistance and exploitation characteris-
tics of modern constructive materials by alloyage has almost become exhaust-
ed. However, the constructors of modern aviation and space equipment impose
high requirements to modern constructive materials and their production tech-
nology. In view of this, the technologies of grain and powder metallurgy and
additive production occupy the leadership position in the production of high
quality materials with high resistance and exploitation characteristics. The key
point of solidification speed affect on structure and peculiarities of multi-
component alloys is not only creation of fine internal grain structure. It is
known that the increase of liquid phase cooling speed before the beginning of
solidification and the speed of the mere solidification process provides internal
metal grain crushing by means of decrease of thickness of separate dendrite
branches and the increase of their quantity. But what is more important, it’s
that high solidification speeds allow to produce oversaturated solid solutions
with superlimiting indicators of solubility of alloying elements.

It’s widely known that the intermetallics of system Ni-Al, specially the
compounds Ni3Al u NiAl, present rather a perspective primary base for high
temperature materials production for critical parts for aviation and space
equipment. High content of aluminum in their material allows to decrease con-
siderably the material density, what is more important taking into consideration
the construction weight limits. It also produces a positive impact on heat-
resistance and corrosivity-resistance at the temperatures over 1000 °C. Howev-
er intermetallic compound NiAl is one of the most high-temperature phases in
the Ni-Al system. The temperature of melting of stoichiometric compound is
about 1620-1640 °C. According to the state of diagram the density of stoichi-
ometric compound is 5,86 g/sm3, which is about 35% lower than the density
of modern nickel superalloys. In the view of this, the materials based on com-
pound NiAl has a super low density and at the same time a high melting tem-
perature and also a high heat-resistance, the fact of which makes the material a
rather perspective one in the production of equipment elements for aerotech-
nics. Methods, based on liquid alloy pulverization, are widely used during the
technological scale production of powders in the form of spheric particles. The
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technology of spheric grains production by the method of liquid alloy stream
pulverization by high speed stream of reactionless gas is quite popular abroad.
The main disadvantage of this method is the capture of reactionless gas in the
spheric grain center and also the production of high quantity of non-spheric
particles. It occurs as a consequence to the fact that the liquid alloy stream, un-
der a high speed gas stream, initially crushes into films and then the liquid alloy
film, under the effect of superficial tensions forces, slams, and while the drop
is forming, the reactionless gas is captured into the particle.

A scientific research aimed at elaboration of technologies of spheric grains
(powder grains) production has been carried out. The production was based on
the method of centrifugal pulverization according to technologies which ex-
clude the possibility of vapor film development around the solidified grain be-
cause of vaporization of cooling liquid. As material of research scientists have
choosen the alloy CompoNiAI-M5 of system NiAl-Cr-Co-Hf with the ratio of
elements Cr/Co=2. As a result of the experiment there were received powder
particles (grains) of spheric and non-spheric forms. The main structural compo-
nent of all grains are dendrite grains NiAl. The size of dendrite branches is be-
tween 5-20 mym. A solid solution based on chromium is solidificated in the
interdendritic space. The thickness of layers of considered solid chromium-
based solution is about 1,0-2,0 mym. The research showed that with the in-
crease of medium grain size is accompanied with the increase of dendrites size,
the fact of which is defined with less cooling speeds of bigger particles during
the process of their crystallization. The internal and external surfaces of grains
are rather dissimilar. It is supposed that initially the superficial layer solidified
as an amorphous structure with a high crystallization speed of about 105 -106
°C, and during its cooling it crushed into phasic components. The porosity of
received grains, defined by metallografic method, accounted for less than 0,12-
0,15%. The experiment demonstrated the most optimal regimes for grain pro-
duction technology.
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AHAJIN3 OCOBEHHOCTEW METOJIOB ITOJYYEHUSA
IHOPOIIKOB U T'PAHYJI U3 HUKEJIEBBIX CIIJIABOB C
TOYKHU 3PEHUA KAYECTBA U3I'OTABJIMBAEMOI'O
CbIPbs

B macrosmee BpeMss B MHPOBOW IPOMBIIIICHHOCTH HAOIIONACTCS ITOBHI-
IIEHHBII MHTEpPEeC K aKTUBHOMY Pa3BUTHIO METAUTypPTHHM T'DaHyJ HUKEJIEBBIX
CIUTaBOB ¥ ATUTHBHBIX TEXHOJOTHUH C IPUMEHEHHEM HHUKEJICBOTO CHIPbSL.

OpHo¥i n3 Hanbosee BayKHBIX MPOOJIEM MOPOIIKOBON METAJUTYPTUH HUKEIe-
BBIX CIIABOB, TEXHOJIOTHH aJJUTHBHOTO MTPOM3BOJCTBA U3CTHUIl U3 HUKEIEBBIX
CIUTaBOB SIBJISIETCS TIOJyYEHHE KadeCTBEHHOTO CHIPhS B BHAC MOPOIIMHOK WA
rpanyi. K mosyuaeMbIM 37€MEHTaM TPEABABISIOTCS TPEOOBAHUsSI, HE TOJBKO
CBSI3aHHBIC C YCTOMYMBOCTBHIO CTPYKTYPHI MaTepPHajIoB, TOHKOH MHUKPOCTPYKTY-
pbl, KaKk pe3ysbTaTta KPUCTaJUIM3AlMUd CO CBEPXBBICOKUM CKOPOCTSMH, OTCYT-
CTBHUIO BHYTPEHHEW NOPHCTOCTH, OTCYTCTBUIO BHEITHUX JE(EKTOB.

CyliecTByeT HECKOJIBKO METOJIOB MOJIyY€HHs IPaHyJsl MaTepuaJloB Ha HUKe-
JIeBOH ocHOBe. B MPUHOUIIC MOXKHO BBIACIUTL ABE I'PYIIIBI METOOOB: MEXaHU-
YecKoe pa3MelbueHHE M AWCIIEprHpoBaHMe pacmiaBa. OpHaKO MEXaHHYECKOoe
HU3MECJIBUYCHUC PA3JIMYHBIMHA crocobaMu 3apaHCC OTJIUTBIX MaTCpUAJIOB CBOIUT
Ha HeT Bce MpenMyIIecTBa ObBICTPON KpHCTAILTH3AINH paciuiaBa. Jucmeprupo-
BaHMe (pacIblJICHUE) pacljlaBa CTaHOBUTHCS CAMBIM MOMYJISIPHBIM METOJIOM
MOJTyYCHUSI MEJKMX W CPEeNHUX METAIUTMYECKHX IOPOIITKOB HHUKEIHCOACpKa-
mux MatepuanoB. KpoMe Toro, maHHBINH METOJ 00ECHEYMBAET BBICOKYIO CKO-
POCTH KPUCTAJUIN3ALUH YAaCTHII, TIPU STOM CKOPOCTh KPHCTALTU3AIIH 3aBUCUT
B BBEICOKOW CTETIEHH OT Pa3MepOB MOJIy4aeMbIX TpaHyd. TeXHOIOTHH AuCHep-
THPOBAHUS pAaCIUIaBa JOBOJIEHO pPa3HOOOpPa3HbI. YCIIOBHO MX MOXKHO pa3je-
JUTH Ha JABE OOJBIINE TPYIIIBI: METOIBI Ta30BOM aTOMH3AIMHA U METOMBI LICH-
TPOOEIKHOTO Pa3OPBI3rMBaHUsA. 3a PyOS)KOM pa3BUTa TEXHOJIOTHUS TOTYUCHHUS
cepuIecKnx TPaHyll METOJIOM PACHBUICHHS CTPYyH pacilaBa BBICOKOCKO-
POCTHBIM TOTOKOM MHEpPTHOTO ra3a (MeToj ra3oBoi arommuzaiuu). CriaBbl
Ha HUKEJIEBOW OCHOBE OOBIYHO AUCIEPTHPYIOT MOTOKOM aprona. I TaBHbEIM He-
JIOCTaTKOM 3TOTO METOJA SIBJISIETCS 3aXBaT MHEPTHOI'O Ias3a B LIEHTp chepuye-
CKOW TpaHyNbl. DTO MPOMCXOAUT BCIEACTBHE TOTO, YTO CTPYS paciuiaBa MO
BO3/ICHiCTBHEM  BBICOKOCKOPOCTHOTO T'a30BOTO MOTOKAa (aproHa) JIpoouTcs
CHayaja Ha IUIEHKM, a 3aTeM IUIEHKA paciulaBa IIOJ JEHMCTBUEM CHII IIO-
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BEPXHOCTHOTO HATSDKEHMsl 3aXJIONbIBACTCS W NPU (OPMUPOBAHWM  KarlIH
IPOUCXOAUT 3aXBaT MHEPTHOTO rasa BHYTpb 4acTHUBL. Ilo cytw nena gaHHoe
SIBJICHHE YBEJIMYMBAET MOPUCTOCTh MOJIy4aeMoro crlipbs. Kpome Toro, monocts
B LEHTPE IPaHyla MOXKET CIIY)KUTb KOHLEHTPATOPOM HAIPSKEHHS ITPH HKCILTY-
aTauu KoHeuHoro wuszenus. Croco® ucneprupoBaHUsl — paciljlaBa MOYKET
OBITH pean30BaH MO TPEM CXEMaM: PaCIbIICHUE OBICTPOBPAILAIOIIETOCS JNIEK-
Tpoja, pa3OpbI3TUBaHNE CTPYH paciulaBa BpaIarOIIUMCs AUCKOM, pa3OpbI3ru-
BaHME pacIliaBa 4yepe3 Bpalllaroluiicss neppopupoBaHHblii ctakaH. [Ipumenu-
TEJIFHO K IOCJEIHNM JIBYM CX€MaM PACIUIaBJICHHE METalIa HE0OX0JuMO Mpo-
W3BOJIUTH aBTOHOMHO, BHE 30HBI pa3OpbI3rMBaHUs, YTO HAKJIAJbIBACT OTIpeJie-
JICHHBIE OTPAHMYCHHS Ha paboTy ¢ TYromIaBKUMH Marepuaigamu. llpu
IJIa3MEHHOM paclbUICHUM MOIyYeHHE TpaHyd HUAET 3a CueT  IUIABJICHUS
BBICOKOHEPTeTUYECKONW TIa3MO BpAIAOUIErocss € OOJBIIOH CKOPOCTHIO
anekTpoa. [Ipu ria3MeHHOM IUIAaBJICHMH 3JIEKTpOJia BO3HHMKAeT mpoliiema ¢
CoJlepKaHUeM KHCIOpoJa B 3eKTpoie. 1I3BecTHO, UTO MOBBIIIEHHOE COMEpIKa-
HUE KHCIOPOJA OTPULATENBHO CKa3bIBAETCS HA IMPOYHOCTHBIX, KOPPO3HOH-
HBIX M KApOCTOMKHX XapaKTepUCTHKaX MaTepHalla IpaHysi HUKEIEBBbIX CIIIa-
BoB. KpoMe Toro, B momaBistfonieM OOJBIIMHCTBE CIIy4acB, NPH pealn3alnu
JTAHHOTO METOa, KaIUIM pacIulaBa MPEeoJ0JIEBAIOT JOBOJILHO OOJIBIIOE PaccTo-
SIHUE JI0 TIOBEPXHOCTH OXJIAXKJAIOIIEH *KUAKOCTH; (popMHpOBaHKE TpaHyIl MpPo-
UCXOJAUT MPAKTUUYECKH B BO3MYIIHON Cpefie, XapaKTEepU3YIOIEHCs MaIol Ten-
JIOTIPOBOIHOCTHIO. JlaHHBII (haKTOp CHUYKAET MHTEHCHBHOCTH OTBOJA TEIUIA OT
KPHUCTaJLIN3yeMOU YaCTHULIBI.

DTOro HejoCTaTKa JIMIICHBI TEXHOJIOTHH pa30phI3TMBaHUE paciliaBa uepes
Bpamaromuiics mepdoprupoBaHHbIii cTakaH. OIHAKO AAHHBIA METOJ[ TaKXKe
MMEET CBOM HEJOCTATKU NpH (OPMHUPOBAHUU I'paHyJ] HHKEIEBBIX CIUIaBOB. B
YaCTHOCTU MHHHMMAJIBHO BO3MOKHBI Pa3sMep TpaHyll OTPaHHUYEH pa3MepaMH
oTBepcTHi B IeppOpHUPOBaHHOM CTAaKaHE W pa3Mep Kariy Oyaer ropasn 60ib-
111e, YeM B Cllydae pa30pbI3ruBaHus OIUIABIISIEMOro AIEKTpoa. bl noBeaeHb
nccIe0BaTeNbCKUe PadOTHI, CBSI3aHHBIE C IOJyYeHHEM KauyeCTBEHHOTO CHIPhS
B BHJIE I'paHyJ U3 HHUKedeBbIX criaBoB DI1741HIT no texHomoruu neHTpoodex-
HOTO Pa3OpbI3THBaHKE. YCTaHOBICHO, YTO OCHOBHOW MPOOIIEMON TPH MOTyde-
Huu rpanyn u3 ciasa OII741HII sBnsercs co3gaHue MHEPTHOM Cpefbl mpu
MepenuBe paciuiaBa B ephOpUPOBaHHBIN CTakaH. B pe3ynprare MpoBEICHHBIX
UCCIIE0OBAaHUN 110 HOBOM TEXHOJIOTHH LEHTPU(YTroBaHUS OBUIM IHOJIydeHBl Ka-
YeCTBEHHBIC I'PaHyNbl cepruueckod M BBITAHYTOH (OPMBI B COOTHOILCHUH
35% na 65%. Juamerp rpanyn BappupoBaics ot 0, 5 1o 1 MM. Takum oGpa-
30M, OBIJIO OINpPEJENCHO O NMPUMEHMMOCTH HpeIIaracMoro Meroja Ajis Ipo-
MBILUIEHHOTO ITPOM3BOJCTBA IPAHy] U3 HUKEJIEBBIX CILUIABOB, B TOM YHUCIE U3
crutaBa OII741HIL.
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ANALYSIS OF PECULARITIES OF METHODS OF
PRODUCTION OF POWDERS AND GRAINS OF NICKEL
ALLOYS FROM VIEWPOINT OF PRODUCED PRIMARY

MATERIAL QUALITY

Nowadays in the world industry there is a high interest towards an active
development of metallurgy of nickel alloys grains and additive technologies
with the application of nickel primary material.

One of the key problems of powder metallurgy of nickel alloys, additive
production of items of nickel alloys is production of raw material in the form of
powder or grains of high quality. The produced elements are subject to re-
quirements, which are not only connected with the resistance of materials struc-
ture, fine microstructure as a result of solidification with ultrahigh speed, ab-
sence of internal porosity, absence of external defects.

There are several methods of production of grains on nickel basis. Generally
it’s possible to define two groups of methods: mechanical crushing and mi-
croatomization of liquid-alloy. However, mechanical crushing by different
methods of beforehand molded materials discounts all the advantages of high
speed solidification of liquid alloy. Microatomization (pulverization) of liquid
alloy becomes the most popular method of production of small- and medium-
sized metal powders of nickel containing materials. In addition to that, this
method provides a high speed of particles solidification, however the solidifica-
tion speed mostly depends on the sizes of produced grains. The technologies of
microatomization are rather diversified. Nominally, they can be divided into
two big groups: one of which is methods of gas atomization and the other —
methods of centrifugal pulverization. The technology of production of spheric
grains by the method of pulverization of liquid alloy stream by the stream of
reactionless gas (method of gas atomization) is quite popular abroad. Nickel
base alloys are usually atomized by the stream of argon. The main disadvantage
of this method is capturing of reactionless gas in the center of spheric grain. It
happens due to the fact that the stream of liquid alloy is crushed into films un-
der the effect of high speed gas stream (argon). Then the liquid alloy’s film
slams under the effect of superficial tensions forces and while the drop forming
reactionless gas is captured into the particle. In fact, this notion increases the
porosity of produced raw material. In addition to that, the vugg in the grain cen-
ter can serve as a concentrator of tension during the exploitation of final item.
The method of pulverization of liquid alloy may be carried out according to
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three schemes: atomization of rapidly rotating electrode, liquid alloy pulveriza-
tion with rotating disk, liquid alloy pulverization through rotating perforated
cup. According to the last two schemes metal molding should be carried out
independently, away from the pulverization zone. The matter of which imposes
certain limitations on the work with hard-melting materials. During plasma
pulverization the production of grains is carried out due to melting by high-
energy plasma of high speed rotating electrode. During plasma melting of elec-
trode there appears a problem of oxygen concentration in the electrode. It is
known that increased content of oxygen has a negative impact on strength, cor-
rosion and heat-resistance of the material of nickel alloys grains. However, in
most cases, while the realization of the current method, the drops of liquid alloy
overcome a rather big distance to the surface of cooling liquid; the grain form-
ing occurs almost in air environment which is characterized by low heat con-
duction. This factor decreases the intensity of heat withdrawal from the crystal-
lized particle.

This disadvantage is absent in the technology of pulverization through rotat-
ing perforated cup. However this method has its own inconveniences during
forming of nickel alloys grains. For example, the minimal size of grains is lim-
ited by the size of holes in the perforated cup and the drop size will be signifi-
cantly bigger than in the case of pulverization of the flashed-off electrode. A
scientific research connected with production of raw material in the form of
nickel alloys grains (EhP741NP) of high quality with the application of centrif-
ugal atomization technology showed that the main problem of grains produc-
tion is the creation of reactionless environment during the liquid alloy transfer
into the perforated cup. As a result of conducted research of spinning technolo-
gy there were received high-quality grains of spherical and outstretched form in
ratio of 35% by 65%. The diameter of grains differed from 0,5 to 1 mm.
Through this process the applicability of the current method for industrial usage
for nickel alloys grains production (as well as EnP741NP alloy) was defined as
appropriate.
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OCOBEHHOCTH DJEKTPOUMITYJIbCHOM
KOHCOJINJAIIMA ITOPOIIKOBBIX KOMITO3UIINIA U3
KAPBUJA T'A®PHUSA

Annomayusa. PaccMOTpeHB! 0COOEHHOCTH NPOEKTUPOBAHUS OCHACTKU U pe-
3yJIBTaThl AKCIEPUMEHTAIBHBIX HCCIEI0BAaHUM IMOJYYEHHBIX KOMIO3HLIUN U3
KapOuna radHus. BbIsSBIEHBI JMana3oHbl YAOBJIETBOPUTEIHHOTO MOIYyYECHUS
00pasLoB MpH JIEKTPOUMITYJIbCHOM BO3JCHCTBUM B COYETAHUHM CO CTaTHye-
CKUM M JUHAMUYECKUM Bo3aelcTBHEM. IIpoBeleH CpaBHUTENBHBIH MeTao-
rpadu4ecKuil aHaJIM3 MOJTYYSHHBIX COCANHEHU.

Heo0xoanmocTh 3KCIUTyaTalluy JIETATENBHBIX allapaToB IPH BBICOKHX
TeMIIepaTypax o0yciIaBIuBaeT pa3padOTKy TEXHOJIOTHH MOTYYSHHUS 3alIUTHBIX
MOKPBITHH € MOCIEAYIONMM MX HaHEeCEHHEM Ha oOmMBKY. B kadectBe Tyro-
TUTAaBKUX MOKPBITHH IMpeAaraoT KapOuasl THTaHa, TadHUs, HUTPUIBI IIHPKO-
HUSI U IPYT'He TOPOIIKOBBIE KOMIIO3UIIHH.

Hcnonp30BaHNe TpaJuIUOHHBIX METOAOB CIEKAHHS IOPOIIKOBBIX KOMIIO-
3WIUH U3 TYTOIJIABKUX KapOWIOB M HUTPHAOB OTPAHUYEHO B CBA3M C HEOOXO-
TUMOCTBIO TIPUMEHEHHUS 000pynoBaHus ¢ pabodelt Temmeparypoit Beime 1800
0C, a Tarxke HeOIaronpUATHEIMA H3MEHEHUSAMH CTPYKTYPHO-(Da30BOTO COCTOSI-
HUSI TOTyYEHHBIX 00pPa3IoB.

IlepcrieKTHBHO MPUMEHSTH UMITYJIbCHBIE METObI KOHCOJIMAAIMN HOPOIIKO-
BBIX MaTEpHaJOB, B YaCTHOCTH JJIEKTPOMMIIYJILCHOE CIIEKaHHE, KOTOPOE MO3-
BOJIACT JIOKAJIM30BaTh TCIUIOBBIJACIICHUC Ha I'PaHUIAX KOHTAKTUPYEMbBIX 4YaCTH-
YeK, COXPaHssi HCXOAHYIO CTPYKTYPY U (PH3UKO-XUMHUYECKHE CBOIMCTBA MOPOILI-
KOBOW KOMIIO3ULIUH.

B kauecTBe HCTOYHHKA OHCPIUU HUCIIOJB30BAIM T'CHEPATOP HUMITYJIbCHBIX
TOKOB DHEProeMKOCThI0 42k /[ 1 cOOCTBEHHOU yacToTo# paspsaa Toka 20kl .

Jlist peanuzanyy CTaTHYECKOTO JIABJICHUS HAa KOMITAaKTHPYEMBIH MOPOIIOK
Obuta pa3paboTaHa OCHACTKa, MPEACTABISIONas CO00 MEXaHMUECKUH Tpecc ¢
BUHTOBBIM IPH)KUMOM, IIO3BOJISIONIMM CO34aBaTh CTaTHMYECKOE YCHIIUE 0
30-xH.

JIyist CHYDKEHMSI IOPUCTOCTH KOMIIAKTHPYEMOTO TTOPOLIKa OBLIO MpeIoxKe-
HO TpPH HUMITYJbCHOM BO3JICHCTBHM MMITYJIbCa TOKAa HaKJaJbIBaTh AWHAMHYeE-
CKO€ BO3JICHCTBHE Ha AJIEKTPOJIBI-ITyaHCOHBI U KOMITAKTHPYEMBIH MOPOIIOK 32
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CYeT MHIYKIHOHHO-INHAMUYECKOTO IIPUBO/IA.

DKcnepyMeHTalIbHbIE WCCICIOBAaHMS MPOBOAMINCH Ha TMOPOIIKE KapOunua
raHusl, KOTOPBIM MOMEIIATN B KEPAMHYECKYIO0 TPYOKY W NPIKUMAIN C JIBYX
CTOPOH MOJIMO/ICHOBBIMH 3JIEKTpOJiaMu AuamerpoM 9,4mMM. BHyrpenHwmii nua-
METp 30HBI KOMITAaKTHPOBaHUs cocTaBisul 9,8mMm. TpyOky nomerany B merai-
JIMYECKYI0 000#MY, COCTOSIIIYIO U3 IBYX MOJIyMaTpPHUIL.

BeicoTa 3aceimku koMmaktiupyemoro mopoinka HfC cocramsma 3-4 mwm.,
pasmepsl rpanyn 10-90 MkM. Y aenbHOE CTaTHYECKOE JaBJICHUE IEKTPOJaMH —
IyaHCOHaMu cocTaBisuio 1,4-2,2 H/MZ, JMHAMHAYECKOE BO3JICHCTBUE COCTABJIIS-
JIO 110 10°H/M>.

B pesynbraTe 3KCIEpUMEHTAIBHBIX HCCIIEAOBAHUI OBUIN IOJIydEHBI YIO-
BJIETBOPHUTEIIBHBIEC IKCIIEpUMEHTaNbHBIC 00pa3ipl 3 HfC B anamazoune suepruit
5,8-12,3x /I, mmrtensHOCTH Tipotiecca 150-200Mmkce, Toke pa3psina 170-210kA.

JIist CHYDKEHHS OPUCTOCTH KOMIIAKTHPYEMOTO TTOPOIIKa OBUIO TpEIoKe-
HO TPH HMITYJbCHOM BO3JCHCTBHM HMITYJIbCa TOKA HAKJIaIbIBaTh AWHAMUYE-
CKO€ JIaBJICHHE Ha 3JIEKTPOABI-IIyaHCOHBI U KOMIIAKTHPYEMBbIH MOPOILOK.

WHIyKINOHHO-TMHAMUYECKUN MPUBOJ COCTOUT U3 IIOCKOTO MHIYKTOpA C
TOJIKATENIEM, MOCIIE0BATEIbHO MOJKIIOYEHHOTO C 3JIEKTPOAaMH-ITyaHCOHAMHU
U KOMITAaKTUPYEMBIM MTOPOIIKOM.

[Ipu nmutensHOCTH MMITYABCa TOKa 6osiee 300 MKC 1 Toke paspsia g0 70kA
KOMIAKTHPOBAHUE MOPOIIKOBON KOMIIO3WIIMM HE JAAJ0 IOJIOKHUTENIBHBIX pe-
3yNIbTaToOB. J{aBJIeHnEM MapoB KOMIIAKTHPYEMOTO MTOPOIIIKA BRIOPACHIBAIO €T0 B
3a30p MEXIy DJIEKTPOAOM-ITyaHCOHOM W BHYTpEHHeW paboueil MOBEpXHOCTBIO
KEepPaMHYECKOH TPYOKH.

IIpu ucnoabp30BaHUN MHAYKIIMOHHO-JUHAMUYECKOTO MPHUBOJA YAAJIOCh IO-
JYYUTh YJOBJICTBOPHUTEIbHBIC dKCIIEpUMEHTaNbHbIe 00pasibl u3 HfC B anama-
30He 3Heprui 5,8-12,3xJIx, mmurensHocTH mpouecca 100-200Mke, Toke paspsi-
na 100-180kA.

IIpoBeneHHBINT MUKPOCTPYKTYPHBIM aHAIU3 MOJIyYEHHBIX COEAUHEHHH IIO-
KasaJl, 4TO NMPUMEHEHHE KOPOTKOTO MMITYJIbCa B COYETAHWHU C JTUHAMHYECKUM
BO3/ICHICTBHE TO3BOJISIIOT IOJYYUTH O0Jiee MIIOTHYIO ITOKOBKY MOPOIIKOBOTO
Mmarepuana (mopucrocth cHmwkaercss Ha 10-30% B 3aBUCHMOCTH OT peKUMa
BO3/ICHCTBUS) 110 CPABHEHHIO CO CTATUYECKHM IPEABAPUTEIBLHBIM BO3JICHCTBH-
em. [Ipu 3TOM, B OOJBIIMHCTBE CITydaeB, pa3Mep 3¢peH B KOHCOJIHIUPOBAHHOM
MaTepualie COOTBETCTBYET pa3Mepy 3€pEH B HCXOIHOM IOPOIIIKE.

67



S.V. NESCOROMNIY, A. N. STROGANOQV, E.G. GRIGORIEV,
E.L. STRIZHAKOV
Don State Technical University, Rostov-on-Don, ISMAN, Russia
E-mail: nescoromniy@mail.ru

FEATURES OF ELECTRIC PULSE CONSOLIDATION OF
POWDER COMPOSITIONS FROM HAFNIUM CARBIDE

Abstract. The features of the tooling design and the results of experimental
studies of the obtained hafnium carbide compositions are considered. The rang-
es of satisfactory production of samples under electrical impulse action in com-
bination with static and dynamic action have been identified. Comparative
metallographic analysis of the obtained compounds was carried out.

The need to operate aircraft at high temperatures determines the develop-
ment of a technology for obtaining protective coatings with their subsequent
application to the skin. Titanium carbides, hafnium carbides, zirconium nitrides
and other powder compositions are offered as refractory coatings.

The use of traditional methods of sintering powder compositions of refrac-
tory carbides and nitrides is limited due to the need to use equipment with an
operating temperature above 1800°C, as well as unfavorable changes in the
structural-phase state of the samples obtained.

It is promising to use pulsed methods of consolidation of powder materials,
in particular, electric pulse sintering, which allows localizing heat release at the
boundaries of the particles in contact, while maintaining the original structure
and physicochemical properties of the powder composition.

A pulse current generator with an energy capacity of 42 kJ and a natural
discharge frequency of 20 kHz was used as an energy source.

To implement the static pressure on the powder to be compacted, a tooling
was developed, which is a mechanical press with a screw clamp, which allows
creating a static force of up to 30 kN.

To reduce the porosity of the compacted powder, it was proposed to apply a
dynamic effect on the punch electrodes and the compacted powder under the
pulsed action of a current pulse by means of an induction-dynamic drive.

Experimental studies were carried out on hafnium carbide powder, which
was placed in a ceramic tube and pressed on both sides with molybdenum elec-
trodes 9.4 mm in diameter. The inner diameter of the compacting zone was 9.8
mm. The tube was placed in a metal holder consisting of two semi-matrices.

The height of the filling of the compacted HfC powder was 3-4 mm, the
size of the granules was 10-90 pm. The specific static pressure of the electrodes
- punches was 1.4-2.2 N/m?, the dynamic effect was up to 10° N/m?.
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As a result of experimental studies, satisfactory experimental samples of
HfC were obtained in the energy range of 5.8-12.3 kJ, the duration of the pro-
cess is 150-200 us, and the discharge current is 170-210 kA.

To reduce the porosity of the compacted powder, it was proposed to apply
dynamic pressure to the punch electrodes and the compacted powder under the
pulsed action of a current pulse.

The induction-dynamic drive consists of a flat inductor with a pusher, con-
nected in series with punch electrodes and compacted powder.

With a current pulse duration of more than 300 ps and a discharge current
of up to 70 kA, the compaction of the powder composition did not give positive
results. The vapor pressure of the compacted powder threw it into the gap be-
tween the punch electrode and the inner working surface of the ceramic tube.

Using the induction-dynamic drive, it was possible to obtain satisfactory
experimental samples from HfC in the energy range of 5.8-12.3 kJ, the duration
of the process is 100-200 ps, and the discharge current is 100-180 KA.

The performed microstructural analysis of the obtained compounds showed
that the use of a short pulse in combination with a dynamic action makes it pos-
sible to obtain a denser forging of a powder material (the porosity decreases by
10-30% depending on the mode of action) in comparison with the static prelim-
inary action. Moreover, in most cases, the grain size in the consolidated materi-
al corresponds to the grain size in the original powder.
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HNPEUMYIIECTBA BBICOKOBOJbTHON KOHCOJUIAINN
IHOPOIIKOB TYI'OIIVMIABKUX MATEPUAJIOB

PaccMoTpeHbl OCHOBHBIE OCOOEHHOCTH BBICOKOBOJITHOM JIEKTPOUMITYIIBC-
HOW KoHcosmpaimu (BOK) mopoIKoBBIX TYromiaBKHX MarepuaioB U 00y-
CIIOBJICHHBIE MMM YHUKAJIbHBIE BO3MOXHOCTH MeTofa. [IpoaHanusmpoBaHBI
aneKkTpoTepmudeckue mnporeccel BOK Ha KoHTakTax Mexay dacTHUIAMU TIO-
pOIIKa U B MaKpoMacIiTabe Bcero KOHCOJIMAUPOBaHHOTO oOpa3ua. [IpuBeneHs
pe3ysIbTaThl PAacdyeTOB IWHAMUKHU 3aKpPBITHS (CXJIONBIBAHMS) MEKYaCTHUHBIX
HOp B KOHCOJIMAMPOBAHHOM Marepuaine. IIpencraBieHsl TEOPETHUECKHE U IKC-
HNEPUMEHTAJIbHBIE PE3yIbTaThl U3YYEHHs MPOLIECCa BBICOKOBONBTHOW KOHCOJIU-
Januy nopomkos. IIpuBeneHbl pe3ynbTaThl UCCIENOBAHMS MAaKpo- M MHUKPO-
CTPYKTYpPbl KOHCOIHAUPOBAHHBIX MATEPHANOB M UCIBITAHUN HAa PACTSLKEHHE.
HcnpiTanus Ha ckaTHe MOKa3ajIM, YTO BCE MCIBITAHHBIE CIIABBI 0€3 pa3pymie-
HUS BBIIEPKUBAIOT HANPSDKEHHE CXKAaTHA NPY KOMHATHOHM Temmeparype. Ilma-
CTHYHOCTH TSDKEJIOT0 BOJIb(PAMOBOTO CIUIaBa ABJIAETCS OJHOHM M3 3a/1ad HacTO-
SAIIET0 MCCIEIO0BAaHNSA. BBICOKOBONBTHAS KOHCOJIMIALMS CIIOCOOCTBYET COXpa-
HEHHIO UCXOJHON MEIKO3EPHUCTON CTPYKTYPHI U MMOYTH MOJHOMY OTCYTCTBHIO
HOPUCTOCTHU. [loJTydeHBI ONTHMAIIBHBIE PEKUMBI BBICOKOBOJILTHOM KOHCOJIH/A-
LUH MOPOLIKOBBIX OTHEYIMOPHBIX MaTEPHAJIOB 10 PE3yIbTaTaM HCIBITAHUNA KO-
POTKMX IMJIMHAPOB MO CXEME AWAMETPAIBHOTO CXATHS. DKCIEPUMEHTAIBHO
HCCIIEI0BaH MPOIECC BBICOKOBOIBTHOM KOHCONMUAAIIMN MOPOIIKa Kapoua rad-
HUs. YCTAHOBJIEH KPUTEPHil, ONPEICISIOIUN AUaNla30H TEXHOJIOTMUECKUX Ia-
paMeTpoB CO3IaHuUs IUIOTHBIX KOHCOJIMINPOBAHHBIX MaTepuaioB. Ilpeacrasie-
Ha MUKPOCTPYKTYpa KOHCOJIMIMPOBAHHOTO KapOuaa radHusl.
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ADVANTAGES HIGH VOLTAGE CONSOLIDATION
OF POWDERS REFRACTORY MATERIALS

The main features of high-voltage electropulse consolidation (H-VEC) of
powder refractory materials and the unique possibilities of the method caused
by them are considered. The electro-thermal processes in the H-VEC at the
contacts between the powder particles and in the macroscale of the whole con-
solidated sample are analyzed. The results of calculations of the dynamics of
closure (collapse) of interparticle pores in the consolidated material are pre-
sented.

The experimental results of high voltage consolidation powder refractory
materials are discussed and a theoretical analysis of the kinetics of compaction
of powder materials is made. The results of investigation of the macro- and mi-
crostructure of consolidated materials and the stress - strain testing are present-
ed. Compression testing showed that all tested alloys bear compressive stress at
room temperature without failure. The plasticity of the heavy tungsten alloy is
one of the objectives of the current research. The high-voltage consolidation
contributes to maintaining a initial fine-grained structure and almost total ab-
sence of porosity. The optimal modes of high voltage consolidation powder re-
fractory materials on the results of tests of short cylinders according to the Di-
ametric compression scheme were obtained.

The process of high-voltage electropulse consolidation of hafnium carbide
powder was experimentally studied. A criterion is established that defines the
range of technological parameters for creating dense consolidated materials.
The results of an experimental study of the microstructure of the obtained haf-
nium carbide are presented.
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HOJYYEHUE METOJIOM UCKPOBOI'O IIVIABMEHHOI'O
CIIEKAHUS IJIOTHOM KEPAMUKHU U3 IIOPOIIIKOB
HUTPUIA U KAPBNJIA KPEMHUA

MeTo1oM HCKPOBOTO (DIEKTPOUMITYJIBCHOTO) IJIa3MEHHOTO CIIEKaHUs U3
MTOPOIITKOB HUTPUIA U KapOuaa KpeMHHS B aTMocdepe a30Ta OBUIH MOJTYYCHBI
00pa3ibl KOMIIO3UITHOHHOTO MaTepHalia ¢ OTKPBITOH MOPUCTOCThIO 10 1 %.
Js moxydeHust 00pa3oB WCHOIB30BATH IIOPOIIKHA HUTPUIA KPEMHHUS C pas-
MmepoM uactuil 10 10 mxm u (400 — 700) HM 1 KapOuma KpeMHUS ¢ pa3MepoM
gactur 10 8 MkM u (300 — 600) aM. HaropasMepHbIE TOPOIIKHA HCIIOTH30BATH
JUISL TIOBBIILICHNS TFIOTHOCTH M CHYDKEHUSI IOPUCTOCTH TOJTydaeMbIX 00pa3IoB.
CMernieHne MopoIKoB MPON3BOAMIN B INIAHETAPHON MENBHUIIE C IPHIMEHEHH-
€M HM30IPOIMIIOBOTO crrpTa. OOpasibl pa3IMYHOTO COCTaBa B BHIE TAOJICTOK
nuameTpoM 20 MM U BBICOTOH OT 2 710 6 MM ObLIH MOJTYYEHBI IPU TeMIIepaType
cuexanusa 1800 °C, 1900 °C u 1940 °C.

C moMOIIBI0 PacTPOBOTO EKTPOHHOTO MHUKpockona (POM) ycTaHoBIEHO,
YTO YIUIOTHEHHE KePaMUKH IMPOUCXOIHUT 3a CUET 3allOHEHHs] HaHOpa3MepHBI-
MU YacTUIAMU MNoJocTeil (1mop), 00pasyomuxcess MEXy 4acTUI[aMU [TOPOIIKOB
HUTpHJA U KapOuJIa KpEeMHUsI MUKPOHHOTO pasmepa. [loBbllieHHe 101 HaHO-
Pa3MEepHBIX MOPOIIKOB TAKXKE MOBBIIIACT MIIOTHOCTh M CHHXKAET MMOPHCTOCTD JI0
1,1 %. Ha POM-u300paxeHusx noBepxHoCTel NUIM(OB U W3JIOMOB TOJIy4YEH-
HBIX 00pa3loB BUAHO, YTO YKPYITHEHHS MCXOJHBIX YaCTHII IIOPOIIKA HE TPOHC-
XOJMT. YCTaHOBJICHO, YTO MOBBINICHUE Temmeparypsl crekanus ¢ 1800 °C o
1900 °C mpu omHUX M TeX K€ CKUMAOIIEM JaBJICHUN W BPEMEHH BBLICPKKA
MI03BOJISIET MOJTYYHUTh O0JIee IIIOTHYIO KEPaMHUKY C 00Jiee BEICOKMMH MEXaHHU4e-
CKUMH XapakTepucTukamu. Hampumep, mpoyHocTs Ha U3rud s oOpasna, mo-
nydennoro npu 1800 °C, cocraBuser 116 MIla npu OTKpBITOH MOPHUCTOCTH
31,2 %, a mpu 1900 °C — 199 MIla u nopuctocteio 2,0 %. [lanbHeiimee mo-
BEIIIICHIE TEMITEpaTyphl criekanus 10 1940 °C nmpuBOIHT K yXYALICHUIO QHU3H-
KO-MEXaHWYECKUX CBOMCTB M YBEIMYCHUIO MOPHCTOCTH 00pa3ioB. Bo3moxHo,
3TO CBS3aHO C BRICOKOTEMITEPATYPHBIM Pa3I0KEHHEM HUTPHUIA KPEMHUS.
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PRODUCTION OF DENSE CERAMICS FROM POWDERS OF
SILICON NITRIDE AND CARBIDE USING A SPARK PLASMA
SINTERING TECHNIQUE

The samples of composites with the open porosity up to 1 % were produced
from powders of silicon nitride and carbide using the spark (electro-impulse)
plasma sintering technique (SPS) in the nitrogen atmosphere. The particles of
silicon nitride powder up to 10 um and (400-700) nm were used to produce the
samples. The particles of silicon carbide powder were up to 8 um and (300-
600) nm. Nanosized powders were used to increase density and to decrease po-
rosity in resulting samples. The powders were mixed in a planetary mill using
isopropyl alcohol. The samples of different compositions in the form of disks
with a diameter of 20 mm were obtained at sintering temperatures of 1800 °C,
1900 °C, and 1940 °C. Depending on the composition and sintering tempera-
ture, the disk thickness is from 2 to 6 mm.

Using a scanning electron microscope it was found that ceramics becomes
denser because of nanosized particles which fill cavities (holes) appearing be-
tween particles of powders of silicon nitride and carbide which were of a mi-
cron size. Increase of nanosized powder proportion also increases density and
reduces porosity up to 1,1 %. The pictures of grinding surfaces and fracture
samples taken from a scanning electron microscope show that original powder
particles do not increase size. There was determined that increasing sintering
temperature from 1800 °C to 1900 °C under the same compression pressure and
holding time allows to produce the denser ceramics with higher mechanical
properties. For example, resistance to bending was 116 MPa of a sample that
was produced at the temperature of 1800 °C and at the open porosity of 31,2 %,
but at the temperature of 1900 °C the resistance was 199 MPa at the porosity of
2,0 %. A further increasing sintering temperature to 1940 °C leads to physical
and mechanical properties decrease and increases porosity of the sample. Pos-
sibly this is due to the high-temperature dissociation of silicon nitride to silicon
and nitrogen.
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IJIAKUPOBAHUE PACILJIABOM IWJIVMHJIPUYECKNX
JTETAJIEX U3 OPOIIKOBOM KOMITIO3UIINH

AHHOTaHI/Iﬂ. I_IJ'IH MpUuaaHuAa U3JACITUAM U3 KOMIIO3UIITMOHHOI'O ITOPOMIIKOBOT'O
MaTepHaia HEOOXOIMMBIX AKCIUTyaTallHOHHBIX CBOMCTB (TPHUOOJIOTHYECKUX,
AHTUKOPPO3UOHHBIX, MPOYHOCTHBIX, U3HOCOCTOMKUX U JPYTUX) KCIOJIb3yeTCs
TEXHOJIOTHS TUIAKUPOBAHHA UX clioeM Tpedyemoro Meramia. Ocobast TpyIHOCTH
NIPU peasiM3aliy TEXHOJOTUH IJIaKWPOBAHUS TPEJCTABISETCS ISl IIHHAPU-
YECKUX KOHCTPYKIUU.

Jlist Tak¥MX W3JETMH aBTOPBI NPEUIaraloT HOBBIH CIOCO0O IUIAKUPOBAHUS —
NPUHYAUTEIbHAS MPOTHMTKA HAPYXXHOTO CJIOS H3JENHs pPacljaBoM MeTaa.
ITpn 3TOM pacruiaB 3amojHSET MOPHI HOPOIIKOBOW KOMIO3HIMHU IO TaBIICHH-
€M HMITYJIbCHOTO MarHUTHOTO TOJIS.

B crarbe mpuBeaeHa TEXHOJOTWYECKasl CXeMa INpeIIaraéMo TEXHOJIOTHH
TUIAKUPOBAHUSI M IIPUBENICHBI PE3yNIbTaThl MTOMCKOBBIX 3KCIIEPUMEHTOB, BKIIIO-
yas MeTaIorpaduaecKkuii aHanms.

Omnpenenena riryOMHa MPOHUKHOBEHHS TUIAKUPYIOIIET0 METAIIA B U3/EIINE
nus3 HOpOIHKOBOﬁ KOMITIO3HMIIUHU W e€ 3aBHCHUMOCTHb OT BEJIMUHHBI OHEPIrun BO3-
JIEWCTBHUSA MMITYJILCHOTO MarHWTHOTO TIOJIS Ha pacmias. [ TyOnHa MpOHNKHOBE-
HHUA COCTaBJIACT OT JACCATBIX ZlOJ'leﬁ J0 OEeJIbIX MUJDIMMETPOB P SHEPTUN BO3-
JleicTBus, He npeBbimaronieit 1 kx.

B 3akmodueHnn copMynupoBaHbl HANpPaBICHUS JATbHEHIINX CHCTEMHBIX
UCCIIEIOBaHHM.
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MELT CLADDING OF CYLINDRICAL PARTS MADE
FROM POWDER COMPOSITIONS

Abstract. To give products made of powder composition materials the nec-
essary operational properties (tribological, anticorrosive, strength, wear-
resistant, and others), the technology of cladding them with a layer of the re-
quired metal is used. When implementing the cladding technology, a particular
difficulty arises in the case of cylindrical structures

For such products, the authors propose a new method of cladding — forced
impregnation of the outer layer of the product with molten metal. In this case,
the melt fills the pores of the powder composition under the pressure of a
pulsed magnetic field.

The article presents the technological scheme of the proposed cladding
technology and results of exploration experiments, including metallographic
analysis.

The depth of penetration of the cladding metal into the product from the
powder composition and the dependence of this depth on the magnitude of the
energy of action of the pulsed magnetic field on the melt are determined. The
penetration depth is from tenths to several millimeters at an action energy not
exceeding 1 kJ.

In conclusion, the directions of further system research have been formula
ed.
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HOBBINIEHUE 3O®EKTUBHOCTU KOMITAKTUPOBAHU S
TABJIETOK JUOKCHUJIA YPAHA METOJIOM
BBICOKOTEMIIEPATYPHOT' O IIPECCOBAHMUA

[IpenBapuTensHOE YIDIOTHEHHE TOPOIITKOB AUOKCH/IA YpaHA B TAOIETKH SB-
JSIeTCS BaXKHOM CTaJuel IHKIIa MPOU3BOICTBA TabIEeTOK, B 3HAUUTEIHFHON CcTe-
MIEHH BJIFSIONIEH Ha KadecTBO MPOIYKTa, MOJyIaeMOTO B Pe3ylbTaTe Iocie-
IYIOUIETO criekaHusa. B paMmkax cTaHZapTHOW TEXHOJOTHH KOMIAKTHPOBAaHUE
MPOBOIUTCS TP KOMHATHOW TeMIepaType, YTO JaeT TeOMETPHUUYECKYIO IUIOT-
HOCTh TabneTok Ha ypoBHE ~ 50% OT TEOPETHYECKON IIIOTHOCTH TUOKCHIIA
ypaHa. DGGEKTHBHOCTh YIUIOTHEHHS MOJXKET OBITh PE3KO IOBBIIICHA, €CIIH
KOMHaKTI/IpOBaHI/Ie HpOBO[[I/ITCH HpI/I MOBBIINICHHBIX, HO OCTAOIIUXCSI HHUKC
Haydasia OBICTPOTO CIIEKaHUs, TeMIepaTyp. DKCIIEPUMEHTHI IO YIIJIOTHEHHIO T10-
pOIIKa THOKCHIA YpaHa MOKa3alld, 4TO MPHJIOKCHHUE AK€ OTHOCUTEIBHO HHU3-
kux BHenrHux fasiennii (20-40 MIla) npu temnepatypax Bsitre ~700°C mpu-
BOJIUT K PE3KOMY yBEIWYEHHIO 3P (EKTUBHOCTH YIUIOTHEHHs MaTepuana. D¢-
q)eKT CTAaHOBUTCA 60nee B]:Ipa)KeHH]:IM C yBeJ'lI/ILIeHI/IeM TeMHepaTypr, 4qToO 1noa-
pa3yMeBaeT 3alyCK HEKOEro YyBCTBUTEIBHOTO K TEMIIEpaType MEXaHH3Ma
YCKOPEHHOTO YIUToTHeHUs. Kak HaOMI0IeHHS ¢ TOMOIIBIO0 CKAHUPYIOIICH JJICK-
TPOHHOW MHKPOCKOIHH, TaK U MOJCIHPOBAHUE METOJOM MOJCKYISPHOH Tu-
HAMUKH YKa3bIBAIOT HA TO, YTO MEXaHW3M HOBHIIICHUS 3)(HEKTUBHOCTH YILUIOT-
HEHUsI TOPOINKA CBS3aH C aKTHBAIMCH IUIACTHYCCKOW aedopMariu, mpudeM
CKOpee BCETO B PEXKMME 3€PHOTPAHUTHOTO MTPOCKAITB3EIBAHHS.

76



V.A. BORODIN, AV. TENISHEV, D.P. SHORNIKOV
National Research Nuclear University MEPhI
(Moscow Engineering Physics Institute), Moscow, Russia
E-mail: vaborodin@mephi.ru

INCREASING THE EFFICIENCY OF URANIUM DIOXIDE
PELLET COMPACTION BY HIGH-TEMPERATURE
PRESSING

The primary compaction of uranium dioxide powders into pellets is an im-
portant stage of the pellet production cycle, which largely determines the quali-
ty of the resulting product after subsequent sintering. Within standard proce-
dures, the compaction is typically done at room temperature, leading to the ge-
ometric pellet density at the level of roughly 50% of the theoretical UO2 densi-
ty. The efficiency of compaction can be sharply increased when compaction is
carried out at elevated, but remaining below the onset of rapid sintering, tem-
peratures. Experiments on compaction of uranium dioxide powder have shown
that the application of even relatively low external pressures (20-40 MPa) at
temperatures above ~ 700 °C leads to substantial increase in the efficiency of
pellet densification. The effect becomes more pronounced with temperature in-
crease, implying the launching of a certain temperature sensitive accelerated
compaction mechanism. Both the scanning electron microscopy observations
and the molecular dynamics modelling indicate that the mechanism behind the
powder compaction efficiency increase is related to the activation of plastic
strain, most probably the grain boundary sliding.
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METACTABUJIBHBIE HEOPITAHUYECKHUE JUCIIEPCUN
KAK D®®PEKTUBHBIE CBA3YIOUIUE
JJIs1 KOMIIO3UIIMOHHBIX MATEPHUAJIOB

K cBs3yroniiM OTHOCAT cOCTaBBl, 00OJIagaromue CMadyuBaromell crocoOHO-
CTBIO, aJre3ueil U crocoOHbIE K CaMOIIPOU3BOJBHOI KOHICHCALMH IIPU HOP-
MaJIbHBIX YCJIOBHSIX WIIU ITPU U3MEHEHUH YCIOBHM.

CBS3KH MOTYT NPEACTABIIATH cO00Il KaK MCTHHHBIC PACTBOPBI, TaK M Yib-
TpaauCIepPCHBIE, UM KOJIOUIHBIE, CHCTEMBI — 30JIM, T'eJId Ha OCHOBE THApaTH-
POBaHHOTO KpeMHe3eMa, IIMHO3eMa, JKUAKOTO CTEKIa M T.II. 3aTBepIeBIIHE
CBSI3KU COCTABIISIIOT HENPEPHIBHBIE MaTPUIbI KOMIIO3UIIMOHHBIX MaTEepHAaJIOB.

Bounbioli WHTEpEC MOTYT MpPEACTaBIsTh KOMOWHHPOBAaHHBIE CBS3YIOIIUE,
IpH TepMOOOpabOTKEe KOTOPBIX 00pa3yIOTCs CIIOKHBIE OKCHUIHBIC COCANHEHHS,
oOnanaromme HaOOPOM HEHHBIX (PU3NKO-XMMHYECKHX W SKCIUTyaTallMOHHBIX
XapakTepucTuk. K HUM, B YaCTHOCTH, OTHOCSITCS pa3JIMYHbIC LIMTHHEIH H MYJI-
aut 3A1,05:2Si0,.

Hamu pa3paboTaHO MHKPOT€TEpOreHHOE MYJLIMTOOpa3yoliee CBA3YIOIIEe,
MOJIy9aeMO€ COBMECTHBIM OCAKACHHEM KapOaMUaOM T'HIpaTHPOBaHHBIX (Gopm
OKCHJIOB JIIOMHHHUSI U KpeMHHs. BbICOKasi MPOYHOCTh MOJYYEHHBIX MaTepHa-
JIOB CBS3aHAa C TIPUCYTCTBHEM akTHBHBIX KommoHeHToB AlO3znH,O wu
SiO;'mH,0 B cBs3yroeM, KOTOpEE B mpoliecce o0kura (GopMupyoTr (asy
MyJuuTa. MymumToBas MaTpuia GOpMHpYeTcs He TOJBKO Ha TPAHHMIIE 3€peH,
HO ¥ B MOPaX ¥ MHKPOTPEIIMHAX, YTO MPHIACT OOMBIIYIO CBI3aHHOCTD M MPOY-
HOCTB KOHIJIOMEpATy.

CunresnpoBansl OpycutamomodocdaTHas ¥ nuHKamomodocharHas CBs-
3yIOI[Me, KOTOpble ObUIM NMPUMEHEHBI JUIS MOJYYSHHUS! CIICUEHHBIX OKCHJIOB
MarHus ¥ IIMHKa COOTBETCTBEHHO. [Ipu 00XHUre MaTepHainoB, coAepKalIuX Ta-
KHE CBSI3KH, IPH BBICOKHX TEMIIEpaTypax CjieIyeT y4YHUTHIBaTh OOpa3oBaHHE
marHesuainpHoit MgAlL,O4 1 makoBoit mmuuenu ZnAl,O4, KoTOpBIE CIOCOOHBI
YAYYIIUTh XapaKTEePUCTUKH CIEUSHHBIX NPOAYKTOB. IloiyueHHbIe naHHBIC
CBHUJICTENBCTBYIOT O MOJOXKUTEIBHOM BIMAHUM IINuHenedl. B HambOombmen
CTETICHHU JIAaHHOE BO3JICHCTBHE IPOSIBIISIETCS IPH BEICOKUX TEMIIEpaTypax.

Takum o0pa3oM, MeTacTaOWIBHBIE CMEIIAHHBIE CBS3YIOIINE, KOTOpPBIE
(GOPMHPYIOT B MpoIecce BEICOKOTEMIIEPATYPHO 00pabOTKH paBHOMEPHO pac-
npe/ieNieHHbIe 0 00beMy KOMIIO3UTa J00aBKU IITMHENIN WM MYJUIMTA, MOKa-
3aJIM BEICOKYIO A(h(DEKTHBHOCTB.
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METASTABLE INORGANIC DISPERSIONS AS EFFECTIVE
BINDERS FOR COMPOSITE MATERIALS

Binders are compounds which have wetting ability, adhesion and capacity
for spontaneous condensation under normal conditions or under variable condi-
tions.

Binders are known to be both true solutions, and super dispersed or colloi-
dal systems such as sols, gels on the base of cucremsr hydrated silica, alumina,
liquid glass, etc. Hardened binders form continuous matrix of composite mate-
rials.

A question of great interest is the use of combined binders which form
complex oxide compounds under thermal treatment. Such compounds have a
set of important physicochemical and exploitation characteristics. Among them
there are different spinels and mullite 3Al,03-2Si0O,.

We elaborated a microheterogeneous mullite-forming binder obtained by
co-precipitation of alumina and silica hydrated forms with urea. High strength
of obtained materials relates to the presence of active components Al,Os-nH,O
u SiO,'mH,0 in the binder which form mullite phase during burning. Mullite
matrix come into being not only on the grain boundary but also in pores and
microcracks. It provides the more cohesiveness and strength of a conglomerate.

Brucite-alumina-phosphate (BAPhB) and zinc-alumina-phosphate (ZAPhB)
were synthesized. They were used for the obtaining of sintered magnesium ox-
ide (periclase) and zinc oxide, respectively.

During burning of materials containing such binders under high tempera-
tures it should be taken into consideration spinels formation, particularly mag-
nesia spinel MgAl,O, and zinc spinel (gahnite) ZnAl,O,4, which are able to im-
prove characteristics of sintered products.

Obtained results confirmed the positive influence of spinels in the composi-
tion of composite materials. The most effect became apparent under high tem-
peratures.

So, metastable mixed binders which form additives (spinels. mullite) uni-
formly distributed by volume during high-temperature treatment have high ef-
fectiveness.
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3AKOHOMEPHOCTU UBMEHEHUSA CTPYKTYPbI
U CBOMICTB CPEJJHEMAPI' AHIIEBBIX CILIABOB Mn-Cu
NP ECTECTBEHHOM CTAPEHUU

CpennemapranueBsie crutaBbl cucteMbl MN-CU mocite 3akalikil U cTapeHust
MIpU TeMIIepaTypax pacclioeHHs MeTacTabMIBHOTo TBepmoro pacteopa 200 —
600 °C 00anarT 10CTATOUHO BHICOKMM YPOBHEM IUCCHIIATHBHBIX CBOMCTB U
OTHOCATCA K IeMIIpUpyomuM MatepranaM. I1o cpaBHEHHIO ¢ BEICOKOAEMII(H-
PYIOIIMMH BBICOKOMApTaHIEBBIMH MaTepHallaMy, CIUIaBbl ¢ cofepkanneM Mn
10 50 monb.% oONamaroT psIOM IIPEUMYIIECTB: OHHM 0OJIee TEXHOJOTHYHBL,
UMEIOT TIOHWXEHHYIO CKJIOHHOCTb K JIMKBAllUU U 00Jiee BBICOKYIO TEXHOJIOTH-
YECKYI0 1e(hOpMUPYEeMOCTb.

ITocne 3akanku cpegHEMapraHIEBbIE CIUIABBI XapaKTEPHU3YIOTCSI CTPYKTY-
poii meractadbunsHoro I'LIK TBepaoro pacTBopa, B KOTOPOM TOJIBKO IOCIIE CTa-
penus npu 400 — 600 °C B pesyinbrare MapTEHCUTHOTO MpeBpanieHus GopMu-
pyercsl TeTparoHallbHasl CTPYKTYypa C JIETKOIOIBMKHBIMU T'PAaHULIAMU JIBOMHU-
KOB. MacmTa61)1 Pa3BUTUA MAPTCHCUTHOI'O MPEBPAILLICHUA 3aBUCAT OT CTCICHU
crabmwisnoctu 'K TBep0ro pactBopa.

Lenbio naHHOM pabOTHI SBIISIETCS MCCIIEAOBAHUE N3MEHEHUS CTPYKTYPHI U
CBOIICTB 3aKaJ€HHOrO CpeJHeMapraHueBoro cmiaBa 36Mn64Cu npu ecre-
CTBEHHOM CTapeHUH B 00JIaCTH KIIMMAaTHYECKUX TEMIEparTyp.

3akanky cIiaBa IpOBOJUIN OT Temmeparypsl 830 oc, CTapeHue — IpU TEM-
neparypax -5 °C, 20 °C, + 40 °C B Teuenue Bpemenu 10 25 mec. CTpyKTypy 1
(ha30BBIl COCTAB M3ydaad METOJaMH METaJuIOrpaduu U PeHTI€HOCTPYKTYPHO-
ro aHanm3a. V3MeHeHHe MEXaHMYECKUX CBOMCTB OLIEHMBAIN C NPUMEHEHHEM
JIFOPOMETPHUYECKOTO aHaIHW3a. B KauecTBe Mepbl M3MEHEHHS CBOMCTB MOCIE
BBUICKMBAHUSI TPHHUMAIA OTHOCHTEIBHOE W3MEHEHHE MHKPOTBEPAOCTH
AHV/HV.

ITo naHHBIM MeTayulOrpaMyYEecKOro aHajii3a MHUKPOCTPYKTypa CcIulaBa
36Mn64Cu, chopMupoBaHHas 1TOCIIE 3aKaIKH, HE H3MEHSIETCS B TEUCHHUE BCETO
BpPEMEHHM CTapeHUs. JlaHHbIE PEHTI€HOCTPYKTYPHOTO aHain3a Takke He oOHa-
PYXWIH N3MEHEHHs! (pa30BOT0O COCTaBa U MapaMeTpa PeleTKH y-TBEpIOoro pac-
TBOpa. IlpucyrcTBue TerparoHanbsHON (a3el He oOHapyxeHo. Bmecre ¢ Tem,
YCTaHOBJICHO, YTO Ha IEPBLIX 3TallaX BbUICKUBAHUA CTATUCTUYCCKU 3HAYUMO
BO3pacTaeT pazmep 001acTell KOrepeHTHOTO PAcCesiHUS M BEJIMUMHA MUKPOHA-
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Hpﬂ)KeHHfI, YTO CBS3aHO C IIOSBJICHUEM KOHLIeHTpaLII/IOHHI)IX HCO[[HOpOIlHO-
CTEH.

B mpouiecce ectecTBEHHOTO CTapeHUs] MUKPOTBEPJOCTh 3aKaJlEHHOTO CILia-
Ba MOHOTOHHO TMOBBIIAETCS O MPEAEIHHOr0 3HAYEHUS, BEJIMYUHA KOTOPOTO
YBEIIUYHUBACTCSI C POCTOM TeMImeparypsl crapenus (puc.l). O0paboTKy pe3yiib-
TaTOB U3MEPEHUSI MUKPOTBEPJOCTU MPOBOJMIM C HCIOJIb30BAHUEM YPABHEHHUSI

AHV / HV
Aspamu B popmye ——— — =1—exp(—(kt)") , rne « =1, exp(—E/KkT) -
p dop (BHV V) p(—(kt)") o &Xp( )
KAHETHIECKHUH KO3 PUIMEHT, E — SHEPTUs aKTHBAIIMH TIPOIIEcca pacmaia Me-

TacTaOMIBHOTO TBEPJAOTO PacTBOPA, N — OKa3aTelb CTEIIEHH ABPaMH.
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C ncronb30BaHMEeM CTAaHJIAPTHBIX METOJIOB 0OPAOOTKH 110 Pe3yabTaTaM H3-
MepeHHs 3aBHCHMOCTEH MUKPOTBEPIOCTH OT BpEeMEHHM cTtapeHus (puc. 1) moiy-
YUJIM 3HAYCHMs KOI(PPUIMEHTOB ypaBHeHUst ABpamu N u k. [ljist Bcex Temre-
paryp crapeHHs: BeIMYMHA TT0Ka3aTens N MPakTHYeCKH OJMHAKOBA M COCTaBIIsI-
ern ~ 0,25, 4TO COOTBETCTBYET Clly4ar0 0Opa3oBaHMsl HOBOIl (a3bl B 00Obeme
MCXOJIHOM M0 MeXaHNW3My 0€33apo/BIIIEBOTO pacnaga. ITH pe3ylbTaThl B COUe-
TaHUU C HaONIOZaeMBIM POCTOM MUKPOHANPSDKEHUI IMOKa3bIBAIOT, YTO IpH
CTapeHUH MPOUCXOAAT NU(PQY3HOHHBIE MPOLECCHI, CBSI3aHHBIE C CAaMONPOU3-
BOJIBHBIM PacrajoM TBeploro pacteopa. [Ipomecc pacnana MAeT MO CIIMHO-
JTATIbHOMY MEXaHHU3MYy, He TpeOyromeMy (GOpMUPOBAHUS 3apO/IbIIIIA.

Ha puc. 2 nokazaHa 3aBUCHMOCTh KHHETHYECKOTr0 Ko3(p¢HIMEeHTa K OT
TeMIIepaTypsl cTapeHus. PaccuntaHHoe 3HaYe€HHE SHEPrHy aKTUBALMK IpoLiec-
ca cocraBmoE~ 34 + 7 xJ[/M0J1b, 9TO ONM3KO K 3HAUEHUSIM SHEPTUH aKTHBa-
[IMM YCKOpEeHHO anddy3nu Mapranna B MapraHel-MeIHbIX CIIaBax.

[Toy4eHHBIe pe3yNbTAaTHl MTO3BOJIMIN 3aKIIOYNATh, YTO U3MEHEHHE MHKpPO-
TBEPJOCTH 3aKaJleHHOTO ciiaBa 36Mn64Cu nmpu BBUIS)KHBAHWH B JUAMAa30HE
KIMMaTHYECKUX TEMIIepaTyp O0OYCIOBIECHO Pa3BUTHEM CIHMHOJAIBHOTO pacia-
Jla Y-TBEpAOTO PacTBOpa.
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REGULARITIES OF STRUCTURE CHANGE
AND PROPERTIES OF MEDIUMMANGANESE
Mn-Cu ALLOYS DURING NATURAL AGEING

Medium manganese Mn-Cu alloys have a sufficiently high level of damping
properties after quenching and ageing at temperatures 200 - 600 °C which are
the temperatures of separation of a metastable solid solution. Compared with
high-damping materialswith high manganese content, the alloys with an Mn
content of up to 50 mol.% have some advantages: they are more technological,
have a reduced tendency to segregation and higher technological deformability.

The medium manganese alloys after quenching characterised by the struc-
ture of a metastable fcc solid solution, where a tetragonal structure with readily
mobile twin boundaries forms after ageing at 400 - 600 °C as a result of mar-
tensitic transformation.The scale of the development of martensitic transfor-
mation depends on the degree of stability of the fcc solid solution.

This work aims to study changes in the structure and properties of the
guenched medium manganese alloy 36Mn64Cu during natural ageing in the
range of climatic temperatures.

The alloy was quenched from a temperature of 830 ° C, ageing - at tempera-
tures of -5 °C, 20 °C, 40 °C for up to 25 months. The structure and phase com-
position studied by metallography and X-ray structural analysis. The change in
mechanical properties assessed using durometric analysis. The relative differ-
ences in microhardness AHV/HV was taken as a measure of the change in
properties after ageing.

According to the data of metallographic analysis, the microstructure of the
36Mn64Cu alloy formed after quenching does not change during the entire age-
ing time. The X-ray structural analysis data also did not reveal changes in the
phase composition and lattice parameter of the y-solid solution. No tetragonal
phase was found.At the same time, we found that at the first stages of ageing,
the size of the coherent scattering regions increases statistically significant and
the magnitude of microstresses increases, which is associated with the appear-
ance of concentration inhomogeneities.

Microhardness measurements showed that the hardness increases during
ageing to a limiting value, which growth with increasing ageing temperature
(Fig. 1). The analysis of the results of the microhardnessmeasuring was carried
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out using the Avrami equation in the formuzl—exp(—(mt)”),
(AHV / RHV), .,
where k =k, exp(—E/KT) is the kinetic coefficient, E is the activation energy

of the decay process of a metastable solid solution, n is the Avrami exponent.
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Using standard processing methods, according to the results of measuring
the dependences of microhardness on the ageing time (Fig. 1), we obtained the
values of the Avrami equation coefficientsn and k. For all temperatures of age-
ing, the value of the exponent n is practically the same. It is n= 0,25, which
corresponds to the case of the bulk growth of a new phase in the volume of the
initial one, i.e. the decay without nucleation of the new phase centers. These
results, in combination with the observed growthofmicrostresses, show that dif-
fusion processes occurredduring ageing, associated with the spontaneous de-
composition of the solid solution. The decay process follows the spinodal
mechanism, which does not require the formation of a new phase nuclei.

In fig. 2 shows the dependence of the kinetic coefficient « on the ageing
temperature. The calculated value of the activation energy of the process was E
= 34 + 7 kJ/mol, which is close to the activation energy for accelerated diffu-
sion of manganese in manganese-copper alloys.

The results obtained allowed us to conclude that the change in the micro-
hardness of the quenched 36Mn64Cu alloy upon ageing in the range of climatic
temperatures is due to the development of spinodal decomposition of the vy-
solid solutionwithout passage to the next stage - the martensitic transformation.
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O MHOT'O- M TUTAIIMKJIOBOM YCTAJIOCTH METAJLJIOB
N CIIVIABOB ITP1 OTHOOCHOM HAI'PYKEHUH

[Mpobneme oGecrieueHnst Ge30MacHON IKCIITyaTallMM KOHCTPYKIMH € JUIH-
TEJIbHBIMH CPOKaMH CIIYXOBbI TIOCBSILIEHO OOLIMPHOE KOJIMYECTBO MyOJIMKaMi
nocnenaux jet [1-3]. B 3apyOekHbIX paboTax MOCTPOCHUE KPUBOM YCTAIOCTH
B MHOTO- ¥ THTallMKJIOBOH OOJNACTSAX NMPH CUMMETPUYHOM OJTHOOCHOM Harpy-
JKCHHH OCHOBBIBACTCs Ha Momenu X. Myrpabu [2] ¢ BblaeieHHeM IBYX Mexa-
HU3MOB 3apOXKJICHUS! YCTAJIOCTHOTO Pa3pyLICHHs: OT 04aroB MHKpOpaspylle-
HUsI Ha TIOBEPXHOCTH 00paslia ¢ 00pa3oBaHMEM YCTOMUMBBIX I0JIOC CKOJIbXKeE-
HUSI M OT TEOMETPUIECKIX KOHIIEHTPATOPOB CTPYKTYPHI B 00beMe Tema ¢ Gop-
MHPOBAHHEM OONACTH MEIKOTPaHYIHPOBAHHON CTPYKTYPHI «pbIOHil riias»). B
[1] paccmatpuBaercst GudypKalMOHHAS KpUBas YCTAIOCTH C HalIWYHeM 00a-
CTH, B KOTOPOH 3TH MEXaHM3MBI PEAIU3YIOTCS C pa3HON BEPOATHOCTHIO, BO3-
MOXEH Pa3pbIB KPUBOH YCTAIIOCTH M HECKOJIBKO IMPE/IEIIOB BBIHOCIMBOCTH. Pa3-
JIMYHbIE BETBU KPHMBOM ONMCBHIBAIOTCS PA3IMYHBIMH CTEHEHHBIMH 3aBHCHUMO-
CTAMU npeneanoi?I AMIUIATYAbI HAIPSHKCHUA OT YHCJIa TUKIIOB. AHanu3 3KcIe-
PUMEHTAIBHBIX UCCIIEI0BAHUH MHOTO- M TUTAIIMKIOBON YCTAIOCTH CTaleH, HU-
KEJICBbBIX, QAJIOMHWHHUEBBLIX W TUTAHOBBLIX CINUIABOB IIPU PA3JIMYHBIX YaCTOTax
Harpyxenust [3,4] mo3BoJSIET cAenaTh BBIBOM, YTO JIsl MATEPHAIIOB, YCTAIOCT-
HBIE CBOHCTBA KOTOPBIX 3aBUCST OT YAacTOTHI, 3TH AUArPaMMBbl NPEJCTaBIISIOT
pa3HbIC 3aBHCUMOCTH TPEICTbHON aMIUTUTYIbl Kak (YHKIHU IBYX IEPEMCH-
HBIX: YHCJIa [IMKJIOB U YacTOTHl HAarpyXeHus (M TeMIeparypsl Kak TpeThe Ie-
PEMEHHOM), a UIMEHHO: B 00JIaCTH MHOTOIMKJIOBOH YCTaJIOCTH — C OJTHOH, KaK
MIPaBUJIO JI03BYKOBOI 4acTOTOM, B 00JACTH TMTalMKIOBOIM yCTAaJIOCTH — C JIpy-
I'OM, YJIBTPa3BYKOBOM 4acToToi. IIpu 3TOM M mepBhIil MEXaHU3M BSI3KOIO pas-
PYIIEHHS, ¥ BTOPOI — XPYNKOTO Pa3pyIlIeHHUs, UMEIOT MECTO TPH HArPYKEHUH
¢ mo00ii 4acTOTOH B 3aBUCUMOCTH OT YHCIIa IIMKIOB. B o0OnacTu orpannueHHoOM
BBIHOCIIMBOCTH HCCIICHOBAHHBIX IUIACTHYHBIX MaTepuanoB [1-3] mexanusm
BSI3KOTO paspylueHus Obu1 onpenessitomuM. s HukeneBoro crutasa O1437b
[4] u maprercuTHO-XpOMHCTOM cTau [3], yCTaaOCTHBIE CBOMCTBA KOTOPHIX HE
3aBUCST OT YacTOTHI, 10 TEOPUH YCTATOCTHOIO MAclITaOHO-CTPYKTYPHOTO pa3-
pymienust [5,6] mocTpoeHbl 061aCTH Pa3BUTHsI XPYIKOTO MHKPO-, ME30- M MakK-
POpa3pyIICHNsI U KPUBasi YCTAJIOCTH 110 00pa30BaHNIO MaKpOTpPEIIHNHbI-THIEpa,
MOJIyYSHO YIOBJIETBOPUTEIHLHOE COOTBETCTBUE ONBITHBIM AaHHBIM. Eciu mpe-
JENBHBIE COCTOSIHUS Ae(EKTOB Pa3IMYHBIX YPOBHEH [5,6] 3aBHCAT OT YacTOTHI,
HarpuMep, Kak ISl MHOTHX THUTaHOBBIX CIUIAaBOB, 0a30BBIE XapaKTEPUCTHUKU
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ON MULTI- AND HYGACYCLE FATIGUE OF METALS AND
ALLOYS AT AXIAL LOADING

A large number of works in recent years [1-3] are devoted to the problem of
safety operation of structures with long service life. In the foreign works the
theoretical multi- and gigacycle fatigue curve at symmetric uniaxial loading is
based on the H. Mughrabi’s model [2] with the identification of two mecha-
nisms of fatigue initiation: from microfailure on the sample surface with for-
mation of stable slip bands and from the structure geometric concentrators in
the body volume with the formation of fine-grained structure area "fish eye". In
[1] there is considered the bifurcation fatigue curve with the area in which these
mechanisms are realized with different probabilities, it is considered possible a
fatigue curve break. Fatigue curve branches are described by different power
functions of the failure amplitude and the cycle number. Analysis of experi-
mental studies of high- and gigacycle fatigue of steels, nickel, aluminum and
titanium alloys at different loading frequencies allows us to conclude that for
materials whose the fatigue properties depend on frequency, these diagrams
present different curves of the failure amplitude as a function of two variables:
the number of cycles and the loading frequency (also the temperature as a third
variable), namely, in the area of high-cycle fatigue - with one, as a rule, sonic
frequency, in the area of gigacycle fatigue - with another, as a rule, ultrasonic
frequency. In this case, both, namely, the first mechanism of viscous fracture,
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and the second of the brittle failure take place at loading with any frequency,
depending on the number of cycles. In the area of endurance of the investigated
ductile materials [1-3], the viscous mechanism was basic. For the nickel alloy
EI437B [4] and martensitic-chromium steel [3], whose fatigue properties don’t
depend on the frequency, according to the theory of scale structural fatigue
[5,6], the areas of brittle micro-, meso- and macrofailure and fatigue curve on a
leader macrocrack are determined, which satisfactorily agrees with the experi-
mental data. If the failure of various level defects depends on frequency, for
example, as for titanium alloys, the model basic characteristics [5,6] should be
considered as a function of the frequency.

1. Shanyavsky A.A., Soldatenkov A.P. Scale levels of the fatigue limit of metals //
Physical Mesomechanics. 2019. No. 22 (1). p.44-53.

2. Mughrabi, H. On ’multi-stage’ fatigue life diagrams and the relevant life-
controlling mechanisms in ultrahigh-cycle fatigue // Fat. Fract. Eng. Mater. Sruct. 2002.
Ne 25. p. 755-764.

3. Christ H. J.(Ed.) Fatigue of Materials at Very High Numbers of Loading Cycles.
Springer: 2018. 627 p.

4. Reports of the 2nd and 3rd All-Union Seminars "Strength of materials and struc-
tural elements at sound and ultrasonic loading frequencies”, Kiev "Naukova Dumka".
1980.524 p., 1983.348 p.

5. Zavoychinskaya, E.B. On the structural change theory of metal fatigue at complex
stress state // Moscow University Mechanics Bulletin. (United States: Allerton Press
Inc.). 2019. Ne 74 (2). p.36-40.

6. Zavoychinskaya E.B. On the Theory of Scale Structural Fatigue of Metals at the
Proportional Loading/ Journal of Physics. 2020. v. 1431. 012024-012032.
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CTPYKTYPA U CBOMCTBA CILIABA Hf-C-N
MOJYYEHHOTO METO/IOM MATHETPOHHOTI'O
OCAJKIEHMS

CrutaBel Ha ocHOoBe HuKenuaa tutaHa (NiTi), 3a cueT yHMKaIbHOTO KOM-
IUIeKkca (PU3MKO-MEXaHHUECKUX CBOMCTB —CBEPXIIACTHYHOCTB, COOIIOCHHE
3aKoHa 3amas/piBanus, 3QdexT naMsaT GOpMbl, U .., JOCTATOYHO IIHUPOKO
UCTIOJIB3YETCS. B PA3NIMUHBIX OOJIACTSAX HYENOBEUECKOH JEATENbHOCTH, B TOM
yucie u meauiune [1].

OpHako, BBICOKasi TOKCHYHOCTh M KaHLEPOT€HHOCTb HHUKENS, BXOIIIETO B
cocTaB cIulaBoB ¢ 3ddexTom namsaTH GopMbl, co3TaeT BEpOSITHOCTb HEraTHB-
HOTO BO3JEHCTBUSI MaTepuala Ha 4elloBedeckuil opranusMm. Ilomumo storo,
HaxoJSICh B TMIOCTOSSHHOM KOHTAKTE C OMOJIOTHYECKOH XKUAKOCTBIO, KOTOPAst SB-
JsieTcsl Ul JaHHBIX CIUIaBOB arpecCHBHOW Cpeiod, Ha MOBEPXHOCTH H3JIEIHH
W3 HUKEIHWIA THTaHAa MPOTEKAIOT KOPPO3MOHHBIE MPOLECCHL. JTO CIOCOOHO
NIPUBECTH K U3MEHEHHIO XMMUYECKOTO COCTaBa MOBEPXHOCTH, Jerpafganuu Qu-
3MKO-MEXaHNYECKUX XapaKTEPUCTUK W HApPYIICHHUIO (YHKIMOHATBHOCTH U3e-
. TlepcrieKTHBHBIM METOIOM PEIICHHS 3TOH MpOOJIEMBI SIBISIETCSI CHHTE3H-
pOBaHHE KOPPO3HMOHHOCTOMKMX METAJITMUECKUX U KepaMUYECKUX TIOKPBITUI Ha
nmosepxHocth m3nenuit w3 NiTi. Hambomee appexTHBHBIM criocoOoM co3maHus
MOJOOHBIX KOMIIO3UTOB, C Y4€TOM COXPaHEHUs TPEOYEMBbIX IKCILTyaTallMOHHbIX
XapaKTEPUCTHUK, SIBIISIETCS] TEXHOIOTHSI MATHETPOHHOTO PACTIBIIICHUS.

B nanHOl paboTe MpoBEICHBI HCCIEOBAaHUS CTPYKTYPhI M CBOWCTB CIia-
BoB Hf-C-N cHHTe3MpOBaHHBIX METOJJOM MarHETPOHHOTO OCAXKACHUSL.

ITo pe3ynbraTam 3J1€KTPOHHO-MHUKPOCKOTIMYECKUX HCCIIEIOBAHUH yCTaHOB-
JICHO YTO TOKPBITHS TPEICTABISIOT COOOW MENKO3EPHHUCTYIO CTPYKTYpPY CO
cpeaHuM pazmepoM 3epHa oT 30 1o 40 HM M UMEIOT PaBHOMEPHYIO INIOTHOCTh
3aI0JIHEHHS TIOBEPXHOCTH, KPYITHBIX BKJIIOUCHUI KapOHI0B raHUs U YIIIepo-
Ja 3a(UKCUPOBAHO HE OBUIO, YTO TOATBEPXKIAACT AAHHBIC PEHTIEHOCTPYKTYp-
HBIX UCCIIEZ0OBAHUH O HAIMYMH B TIOKPBITUU MOHO(a3sl Hf-C-N.

1. Petrini L., Migliavacca F. Biomedical Applications of Shape Memory Alloys //
Journal of Metallurgy - 2011. - Vol. 2011. - P.1-15.
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STRUCTURE AND PROPERTIES OF Hf-C-N ALLOY
PRODUCED BY MAGNETRON DEPOSITION

The alloys based on titanium nickelide (NiTi), due to unique complex of
physical-mechanical properties such as superelasticity, observance of the retar-
dation law, shape memory effect, etc. are widely used in various areas of hu-
man activity, including medicine [1].

However, high toxicity and carcinogenicity of nickel, which is part of the
alloys with shape memory effect, creates possible negative impact of the mate-
rial on the human body. In addition, being in constant contact with biological
fluid, which is an aggressive environment for these alloys, the corrosion pro-
cesses occur on the surface of titanium nickelide products. This can lead to a
change in chemical composition of the surface, degradation of physical-
mechanical characteristics and disturbance of the products functionality. The
synthesis of corrosion-resistant metal and ceramic coatings on the surface of
NiTi products is a promising method for solving this problem. The most effec-
tive way to produce such composites, taking into account the preservation of
the required operational characteristics, is the technology of magnetron sputter-
ing.
This paper provides the study of the structure and properties of Hf-C-N al-
loys synthesized by magnetron deposition.

According to the results of electron-microscopic studies, it was found that
the coatings represent a fine-grained structure with the average grain size from
30 to 40 nm and have a uniform density of surface filling; no large inclusions of
hafnium and carbon carbides were recorded, which confirms the data of X-ray
diffraction studies on availability of the Hf-C-N monophase in the coating.

1. Petrini L., Migliavacca F. Biomedical Applications of Shape Memory Alloys //
Journal of Metallurgy - 2011. - Vol. 2011. - P.1-15.
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BJIMAHUE KOHIHEHTPALIUNU BOAOPOJA U CKOPOCTH
JAE®OPMAIIMN HA OCOBEHHOCTH BOJJOPOJHOI'O
OXPYIMUUBAHMUS YJIbTPAMEJKO3EPHUCTOM
HU3KOYIJEPOJIUCTOM CTAJIA

HecmoTtps Ha TO, 4TO CTanw ¢ yapTpamenko3epHucToi (YM3) MUKPOCTPYK-
Typo# AEMOHCTPUPYIOT BBIIAIOLINECS MEXaHUUYECKHE CBOMCTBA, UX yCTOMUH-
BOCTh K BO3JCHCTBHIO OKPYXKAIOIIEH CpeAbl M COMyTCTBYIOIUM 3(pdexram,
HampuMep, K BogoponHoil xpynkoctu (BX), mano n3ydena. OcHOBHas 1enb
HACTOSIIEr0 MCCIEA0BaHUS COCTOSUIA B TOM, YTOOBI HCCIIEIOBATH OCOOEHHOCTH
BX Huskoyrnepoauctoi cranu ¢ YM3 CTpyKTypoil, NMOJy4EHHOW METOI0M
paBHOKaHanbHOTO YyrioBoro npeccoanus (PKVII). O6pa3upbl cramum mapku
09I"2C B ucxonHoMm coctosaHuu u nocie PKVYII anekrponutudyeck HaBOAOPO-
XKHUBAJIU MPU PA3IMYHBIX IUIOTHOCTSAX TOKA, a 3aTEM IOJBEprajd HCIBITAHUIO
Ha pacTsHKEHHE IIPU ABYX PasHbIX CKOpOCTIxX aedopmarmu. KoHmeHTpanuio
T y3HOHHO-TIOJBIIKHOTO BOJIOpOAa B 00pasLax /0 M HOCHE MCHBITAHUH Ha
pacTshKeHHE aHAJTM3UPOBAIM METOIOM ropsiueit skcrpakunn. OOHapyXeHO, 9To
TocJIe HaBOJOPOXHMBAHKS 00pa3lbl KaK ¢ MCXOMHOM, Tak ¢ YM3 cTpyKTypoit
JeMOHCTpupyroT BX, creneHb KOTOpOH pacTeT ¢ yBEIUYEHUEM KOHILIEHTpaluu
BOJIOPOZIAa U YMEHBIIEHHEM cKopocTh nedopmanun. [Ipyn oIMHAKOBBIX YCIOBH-
SIX HaBOJIOPOKUBAaHMA cTaib, noasepruyras PKVYII, mornomaer 3HauuTeNbHO
6ostee BBICOKYIO KOHIICHTPAIMIO BOJOPOAA, YEM Ta XK€ CTalb B UCXOIZHOM CO-
crostHud. [Ipyn onHOM M TOW ke KOHIEHTpalMd BOIOpOJa 0oOpasubl Iocie
PKVYII nemouCcTpHpYIOT 60JIe€ CHIBHYIO MTOTEPIO IUIACTHYHOCTH 10 CPABHEHHUIO
¢ oOpa3uamu B MCXOJHOM cocTossHUH. OOHApyXEeHO, YTO MOBEPXHOCTh Pa3py-
mieHns o6pas3noB cranu ¢ YM3 CTpyKTypo#l SIBNIS€TCS MOJIHOCTBIO XPYNKOH
IIPU BCEX KOHIEHTPAIMAX BOAOPOJA U IMEET CMEIIAHHYI0O MOP(OIOTHIO CKOJIa
/ BSI3KOTO OTpBIBa. M3110MBI 00pa31I0B B HCXOIHOM COCTOSIHUH JIEMOHCTPUPYIOT
IeeKTHl THIA «PBIOWH TI1a3» ¢ MOpQOJIOTHel KBa3HCKOIa, OKPY>KEHHON Kiac-
CHUYECKUM BSI3KUM SIMOYHBIM peliibepom. Criesial BEIBOA O TOM, YTO CTaJIb MOCIIE
PKVII ¢ YM3 cTpykTypoit umeeT OoJiee BHICOKYIO BOCIPUUMYHMBOCTh K BX n
0oJiee BBICOKYIO CIIOCOOHOCTH IOTJIOIIATH BOAOPOJ MO CPaBHEHHIO C TOM K€
CTaJIBIO B MCXOTHOM TOPSYEKATaHOM COCTOSHHUH.
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EFFECT OF HYDROGEN CONCENTRATION AND STRAIN
RATE ON THE HYDROGEN EMBRITTLEMENT FEATURES
OF ULTRA-FINE GRAINED LOW CARBON STEEL

Although the steels with ultra-fine grain (UFG) microstructure demonstrate
prominent mechanical properties, their resistance to the environmentally-
induced effects such as hydrogen embrittlement (HE), has been just scarcely
studied. The main aim of the present study was to investigate the HE features of
the UFG low-carbon steel obtained by equal-channel angular pressing (ECAP).
The specimens of both the ECAPed and the as-received steel grade 09G2S
were cathodically hydrogen charged at different current densities and then sub-
jected to tensile testing at two different strain rates. The diffusible hydrogen
concentration in the specimens before and after tensile testing has been ana-
lyzed by the hot-extraction method. It is found that after hydrogen charging
both the as-received and the ECAPed specimens demonstrate HE which extent
increases with increasing hydrogen concentration and decreasing strain rate.
The ECAPed steel occludes much higher hydrogen concentration than the as-
received one at given charging conditions. At the same initial hydrogen concen-
tration the ECAPed specimens demonstrate stronger hydrogen-induced ductility
loss than their as-received counterparts. It is found that the fracture surface of
the ECAPed specimens is completely brittle at all hydrogen concentrations
studied and it has mixed tearing/cleavage morphology. The fracture surfaces of
the as-received specimens demonstrate the fisheyes defects with quasi-cleavage
topography surrounded by ductile dimpled relief. It is concluded that the
ECAPed steel with the UFG microstructure has stronger susceptibility to the
HE and higher hydrogen trapping capacity in comparison with its hot-rolled as-
received counterpart.
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OCOBEHHOCTHU HEPABHOBECHOM CTPYKTYPbI
YIJIEPOJUCTBIX CTAJIEA, COOPMUPOBAHHOM
B XOJIE BBICOKOSHEPTETUYECKOI'O BO3JEHCTBUA

B paboTe paccMOTpeHBI HEpPaBHOBECHBIE CTPYKTYPHl YIPOYHEHHBIX CIIOCB
cramu 45 u Y8 mocie snekrpoMexaHnudeckoit 0opadbotku (OMO), oTirgaronu-
€csl KOTePEHTHOCTBI0 MEX(a3HBIX TPaHHL, cHeHUPHIECKOd KOHLEHTPalNnOH-
HOH HEOITHOPOIHOCTBIO CTPYKTYpPBI, BBICOKOW AMCHEPCHOCTHIO, 3HAUUTEIbHBI-
MU UCK)XECHHSAMHU KPHCTAUINYECKOM PEIIETKH U Jp. TapaMeTpaMHu.

B Xoze BBICOKOIHEPIeTHYECKOTO TEPMOCHIIOBOTO BO3JECHCTBHS, HAIPHMEP
npu OMO, Ha MOBEPXHOCTH METAJUIMYECKHUX CIUIABOB BO3HUKAET BBHICOKOIIPOU-
HBIN CJI0¥, Ha3bIBaeMbIi «Oenblil cioit (BC)». YkazanHbie BO3ACHCTBHS, Xapak-
TepU3yeMble BBICOKMMH TeMIIepaTypaMH (BIUIOTH A0 IUIABJICHHUS) U CKOPOCTIMHU
X U3MEHEHUs (105-106 °C/C), conmpoBoKaaloTCs TOSABIEHHEM CHENM(PHIECKUX
HepaBHOBECHBIX CTPYKTyp BC. OcoOeHHOCTH CTpPOEHHUS TaKMX CIOEB JUIs
Cpe/iHe M BBICOKOYIJIEPOJHCTHIX CTajeld B JaHHOW paboTe HMCCleoBAIKCh C
MOMOILBIO ONTHYECKOTO, 3JIEKTPOHHO-MUKPOCKONMUYECKOTO aHalM3a, PeHTre-
HOCTPYKTYPHOTO.

B pesynbrare Mmeramiorpaduyeckoro aHajiu3a yCTaHOBJIEHO, YTO Ha IIO-
BEPXHOCTH CTAIBHBIX 00pa3noB B pesyiabrate DMO 00pa3yloTcs TpPEeKH U OT-
JIeTIbHbIE Makpo(parMeHThl HEpaBHOBECHOM CTPYKTYpHI, KOTOpas ciaado Ioj-
JIaeTCsl TPABJICHHIO U TIPEJICTABIISIET COO0 YIbTPaANCIIEPCHBIN HITH «OeCcCTpYK-
TypHBIi» MapreHcuT (BM). Ilpm snexTpoHHON MHKpOcKomuu obmacts bBM
HaOmofaeTcs Kak HaOJI0AaeTcsl KaK CIUIOLIHOE I10JIe, HE MMEIolIee KpHCTal-
JIMYECKOTO WJIM MHOTO CTPOCHHS, C OTACIBHBIMH «TII00YISIPHBIMIY» BKIIIOUEHH-
SIMH, CPEIHUN pa3Mep KOTOPHIX KOJIEONeTcs B Ipeaeniax 2:10%-10° mm (puc.
1).

PeHTreHOCTPYKTYpHBIH aHAN3 MOKa3bIBaeT, uTo mocie OMO mapTeHcHT
BC xapakrepusyeTrcs 3HAUMUTEIBHOM TETPArOHAJIBHOCTHIO W BBICOKHM COJEP-
JKaHWEM YIJIEpPOAa MO CPaBHEHWIO C MAapTEHCHUTOM, IMOJTYYCHHBIM TPaAWIHOH-
HOM 3akankoil. Ha peHTreHorpamme BBICOKOYTIEPOIUCTON cTamu Y8 mocie
OMO, Kak ¥ CpeJHEYIIIePOIUCTON CTalH TaKKe MPUCYTCTBYIOT MHTEp(epeH-
un oKcUIoB xene3a Fe;0, u Fe,Os.
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Puc. 1. DnexrpoHHas MHKpO(i)OTorpa(bH crpyktypsl BC (BM), x6200

JIMHUYM peHTreHorpaMMsl Ui 00pasLoB, yIpouHeHHBIX OMO, oTianvaroTcs
3HAUUTEIbHBIMHU ymupenusmu (ot 1,3 1o 4,5 pa3), He TOJBKO B CPAaBHEHUH C
OTOOKEHHOW CTAIBIO ATAJIOHHOTO 00pa3ia, HO ¥ MO OTHOIIEHHIO K MAPTEHCUTY
MeYHOH 3aKkajiku. Takoe yHmMpeHHe CBA3aHO C OCTaTOYHBIMH MHKpojedopma-
IUSIMHA TOHKOH KPUCTANTMYECKOH CTPYKTYPBI M C H3MENbYEHHEM OJIOKOB MO3a-
uku (obnacreit korepeHTHOTO paccessHust) 1o 30—40 HM, uTo B 2,5 pa3za MeHbIIe
0 CPaBHEHHUIO C MApTCHCHUTOM 3aKaJKH) W Bo3pacTaHue (B 3 pasza) MHUKpome-
(dopmanuii B 30He TepMuyecKoro BauaHuA. [Ipu sTom Hanpspkerus |l pona no-
CTUTAIOT 3HAYUTENBHBIX BenmuuuH (250-290 MIla). YcraHoB/IeHa 3aBUCUMOCTD
cTerieHy (pparMeHTapHOCTH CTPYKTYpPhI OT mapameTpos OMO [1].

Takum 00pa3oM, MpeACTaBICHHBIE YKCIICPUMEHTANBHBIE JaHHbIE yKa3bIBa-
I0T Ha OTCYTCTBUE MTrojibyaroro crpoenust bBM. Ciabas tpaBumocts BM (cooT-
BETCTBEHHO IOBBIIIEHHAs] KOPPO3HOHHAS CTOMKOCTB), CTaOMIBHOCTh M BBICOKAs
TBEPJOCTh CBSI3aHA C M3MEHEHUSIMU DJICKTPOHHOTO CTPOCHHMS M XUMHUYECKHX
CBsI3€il OTHENBHBIX DJIEMEHTOB B pe3yNbTare JICHCTBUS B 30HE 00pabOTKH DKC-
TpPEMaJIbHBIX TEMIIEPaTyp M AaBJICHUH. YCTaHOBJIEHUE MaKpO- ¥ MHUKPOCKOIIU-
YECKOTO TEPMOJUHAMHYECKOTO «KBa3WPaBHOBECHS), KOTOPOE B CBOIO OUYepellh
3a CUeT PaBEHCTBAa XMMHYECKHX IMOTEHIMAIOB COCeTHHMX (a3 co3laeT MOBBI-
IIEHHBII XUMHYECKUI IOTEHINAIBHBIA Oapbep st 1 (y3nOHHBIX (a30BEIX
NIepEeX0/I0B, BBI3BIBAIOLIMX JETPAJAIMIO U 3aPOXKICHUE HOBBIX IHCIOKALNH.

Pabora BemosHena npu ¢puHaHcoBoi noepxkke PODU (mpoext Ne 20-38-
90295 AcnimpaHTsi).
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FEATURES OF NON-EQUALIBLE STRUCTURE CARBON
STEELS FORMED DURING HIGH ENERGY IMPACT

The paper considers non-equilibrium structures of hardened layers of steel
GOST 45 and GOST V8 after electromechanical treatment (EMT), character-
ized by coherence of interphase boundaries, specific concentration inhomoge-
neity of the structure, high dispersion, significant distortions of the crystal lat-
tice, and other parameters.

In the course of high-energy thermo-force action, for example, during EMT,
a high-strength layer, called "white layer (WL)", appears on the surface of met-
al alloys. These effects, characterized by high temperatures (up to melting) and
rates of their change (10°-10° °C/s), are accompanied by the appearance of spe-
cific non-equilibrium structures of WL. Features of the structure of such layers
for medium and high carbon steels in this work were studied using optical,
electron microscopic analysis, X-ray diffraction.

As a result of metallographic analysis, it was found that on the surface of
steel samples as a result of EMT, tracks and separate macrofragments of a
nonequilibrium structure are formed, which is weakly etched and is an ultradis-
persed or "structureless" martensite (SM). In electron microscopy, the SM re-
gion is observed as a continuous field that does not have a crystalline or other
structure, with individual "globular" inclusions, the average size of which rang-
es from 2 x 10-10° mm (Fig. 1).

X-ray structural analysis shows that after EMT, WL martensite is character-
ized by significant tetragonality and a high carbon content in comparison with
martensite obtained by traditional quenching. The X-ray diffraction pattern of
high-carbon steel GOST VY8 after EMT, as well as medium-carbon steel, also
shows the interference of iron oxides Fe;O,4 and Fe,Os.
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Figure 1. Electron micrograph of the WL (SM) structure, x6200

The lines of the X-ray diffraction pattern for the samples hardened by EMT
are distinguished by significant broadening (from 1.3 to 4.5 times), not only in
comparison with the annealed steel of the reference sample, but also in relation
to the furnace hardened martensite. This broadening is associated with residual
microdeformations of the fine crystal structure and with the refinement of mo-
saic blocks (coherent scattering regions) to 30-40 nm, which is 2.5 times less
than in quenched martensite) and an increase (3 times) of microstrains in the
heat affected zone. In this case, stresses of the second kind reach significant
values (250-290 MPa). The dependence of the degree of fragmentation of the
structure on the parameters of the EMO has been established [1].

Thus, the presented experimental data indicate the absence of a needle-like
structure of SM. The low etchability of SM (correspondingly increased corro-
sion resistance), stability and high hardness are associated with changes in the
electronic structure and chemical bonds of individual elements as a result of
exposure to extreme temperatures and pressures in the processing zone. The
establishment of macro- and microscopic thermodynamic "quasi-equilibrium”,
which in turn, due to the equality of the chemical potentials of neighboring
phases, creates an increased chemical potential barrier for diffusion phase tran-
sitions that cause degradation and nucleation of new dislocations.

This work was financially supported by the RFBR (project No. 20-38-
90295 Postgraduates).
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’KAPOIIPOYHBIE HUKEJEBBIE CIIJIABBI JJISI
MHXEHEPHBIX IIPMJIOKEHUM B AKTUBHOM 30HE
SHEPTETUYECKHUX SIIEPHBIX PEAKTOPOB YETBEPTOI'O
MOKOJIEHUS

Hapsny ¢ KoJIOTHMYecKoi YHCTOTOW, O€30IMacHOCTBI0 W HAJCKHOCTHIO,
oOecricueHHEM HEpacIpOCTPaHEHHS ACIIIIIUXCA MaTEepPUANIOB U (PU3MUSCKON
3amIUTOH, BBICOKAs SKOHOMHUYecKask 3(pPEeKTHBHOCTh MO CPABHEHHUIO C albTep-
HATHBHBIMH CIIOCOOAMH BBIPAOOTKH AIICKTPOIHEPTUH/ TEXHOJIOTHICCKOTO TETI-
JIa SIBJISIETCS KJIFOUEBOM TEXHUYECKOM 3a/auel CO3AaHus SIIEPHBIX SHEpreTuye-
ckux cucreM mokojieHus V. C wHXeHepHOH TOYKU 3pEHHsS TOBBINICHHE (-
(EKTUBHOCTH KOHBEPCHOHHOHM 3HEPreTHMYCCKON YCTAHOBKH B OOJBIIMHCTBE
ClIydaeB O3Ha4YaeT MOBHIIIEHUE €€ paboueil Temmeparypsl. OxugaeMbIid oOmmi
tertoBor KIIJ] sHepretmueckux peaktopoB |V mokoyieHUs BapbUpyeTcsl OT
~43% 1o > 55%. Jlns co3maHus TaKMX PeakTOPOB HEOOXOIMMO HCIOIH30BATh
KOHCTPYKITHOHHBIC MAaTEPUANbl, CIIOCOOHBIC BBIICPKUBATH OJHOBPEMEHHOE
BO3JICWCTBUE BBHICOKHX TEMIIEPATYp, 3HAKOTIEPEMEHHBIX HArpy30K, XUMIUECKH
aKTUBHBIX/ OKHCIHUTEIBHBIX Cpell M HEWTPOHHOTO OONydeHHs Oe3 3aMeTHOU
Jlerpajaiiiy SKCIUTYaTaIl[MOHHBIX CBOMCTB U COKpAIIeHHs cpoka ciayxObl. bia-
rojapsi CBOCH MCKIFOUNTEIFHON CTOMKOCTH K TEPMHUYECKOH MOJ3Y4eCTH U CO-
MPOTHBJICHUIO KOPPO3WH, JKAPOIPOUYHBIC HHUKCICBBIC CIUIABBI MPEBOCXOMISAT
(beppUTHO-MapTEHCUTHBIC W ayCTEHHUTHBIC CTAJH B OKCTPEMAIBHBIX YCIOBHIX
SKCIUTyaTaIlii U PacCMATPUBAIOTCS B KAYCCTBE MEPCIICKTUBHBIX KOHCTPYKIIH-
OHHBIX MAaTEpPHAJIOB JJISI M3TOTOBJIICHUS SJIIEMEHTOB KOHCTPYKUHUI B ITOJIOBUHE
U3 IIECTH CYIICCTBYIOIINX TU3aifHOB peakTopoB |V mokoreHus.

JKaponpouHble HHUKENEBbIE CIUIaBBl COAEPIKAT 3HAYUTEIHLHOE KOJUYECTBO
Jerupyromux 31eMentos, Btovas Fe, Cr, Al, Ti, Nb, Ta, Mo, W, Re u T.x1.,
obecricunBas MIMPOKHUN BEIOOP BAPUAHTOB TBEPIAOPACTBOPHOTO U TUCIICPCHOH-
HOTO YIIPOYHEHHUS U KOHTPOIUPYEMOTO (pOpPMUPOBAHHUS MUKPOCTPYKTYpHI. Bo
BBCJICHUU TIPUBOJUTCS KPATKOE OMMCAHHE METAJUTYPTHU KAPOIIPOYHBIX HHUKE-
JIEBBIX CIUIABOB, OCHOBHBEIX (a3, METOJOB H3TOTOBJICHHS M TEPMOMEXaHHYE-
CKO#l 00pabOTKH, paclpeeicHHs JICTUPYIOMUX YIEMEHTOB, MHKPOCTPYKTYPEI
U MeXaHW4eCKUX CcBOWCTB. OO030p MOCBAIIEH OOCYKICHHIO COBPEMEHHBIX
MpECTaBICHAN O MEXaHW3MaX JIeTrpaialliiy >KapOIIPOYHBIX HUKEIEBBIX CIUIA-
BOB B YCJIOBHSX KCIUTyaTall[Md B aKTUBHOW 30HE BBICOKOTEMIICPATYPHBIX ra30-
BEIX PEaKTOPOB, JKHUAKOCOJEBBIX PEAKTOPOB U JIETKOBOIHBIX PEAaKTOPOB CO
CBPXKPUTHYECKUM JaBiicHHeM mapa. OCHOBHOE BHUMAHHE YIENISACTCS XUMUYC-
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CKOIl COBMECTUMOCTH HUKEJEBBIX CIIJIABOB C TEIUIOHOCUTENIEM, PaJHalllOHHO-
My pedexroobpasoBanuio, ra3000pa3oBaHuio u TpancMyTamu Ni, H3MeHeHH-
SIM MHUKPOCTPYKTYPBI, PaJUallMOHHOMY PACIyXaHHUIO, YIPOUHEHUIO U OXPYI-
YMBAHUIO, MOJ3Yy4ECTH MO OOIydeHHEM M peNlaKCalliy HalpsHKEHHH, KOppo-
3M1 ¥ KOPPO3HOHHOMY PacTPECKHBAHUIO 1101 00IyYCHHEM.
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Ni-BASE REFRACTORY ALLOYS FOR IN-CORE
GENERATION IV REACTOR APPLICATIONS

Alongside with environmental sustainability, safety and reliability, prolifer-
ation resistance and physical protection, a clear lifecycle cost advantage over
alternative power/ process heat generation routes has been defined as a key
technology goal for Generation 1V nuclear power systems. From an engineer-
ing perspective, raising efficiency of an energy conversion device in most cases
means increasing its operating temperature. Expected gross thermal efficiency
of Generation IV nuclear power plants varies from ~43% up to >55%. In order
to reach this objective, it is necessary to employ structural materials capable of
withstanding simultaneous impact of heat fluxes, alternate loading, chemically
active/ oxidation environment and neutron irradiation without noticeable deg-
radation of service properties and reduction of design lifetime. Owing to their
exceptional creep and corrosion resistance, Ni-base refractory alloys outper-
form ferritic-martensitic and austenitic steels in high temperature engineering
applications and are considered as the main candidate structural materials for
application in a half of the six existing Generation IV reactor designs.

Based upon nickel, Ni-base refractory alloys contain significant amounts of
other elements including Fe, Cr, Al, Ti, Nb, Ta, Mo, W, Re etc. providing a
broad range of possibilities for solid solution strengthening, precipitation hard-
ening and microstructure tailoring. Physical metallurgy of Ni-base refractory
alloys, major phases, fabrication and thermomechanical treatment, partitioning
of alloying elements, microstructure and mechanical properties are briefly de-
scribed in the introduction. The review is centred on the current understanding
of the governing degradation mechanisms of candidate Ni-base refractory al-
loys for Generation 1V high temperature gas reactors, molten salt reactors and
supercritical water-cooled reactors under the desired operating conditions. It is
focussed on the chemical compatibility of Ni-base alloys with coolants, radia-
tion damage, gas production and nuclear transmutation of Ni, microstructure
evolution, swelling, radiation hardening and embrittlement, irradiation creep
and stress relaxation, corrosion and ion assisted stress corrosion cracking.
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ATOMHO-30HJIOBASA TOMOI'PA®US PACIIPEJAEJIEHUA
XUMHUYECKHUX 2JIEMEHTOB B HAHOCTPYKTYPAX
MATEPHAJIOB

B nacrosiee BpeMst Hanbosiee IepCIeKTUBHBIE pa3pabaThiBaeéMble MaTepH-
abl U CHCTEMBI UMEIOT OCOOCHHOCTH CTPYKTYPHI HAa YPOBHE pa3MepoB B He-
CKOJIbKO HaHOMeTpoB. IIpoBHKEHHE ITHX pa3pabOTOK B 3HAYUTEIBHOW Mepe
COTIPSDKEHO C Pa3BUTHEM METOJIUK, MO3BOJISIOIINX KOHTPOIUPOBATH COCTOSHHE
MaTepualioB Ha 3THX MaciuTabax. Hambosee cimoxkHO#l mpoOiemMoil siBisieTcs
O/THOBPEMEHHAsI XapaKTepU3aIlisl IPOCTPAHCTBEHHBIX OCOOCHHOCTEH W XHMU-
YEeCKOT0 COCTaBa Ha MacITadax OJM3KUX K aTOMHBIM. VIMeHHO B 3TOH 06sacti
pa3MepoB HarboJiee COBEPIICHHON METOIUKOM ABJISIETCS aTOMHO-30HI0Bas TO-
morpadus (A3T) [1]. AHrnmiickoe Ha3BaHHE STOH METOIUKH: atom probe
tomography (APT). A3T BkirodaeT B ce0si MPOCKIIMOHHBIA MHKPOCKON (aHa-
JOTUYHBIA ~ aBTOMOHHOMY  MHKPOCKOIy) ¥  BPEMSIPOJICTHBIH  Macc-
cnekrpomerp. [IpMHIMI TPOEKIIMOHHOTO MHKPOCKOIIA, HCIOJB3YIONIMHCS B
JTAHHOM TIpHOOpe, OCHOBAH Ha I[0-aTOMHOM HCIIApEHUH O00pa3IoB-UTl C pa-
JILYCOM TIpH BEpLIMHE MpUMEpHO 50 HM, YTO IO3BOJISIET TOCTHYB TOJIEH, HeoO-
XOJIMMBIX JUIS HWCIapeHHss aTOMOB C MOBEPXHOCTH IIPU TIOJIOKHTEILHOM
HanpsDKeHUH Ha oOpasie Meree 10 kB. Hanpsokerne Ha oOpasiie moanepKxuBa-
€TCsl Ha ypPOBHE, HEJOCTAaTOYHOM ISl CaMOIIPOM3BOJIBHOTO HcmapeHus. Kon-
TPOJHpyeMOE HWCHapeHWe [UIA  peaju3allid  BPEMSIMPOJCTHOW  Macc-
CHEKTPOMETPUU aTOMOB JOCTUraeTcs 3a CUEeT IMPUIO0KEHUS UMITYJIbCHOTO BO3-
JIEHCTBUS — KPATKOBPEMEHHOTO YBEJIIMYCHUS MOTEHIMANA Ha 00pa3iie uik BO3-
JISUCTBHSA JIa3epHBIM UMITYJIbCOM. VICIapeHHbIe aTOMBI MOOYEpPEeHO JIETAT Ha
MO3UIIMOHHO-YYBCTBUTEIBHBIN JETEKTOP, U 10 KOOpAWHATaM IIpHiIeTa Ha Je-
TEKTOp U 10 BPEMEHH UX IpPOJIeTa MOKHO BOCCTaHOBHUTH PACIIpPE/ICICHUE dIe-
MEHTOB B 00pasiie ¥ UX XUMHYECKYIO TIPHPOTY.

JnutensHOE BpeMs OCHOBHBIM HANpPaBICHHUEM Pa3BUTHS 3TOW METOIUKH
OBUIO HCIIOJB30BaHNE MMITYIECHOTO JJIEKTPHYECKOTO HCIIAPEHUs] aTOMOB Ha
MOBEPXHOCTH 00pa3ma-urisl. CyleCTBeHHBIM OTpaHHYCHUEM 3TOTO HaIlpaBiie-
HUSI SIBJSIETCSI HEBO3MOXHOCTh €T0 MPUMEHEHUS JUIsl aHan3a IOJIyIPOBOJHH-
KOB U JAWAJIEKTPHUKOB, a TaKKe OTPaHMYEHHS B MPHUMEHEHHH K HCCIIEIOBAHHIO
METaJUIOB M3-3a 00pa3oBaHMs OKCHAHON TUICHKH Ha 00pas3lax Npu WX MPHUTO-
TOBJICHWH M TOCIIE/YIONICH 3arpy3Ke B BaKyyMHYIO Kamepy Tomorpada. [Ipu-
MEHEHHE JIa3epPHOTO HCIAPEHHS B aTOMHO-30HAOBOH TOMOTpadUH HAdaIoCh
TOJIBKO C TOSIBJIGHHEM JIA3€PHBIX CHUCTEM C JUIMTEIBHOCTBIO UMITYJIbCa MEHee
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HAaHOCEKYH/IbI, CIOCOOHBIX C BBICOKOM TOYHOCTBIO COXPAHATH MapaMeTphl Myd-
Ka B TEUECHHH IJIUTEIHFHOTO BpeMEHH [2]. AKTHBaIMs Mpolecca IOJIEeBOro HC-
MapeHusi ¢ MOMOIIBIO JIa3epa MPOU3BOAUTCS Yepe3 BO30YXIEHHE HMITYJIbCOM
Ja3epa 3JIEKTPOHHOM IOACHCTEMbI IOBEPXHOCTHOT'O CIIOSI M TOCIIEAYIOIIEH Te-
penayn SHEPTrUH aTOMaM ITIOBEPXHOCTH.

HecmoTtps Ha unTeHCcHBHOE pacnpoctpanenne A3T B mupe, B Poccun 3tn
uccrnepoBanus O0buk cocpenorodeHsl B UTOD, rae ¢ 2003 roga skcmyaTupy-
€TCs DHEePro-KOMIIEHCHPOBAHHBIH ONTHYECKH TOMOTpa(uuecKuii aTOMHBbIH
301 ECOTAP (CAMECA), ucrons3yromuil aeKTprudeckoe ncrapeHne, mo-
3ULIMOHHO-YYBCTBUTEIbHBII JETEKTOP HAa OCHOBE ONTHYECKOM KaMmepsl M pe-
(IeKTpOoH (a1 KOMIICHCAIIMK SHEPTHH BBUICTAIOIINX C 3ara3bIBAHUEM HOHOB
W yaydnieHus paspenienus no macce). B 2015 r. B U'TO® 0wt pazpadoTan u
3aIlylieH aTOMHO-30HJIOBBI ToMOrpad ¢ (eMTOCEKYHIHBIM JIa3epPHBIM HCIIa-
penuem [TA3JI-3D [3,4].

Lenbio HacTosield pabOTHI SABISETCS JEMOHCTpAIMS BOZMOXHOCTEH aToM-
HO-30H/IOBOM TOMOTpa(uH, y)Ke peali30BaHHEIX B HacTosmlee BpeMs B UTOD
[5-13], B Tom uncne Ha A3T ¢ naszepHbIM ucmapenuem [ 14, 15].

B paboTe neMOHCTpUPYIOTCS MPUMEHEHHs aTOMHO-30HI0BOM ToMorpadun
TS aHaM3a BEICOKO3HTponmitHoro crutaBa AlCoCrFeNi, roe Obutn oOHapyxe-
HBI 1B (a3sl, 0JHa U3 KOTophix oboramena Fe u Cr, a apyras Ni u Al [16].
IToxkazaHo, uto ¢a3a Fe-Cr nmeer cOTOBYIO CTPYKTYPY, COAEPKALIYIO YaCTHIIBI
Co ¢ xapakTepHbIM pazmepoM mopsiaka 10 M. OboraiieHue TpaHul] COT aTo-
mamu Fe u Cr mocruraer 50 at. %. B cBoro ouepens ¢aza Al-Ni obGorameHa
KaXJIbIM M3 JaHHBIX 3JIeMeHTOB 110 30 at. %. U COAepKUT B cebe HaHOpa3Mep-
Hble BbAeneHus aToMoB Fe u Cr. O0beMHas INIOTHOCTh 3THX KJIACTEPOB CO-
craBiser 5107 cm™.

A3T ananu3 3aroTOBOK JMCKOB JJISl Ta30TypOMHHBIX ABHTATEJICH M3 TpaHy-
JUPYEMOTO >KapoIpoUHOro Hukenesoro cmasa BB75111 nokassiaer [17], uto
B MaTepualie COJEepPKaTcs YacTHIBI Y- U y-(a3 pasmepom ot 10 mo 70 HM.
BuyTpu yactun y'-¢assl, 00HapyKe€HBI OJHOPOAHO pacIpeieNIEHHbIE PaBHOOC-
HBIE CKOIUICHUS Y-CTaOMIM3UPYIOIUX JJIEMEHTOB pa3MepoM 1-4 HM H yruio-
MIEHHBIE CKOTUIEHHSI TOTO XK€ pa3Mepa U XUMHIECKOTO COCTaBa, BEICTPOCHHBIE B
CTPOYKH.

Taxoke B paboTe MPOJEMOHCTPUPOBAH PSI APYTUX MPUMEPOB aHAIHM3a pac-
Ipe/ieNIeHusT aTOMOB XHMHUYECKHX JIEMEHTOB B HAHOPA3MEPHBIX 0COOCHHOCTSIX
MaTepHaioB: HaHOPAa3MEPHBIX OKCUAHBIX BKIodeHHW B JIYO cramsax, atmo-
cdep Korrpema B 06imydeHHBIX ()eppPUTHO-MAPTEHCUTHBIX CTaJISX, 30H [ MHBE-
IIpecToHa B crulaBax ajJlfOMHHHUS U JP.
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ATOM PROBE TOMOGRAPHY OF THE DISTRIBUTION OF
CHEMICAL ELEMENTS IN THE NANOSTRUCTURES OF
MATERIALS

At present, the most promising materials and systems under development
have structural features at the size level of several nanometers. The advance-
ment of these developments is largely associated with the development of tech-
niques that allow monitoring of materials at these scales. The most difficult
problem is the simultaneous characterization of spatial features and chemical
composition on scales close to atomic. It is in this scale the most perfect tech-
nique is atom probe tomography (APT) [1]. APT includes a projection micro-
scope (similar to a field ion microscope) and a time-of-flight mass spectrome-
ter. The principle of the projection microscope used in this device is based on
the atom evaporation of needle-shape samples with a tip radius of about 50 nm,
which makes it possible to achieve the fields required for the evaporation of
atoms from the surface at a positive voltage on the sample of less than 10 kV.
The voltage on the sample is maintained at a level insufficient for spontaneous
evaporation. Controlled evaporation for the implementation of time-of-flight
mass spectrometry of atoms is achieved by applying a pulsed action - a short-
term increase in the potential on the sample or exposure to a laser pulse. The
evaporated atoms alternately fly to the position-sensitive detector, and the dis-
tribution of elements in the sample and their chemical nature can be recon-
structed from the coordinates of arrival at the detector and from the time of
their flight.

For a long time, the main direction in the development of this technique was
the use of pulsed electric evaporation of atoms on the surface of APT sample. A
significant limitation of this direction is the impossibility of its application for
the analysis of semiconductors and dielectrics, as well as limitations in its ap-
plication to the study of metals due to the formation of an oxide film on the
samples during their preparation and subsequent loading into the APT vacuum
chamber. The use of laser evaporation in atom probe tomography began only
with the advent of laser systems with a pulse duration of less than a nanosec-
ond, capable of maintaining the beam parameters with high accuracy for a long
time [2]. The activation of the process of field evaporation a laser is carried out
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through the excitation of the electron subsystem of the surface layer by a laser
pulse and the subsequent transfer of energy to the surface atoms.

Despite the intensive spread of APT in the world, in Russia these studies
were concentrated at ITEP, where the energy-compensated optical tomographic
atom probe ECOTAP (CAMECA) has been in operation since 2003, which us-
es electric evaporation, a position-sensitive detector based on an optical camera
and a reflectron (for compensation of the energy of delayed ions and improve-
ment of the mass resolution). In 2015, a APPLE-3D atomic probe tomograph
with femtosecond laser evaporation was developed and launched at ITEP [3,4].

The aim of this work is to demonstrate the capabilities of atom probe to-
mography, which have already been implemented at the ITEP [5-13], including
on APT with laser evaporation [14, 15].

The work demonstrates the application of atom probe tomography for the
analysis of the high-entropy alloy AICoCrFeNi, where two phases were found,
one of which is enriched in Fe and Cr, and the other in Ni and Al [16]. It was
shown that the Fe-Cr phase has a honeycomb structure containing Co particles
with a characteristic size of about 10 nm. The enrichment of honeycomb
boundaries with Fe and Cr atoms reaches 50 at. %. In turn, the Al-Ni phase is
enriched with each of these elements up to 30 at. %, and contains nanoscale
precipitates of Fe and Cr atoms. The number density of these clusters is 5 x
10% cm,

APT analysis of blanks of disks for gas turbine engines made of granulated
high-temperature nickel alloy BB751P shows [17] that the material contains
particles of y- and y'-phases ranging in size from 10 to 70 nm. Inside the parti-
cles of the y'-phase, uniformly distributed equiaxed pre-precipitaters of vy-
stabilizing elements 1-4 nm in size and flattened clusters of the same size and
chemical composition, arranged in lines, were found.

The work also demonstrates a number of other examples of the analysis of
the distribution of atoms of chemical elements in the nanoscale features of ma-
terials: nanosized oxide inclusions in ODS steels, Cottrell atmospheres in irra-
diated ferritic-martensitic steels, Guinier-Preston zones in aluminum alloys, etc.
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CTPYKTYPHO-®A30BOE COCTOSIHUE
BBICOKOHTPOIIMMHOM CUCTEMBI Ni-Co-Fe-Cr-Mn,
OBJIYYEHHO HOHAMHU

B nacrosmee Bpemsi omHO(a3HBIE BBICOKORHTpONHIHEIE ciuiaBel (BDA),
COCTOSIIIIME U3 HECKOJIbKMX 3JIEMEHTOB C BHICOKOM KOHIIEHTpauueid wim Onms-
KHX K DKBHAaTOMHOMY COCTaBY, HPHBJICKAIOT OOJBIIOC BHUMAaHHE H3-32 BO3-
MOXXHOCTH YHHMKAJIBbHBIX KOMOWHanui M 3¢ (eKTa coueTaeMOCTH Pa3IMYHbIX
CBOWCTB MHOTOKOMITOHEHTHBIX CIUIaBOB [1-2]. MHOTOYHCIEHHBIE UCCIIEIOBa-
HUS ToKazanu, 9to BOC 00namaroT yHWKAIbHBIM KOMIIPOMHCCOM MEXIY
MPOYHOCTBIO U IJTACTHYHOCTHIO, YCTAJOCTHBIMU CBOMCTBAaMH U MOJ3YYECThIO, a
TaKKe YCTOMIMBOCTBIO K H3HOCY, KOPPO3HUH M 00IydeHuo [3-4].

Beicokoarponuitasie criaBel NiCoOFeCrMn u NiCoFeCr 6butn cuHTE3UpO-
BaHBI C UCIIOJIb30BAHNEM METAIIOB BBICOKOH YHCTOTHI (> 99,9%) myrem nyro-
BO IUIaBKHM W KaIleJIbHOTO JIUThSI B MeHbIE (DOPMBI U MOCIEIYIONIEil roMore-
Huzanuei mpu 1200°C B Teuenue 24 gacos [5]. B kauecTBe sTasmoHHOTO 00pas-
1a Taoke Opu1 cunTe3uposan Ni.

O6irydyeHre BBICOKOSHTPOMUIHBIX cru1aBoB U Ni POBOIMIOCH HU3KOIHED-
rernyeckuMn noHamu Tenus (40 k3B), BBICOKOPHEPreTWYECKMMH HOHAMHU
kpuritoHa (145 MaB) u nocienoBarenbHbIM 00nyueHneM nonamu He u Kr Ha
yckopurene Tsoxensix noHoB JL[-60 (MuctutyT sinepHoit pusnku, Acrana, Ka-
3axcran). OGIydeHHs HOHAMH TeIHs IPOBOMINCH mpu ¢moencax 3-107 u
5.10" cm, a momamu kpurrona npu dmoencax 110" u 1.10* cm?. Temmepa-
Typa obmydenus He npesbimana 300 K.

CrpyKTypa, 3JIeMEHTHBIH U (Da30BBIi cOCTaB MCXOAHBIX M O00Jy4eHHBIX 00-
pa3LoB UCCIEJOBANACh METOJAMHU CKAaHUPYIOLIEH 3JIEKTPOHHON MHUKPOCKOIIUH,
PEHTI€HOCIIEKTPAIEHOTO MUKPOAHAIN3a U PEHTI€HOCTPYKTYPHOTO aHAIN3a.

Ananu3 ($a3oBOro cocraBa HeOOJyUEHHBIX 00pa3IOB MMOKA3all, YTO CILIABBI
MIPEACTABISIIOT co00H oxHO(a3HBIE TBEPIBIC PACTBOPHI C TPaHEIEHTPHPOBAH-
HOW KyOW4YecKOH pelIeTKOi. YPOBEHb pacTATMBAIONIMX HAIMPSOIKEHUH COCTaB-
mset 0,90 u 0,64 I'Tla mus crutaBoB NiCoFeCr u NiCoFeCrMn, cooTBeTcTBEH-
Ho. CoCcTaB CHHTE3MPOBAHHBIX CIUIABOB KBUMOJISPHBIH. [losrydeHHbIe CriIaBbl
KpymHO3epHUCTHIE. Pazmep 3epeH B HuxX coctapisieT 100-300 MxM.

OOHapyxeHo, 4To 0OJydeHHe HU3KOIHEepreTHYecKUMH MoHamu He (max-
CHUMaJIbHasl KOHLIEHTPAIMs UMIUTaHTHpoBaHHoro renus — 40-43 ar.%, ¢uroenc
3-10Y CM'Z) WM BRICOKO3HEpreTHYeckuMy noHamu Kr (IoBpexaaromas 103a —
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0,52-0,59 cHa, ¢umroerc 1-10™ cM?) He NPUBOAUT K paxHALIMOHHOI YPO3UH TIO-
BEPXHOCTH BBICOKO3HTPOITMHHBIX CIIIaBoB. He BbIABIEHO (hopMupoBaHue O1u-
crepos. [Ipu atom B o6pasue-cryrauke (Ni) yxe npu MakCHMaJIbHON KOHIICH-
Tpalyy MMILTaHTHpoBaHHOTO renmust 23,9 ar.% (¢uroenc 3-10" cm?) oOpazy-
10Tcs Omucrepsl auamerpoM 5-7 MkM. [lonmaBnenne OnmcrepooOpasoBaHHs B
BOCax MoxeT OBITh CBA3aHO, BO-TIEPBBIX, C OTCYTCTBHEM BBIACICHHOW MUTpa-
UM MEXKIOY3IHi M WX KiactepoB [6], koTopas xapaktepuna misi Ni, a Bo-
BTOPBIX B JOCTHXKCHUH TEPEKPBHITUS JUANA30HOB DHEPIHHM MHIPAILMU MEXIY
BHEAPCHHBIMHI aTOMaMU M BaKaHCHSMH [7], UTO MOBBIIIAET PEKOMOWHAIMIO H
nojaBisier oOpa3oBaHue Ne(EKTHBIX KIacTepoB. XUMHUYECKH HEYHNOpSIOYeH-
HOE pAacIOJ0KEHHE aTOMOB METAJUIOB C PA3IMYHBIMHU PaWyCcaMH B PEIIETKE
TBEPJIOTO pacTBOpa 0OecreunBacT 3HAYNTEIIbHBIC JIOKAJIbHBIE NCKaXKEHUS, KO-
TOpBIE BIMAIOT HA MUTPALHIO PAJHALIMOHHBIX EQEKTOB.

Bouee Toro, npoBeaeHHBIN IKCIIEPUMEHT 1O 00JIyYEHUIO BHICOKOIHTPOIIH -
HBIX CIIJIABOB, COAEPKALUX UMIUIAHTUPOBAHHBIM I'eJIUi ¢ MAKCUMAJIBHON KOH-
neHtpanueit 40-43 atT.%, BBICOKORHEPTreTHUSCKIMH HOHaMH KI TIoka3ai BEICO-
KYI0 CTOMKOCTh MMOBEPXHOCTHU CIIJIaBOB K paJUallMOHHON 3pO3uH, a TaKkXkKe CTa-
OmTpHOCTE TBepIoro pactBopa BOCoB mpu pagraliiOHHBIX MOBPEXICHUAX 10
0,52-0,59 cua.

B mannO# cTaTthe oOCykImaeTcs CTPYKTYpHO-(a30oBasi CTaOMIBHOCTH OOITy-
YEHHBIX BHICOKOHTPOIIMHHBIX CIIABOB M BIMSHHE COCTaBa Ha ITOBHIIICHUE Pa-
nuanuonHoii croikoct HEAoB.

PaGora BbImonHeHa B pamkax mnpoekra BPOOU Ne T20I1TH-009
(BITBLR2020019).
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STRUCTURAL-PHASE STATE OF A HIGH-ENTROPY
SYSTEM Ni-Co-Fe-Cr-Mn IRRADIATED WITH IONS

Currently, single-phase high-entropy alloys (HEAS), consisting of several
elements with high concentrations or close to equiatomic composition, are at-
tracting much attention due to the possibility of unique combinations and the
cocktail effects of various properties of multicomponent alloys [1-2]. Numer-
ous studies have shown that HEAs have outstanding strength-ductility trade off,
fatigue and creep properties, as well as the resistance to wear, corrosion, and
irradiation [3-4].

NiCoFeCrMn and NiCoFeCr high-entropy alloys were synthesized using
high-purity elemental metals (>99.9%) by arc melting and drop casting into
copper molds followed by homogenization at 1200 °C for 24 hours [5]. Ni
samples were also prepared as a reference.

High-entropy alloys and Ni were irradiated with low-energy helium ions (40
keV), high-energy krypton ions (145 MeV), and sequential irradiation with He
and Kr ions at a DC-60 heavy ion accelerator (Institute of Nuclear Physics,
Astana, Kazakhstan). The helium ion irradiations were carried out at fluences
of 3-10"" and 5-10"" cm™, and the krypton ion irradiations were performed at
fluences of 1-10* and 1-10" cm™. The irradiation temperature was controlled
under 300 K.

The structure, elemental and phase composition of the initial and irradiated
samples were investigated by scanning electron microscopy, X-ray spectral mi-
croanalysis, and X-ray structural analysis.

The analyses of phase composition on the unirradiated samples showed that
the alloys are all single-phase solid solutions with a face-centered cubic lattice.
The tensile stresses are 0.90 and 0.64 GPa for NiCoFeCr and NiCoFeCrMn al-
loys, respectively. The resulting alloys are coarse-grained. The grain size is
100-300 microns.

It was found that irradiation with low-energy He ions (maximum concentra-
tion of implanted helium of 40-43 at.%, at a fluence of 3-10"" cm™®) or high-
energy Kr ions (radiation damage of 0.52-0.59 dpa, at a fluence of 1-10™* cm?)
does not lead to radiation erosion of the surface of high-entropy alloys. No blis-
ter formation was detected. At the same time, blisters 5-7 um in diameter are
formed in the satellite sample (Ni) even at a maximum of implanted helium
concentration of 23.9 at.% (fluence of 3-10*" cm™). Blisters with a diameter of

105



6-10 microns are formed mainly along the grain boundaries as for krypton ions
irradiation (maximum radiation damage - 0.59 dpa). The suppression of blister
formation in HEAs is associated, firstly, with the absence of preferential migra-
tion of interstitials and their clusters [6], unlike what's going on for Ni, and,
secondly, with the overlap of migration energy between interstitials and vacan-
cies [7], which enhances the recombination and suppresses the formation of de-
fective clusters. The chemically disordered arrangement of metal atoms with
different radii in the lattice of a solid solution provides significant local distor-
tion that affects the migration of radiation defects.

Furthermore, the conducted experiments on the irradiation of high-entropy
alloys containing implanted helium with a maximum concentration of 40-43
at.% with high-energy Kr ions showed a high resistance of the alloy surface to
radiation erosion, as well as the stability of a solid solution of HEASs with radia-
tion damage up to 0.52-0.59 dpa.

This paper discusses the structural-phase stability of irradiated high-entropy
alloys and the impact of high compositional complexity on increasing radiation
resistance of HEAs.

The work was carried out within the framework of the BRFFR project Ne
T20BIT-009 (BITBLR2020019).
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PAINMALINOHHBIE D®PEKTbBI B METAJIJIAX U CIIVIABAX,
BBI3BAHHBIE OBJIYYEHUEM
BBICOKODHEPTETHYECKNMMU TSAKEJBIMA NOHAMM

B paborax ¢ uCroyib30BaHNEM MMHUTAIIOHHBIX SKCIEPHUMEHTOB 4acTO OC-
HOBHOM LIEJIBIO SBJIETCS U3Y4YEHUE 3aKOHOMEPHOCTEN Pa3BUTHUSI BAKAHCHOHHOM
MOPHCTOCTH PA3JIMYHBIX KOHCTPYKIIMOHHBIX MaTepHajoB MPUMEHHUTENBHO K
UCIIOJIb30BAHUIO HX B PEAKTOpax Ha OBICTPBIX HEMTpPOHAX (a2 BO3MOXKHO U B pe-
aKTOpax CHHTE3a BCJIEJICTBHUE OTCYTCTBUS B HACTOSIIEE BPEMs yCTAHOBOK TEp-
MOSIIEpHOTO cuHTe3a). V3ydeHue npyrux Makpod(h@eKToB, TaKUX Kak paaua-
IIMOHHO-YCKOPCHHAs! TI0JI3y4eCTh, PaJHALlIOHHOE YIIPOYHCHNE M OXPYIMIHBa-
HUE, BIMsHUE 00JIy4eHHsI Ha KOPPO3UOHHOE MOBEACHHE U BOJOPOIHOE OXPYII-
YMBAHUE MATEPHAIOB B MMHUTAIIMOHHBIX JKCIIEPUMEHTAX MPAKTHYECKH HEBO3-
MOXHO M3-3a KPAaTKOBPEMEHHOCTH OOJyYeHHs W BBI3BAHHOW 3THM BBICOKOH
CKOPOCTBIO0 Habopa 03kl U T.JI.

B nacrosimeir pabote paccMOTpeHBI 3G QEKThl, Ha0I01aeMble B UMHUTAIIHU-
OHHBIX 3KCIEPUMEHTaX MPH OOJy4EeHHs TSDKEJIBIMH MOHAMHU JIO BBICOKHX IO-
BPEXIAIONINX 103, KOTOPbIE HMMEIOT MECTO 32 OTHOCHUTEIIFHO KOPOTKHE BpeMe-
Ha — OT JECATKOB [0 HECKOJBKHUX COTEH YacOB. DTO CETrperalioHHbIC SBICHUS
Ha MOBEPXHOCTH U B 00beMe 00JIydaeMoro Marepuasia, U3MEHEHHE 3JIEMEHTHO-
ro ¥ Ga3oBoro cocraBa 00JyuyaeMbIX MaTepHAIOB, TUHAMHYECKAs IOJIMIOHHU3a-
s, paJMalliOHHOE PacIlyXaHhe 00JydaeMoro MaTepyania, B TOM YHCIIE B TIPH-
CYTCTBHUH I'a30BBIX IPUMECEH — IeNusi U BOAOPOA.

B pabGote mpuBeneHBl, B OCHOBHOM, 3KCIIEPHMEHTAJbHBIC JaHHBIC, MOJY-
YEHHBIE ABTOPAMH B Pa3HBIC TOMBL.

[Tokazano, yro oOmyueHue aycreHnTHoi ctamu X18H10T BbicokosHepre-
TUYECKHMHU MOHAMU JKeJie3a M HUKEISI BBI3BIBACT TPABJICHHUE TPAHUIl 3€PEH Ha
MOBEPXHOCTH MHIICHU TPH OJHOBPEMEHHOM OOCIHEHHH MX XPOMOM H KHCIIO-
poJoM, o0OTallleHnH HHUKEJIeM, MapraHieM ¥ HEKOTOPBIMH JPYTUMH 3JIeMeH-
TamMH. B 30He (B c/10€) MHTCHCHBHOTO PAMAIIMOHHOTO BO3JCHCTBHS Iepepac-
IIpe/ielieHHe 2JIEMEHTOB HaOJIoaeTcsl U B TIIyOMHE 00iydaeMbIx o0pasloB B
JIOKAIBbHBIX 00bEMax, a IMEHHO — Cerperanys HUKeIsd Ha HEKUX CTPYKTYPHBIX
nedekrax 1 oOeHEHHE ITHX Ke obiacTeil XpoMoM U skene3oM. OOHapyxeHa
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paaraloHHO-CTUMY/IMPOBaHHAs IMCCOLIMAIINS TIEPBUYHBIX KapOuI0B (KapOo-
HUTPUIOB) THTaHa. Ha rpaHnax 3epeH 1 TBOWHUKOB OOHAPYKEHBI POCIOHKH,
Oorarble XpoMOM M 0O€HEHHBIE XKeJle30M U HuKeneM. OHU uaeHTH(UINpPOBa-
HBI KaK 0'-a3za, oOpa3oBaBmIascs no 00IydeHueM.

[TpoTexkanue AMHAMUYECKOHN TOJIMTOHNU3AIMN YCTAHOBJIEHO B BAaHAJMHU C HC-
XOJIHBIM Pa3MepOM 3epeH B JIECATKH MUKPOMETPOB: MOCIE 00IyIeHHsI BBICOKO-
9HEPreTHYCCKUMH HOHAMHU HHKEJIS 3epHA B 30HE PaJHallMOHHOTO BO3JICHCTBHUS
cocraBm Beero 50—-150 HM B quamerpe. [Ipu sToM 0GHapyXEHO, UTO IKCIIe-
PUMEHTAIBHO YCTAHOBJIEHHBIH MakCUMyM BHEJPEHHOTO HHKENSI HAXOANUTCS Ha
riryOnHe 2,6 MKM, 9TO 3HAUYMUTEIFHO MEHBINE, YeM JAaf0T PacyueTsl 10 Mporpam-
me SRIM (2,9 mxm). COOTBETCTBEHHO, pealIbHOE paclpesesieHne pajAnanioH-
HBIX BaKaHCHH MO IIIyOHHE 00Jy4aeMbIX MUILIEHEH HOJKHO ObITh OJIHXKE K 110-
BEPXHOCTH B OTJIMYHE OT PAaCYETHOTO.

[Tpu u3y4eHnn pacrpeesieHus BAKAHCHOHHON TIOPUCTOCTH BJIOJIb TPAEKTO-
puu npoGera BHEAPESHHBIX HOHOB YCTAHOBJICHO, YTO B ClIydae OOydeHUs CTaIn
MOHAMH JKele3a HaOJIoJaeTcst ABYropooe pacmyxaHue IO TIIyOMHE MUILCHH,
IPUYEM «IIPOBAJ» PACIyXaHHS HAXOIUTCS Ha TIyOMHE MakCMMyMa KOHIICH-
Tpal¥ MOHHO-BHEIPEHHBIX aTOMOB jKeje3a (C Y4eTOM pa3HHMIbI TIyOHH Mak-
CUMYMOB PEAILHOTO PAaCMpeeeHUs] UMIUTAHTHPOBAHHBIX aTOMOB OT PacueT-
Horo 1o mporpamme SRIM pacnpenenenns). B cirydae uMIianTanuu B BaHa-
JIMH MaJIOpacTBOPHMOTO HUKEJS MAKCUMYM pacilyXaHusi HaOJIIOAaeTcsl Ha IIIy-
OHMHE MaKCUMAIBHOTO PaJHAllMOHHOTO MOBPEKACHUS CTPYKTYpPBI, a BHEIPCH-
HBIH HUKEIb BBIAJIaeT B TBEPAOM PACTBOPE B BUE KJIACTEPOB, & BOBMOXKHO — B
BUJIe MEJKOAUCIepcHbIil yacThl nHTtepMmeTawnanond NiVj ¢asel. Ha ocHoBe
Pe3yabTaTOB COOCTBEHHBIX HCCIICIOBAHUN M PE3yJIbTATOB MCCICIOBAHUH APY-
I'UX HAYYHBIX TPYII ClIeJaH BBIBOA O TOM, YTO I (POPMHPOBAHUS BaKaHCHOH-
HOW MOPHUCTOCTH B 30HE MAKCHMAIIBHOTO TMOBPEXKACHHS CTPYKTYPBI CIIEIyeT
BBIOMPATh TaKOH THII MOHOB, aTOMBI KOTOPBIX HE PACTBOPHMBI HJIH Majopac-
TBOPHMBI B TBEPJIOM COCTOSIHUM B MaTepHuaje 00JlydaeMoi MUILICHH.
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RADIATION EFFECTS IN METALS AND ALLOYS CAUSED
BY HIGH-ENERGY HEAVY IONS IRRADIATION

The main goal is often to study the regularities of vacancy porosity devel-
opment in various structural materials for fast neutron reactors (possibly, in ma-
terials for fusion reactors due to the lack of fusion installations at present) in
researches using simulation experiments. In simulation experiments, it is im-
possible practically to study the macro effects, such as radiation-induced creep,
radiation hardening and embrittlement, the effect of irradiation on corrosion
behavior and hydrogen embrittlement etc. of materials due to the short time of
the irradiation and high dose rate.

In this work, we consider the effects observed in simulation experiments
under irradiation by heavy ions to high damaging doses which take place in rel-
atively short times from tens to several hundred hours of irradiation. These are
segregation phenomena on the surface and in volume of irradiated material,
changes in elemental and phase composition of the irradiated materials, dynam-
ic polygonization, radiation swelling of the irradiated materials including in the
presence of gaseous impurities, namely, helium and hydrogen.

The work presents the experimental data obtained by the authors in different
years mainly.

It is shown that irradiation of austenitic steel 18Cr10NiTi by high-energy
iron and nickel ions causes etching of grain boundaries on the target surface
with their simultaneous depletion in chromium and oxygen, enrichment in
nickel, manganese and some other elements. As on the surface, the redistribu-
tion of elements was observed in the depth of the irradiated samples in local
volumes, namely, the segregation of nickel on some structural defects and the
depletion of these regions by chromium and iron in the zone (in the layer) of
intense radiation exposure. The radiation-stimulated dissociation of primary
titanium carbides (carbonitrides) was discovered. Enriched by chromium and
depleted in iron and nickel interlayers were found at the boundaries of grains
and twins. They are identified as the o'-phase formed under irradiation.

The dynamic polygonization has been established in vanadium irradiated by
high-energy nickel ions. Namely, the grain size in the radiation-affected zone
has decreased to 50—150 nm after irradiation compared with tens micrometers
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of grain size of initial samples. At the same time, it was found that the experi-
mentally established maximum of injected nickel is at a depth of 2.6 um, which
is much less than the calculations using the SRIM program (2.9 um) depth. Ac-
cordingly, the real distribution of radiation vacancies over the depth of the irra-
diated targets should be closer to the surface, in contrast to the calculated one.

When studying the vacancy porosity distribution along the path of the im-
planted ions, it was found that in the case of irradiation of steel by iron ions, a
double-peaked swelling is observed along the target depth. Swelling “dip” is at
the depth of the maximum concentration of ion-implanted iron atoms (taking
into account the difference of real atoms distribution from the distribution cal-
culated using the SRIM program). The maximum swelling is observed at the
depth of maximum radiation damage of the structure in the case of poorly solu-
ble nickel implantation into vanadium. The injected nickel precipitates in the
solid solution in the form of clusters and possibly in the form of fine particles
of the intermetallic NiV; phase. Based on the results of their own research and
the results of other scientific groups, it was concluded that for formation of va-
cancy porosity in the zone of maximum damage of the structure, one should
choose the type of ions whose atoms are insoluble or slightly soluble in the sol-
id state in the target material being irradiated.
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HNCCIEJOBAHUE ITPUYUH HUBKOTEMIIEPATYPHOI'O
PAAUALIIMOHHOTI O YIIPOYHEHUS ®EPPUTHO-
MAPTEHCHUTHBIX CTAJIEH B UMATAIIMOHHBIX
SKCIHEPUMEHTAX HA ITYYKAX TOHOB

®depputHO-MapTeHCcUTHBIE (PM) cTamu B HACTOsIIEe BPeMsl paccMaTpHUBa-
I0TCS B Ka4eCTBE MATEPHANIOB JUIS MEPCIIEKTHBHBIX SIEPHBIX 3HEPTETHUECKUX
YCTaHOBOK HM3-3a MX HU3KOTO pacllyXaHus Mpu o0aydeHuu 10 103 6onee 150
cHa. TpaguimonHsle cTamu ¢ coaepkannem 9-12% Cr FM - sto marepuains
OmKaiiiel MepCcrneKTUBBI JUIsl aKTHBHOW 30HBI OBICTPBIX PeakTopoB. Maoax-
TuBUpyeMble @M crann SBISAIOTCS HEPCIIEKTHBHBIME KOHCTPYKIIMOHHBIMHU Ma-
TepuajaMy JUis TePMOSIZIEPHBIX peakTopoB. Cepbe3Hol mpobiaeMoil paauanu-
OHHOH croiikocTn @M craneil ABIsSETCS HU3KOTEMIIEPATypHOE PaAUALIMOHHOE
oxpymuuBanue (HTPO), xotopoe conpoBoXaaeTcsi UX yHPOYHEHHEM, CHUXKE-
HHUEM IUIACTUYHOCTH U MOBBIIICHUEM TEMIIEPATYPHI BA3KO-XPYIKOTO MEpexoa.
3amMeTHOE pajalMOHHOE YIPOYHEHHE M OXPYIMUUBAHHE ITPOUCXOIUT B IIpeie-
nax 103 noBpexaenus ~ 10-30 cua npu temneparypax Hiwke 450 © C. Temre-
parypubiii quanazon HTPO ®M cranei mepekpsIiBaeTcs ¢ AWana3oHoM pado-
YUX TeMIepaTyp 0o0O0JIOYEK TBIJIOB B peakTopax Ha OBICTPHIX HEUTpOHAX, a
TaKKe MOTMAAaeT B JUANa30H PACUETHBIX Pab0OUMX TEMIEPATyp MEPBO CTCHKU
MEPCHEKTUBHBIX TEPMOSAEPHBIX peakTopoB. [losToMy HccienoBaHHUS B 3TOM
JIMana3oHe apaMeTpoB OOJIydEeHUs OCTAIOTCS aKTyalbHBIMHU.

B Hacrosiiee BpeMs IpHIIararoTCsl 3HAYMTEINIBHBIE YCHIIUS JUISl BBISIBICHUS
Mukpockornuueckux npuauH HTPO ©M craneit. Cunraercs, uto HTPO ©M
cTajelt 00yCIOBICHO MEXaHM3MOM yrnpodHeHus. OOpa3zoBaHME IUCIOKAIHOH-
HBIX TEeTelb CUUTAETCS OJHUM M3 OCHOBHBIX MEXAaHU3MOB YIPOYHEHUS MpPU
HTPO. Jlpyroit npuuuHON paanaliioHHO-UHIYIIUPOBAHHOTO YIIPOYHECHHUS SIB-
JISIFOTCS KITacTephl U MpeaBblAeieHus. VX HaTnuue 1 XapakTepUCTUKH 3aMETHO
3aBUCST OT XMMHUYECKOT'O COCTaBa CTaJeH.
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Lenbto maHHOW PabOTHI SBJISETCS KOMIUIEKCHOE UCCIIEI0BAHHE MHKPOCKO-
MUYECKUX TPHYKMH pajuannonHoro ympounenus Cramu Eurofer 97, DK-181,
YC-139, u HEeKOTOPBIX APYrux npu obiydeHnu nonamu Fe 5,6 MsB mpu tem-
nepatypax 250-500 ° C no nospexparomux 103 10 30 cHa.

MHUKpOCTPYKTYpY CTajlell HCCIEeJOBaIM C IOMOIIBIO MPOCBEYHBAIOIIETO
anekTpoHHOro Mukpockorna Titan 80-300 TEM / STEM c¢ ucnonb3oBanueM me-
TOJIOB 3JIEKTPOHHOW IU(PaKINK, TPOCBEUUBAIONICH JIEKTPOHHOH MHKPOCKO-
IIUH BBICOKOTO Pa3pelIeHUs], IPOCBEUNBAIONICH PacTPOBOH AIIEKTPOHHOW MHK-
pockornuu. [yt o0mydenHsIx FM craneit B nccieoBaHHOM MHTEpBae TEMITE-
paryp 250-500 ° C oCHOBHBIMH pagWalldOHHBIMHA JAeheKTamu, 0OHAPYKCHHBI-
M MeToaoM [1DM, ObuIH IHUCIIOKanMOHHBIE ey Thna <100> ¢ IIOTHOCTBIO
(1-7) x 10°* M 1 pasmepamu 2-11 HMm.

JInist n3ydeHust JTIOKaIbHBIX MEPECTPOCK XUMHUYECKOTO COCTaBa 00IydaeMbIX
MaTepHAJIOB HCIIOJIE30BAJICS aTOMHO-30HA0BBIH ToMorpad (A3T) ¢ mazepHBIM
ucnapennem ITA3J1-3D. IMokasano, uro TBepasiii pactBop Eurofer 97 mocra-
TOYHO cTabuieH mpu oOmydeHun. B obnydennoi crtamm OK-181 oGHapykeHb
HeOOJIbIIIE IPO0JIrOBaThIe KIIACTepHl, oborammenusie Si. B 0bmydenHoit cramu
UC-139 obHapyxeHO oOpa3oBaHHE KIACTEPOB C BHICOKON KOHIIEHTpAIHeH (~
10% M'S), o6oramennsix Ni, Siu Mn.

OO0pasibl, 00MyYeHHbIE NOHAMH, OBLIM TAK)KE HMCCIEIOBAaHBI C MMOMOIIBIO
HAHOMHCHTHPOBAHHUS YISl MPSIMOTO M3MEPEHHsl YIIPOUYHEHHs CJI0s, OOJIy4eH-
HOoro WoHamu. [losydeHHbIE NaHHBIE TOKA3aJIM XOPOLIYIO KOPPEISIHIO C
YIIPOYHEHHEM, KOTOpOe OBbLIO PacCUUTaHO B PaMKax MOJCIH YIMPOUHSIOLIMX
JIICTIEPCHOHHBIX 0apbepoB C MCIOJIb30BAaHUEM pE3yJbTAaTOB, IOJYYCHHBIX C
nomouipio [I9M u A3T. B nenom manoakruBupyemsle @M cranu mokasanu
MEHBbIIEE paJMallMOHHOE YIIPOUHEHHE 110 CPaBHEHHMIO C TpaauHoHHEIMH DM
CTAISIMH.
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STYDY OF THE ORIGIN OF LOW TEMPERATURE
RADIATION HARDENING OF FARRITIC-MARTENSITIC
STEELS BY EMULATION EXPERIMENTS WITH ION BEAMS

Ferritic-martensitic (FM) steels are currently considered as materials for ad-
vanced nuclear power plants due to their low swelling under irradiation up to
doses of more than 150 dpa. Conventional 9-12 % Cr FM steels are the nearest
future solution for fast reactor core material. Reduced activation FM steels are
promising structural materials for fusion reactors. A serious problem of radia-
tion resistance of FM steels is low-temperature radiation embrittlement
(LTRE), which is accompanied by their hardening, decrease in ductility, and
increase in the temperature of the ductile-brittle transition. Noticeable radiation
hardening and embrittlement occur within the limits of damage doses of ~10-30
dpa at temperatures below 450 °C. The LTRE temperature range of FM steels
is overlapped with the operating temperature range of fast neutron fuel rod
claddings and also falls into the range of estimated operating temperatures of
the first wall of fusion power plants. That is why research in this range of irra-
diation parameters remains important. Currently, considerable efforts are being
made to reveal the microscopic causes of LTRE of FM steels. It is believed that
LTRE of FM steels is caused by a hardening mechanism. The formation of dis-
location loops is considered to be one of the main hardening LTRE mecha-
nisms. Some other radiation induced hardening features are clusters and precip-
itates. Their presence and characteristics noticeably depend on the chemical
composition of steels.

The purpose of this work is a comprehensive study of the microscopic caus-
es of radiation hardening of

Eurofer 97, EK-181, ChS-139, and others steels under 5.6 MeV Fe ion irra-
diation at temperatures of 250-500°C to damage doses up to 30 dpa.

The steel microstructure was studied with a Titan 80-300 TEM/STEM
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transmission electron microscope using electron diffraction techniques, high
resolution transmission electron microscopy, transmission scanning electron
microscopy and the weak beam method. For the irradiated FM steels in the in-
vestigated temperature range of 250 - 500 °C, the main radiation-induced de-
fects detected by TEM were dislocation loops of type <100> with humber den-
sity of (1-7) x 1021 m-3 and sizes of 2-11 nm.

To study the local rearrangements of chemical composition of irradiated
materials, an atom probe tomography (APT) with laser evaporation APPLE-3D
was used. The solid solution of Eurofer 97 was stable enough under the irradia-
tion. In the irradiated EK-181 steel, small elongated clusters enriched in Si
were detected. In the irradiated ChS-139 steel, the formation of a high number
density of clusters (~ 10** m*) enriched in Ni, Si and Mn was found.

lon-irradiated samples were also studied with nanoindentation for direct
measurement of the hardening of the ion-irradiated layer. The obtained data
showed a good correlation with the hardening which was calculated within the
dispersed-barrier hardening model using the results obtained by TEM and APT.
In general, the reduced activation FM steels demonstrated a decreased radiation
hardening in comparison with the conventional FM steels.
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HCCJIEJIOBAHUE BJIUSAHUSA OBJIYUYEHUA TSXKEJIBIMA
HNOHAMU HA HAHOCTPYKTYPY JUCIIEPCHO-
YIIPOUYHEHHBIX OKCHUJIAMM CTAJIEH COBPEMEHHBIMHA
METOAAMMU YJIbTPAMUKPOCKOIINN

B HacTosiel pabote MeTo1aMu aTOMHO- 30H0BOM TOMOTpauu U MpoCBe-
YUBAIOLIEH MEKTPOHHOW MHKPOCKOIIUHU NMPOBOAMUIOCH UCCIEIOBAHNE BIMSHUS
00Iy4eHus THKENBIMA HOHAMM Ha MHUKPOCTPYKTYPY AMCHEPCHO YIMPOYHEHHOM
cramu (10Cr ODS JIYVO). [lucnepcHO-yIpOUHEHHbIE OKCHAMU CTajlH, MOJy-
YEeHHBIE METOJaMH ITOPOIIKOBON METaJUTypTHH, SIBISIOTCS KaHIUAATHBIMU KOH-
CTPYKIMOHHBIMU MaTepuajlaMi aKTUBHOM 30HBI CIEIYIOILEr0 TOKOJIEHHS peak-
TOPOB Ha OBICTPHIX HelTpoHax. [Ipeanomnaraercs, 4To OHU OYAYT BBIIECPKUBAThH
paaMalMoOHHYI0 Harpy3Ky /0 HOBpexIaroummx 103 nopsaka 200 cxa (cMere-
HUH Ha aToM) ipu TeMneparypax 400-700 °C.

O6pazusr YO cramu 10Cr ODS o6nyvannch HoHaMu Fe™ ¢ sHepruen 5.6
M5B no nospexaatomux 103 3, 6 u 30 cHa npu Temnepatype 350 °C.

MeTo/10M aTOMHO- 30HIOBOI TOMOTrpaduH MOJIY4eHO, YTO B 0Opasnax Hc-
CITEIyeMOTO MaTepraia KpoMe dacTHIl OKCHIoB Tuma Y, TihO7 u Y,TiOs  (3+1
HM), MPHUCYTCTBYET OOJBIIOE YUCIO MEIKAX OKCHAOB (1-6 HM) IUIOTHOCTBHIO
10% M'3, a Takke HaHOKiactepsl, oboraménnsie Y,Cr,Ti,O , sBusiommuecs
MpEeIBBIACIICHHEM OKCHAHBIX YAaCTHIl M HEIOCTYIMHBIX JJIS HAaOMIOAEHUS C II0-
Motsio [I1OM m3-3a HU3KOTO KOHTpacTa (~ 4 HM ,~ 10% M'3).

OO6HapyXeHO, YTO HPHU HOHHOM OOJYyYCHHU IPOHMCXOAWUT YACTHIHOE pac-
TBOpeHHUE KiacTepoB. OmpeneneHsl 3aBUCHMOCTH M3MEHEHHH MX pa3MepoB H
KoJn4ecTBa OT 1036l oOmydenus. Tak, cpegHuii muamerp kimacrepa c (4+1) Hm
B UCXOJHOM COCTOSIHMM yYMeHbIIaeTcs 10 (2+1 HM) mpu 00IydeHUH O MaKCH-
ManbHOU 10361 B 30 cHa. IIpy 3TOM IUIOTHOCTH KJIACTEPOB YMEHBIIMIACH B ~ 2
pasa ¢ (9+1 x 102 M) 1o (4+2 x 107 M),

AHanmm3 XMMHYECKOTO COCTaBa KJIAcTEpPOB IMOKa3all, YTO C yBEJIHUYEHHEM
JI03bI O0JydeHHsI CYNIECTBEHHO yMeHbIaercst coxepxkanue Cr u V B Kiacre-
pax, npu 3ToM KosmdecTBo Ti, Y, O coxpaHsieTcs B IIpejieiax MorpeiHOCTH.
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INVESTIGATION OF INFLUENCE OF HEAVY ION
IRRADIATION ON THE NANOSTRUCTURE OF DISPERSION-
STRENGTHENED OXIDE STEELS BY MODERN
ULTRAMICROSCOPY METHODS

In this work the influence of heavy ion irradiation on microstructure of dis-
persion-strengthened steel (10Cr ODS) was investigated using the methods of
atom-probe tomography and transmission electron microscopy.

Dispersion-strengthened oxide steels obtained by powder metallurgy are
candidate structural materials for the next generation of fast reactors. It is as-
sumed that they will withstand radiation loads up to damaging doses of about
200 dpa (displacements per atom) at temperatures of 400-700 °C.

Samples of 10Cr ODS steel were irradiated with Fe2+ ions at 5.6 MeV to
damaging doses of 3, 6 and 30 dpa at 350 °C.

Atom-probe tomography showed that in the samples of the investigated ma-
terial, besides the particles of Y,Ti,O; and Y,TiOs (3+1 nm), there was a large
number of small oxides (1-6 nm) with the density of 102 m?, as well as
nanoclusters enriched by Y, Cr, Ti, O, which are precursors of oxide particles
and are inaccessible to TEM observation because of their low contrast (~4 nm,
~10%2 m?3).

It was discovered that during ion irradiation the clusters partially dissolved.
The correlation between changes in their size and quantity to the dose of irradi-
ation was determined. Thus, the average diameter of the cluster with (4+1 nm)
in the initial state decreased to (2+1 nm) at the maximum dose of 30 dpa. At the
same time, the cluster density decreased by about twice from
(9£1 x 102 m®) to (4+2 x 1022 m).

Chemical composition analysis of clusters showed that the amount of Cr
and V in the clusters significantly decreased with increase of irradiation dose,
while the amount of Ti, Y, O remains within the error margins.
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BJIMSIHUE CTPYKTYPHO-®A30BOI'O COCTOAHMS
MNASIHBIX COEJUHEHUHU AISI 304/NiCrSiB HA
KOPPO3UOHHYIO YCTAJIOCTb

brnarogapst BbICOKOM KOPPO3MOHHOW CTOMKOCTH B COYETAHHM C XOPOIIMMU
MEXaHWYECKHMMHU CBOWCTBaMHM, Aa)Ke€ NPU BBICOKMX paboduxX TeMIeparypax,
CTaJIbHBIC COCAUHCHMS, MOJTYYCHHBIC C ITOMOLIbIO BBICOKOTCMHepaTypHOﬁ Ba-
KYYMHOH TNailKi HUKENEBBIMHA HPHUIIOSMH, TOIXOMAT Ul HCIIONB30BAHHS B
CJIO’)KHOHAITPSDKEHHBIX KOHCTPYKIHSIX: TEIMJIOOOMEHHUKH BBIXJIOITHBIX T'a30B
JUISL aBTOMOOMJIEH MM KOMIOHEHTHI TYpOWH Ul CaMOJIETOB, I/I¢ IPUMECHEHHE
CBapK{ HEBO3MOXXHO. B 3aBHCHMOCTH OT 3JIEMEHTHOI'O COCTaBa MPUCATOYHOTO
HHUKEJIEBOTO CIUIaBa M IAapaMeTpoB IIpolecca MalKd MOTYT 00pa3oBBIBATHCS
Xpynkue (asbl, BIUSIONIME Ha MEXaHWYECKHE XapaKTEPUCTUKU COCTUHEHUS,
TaK Kak JIOKaJbHbIe (ha30Bble HEOJAHOPOJHOCTH B 30HE COCAMHEHUS 3a4acTylo
SIBIISIFOTCS] MECTOM TOSIBJICHHS Ae(EKTOB M 00pa30BaHMS TPEIIHH.

Lenpto wuccnenoBaHMs SIBISJIOCH OIPEACICHHE BIMSHHUS CTPYKTYPHO-
($a30BOro COCTOSIHUS MAsHOTO CoeNuHeHHs u3 aycreHuTHo# cranmum AlSI 304,
aHajoroM koTopoi sBisiercs cranb 08X 18H9, Ha koppo3uoHHyIO ycTanocTs. B
Ka4ecTBE CIUIaBa-MPUIIOSN PACCMOTPEH AKCIEPUMEHTAIBHBIA COCTaB C BEICOKHM
coziepKaHueM Xpoma U JerupoBaHHbiii MosmbaeHoM Ni-20Cr-7,5Si-4Fe-4Mo-
1,5B mac.%. JlaHHbIi CIUIaB MOJYYEH B BHAC aMOP(HO-KPHUCTALIHUCCKON JICH-
TBl TONIIMHOW 45+5 MKM II0 TEXHOJOTHH CBEpXOBICTPOTO 3aTBEpACBAHMS
TUIOCKOM CTPYH paciuiaBa Ha yctaHoBke Kpucramn — 702.

Jlyist aHanmM3a BIMSIHMS MPOIIEcca H30TEPMHUUECKOTO 3aTBEPACBAHUS Ha KO-
PO3HOHHYIO YCTaJIOCTh COCIMHEHHs MCHOJIb30BAIM BPEMsl BBIACPKKH 15 MuH
(pexum 1) u 40 Mun (pexxum 2) npu remneparype 1160 °C.

C nomouipio 3HeprouctepconHol cnekrpockonuu (EDS) n nudpakium
oTpakeHHBIX 1eKTpoHOB (EBSD) nccnenoBano crpykrypHoO-(ha3oBoe cocTos-
HUE MassHOTO COEANHEHUS, MOTy4acMOro MO JBYM PEXHMMaM TMAHKH, U YCTaHO B-
JIeHo cienytoniee. B cepenune niBa HaOMIOIaNOCh MpeBpalieHNE CTPOUSUHON
CTPYKTYPBI, SABISIOMICHCS BRIPOKICHHON 3BTEKTHUKOM, COCTOAIIEH N3 OOpHIOB
W CWJIHMLHUJIOB, B OTIEJbHBIE KPyNHbIE (a3l NpU yBEJIMYECHUH BPEMEHH BBI-
nepxku. Mccnenosanne a3 mokasano, 9to 3to cnoxuele coenuHenus (Cr, Fe,
Ni, Mn, Mo)3B, u (Cr, Fe, Ni, Mo);Si.

UcneiTanusg Ha MHOTOAMIUIMUTYAHYIO YCTaJIOCTh OBLIM BBITIOJIHEHBI C TI0MO-
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IIbI0 CEPBO-THAPABINYECKOM HcTbITaTeNbHON cucTeMsl Instron, 8801 ¢ mocro-
ssHHOM 4yacTtoTol ucnbitanuii f = 10 ['m u xosddunmenToM HampspkeHUit R =
0,1. AMnnuTyna yBenu4uBangach CTyneH4aTo Ha Acma,=5MIla no paspymenus
o6pasma. Illarm ompenensuch KOJIMYECTBOM IUKIOB HarpyxeHus AN = 104,
HcnipiTanus MpoBOAMIINCH B CHHTETHYECKOM BBIXJIOMHOM KoHzeHcaTe K2.2 co-
rinacHo cranaapty VDA-230-214 BHYTpH KOPPO3HMOHHOH SIUSHKH.

[Momyuens! cremyromye pe3yabTaThl: paspylieHHe o0pasla, MassHHOTO 110
pexxuMy 1, IPOU30MUIO MOCIE 37,0x10* mukios IIPH Omax = 235 Mlla; pa3py-
meHre 00pasia, NasHHOrO M0 PEXKUMY 2, MPOH30ILIO mocie 46,2x10* mukios
MPH Opax = 280 MIla. Takum o0pa3om, OoJibliiee BpeMsl BBIICPKKHU MPH MalKe
MO3BOJIIET JIOCTHTaTh 00Jiee BHICOKOTO YPOBHS HANpsDKEHHH N0 pa3pylICHH,
YTO OOBSICHSAETCS CTPYKTYPHO-()a30BBIM COCTOSHHEM COCIUHEHMs. B cimydae
pexuMa 2, Korja KOJIMYeCTBO XPYNKUX (a3 yMEHbIICHO, TpelHe TpedyeTcs
JIOTIOJTHUTENbHAS SHEPIUs JJIsl €€ pocTa B TBEPJIOM PacTBOpE HMKENS 10 clie-
Jytoleit Xpynkoi ¢asel. ITO IPUBOAUT K 3HAYUTEITLHOMY YIIYUILIEHUIO COIPO-
TUBJICHHUA ycTasnocTH. Takxke Ui IByX Pe)KMMOB NMaiKu HEe ObLIIO 0OHAPYKEHO
KOPPO3UOHHOTO MOBPEXKJICHHUS, YTO CBSA3aHO C BHICOKHM COJIEP)KaHUEM XpoMa B
CIIaBe-TIPUIIOE.

Hccneoosanue svinonneno npu gunancosoii noooepiicke PODU u Hemey-
Kum uccredosamenvckum ponoom (DFG) 6 pamkax nayunvix npoexmos Ne 19-
52-12030 u Ne 408904168.

M. PENYAZ', J. L. OTTO? A. IVANNIKOV!, A. SCHMIEDT-
KALENBORN? M. KNYAZEVA? B. KALIN?, F. WALTHER?
"National Research Nuclear University “MEPHI”, Moscow, Russia
TU Dortmund University, Department of Materials Test Engineering, Dort-
mund, Germany
E-mail: MAPenyaz@mephi.ru

INFLUENCE OF THE STRUCTURAL-PHASE STATE OF
AIS1 304 / NiCrSiB BRAZED JOINTS ON CORROSION
FATIGUE

Due to their high corrosion resistance combined with good mechanical
properties, even at high operating temperatures, steel joints, obtained by vacu-
um brazing with nickel-based filler metals, are suitable for use under superim-
posed loadings. Therefore, they are used in various applications such as exhaust
gas heat exchangers for automobiles or turbine components for aircraft where
welding would not be possible for joining. But depending on the chemical
composition of the filler metal and the brazing process parameters, brittle phas-
es can be formed which influence on mechanical properties, since local phase
inhomogeneities in the joint zone are often the place of defect occurrence and
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the crack formation.

The aim of the study was to determine the effect of the structural-phase
state of a brazed AISI 304 austenitic steel joint, on corrosion fatigue. An exper-
imental composition with a high chromium content and alloyed with molyb-
denum Ni-20Cr-7.5Si-4Fe-4Mo-1.5B wt.% was considered as a filler metal.
This alloy was obtained in the form of an amorphous-crystalline foil with a
thickness of 45 £ 5 pm using the technology of rapidly solidification of a plane
melt jet on a Kristall-702 installation.

To analyze the effect of the isothermal solidification process on the corro-
sion fatigue of the joint, a holding time of 15 min (mode 1) and 40 min (mode
2) at a temperature of 1160 ° C was used.

Using energy dispersive spectroscopy (EDS) and electron backscatter dif-
fraction (EBSD), the structural-phase state of the brazed joint obtained by two
brazing modes was investigated, and the following was established. The trans-
formation of chain-like cluster of degenerated eutectics, consisting of borides
and silicides in the middle of the seams, into separated phases was observed
with an increased holding time. The study of the phases showed that these are
complex compounds (Cr, Fe, Ni, Mn, Mo)3B, and (Cr, Fe, Ni, M0);Si.

Multiple amplitude fatigue tests (MAT) were performed with a servo-
hydraulic testing-system (Instron, 8801) with a constant test frequency f = 10
Hz and stress ratio R = 0.1. The amplitude increased stepwise by Acma = 5
MPa until the destruction of the specimen. The steps were determined by the
number of loading cycles AN = 10*. The tests were carried out in synthetic ex-
haust condensate K2.2 according to VDA-230-214 standard inside a corrosion
cell.

The following results were obtained: the fracture of the specimen, brazed
according to mode 1, occurred after 37.0 x 10* cycles with oy = 235 MPa; the
fracture of the specimen, brazed according to mode 2, occurred after 46.2 x 10*
cycles at oyax = 280 MPa. Thus, a longer holding time during brazing makes it
possible to reach a higher stress level before failure, which is explained by the
structural-phase state of the joint. In the case of mode 2, when the amount of
brittle phases is reduced, the crack requires additional energy for its growth in a
solid solution of nickel to the next brittle phase. This results in a significant im-
provement in fatigue resistance. Also, for the two modes of brazing, no corro-
sion damage was found, which is associated with the high chromium content in
the filler metal.

Acknowledgment: The reported study was funded by the Russian Founda-
tion for Basic Research (RFBR) according to the research project Ne 19-52-
12030 and German Research Foundation (Deutsche Forschungsgemeinschaft,
DFG) according to the research project ~ Ne 408904168.
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NCCIEAOBAHUE CTPYKTYPbBI HASTHOI'O COEAUHEHMUSA
AJIOMOOKCHIHOM KEPAMMKH C TUTAHOM,
MOJYYEHHOMN C MIPUMEHEHUEM ITPUIIOA Ti-Zr-Co

Lenpto maHHO#M PabOTH ABMSAETCA W3YUEHHE MHUKPOCTPYKTYPHI M DJIEMEHT-
HOT'O COCTaBa MasHOT0 COEJAMHEHUS] KEePaMHUKH Ha OCHOBE OKCHJIAa aJIIOMHHUS C
TUTAaHOM U CO3JAHHS METaUIOKEpaMHYSCKOW TOJIOBKH SHAOIPOTE3a Ta30-
OeIpeHHOro CycTaBa C MOBBIIIEHHOH HaJeKHOCTHIO.

B Hacrosimiee BpeMst 3HIOMPOTE3Bl Ta300€IPEHHOTO CyCTaBa MOJYYHIH
IMIMPOKOE PpaclpoCTpaHeHWe Juisi Jiojeil ¢ 3a00JeBaHUSIMH  OIOPHO-
JIBUraTeNbHOro anmnapara. Haubosee pacrpocTpaHeHbl SHIOMPOTE3kI ¢ Kepamo-
KepaMHU9IeCcKOH mapoi TpEeHUs, OTHAKO WX MIPUMEHEHHE IS JIFOJICH ¢ aKTUBHBIM
00pa3oM KU3HM HE HaXOJUT IIMPOKOTO IPHUMEHEHHs H3-3a XPYINKOCTH Kepa-
MHYECKHX TOJIOBOK M MIX BO3MOXXHOTO pa3pyIIeHHs IpH yOapHBIX Harpy3kax. B
paboTe mpesyioxKeHa KOHCTPYKLUS TOJIOBKU 3HIONPOTE3a Ta300€ApeHHOro Cy-
CTaBa C BIASHON METAJUIMYECKOH BTYNKOM. MeToIoM KOHEUHO-3JIEMEHTHOIO
aHaNM3a, TOKa3aHO, YTO HANPsDKEHUS B KEPAMUYCCKOM 3JIEMEHTE MPH ITOMeEII e-
HUU TyfAa BTyAkd u3 crnaBa BT1-0 cHmkaroTCsl, 9TO MOXKET MOBBICUTH HAJIEK-
HOCTB BCEH KOHCTPYKITHH.

Ha ocHoBaHMM aHanM3a JIMTEpaTypHBIX AaHHBIX pa3paboTaH OMOCOBMECTH-
MBI croraB-tipurioi Ti-Zr-Co is maifky anfOMOOKCHIHON KepaMHKH C THUTa-
HOM. M3ydeHa MHKPOCTPYKTYpa M MPOBEACH MHKPOPEHTICHOCICKTPATBHBIN
aHanu3 nasHeix coenuneHuit Ti/Al,Oz. OcyiecTBIeHbl KOPPO3HOHHBIE UCIIBI-
TaHus B TeueHun 680 vacos, npu Temneparype 38 ‘C pa3paOoTaHHOH JICHTHI
mpuross U (QparMeHTa TMAasHOTO COSAWHEHHs B BOJHOM pPAacTBOpE XIOpHUAA
Hatpus (0,9 %), xmopuna kanus (0,03%) u xmopuna xanenus (0,03%). [Tokasa-
HO OTCYTCTBHE B3aHMMOJCUCTBHUS Pa3paO0TaHHOTO MPHIIOS U MAsSHOTO COCTUHe-
HUS C KOPPO3UOHHOM cpenoi.

[1] J. Lemus-Ruiz, A. O. Guevara-Laureano, J. Zarate-Medina, A. Arellano-Lara,
and L. Ceja-Cardenas, “Interface behavior of A1203/Ti joints produced by liquid state
bonding,”  Appl. Radiat. Isot, vol. 98, pp. 1-6, 2015, doi:
10.1016/j.apradis0.2015.01.010.

[2] Q. Qiu, Y. Wang, Z. Yang, and D. Wang, “Microstructure and mechanical prop-
erties of AI203 ceramic and Ti6AI4V alloy joint brazed with inactive Ag-Cu and Ag-Cu
+ B,” J. Eur. Ceram. Soc., vol. 36, no. 8, pp. 2067-2074, 2016, doi:
10.1016/j.jeurceramsoc.2016.02.033.
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no. 16-17, pp. 5587-5590, doi: 10.1023/B:JMSC.0000039295.03229.25.
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INVESTIGATION OF THE Al,O,/Ti JOINT, BRAZED
WITH Ti-Zr-Co FILLER METAL

The aim of this work is microstructure study, elemental analysis and corro-
sion test of alumina/titanium joint brazed with Ti-Zr-Co filler metal in order to
propose a new design of femoral head with increased reliability for hip joint
endoprosthesis.

Currently, hip joint endoprostheses are widely used for people with diseases
of the musculoskeletal system. The most common endoprostheses — with a ce-
ramic-ceramic friction pair or with metal-ceramic friction pair. However, for
people with an active lifestyle the usage is not widely distributed due to the fra-
gility of ceramic femoral head and their possible destruction under shock loads.
The new design of the femoral head with brazed metal inlet proposed in this
work. With the method of finite element analysis, it is shown, that stress in
femoral head with metal inlet are lower in compare with standard design head
for hip joint endoprostheses.

Based on the analysis of literature data, a biocompatible Ti-Zr-Co filler
metal was developed for brazing alumina ceramics with titanium. The micro-
structure of Ti/Al,O3 brazed joints has been studied, as well as EDX microa-
nalysis has been performed. Corrosion tests of filler metal strip and fragment of
brazed joint were carried out for 680 hours, at a temperature of 38°C, in an
aqueous solution of sodium chloride (0.9%), potassium chloride (0.03%) and
calcium chloride (0.03%). The absence of filler metal and brazed joint interac-
tion with the corrosive environment is shown.
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INPUMEHEHHUE BbICTPO3AKAJIEHHBIX ITPUITOEB JJI51
IHOJIYYEHUSA TAAHBIX COEJUHEHUU KEPAMUKHN BK94-1
CO CIIJTABOM 29HK

[Maiika MWUPOKO NMpHMEHSETCS A MOJIYYCHHS HEPa3bEMHBIX COCIMHEHMH
Pa3sHOPOIHBIX MaTepHalioB. Takwe COeTMHEHHS YacTO HCIONB3YIOTCS B Pa3-
JMYHBIX OOJIACTSAX MPOMBIIUICHHOCTH W TO3BOJSIIOT OOBEIWHUTH MOJIE3HBIC
CBOICTBA KEpaMUK U METAUIOB. B BakyyMHOU TEXHMKE UCIIOJIB3YIOT BAKYYM-
HO-TUIOTHYIO KEpaMHKy, U3 KOTOPOH CO37aTh rabapuTHOE W3MENINE C OIpere-
néHHOHU (hopMoil He Bcerja BOZMOXKHO, TOCKOJIBKY ITPU ITPOM3BOJICTBE HCIIOJb-
3YyIOT Ipouecc crnekaHus. 1103ToMy KepaMuKy COEAMHSIOT C 0ojiee TEXHOJO-
TUYHBIMHA MeTauiaMu. [Ipy co3iaHMu COTJIacOBAaHHBIX CIIaeB OCOOCHHOE BHU-
MaHHe YJAENSIOT OJU30CTH KO3()(PHUINEHTOB TEPMHYECKOTO PACIIUPEHHs JeTa-
JIeH, B CBSI3U € YEM IIMPOKOE pacnpocTpaHeHue nonydni crias 29HK.

HccnenoBanue MocBSIIEHO PENICHUIO MPOOJIEMBbI MOJIYYSHHUs MasHOTO CO-
€IUHEHMSI aOMOOKcHAHOHN kepamuku BK94-1 co cimaBom 29HK npu nomoriu
AKTHBHBIX ITPUNIOEB ¢ 100aBKaMu TUTaHA U LIUPKOHMSI.

C noMOIIBI0 ONTHYECKOW MUKPOCKOITMH PAaCCMOTPEHO PacTEeKaHWE Pa3HbIX
npunoes 1o kepamuke BK94-1 npu HeckosbKHX TeMIieparypax. BeiOpansl xo-
POIIO CMaYHBAIONINE KEPAMUKY aKTHBHBIE IIPHUIION, KOTOPBIC 3aTeM HCIIOJIb30-
BaHBI IS MOJTydeHns masHoro coequaeHuss BK94-1/29HK. Heckompko 00Opas-
I[OB HCCJICIOBAHbI C MOMOIIBIO ONTHYECKONH M 3IEKTPOHHOW MHMKPOCKOIHH, B
pe3yibTaTe 4ero o0HapyxeHo, uro B cruraBe 29HK Ha cThike massHOTO mIBA 3a-
POKIAIOTCS TPEIIUHBI, KOTOPBIE PAaCIpPOCTPaHSIOTCA B pauaIbHOM Halpasiie-
HUHM Jajbllie 1o nasaoMy mBy. [IpnunHa BOZHUKHOBEHUS 3THX TPELIMH 3aKIIF0-
4aeTcsl B BBICOKHX TEPMHUYECKHMX HANpPsDKEHUSX, BO3HUKAIOIIMX B IIIBE B MPO-
Lecce naiku, ¥ B TOM, YTO IIPH IaiKke BOJM3H 1IBA BBIACIAIOTCS XpYNKUe (a3bl
(mo tumy FeTi), koTopble MOTYT SIBISITHCS LEHTPAMH 3apOXKICHUS TPEIHH.
PaccMoTpeHO BiIMSHHE TONIIMHBI 3a30pa MEXIy MaseMbIMU JeTalsIMHU Ha Be-
JMYMHY BHYTPEHHUX TEPMHUUYCCKUX HAIPSHKEHUH C TIOMOIIIBIO TPOBECHUS pac-
4&TOB B mporpamme ANSYS, KOTOpasi OCYLIECTBIISICT BHIYUCICHUS C UCIIONB30-
BaHMEM MeToJa KOHEYHBIX dJeMeHToB (MKD). Pacuérel moxazamm, d9To
YMEHBUIEHHE TOIIIUHBI 3a30pa MEXAy masgeMbliMu aeransMu co 150 mo 100
MKM Ha IUaMeTp U, CJIEI0BATEIBHO, TONIIUHBI IIPUITOS], IPUBOAUT K CHHKEHUIO
TEPMHUUYECKHX HAIPSHKEHUI Ha Kparo IIBa.
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APPLICATION OF FAST SOLIDIFIED BRAZING ALLOYSTO
OBTAIN BRAZED JOINTS OF VK94-1 CERAMICS WITH
KOVAR

Brazing is widely used to obtain permanent joints of dissimilar materials. Such
compounds are often used in various fields and allow combining the beneficial
properties of ceramics and metals. In vacuum technology, vacuum-dense ce-
ramics are used, from which it is not always possible to create a dimensional
product with a certain shape, since the sintering process is used in production.
Therefore, ceramics are combined with more technological metals. When cre-
ating matched joints, special attention is paid to the proximity of the coeffi-
cients of thermal expansion of parts, in connection with which alloy Kovar is
widely used.

The study is devoted to solving the problem of obtaining a brazed joint of
VK94-1 alumina ceramics with Kovar using active brazing alloys with addi-
tions of titanium and zirconium.

Using optical microscopy, the spreading of different brazing alloys over
VK94-1 ceramics at several temperatures is considered. Active brazing alloys
that wet ceramics well were selected and then used to obtain a VK94-1 / Kovar
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brazed joint. Several samples were examined using optical and electron mi-
croscopy, as a result of which it was found that in the Kovar at the interface
with the brazed joint, cracks originate, which propagate in the radial direction
further along the brazed joint.

The reason for the appearance of these cracks lies in the high thermal
stresses arising in the brazed seam during the process, and in the fact that brit-
tle phases (like FeTi) are precipitated during brazing in the seam, which can be
centers of crack initiation. The influence of the thickness of the gap between
the parts to be brazed on the value of internal thermal stresses is considered us-
ing the calculations in the Ansys program, which performs calculations using
the finite element method (FEM). Calculations have shown that a decrease in
the thickness of the gap between the parts from 150 to 100 microns per diame-
ter and, therefore, the thickness of the brazed seam, leads to a decrease in
thermal stresses at the edge of the seam.

1. Nikolaev G., Petrunin I. and Lotsmanov S. 1973 Brazing of metals (Mos-
cow: Metalurgia) p 275 (in Russian)

2. Batygin V.N., Metelkin I.l.. Vacuum-dense ceramics and its joints with
metals. Moscow: Energy, 1973.408 p. (in Russian)

3. Ruys A. Introduction to alumina ceramics // Alumina Ceramics. 2019. 1-37 p.

4. Bolton W. Structural materials: metals, alloys, polymers, ceramics, com-
posites. Pocket Guide / Per. from English Moscow: Dodeka, 2004.320 p.5. (in
Russian)

5. Ruys A. Processing, structure, and properties of alumina ceramics //
Alumina Ceramics. Elsevier Ltd., 2019. Ne 1. 71-121 p.

6. Wang Y. et al. Effects of Cu interlayers on the microstructure and me-
chanical properties of Al,Os/AgCuTi/Kovar brazed joints // Int. J. Appl. Ceram.
Technol. 2019. Vol. 16, Ne 3. P. 896-906.

7. Wang Y. et al. Microstructure of alumina ceramic/Ag-Cu-Ti brazing al-
loy/Kovar alloy joint // Mater. Sci. Technol. 2007. Vol. 23, Ne 3. P. 320-323.

8. Ali M. et al. Evolution of the interfacial phases in Al203-Kovar® joints
brazed using a Ag—Cu-Ti-based alloy // Philos. Mag. Taylor & Francis, 2017.
Vol. 97, Ne 10. P. 718-742.

9. Qiao G.J., Zhang C.G., Jin Z.H. Thermal cyclic test of alumina/Kovar
joint brazed by Ni-Ti active filler // Ceram. Int. 2003. Vol. 29, Ne 1. P. 7-11.

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

11. Grigoriev I.S., Meilikhov E.Z. Physical quantities. Directory. Moscow: En-
ergoatom, 1991.1234 p. (in Russian)

124



M.A. [IEHA3b, A.A. UBAHHUKOB, H.C. [I0I1OB,
A.B. ABPAMOB, O.H. CEBPIOKOB

Hayuonanvhotii uccnedosamenvckutl soepHulil ynueepcumem « MHUDU
E-mail: MAPenyaz@mephi.ru

VIAPHAS BA3ZKOCTH MASTHBIX COEJWHEHUM U3 CTAJIHA
08X18H9, IIOJIYYEHHBIX C IIOMOIIbIO AMOP®HO-
KPUCTAJUIMYECKHUX MPUITIOEB CUCTEMBI NiCrSiB

[enpro MccnenoBaHus SBISIIOCH ONPENEICHNE YIapPHOW BA3KOCTH COEIMHE-
HUH ®3 Koppo3uoHHOcTOMKOM cramu O08X18H9, mnasanHoi amopdHo-
KpucTaunaeckumu tpumnosimu cictembl Ni-Cr-Si-B. B kadecTBe BbIOpaHHBIX
CIJIAaBOB  HCIIOJIb30BAHBI  AKCIIEPUMEHTAIIBHBIC Ni-7/15/20Cr-7,5Si-4Fe-
0/4/4AMo-1,5B B Mac.% 1 oauH AJIsI CPABHUTENLHOTO aHaau3a Haubosee OJm3-
Kuit mo coctaBy mpowmsiieHnsii cmaB Ni-20Cr-7,5Si-4Fe-1,5B, u3BecTHbIH
kak  BNi-5a". AMOP)HO-KPHCTAILTHYECKHE PHIION TOIIIMHOM 45+5 MKM 110-
JydeHbI M0 TEXHOJOTMU CBEPXOBICTPOTO 3aTBEPIAECBAHUS IUIOCKOW CTpyH pac-
u1aBa Ha ycranoBke Kpucramr — 702,

Jlist maiiku McroJib30Bau 00paslibl KBaJpaTHOM (OPMBI M3 ayCTEHHTHOU
ctamu 08X 18H9, co croponoii ceuenust 10 mm u BeicoTol 27,5 Mm. s aHanu-
3a BIMAHUSA IIpoIiecca H30TEPMHUECKOTO 3aTBEPAEBAaHMS Ha yAAPHYIO BSI3KOCTh
COCIMHCHHUS WCIIOJB30BANHA BpeMs BBLACPKKH 15 muH (pexnm 1) u 40 muH
(pexxum 2) mipu Temmneparype 1160 °C. UcnbiTanus Ha yIApHYIO BA3KOCTH MPO-
poaunu coriaacuo I'OCT 9454-78, oxnako, Ijis IassHOTO COEQUHEHMST HE HAHO-
CHJICSI KOHIIGHTPATop B BHJIE NMPONHIA, TaK KAaK caM MasHBIA IIOB SBISETCS
KOHIICHTPATOPOM HAaIpPsHKEHUN U IeeKTHOH 00acThio. VcnbITaHue pOBOIHU-
Jock Ha MasTHHKOBOM Korpe JB-300B. Ha kaxoe couetanne pexxuM/IpHUIion
UCIIBITHIBAIN cepuio U3 3X o0pasuoB. Ha pucynke 1 nokasansl ¢ppakrorpaduu
00pa3IoB B MOJSPU3AIMOHHOM OmNTHYecKoM MuKpockone METAM PB-21-1
JUTSL pexxuma 2.

a — Ni-7Cr-7,5Si-4Fe-1,5B; 6 — Ni-15Cr-7,5Si-4Fe-4Mo-1,5B;
6 — Ni-20Cr-7,5Si-4Fe-4Mo-1,5B; 2 — BNi-5a"
Pucynok 1. @paxmoepaghuu naausix oopazyos uz cmanu 08X18H9 nocre
UCHBIMAHUA HA YOAPHYIO BA3KOCMb
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Juist cranm 08X 18H9 Taxoke ObLIIO NPOBEJCHO UCIBITAHUE HA YAAPHYIO BS3-
KOCTb. JlJI1 MCXOTHOTO COCTOSIHUS yAapHasi BSI3KOCTh cocTaBwia 145+5 JIx u
>300 /I (0Opasibl He Pa3pyIIMIUCh) JJIs COCTOSHHS MOCTIEe TePMOOOpabOTKH
10 pEeXUMY HalKu.

Bce mastabie 06pa3ubt co BpemeneM Boiiepxkn 40 muH nipu 1160 © C noka-
37U JTydIINe 3HAUeHHs, 9eM 00pa3I(sl CO BPEMEHEM BBIIEPKKH 15 MUH mpH
1160 ° C, uMeromiyie B LEHTPE IIBA BBIPOKICHHYIO 3BTEKTUKY, COCTOSIIYIO U3
xpynkux 6opuaos (Cr, Fe, Ni, Mn, Mo)3B; u cumuiiunos (Cr, Fe, Ni, Mo)3Si.

W3 skcnepuMeHTaIbHBIX COCTABOB HAWIYUIIHHA pe3yabTar 86+3 Ik u 9042
JIx TIoKas3aiy CIUIaBbl ¢ MEHbIIEM cojepxanueM xpoma Ni-7Cr-7,5Si-4Fe-1,5B
u Ni-15Cr-7,5Si-4Fe-4Mo-1,5B (pexxum 1160 °C 40 MuH), 4TO MOATBEPKIAET-
Csl MCCIIeIOBAaHUEM TIOBEPXHOCTH W3JIOMOB: JIaHHBIE 00pa3lbl HMEIOT TPEeUMYy-
IIECTBEHHO BfA3Koe paspymenue. Hamxymmmii pesyaprar 2+0,5 Ik moxaszan
COCTaB C MOBBIINICHHBIM COJEP)KAaHHEM XpOMa W JIETMPOBAHHBIH MOJIHOICHOM
Ni-20Cr-7,5Si-4Fe-4Mo-1,5B (pexum 1160 °C 15 mun). Takum 06pasom, mo-
BBIIIICHUE COJIEp>KaHnEe XpoMa M 100aBKa MOJIHMO/ICHAa CHIKAIOT TUIACTUYHOCTh
COCIMHEHUS, YBEIMYUBAIOT CKIIOHHOCTD K XPYIIKOMY pPa3pyIICHHIO, a yBeInde-
HHE BPEMEHH BBIACPKKH TOMOTCHU3UPYET IMasHOE COEAMHEHHE, yBEIUUMBAs
IUIACTUYHOCTD.

Hccneoosanue svinonneno npu gunarcogou noodepixcke PODU ¢ pamxax
Hayunoeo npoexma Ne 19-32-90092.

M. PENYAZ, A. IVANNIKOV, N. POPOV, A. ABRAMOV,
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IMPACT TOUGHNESS OF AUSTENITIC STEEL JOINTS
BRAZED BY AMORPHOUS-CRYSTALLINE NiCrSiB FILLER
METALS

The aim of the study was to determine the impact toughness of joints made
of austenitic stainless steel 08Cr18Ni9 brazed with amorphous-crystalline filler
metals of the Ni-Cr-Si-B system. Experimental compositions Ni-7/15/20Cr-
7.5Si-4Fe-0/4/4Mo-1.5B wt.% and one industrial alloy Ni-20Cr-7,5Si-4Fe-
1,5B, known as BNi-5a", which is the closest in composition for comparative
analysis, were used. Amorphous-crystalline filler metals with a thickness of 45
+ 5 um were obtained using the technology of rapidly solidification of a plane
melt jet on a Kristall-702 installation.

Specimens from 08Cr18Ni9 austenitic steel with a square cross-section,
with a side section of 10 mm and a height of 27.5 mm were used for brazing.
To analyze the effect of the isothermal solidification process on the impact
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toughness of joints, a holding time of 15 min (mode 1) and 40 min (mode 2) at
a temperature of 1160 ° C was used. Tests for impact toughness were carried
out in accordance with Russian State Standard 9454-78; however, for superfine
joint after transient liquid phase bonding, a concentrator in the form of a cut
was not applied, since the brazed seam itself is a stress concentrator and a de-
fective area. The test was carried out on a JB-300B pendulum tester. A series of
3 specimens was tested for each mode / filler metal combination. Figure 1
shows the fractography of specimens (brazed on mode 2) in the METAM PB-
21-1 polarizing optical microscope.

a— Ni-7Cr-7.5Si-4Fe-1.5B; b — Ni-15Cr-7.5Si-4Fe-4Mo-1.5B;
¢ — Ni-20Cr-7.5Si-4Fe-4Mo-1.5B; d — BNi-5a"
Figure 1. Fractography of brazed 08Cr18Ni9 specimens after impact testing

Impact toughness test was also carried out for steel 08Cr18Ni9. For the ini-
tial state, the impact toughness was 145 + 5 J and > 300 J (the specimens did
not fail) for the state after heat treatment according to the brazing mode.

All brazed specimens with a holding time of 40 min at 1160 ° C showed
better results than specimens with a holding time of 15 min at 1160 ° C, con-
taining a degenerate eutectic in the center of the seam, consisting of brittle bo-
rides (Cr, Fe, Ni, Mn, Mo)3B, and silicides (Cr, Fe, Ni, Mo)3Si.

From experimental compositions, the best results 86 + 3 J and 90+21]
were shown by alloys with a lower chromium content Ni-7Cr-7.5Si-4Fe-1.5B
and Ni-15Cr-7.5Si-4Fe-4Mo-1.5B (mode 2), which is confirmed by the study
of the fracture surface: these specimens have predominantly ductile fracture.
The worst result of 2 + 0.5 J was shown by a composition with increased chro-
mium content and alloyed with molybdenum Ni-20Cr-7.5Si-4Fe-4Mo-1.5B
(mode 1). Thus, an increase in the chromium content and the addition of mo-
lybdenum reduce the ductility of the joint, increase the tendency to brittle frac-
ture, and an increase in the holding time homogenizes the brazed joint, increas-
ing the ductility.

The reported study was funded by RFBR according to the research project
M 19-32-90092.
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BJIMSIHUE PEXKUMA IMAMKA HA MUKPOCTPYKTYPY
IMASTHBIX COEIUHEHUMN BOJIb®PAMA ¥ CTAJIEH
OEPPUTHO-MAPTEHCUTHOTI'O KJIACCA
PA3JIMYHBIX MAPOK

B Hacrosimuii MOMEHT uzeT cOOpKa MEXIyHapoHOTO 3KCIEPHUMEHTAIbHO-
ro TepMosiiepHoro peakropa MTOP, 3aTeM HadyHETCS CTPOWUTEIHCTBO AEMOH-
crpaunonHoro peaktopa JAEMO, koTopslii OyneT HampaBieH Ha OTpabOTKy
MPOIIECCOB KOHBEPTALIMN TEPMOSIIEPHON SHEPTHH B deKTpruueckyo. B IEMO
IPEABSBISIIOT OoJiee BBICOKHME TPEOOBaHMS K MaTepuallaM paspsiaHON KamMepbl
peakTopa, cIelIoBaTeNbHO, peleHus, npuMenseMbie B UTOP, He MOTyT OBITH
HanpsMyro niepeHeceHsl B JIJEMO. B nepByro odepens HeoOXomiMa 3aMeHa Ma-
TepuainoB IlepBoit CTeHKH peakTopa.

B JIEMO wmarepuaiiom, oOpalieHHBIM K IUia3me, OyIeT BOJb(ppam, KOH-
CTPYKUMOHHBIM  MaTepuajoM BbIOpaHa MaloakTUBHpyemas (EeppUTHO-
MapTeHCHTHast ctanb. [Ipyn 3ToM KO3 HUIMEHTH TEPMUUYECKOTO PACIINPEHUS
JIAHHBIX MaTepUaJIOB 3HAYMUTEJBHO Pa3JIMYaroTCs, YTO MPHUBOJUT K paspylle-
HUIO MX TPSIMOTO COEIMHEHHs Y)Ke B Ipoliecce Mpou3BozcTBa. [loartomy ass
KOMITEHCAITN HaIpsHKEHUH MPEUTOKEHO MPUMEHEHHE TIPOCTaBKH M3 TaHTaja,
a B KauecTBE METOJa MOJIYYeHUs] HEPa3beMHOTO COEIMHEHHS — BBICOKOTEMIIE-
paTypHas naika.

B npouecce coenuHeHUs] HEOOXOAUMO COXPAaHUTDH 33/IaHHBIE CBOMCTBA Ma-
TepuanoB. [Ipr 3TOM B KOMITO3WIMH BOJb(paM/TaHTAJ/CTadb OrpaHHIUBAIO-
KM (HaKTOPOM SIBIISIETCS] TEMIIepaTypa rnepexora crand. OHUM U3 IyTei pe-
MIEHUST TaKOW MPOOJIeMBI sIBIsIeTcs OOBEAMHEHHE Tpollecca TepMOOOpadTK
cranu ¢ mpoueccom maiiku. B Poccuun paspaborana crane Rusfer (Fe—12Cr—
2W-V-Ta-B mac.%) [1], B EBpomneiickom Coroze — Eurofer (Fe — 9Cr—W-V—
Ta—C, mac%.) [2], pexxuMbl TepMOOOPAOOTKH KOTOPBIX Pa3JIHYHEL

ITosToMy B naHHO# paboTe pacCMOTPEHO CpaBHEHUE MASHBIX COCJMHEHUH,
MOJYYCHHBIX MO COOTBETCTBYIOIIMM pEXHMaM TepMooOpaboTku. B kauecte
NPUIOS BbIOpaH ObICTpO3akajeHHbIH amopdHbIil crutas Ti-Zr-4Be mac.% [3],
T.K. OH YJOBJIETBOPSIET PAAY HEOOXOAUMBIX TPEOOBAHHUI: MalOAKTHBUPYEMBIi

o]}
cocTaB, Temneparypa miasienus Huwke 1100~ C, ckIoHHOCTH K amopdmu3za-
UM, BEICOKAsI TEMIIepaTypa pacnaiku. TakuM 00pa3oM MOTydeHbI CICAYIOIIHNE
IIassHbIC COCAUHCHUA:
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e RUSFER/ TiZr4Be /Ta/ TiZrdBe /W — pexum 1100 ° C 60 mun + 720

[¢]

C 180 muH,
e EUROFER/ TiZr4Be /Ta/ TiZr4Be /W — pexum 980 ° C 30 mun + 750

° Cc90 MUH,
cKopocTh Harpesa 40 ¢ C/MuH, cKOpOCTh oxuaxaeHus 20 ° C/mum.

B pabote npeacraBieHo cpaBHEHHE CTPYKTYPHO-(PAa30BOTO COCTOSIHUS AaH-
HBIX MMasHBIX coenuHeHni. [TokazaHo, 94To (a30BOe COCTOSTHHE MASTHBIX IIIBOB
WJICHTUYHBI, OJTHAKO OTMEYaeTCs KOJIMYECTBEHHOE pa3jinire 00pa3yromuxcs
¢a3. Kpome Toro, cpaBHUTEIBHBIA aHATIN3 MUKPOCTPYKTYPHI CTajJel TOBOPUT,
YTO B IPOIECCE MAalKK MPOUCXOIUT TepMooOpaboTka Rusfer ¢ o6pazoBannem
MapTEHCUTHOM CTPYKTYPBI, B TO BpeMs Kak Iipu TepMoobpaboTke Eurofer map-
TEHCUTHAsi CTPYKTypa He 00pa3yeTcsi, YTO TOBOPUT O HEJOCTATOYHOH CKOPOCTH
OXJaKIEeHUs. ITO MPUBOIUT K hopMupoBanuro 100 MKM 11010 KpyImHOTO (ep-
puTa BOIMU3M MAsHOTO IIBA, B TO BpeMsi Kak 1pu naiike Rusfer Tonmuna dep-
pUTHOH 00JacTH MeHble Oojiee ueM B 2 pa3a. Taxke pasinune pexuMoB IpH-
BOJWT K 00JIee BRICOKMM 3HAYEHUSIM MHUKPOTBEPIOCTH B MAsSHBIX IIBAX C
Rusfer, uto MoskeT OBITH CBSI3aHO C MEHBIIUM 3(PEKTOM TBEPIOPACTBOPHOTO
YIPOYHEHHS.

Hccneoosanue evinonneno npu @urancosol noododepoicke Poccuiickoeo
Hayunozo ®@onoa npoexm Ne 17-72-20191
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INFLUENCE OF THE BRAZING MODE ON THE
MICROSTRUCTURE OF TUNGSTEN/RAFM STEEL BRAZED
JOINTS

At the moment the assembly of the international experimental thermonucle-
ar reactor ITER is underway, then construction of the DEMO — demonstration
reactor will begin which will be aimed at testing the processes of converting
thermonuclear energy into electrical energy. In DEMO higher requirements are
imposed on the materials of the reactor discharge chamber; therefore, the solu-
tions used in ITER cannot be directly transferred to DEMO. First of all it is
necessary to replace the materials of the First Wall of the reactor.

In DEMO the material facing the plasma will be tungsten the structural ma-
terial chosen is low-activated ferritic-martensitic steel. At the same time, the
coefficients of thermal expansion of these materials differ significantly, which
leads to the destruction of their direct connection already during the production
process. Therefore, to compensate for stresses, it was proposed to use a tanta-
lum spacer, and high-temperature brazing as a method for obtaining a perma-
nent connection.

In the process of joining it is necessary to preserve the specified material
properties. In this case, in the tungsten / tantalum / steel composition the tem-
perature of the steel burnout is the limiting factor. One of the ways to solve this
problem is to combine the process of heat treatment of steel with the process of
brazing.

Steel developed in Russia Rusfer (Fe—12Cr—2W-V-Ta-B mac.%) [1], in the
European Union — Eurofer (Fe — 9Cr-W-V-Ta-C, mac%.) [2], which heat
treatment modes are different.

Therefore, in this work, the comparison of the brazed joints obtained by the
corresponding heat treatment modes is considered. Fast-quenched amorphous
alloy was selected as the brazer Ti-Zr-4Be mac.% [3], since it meets a number
of necessary requirements: low-activated composition, melting point below

1100 ° C, tendency to amorphization, high debrazing temperature. Thus, the
following brazed joints are obtained:

e RUSFER/ TiZr4Be /Ta/ TiZr4Be /W —mode 1100 °© C 60 min + 720° C
180 min,

e EUROFER/ TizZr4Be /Ta/ TiZr4Be /W — mode 980° C 30 min+750° C
90 min,
heating rate 40 °  C/min, cooling rate 20 °  C/min.
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This work presents a comparison of the structural-phase state of these
brazed joints. It is shown that the phase state of the brazed joints is identical,
however, there is a quantitative difference in the formed phases. In addition, a
comparative analysis of the microstructure of steels indicates that during the
brazing process Rusfer is heat treated with the formation of a martensitic struc-
ture while during the heat treatment of Eurofer no martensite structure is
formed which indicates an insufficient cooling rate. This leads to the formation
of a 100 um layer of coarse ferrite near the brazed seam, while in Rusfer braz-
ing, the thickness of the ferrite region is more than 2 times less. Also, the dif-
ference in modes leads to higher microhardness values in brazed joints with
Rusfer which may be associated with a lesser effect of solid solution hardening.

The work was supported by the Russian Science Foundation project Ne 17-
72-20191
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3ABUCUMOCTbD TUIIA KPUCTAJLIOTPAGUUYECKOM
TEKCTYPBI PEKPUCTAJUVIM3AIIUMU OT COOTHOUIEHUA
TEKCTYPHBIX KOMIIOHEHT B ITIPOKATAHHOM CIIJIABE
Zr-2,5%Nb

[IpoBeaeHbI HCClIeAOBaHMS 3aKOHOMEPHOCTEH Pa3BUTUS KpUCTaIUIOrpadu-
YECKOHW TEKCTYPBI M CTPYKTYPHI HAa HAYaJIbHBIX dTanax PeKPUCTAUIA3AINH TIPO-
KaTaHHBIX IUIACTHH U3 ciasa Zr-2,5%Nb. Bapeuposanu crenenu nedopma-
WU JIUCTOB, HampasieHue npokarku (HIT) u ckopoctu HarpeBa oOpasioB 10
temnepatypbl pekpuctamim3anun 580 °C. IIpokarka IiacTUH BAOJb U T0-
nepek nepBoHavyanbHOTO HIIy TpoBOaMIiIack Ha 1a0OPATOPHOM IMPOKATHOM
CTaHe C JAMaMETPOM BaJKOB 5 cM. [lmacTHHBI OBLIM pacKaTaHbl O CTCIICHCH
nedopmanmu 50, 70 u 90%. IIpokaTaHHbIe 00pa3Lbl OTKUTAIN B IICYH C JUHA-
Mu4yeckuM BakyymoM npu temmneparype 580 °C B Teuenue 1 uvaca. [Ipu stom
00pa3Ibl HarpeBaJiv JI0 TEMIIEPaTyphl OTXKHUra ¢ pa3siMu ckopocTsmu: 10, 20 u
100 °C/muH. Ha kaxxsiom 3tare 00paOdO0TKH TUIACTHH MTPOBOIMIIN HCCIIEI0BaHNE
CTPYKTYPBI, TEKCTYPbl U MEXaHUYECKHUX CBOWCTB. AHaIU3UPOBaIN (ha3OBBIH
cocTaB, MPOMUIL PEHTTEHOBCKUX JIMHUH JJIs OINPENEICHHUs apaMeTpOB KpH-
CTAUTHIECKON CTPYKTYPHI (ha3 U BHYTPEHHETO CTPYKTYPHOTO COCTOSHUS 3EpPEH.
MeTooM HENmpepbIBHOIO HMHICHTUPOBAHUS H3MEPSUIM MHUKPOTBEPAOCTh, MO-
ITyJb YIIPYTOCTH M KOA(PPHUINEHT TUTACTUIHOCTH MaTepraa.

VYCTaHoBIIEHO, YTO B Pe3ylbTare NMPOKATKM IUIACTHH U3 ciuiaBa Zr-2,5%Nb
Broib HIly coxpaHseTcst ycroiumBasi KpucTauiorpauueckas TEKCTypa
(0001)+20-40°HH-ITH <1010>, a mpu npokatke nonepek HIIy TekcTypa MeHs-
ercs ¢ yBenuueHueM crenenu nedopmarmu Ha (0001)+£15-20°HH-HIT <112L>,
rae HH u I[TH -HOpMansHOE | MonepedyHoe HampasicHus B jgucte. OOHapyxke-
HO, YTO YK€ Ha HAYaJIbHBIX dTanax PEeKPUCTAIM3AIUU MTPOUCXOINT Mepepac-
MIpeJieJICHHe TEKCTYPHBIX KOMITOHEHT, 00YCIIOBIIEHHOE HEOTHOPOIHOCTHIO CYO-
CTPYKTYPHOTO COCTOSIHHMSI 3€peH pa3HbIX OpHeHTarui. IlameHme momrocHOM
IUIOTHOCTH BOJIM3M HOPMAJILHOTO HAIIPABICHUS CBUACTEIILCTBYET, UTO 00JacTh
MaTpuIpbl o-Zr, 1eGopMUpPOBAHHONW C y4acTHEM JIBOMHUKOBAHUS, XapaKTEpH-
3yIOTCS HU3KOW BEPOSTHOCTHIO O0OPA30BAHMS 3apOJIbIIIEeH PEeKPUCTAITU3AIINH,
CIOCOOHBIX K MOCICAYIONIEMY POCTY. B pe3ynbpTate pekpuCTaIU3aIliy MOsIB-
JITIOTCS 3€PHA, Pa30pUEHTHPOBAHHBIC OTHOCHTEIHHO Ae(POPMUPOBAHHOW MaT-
putel Ha yroa 30° Bokpyr OasWcHBIX HOopMayied. [ToBOpOT MpH3MaTHYECKUX
HOPMaJeH MPOUCXOJNT TO-Pa3HOMY B 3aBUCUMOCTH OT CTemeHH jaedopmanuu
TUTACTHH U UX CKOPOCTH HArpeBa.
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DEPENDENCE OF THE TYPE OF CRYSTALLOGRAPHIC
TEXTURE OF RECRYSTALLIZATION ON THE RATIO OF
TEXTURE COMPONENTS IN THE ROLLED Zr-2.5% Nb
ALLOY

Investigations of the regularities of the development of the crystallographic
texture and structure at the initial stages of recrystallization of rolled plates
from the Zr-2.5%Nb alloy have been carried out. The degree of sheet defor-
mation, the direction of rolling (RO), and the heating rate of the samples to the
recrystallization temperature of 580 °C were varied. The rolling of the plates
along or across the original RD  was carried out on a laboratory rolling mill
with a roll diameter of 5 cm. The plates were rolled to degrees of deformation
of 50, 70, and 90%. The rolled samples were annealed in a dynamic vacuum
furnace at a temperature of 580 °C for 1 hour. In this case, the samples were
heated to the annealing temperature at different rates: 10, 20, and 100 °C/min.
At each stage of processing the plates, the structure, texture, and mechanical
properties were studied. The phase composition and the X-ray line profile were
analyzed to determine the parameters of the crystal structure of the phases and
the internal structural state of grains. The microhardness, elastic modulus, and
plasticity coefficient of the material were measured by continuous indentation.

It has been established that, as a result of rolling plates of Zr-2.5% Nb alloy
along the initial rolling direction (RDy), a stable crystallographic texture
(0001)+20-40°ND-TD<1010> remains, and when rolling across RDy, the tex-
ture changes with increasing the degree of deformation on (0001)+15-20°ND-
RD <112L>, where ND and TD are the normal and transverse directions of a
rolled sheet respectively). It was found that already at the initial stages of re-
crystallization, a redistribution of textural components occurs, due to the inho-
mogeneity of the substructural state of grains with different orientations. The
drop in the pole density near the normal direction indicates that the regions of
the a-Zr matrix deformed with the participation of twinning are characterized
by a low probability of the formation of recrystallization nuclei capable to sub-
sequent growth. As a result of recrystallization, grains appear that are misori-
ented relative to the deformed matrix by an angle of 30° around the basal axes,
which indicates the mobility of high-angle boundaries with an angle of 30°. The
rotation of the prismatic axes occurs in different ways depending on the degree
of deformation of the plates and their heating rate.
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3AKOHOMEPHOCTHU ®OPMHUPOBAHUA
KPUCTAJNJIOTPA®HUYECKOUN TEKCTYPHI B
CBEPXYIIPYI'UX CIIJIABAX HA OCHOBE Ti-Zr-Nb I1PH
HNPOKATKE U ITIOCJIEAYIOLEM OTKUT'E

B Hacrosimee BpeMs NEpCIEKTHMBHBIMH MaTepHajJaMd MEAUIMHCKOTO
Ha3HA4YCHUs SIBJIAIOTCS CIIaBbl Ha ocHoBe Ti-Nb, JIerHpoBaHHBIC IOIOJHU-
TEJIbHBIMH 3JIEMEHTaMH, OMOCOBMECTUMBIMH C YEJIOBEUECKHUM OpraHU3MOM: Zr,
O, N, Ta u mpyrue. YuuTsIBas, 9TO MpH MPOKaTKE MaTepHATIOB, 00IaTarONIIX
sddexrom namsaTH HOPMBI U CBEPXYHPYrOCThIO, CYIIECTBEHHAS JIOJS ILIACTH-
4ecKOH JeopMalui MOKET MPOMCXOAUTH B JIONOIHUTEIBHON (haze, KoTopas
oOpazyeTcs B CIIIaBe 3a CYET MapTEHCUTHOTO TPEBPAIICHNUs, HEOOX0ANMO TIPO-
aHaJM3MPOBATh 3aKOHOMEPHOCTH TEKCTYPOOOPa30BaHMUS B TAKHX CILIABAX.

B pabote mpoBeneHO cpaBHEHHE MEXaHHW3MOB (POPMHPOBAHMS KPHCTAIIIO-
rpaduyeckoil TekcTypbl mat criaBoB Ti-(17-19)Zr-(14-16)Nb (at.%), 6aus-
KHX TI0 COCTaBy, W €€ BIHMSHHEC HA MEXaHWYECKHE CBOWCTBA M3YYEHHBIX CILIA-
BOB. BBIsICHEHO, 4TO HalMuie MapTEeHCHTHBIX IPEBPALICHUI B Mpolecce Ipo-
KaTKH 00yCIIOBIMBAET 0COOCHHOCTH (POPMHUPYIOLIEHCS TEKCTYPHI.

Ha nauyansaoMm stane nedopmanuu (e = 50 %) Bo Beex msTH criaBax ¢Gop-
mupyercs: Tekerypa {112}<011>. IIpu yBenuueHuu creneHu aedopmanuu 10
92-93% TeKcTypa HECKOJIBKO paccerBaeTCs, YTO OOYCIIOBIICHO HOBBIMICHHEM
JIOJIM MapTeHCUTHOH (ha3bl B 1eopMUpOBaHHOM (oJbre.

Pexpucrannm3anus npokataHHbeX (10 € = 92%) doxer mpu TemmepaTtype
650°C (0,5 u) cnocoOCTBYeT 000CTPEHUIO TEKCTYPHOU KOMIIOHSHTHI OJIM3KOU K
{110}<001>, pa3mbITHE KOTOPOI BapbHUPYeTCS B PA3MUYHBIX criaBax. OTKur
npu temnepatype 900°C B Teuenue 0,5 94 MpUBOIUT K (OPMHUPOBAHUIO OCTPOH
kpuctamiorpadpuueckoit Tekcrypbl {100}<011>, yem oOyciioBlieHa CHJIbHAs
AQHM30TPOIHUSI MEXaHWYECKUX CBOMCTB, 0OCOOEHHO 1ox yriioM 45° K Harpasie-
HUIO MTPOKATKH.

[TokazaHo, 4T0 3QdeKT CBEPXyNPYrocTH 3aBUCHT OT OPHEHTAIMN U CTPYK-
TYpBbl, & TAKXKE OT AHU30TPOIIUN MEXAHUUECKUX CBOMCTB.

Pabota mpoBesneHa c 1enpio BIOOpa criaBa ¢ (yHKIMOHATIHHBIMH CBOM-
CTBaMH, CTaOMJILHBIMU 1O OTHOILIEHHIO K W3MEHSIOIEMYCS XHUMHUYECKOMY CO-
CTaBYy, AJISI MOCIIEAYIOIIEH peann3aiy COOTBETCTBYIOIIETO COCTaBa MOPOIIKa B
W3JIENHSX, TI0JTy4aeMbIX METOJAMH aJIMTHBHBIX TEXHOJIOTH.

134



M.M. ZARIPOVA", M.G. ISAENKOVA, Yu.A. PERLOVICH,
V.A. FESENKO, A.V. OSINTSEV, L.A. DEGADNIKOVA
National Research Nuclear University MEPhI, Moscow, Russia
E-mail: MMZaripova@mephi.ru

REGULARITIES OF THE FORMATION OF CRYSTALOGRAPHIC
TEXTURE IN SUPERELASTIC ALLOYS BASED ON Ti-Zr-Nb
DURING ROLLING AND FOLLOWING ANNEALING

Currently, promising materials for medical purposes are Ti-Nb-based alloys
alloyed with additional elements biocompatible with the human body: Zr, O, N,
Ta and others. Considering that during rolling of materials with shape memory
effect and superelasticity, a significant portion of plastic deformation can occur
in an additional phase, which is formed in the alloy due to martensitic trans-
formation, it is necessary to analyze the patterns of texture formation in such
alloys.

In this work, we compared the mechanisms of the formation of the crystal-
lographic texture of five alloys Ti-(17-19)Zr-(14-16)Nb (at.%) close in com-
position. It was found that the presence of martensitic transformations during
the rolling process determines the features of the formed texture.

At the initial stage of deformation (¢=50%), the texture {112}<011> is
formed in all five alloys. With an increase of the degree of deformation to 92-
93%, the texture is slightly diffused, which is due to an increase in the fraction
of the martensitic phase in the foils.

Recrystallization of rolled foils (¢ = 92%) at 650°C (0.5 h) contributes to an
exacerbation of the texture component close to {110}<001>, the blurring of
which varies in different alloys.

Annealing at a temperature of 900°C for 0.5 h leads to the formation of a
sharp crystallographic texture {100}<011>, which causes a strong anisotropy of
mechanical properties, especially at an angle of 45° to the direction of rolling.

It is shown that the effect of superelasticity depends on the orientation and
structure, as well as on the anisotropy of mechanical properties.

The work was carried out with the aim of choosing an alloy with functional
properties that are stable with respect to a changing chemical composition, for
the subsequent implementation of the corresponding powder composition in
products obtained by additive technologies.
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UCCJIEJJOBAHUE XPOMOCO/IEPKAIIMX MOKPBITUIA HA
CIUIABE 3110 C BAPBEPHBIM CJIOEM

OnHOW M3 aKTyaJbHBIX TPOOJIEM CEroJHs, SIBISIETCS KOPPO3Hs IUPKOHHUEBBIX
000JI0YeK NPU HEIITATHBIX PEXXHMMaX SKCILTyaTallid, K KOTOPbIM OTHOCSITCS pas-
JMYHOTO poJia aBapuiHbIe cUTyaru. J{Is CHMIKEHHSI MOCIEIACTBUHM MOJOOHBIX
aBapuil NpeIoKeHa W IIMPOKO HCCIENOBaHAa KOHIENIUS aBapHiHO-
YCTOWYMBBIX BUIOB ToIuMBa. OIHUM M3 HANpaBICHUI CO3aHUS yCTONYHUBOTO
TOIJIMBA SIBJISETCS MOAM(HUINPOBAHUE CYIIECTBYIONIMX CIIJIABOB IIMPKOHHSA,
HammpuMep, HAHECEHHE Ha ITOBEPXHOCTh LUPKOHHEBOH 000JI0YKM 3aIIUTHOTO
XpOMOBOTO HOKpPbITHS. OIHAKO, XPOMOBOE MOKPBITHE MUMEIOT PAJ] CYIIECTBEH-
HBIX HEIOCTATKOB TP B3aUMOAEICTBUM € IIMPKOHHUEM, TAKHX Kak 00pa3oBaHKe
xpynkoii dazer — ZrCr, u 3BTeKTHYECKasl peakuus npu temieparype 1332 °C
[1,2,3]. [TosTOMY ISl HCKITIOUEHUS B3aMMOACHCTBHS XpOMa C IIMPKOHHUEM TIPU
MOBBIIIEHHBIX TEMIIEpaTypax MpepIaraeTcsl Co3JaHue Ha MOBEPXHOCTH 000II0-
yek u3 crwiasa 110 quddy3noHHBIX 0apbepOB U3 TYTOIIABKUX MaTepUalIOB.

B xauectBe 00pa3loB HCHOJIB30BAIKCH (ParMeHTHl TBAIBHBIX TPYOOK M3
crmaBa D110 auamerpom 9,15 mm mumuso# 10 50 MM. MonuduimpoBanue mo-
BEPXHOCTH 00pa3loB npou3Boamiock Ha ycranoBke MJIYP-03 meromom mar-
HETPOHHOTO PacIbUICHHs, IPU CJIEAYIOIINX PeXUMax: HalpspkeHue paspsiaa 1-
6 kB, Tox pa3psna B aprone 1-100 MA, Tok MarHeTpoHOB 10 500 MA, naBneHue
pabouero rasza jo 1 Ila.

B kadecTBe MarepuasioB MHUIIEHEH AJIsI MarHETPOHOB HCIOJNB30BauCh Cf,
Ti, Zr. Bbuti U3roTOBJIEHBI MOKPBITUS: XPOMOBOE MOKPBITHE Ha cruiage D110
0e3 Oapbepa; XpOMOBOE MOKPHITHE ¢ OaphepHbIM ciioeM u3 Ti-Zr. Koppo3non-
HBI€ MCIIBITAHUS TIPOBOJIMIINCE B BHICOKOTEMIIEPATYpHOM I1ape IpH TeMIIepaTy-
pe 1200°C B Teuenun 8 Munyr. COCTOSHHE OKCHIOB U MOBEPXHOCTH MOAU(H-
IIMPOBAHHBIX O0Pa3lOB M3y4aJOCh HA PACTPOBOM 3JIEKTPOHHOM MHKPOCKOIIE
EVO 50 XVP.

Pesynberath riccneqoBaHMi MOKPHITHIA O0e3 Oaphepa MOKa3aly, 9To C POCTOM
TOJIIIUHBI TOKPBITHSI HAPAcTaeT MOPUCTOCT U JIe(PEKTHl B CTPOSHHH CTOIOYA-
TOWH CTPYKTYpHl. JleeKThl B MOKPHITUHM SABISAIOTCS KaHAlIaMHM aKTUBHOTO IIO-
CTYIJIEHUS] KUCIIOPOJa K METaJLTy 000JIOUKH, €r0 HACBIIIEHHIO, YIIPOUYHEHUIO U
CHIDKEHHUIO IutacTHdHOCTH. Kpome 3Toro, oOpasyercs WHTEpPMETAIUTUIHBIN
cnost ZrCry.
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B ciyyae mpuMmeHeHHs TIaCTUYHOTO Gapbepa u3 Ti-ZI B XpOMOBOM CJIO€
oOHapyxuBaeTcs MeHblIee KounuecTBo Aedexros. Ilocne oxucieHus odpasy-
eTcst Oosee MIIOTHBIA okcu Xxpoma. OJIHAKO, B 3TOM Cllydae TakKe MPOHU30IIII0
NIPOHMKHOBEHHE XpoMma B 000JI04Ky ¢ 00pa3oBaHHE CJIOS MHTEpMETAIUINAA
ZrCr,, HO yXKe B MEHbIIHX KoindecTBax. OHAKO, IPUMEHEHNE TUTaHa B Kade-
cTBe Oapbepa MPUBOIUT K ToMy, 4uTo nocie BTO crnoii okcnaa TutaHa oOHapy-
JK€H Ha MOBEPXHOCTU XPOMOBOI0 MOKpHITHE. bojee Toro, BcneacTsue BEICOKOM
1 dy3HOHHONM MOJBMKHOCTH TUTaHA B XpOME HA IpaHHIE pa3zaena "Oapbep-
xpoM" 00pa3yloTcs CKOTIIIEHUsI BaKaHCHI B BUJE MOpP. DTO YBEIMUYUBACT U -
(hy3H1I0 HE TOIBKO KHCIOPOa, HO U Zr Yepe3 OapbepHBIN CIIOH B XpOM.

Ha ocHOBe aHanm3a noJrydeHHbIX SKCIIEPUMEHTANIBHBIX TaHHBIX OBUI ClIeNaH
BBIBOJI O TOM, YTO IIACTHYHbIE OapbepHBIE MPOCIONKH M3MEHSIOT COCTOSHHE
XPOMOBOTO MOKPBITHS, YMEHbINAs Ne(GeKTHOCTh CTpoeHHs. BmecTe ¢ Tem moka-
3aHO TO, YTO TUTAHOCOJEpIKaIe Oapbepbl HE IIPUTOAHBI Ul BBICOKOTEMIIEpa-
TYpHOTO HCIIOJIB30BAaHMUS BCIEICTBUE BBICOKON mn(p¢dy3nMOHHOH Xpoma THo-
JBIOKHOCTH B B-Ti.
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AHAJIN3 TA®®Y3NOHHOM MOJABUKHOCTU NPUMECEN
BHEJAPEHMUSA B CIIVIABE Zr - 1 %Nb 110 JAHHBIM
WU3MEPEHHM BHYTPEHHETO TPEHUSI

OJHUM M3 OCHOBHBIX MEXaHH3MOB I€peXoJia CIUIABOB W3 HEPaBHOBECHOTO
COCTOSIHUSI B PABHOBECHOE C IOHMKEHHBIM YPOBHEM CBOOOIHOM SHEPIHU SBJIS-
eTcst Jughhy3uss aTOMOB. YHHKAJIbHBIM METOJIOM H3YUYCHHUS COCTOSIHUS TPUMe-
ceil B TBepIOM Tene U UX T} (Y3HOHHON ITOJBHKHOCTH SIBIISICTCS METOJ] BHYT-
PEHHETO TPEHHMs, KOTOPBIN MMO3BOJISIET U3MEPATH HapaMeTpsl Tu(dy3un B mu-
POKOM HHTEpBajle TeMIIepaTyp, BKI0Yas HU3KUE TeMIIepaTyphl.

Llenbro HACTOSIETO MCCIIENOBAHUS SBIISIETCS aHATIM3 CIIOCOOOB pacuéra Ko-
s¢durrentoB quddysun npumeceii Bueapenus B cuiase Zr - 1 %Nb mo man-
HBIM U3MEPEHHUIT BHYTPEHHETO TPECHHUSL.

B pabote Ha ocHOBe 00OOIIECHUS JUTEPATYPHBIX NAHHBIX BBIOpAH CIOCOO
pacuera ko3dpdunmentoB mupdy3un s I'TIY MeTamioB ¢ HCHOIB30BaHUEM
BPEMEHH peJlaKkcalyy IPUMECH B pelieTke criaBa. [loiaydeHsl TemmepaTypHble
3aBucuMocTH BHyTpeHHero Tperus (T3BT) crmasa Zr - 1 %Nb Ha ycranoske ¢
MPSMBIM H3THOHBIM MasiTHUKOM, C TTapoMaciisiHoi quddy3nonHoi oTkaukoii. B
CepHsIX U3MEPEHHUI OJJHOTO M TOTO e 00pa3iia MOCIeAHUI HACKIIAICS KUCIIO-
POZOM M a30TOM 32 CUET HaTeKaHUs aTMOC(EpHOro BO3ayxa, a TaKKe Hayrie-
POXHMBAJICS, BCIIEACTBHE Pa3JIOKEHUS apoB Maciia Ha IMOBEPXHOCTH oOpasia
rocsre Harpesa 10 Temiepatypsi 700 - 750°C B X0/1¢ SKCIIePHMEHTOB.

[Tyrem paspmeneHusi TeMIepaTypHBIX 3aBHCHMOCTEH BHYTPEHHETO TpPEHHUS
Ha TMapluualibHble MaKCUMYMbl YCTAQHOBJICHO IIOJIOXKEHHE pellaKCallMOHHBIX
MaKCUMYMOB VIIIepoia, KUCIopoaa U a3oTa; mo ¢opmyne Bepra-Mapkca [1]
BBIYKCJICHBI SHEPTUH aKTUBAIMU JU((Y3UH aTOMOB KHCIOpOJa, a30Ta U yrie-
poJa; MOJTy4eHbI 3aBUCHMOCTH OT YCIIOBHH OIIBITA M CIIOc00a pacyéTa.

Kosddurments! muddysun paccunteBamics mo dopmyne D = ¢?/(16-1)
(Bpems penakcanuu, T,, U3MEPSUIOCh 2-Ms CrocobaMu), a Takxke 1Mo (Gopmyne
D = (Hd)/(Nah) - exp(-H/RT) (popmyna BeiBenena B.I1.I maakoBbim).

YucneHnble 3Ha4eHUs] K03(QGUINEHTOB AU Y3 TOITYYSHBI TPEMs CIIO-
cobamu u, Kak oOpasell, IPEeACTABICHBI Ul KHCIOpOJa Ha PHCYHKE HIKE.
BupHo, 4TO B 3aBHCUMOCTH OT cIloco0a pacyera HaONI0aloTCsl 3HAUUTEIbHbIE
paziIH4us.
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Pucynox 1. CnocoOs1 pacuéra ko3 ummenta tupy3uu (KUCIOpoT)

Hwke npuBeneHsl ypaBHEHUS AppeHnyca JUIs KaXI0H IpuMecH:

Dc=1,45-10° - exp (-157,6/RT) (1 ciocoB)
Do = 5,30 - 10° - exp (-205,6/RT) (3 crocoG)
Dn = 1,02 - 10° - exp (-229,0/RT) (1 criocoG)

1. Wert C. and Marx J. //A new method for determining the heat of activation for re-
laxation processes. Acta Metallurgica, vol.1, 1953, p.113-115.
2. Mehrer H. Diffusion in Solids Metals and Alloys. Springer- Verlag, 1990, p.747.
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ANALYSIS OF DIFFUSION MOBILITY OF INTEGRATED
IMPURITIES IN ALLOY Zr - 1% Nb ACCORDING TO THE
DATA OF INTERNAL FRICTION MEASUREMENTS

One of the main mechanisms for the transition of alloys from a nonequilib-
rium state to an equilibrium state with a reduced level of free energy is the dif-
fusion of atoms. A unique method for studying the state of impurities in a solid
and their diffusion mobility is the method of internal friction, which makes it
possible to measure diffusion parameters over a wide range of temperatures,
including low temperatures.

The purpose of this study is to analyze the methods for calculating the dif-
fusion coefficients of interstitial impurities in the Zr - 1% Nb alloy from the da-
ta of measurements of internal friction.

The temperature dependences of the internal friction (TDIF) of the
Zr - 1% Nb alloy have been obtained on an installation with a straight bending
pendulum, with vapor-oil diffusion pumping. In a series of measurements of the
same sample, the latter was saturating with oxygen and nitrogen due to the
leakage of atmospheric air, and also carburized due to the decomposition of oil
vapor on the surface of the sample after heating to a temperature of
700 - 750 °C during the experiments. After dividing the TDIF into partial max-
ima, the position of the relaxation maxima of carbon, oxygen and nitrogen was
established; the activation energies were calculated by the Wert-Marks formula
[1].

The position of the relaxation maxima of carbon, oxygen, and nitrogen was
established by dividing the temperature dependences of internal friction into
partial maxima; according to the Werth-Marx formula [1], the activation ener-
gies of the diffusion of oxygen, nitrogen and carbon atoms were calculated; de-
pending on the conditions of the experiment and the method of calculation was
also obtained.

The diffusion coefficients were calculated by the formula D = c%(161,) (the
relaxation time, t, was measured in 2 ways), as well as by the formula
D = (Hd®) / (N;h) - exp (—H / RT) (the formula was derived by V.P. Gladkov).

The numerical values of the diffusion coefficients were obtained in three
ways and, as a sample, are presented for oxygen in the figure below. It can be
seen that there are significant differences depending on the calculation method.
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Figure 1. Methods for calculating the diffusion coefficient (oxygen)

Below are the Arrhenius equations for each impurity:
Dc = 1,45 - 10° - exp (-157,6/RT) (1st way)
Do = 5,30 - 10™ - exp (-205,6/RT) (3rd way)
Dy = 1,02 - 10™ - exp (-229,0/RT) (1st way)
1. Wert C. and Marx J. //A new method for determining the heat of activation for re-

laxation processes. Acta Metallurgica, vol.1, 1953, p.113-115.
2. Mehrer H. Diffusion in Solids Metals and Alloys. Springer- Verlag, 1990, p.747.

141



A.A. YPYCOB!, K K. TIOJIYHUH?, U.D. FAJUIEBI,
A.A. MOKPYILIMHY, B.JI. PUCOBAHBIIN?
Yorvi «HuH HITO «JIV Yy, 2. Iloooawvck, Poccus

240 «Hayka u unnosayuuy, e. Mockea, Poccus
E-mail: UrusovAA@sialuch.ru

HNOTJVIOINAIOIIUE MATEPHUAJIBI HOBOT'O IIOKOJIEHUS
JJISA DQHEPTETUYECKUX SAJJEPHBIX PEAKTOPOB HA
TEILJIOBBIX HEUTPOHAX

B sHepreruyeckux siIEpHBIX peaKTOpax POCCUMCKOIO au3aiiHa B KauecTBE
MOTJIOLIAIOIIMX MaTepHAaIOB CTEpXKHEH peryjaupoBaHusi HauOoyiee IIUPOKO
npuMensieTcst kapoum 6opa (B4C), KOTOpBI# XapakTepusyeTcsi HU3KOM pasma-
IIHOHHO# CTOWKOCTHIO [1]. Bpemst ux 3KCIUTyaTanuy B CTAIIMOHAPHBIX YCIOBH-
sX orpaHudeHo BeiropanmeM 45-50 % wm3ortoma 60p-10. Ilpu mocTosHHOM
Hax0XJACHUU U3JENUN B akTUBHOU 30HEe peakropa BBOP-1000 sto nocruraer-
cs 3a 2-3 rona. Mcnonp3oBaHne KOMOMHUPOBAHHOTO MOTJIONIAIONIETO CepeH-
HUKa C pa3MEIICHHEM B aKTHBHOW 30HE THTaHaTa Auchpo3ust Ha auuHe 300 MM
ot Hu3a u B4C B BepxHeii yacTH MO3BOJIMIIO YBETUYUTH BpeMs pabOTHI CTEpPXK-
Heitl perynmupoBanust BBOP-1000 mo 10 met. IIpu 5ToM, Ha cerogas He 000CHO-
BaHO UX ITOBEJEHHE B CIIy4ae BO3MOXKHBIX aBapUIHBIX CUTYallUi, CBI3aHHBIX C
neperpesom [1].

B Hacrosimee BpeMmsi IPOJOIDKAETCST M3Y4EHHE BBICOKO3((EKTUBHBIX I10-
TJIOUIAIONIMX MaTepPHUAIOB Ha OCHOBE OKCHOB PEIKO3EMENbHBIX AJIEMEHTOB U
radHus, KOTOpPBIE BKIIIOYAIOT Pa3pabOTKy MaTepHaia Ha OCHOBE radHaTa auc-
npo3us ¢ gobaBkamu 5 % okcuza ragoiuHus. VX 1enbio siBIsSeTcs] yBeIHYeHne
¢m3maeckoit A3PpPEeKTUBHOCTH TAOIETOK, IMONIyYeHHE (QIIOOPUTHON CTPYKTYpPBI
MOTJIOMAIONIEr0 MATEpHald, YBETHUCHHE MIOTHOCTH MHHHMYM 0 8 r/cM°.
BeIcokas IIOTHOCTh HEOOXOAMMA ISl KJIACTEPHBIX COOPOK, KOTOPBIE OIIyCKa-
I0TCS B aKTHBHYIO 30HY peakTopa I1oJi COOCTBEHHBIM BECOM.

B paboTe npescTaBieHbl OCHOBHBIE Pe3yJIbTaThl pPa3pabOTKU HOBOTO KJlacca
MOTJIOIIAIOMIMX MaTepUalioB Ha OCHOBE OKCHIOB PEIKO3EMENIbHBIX 3JIEMEHTOB
n rapuus. IlpuBeneHbl CpaBHHUTEIbHBIE XapaKTEPHCTHKH radHATOB perKo3e-
MEIBHBIX 3JIEMEHTOB C IPYIMMH IOTJIOMAIONIMMI MaTepralaMi U 000CHOBa-
HUE UX HCIOJIb30BAHUS B CTEPIKHSX PETYIUPOBAHUS SEPHBIX PEaKTOPOB.

CIUCOK TIUTEPaTypPHI:

1. ITornomaroniye MaTepuabl CTEpP)KHEH yIpaBIeHNs] U 3aLIUTHI SIEPHBIX PEAKTO-
pos: moHorp. / B.JI. Pucosansrii, A.B. 3axapos, E.Il. KnoukoB u ap. — YapsHoBck: Y-
I'y,2013.-575c.
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NEW GENERATION ABSORBING MATERIALS FOR
THERMAL-NEUTRON POWER REACTORS

In power nuclear reactors of Russian design, boron carbide (B4C) is most
widely used as absorbing materials for control rods, which is characterized by
low radiation resistance [1]. The time of their operation under stationary condi-
tions is limited by the burnup of 45-50% of the boron-10 isotope. With the
constant presence of products in the core of the VVER-1000 reactor, this is
achieved in 2-3 years. The use of a combined absorbing core with dysprosium
titanate placed in the core at a length of 300 mm from the bottom (10 % of the
entire height) and B,C in the upper part made it possible to increase the operat-
ing time of the VVER-1000 control rods to 10 years. At the same time, their
behavior in the event of possible emergency situations associated with over-
heating has not been substantiated today [1].

At present, the study of highly efficient absorbing materials based on rare
earth and hafnium oxides continues, which includes the development of a mate-
rial based on dysprosium hafnate with the addition of 5 % gadolinium oxide.
Their goal is to increase the physical efficiency of the tablets, to obtain a
fluorite structure of the absorbing material, and to increase the density of the
tablets to at least 8 g/cm®. High density is required for cluster assemblies that
are lowered into the reactor core under their own weight.

This paper presents the main results of the development of a new class of
absorbing materials based on oxides of rare earth elements and hafnium
(nLn,OsmHfO,). Comparative characteristics of hafnates of rare-earth elements
with other absorbing materials and justification of their use in control rods of
nuclear reactors are given.

References:

1. Risovanyj V.D., Zaharov A.V., Klochkov E.P. [i dr.] Pogloshhajushhie materialy
sterzhnej upravlenija i zashhity jadernyh reaktorov: monogr. [Absorbing materials for
control and protection rods of nuclear reactors: monograph]. Ulyanovsk: USU, 2013,
575p.
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MOHOM3OTONHBIE CKAHJIUN COJIEPKAIIVE
KPUCTAJLIBI 1JI51 JAZEPHBIX, CHUHTULISAIIMOHHBIX
NMPUMEHEHU U KBAHTOBOM MAMSTH

Kpucramisl peako3eMenbHbIX okcuoprocunukatoB RE,SiOs, comepxarue
MOHBI CKaHMi SC°* SABNAIOTCS HOBBIME A((EKTHBHBEIME MaTepuanamu (cpe-
JIOW) JUTS JTa3epOB, KBAHTOBOW MaMSTH U CIUHTHUIAIIMOHHBIX KPUCTAILIOB, HC-
MOJTB3yEMBIX B MEAMIIMHCKUX TTO3UTPOH-IMUCCHOHHEIX ToMorpadax [1, 2].

Temreparypbl MIaBiaeHUs] UCXOAHbIX BemiecTB Y,SiOs u ScpSiOg cocras-
asrot 1980°C u 1890°C, cooTBeTCTBEHHO. ABTOpaMM JaHHOM pabOThI OTKPHITO
HOBOE CKaHAMU cojepikaliee XUMHUYecKoe coeauHeHue {Y,SC;}o3(SC)[Si]Os
[3]. Temneparypa mnasienus {Y,SC;}03(SC)[Si]Os, HIKE, UeM TeMmepaTypa
massienus Sc,SiOs Ha 60°C. MuHUMalbHAs: TEMIIEPATYpPA ILUIABJIEHUS ABISAETCSA
3HAYMMbIM TCXHUKO-5KOHOMHUYCCKUM MapaMETpPOM.

W3-3a BRICOKOI CTOMMOCTH HCXOJHBIX PEAKTHBOB BBIPAIIIMBAHNE MOHO H30-
TOTHBIX KPUCTAJUIOB, HA OCHOBE AHOKcUaa KpeMHus SiO, ¢ M30TONOM KPEMHUS
Si-28, MoHou3zoTomHoro okcuaa SC,0Oz3 U MOHOM30TOMHOTO Y,03, MPOBOAMIN
W3 UpUIUEBBIX TUTIIEH ¢ AuameTpoM 40 MM U BbicoTOM 40 MM B 3allIUTHOM aT-
Mochepe 99.5%Ar+0.5%0,. Kpucramibl BeIpalliBaid Ha 3aTPaBKU C OPUCH-
TaIUel mapauieIbHON KprucTauiopu3ndeckoit ocu b. [1ocKoIbKy TaHHBIE KpH-
CTaJUTBI SBJISIFOTCS TEPCIICKTUBHBIMU JJI1 TEXHOJOTMHM KBAHTOBOW MaMSTH, B
HACTOSIIIee BPEeMs IPOBOAATCS M3MEPEHHUS CHEKTPOB ITAPaMarHUTHOTO pe30-
HAHCA U OIPENCIICHUEC BPEMEH CITUH-CIIMHOBOM pelIaKCalliH PAa3InYHBIX aKTH-
BaTOPOB MMEPEXOAHBIX MeTaLIOB, Hanpumep, Co, Cr, V, Cu.

[1] A.A. Sukhanov, R.F. Likerov, R.M. Eremina, I.V. Yatsyk, T.P. Gavrilova, V.F.
Tarasov, Yu.D. Zavartsev, S.A. Kutovoi. Crystal environment of impurity Nd3+ ion in
yttrium and scandium orthosilicate crystals. JOURNAL OF MAGNETIC RESONANCE
Vol. 295 (2018) p.12-16.

[2] A. A. Sukhanov, V. F. Tarasov, Yu. D. Zavartsev, A. |. Zagumennyi, and S. A.
Kutovoi. EPR Spectroscopy of Impurity Thulium lons in Yttrium Orthosilicate Single
Crystals. JETP Letters, 2018, Vol. 108, No. 3, pp. 210-214.

[3] Liudmila D. Iskhakova, Andrey B. llyukhin, Sergey A. Kutovoi, Victor I.
Vlasov, Yuri D. Zavartsev, Valerii F. Tarasov and R. M. Eremina. The crystal structure
of new quantum memory-storage material Sc1.368Y0.632SiO5. Acta Cryst. (2019).
C75, 1202-1207.
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MONOISOTOPIC SCANDIUM CONTAINING CRYSTALS FOR
LASERS, SCINTILLATORS AND QUANTUM MEMORY

Crystals of rare earth oxyorthosilicates RE,SiOg containing scandium ions
Sc** are new effective materials (matrix) for quantum memory and scintillators
crystals used in PET tomographs [1, 2].

The melting points of the initial materials Y,SiOs and Sc,SiOs are 1980°C
and 1890°C, respectively. The authors of this work discovered a new scandium
containing chemical compound {Y ,Sc;}.3(Sc)[Si]Os [3]. The melting point of
{Y,Sc1}03(Sc)[Si]Os is 60°C lower than the melting point of Sc,SiOs. The min-
imum melting point is a significant techno-economic parameter.

Due to the high cost of the initial reagents, the growth of monoisotopic crys-
tals based on silicon dioxide SiO, with silicon isotope Si-28, monoisotopic
Sc,05 and Y,05 was carried out from iridium crucibles with a diameter of 40
mm and a height of 40 mm in a protective atmosphere 99.5% Ar + 0.5% O..
The crystals were grown on seeds with an orientation parallel to the crystallo-
physical axis b. Since these crystals are promising for quantum memory tech-
nology, measurements of the paramagnetic resonance spectra and determination
of the spin-spin relaxation times of various transition metal activators, for ex-
ample, Co, Cr, V, Cu, are currently being carried out.

[1] A.A. Sukhanov, R.F. Likerov, R.M. Eremina, I.V. Yatsyk, T.P. Gavrilova, V.F.
Tarasov, Yu.D. Zavartsev, S.A. Kutovoi. Crystal environment of impurity Nd3+ ion in
yttrium and scandium orthosilicate crystals. JOURNAL OF MAGNETIC RESONANCE
Vol. 295 (2018) p.12-16.

[2] A. A. Sukhanov, V. F. Tarasov, Yu. D. Zavartsev, A. |I. Zagumennyi, and S. A.
Kutovoi. EPR Spectroscopy of Impurity Thulium lons in Yttrium Orthosilicate Single
Crystals. JETP Letters, 2018, Vol. 108, No. 3, pp. 210-214.

[3] Liudmila D. Iskhakova, Andrey B. Ilyukhin, Sergey A. Kutovoi, Victor I.
Vlasov, Yuri D. Zavartsev, Valerii F. Tarasov and R. M. Eremina. The crystal structure
of new guantum memory-storage material Sc1.368Y0.632SiO05. Acta Cryst. (2019).
C75, 1202-1207.
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MATHUEBBIE CILIABBI C IOBBILIEHHOM
TEMIIEPATYPOM BOCIIJIAMEHEHMUSI

MarnueBble CIiaBbl, Onaromapsi CBOEil BBICOKOM YJIEIBbHOW NPOYHOCTH,
HanboJiee MepCIeKTHBHBI B aBHAKOCMUYECKOM M TPAHCIIOPTHOM MAaIIHHOCTPO-
eHnn. OfHUM M3 ClepXKHBaIOIUX (PaKTOPOB 0OoJiee IIMPOKOTO NPHUMEHEHUS
MAarHUeBbIX CIUIABOB SIBIIETCS MX HH3Kas Temreparypa Bociuiamenenus (Ty,).
B cBsi3u ¢ 3TUM 11e7IbI0 HACTOSIIEH paboThI SBISUIOCH pa3paboTaTh MarHUEBBIH
JUTEHHBINA cTiaB(bl), CYIMIECTBEHHO MPEBBINIAIONIMN MO TEMIIEPAType BOCILIA-
MeHeHHst 06a30BbIi criaB MJI10 1 He ycTynaromuii eMy 1o MPOYHOCTHBIM Xa-
pakTepucTukaM. CorjlacHO CHpaBOYHBIM JaHHBIM criaB MJI10 mocie tepmo-
06paboTkn 1o pexumy T61 mmeer [1]: T,,=550 °C u mpemen mpounoctn
6,=240 MIla.

B xauecTBe cuctemsl nerupoBanus BeiOpana Mg-Y-Zn-Zr, ocHOBHOM 3ama-
4yell kotopoil siBisiercs ¢popmupoBanue LPSO cTpykTypbl ¢ MenkuM 3epHOM
[2], B KOTOpYIO IUIst TOCTIKEHUSI TIOCTaBICHHOM T1enu qo6asisutn Gd wm Yb.

MuxkpocTpykrypa crasa MJI10 B InToM cOCTOSHMM TpencTaBiIseT co0oi
OTHOCHUTENBHO OJTHOPOJIHbIE 3€pHa 0-M(Q, U CKOHIIEHTPHPOBAaHHYIO MO TPaHU-
mam 3épen dassr (MgZn),Nd, (MgZr);pNd, Mg,Nd. TTocie roMmoreHn3anny u
3aKaJIKd CTPYKTypa COCTOHMT M3 NPECHILIEHHOTO TBEPJIOTO PacTBOpa pPeaKo3e-
MenbHBIX MeTaiuioB (P3M) B a-M(Q ¢ HEKOTOPBIM KOJMYIECTBOM BBIJICTUBIIIHXCS
u3 o-Mg rnoOymsapHbix wactun ¢a3z (MgZn)oNd, (MgZr);,Nd, nocie mocre-
JIYIOIETO CTApPEHHsI KOIWIECTBO TTOOYIISIPHBIX YaCTHUIl 3HAYUTEILHO BO3pacTa-
eT, a 3&€pHa COCTOAT mpeumyniecTBeHHO U3 a-Mg (puc. la). Kak cnencrsue,
3HAYUTENIHHO BO3pacTaeT TBepaocTs: ¢ HB=57 B nmutom coctosanm no HB=73
IOCJIe CTAapeHHs, T.C. Pealn3yeTcs MEXaHHW3M AWUCIIEPCHOHHOTO YIPOYHEHHMS.
Ton = 630 °C.

Cmnas cuctembl M@-Y-Zn-Zr B TUTOM COCTOSIHUM MMEET HEPaBHOMEPHYIO
CTPYKTYpY, ¢ OonbInM cojepxkanueM P3M B 3épHax, mociie roMOreHU3AIMA U
3aKaJIi pa3Mep 3€pHa 3HAYUTEIHHO YBEIHMUYUBAETCS, 3€pHA COCTOAT M3 a-Mg ¢
HEKOTOPHIM KOJINYECTBOM BBLICIUBIIUXCS TII00YISIPHBIX YaCTHL, IO T'PaHULIAM
3épeH copmupoBanack Tepmoctabmibhas LPSO ¢aza Mgy, YZn, nmocnenyro-
IIee CTapeHWe Ha CTPYKTYpy M TBEPIOCTh CIUIaBa BIMSHHUS HE OKa3alo:
HB=70; T,, = 730 °C.

CrutaB cucteMbl Mg-Y-Zn-Zr-Yh B THTOM COCTOSHHH HMeET HepaBHOMED-
HYIO CTPYKTYpy ¢ OosbmuM coaepskanueM P3M B 3épHax, mociie roMoreHu3a-
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UM ¥ 3aKaJIKK 3€pHA COCTOAT U3 0-Mg, 1o TpaHunam 3épeH chopMupoBaIach
tepmocrabmipHass LPSO ¢asza Mg;,YZn ¢ tpynso uneHruduumpyemsim Yb,
MOCIeyIolIee CTapeHne Ha CTPYKTYPY CIUIaBa BIHMSHHS He Okas3ano (puc. 16).
Hamuuwe Yb B coBokymHocTH ¢ LPSO (ha3oii 3HAUHTENBHO TOBBICHIIO TEMIIE-
parypy Bocmmamenenus Ty, =~ 960 °C; HB=68.

CrutaB cuctembl Mg-Y-Zn-Zr-Gd B JUTOM COCTOSTHUH HMEET HepaBHOMED-
HYIO CTPYKTYpY, ¢ OoipmmM conepskanneM P3M B 3épHax, mocie roMoreHu3a-
IIUM ¥ 3aKaJKH pa3Mep 3epHa 3HAYUTENbHO yBEIMYUBACTCS, 3€pPHA COCTOAT U3
0-Mg C HEKOTOPBIM KOJMYECTBOM BBIICNHBIIMXCS IJIOOYISAPHBIX YacTHL,
npenmnonoxutensHo MgsGd, mo rpanunam 3épeH chopMupoBanach TepMoCTa-
ommsHast LPSO daza Mgy, YZn, nocnenyromiee crapeHne IpruBeio K o0pazoBa-
HUIO WIJIOBUHBIX BKIIOUeHHH B 3€pHax a-Mg (puc. 1¢) n yBenmuueHus TBepro-
cru g0 HB=75. T,~ 730 °C. IIpeanonoxuTensHO TPU OOJBIIEM CONEPIKAHUU
Gd B oTOM cIulaBe MOXET OBITh PEATH30BAH MEXaHH3M HCIEPCHOHHOTO
YIIPOYHEHHSI.

L

Pucynok 1 — MUKpOCTpYKTYpa MarHueBbIX CIUIABOB [IOCJIE TOMOT€HU3a-
LIMH, 3aKaJIKU U cTapeHus: a — ciuiaB MJI10;
6 — crutaB Mg-Y-Zn-Zr-Yb; B — crutaB Mg-Y-Zn-Zr-Gd

Ha oCHOBaHWH BBINIOJHEHHBIX HCCIICHOBAHUN MOXHO OXKHJIATh, YTO COB-
MecTHOe BBezeHue B ciutaB Mg-Y-Zn-Zr, obpasyromuit LPSO ¢asy, Yb u Gd
Oyzer crmocoGCTBOBaTh CYIIECTBEHHOMY BO3DACTaHHIO M TEMIEPaTyphl BOC-
[UTAMEHEeHHs] X IPOYHOCTH.

Paboma evinonnena ¢ pamxax I'oczaoanus Ne FEMR-2020-0003
CHHCOK HCTOYHHUKOB
1. TOCT 2856-79 CriaBsl MarHUeBbIe JTUTEHHBIE.

2. Kawamura Y., Hayashi K., Inoue A., Masumoto T.//Materials Transactions. —
2001. - T.42, Ne 7. - C. 1172-1176
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FLAME-RESISTANT MAGNESIUM ALLOYS

Magnesium alloys, due to its high weight-to-strength ratio, are among the
most promising for aerospace and transport engineering. One of the limiting
factors for the wider use of magnesium alloys is its low kindling temperature
(Tking)- In this regard, the goal of this work was to develop the magnesium cast-
ing alloy which would significantly exceed the reference one ML10 in terms of
ignition temperature at equally high strength characteristics. According to the
reference data, the ML10 alloy after the T61 heat treatment mode has [1]: Tyina.
=550 OC and ultimate strength Fy,= 240 MPa.

To achieve this goal the alloying system Mg-Y-Zn-Zr with additions of Gd
or Yb was chosen to obtain the fine-grained LPSO structure [2].

The microstructure of the ML10 alloy in the cast state is presented by the
relatively homogeneous a-Mg grains with the (MgZn);,Nd, (MgZr),;,Nd and
Mg;oNd phases concentrated along the grain boundaries. After diffusion an-
nealing and quenching, the structure consists of the supersaturated solid solu-
tion of rare earth metals (REM) in a-Mg with a certain amount of (MgZn),,Nd
and (MgZr);,Nd globular particles released from a-Mg; after subsequent age-
hardening, the number of globular particles increases significantly and the
grains consist mainly of a-Mg (Fig. 1a). As a consequence, their hardness in-
creases significantly: from HB = 57 in the cast state to HB = 73 after age-
har%ening, i.e. the mechanism of precipitation hardening is realized. Tyjng =
630-C.

The alloy of the Mg-Y-Zn-Zr system in the cast state has a heterogeneous
structure with a high content of rare-earth metals in the grains. After diffusion
annealing and quenching, the grain size has been increased significantly. The
grains consist of a-Mg with a certain amount of precipitated globular particles.
The thermostable LPSO phase Mg;,YZn has been formed along the grain
boundaries. Subsequent age-hardening did not affect the structure and hardness
of the alloy: HB = 70; Tying. = 730°C.

The alloy of the Mg-Y-Zn-Zr-Yb system in the cast state has a heterogene-
ous structure with a high content of rare-earth metals in the grains. After diffu-
sion annealing and quenching the grains consist of a-Mg. Thermostable LPSO
phase Mg;,YZn with Yb has been formed along the grain boundaries. Subse-
guent age-hardening had no effect on the alloy structure (Fig. 1b). The presence
of Yb in combination with the LPSO phase significantly increased the kindling
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temperature Tying. ~ 960°C; HB = 68.

The alloy of the Mg-Y-Zn-Zr-Gd system in the cast state has a heterogene-
ous structure, with a high content of rare-earth metals in the grains. After diffu-
sion annealing and quenching the grain size has been increased significantly,
the grains consist of a-Mg with a certain amount of precipitated globular parti-
cles, presumably MgsGd. Thermostable LPSO phase Mgi,YZn has been
formed along the grain boundaries. Subsequent age-hardening led to the for-
mation of the needle-shaped inclusions in the a-Mg grains (Fig. 1c) and in-
crease in hardness up to HB = 75. Tyjnq. = 730°C. Presumably, at a higher Gd
content in this alloy, the mechanism of precipitation hardening can be realized.

Figure 1 - Microstructure of magnesium alloys after diffusion annealing,
quenching and age-hardening: a - ML10 alloy; b - Mg-Y-Zn-Zr-Yb alloy; ¢ -
Mg-Y-Zn-Zr-Gd alloy.

Based on the studies performed, it can be expected that the joint introduc-
tion of Yb and Gd into the Mg-Y-Zn-Zr alloy, which forms the LPSO phase,
will contribute to a significant increase in both the kindling temperature and
strength.

The work has been performed within the framework of the State Assignment
No. FEMR-2020-0003
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CYXOE TPEHUE KEPAMNYECKOI'O HAHOKOMIIO3UTA
C IOBABKOW I'PA®EHA

Beeaenue. CrieueHHas KpylmHOKpHCTaIMYecKkas: kepamuka Al,Oz sBisercs
OJIHMM M3 COBPEMEHHBIX KOHCTPYKIIMOHHBIX MaTepUaliOB, 00J1aJal0IIHUX BBICO-
KAMH TEMIIEpaTypOH IUIaBIEHUs, MOJYJIEM YIPYrOCTH, TEIIOCTOHKOCTBIO,
KOPPO3UOHHOM CTOMKOCTBIO, HO MMEET psifi HEJAOCTAaTKOB, OIPaHWYMBAIOIINX
MPaKTHYECKOE MPUMEHEHHE — BBICOKYIO XPYIMKOCTh M HHM3KHE TPEHIMHOCTOM-
KOCTh U HW3HOCOCTOMKOCTh. B mocneaHue roipl MHOTHMHU HCCIIEOBaHHSIMU
MO0Ka3aHO, YTO OJHUM U3 MOTEHIUAJIBHBIX CIIOCOOOB YCTPAHEHHUS YIIOMSIHYTBIX
HEJIOCTAaTKOB SIBJIACTCS M3MENIbYCHHE KEPAMUKH 110 HAaHOpa3MepHOM o0yacTu n
J00aBJICHUE B €€ COCTaB Pasn4HbIX GopM yriepona — rpadura, HaHOTPYOOK,
¢ynmnepena u ap. [1]. Beulo BeIsBIEHO, YTO OCO0ast poJib MpUHALIEKUT 2D-
rpadeny [2, 3], KOoTOpbIii MO3BOJSIET O00ECHEUUTh OOJIBIINI MOBEPXHOCTHBIN
KOHTAKT C 3¢pHaM{ MaTpPUIIBI, 110 CPABHEHUIO C TOYCYHBIM KOHTAKTOM JUISl HH3-
KO-pa3MepHBIX YriaepodHslx ¢opMm (dymnepensl, HaHOTpYOKM). Psim crareit
CBUJICTENIBCTBYET O MOBBIMICHUH ITPH 3TOM IPOYHOCTHBIX CBOMCTB. UTo KacaeT-
csl TpUOOJIOTHYECKUX CBOWCTB JAHHOTO KOMITO3HUTA, TO MPEAINOJaraercs, 4To
yenryiiku rpadeHa, Kak Bropas ¢asza, IpUBEIyT K 3HAYUTEILHOMY CHIDKCHHIO
M3HOCA BCIIEACTBHE YMEHBIICHHS CHJI TPEHHSI Ha KOHTAKTe HAHOMETPHUYECKUX 1
CyOMHUKPOCKOTINYECKAX CTPYKTYPHBIX 31eMeHTOB [4]. OmHako cBeOEeHUS O
TPHOOIOTHUECKAX CBOMCTBAX TAKUX KOMITO3HMIUI NMPAKTHUECKH OTCYTCTBYIOT.
enp paboThl - MccIenOBaHUE BIWSHUS rpadeHa Ha TPUOOIOrHYecKHe CBOM-
CTBa B HAHOKOMITO3UTHOH KepaMHKe Ha OCHOBE OKCHJa AJIFOMHHUS.

Matepuaj 4 MeTObI HccaegoBaHus. B paboTe ncnoap30Bani KOMIO3HT,
cocrosimuii U3 HaHomopoiika kepamukn AlL,O3; u HaHouemyek rpadeHa, B
¢dopme nmucka pazmepoM P15 x 2 mMm. HccnenoBanu obOpasusl 6e3 rpadeHa u ¢
conepkanneM rpadena 2 Bec.%. MeTos mosrydeHUs] OCHOBaH Ha IUIA3MEHHO-
HCKpPOBOM CIIEKaHWH I0]] JaBJICHUEM B 3aIlUTHON atmocdepe. Ilepen ncmbiTa-
HHEM Ha TpeHHe 0O0paslbl OBUIM OTMOJHMPOBAHBI TaK, YTOOBI IIEPOXOBATOCTH
noBepxHoctd Obta R, < IMmxM. McmelTanus Ha W3HOC M TPEHHE MTPOBOAWIN
6e3 cmaszku Ha mpudope Tribometer CSM Instruments mpu KOMHaTHOW TeMIIe-
patype ¥ KpyroBOH cxeMe TPEHHUS «IIapHK-AUCK» C PaANyCOM HCIBITAHUSA I =
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2,5 MM ¥ JIMHEHHOH CKOPOCTBIO 15 cM/C. DKCIIEPUMEHT BBIMOJIHSIN Ha BO3/Y-
Xe, 1 KOMHATHOH Temreparype. B kauecTBe KOHTpTeNa CIIyXKHJI caripupoBbIi
mapuk I3 MM, Harpyska cocrasisia 20H, koTopast Oblia MakCHMalibHO BO3-
MOXHOM JUIsi JaHHOTO MpuOOpa M COOTBETCTBOBAJIA OIBITY MPEIBIAYIIUX pa-
oot [2].

Pesyabrarsl. Huke nokasanel rpadyku 3aBUCUMOCTH H3HOca (puc. 1a) u
ko3(dunuenta Tpenus (puc. 16) ot Bpemenu i kepamuku Al,O; ¢ pasHbiM
coJiep>kaHKeM rpadeHa mpu KOMHaTHO# Temiieparype.
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Puc. 1. Usnoc (a) u koapduunent tpenus (0) kepamuku Al,O3 6e3 rpadena
u ¢ 2% rpadeHom

N3noc Ha 000nx 00Opasiax JIMHEHHO yBEINYNBAETCS CO BpeMeHeM (puc.la).
CxopocTh m3HOCA o0pasma Ge3 rpadena 6,13x107 mv>H M ma 3 mopsiaKa
BEIIIIE, 9eM CKOPOCTh M3HOCa 00pa3ma ¢ rpadeHoM 2,55x10% mv*H™ M. Ko-
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s¢ppunmeHT Tpenus KTp Ha yCTAaHOBHUBIICHCS CTaIuKM UMeEeT Oojiee IUIaBHOEC
noseneHue (puc.10) u s obpasma 6e3 rpadena cocrasui 0.59 (kpusas 1), a
st obpasna ¢ rpadgenom 0.41 (kpuBas 2). OTMETHM, 4TO KpHBBIE 0OOpa3loB
0e3 rpadeHa UMEIOT YKOPOUSHHBIH BUJ BO BPEMEHH, CBS3aHHBIM C OCTAHOBKOM
OKCIIEPUMEHTA BCIJIEACTBHE OMEHUS U CHIIBHOTO HM3HAIIMBaHUs 00pa3ia U KOH-
Tprena. V3 monydeHHBIX JaHHBIX CIENyeT, 4To Jo0aBKa rpadeHa B KepaMHKY
YMEHbIIAeT M3HOC W KOI(PQHUIUEHT TPEHUs, COOTBETCTBEHHO, Ha 19 n 30%.
[Tpeamnonaraercst, 4T0 3TO MOKET OBITH CBSI3aHO C 0Opa30BaHUEM TPaEHOBOTO
MOKPBITHS B BUJIE YIBTPATOHKOTO TBEPJOTO CJIOS HAHOCMAa3KH B (hopMe demry-
€K, KOTOpOe TPEMNSATCTBYET (JOPMHUPOBAHUIO BBICTYIIOB HA IOBEPXHOCTH MaTe-
pHana ¥ MO3BOJISIET 3aMETHO CHIKATh U3HOC M TPEHHE B OTIMYMHU OT 0Opasia
6e3 rpadena. [4,5]

BeiBoapbl. [Ipn Tpernn vemryliku rpadeHa ciaykaT CMa309HBIM 3JIEMEHTOM,
KOTOPBIi MO3BOJIAET YMEHBIINTD U3HOC U K03 duuneHt tpeHus Ha 19 u 30%,
COOTBETCTBEHHO.

dunancupoBanue. PaboTa BBIMOIHEHA TIpH MOaAepKKke rpaHnta PHD Ne
16-19-10213.

CnHMcoOK MCTOYHUKOB

[1] O. Jankovsk’y, P. Simek, D. Sedmidubsk’y, S. Huber, M. Pumerab, Z. Sofer.
Towards highly electrically conductive and thermally insulating graphene nanocompo-
sites:Al203—grapheme, 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/Al203 composite, J. of Ce-
ram. Soc&Tech. 2018, 9(3), p.215-224.

[3] A. Borrell, R. Torrecillas, V. G. Rocha, A. Fernandez, Effect of CNFs content on
the tribological behaviour of spark plasma sintering ceramic-CNFs composites, Wear,
2012, 274, p.94-99.

[4] O. V. Penkov, H. J. Kim, H .J. Kim, D. E. Kim. Tribology of Graphene: A Review.
International Journal of Precision Engineering and Manufacturing. 2014, 15, p.1-9.

[5] M. S. Won, O. V. Penkov, D. E. Kim. Durability and degradation mechanism of
graphene coatings deposited on Cu substrates under dry contact sliding. Carbon, 2013,
54, p.472-481.

152


http://link.springer.com/article/10.1007/s12541-014-0373-2
http://link.springer.com/article/10.1007/s12541-014-0373-2
http://www.sciencedirect.com/science/article/pii/S0008622312009712
http://www.sciencedirect.com/science/article/pii/S0008622312009712
http://www.sciencedirect.com/science/article/pii/S0008622312009712

'M.A. PAKHOMOV, ?V. Yu. Novikov, 'V.V. STOLYAROV
"Mechanical Engineering Research Institute. Russian Academy of Sciences
(IMASH RAS), M. Kharitonevsky lane, 4, Moscow, Russia
“Belgorodsky State National Research University, Belgorod, Russia
E-mail: pakhomovmish@gmail.com, novikov_v@bsu.edu.ru, vistol@mail.ru

DRY FRICTION OF CERAMIC NANOCOMPOSITE WITH
GRAPHENE ADDITIVE

Introduction. Sintered coarse-crystalline ceramics Al203 is one of the
modern structural materials with a high melting point, elastic modulus, heat re-
sistance, corrosion resistance, but has a number of disadvantages that limit the
practical use of ceramics - high brittleness and low crack resistance and wear
resistance. In recent years, many studies have shown that one of the potential
ways to eliminate these disadvantages is to refine ceramics to the nanoscale re-
gion and add various forms of carbon to its composition - graphite, nanotubes,
fullerene, etc. [1]. It was revealed that a special role belongs to 2D graphene [2,
3], which makes it possible to provide a greater surface contact with the grains
of the matrix, in comparison with the point contact for low-dimensional carbon
forms (fullerenes, nanotubes). A number of articles indicate an increase in the
strength properties. As for the tribological properties of this composite, it is as-
sumed that graphene flakes, as the second phase, will cause a significant de-
crease in wear due to a decrease in the friction forces at the contact of nanomet-
ric and submicroscopic structural elements [4]. However, there is practically no
information on the tribological properties of such compositions. The aim of this
work is to study the effect of graphene on tribological properties in nanocom-
posite ceramics based on aluminum oxide.

Material and research methods. We used a composite consisting of
Al203 ceramic nanopowder and graphene nanoflakes, in the form of a disk
with a size @15 x 2 mm. The graphene content was varied in the range of 0 and
2 wt%. The production method is based on plasma-spark sintering under pres-
sure in a protective atmosphere. Before the friction test, the samples were pol-
ished so that the surface roughness was Ra < 1 pm. Wear and friction tests were
carried out without lubrication on a Tribometer CSM Instruments at room tem-
perature and a circular ball-disk friction pattern with a test radius of r = 2.5 mm
and a linear velocity of 15 cm/ s. The experiment was carried out in air at room
temperature. A sapphire ball served as a counterbody &3 mm, load F was 20N.
The choice of the force value is based on the maximum capabilities of the de-
vice and the experience of previous work [2].

Results. The graphs of the wear dependence (Fig. 1a) and the friction coef-
ficient (Fig. 1b) on time are shown below for ceramics Al203 with different
graphene content at room temperature.
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Figure 1.Wear (a) and coefficient of friction (b) of AI203 ceramics without
graphene and with 2% graphene

Wear on both samples increases linearly with time (Fig. 1a). The wear rate
of a specimen without graphene is 6.13 x 10-5 mm3 - N-1 - m-1 is 3 orders of
magnitude higher than that of a specimen with graphene 2.55 x 10-8 mm3 - N-1
- m-1. The friction coefficient at the steady state has a smoother behavior (Fig.
1b) and for the sample without graphene it was 0.59 (curve 1), and for the sam-
ple with graphene it was 0.41 (curve 2). Note that the curves of the samples
without graphene have a shortened form in time, associated with the termina-
tion of the experiment due to beating and strong wear of the sample and coun-
terbody. It follows from the data obtained that the addition of graphene to ce-
ramics reduces wear and the friction coefficient by 19 and 30%, respectively.

The values of wear and friction coefficient are very different. It is assumed
that this may be due to the formation of a graphene coating in the form of an
ultrathin solid nanoscale layer, in the form of flakes, which prevents the for-
mation of protrusions on the material surface and makes it possible to signifi-
cantly reduce wear and friction, in contrast to the sample without graphene.
[4,5]
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Conclusions. During friction, graphene flakes serve as a lubricating ele-
ment, which makes it possible to reduce wear and friction coefficient by 19 and
30%.

Financing. This work was supported by the Russian Science Foundation
grant No. 16-19-10213.
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MOJIEPHU3ZAIIUA YCTAHOBKH U ABTOMATHU3ALIUSA
N3MEPEHUU KUCJIIOPOJHOI'O TIOTEHIIUAJIA
OKCHJHOI'O TOIVIMBA METOJIOM 3/1C TT'sA

SnepHoe TONMIMBO Ha OCHOBE NHOKCHJAA ypaHa, ypaH-TaJOJHHUEBBIX OKCH-
1oB 1 MOX-TOIUIMBO SBJISFOTCS OKCUAHBIMU CHCTEMaMH, KOTOPBIE B OOBIIHBIX
YCIIOBHSIX HAaXOJSTCA B HEPABHOBECHBIX COCTOSIHUAX. XapaKTEPUCTUKU TaKOTO
TOTUTUBA CHIIBHO 3aBUCAT OT CTEXHOMETPHH, TIOATOMY KOHTPOIb CTEXHOMETPHH
KPUTUYECKH BAXKEH NP U3TOTOBJIECHUM U HKCIUTyaTallUd OKCUAHOTO SJIEpPHOTO
ToruBa. CTEeXHMOMETpHUSI HANPSAMYIO CBA3aHA C KHUCIOPOIHBIM IOTCHIINAIOM
OKCHJa, TO3TOMY U3MEHSISI KUCIOPOAHBIM MOTEHIUAN CPENibl, B KOTOPOH Haxo-
JUTCS TOIUTUBO TIPH M3TOTOBJICHUH, MOXKHO BJIMATH Ha CTEXHOMETPHIO, TAKXKE
M3Mepsisi KUCIOPOTHBIN TMOTEHIIMAT TOILTUBA MOXKHO y3HATh €r0 CTEXHOMET-
pHIo.

U3 psima ctaHAapTHBIX METOAOB JJIsl H3MEPEHHSI KHUCIOPOAHOTO TTOTEHITHANa
661 BeIOpan MeTonr DJIC TBEpIOIICKTPOIUTHON TraIbBAHUUYCCKOW SUCHKH U3-
3a BBICOKOW CKOPOCTH M3MEpPEHHI U TOTO, YTO B XOZI€ M3MEpeHuil oOpaser He
paspylaercs, a 3TO SBIAETCS KPUTHYHBIM B JTaHHOM HCCIeJOBaHUU. JlaHHBII
METO/] pean3yeTcsl ¢ MOMOIIBIO JIBYX 3JEKTPOJIOB, MEXKIY KOTOPBIMH 3aKITIO-
4yéH TBEPIBIN DJICKTPOJIUT, MOHHAS MPOBOJUMOCTH KOTOPOTO COCTaBISiET HE
MeHee 0,99 oT o0meii 3IeKTPONPOBOAHOCTH, B KAUYECTBE OJHOTO DJICKTPOJa
BBICTYIIAeT BEIIECTBO C M3BECTHBIM KHCIOPOJHBIM MTOTCHIINAJIOM, a B KaU4eCTBE
JIPYroro uccieayeMblid oOpaser. DIeKTpoABHKYIIas CUlla TaKOH siueika onpe-
JIeNseTCsT pasHUIeld KHUCIOPOJHBIX ITOTCHIIMAIIOB BEIIECTB, yYYACTBYIOIINX B
SNIEKTPOJIHBIX peaklysiX. B 3ToM mccienoBaHuy UCIOIb30BANIaCh S4Yeika THUIA
Ni,NiO|ZrO,(Y,03)|o6pasern. Teépapiii anexrposut uz ZrO,(Y,03) npencras-
nsiet co0oit konOy, 3amonHenHyro cmechio Ni,NiO, koTopast BeIcTyIaeT B Kaue-
CTBE 3JIEKTpOJa CpaBHEeHHUs. bmaromapst Takoil KOHCTPYKIMU TMPOUCXOIUT pas3-
JISTIEHIEe Ta30BOTO MPOCTPAHCTBA HAJT AJIEKTPOAAMH, YTO MIPEIOTBPAIIACT I10SB-
JICHUE OLITNOOYHBIX PE3Y/IbTaTOB.

V3HavyanpHO B YCTaHOBKE IUIS PETYAMPOBAHHS HarpeBa MPUMEHSIICS IBYX-
kananpHbl [T I-perynarop TEPMOIAT 13KS5. Ero rnaBHeIM mpeumylie-
CTBOM SIBJIIETCSI BOZMOYKHOCTh SKCIIOPTa U3MEPEHUN TeMIepaTyphl B KOMITbIO-
tep. OqHaKo OH 00J1aial 3HAYUTEIILHBIM HEJ0CTATKOM, KOTOPBIH 3aKI04alcs B
TOM, YTO CKOPOCTh HarpeBa U MOITHOCTh PEryIMPOBAINCEH BPYIHYIO, UTO CHIIb-
HO YCJOXHSIO mpouecc n3Mepennii. IlosTromy oH ObUT 3aMeHEH Ha OJHOKA-
HanpHbeIA [IW]I-perynarop OBEH TPM251, B koTopoM MOKHO 3aaTh BpeMs
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HarpeBa, HEOOXOJUMYIO TEMIIEPaTypy U BpeMs BBIJICP)KKM Ha JaHHOW TeMIle-
paTyphl, YTO yMEHBIIACT BIMSHUE YEIOBEUECKOTo (pakTopa Ha X0 U3MEPEHUH.
Taxoke nzHavanpHo Ui u3mepenus DJIC ucnonb3oBancs BonbT™MeTp B7-40, B
KOTOPOM OTCYTCTBOBaJIa BO3MOXKHOCTH 3KCIIOpTa JaHHBIX B KOMITbIoTep. M3-3a
9TOTO MOKA3aHUS BOJETMETpA 3aNHCHIBAIUCH BPYYHYIO, YTO YBEINIHUBAJIO Be-
POSITHOCTB TOJTyYEHHsI OITHOOYHBIX JaHHBIX, O0JIee TOTO OH He obyaian JocTa-
TOYHO BBICOKHM BXOJHBIM COTIPOTHBJICHHEM. [lo3ToMy OH OBLIT 3aMeHEH Ha
BosibT™MeTp AKUIT B7-78/1, koTOphIii He 00Nafall ONMMCAHHBIMU BBIIIE HEMO-
crarkaMu. Takke 3aMeHa BOJBTMETpa IpHBENA K YBEIHMUCHHIO KOJIMYECTBA
CHUMAEMbIX U3MEPEHUM.

TecToBBIe SKCIEPUMEHTHI POBOIMINCEH C BO3AYXOM B KadecTBE oOpasIa.
PasHuma Mexay paccUMTaHHBIMH 3HAYCHUSMH KHCIOPOJHOTO TMOTCHIIMAA
BO3IyXa U 3HAYCHUSAMH, OTYICHHBIMU SKCIIEPUMEHTAIIFHO, COCTaBIICT MEHEe
+1,5x/>k/MOJIb, YTO SBISIETCS YAOBIIETBOPUTEIBHBIM PE3YJIBTATOM M JIOKa3bl-
BaeT KOPPEKTHOCTh W3MEPEHUI, POBOJMMBIX TP ITOMOIIM JaHHOW YCTaHOB-
ku. Takke mpOBOAWIIOCH UCCIEAOBaHMe BiusiHUEe konuvectBa Gd B cocrase
YpaH-TaJ0JIMHUEBBIX OKCHAOB Ha KHCJIOPOIHBIA MOTEHLWaN. XHMHUYEcKas
¢dopmyna ypaH-TaIOIMHUEBBIX OKCHIIOB B 0OIIEM BHAE 3amuchiBaeTcs kKak Uj.
yGUyOy:x. Beimm pacemotpensl obpasusl ¢ cocrasoM y=0,05;0,10;0,15; n
0,0<x<0,2. CpaBHeHHE C pe3y/lbTaTaMH MPOILIbIX HCCIEAOBAHUI HE ObLIO
MPOU3BEICHO, TaK KaK 3HAYCHUS Y M X Pa3IHdyaroTcs, OJHAKO XapakTep IOJIy-
YEHHBIX 3aBUCUMOCTEH CXOAUTCA. Tak ke MUIaHUPYETCsl U3Yy4YHUTh BIUSHUE J10-
CIICKaHHS Ha OKCHJBI C MCIIOJIE30BAaHUEM YK€ PACCMOTPEHHBIX 00pa3IioB.

A.A. BAZHENOV, V.V. MIKHALCHIK, A.V. TENISHEV,
R.V. SMIRNOV, D.P. SHORNIKOV
NRNU "MEPHI", Moscow, Russia
E-mail: baa9mephi@yandex.ru

SOLID STATE EMF CELL MODERNIZATION AND
AUTOMATIZATION OF OXIDE FUEL OXYGEN POTENTIAL
MEASUREMENTS

Nuclear fuel based on uranium dioxide, uranium-gadolinium oxides and
MOX-fuel are oxide systems, which under normal conditions are in disequilib-
rium states. Characteristics of such fuel strongly depend on stoichiometry, so
stoichiometry control is critical in the manufacture and uasge of nuclear oxide
fuel. Stoichiometry is directly related to the oxygen potential of the oxide fuel,
so by changing the oxygen potential of the medium in which the fuel is made, it
is possible to influence stoichiometry, and by measuring the oxygen potential
of the fuel it is possible to know its stoichiometry.
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Solid state EMF cell method was chosen from a number of standard meth-
ods for measuring oxygen potential, because of the high measurement speed
and the fact, that the sample does not break during the measurement, which is
critical in this study. This method is realized with the help of two electrodes,
between which there is a solid state electrolyte, ionic conductivity of which is
not less than 0.99 of the total electrical conductivity, as one electrode is a sub-
stance with known oxygen potential, and as the other one is a sample. The elec-
tromotive force of such cell is determined by the difference in oxygen poten-
tials of substances participating in electrode reactions. Type of a cell used in
this study is Ni NiO|ZrO,(Y,Os3)|smaple. The solid electrolyte from ZrO,(Y,03)
is a flask filled with a mixture of Ni,NiO, which acts as a comparison electrode.
Due to this design, the gas space above the electrodes is separated, which pre-
vents erroneous results.

Originally, the heating control unit used a dual channel PID THERMODAT
13K5. Its main advantage is the ability to export temperature measurements to a
computer. However, it had a significant disadvantage in that the heating speed
and power were regulated manually, which made the measurement process very
difficult. Therefore, it was replaced by a single-channel PID regulator OVEN
TRM251, in which you can set the heating time, heating temperature and hold-
ing time at this temperature, which reduces the impact of human factor on the
measurement process. Originally, voltmeter B7-40 was also used for EMF
measurement, but it was not possible to export data to a computer using it. Be-
cause of this, data were recorded manually, which increased the probability of
obtaining erroneous data, moreover, it did not have a sufficiently high input re-
sistance. Therefore, it was replaced by AKIP B7-78/1 voltmeter, which had no
disadvantages described above. The replacement of the voltmeter also resulted
in an increase in the number of measurements taken.

Test experiments were conducted with air as a sample. The difference be-
tween the calculated values of oxygen potential of air and the values obtained
experimentally is less than £ 1.5 kJ/mol, which is a acceptable result and proves
the correctness of measurements made with this unit. The influence of Gd
guantity in composition of uranium-gadolinium oxides on oxygen potential was
also studied. Chemical formula of uranium-gadolinium oxides in general is rec-
orded as U;,Gd,O,.. Samples with composition y=0.05;0.10;0.15; and
0.0<x<0.2 were considered. Comparison with the results of previous studies
was not made, because the values of y and x are different, but the nature of the
obtained dependencies is the same. It is also planned to study the effect of sin-
tering on oxides using the already considered samples.
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©®OPMHUPOBAHUE CTPYKTYPbI HASIHOT'O COETUHEHUA
nPU JIN®PY3MOHHOU TMAUKE HUKEJISA AMOP®HBIMH
MNPUNIOSAMU CUCTEMBI Ni-Cr-Fe-Si-B

B HacTosiiei paboTe maiika MOJICIBHBIX 00Pa3IOB U3 JICKTPOJUTHICCKOTO
HUKEJsl  NPOBOJAWJIAch  C  HWCIOJNB30BAaHHMEM  aMOpP(HBIX  IIPHIIOEB
Ni7llscr6Y8FE2y7BllygSi7V1 (CTEMET®1301A) u Ni64'2C|'7'4Fe4'3Bl5’68i815
(CTEMET®™1301). [pumoit 3akmaasiBancs B H30bITKe COOKY COOPKH U3 IBYX
wiactuH Ni ¢ KITHHOBUAHBIM 3a30poM mmputoi 0 — 200 mkwm. [Taiika npoBo-
aunack npu Temneparypax 1050 u 1120 °C ¢ Boigepxkoii 15 u 30 MuHyT Co-
OTBETCTBEHHO.

IToxazaHo, YTO MHKPOCTPYKTYPBI HAassHOTO COEAMHEHHsI IIPU MaiKe MPUIIO0-
smu CTEMET 1301 uw CTEMET 1301 A cymecTBeHHO HE pa3iIHyaroTcs, HO
npu 3arBepiaeBaHuu ocratouHoro pacmiaBa CTEMET 1301A o6pasyercs
GoubLIIee KOJMYECTBO KPUCTAIUIOB TBEPAOTO pacTBopa Ha 0cHOBe HUKeIst o-Ni.

OO0HapyxeHo, 4To Ipu 3a30pe MeHee 10 MKM B pe3yabTaTe peKpHCTauIn3a-
UM MEIKHE M30TEPMHUYECKH BBIPOCIINE 3€PHA METAIa BBITECHSIOTCSA KpYII-
HBIMH 3€pHaMH OCHOBHOTO METajlla, IPX 3TOM B 30HE IIBa BBLICICHUN OOpH-
JIOB He HaOmoaaercs (pUCYHOK 1).

Pucynox 1. Mukpocmpykmypa nasnozo coeounenus
(memnepamypa natiku 1050 °C, npunoit CTEMET 1301)

ITpn Gospmieit TOMIMHE 3a30pa B OCHOBHOM METAJUIE MPOHMCXOAUT POCT
ciost kpuctayuioB NigB, KOTOpBIN MPeanoNoKUTENbHO JIUMUTUpPYeTCs U dy-
3U€ KPEMHUS B HUKEJE. YBEIMUEHUE BPEMEHH NalKU IPUBOAUT K CMELLIEHUIO
TPaHUIBl paszena MeXIy BeipocunM cioeM o-Ni u ucxoausiM Ni B cTopoHy
HOCIIeHero. DTo sABJICHUE HAOIIOOAETCS B MPOMEXYTKE MEXKAY CTOJIOYATEIMHU
kpuctauiamu NigB u cBSI3pIBaeTCS HAMH C IIPOIIECCOM PEKPHCTAIUIN3AIHY.
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Oo6napyxeH 3¢ dexT ocaxaeHus 3epeH Ni Ha HUKHIOI TTOBEPXHOCTh TOPH-
30HTAIBHO ILBA, BBIACISIOMIMXCS M3 OCTATOYHOTO PACIUIaBa B IIPOIIECCE OXJia-
JKIeHHus: 00pa3uoB (pUCyHOK 2). OJHOBPEMEHHO IIPOMCXOJNUT PACTBOPEHHE Ya-
CTH U30TEPMUYECKH BhIpocurero ciost o-Ni.

100 »ae

Pucynox 2. Acummempusi MUKpoOCmMpyKmypbl RAsIHO20 COCOUHEHUsL 8 CLydae
natixu npunosimu CTEMET 13014 (a), CTEMET 1301(6)

B cnywae maiiku npu Temrmeparype BBINIE TEMIIEPaTyphl TUIABJICHUS JBOI-
noii seTekTHKH Ni-NizB (1092 °C) mponcxomuT OIuIaBIeHre IPaHUILL 3€PEH HC-
XOJHOTO HHKENS BCIEICTBUE 3epHOTpaHNYHON auddysun 6opa. B pesymprare
Ha paccrostHud 10 0,5 MM OT masiHOTO LIBa B 00JIACTH TPOHWHBIX CTHIKOB 3€PeH
Ni nabmomarorcst  Boigenerus 3BTekTHKH Ni-NigB, a mo rpamumam seped —
TOHKHUE Tpocioiiku 6opuna NigB. DTo NpuBOIUT K OTCYTCTBHIO CYIIIECTBEHHO-
ro U3MEHEHHUsI KOHICHTpaIuK 0opa B 00beMe OCHOBHOT'O METaJlia Ha 3TOM pac-
CTOSIHAHM OT IIIBa, T.K. TU(PQPY3nOHHAS JTHHA OOpa CYIICCTBEHHO MPEBBINIACT
pa3mep 3epeH HuKer. [103ToMy MCTONbp30BaHNEe U3BECTHBIX METO0B MOETIHU-
poBanus an(pHY3NOHHOH MaliKK B 3TOM CIIydae HEBO3MOKHO.

Y CcTaHOBIEHO, YTO B IPOIIECCE 3aTBEPAEBAHMS PacIUIaBa MPH M30TEpMUYE-
CKOM BBIZIEPKKE HE TPOMCXOJMT 3aMETHOTO Tepepacnpenencuust Si, Cr u Fe
MEXIY PacIIaBOM M KPHCTAJUTU3YIOIUMCS METAJUIOM.
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STRUCTURE FORMATION OF NICKEL JOINT BRAZED BY
AMORPHOUS Ni-Cr-Fe-Si-B FOILS

In this work, the brazing of electrolytic nickel samples was carried out using
amorphous foils Ni7115Cr6 3F€2'7B;L]_'98i7y1 (STEMET®1301A) u
N ie4y2Cf7’4Fe4’3815’53i3'5 (STEMET®1301)

The foil was placed in excess on the side of an assembly of two Ni plates
with a wedge-shaped gap 0-200 um wide. Brazing was carried out at tempera-
tures of 1050 and 1120 °C with a holding time of 15 and 30 minutes, respec-
tively.

It is shown that the microstructures of the brazed joints obtained by brazing
with STEMET®™ 1301 and STEMET® 1301A filler metals do not differ signifi-
cantly, but upon solidification of the residual melt STEMET® 1301A, a greater
number of solid solution crystals a-Ni are formed.

It was found that in the case of a gap of less than 10 um, as a result of re-
crystallization, small isothermally grown grains of the metal are displaced by
large grains of the base metal, while boride precipitation is not observed in the
seam zone (Figure 1).

~

Figure 1. Microstructure of the brazed joint
(brazing temperature 1050 ° C, STEMET 1301 filler metal)

With a larger gap thickness in the base metal, a layer of Ni3B crystals
grows, which is presumably limited by the diffusion of silicon in nickel. An in-
crease in the brazing time leads to a displacement of the interface between the
grown a-Ni layer and the original Ni towards the latter. This phenomenon is
observed in the gap between the columnar Ni3B crystals and is associated by us
with the recrystallization process.

The effect of the deposition of Ni grains on the lower surface of the hori-
zontal seam, precipitated from the residual melt during the cooling of the sam-
ples, was found (Figure 2). At the same time, a part of the isothermally grown
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a-Ni layer dissolves.

The effect of the gravitational settling of Ni crystals on the lower surface of
the horizontal seam, precipitated from the residual melt during the cooling, was
found (Figure 2). At the same time, a part of the isothermally grown a-Ni layer
dissolves.

Figure 2. Asymmetry of the microstructure of a brazed joint in the case of
brazing with foils STEMET 13014 (a), STEMET 1301(b)

In the case of brazing at a temperature above the melting point of the Ni-
Ni3B double eutectic (1092 °C), the grain boundaries of the original nickel are
melted due to grain boundary diffusion of boron. As a result, precipitates of Ni-
NisB eutectic are observed at a distance of up to 0.5 mm from the brazed seam
in the area of triple joints of Ni grains, and thin layers of boride Ni3;B are ob-
served along the grain boundaries. This leads to the absence of a significant
change in the boron concentration in the bulk of the base metal at this distance
from the weld, because the diffusion length of boron significantly exceeds the
size of nickel grains. Therefore, the use of known methods for modeling diffu-
sion brazing is impossible in this case.

It was found that during the solidification of the melt during isothermal
holding, there is no noticeable redistribution of Si, Cr and Fe between the melt
and the crystallizing metal.
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IBOJIIOLUSA JUCIIEPCHBIX ®A3 B CTAJIA J11823-111 B
PE3YJIBTATE TEPMUYECKOI'O CTAPEHUSA

Cranp DI1823-111 Obiia BeIOpaHa B KauecTBe MaTepHaia Ui 00O0JOYKU
teruoBbenstoniero auementa (TBDJI) n aneMeHTOB KOHCTPYKLMH TEIUIOBBI-
nenstromiei coopku (TBC) mepcnekTuBHOTO peakTopa Ha OBICTPBIX HEWTpOHAX
co cBuHIOBBIM TertoHocutTeneM BPECT-OJI-300. Jluct TommmHONH 2 MM
npeaHa3sHa4yeH JUIsi M3TOTOBJIEHUs IUTACTHH s (HKcauu 000JIOYEK IOTIIOo-
matonmx memeHToB ([19J1), a Takke MOXKET OBITH HCITONB30BAH ISl H3TOTOB-
JICHHUS IIECTUTPAHHBIX TPYO YEXIIOB KOJIOKOIA M OII0OKOB peakTopa. OCHOBHBIMH
(axTopaMH, ONpeaeNIOINMHI Hcroib3oBanne cranu JI1823-111, sBistorcs ee
KOPPO3UOHHAS! CTOWKOCTh B CBHHIIOBOM TEIUIOHOCHUTENIE, PaJAHALIMOHHAS CTOH-
KOCTb U JKaponpoyHOCTs [ 1, 2].

B pab6ore Ob11 uccnenoBan auct II1823-111 mocne TepMUUECKOTO CTapeHHs
npu Temneparypax 450, 540 u 580 °C B TeuyeHHE ITUTENEHOTO BPEMEHU BbI-
nepxkd (mo 15000 u). J{ist u3ydeHus: KpucTauiorpaduueckoro TUIA U 3Jie-
MEHTHOTO COCTaBa BKJIIOYEHHH, OOpa3yloIIMXCsl B IIPOLIECCE TEPMUYECKOTO
cTapeHus, OblIa MPUMEHEHA METOIMKA YTIEPOAHBIX 3KCTPAKIIMOHHBIX PEILTHK.
[IOM-uccnenoBanus ¢ npuMmeHeHneM OJIC-aHanu3aTopa BBISBUIM HalIW4He
YEeTHIPEeX OCHOBHBIX THUIIOB UCTIEPCHBIX (a3 B ctaim DI1823-111: kapoun xpoma
M,3Cs, kapboruTprg HHOONS MX, kapOonuTpup BaHanus MX u ¢asa Jlaeca
Fe;Mo. Pesymprathl ompepeneHus KpucTauiorpadudeckoro tuma a3 ObuIIn
MOATBEPXKACHBI METOAOM PEHTTECHOBCKOM NU(PAKTOMETPHH. Y CTAHOBJIEHO, YTO
n3MeHeHue Temieparypsl crapeHus ot 540 k 580 °C nmpuBOIUT K pa3iiMyuuio B
pasmepax u Mopdosorun BeiAestomeics ¢assl JlaBeca — ot ToHKHX (10 10
HM) BBIJICJICHUH O TpaHWIlaM 3epeH U cy03epeH 10 rpyosix a3 (mo 200 uwm),
cooTBeTcTBeHHO. [lokazano otcyrcrBue (aswl JlaBeca mpu Temmeparype cra-
penus 450 °C naxke npu BpemeHH BbLiepkku 15000 u. MccnenoBansl KpaTKo-
BpPEMEHHBIE MEXaHMYECKHE CBOHCTBAa COCTAapEHHBIX 00pa3lOB MX MX B3aUMO-
CBSI3b C U3YYEHHOU CTPYKTYPOH.

1. 3enencxuui I'K., Honmyxoscxuii A.I., Jleoumvesa-Cmupnosa M.B., Haymenko
U A., Torxauenko C.A. Hccnedosanue KOppo3uOHHOU CMOUKOCMU CIATbHOU 000I0UKU
measna 6 ceunyogom menionocumenem// Memannosedenue u mepmuueckas oobpabomia
memanog.- Nel 1.- 2007

2. Huxumuna A.A., Aeees B.C., Jleonmvesa-Cmupnosa M.B., Mumpoghanosa H.M.,
Haymenxo U.A., Yepnos B.M., Lleruwes A.B. « Pazeumue pabom no KoHCmpyKyuoHHbIM
Mamepuanam aKmusHblX 30H Gblcmpbix peakmoposy // Amomnas snepeus, T.119, evin.
5, nHosbpv 201 5e.
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EVOLUTION OF PRECIPITATE PHASES IN EP823 STEEL
DURING THERMAL AGING

Steel EP823 was selected as a material for the cladding of the fuel element
(TVEL) and structural elements of the fuel assembly (FA) of the promising fast
reactor with lead coolant BREST-OD-300. The sheet 2 mm thick is intended
for the manufacture of plates for fixing the shells of absorbing elements (PEL),
and can also be used for the manufacture of hexagonal tubes of bell covers and
reactor blocks. The main factors that determine the use of EP823-Sh steel are
its corrosion resistance in a lead coolant, radiation and heat resistance [1, 2].

In this work, EP823-Sh sheet was studied after thermal aging at tempera-
tures of 450, 540, and 580 °C for a long exposure time (up to 15000 h). To
study the crystallographic type and elemental composition of precipitates
formed during thermal aging carbon extraction replicas were prepared. TEM
studies using an EDS analysis revealed the presence of four main types of sec-
ondary phases in EP823-Sh steel: chromium carbide M,3Cg, niobium carboni-
tride MX, vanadium carbonitride MX, and Laves phase Fe,Mo. The results of
determining the crystallographic type of phases were confirmed by X-ray dif-
fraction. It was found that a change in the aging temperature from 540 to 580
°C leads to a difference in the size and morphology of the precipitated Laves
phase — from fine (up to 10 nm) precipitates along the grain and subgrain
boundaries to coarse phases (up to 200 nm), respectively. The absence of the
Laves phase was shown at an aging temperature of 450 °C even at a tempering
time of 15000 h. Mechanical properties of aged samples such as tensile
strength, yield strength, ductility and their relationship with the observed mi-
crostructure were studied.

References

1. Zelenskiy G.K., loltukhovskiy A.G., Leonteva-Smirnova M.V. // Corrosion re-
sistance studying of steel cladding in lead coolant. // Metal Science and Heat Treatment-
Mel1.- 2007

2. Nikitina A.A., Ageev V.S., Leonteva-Smirnova M.V., Mitrofanova N.M., Tselishev
A.V. /] Developments in structural materials for fast reactor cores // Atomic Energy, vol.
119, MNe 5, 2015

164


mailto:aagolubnichy@bochvar.ru

A.B.MUXAMJIOBA®, B.IL.MUXAWJIOB!, B.S. HUKYJIUH?,
I1.B.CUJIMH? U.B.BOPOBULIKAS®, E.H. [IEPET'YJOBA?
! Hucmumym memannypeuu u mamepuanoseoenust um.A.A.batikosa PAH,
Mockea, Poccus
2Qusuueckuil uncmumym um I1L.H. Jlebedesa PAH, Mockea, Poccus
Sashaml@mail.ru

HccnenoBanue BIMSHAS YAApPHO — BOJHOBOTO BO3/ICHCTBHS TIIa3MBI
Ha CTPYKTYpPY U MUKPOCTPYKTYpY KoMIo3utoB (Bi-2223+ZrN)

B noknane mpeznctaBieHbl pe3ynbTaThl, MOJIYYCHHbBIE B pe3ylabTaTe H3yde-
HUs BIUAHHWA BBCIACHUA IlO6aBKI/I TYIr'OIJIaBKOT'O COCAMHCHUA ZrN B Pa3IMYHBIX
koHneHTpanusix (0,05 — 0,2 mac%) B cBepXNIpPOBOIALINNA KOMIIO3UT HA OCHOBE
coemuneHus Bi-2223 u mocnenyromero  HampaBICHHOTO YAapHO-BOJIHOBOTO
BO3JIEHCTBHS BBICOKOIIJIOTHOM TJIa3Mbl Ha MOJIyd€HHBIE O00pa3Ibl MOKPBITUH U3
JTAHHOTO KOMITO3MTa. B X0/1e sKCIIepiMeHTOB ObUTH M3y4eHbl H3MEHEHHUS, MPO-
UCXOJISIINE B MUKPOCTPYKTYPE UCCIIENYEMBbIX JICHT KaK B 00beMe CBEPXIIPOBO-
JUIIIETO KEepHA TaK M Ha €ro MOBEPXHOCTH. TakKe C MCIIOJIb30BaHUEM PEHTTe-
HOCTPYKTYPHBIX METOJIOB M3y4E€Ha CTPYKTYpa KOMIIO3UTOB 0 M mocie YBB.
ITokazaHo Kak M3MEHSAETCSA IUIOTHOCTh M MOPHUCTOCTh. Metomamu (a3oBOTO
aHaJM3a uccienoBaH (a3oBbIi KauyeCTBEHHBIH M KOJMYECTBEHHBIH COCTaB 00-
pas3IoB [0 U MOCIIe BBeIEHHS J00aBoK U mociie Y BB mna3mer

Pabota Bemonnsnack no ['ocynapcrBeHnomy 3amanuro: Ne 075-00947-20-
00 u mpu noanepxkke PH®D, rpant Ne 16-12-10351 B yactu 06paboTkn 0Opas-
110B Ha ycTaHoBKe [lnazmenHbIi oxyc
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Investigation of the influence of the shock-wave action of plasma on
the structure and microstructure of composites (Bi-2223 + ZrN)

The report presents the results obtained as a result of studying the effect of
introducing of a refractory additive (ZrN compound in various concentrations
(0.05 - 0.2 wt%)) into a superconducting composite based on a Bi-2223 com-
pound and the subsequent directed shock-wave action of a high-density plasma
on the obtained samples of coatings from this composite. In the course of the
experiments, the changes occurring in the microstructure of the studied tapes
were studied both in the volume of the superconducting core and on its surface.

165


mailto:Sasham1@mail.ru

Also, using X-ray diffraction methods, the structure of composites was studied
before and after air-blast. It is shown how density and porosity change. Phase
analysis was used to study the phase qualitative and quantitative composition of
the samples before and after the introduction of additives and after the shock-
wave action of high-density plasma.

The work was carried out under the State Assignment: No. 075-00947-20-
00 and with the support of the Russian Science Foundation, grant No. 16-12-
10351 for sample processing at «Plasma Focus» facility.
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