HAHI/IOHAJII)ﬁI)IFI HCCJIEJTOBATEJbCKHUMN
SIAEPHBIN YHUBEPCUTET «MUDU»

HHCTHUTYT SIAEPHON ®U3UKN U TEXHOJIOT UM

L

e
-
-

HepcneKTM BHblI€ TEXHOJ1IOTUA

COOpHHUK TE3WCOB JOKIAT0B

17-1 Mex1yHapoIHOM HIKOJIbI-KOH(pepeHInu
JUTSL MOJIOJBIX YUEHBIX

U CTICIIMAIIMCTOB

Mockea, 5 — 8 nosaops 2019 200a



NATIONAL RESEARCH NUCLEAR UNIVERSITY MEPHI
INSTITUTE OF NUCLEAR PHYSICS AND TECHNOLOGY

= RS

0 <y
' ‘J rght

NEW MAT
Advanced technology

Abstracts of 17" International school-conference
for young scientists and specialists

Moscow, Russia, 5 — 8 November 2019



MMHUCTEPCTBO HAYKU U BBICIIIET'O OEPA3OBAHUS
POCCHMCKOM ®EJIEPALIUN

HALIMOHAJIBHBIN UCCIEJOBATEJIbCKUI
SIIEPHBINM YHUBEPCUTET «MU®M»

UHCTUTYT SAEPHOU ®U3UKU U TEXHOJIOI Ui

HOBBIE MATEPHUAJIDI:

HepCHEKTI/IBHbIe TEXHOJIO0I'NH

COOpHMK TE3UCOB JIOKJIAJI0B
17-1 MexnyHapoaHOM HIKOJIbI-KOH(EpEeHIINH
JUTSI MOJIOABIX YUYEHBIX U CIIELIMAINCTOB

Mocksa, 5 — 8 nosopa 2019 2.

Mocksa 2019
3



VK 621.039.531 (06)
bBK 31.4686
M43

HOBBIE MATEPUAIJIbL: ITEPCIIEKTUBHBIE TEXHOJIOTUU: C6op-
HHK TE3WCOB JIOKJIaa0B 17-if MexyHapoJHOH MIKOJBI-KOH(EPEHIUU ISl MO-
JIOJBIX YUCHBIX W CIIEIMaincToB. MockBa, 5 — 8 HOs10ps 2019 r. M.: HUAY
MUOH, 2019. — 220 c.

B Hacrosmem cOOpHHKE MpPEACTAaBICHBI TE3HCHI JIEKIUH M JOKIAIOB, a
TaKKe MporpamMMa HIKOJIbI-KOH(pepeHInu. Marepralisl MoroTOBICHBI MPETo-
JaBaTesIMM, HAyYHBIMU COTPYIHMKAMH, aclIMpaHTaMu U cryaeHTamu HIY
MU®U, yuensiMu U cnenmaiuctamu [ ockopropamym «Pocarom», oOpazoBa-
TENBHBIX, aKaJEMHUYECKIX, HAYYHBIX U HayJHO-TIPOM3BOACTBCHHBIX OpTraHU3a-
it Poccun u 3apy0OeXHBIX CTpaH, aKTUBHO COTPYAHUYAIOLINX C YHUBEPCUTE-
TOM.

PaccmaTpuBaroTCs SKCIIEPUMEHTANIBHBIE PE3YJIBTATHI IO OOJNyIEHUIO MaTe-
pHAJIOB, a Takke BOMPOCHI Pa3paOOTKH U HCIIOIB30BAHUSA HOHHO-TTYYKOBBIX,
HUMITYJIbCHBIX MOPOIIKOBBIX U 3-D TexHOonOrui, HAHOTEXHOJIOTHUH, TEXHOJIOTUH
CBEpXOBICTPOM 3aKalKM pacIlaBOB M CO3/aHHWS HEPA3bEMHBIX COCAMHEHUH
MIPUMEHHUTENIBHO K SIepPHO-IHEPIeTHUECKUM YCTAaHOBKaM.

COOpHUK Npe/Ha3HAa4YeH YYEHBIM, aclIUpaHTaM U CTYAEHTaM CTapIIUX Kyp-
COB, MHTEPECYIONINXCS TEMaTHKOM NMPEeJCTaBICHHBIX B HEM HAayYHBIX HAIpaB-
JICHHH.

ITonroroieno B pamkax IIporpamMmsl MOBBIIEHUS KOHKYPEHTOCIOCOOHO-
ctu HUAY MUODU.

OTBETCTBEHHBIE 32 BHIMYCK:
Bb.A. Kamun, I'.H. Eaxmanos

Tesuchl Jekiuit u gokiaanoB monydeHsl 10 20.10.2019, omgobpensr mpo-
rpaMMHBIM KOMHTETOM M U3IaI0TCS B aBTOPCKOM PeIaKIInu.

ISBN 978-5-7262-2614-9

© HanmoHanbHBIN NCCIIET0BATENbCKUAN SIIEPHBIA YHUBEPCUTET
«MHUDN», 2019



OPT'AHU3ATOPBI HIKOJIBI-KOH®EPEHIIUU

e K «POCATOM»

e HauuoHanbHBIM  MCCIIEOOBATENBCKUN  SOEPHBIA  YHUBEPCUTET
«MUDON» (HUAY MUDN)

WuctutyT saepHoit pusuku u texnonoruit HUAY MUDU
Kadenpa dusnueckux npodiaem marepuanoseneHus HUSY MUDU

JlaGoparopusi COBpEeMEHHBIX TE€XHOJOTHH NMPOU3BOJCTBA HOBBIX Ma-
TEPUAJIIOB C NPUMEHEHHEM HMILYJIbCHBIX 3JICKTPOMArHUTHBIX IOJICH
HUAY MUDU

e HaunoHanbHBIA HCCIEAOBATENBCKUN TEXHOJOTUYECKUN YHUBEPCHU-
teT «MUCuCy» (HUTY MUCuC)

Kadenpa matepuanosenenns u ¢usnku npounocta HUTY MUCuC

e MepernoHaabHOE HayYHO-TEXHMYECKOE OOLIECTBO MaTepHAalIOBe-
1o (MOM)

e HarmmonanbHbI HccnenoBaTenbeckuil eHTp «KypyaToBCKUN WHCTH-
Tyt (HUL K1)

e BEICOKOTEXHONIOTHYHBI ~ HAayYHO-UCCIIEOBATEIbCKIUA ~ MHCTHTYT
Heopranndecknx marepuanos (BHUMHM)

e HayuHo-uccnenoparenbCkuii HHCTUTYT HayuyHO-IIPOM3BOJACTBEHHOTO
o0wveaunenus «JIYY» (HUU HITO «JIYUy)



OPTAHU3AIIMOHHBII KOMUTET

IIpencenarenn:

Kaprun H.H. HUAY MUDU
3amecTHTEND:

Kanun b.A. HUAY MUDU
Cexpertapsn:

oxymaes I1.C.  HUAY MUOU
YeHbl KOMUTETA

lapuep ®penk  REC (CIIA)
I'ypoBuu B.A. HUIL] KN

3aiines ILA. I'K Pocatom
Kapmiok JLA. TK TB3JI

Kpunxkuit B.I'. AO «HHUADII»-«ACO»
Mapkos /I.B. I'HL] P® TPUHUTHU
Huxynun C.A. HUTY MUCuC
Hosuxos B.B. AO BHMMHM
CkymnoB M.B. AO BHUMHM
Tayoun M.JL. HUU HITO «JIYY»
Tuxomupos I'.B. HWAY MUDU
TposinoB B.M. AQ Pocsueproatom
Ty30B A.A. I'HL] P® HUNAP
VrpromoB A.B.  TK TB3JI

ITopTt Maiikn MIT (CLLA)
Lenenes A.b. UMET PAH

HNCIHHOJIHUTEJIBHASA I'PYIIITA

Hxymaes I1.C. — pykoogutens, HUAY MUDU
Enmanos I'.H. — 3am. pykosogutens, HUAY MUDU
bauypuna M. HUAY MUDU

Emenssnora O.B. HUAY MUDU

Kozmos I.B. HUII K1

Muxaitnosa T.B. HUAY MUDU

Haymenko U.A.  AO BHMHWHM

Ilensizs M.A. HUSY MDA

Iloranosa JI.B. HUAY MUOU

Cumpasaosa C.JI. HUAY MUDOU

CranpuoB M.C. HUAY MUDU

lopaukos J.II. HUAY MUDU



COJIEP’)KAHUE

TIPOTPAMMA ..o 6
TESUCBI JIEKLIVMT ...oovnii e, 21
TE3UCHI JOKJTAJIOB ......iiiiiiie e, 55
CEKLIASI 1 ..o, 55
CEKLIASI 2 ..o, 133
CONTENTS
SCHOOL PROGRAM ........ooiiiiiiiiiiiieee et 13
ABSRACTS OF LECTURES .......oovviiiiiiiiieee e, 21
ABSRACTS OF REPORTS ... .o 55
SECTION L ..o 55
SECTION 2 ..o e 133



INPOI'PAMMA

5 HOSIOpsI

8% _10% PerucTparus yqacTHHKOB.

10%2- 102 OrkpsitHe.

102110 Moxkpyuma A.A., fctpedkoB A.A., KonecankoB E.I'., Crena-
HOB B.A., ConmarenkoB C.1. (HUU HITO «JIYU», r. [Togonsck). TexHOIOTHH
CO3MaHMs >KapONPOYHBIX KOHCTPYKIMOHHBIX MAaTepHalOB SHEPreTHYECKUX
YCTaHOBOK.

112 129 Hopuxos B.B. (BHUMHM). TeXHONOMHH TOILTHBHBIX KOMIIO-
3ULUIA BOJO-BOJISIHBIX PEAKTOPOB.

Mepepnis 122 — 122

122 130 JleontseBa-CmuproBa M.B. (BHUMHM). IlepcrekTHBHbIE
TEXHOJIOTUH KOHCTPYKLIMOHHBIX MaTepPHaIOB.

1320 149 Iumxus A.A., Yrpiomos A.B., (AO TBDJI). HUOKP 1o co-
BEPILCHCTBOBAHMIO TEXHOJIOTHI IPOM3BOJICTBA SACPHOTO TOILIHBA.

OGex 14% - 15%

15% —15% Yganos A.B. (MC3, r. Duekrpocrais). COBEPIUICHCTBOBAHHE
TEXHOJIOTuil mpousBoacTBa sifaepHoro Tommsa [TAO MC3.

15% —16%2 Heycrpoes B.C., I'puns I1.1, Makapos E.U., Mapkenos JI.E.,
Coxomnosckuii [I.A. (HUUAP, r. Jumutposrpan). MeToasl 1 METOIMKH HCCIe-
JIOBaHUI paciyXaHHs U MOJ3y4eCTH OOJYUYCHHBIX MATEPHAJIOB SICPHBIX SHEP-
TETHYECKUX PEAKTOPOB.

162 - 179 ®penk Maprep (Radiation Effects Consulting, CIIA). Wcmoms-
30BaHUE OOJYYCHUsS 3apSDKCHHBIMH YACTHIAMH JUISI OICHKH U ONTHMH3AIMH
HOBBIX CIUIABOB JTsl IPUMCHEHUS B SIIEPHOM SHEPIreTHKE.

17% 202 Cmenoosas ceccus (cexyus 1 ). Obcyarcoenue 00KIA008.

6 HOs1Ops1

8% _ 10% Perucrpanus y4acTHHKOB.
109102 Masyns U.B. (HUMD®DA, r. Cankr-TletepOypr). TexHonoruu
CO3/1aHUsI BHYTPUKAMEPHBIX KOHCTPYKTUBHBIX 31eMeHToB 1TOPa.
10— 1122 ®penk Tapuep (Radiation Effects Consulting, CILIA). Payua-
I[MIOHHBIE M3MEHEHUs COCTaBa, Pa3MEPOB U MEXaHMYECKUX CBOMCTB KOHCTPYK-
TUBHBIX JIEMEHTOB PEaKTopa.

Mepepnis 1142 - 12%



12%_ 129 T'yposuu B.A. (HUL[ «KypuatoBckuii nHCTHTYT»). CTPYKTYp-
HBIC U3MEHCHHS B 00yueHHOM cruiaBe 42XHM 1oz Bo3neiicTBHEM YCKOPCH-
HBIX HarpeBOB B MHTEpBaJle TEMIIEPATyp BO3MOXKHBIX MaKCHUMaJIbHbBIX IMPOEKT-
HBIX aBapHil.

122 132 TIpuxomsro K.E. (HUIL| «KypuaToBckuii nHCTHTYT»). [Ipimve-
HEHHE COBPEMEHHBIX METOJOB ITPOCBEUYMBAIOIICH 3JIEKTPOHHOW MHUKPOCKOINHU
JUTSL ICCIIEIOBAHMSI MEKPOCTPYKTYPBI OOTy4IEHHBIX MAaTEPHAIIOB.

13%°— 14% Munossopos H.I. (OOO«Teckan»). Obopynosarre TESCAN
MPH MICCJIEA0BAHNH KOHCTPYKIMOHHBIX M (DYHKIIHOHAIBHBIX MaTEPHAJIOB.

O6en 142 15%

15% _ 154 Kucnunpia C., UBanoB U., Kyapsmes B., dukoB A., Jlapuo-
HOB A., Akaes C. (MAD PK, Kazaxcran). CpaBHUTENbHBIE HCCIEIOBAaHUS pa-
JquanroHHoro nospexaenust cranu 12X18H10T, o0i1ydeHHOH HU3KOOHEPreTH-
9YeCKMMHU HOHAMHU KPHUIITOHA U KeJie3a 10 BHICOKHUX MOBPEXKIAIOMIUX J03.

15% _162 Bnamumup Kpcxak (CroBankuii TeXHOJIOTMUYECKHH YHUBEPCH-
tet, CioBakus). DKCIEPUMEHTAILHOE MOJICIIMPOBAaHUE pafUalliOHHbIX dddek-
TOB B SICPHBIX MaTepHaIax.

162 —17% Maiixn Illopr (MaccadyceTcKHii TeXHOIOTHYECKHiT HHCTHTYT,
CIIA). M3roToBieHNEe W UCHBITAHHE MHOTOCIONWHBIX METAJLUTMUECKUX KOMIIO-
3UTOB /7151 COBPEMEHHBIX U NIEPCIEKTUBHBIX SICPHBIX PEAaKTOPOB.

17% 20%  Cmenoosas ceccus (cexyus 2). Obcyarcoenue 00K1a008.

7 HOSIOpS

82— 10% Perucrpauus y4acTHHKOB.

109 - 102 Suum C.H. (TIIY, r. Tomck). IlpuMeneHHe MIa3sMbl Mare-
TPOHHOTO pa3psiaa Jjst 00pabOTKK ITOBEPXHOCTH TBEPIOTO TEla.

102 -112 Yrnos B.B., UYepenga H.H., umanckuit B.M. (benopycckwuii
I'Y, r. Musnck, benapycs). Moaudukanus matepraioB, padOTAaIOMIUX B IKC-
TPEMaJIbHBIX YCIIOUSX, C TIOMOIBIO KOMIIPECCHOHHBIX TIA3MEHHBIX IOTOKOB.

112 12% Matpukees JI.H. (HUAY MU®U). HaHOTEXHOIOTHU U HaHO-
Marepuabl B aTOMHOM TEXHHKE.

12% _10%0 Cesprokos O.H. (HUAY MU®U). TexHomOTHH CO3MaHUS HE-
Pa3beMHBIX COCANHEHNI B aTOMHON TEXHUKE.

O6en 122 13%

00 00
13= -20= O3HakoMumenvHas NPaKmuKa.



8 Hos10pst

8% _10% PerucTparius y4acTHHKOB.

10% - 10% Terposckuii B.H. (HUSTY MU®DU). AQIHTHBHEIC TEXHOTOTHH:
COBPEMEHHOE COCTOSIHUE U NEPCIEKTUBA.

109 - 112 Boraues U.A. (BUAM). OcoGeHHOCTH (HOPMHPOBAHHUS CTPYK-
TYpBI CIUIaBOB Ha PA3JIMYHOM OCHOBE, TOJIyYEHHBIX a/JINTHBHBIMH TEXHOJIOT U~
SAMH.

112 —12% Camoxur A.B. (MMET PAH). Il1a3MeHHbIC TEXHOJIOTHH IIO-
Jy4eHus1 1 00pabOTKH MOPOIIKOBEIX MaTEPHAJIOB.

Mepepsis 122 — 122

122 _13% Muponos B.A. (Pwkckuit TV, r. Pura, Jlateus). [lepememenue
¥ KOHCOJIUJIAIMS TIOPOIIKOB M ITyCTOTENBIX Cep B UMITYJILCHOM JICKTpOMar-
HUTHOM IIOJI€.

13% 132 Cromsipos B.B., Cymkanckas U.B. (MMAIL PAH, Benropox-
ckuii I'TY). [lnanextpudeckue CBOMCTBa HAHOKOMIIO3UTHOMH Kepamuku Al,Og /
rpadeH.

OGen 132 — 142

142 _15% Bockoboitnukos P.E. (HUL[ «KypyaToBCKMi WHCTHTYTY).
MHUKpOCTPYKTypa 1Mo pacdéTy — MaTeMaTHIecKoe M KOMITBIOTEPHOE MOAEINPO-
BaHME B IPOMU3BOJICTBE MATEPHATIOB.

15% 153 Bopommu B.A., T'anuenkoBa M.I'., I)xymaes I1.C., EMenbsiHO-
Ba O.B., KoBamsckuit C.E. (HULl «KypdaToBckuii HHCTUTYT»). Pusndeckue
MEXaHN3MBI POCTa TYIUICKCHOM OKCHJIHOH IUICHKH Ha (hePPUTO-MAPTEHCUTHBIX
CTaNAX C cojiepxkanueM xpoma 8-10 Bec.% Mpu BBICOKOTEMIIEPATYPHOM OKHC-
JICHUU.

153 163 Kpyrusiit cTon ¢ yyacTHeM pOCCHHCKUX U 3apyOEKHEIX TEKTO-
poB. [loaBeaeHue UTOroB.

1632 _17% 3akpriTie U HarpaxeHue.

10



CTEHIOBAS CECCHUS (Cekuus 1)

1. KK. IIOJJYHHUH, A.A. MOKPYIIMH. TexHoJOruy M3roTOBJIEHUS 3a-
MEJIHTENS U1 O0ITydaTeIbHBIX YCTPOHCTB peakTopoB Tuna bBH u ero umcmel-
TaHMUA.

2. A.C.JJAPMOHORB, E.E. CYCJIOB, A.H. KPAIIMKOB, A.C. JUKOB.
BnusiHEe CTEXMOMETPUYECKOro COCTaBa KaTOAHOW MUILIEHU Ha CTPYKTYpy nep-
CIEKTUBHOT'O HEHTPOHHO-IIOTJIONIAIOIIET0 MOKPHITUS M3 OOpuIa THTaHA IpHU
MarHeTPOHHOM HaIbUICHUH.

3. T. AJIAABEPTEHOBA , C. KUCJIMLIUH, B. YI'JIOB, 1. UBAHOB,
A. JJAPMOHOB, A. PBICKVJIOB. Pamnannonnsie 3pQeKTsl B MOKPHITUAX
ZrTiN, BeI3BaHHBIC BO3JICHCTBHEM BEICOKOIHEPTETHICCKIX HOHOB KPHUIITOHA.

4. O.A. MEPEXKO, M.C. MEPEXKO, JLA. JIUKOBA,
O.I1. MAKCHUMKUH, M. N. GUSSEV, F.A. GARNER. O6pa3oBanue pagmna-
IIMOHHO-UHYIUPOBAHHOTO (heppUTa B PEaKTOPHBIX MaTepHaax.

5. M. CABEJIBEB, Bb.A. TAPACOB, J.II. IIOPHUKOB.
CaapuBaeMOCTh XpOMHUCTHIX crajeit Tima Fe-Cr-Si-Al.

6. M.J. CABEJIbEB, b.A. TAPACOB, M.A. JIYTKOB, JI.I1. IHOPHMKOB.
Koppo3noHHas cTOHKOCTh XPOMHUCTBIX CTAlEH ¢ HU3KHM COJEpKaHHEM XpOMa
B BOZIE BBICOKHX IIAPaMETPOB.

7. HIO. MIVYIJIblraA, @.0. MWIOBHY, A.B. KVIJIEBAKUH,
N.E. KYPUIIMHA, H.B. CUAOPOBA. MexaHuyeckue XapaKTEpUCTHUKU U
0CcOOEHHOCTH TpaHC(HOPMALMOHHOTO MEXaHW3Ma YIIPOYHEHHUSI B TBEPIBIX pac-
TBOpax Ha OCHOBE JUOKCHAA IIMPKOHUS, COJETUPOBAHHBIX OKCHIAMH UTTPHS,
LepHs, HEOJMMa U UTTepOusI.

8. ME. KYPULIMHA, ©&.O0. MWIOBHUY, AB. KVYJIEBIKUH,
H.IO. IOVJIBI'A, H.B. CUJOPOBA. AHM30TpONHMsl MEXaH4ECKUX CBOWCTB TETPAro-
HaJIbHO MOHOKJIMHOTO TIepeX0/1a B KPUCTAIIIAX YaCTHIHO CTaOMIM3UpoBaHoro ZrO,.

9. MI. HCAEHKOBA, 0.A. TIEPJIOBNY, B.A. ®ECEHKO, KE.
KIIFOKOBA, C.A. CTOJIBOB, E.B. BEPJIH. BnusiHue cTpyKTyphl XpOMOBOI'O I10-
KPBITHSI Ha 00071049eYHbIX Tpybax u3 cruiasa Zr-1%Nb-(0O, Fe) Ha ero 3ammrHsie CBO#-
CTBa.

10. A.B. CYMAPOKOBA, B.M. AHAHBUH, b.A. KAJIMH. 13mepenue BHYT-
penHero TpeHus ciaBa 3110 mocie OKUCIeHHs U a30TUPOBAHUSI.

11.10.A. I'YPOBA, A.H. CYUYKOB, M. BAUYPUHA,
O.H. CEBPIOKOB. UccnenoBanue cTpyKTypHO-(ha30BOTO COCOSHHS MAasHOTO
coequaeHus DK-181/V/W, monydeHHOTO ¢ HCMOJIh30BAHUEM OBICTPO3aKaJCH-
Horo npunost Cu-28Ti mpUMEHNUTENBHO K TepMosiaepHOMY peaktopy JEMO.

12.H.A. HCKAHJAPOB, C.B. POT'OXKWUH, A.I. 3AJIY)XXHBINU,
A.A. HUKUTHH, A.A. XOMNWY, B.B. XOPOIIINJIOB, A.A. BOI'AUEB,
AA. HYKBHH‘{VK O.A. PA3BHHMIIBIH, A.C. IIYTOB, IIL.A. ®EJNH,
T.B. KVJIEBOI, A.A. [IOTEXUH. HccrnenoBanue MUKPOCKOIMYECKHX MPH-
YUH paauannoHHoro ynpounenus craneit OK-181 u UC-139 ¢ nmomonipio nMu-
TaIlMOHHOTO O0JTyYeHHs] HOHAMH.

13. A.H. KPAIIMKOB, A.C. JIAPMOHOB, A.C. AMKOB, U.1. YEPHOB,
M.C. CTAJIBIIOB, C. b. KUCJIMIIUH, B.B. ®1IPCOBA. HccnenoBanne
MPOLIECCOB PACHBUICHHS M HOHHOM MMITIAHTALUK PU 00JIy4E€HHH TOHKHX 00p -
TUTAHOBBIX U OOp - YTIEPOTHBIX TUIEHOK HOHAMH TeJIHS M BOJOPOA.
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14.E.E. CYCJIOB, A.C. JJIAPMOHOB, A.C. JJUKOB, N.1. YEPHOB,
M.C. CTAJIbLIOB, C. b. KUCJIMIIUH, C.0. AKAEB. Oxkucnenue 6op-
TUTQHOBOI'O TOHKOIIEHOYHOTO MOKPBITUS IIPU IUKINYECKUX HCHBITAHUIX Ha
TepMoyzaap. .

15.EJI.  KOPEHEBCKHMH, J.A. CADPOHOB, A.C. HAIIUH,
P.III. UCAEB, A.A. TIOITOB. Usyuenue Biausiaust 6GapbepHoro ciost u3 Nb Ha
KOPPO3HOHHYIO CTOMKOCTB CIUTaBOB ZI' C TOKpEITHEM Ha ocHOBe Cr.

16.CH. HUKWUTUH, Bb.A. TAPACOB, JIII. [IIOPHUKOB,
A.C. IOPJIOBA. B3anmoneiicTBrue METAJUIMIECKOTO SASPHOTO TOIUIHBA C Tep-
CHEKTUBHBIMU MaTepHagaMu 000JI04YeK TBIJIOB.

17.M.I'’  UICAEHKOBA, A.B. TEHHUIIEB, I0.A. IIEPJIOBUY,
C.A. CTOJIBOB, B.B. MUXAJIBYUK, B.A. ®ECEHKO, I1.B. ®EJIOTOB,
B.B. HOBUKOB, B.11. KY3HEILIOB. 3ak0HOMEpHOCTH TEPMHUYECKOTO pacIlu-
peHust 000JI09eYHBIX TPYO U MPYTKOB U3 ciiasa 3110 onT B HHTEpBae TeMIe-
patyp 20-1200 °C.

18.C.0. AKAEB, A.C. JJUKOB, JL.A. IMKOBA, C.b. KUCJIMLIWH,
B.B. ®UPCOBA, N.1. YEPHOB M.C. CTAJIbLIOB. Bnusinue HeUTpOHHOTO
o0irydeHus: B atMocdepe resiusi Ha MeXaHHYeCKHe CBOWCTBA ayCTEHUTHOM cTa-
mu 12X18H10T.

19.M.I'’  UCAEHKOBA, 10.A. TIEPJIOBUY, O.A. KPLIMCKAZ,
JAN. J)KYK. MonenupoBaHue MpoLEecCOB ABOWHUKOBAHUS TpPHU IMPOKATKE O.-
IIUPKOHUS.

20.B.A. KAJIMH, E.M. MOPO30B, I1.B. OENOTOB,
A.B. KOCTIOXWHA. Bausiaue MHUKpOCTPYKTYpPhl U €€ 3BOJIIOLUU HOJ ACH-
CTBHEM OOJTydeHHs Ha neopMaIMoHHOe moBeneHue crasa J110.

21.A.A. EPOIIEHKO, A.A. MBAHHHUKOB, W.B. ®EJJOTOB,
A.H. CYYKOB,O.H. CEBPIOKOB. Pa3paboTka CcruiaBoB-IpUINOEB Ha OCHOBE
Ti—Zr—Nb uis1 coeuHeHNs KapOuIa KpEMHHS.

22.E.A. KPACHOBA, A.A. UNBAHHHKOB, M.A. IIEH/3b,
O.H. CEBPIOKOB, b.A KAJIMH. HccaenoBanue BIMSHUSA PEKHUMa BBICOKO-
TeMIeparypHol naiiku HukesneBbIM cruiaBoM-nipunoeM CTEMET 1301A Ha
TEPMOCTaOMIBLHOCTh coequHeHu n3 ctamu 12X18H10T.

23. A.1. TABOB, A.A. UBAHHUKOB, O. H. CEBPIOKOB. Iloxyuenne
BbICOKO3HTpoOmHitHOrO cruiaBa B cucreme Ni-Nb-Co-Fe-Cr metomom 6sicTporo
3aTBEpAEBaHUs paciiaBa Jyisl Nailku OKCUIHON KepaMUKHU.

24.P.A. MUHVYUIKHMH, M.I. HCAEHKOBA, 0.A. TIEPJIOBIY,
A.Il. SIKOBJIEBA. N3MeHeHHEe CTPYKTYpHI TOBEPXHOCTHBIX CJIOEB HMIMHAPHU-
YECKUX U3JIETUH ¢ TOMOIIbI0 KOMOMHUPOBAHHON 00pabOTKH. .

25.E.B. KO3JIOBA, M.C. HIEBEPASEB, B.B. TI'OPJIEBCKUU,
A.A. CEMEHOB, A.B. JJAVIIKNH, A.B. YEBOTAPEB, A.C. AHUKUH.
HccnenoBanue CTPyKTYpbl OSpHIUIMEBBIX KOMIIO3MTOB COJEPIKAIMX HaHOAJ-
Ma3bl.

26. AB. KPABYEHKO, M.IO0. BACHWJIBEB, 0.B. COPOKUH,
B.C. TIOIIOB, A.M. YPCKOB, B.Il. CMHUPHOB. Hepa3pymatomuii KOoH-
TPOJIb CBAPHBIX COSAMHEHHUH TUTaHA U €TO CIUIABOB C BH3YyaIN3alleil CHTHAJIOB
IIPH KOHTPOJIE METOI0M BHXPEBBIX TOKOB.

27. M.C. TAPACOBA, b.A. TAPACOB, C.C. BAIIJIBIKOB. YcranoBka
JUISL BBICOKOBOJIBTHON 3JIEKTPOUMITYIbCHON KOHCOJIMIAINY SIJIEPHOTO TOIUINBA.
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CTEHAOBAS CECCHUA (Cexuus 2)

28.JLE. ATYPEEB, W.H. JIAITEB, AM. KAHVYIUIKHUH,
A.B. UBAHOB. Kepmerst Ha octoBe cucteMbl Ni-Al-O, ynpounéHHbIE HAHO-
YaCTHIAMH IITHHEH, IS )KHJIKOCOJIEBBIX SHEPTETHIECKUX YCTAHOBOK.

29.A.B. CMHYVK, 10.0. AJAMYVK, C.B. YYIIIAK. Obpa3zoBanue Ha-
HOCTPYKTYPHBIX KapOUAHBIX MOKPBHITHH U3 TOPOIIKOBBIX MPOIYKTOB 3JIEKTPOB-
3pBIBa MPOBOHUKOB.

30. I1.III. ITABAHOB, I''’I. KAPJJAILIOBA. TemnepaTyponpoBOIHOCTh
KepaMHKH KapOuaa KpeMHHUs ¢ JoOaBkaMH KapOuaa HHoOusl.

31.1ILII. IIABAHOB, I''I. KAPJAIIOBA. Mexanuueckasi IpOYHOCTh
Kepamuuecknx Marepuanos SiC-BeO.

32.T.J1. KAPJAIIOBA, K.JI. AIIYPBEI'OB. VYcraHOBIeHHE DPEXHMOB
HCKPOBOTO IUIa3MEHHOTO CIIEKaHHs ISl TTOJyYeHHs BBICOKOIUIOTHOM KapOma-
KPEMHHEBOH KEpaMHUKH.

33.T.J. KAPJAIIOBA, I''K. CA®@APAJIMEB. Bimsaue ycnoBuii creka-
HHS Ha CTPYKTYPY M CBOICTBa KEpPAMUKH Ha OCHOBE KapOuaa KpeMHUsI.

34.A.C. XAIIOB, C.B. YEKAHOB, A.B. BOEHHOB, A.C. ITEKJINY.
Oco0eHHOCTH NPUMEHEHUsI MalKU Ul CO3JaHMsl Hepa30OpHBIX METAJUIOCTEK-
JISHHBIX COCTUHEHUM.

35. O.H. CEBPIOKOB, A.A. HNBAHHHMKOB, HN.B. ®EJOTOB,
A.C. TIEKJINY. Tloxy4eHue BaKyyM-IUIOTHOTO COEAMHEHHS CTEKJIa C MOJHO-
JICHOM /TSI JIEKTPOBAKyyMHBIX IPHOOPOB METOIOM aKTUBHOH MalKu.

36.B.10. TOJIBLIEB, A.B. OCHHIEB, A.C. IIJIOTHHUKOB,
A.C. CEJEI'OB. 13ru6 ToHKHX Manopa3MepHBIX AMCKOB Ha KOJIBIIEBOM OIOpe.

37.M.M. 3APUIIOBA, M.I.' HCAEHKOBA, 0.A. IIEPJIOBUY,
B.A. ®ECEHKO, A.B. OCUHLEB, JI.A. AETAJHUKOBA. HccnenoBanue
00paTUMBIX MapTEHCUTHBIX ITPEBPALICHHH B CBEPXYNPYTUX CIUIaBax Ha OCHOBE
Ti-Zr-Nb

38.B.A. TJIVIIEHKOB, 10.C. VIIEPEHKO, W.A. BEJIIEBA,
B.A. MUPOHOB, B.U. ITIECOLKUU. MeTon 0AHOBPEMEHHOT'O YILIOTHEHUS U
TUTAKUPOBAHMS ITOPOIIKOBOM KOMIIO3UIIMHM PAacIUIaBOM I10J] BO3IECHCTBHEM HM-
MYJICHOTO MarHUTHOTO TTOJISL,

39.B.A. MUPOHOB, B.A. TJIYIIIEHKOB, U.A. BEJISIEBA. Ananus a¢-
(DEeKTHBHOCTH TEXHOJOTMYECKUX CXEM YIUIOTHEHUs MOPOIIKOBBIX KOMIIO3UIIMI
C MCIOJIb30BAHMEM MarHUTHO-MMITYJIbCHOTO HArPyKEHHUS. .

40.B.I1. MUXAWJIOB, B.JIHUKVJIMH, A.b. MHUXAWJIOBA,
I1.B. CUJIMH, U.B. BOPOBULIKAS. CoBpeMeHHOE COCTOSTHUE HCCIeA0BaHUN
1a3M0-(pOKYCHOTO BO3/ICHCTBUSI Ha CTPYKTYPY M CBOMCTBA CBEPXIIPOBOIHH-
KOB.
41.E.JI. CTPMDKAKOB, C.B. HECKOPOMHGI, B.I . BUHOI'PAJIOB.
OCo0EHHOCTH MPOIECCOB AIEKTPOUMITYJILCHOTO BO3/ICHCTBUSI IPH COCMHEHUT
Pa3HOPOJHBIX MAaTEPUAIOB C HUCIOJIb30BAHUEM MOPOIIKOBBIX KOMIIO3HIHHA B
Ka4eCTBE CBSI3YIOIIETO JIEMEHT.

42.C.0. ATEEB, C.B. HECKOPOMHbIM, E.JI. CTPMDXKAKOB. ITonyuye-

HUE HEPA3bEMHBIX COC,Z[I/IHCHI/Iﬁ QJICKTPOMAariMTHbIM METOIOM.
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43.B.M.CTAIIIEHKO, 0.5.CKBOPLIOB, O.A. TPOULKUIA. Vupasnenue
MEXaHUUECKUMH CBOIICTBAMHU KOHCTPYKIIMOHHBIX MaTepHaIOB MOIIHOTO 3HEp-
TeTUYECKOT0 000PYIOBaHUSL.

44.0.5.CKBOPILIOB. BubparuoHHast IpoYHOCTb.

45, H.C. TIOIIOB, M.A. IIEHA3b, A.A. TBAHHMKOB, O.H. CEBPIOKOB,
B.A. KAJIVH. Onpezneneane KOPPO3INOHHONW CTOHKOCTH MATHBIX COSANHCHUN U3
cramu 12X18H10T, noxydeHHBIX ¢ TOMOIIHIO0 HUKEJIEBBIX IPUTIOCB.

46.10.A. IIEPJIOBUY, M.I. UCAEHKOBA, 51.A. BABNY. Ocobennoctu
IIpoTeKaHus npouecca pekpuctamuzanuu B 'K meramiax Ha mpumepe Meau.

47.K.X. AIIMKKAJIMEBA, T. B. KOHOHEHKO, E.E. AIIKNHA3U,
E.A. OBPA3IIOBA, B.M. I'OJIOJIOBOB. OcobeHHOCTH CHOHTAaHHOTO POCTa
JIa3epHO-UHIYLIUPOBAaHHBIX TI'paUTU3UPOBAHHBIX MHUKPOCTPYKTYp B oOBEeMe
anMasa ¥ UX BHYTPEHHEH CTPYKTYpHI.

48. X M.I'AJIXKMEB, T.AYEJTYIIKWUHA. Ilpumenenne 3D TexHomoruii
JUTSL CO3JIaHUs SJIEKTPOHHBIX KomnoHeHToB CBY nuanazona.

49.B.A. KOIIJIAKOBA, 1I.C. MYPATOB. INonyuenune HanocnoeB Coz04
METOJIOM CIIOT-MaTpUYHON TeYaTH.

50. AT.KOJIHUH, P.C.XA®U30B. IlepcnekTuBb NpUMEHEHHS HAHO-
KOMITO3HTa KOPYHA-TpadeH.

51.YM. 3ABOPOTHAS, MJI. HCAEHKOBA, IO.A. IIEPJIOBUY,
C.I. CTOJIBOB, A.E. PYBAHOB. MoaenupoBaHue miacTHIecKoi aedopMarim
MHOTOCJIOMHBIX KOMITO3ULIHH.

52. A.Il. MEJIbHHUKOB, A.B. HA3APOB. MouenupoBaHue aHU30TPOINU
CKOpOCTH pocta HaHonop B a-Fe u W.

53.H.C. MOPO30B, 10.A. TIEPJIOBHNY, M.I." HNCAEHKOBA,
O.A. KPBIMCKAZ, P.A. MUHYIIKVMH. Bausaue cTpyKTYpHBIX U TEKCTYp-
HBIX OCOOCHHOCTEH CTaJbHBIX TPYO MarucTpanbHBIX Tra30lpOBOJOB Ha HX
CTOHKOCTh K KOPPO3MOHHOMY PaCTPECKHBAHHUIO MO HAIPSIKCHHE.

54.E.A. TIPABOTOPOBA, O.A.TPOMIIKUI, O.5.CKBOPLIOB,
B.M.CTAIIEHKO. Bubpoakycrudeckue 3p(eKTsl U yrpaBieHHE 3IIEKTPONM-
MyJIbCHOM CBapKoOH..

55.5.A. I'YPOBUY, B.B. TOHYAPOB, JLB. KVYTVY30B,
K.E. IIPUXOJBbKO, ATI. HOMAHTOBCKHHU, M.M. JIEMEHTLEBA,
BJI.  CTOJIAPOB, E.JA. OJIBIHAHCKMHM, A.A. UYEPEIIAHOB,
EM. MAJIMEBA. Co3pmanue ynbTpaTOHKHX IUICHOK HHUTPHAA HHOOWS TpH
temmneparypax menee 100 °C.

56.E.B. TAJIKMH, M.B. JKAPOB. IlepcuekTuBHasi TEXHOJOTHS
IIOJIYyYEHHSI TPaHyJl METAUIMYECKUX MATEPUAIIOB CO CBEPXBBICOKUMU
CKOpPOCTSIMU KPUCTAJLI3ALUH.
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SCHOOL PROGRAM

November 5

82 _10% Registration.

102-102  Opening ceremony

102-112  Mokrushin A.A. (SRI SIA «LUCH»). Processes for develop-
ment of high-temperature high strength structural materials for power generat-
ing systems.

1122 12%  Novikov V.V. (JC «A.A. Bochvar High Technology Research
Institute of Inorganic Materials»). Technologies of fuel compositions of water-
cooled reactors.

Coffee break 122 — 122

122 139 Leontyeva-Smirnova M.V. (JC «A.A. Bochvar High Tech-
nology Research Institute of Inorganic Materials»). Promising technologies for
the construction of fast neutron reactor core materials.

132 _14%  shishkin A.A. (JSC TVEL). Improvement of nuclear fuel of
power reactors.

Lunch 149 _ 15%

15% 152  |vanov A.V. (Elektrostal Machine-Building Plant). Improving
the production technology of nuclear fuel of MSZ.

15% 162  Neustroev V. S., Grin P. 1., Makarov E. 1., Markelov D. E.,
Sokolowski D. A. (JSC «SSC RIAR», Dimitrovgrad). Methods and techniques
for investigation of swelling and creep of irradiated materials of nuclear power
reactors.

162172  Garner F.A. (Radiation Effects Consulting, USA). Use of
charged particle irradiation to aid in assessing and optimizing new alloys for
nuclear energy application.

17% —20%  Poster session 1.
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November 6

102-102 Mazul IV. (NIIEFA, Saint-Petersburg). Technologies of
creation of intracameral constructive elements of ITER.

10— 112 Garner F.A. (Radiation Effects Consulting, USA). Impact of
radiation-induced changes in composition, dimension and mechanical proper-
ties of reactor structural components.

Coffee break 112 — 12%

122129 Gurovich B.A. (NRC «Kurchatov Institute»). Structural
changes in the irradiated alloy 42KhNM under the influence of accelerated
heatmgom the temperature range of possible maximum design basis accidents.

Prikhodko K.E. (NRC «Kurchatov Institute»). The use of
modern methods of transmission electron microscopy to study the microstruc-
ture of irradiated materials.

132142 Milovzorov N.G. (JSC TESCAN). TESCAN equipment for
the study of structural and functional materials.

Lunch 14% _ 15%

15 - 15%  Kislitsin_S., Ivanov 1., Kudrjashov V., Dikov A., Larionov
A., Akaev S. (Institute of Nuclear Physics, Kazakhstan). Comparative study the
radiation damage of Kh18N9T steel, irradiated with low-energy ions of krypton
and iron to hlgh damage doses.

15% 162  Krsjak V. (Slovak University of Technology, Slovakia) Ex-
perlmental S|mulat|on of radiation effects in nuclear materials.

162 Short M.P. (Massachusetts Institute of Technology, USA).
Producmg and Testing Multimetallic Layered Composites for Current and Ad-
vanced Nuclear Reactors.

17% 202 Poster session 2.

November 7

10%-10%  Yanin S.N. (Tomsk Polytechnic University). The use of mag-
netron dlscharge plasma for processing of the solid surface.

102-112 'Uglov V.V., Cherenda N.N., Shymanski V.I. (Belarusian
State University, Belarus). Modification of materials for extreme working con-
ditions by compression plasma flows impacts.

1122129 patrikeev L.N. (MEPHI). Nanotechnologies and nanomateri-
alsin atomlc engmeermg

12% 128 Sevryukov O.N. (MEPHI). Technologies for creating perma-
nent connections in nuclear technology.

Lunch 12% _ 133

13%% _20%  Excursions. Introductory Practices.
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November 8

10%2-10%2  Petrovsky V.N. (MEPHI). Additive technology: current state
and perspective.

102-112  Bogachev I.A. (VIAM). Peculiarities of structure forming of
alloys on various bases obtained by additive technologies.

112 129 samokhin A.V. (IMET RAS). Plasma technology for the pro-
duction and processing of powder materials.

Coffee break 122 — 122

122 _13%  Mironov V.A. (Riga Technical University, Latvia). Move-
ment and consolidation of powders and empty spheres in a pulsed electromag-
netic field.

13% 132 Stolyarov V.V., Sudzhanskaya I.V. (MERI RAS, BSTU, Bel-
gorod ). Dielectric properties of hanocomposite ceramics Al,O3 / grafen.

Lunch 132 — 142

142 152 voskoboynikov R. (NRC «Kurchatov Institute»). Heat and hit

by design — modelling approaches in materials fabrication.

15% 152 Borodin V.A., Ganchenkova M.G., Dzhumaev P.S., Emel-
yanova O.V., Kovalskyi S.E. (NRC «Kurchatov Institute», MEPHI). Physical
mechanisms of the duplex oxide layer growtn on ferritic/martensitic steels with
8-14 wt.% Cr during high-temperature oxidation.

152162  Round table with the participation of Russian and foreign lec-
turers.

162 - 179  Conference closing and student poster reward ceremony.
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POSTER SESSION (Section 1)

1. K.K. POLUNIN, A.A. MOKRUSHIN. Fabrication processes and testing
of the moderator for irradiating devices of BN reactors. Testing of the modera-
tor.

2. A.S. LARIONOV, E.E. SUSLOV, A.N. KARPIKOV, A.S. DIKOV. In-
fluence of the stehoiometric composition of the cathode target on the structure
of a perspective neutron-absorbing coating from titanium boride during mag-
netic spraying.

3. T. ALDABERGENOVA, S. KISLITSIN, V. UGLOV, I. IVANOV,
A. LARIONOV, A. RYSKULOQV. Radiation effects in ZrTiN coatings induced
by impact of high energy krypton ions.

4. D. A. MEREZHKO, M. S. MEREZHKO, L.A. DICOVA,
O. P. MAKSIMKIN, M. N. GUSSEV, F. A. GARNER. Radiation-induced fer-
rite formation in reactor materials.

5. M.D. SAVELYEV, B.A. TARASOV, D.P. SHORNIKOV. Weldability
of chrome steels type Fe-Cr-Si-Al.

6. M.D. SAVELYEV, B.A. TARASOV, M.A. LUTKOV, D.P. SHORNIKOV.
Corrosion resistance of chrome steels with low chromium content in high pa-
rameters water.

7. N.YU.SHULGA, F.O.MILOVICH, A.V.KULEBYAKIN,
LLE. KURITSYNA, N.V.SIDOROVA. Mechanical properties and transfor-
mation hardening mechanism in yttria, ceria, neodymia and ytterbia co-doped
zirconia based solid solutions.

8. LE.KURITSYNA, F.O.MILOVICH, AV.KULEBYAKIN, N. YU. SHULGA,
N.V.SIDOROVA. Anisotropy of the mechanical properties and features of the tetrago-
nal to monoclinic transition in partially stabilized zirconia crystals.

9. M. ISAENKOVA, YU. PERLOVICH, V. FESENKO, K. KLYUKOVA,
S. STOLBOV, E. BERLIN. Influence of the structure of chrome coating on clad-
ding tubes from Zr-1%Nb-(O, Fe) alloy on its protective properties.

10. AV.SUMAROKOVA, V.M.ANANIN, B.A.KALIN. Measurement of
the internal friction of E110 alloy after oxidation and nitration.

11.J. GUROVA, A. SUCHKOV, D. BACHURINA, O. SEVRYUKOV.
Study of study of the structural phase state of the brazed joint EK-181/V/W ob-
tained by rapidly quenched Cu-28Ti brazing alloy for DEMO fusion reactor.

12.N.A. ISKANDAROV, S.V. ROGOZHKIN, A.G. ZALUZHNYI,
A.A. NIKITIN, A.A. KHOMICH, V.V. KHOROSHILOV, A.A. BOGACHEYV,
A.A. LUKYANCHUK, O.A. RAZNITSYN, A.S. SHUTOV, P.A. FEDIN, T.V.
KULEVOY, A.A. POTEKHIN. Study of microscopic origins of radiation hard-
ening of ferritic-martensitic steels rusfer-EK-181 and ChS-139 in simulation
experiment with heavy ion irradiation.

13. A.N. KARPIKOV, A.S. LARIONOV, A.S. DIKOV, I.I. CHERNOV,
M.S. STALTSOV, S.B. KISLITSIN, V.V. FIRSOVA. Research of spraying
and ion implantation processes in irradiation of thin boron - titanium and boron
- carbon films by helium and hydrogen ions.
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14.E.E. SUSLOV, A.S. LARIONOV, AS. DIKOV, II. CHERNOV,
M.S. STALTSOV, S.B. KISLITSIN, S.0. AKAEV. Oxidation of bor-titanium
thin film coating during cyclic tests on thermal shock.

15.E.L. KORENEVSKY, D.A.SAFONQV, A.S. YASHIN, R. Sh. ISAEV,
A.A. POPOV. Study of the influence of the Nb barrier layer on the corrosion
resistance of Zr alloys with Cr-based coating.

16.S.N.  NIKITIN, B.A. TARASOV, D.P. SHORNIKOV,
A.S. YURLOVA. Interaction of metal nuclear fuel with perspective cladding
materials.

17.M.G. ISAENKOVA, A\V. TENISHEV, YU.A. PERLOVICH,
S.D. STOLBOV, V.V. MIKHAL’CHIK, V.A. FESENKO, P.V. FEDOTOV,
V.V. NOVIKOV, V.. KUZNETSOV. Regularities of thermal expansion of
cladding tubes and rods from E110 opt alloy in the temperature range of 20-
1200 °C.

18.S.0. AKAEV, A.S. DIKOV, L.A. DIKOVA, S.B. KISLITSIN,
V.V. FIRSOVA, AS. LARIONOV, I.I. CHERNOV , M.S.STALTSOV. The
effect of neutron irradiation in a helium atmosphere on the mechanical proper-
ties of 12Cr18Ni10Ti austenitic steel.

19. M.G. ISAENKOVA, YU.A. PERLOVICH, O.A. KRYMSKAYA,
D.l. ZHUK. Modelling of twinning processes in a-zirconium.

20.B.A. KALIN, E.M. MOROZOV, P.V. FEDOTOV,
A.V. KOSTYUKHINA. Influence of microstructure evolution under irradiation
on the deformation behavior of E110 alloy.

21.A. EROSHENKO, A. IVANNIKOV, I. FEDOTOV, A. SUCHKOV,
O SEVRYUKOQV. Development Ti—Zr—Nb based filler metal compositions for
the silicon carbide joints.

22.E. A. KRASNOVA, A. A. IVANNIKOV, M. A. PENYAZ,
0. N. SEVRYUKOQV, B.A. KALIN. Investigation of the effect of high-
temperature brazing nickel filler metal STEMET 1301A on the thermal stability
of 12X18H10T joints.

23.A. 1. GABOV, A. A. IVANNIKOV, O. N. SEVRYOKOV. Obtaining
high entropy alloy in the Ni-Nb-Co-Fe-Cr system by rapidly quenching method
for brazing of oxide ceramic.

24.R.A. MINUSHKIN, M.G. ISAENKOVA, YU.A. PERLOVICH,
AP. YAKOVLEVA. Structural change of surface layers of cylindrical products by
using combined processing schedules.

25.EV. KOZLOVA, M.S. SHEVERDYAEV, V.V. GORLEVSKY,
A.A.SEMENOV, A.V.LAUSHKIN, A.V.CHEBOTAREV, A.S.ANIKIN. Investi-
gation on the structure of beryllium composite containing nanodiamonds.

26. A. KRAVCHENKO, M. VASILYEV, YU. SOROKIN, V. POPOV, A.
URSKOQV, V. SMIRNOV. NDT of titanium and its alloys with data visualization
by eddy current method

27. M.S. TARASOVA, B.A. TARASQV, S.S. BASHLYKOV. Installation for
high voltage electric pulse consolidation of nuclear fuel.
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POSTER SESSION (Section 2)

28.L.E. AGUREEV, I.N. LAPTEV, A.l. KANUSHKIN, A.V. IVANOV.
Cermets based on the Ni-Al-O system strengthened by spinel nanoparticles for
liquid salt power installations.

29.AV. SINCHUK, YU.0. ADAMCHUK, S.V. CHUSHCHAK. Criation
of nanostructural carbide coatings using powder resulting from wire electro ex-
plosion.

30.SH.SH. SHABANOV, G.D. KARDASHOVA. Thermal diffusivity of
silicon carbide ceramics with niobium carbide additives.

31.SH.SH. SHABANOV, G.D. KARDASHOVA. The mechanical strength
of ceramic materials SiC-BeO.

32.G.D. KARDASHOVA, K.L. ASHURBEGOV. Establishment of spark
plasma sintering modes for producing high-density silicon carbide silicon.

33.G.D. KARDASHOVA, G.K. SAFARALIEV. Effect of sintering condi-
tions on the structure and properties of ceramics based on silicon carbide.

34.AS. KHAPOV, SV. CHEKANOV, A\V. VOENNOV,
A.S. PEKLICH. Features of brazing application for creation of permanent met-
al-glass joints.

35.0.N. SEVRYUKOV, AA. IVANNIKOV, I.A. FEDOTOV,
A.S. PEKLICH. Vacuum - tight joint of glass with molybdenum for electric
vacuum devices by active brazing.

36.V.Y. GOLTSEV, AV. OSINTSEV, AS. PLOTNIKOV,
A. S. SEDEGOV. Bending small thin discs on the support ring.

37.M.M. ZARIPOVA, M.G. ISAENKOVA, Yu.A. PERLOVICH,
V.A. FESENKO, A.V. OSINTSEV, L.A. DEGADNIKOVA. The study of re-
versible martensitic transformations in superelastic alloys based on Ti-Zr-Nb

38.V.A. GLUSHCHENKOV, Ju. S. USHERENKO, |.A. BELYAEVA,
V.A. MIRONQV, V.I. PESOTSKY. Method of simultaneous compaction and
cladding by melt under the action of a pulsed magnetic field.

39.V.A. MIRONOV, V.A. GLUSHCHENKOQV, I.A. BELYAEVA. Analy-
sis of efficienty of technological schemes of compaction of powder composi-
tions using pulse- magnetic loading.

40. B.P. MIKHAILOV, V.Ya. NIKULIN, A.B. MIKHAILOVA, P.V. SILIN, I.
V. BOROVITSKAYA. Current state of studies of plasma-focus effects on the
structure and properties of superconductors.

41.E.L. STRIZHAKOV, S.V. NESKOROMNYY, V.G. VINOGRADOV.
Electric pulse exposure processes when connecting dissimilar materials using
powder compositions as a binder.

42.S.0. AGEEV, S.V. NESKOROMNYY, E.L. STRIZHAKOV. Obtaining
permanent connections by electromagnetic method.

43.V.l. STASHENKO, 0.B. SKVORCOV, O.A.TROICKIWJ. Design of me-
chanical properties of structural materials for power plant equipment.

44.0.B. SKVORCOV. Vibration strength.
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45. N. POPOV, M. PENYAZ, A. IVANNIKOV, O. SEVRYUKOV, B. KALIN.
Corrosion  resistance of brazed joints 12Cr18Nil0T/NiCrSiB AND
08Cr18Ni9/NiCrSiB.

46. YU.A. PERLOVICH, M.G. ISAENKOVA, YA.A. BABICH. Features
of the recrystallization process in FCC metals using copper as an example.

47.K.K. ASHIKKALIEVA, T. V. KONONENKO, E.E. ASHKINAZI, E.A.
OBRASTSOVA, V.M. GOLOLOBOV. Specifics of spontaneous growth of la-
ser-induced graphitized microstructures in diamond and their internal structure.

48.H.M. GADGIEV, T.A. CHELUSHKINA. Application of 3D technolo-
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TEXHOJIOTHUH CO3JAHUSA ’KAPOITPOYHBIX
KOHCTPYKIIMOHHBIX MATEPUAJIOB SQHEPTETUYECKHUX
YCTAHOBOK

Peanuzanus HOBBIX HAYYHO-TEXHUYECKHUX HJCH U YCIIO)KHEHHE yCIOBUH pa-
0OTBI COBPEMEHHOI TEXHUKHU BBI3BIBAIOT NOTPEOHOCTH B CO3aHMH HOBBIX KOH-
CTPYKLUHOHHBIX MaTepuasioB, CHOCOOHBIX pPaboTaTh HPH BBICOKUX TEMIIEpaTy-
pax (1500 — 1900 °C), MmexaHHYECKUX HArpy3KaX, B KOHTAKTE C arpeCCHBHOU
Cpeloi, MpH PagHaIlIOHHOM BO3JCHCTBHHU, OOEcCTeunBasi MPH 3TOM BBICOKHE
BbIxogHbIe mapameTpbl, KII/I u HapéxHOCTh. [IprMepaMu mogoOHOW TEXHUKU
MOTYT CIIYXHTb SJECpPHbIE YHEProJBHIATCNIbHBIE YCTaHOBKH (DY) kocmmue-
CKOT'O Ha3HAYCHUS C TEPMOIMHUCCHOHHBIM H TypOOMAIIMHHBIM METOJaMH IIpe-
00pa3oBaHMs TEIUIOBOI YHEPIHHU B AIIEKTPHUECKYIO, K BHICOKOTEMIIEPATYPHBIM
TBYIaM KOTOPBIX TPEABABIAIOTCA KECTKUE, B TOM 4YHCIE NPOTUBOPEUUBHIC
TpeboBanus [1-3]. 3ayacTyr0 TONBKO TYrOIUIABKAE METAJUIBI B MOHOKDPHCTAJ-
JIMYECKOM COCTOSHHU CITOCOOHBI 00€CIeYUTh BOZMOXKHOCTh T0/I00HBIX paspa-
6oTok. KomIiekcHble cucTeMaTuieckie paboThl 10 UCCIIEIOBAHHUIO CTPYKTYPHI
u pu3mko-mMexaHndecknx cBoucTB MTM motpeboBanu pemeHus psaa HayqHo-
TEXHHYECKUX M TEXHOJOTHYECKHX MpoOJIeM: BHIOOP METO/OB BBIPAIIMBAHUS
MTM; pa3paboTka CHCTEMbl KOHTPOJISI KaueCTBa MOHOKPHCTAJUIOB M MOHO-
KPUCTAJUTMUECKUX M3IeNHnH; pa3paboTka TexHojoruu BblpammBanust MTM
BBICOKOTO Ka4eCTBa, Pa3IMIHOrO NMPOQMIL W pa3MepoB; CO3JaHHUS >Kaporpod-
HBIX CIIaBOB Ha ocHoBe MTM; IpPOMBINUICHHOTO OCBOCHHUSI NPOHM3BOACTBA
MTM U MOHOKPHUCTANIMYECKUX U3JIEIHH.

HccnenoBanne MexaHHU3Ma M yCJIOBHUHN 3apOXKJCHHS MOPUCTOCTH, TTO3BOJIH-
JI0 pa3paboTaTh M OCBOWUTH TEXHOJIOTHIO BBIPAIIMBAHHUA OECIIOPUCTHIX MOHO-
KpPHCTAUIMYECKUX NPYyTKOB Mo nuamerpoMm (25 — 27) MM, 4TO MPaKTUYECKH
MOJIHOCTBIO YCTPAaHHUJIO 3TOT BHJ| Opaka M MOBBICKIIO CTPYKTYPHOE COBEpIICH-
ctBO. Crioco6 mosrydeHus OecTopucThIX MPYTKOB Mo auameTrpom (25 — 27) MM
n mHOH (250 — 300) MM OBIT BHEAPEH B MPOMBIIIIIICHHOE TPOU3BOACTBO, YTO
no3Boauio B 1997 r. arrectoBats ux ['ocynapcTBEHHBIM 3HAKOM Ka4ecTBa.

Ha ocHoBe pe3ynbTaToB HccIeN0BaHUN O BO3JEHCTBUIO PA3IMYHBIX BUAOB
00paboTKN JIaBIEHHEM HA CTPYKTYPY MOHOKPHCTAJUIOB, TEPMHUYECKYIO CTa-
OMJIIBHOCTh W MEXaHHYECKHE CBOMCTBa Ie()OPMHPOBAHHOTO COCTOSIHHUS BIIEp-
Bble pa3paboTaHa TEXHOJOTHS MPOKATKU IUIOCKUX MOHOKPHUCTAJIOB C COXpa-
HEHHEM MOHOKPHCTAJIBbHOCTH. TEXHOJOTHS IO3BOJIIET MHOJIy4YyaThb MOHOKpPH-
cramuaeckre Mo nucTsl pazmepoM a0 S00x500 MM u TonmuHOM 710 2,0 MM.
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BcnenctBue BBICOKON XUMHUYECKOW YHCTOTBI U CTPYKTYPHOI'O COBEpPIICH-
cTBa HenerupoBaHHbele MTM HMEIOT HEBBICOKYIO XapoNpodHOCThb. [l usze-
JMi, paboTaroImuMX MPU BBICOKOH TeMIeparype IoJ Harpy3KoH, JUIl KOTOPBIX
Ba)XKHa TreoMeTpuueckas cTabmibHOCTH [1,2], pa3paboTaHbl >KaponpoyHBIE U
TEXHOJIOTUYHbIE MOHOKPHUCTAJUTMYECKHE CIUIABBl M TEXHOJOIMU HUX BBIpAIINBa-
Hus. [Ipn nx pa3spaboTke ObLT M3ydeHa BO3MOKHOCTh PAa3JIMYHBIX MEXaHU3MOB
YIPOYHEHNSI MOHOKPHUCTAIIOB (CyOCTPYKTYPHOTO, AHUCIIEPCHOHHOTO, TBEPIO-
pactBopHOT0). C TOYKH 3peHUs TaKUX KPUTEpHEB Kak 3PPEeKTHBHOCTH yIpOU-
HEHHA, TepMUYeCKas W BpEMEHHAs CTaOMIBHOCTH 3¢ (eKTa ynpodHeHHs, TeX-
HOJIOTUYHOCTh TONY4eHHs M OOpabOTKM YINPOYHEHHOTO MOHOKPHCTAIIA
HanboJiee ONTUMANEHBIMU ISl JUTATENFHON paboThl IpHu TemnepaTypax (1500 —
1900) °C noxka3zan ce0s criaBbl HA OCHOBE TBEPJIBIX PAaCTBOPOB 3aMELICHHUS.
Pa3pabotana cepus ®apOnpOYHBIX U TEXHOJIOTHYHBIX CIIABOB HA OCHOBE Mo U
W, neruposannsix Nb, Ta, Re, Ru. MoHOKpHCTaIMYeCKUE CIJIaBbI HA OCHOBE
TBEPJBIX PACTBOPOB pabOTalOT B IIMPOKOM JMAIA30HE TEMIIEpaTyp U JIeMOH-
CTPHPYIOT BBICOKYIO CTAOMIILHOCTD JKapOMPOYHBIX XapAKTEPUCTUK BO BPEMEHHU
U coxpaHeHue 3PQeKTa yIpoyHEeHUs Aaxe MPH MPEIIUIaBUIBHBIX TEMIICPATy-
pax, BBITOJHO OTJIMYAsCh 3THM OT CIUIABOB, YIPOYHEHHBIX AWCIIEPCHBIMH Ha-
CTHLIAMHU.

Ha 0a3e HOBOro kiacca mMarepuasioB BIEpBbIC ObUTH pa3pabOTaHbl yHH-
KaJIbHBIE TI0 CBOUM BO3MOKHOCTSIM MOHOKPHCTAJUTMUECKHUE NU3AETHSI — IMHUTTE-
PBI ¥ ISTIH Ta300TBOJHON CHCTEMBI TEPMO3IMHUCCHOHHBIX SOV, 3epkana ¢ oT-
pakaromieil MOBEPXHOCTHIO U3 MOHOKPHUCTAJUIMYECKMX MO JHMCTOB U1 MOII-
HBIX JIa3epHBIX YCTaHOBOK, 3€pKajia Ul IEePBOr0 JAMArHOCTUYECKOTO 3epKaya
peaktopa UTOP, aHOABI M 3MUTTEPHl BBICOKOHATrPYKEHHBIX PEHTIC€HOBCKUX
TpyOOK M OpPraHM30BaHO MX MPOU3BOJCTBO. B HacTosiiee Bpemsl Ipo1oiKaeTest
PEryJSpHBIA BBITYCK HapTHH MOHOKpHCTaIIoB Mo, W 1 uX CIUTaBOB U H3TO-
TOBJICHUE U3 HUX U3JIE€JIUH 111 HOBOM TEXHUKHU.

1. Hukonaes }0.B., fctpebkoB A.A., I'ontaps A.C. n ap. ba3oBele maTepuansl u
TEXHOJIOTHHU B 00ecredeHne MTenbHOTo pecypcea u 3ddexrusroctu K. — B kH.: CO6.
tpynos HUU HIIO «JIya» 2000 — 2002. M., HHUHatomuradopm. 2003, c. 24-28.

2. Kyxapkun H.E., ITonomapeB-Crennoit H.H., Yco B.A. Kocmuueckas sipepHas
SHEpreTHKa (SAepHbIE PEaKTOPHI C TEPMOITEKTPHIESCKHM U TEPMO3MICCHOHHBIM IIPE00-
pasoBanueM «Pomamka» u «Exuceit). M.; U3nAT, 2012.

3. JHparynoB IO.I'. Pa3paGoTka peakTOpHOIl YCTaHOBKM JUIsi TPAHCIIOPTHO-
SHEPreTHYECKOr0 MOJIYJsl MEraBaTTHOrO knacca. — ATomHas sHeprus, 2012, 1.113,
BbIIL 1, C. 4-6.
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PROCESSES FOR DEVELOPMENT OF HIGH-TEMPERATURE
HIGH STRENGTH STRUCTURAL MATERIALS
FOR POWER GENERATING SYSTEMS

Implementation of new scientific and engineering ideas and ever sophisti-
cating operational conditions of modern equipment account for the need to de-
velop new structural materials capable of operation at elevated temperatures
(1500 — 1900 °C), under mechanical stresses in contact with corrosive media,
under exposure to radiation, ensuring high performance, efficiency and reliabil-
ity at the same time. Space nuclear power and propulsion systems with thermi-
onic and Brayton energy conversion may be considered as examples of such
equipment. The high-temperature fuel elements of such systems face rigorous
as well as controversial requirements [1-3]. In many cases only monocrystalline
refractory metals are capable to ensure the feasibility of such research and de-
velopment work. Comprehensive and systematic works on studying the struc-
ture and physical and mechanical characteristics of monocrystalline refractory
metals (MRM) required the solution of a number of scientific, technological
and engineering problems: selection of MRM crystals growing processes: de-
velopment of a quality control system for monocrystalline materials and prod-
ucts; development of growing processes for production of high quality MRM of
various geometry; Development of high-temperature high strength alloys on the
basis of MRM, commercial implementation of fabrication of MRM and mono-
crystalline products.

Studying the mechanism and conditions of porosity formation made it pos-
sibly to develop and master the process of growing the pore-free monocrystal-
line Mo rods with a diameter of 25-27 mm, virtually eliminating pore-related
defects and improving the structural perfection. The process of manufacturing
pore-free Mo rods with a diameter of 25-27 mm and a length of 250-300 mm
had been commercially implemented enabling its certification with the State
Quality Mark in 1997.

Basing on the results of studies of the impact which the various types of
pressure treatment have on the monocrystals’ structure, thermal stability and
mechanical characteristics in the strained state, a process for rolling flat mono-
crystals preserving the monocrystalline state has been developed for the first
time ever. The process enables production of monocrystalline Mo sheets with
dimensions of up to 500x500 mm and thicknesses of up to 2.0 mm.

Resulting from their high chemical purity and structural perfection, the un-
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doped MRM have low high-temperature mechanical strength. For the products
operated under high temperatures and mechanical stresses and whose geometric
stability is important [1,2], high-temperature high strength monocrystalline al-
loys and growth processes well suited for manufacture have been developed. In
the course of their development, the feasibility of various options for mechani-
cal strengthening of monocrystals (substructural, dispersion-based, solid solu-
tion) was investigated. Considering the criteria such as strengthening efficien-
cy, thermal and temporal stability of strengthening and manufacture adaptabil-
ity of growth and machining processes of the strengthened monocrystals, the
substitutional solid solution alloys proved to be the best suited for prolonged
operation under elevated temperatures (1500 — 1900) °C. A series of high-
temperature high strength workable alloys has been developed basing on Mo
and W, doped with Nb, Ta, Re, Ru. Solid solution based monocrystalline alloys
are operable within a wide temperature range and demonstrate high stability of
high temperature strength characteristics in time and persistency of strengthen-
ing effect even at pre-melting temperatures, comparing favorably with the al-
loys strengthened with dispersed particles.

Basing on the new class of materials, for the first time ever, one-of-a-kind
monocrystalline products have been developed: emitters and parts of gas ejec-
tion system of thermionic nuclear power systems, mirrors for high-power lasers
with the reflecting surfaces made of monocrystalline Mo, mirrors for the ITER
reactor’s first diagnostic mirror, anodes and emitters of high-load X-ray tubes;
and their fabrication has been set up. Currently, scheduled fabrication of mono-
crystalline Mo, W and their alloys is going on, as well as fabrication of the
parts and elements on their basis for using in advanced equipment.

1. Nikolayev Yu.V., Yastrebkov A.A., Gontar A.S. et al. Basic materials and pro-
cesses to ensure longevity and efficiency of the electric power generating channels —
Collected works of SRI SIA “LUCH” 2000 — 2002. M., Tzniiatominform. 2003, p. 24-
28.

2. Kukharkin N.E., Ponomaryov-Stepnoy N.N., Usov V.A. Space Nuclear Power
(“Romashka” and “Yenisei” Nuclear reactors with thermoelectric and thermionic energy
conversion). M.; 1zdAt, 2012.

3. Dragunov Yu.G. Development of the reactor system for 1 MW class transporta-
tion and power module. — Atomic Energy, 2012, VVol.113, issue.1, p. 4-6.
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COBEPHIEHCTBOBAHME TEXHOJIOT Ui TIPOU3BOJACTBA
AJAEPHOI'O TOIIVIMBA ITAO «MC3»

[MAO «MammuHOCTPOUTENBHBIN 3aBOA» BXOIHUT B CTPYKTYpY ToOIumBHON
kommanuu «TBDJI» u sBiseTcss oqHIM W3 BEAYIINX MHPOBBIX MPOU3BOIUTE-
JIel ¥ MOCTABIIMKOB SAEPHOrO TOIUIMBA JJIs1 AaTOMHBIX 3JIeKTpocTaHuui. Ilpen-
MPUATHE BBHITYCKAET TAKXKE SIIEPHOE TOIUTUBO IS MICCIIEIOBATENBCKUX PEaKTO-
POB U pEaKTOPHBIX YCTAHOBOK CYIOB MOPCKOTO (pJI0Ta M MPOAYKITHUIO Ha OCHOBE
MOTJIOTIAIOIIAX KOMIO3HUIUH IS MTOTJIOMIAOIINX 3JICMEHTOB W OPTaHOB pery-
JUPOBAHUSI CUCTEM YIPABIEHUS U 3aIUTHI BCEX PEaKTOPOB POCCHUMCKOTO JH-
3aifHa.

CrabunbpHoe TON0XKEHUE NPEANPUATHS Ha BHYTPEHHEM U BHEIIHEM PBIHKaX
onpe,uenﬂeTc;[ BBICOKMM Ka4Y€CTBOM H HAACKHOCTBHO HpOI/I3BO[[I/IMOI\/II l'[pO[[yK-
ouu, KOTOpre Hepa3pI>IBHO CBsI3aHBbI C HpOBO[[I/IMbIM Ha HOCTOHHHOﬁ OCHOBC
COBEPIIIEHCTBOBAHUEM TEXHOJOTHI ee Mpou3BoJcTBa. OCHOBY COBEPIIEHCTBO-
BaHUS TEXHOJIOTHI COCTaBISECT CO3AaHME ITOTOYHBIX NMPOU3BOJICTB Ha Oa3e aB-
TOMAaTHU3UPOBAHHBIX KOMIUIEKCOB M JMHHH C TPUMECHEHHEM COBPEMEHHOTO
TEXHOJIOTHYECKOTO U KOHTPOJIBHOTO 000pyIOBaHUS.

Ora paboTa OXBaTHIBAE€T MPOW3BOJCTBA BCEX MONYy(HaOPUKATOB M KOMIIO-

HEHTOB SIEPHOTO TOIUIMBA: IOPOIIKOB TUOKCHAA YpaHa, TOTUTUBHBIX TaOJIETOK,
TCIVIOBBIACIIAOIINX 3JICMCHTOB, KOMHJ’IEKTyIOIJ_II/IX ;:[eTaneﬁ, TCILJIOBBIACIARO-
mux C60pOK. AHaJ'IOFI/I‘-IHI)Ie 1o aAX0 bl I/ICHOHBSYIOTCH B HpOI/I3B0}Z[CTBe TII0TJIO0-
HIAIOIINX 3JIEMEHTOB U OPTAHOB PETYJIUPOBAHUS.
K Haubosee CyniecTBEHHBIM COBEPIICHCTBOBAHUSM TEXHOJIOTHII MIPOU3BOICTBA
SJIEPHOTO TOIIMBA MOXXHO OTHECTH BHEAPEHHE 000pYIOBaHHUS KOHBEPCHHU I'eK-
cadropuaa ypaHa B MOPOIIKH JUOKCHAA YpaHA C MCIOJIb30BAHHEM MPUHITUNA
KHIIAIIETOY» CIIO0S, «CYXOH» TEXHOJOTHH MOJIYYCeHHs TaOJIETOK AHOKCUAA ypa-
Ha C MPUMEHEHHEM BaJIKOBOT'O YIUIOTHEHUS, KOMIUICKCa 000pyI0BaHUs 1Mo Oe-
PEXXHOMY OOpANICHUIO C TOTUIMBHBIME Ta0JEeTKaMHU, YCTAHOBOK HETIPEPHIBHOTO
KOHTPOJISI TEPMETUYHOCTH TBAJIOB. [IpuMeHeHue MpUHIMIA HAKOIUIEHUS TBI-
JIOB Pa3IMYHBIX HUCIIOJHEHUH B MEXOIEPAIlMOHHBIX KacceTax U CO3JlaHUE aB-
TOMATU3UPOBAHHBIX YCTAHOBOK «TOPH30HTAJIBHON) JIAKOTIOKPACKH M COOpPKH
l'Iy'-IKOB TBAJIOB ITO3BOJIUIIN O6T)CJII/IHI/ITB HpOI/I3BO)ICTBO TBOJIOB U TCIIJIOBBIAC-
JITFOIIUX CGOpOK B €IMHOM Hel'[pepBIBHOM HpOI/ISBO}ICTBeHHOM IIOTOKEC U U3ro-
TaBJIMBATh UX HA aBTOMaTI/IBI/IPOBaHHHX JINHUAX.
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Axyuoneproe obwecmeo «I ocyoapcmeennuiii Hayunwiti yenmp — Hayuno-
uccne008amenbCKull UHCIMUmym amomHblX peakmoposy, 2. Jumumpoezpao,
Poccutickas @edepayus

METO/bl © METOJIUKH UCCJEJOBAHUM PACITYXAHUSA
U MOJI3YUYECTHU OBJYUEHHBIX MATEPUAJIOB SIIEPHBIX
OHEPITETUYECKUX PEAKTOPOB

B nexmym 06cykmaroTcs METOIBI MCCIIENOBAHMS PAAHAIMOHHOTO (GopMo-
M3MEHEHHS 00IydeHHBIX 00pa3IoB, TBJIOB M YEXJIOB TEIUIOBBLACISIOMNX ¢O0-
pok (TBC) peakropoB ¢ HaTpueBbIM TerioHocuTesneM. K TakuM mMeromaMm OT-
HOCSITCSI METOJI MCCIICIOBAaHHS PaJHallMOHHOTO PAacIlyXaHUs M B3aUMOCBS3aH-
HBIIl C HUM METOJ HWCCJICOBAHUS PAIMALMOHHON IIONI3ydecTH OOIy4eHHBIX
KOHCTPYKLIMOHHBIX MaTepHAJIOB.

B »Tux MeTonmax mpu M3y4eHHH 3aKOHOMEPHOCTEH pajnaIliOHHOTO paciy-
XaHUg U MOJI3YYECTU OCHOBHBIMU NPUMEHACMBIMHU METOJUKAMH UCCIICIOBAHUA
oOlenpu3HaHbl  PasHOOOpa3HbIE METOAWKH HW3MEPEHHUs] Pa3MEpOB H3IENUs
(npodunomerpus), METOMKa W3MEPEHUs] IUIOTHOCTH Marepualia M3Jelus U
3JIEKTPOHHO-MHUKPOCKOIIMUECKHE METOAUKU HCCIEIOBAaHUS BaKaHCHOHHOW U
ra30BOH MOPHUCTOCTH, ITUCIOKAIIMOHHON M (pa30BOH CTPYKTYPHI B OOIyUEHHBIX
CTIAX. DTH METOJMKH MO3BOJISIOT MOJYYHUTh IAHHBIE O BEJIMYMHE PacIyXaHus
(oTHOCHTENBEHOE M3MEHEHHE 00BeMa, INIOTHOCTH, 0ObeMHas IOJs IOp, mapa-
METpBI TIOPUCTOCTH), CBSI3aHHBIE MEXJy COOOH HPOCTHIMH COOTHOLICHUSIMH,
JIOCTATOYHBIMH JUISl U3YYEHHS YKa3aHHBIX SIBJICHUI.

B nexuuu aHanu3MpyOTCS NOTPEMIHOCTH U3MEPEHUN B NIPUMEHSIEMBIX Me-
TOJIUKAX.

HpI/IBOZ[HTCSI MIPUMEPHI UCIIOJIB30BaAHUA MPUMEHACMBIX METOJUK JJId UCCIIC-
JIOBaHUII pacIyXaHus U MOJI3yYECTH B Ta30HANOIHEHHBIX 00pa3nax, 000m0ukax
TBWIOB ¥ 4exyoB TBC peakTopoB ¢ HAaTPHUEBBIM TEIUIOHOCUTETIEM.

Ha ocHOBaHMM MONy4eHHBIX PE3yIbTAaTOB AHAIM3HPYIOTCS HEKOTOPHIC 3a-
KOHOMEPHOCTH PaJIMallMOHHOTO DPACHYyXaHHWsS M TIOJI3y4eCTH B OOIyYEHHBIX
AyCTCHUTHBIX CTaJIfIX.
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METHODS AND TECHNIQUES FOR INVESTIGATION OF
SWELLING AND CREEP OF IRRADIATED MATERIALS OF
NUCLEAR POWER REACTORS

The lecture discusses methods of investigation of radiation deformation of
irradiated samples, fuel pin cladding and hexagonal wrapper of fuel assemblies
(FA) of reactors with sodium coolant. Such methods include the method of in-
vestigation of radiation swelling and the related method of investigation of ra-
diation creep of irradiated structural materials.

In these methods, to study the regularities of radiation swelling and creep,
the main applied research methods are generally recognized as a variety of
methods for measuring the size of elements (profilometry), methods for meas-
uring the density of the sample material and electron microscopic methods for
studying vacancy and gas porosity, dislocation and phase structure in irradiated
steels. These techniques allow to obtain data on the magnitude of swelling (rel-
ative change in volume, density, volume fraction of pores, porosity parame-
ters), related to each other by simple relations sufficient for the study of these
phenomena.

In the lecture, the authors analyze the measurement errors in the discussed
methods.

Examples of application of the applied methods for studies of swelling and
creep in gas-filled samples, fuel pin cladding and hexagonal wrapper of fuel
assemblies of reactors with sodium coolant are given.

Based on the results obtained, some regularities of radiation swelling and
creep in irradiated austenitic steels are analyzed.
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CTPYKTYPHBIE UBMEHEHUS B OBJIYYEHHOM CIIJIABE
42XHM OJI BO3JIEICTBUEM YCKOPEHHBIX HATPEBOB
B UHTEPBAJIE TEMIIEPATYP BO3MO’KHbBIX
MAKCHUMAJIBHBIX ITIPOEKTHBIX ABAPUI

OpHUM U3 NEPCIEeKTUBHBIX BapUAHTOB HCIIOJIb30BaHMS TOJIEPAHTHOTO TOTI-
JIMBa ABIAETCA €ro NMPUMEHEHHE COBMECTHO ¢ 000104Koi u3 cmasa 42XHM.
OT0T cIuaB 00a1aeT YHUKAJIbHBIM KOMIIIEKCOM JKCIUTyaTallMOHHBIX CBOMCTB,
B TOM YUCJIE, BBICOKOM KOPPO3UOHHOM CTOMKOCTBIO B IAPOBOM cpene, OTCYT-
crBueM ckinoHHoctd K MKKP, BeicokoTexHonorndeH. OCHOBHBIM HEIOCTAT-
KOM, OIPaHMYMBAIOLINM €T0 HCIOIb30BaHUE, SBISCTCS MPOBal MIACTUYHOCTU
MIPY OTHOCHTENIFHO JUIMTEIBFHBIX HArpeBaxX W BBIACPKKAX MPU TeMIIEpaTypax
~600-800°C mocne HeWTpoHHOTO 0ONMydeHus, oOHapyKeHHBIH B padoTax AO
«"HLl HUUAP».

B sr0i1 cBA3M, A7 NporHo3upoBaHus noseneHus cmiasa 42XHM, a taxoke
IUTT 000CHOBAHMS MIPUHITUIHATIBHON BOZMOXKHOCTH €T0 MCIIOb30BaHHA B Kade-
CTBE 0cO00 TOHKOCTCHHBIX OOOJIOUEK TBIJIOB Ui NEHCTBYIOMIMX U IIEPCIICK-
THUBHBIX PEAKTOPOB OBUIM NMPOBEICHBI HCCIEAOBAHHUS METOJaMH IPOCBEYHBA-
I0lIeil M PAacTPOBOH AIIEKTPOHHON MHKPOCKONHMH (parMeHTOB OOJIy4eHHBIX
000J104eK mII0B, oTpadoTaBmmux ~10 et B yciaoBusx BBOP-1000, mocie Tep-
MHYECKHUX 00pabOTOK MO pa3UYHOMY THIIA M 3aKaJIOK B BOJXY IOCIE H30TEp-
MHYECKOH BBIAEP)KKHM, B TOM UYHCIIE, IIPH OBICTPOM HarpeBe A0 TeMIepaTyp
600-800°C npuMEHUTENIBHO K PEabHBIM CIIEHAPHUSIM IIPOSKTHBIX aBapHil.

Muxkpoctpykrypa o0pa3noB ciuraBa 42XHM B 00dXy4eHHOM COCTOSIHHU
MpeCTaBIsieT co00il epeChIeHHBIN Y-TBEPABIH PAaCTBOP HAa OCHOBE HUKEIS C
T'lK-peweTkoii, conepxauuii BoraesneHus: o-Cr Majaoi IIOTHOCTH U HUTPUBI
tuTaHa. KpoMe Toro, B 00My4eHHBIX 00pa3max (parMeHTOB IIDJIOB TIPHCYT-
CTBYIOT IHCIOKAIMOHHBIE MeTin PpaHKka U BaKaHCHOHHEIC/TA30HAIIOTHCHHBIC
TOPHI.

IIpoBeneHne OTKUTOB 00pa3oOB W3 OOIyYEHHBIX IAJIOB B AMANIA30HE TEM-
neparyp (400-500)°C He mpHBOAUT K 3HAYMMBIM H3MEHEHHUSM pa3MepoOB U
TUTOTHOCTH BTOPHYHBIX (ha3 IO CPaBHEHHIO C COCTOSHHEM Iocie 00IydeHus.

[Ipu noBeImIeHNH TeMIepaTypsl OTKUTOB 10 600°C HaunHaeTcs GopMHpO-
BaHHE oO0NacTeld TPEpPBIBHCTOTO pacnana (TpeACTaBJISIONNE IUIACTUHYATHIE
Beienenus o-Cr B I'lIK-marpuiie TBeporo pacrsopa XpoMa C yBEJITHYEHHBIM
COJICp’)KaHWEM HUKEJS 110 CPaBHEHMIO C OOJydeHHBIM COCTOSHHEM) BOJIM3U
TPaHHMI] AyCTEHUTHBIX 3€PEH.

31


mailto:gurovich_ba@nrcki.ru

IIpu omxurax (700-800°C) mpoucxoAuT yBeIUUEHHE Pa3MEpPOB U MJIOTHO-
ctu BhIeneHnit a-Cr 10 TpaHuIlaM ayCTEHUTHBIX 3€pPEH, yBeIn4eHHe 00bEM-
HOW JIONM 30H MPEPHIBUCTOrO pacmaga ¢ Makcumymom mpu 800°C, dopmupo-
BaHue kapoumoB Ha ocHoBe xpoma Tuma (Cr,Ni),3Cs, kKak npaBmio, B 06nactu
TpaHHUI] ayCTEHUTHBIX 3€PEH, a TaKKe 00pa3oBaHKE IUTACTHHYATHIX BBIJEICHUIN
a-Cr B Tene ayCTCHUHTBIX 3€PEH.

[Ipn panpHEHIIEM YBENIWYEHWH TEMIIEPAaTyphl OT/KHIOB 0 TEMIEPATyp
(1000-1150)°C mabiromaeTcs MOIHOE pacTBOpeHUe BoiAeneHni o-Cr ¥ pakTH-
yecku mojHoe pactBoperne kapoumos (Cr,Ni),3Cg, compoBoxmaromieecs yBe-
JWYCHUEM pa3MEPOB OCTABIIUXCS HEPACTBOPEHHBIMHU BbIneneHHH. IIpakTude-
CKH HCUE3ar0T TAKXKE 00JIACTH MPEPHIBICTOTO paciasa.

OOparaer Ha ce0si BHUMaHUE TOT (AKT, YTO YCKOPEHHBIH HAarpeB O TeM-
nepatypsl 800°C ¢ 3akankoil B BOAY, HMHTHPYIOIIUHA PEKUM MaKCHMalbHOM
MPOEKTHO!M aBapuu, NMPHUBOIUT K (OPMHPOBAHHIO HE3HAYMTEIHLHOTO KOJIHYE-
CTBa 30H IPEPHIBHUCTOrO pacraja, M0 CPaBHEHHUIO C AJIUTEIBHBIMU OTKUTaMU
mpu ToW ke Temmeparype. Ilo mosie CTPYKTYpHBIX COCTABISIOIIMX MMKpPO-
CTPYKTypa o0pasiia 1ocie KOPOTKOro omkura npu temmeparype 800°C 6muska
K CTpYKType o0pasma mocje UIHTENFHOr0 oTxura mpu temieparype 600°C u
MPE/ICTaBICHA MEPECHIIICHHBIM Y-TBEPABIM pPacTBOPOM Ha OCHOBE HUKENS C
T'lK-peweTkoil, BoiaeneHusMu o-Cr, HUTpUAAMH TUTaHA UM HE3HAYUTEIbHOU
Joneit o01acTel, MpeTepreBIINX NPEPhIBUCTHIA pacTa.

HccnenoBanue ¢a3oBoro cocraBa o0Opasia Mociie OTKUra IIpH TeMIlepaType
800 °C, IMHUTHPYIOIIETO MPOSKTHYIO aBapulo, MOKa3ajo, yTo (a30BbIi cocTaB
JIAHHOTO OOJIY4EHHOro I3J1a OTinYaeTcs oT (a3oBoro cocraBa odpasua, JIJIH-
TeJIbHOE BpeMsl OTXKHTraBIIerocs mpu temmnepatype 800°C.

Kak nokazamu uccnenoBanus HULL KU, nabmogaemoe pe3koe CHH)KEHUE
IUTACTHYHOCTH 00JydeHHBIX 00pa3noB u3 ciiaBa 42XHM nocie JIUTeabHbIX
HarpeBoB MOXeT OBbITh 00YCIIOBIEHO 00pa3oBaHueM (a3 Mo rpaHUIlaM ayCcTe-
HUTHBIX 3€pEH, OTIMYAIOMNXCS KO3(D(UINEHTOM TEPMHUUYECKOTO PACIIHPEHUS
OT MaTpHUIBL. DTO MOXET NMPHUBOAUT K 00pa30BaHMIO MUKPOTPELIHMH 10 TPaHH-
1aM 3€peH, KOTOPbIE JOTOJHUTEIFHO CTUMYJINPYIOTCS ITPUCYTCTBUEM TEJIHS.

[IpoBeneHsle UCTIBITAaHNSI HA CTATUUECKOE PACTSHKEHHE OOIYYEHHBIX KOJIb-
HEeBBIX 00pasnoB u3 ciuraBa 42XHM npu 6picTpoM Harpese B mHTepBaie (500-
1100)°C mo cuenaputo HULI «KypuaToBckuit HHCTUTYT» MaKCHMaJIbHOI Tpo-
eKTHOH aBapuM MOKAa3ald, YTO OHHM OO0JaJar0T OCTATOYHOHM IIIIACTHYHOCTHIO
>1,6%, 4TO MOXKET IMO3BOJIUTh MCIIOJIH30BATh CIUIAB B KaueCTBE OOOJIOYKH TO-
JIEPAHTHOIO TB3JIa B YCIOBUAX MaKCUMaJIbHON MPOEKTHOW aBapHH.
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FHASE TRANSFORMATIONS IN IRRADIATED 42CrNiMo ALLOY
UNDER RAPID ANNEALING IN THE TEMPERATURE RANGE OF
POSSIBLE MAXIMUM DESIGN BASIS ACCIDENT

One of the promising tolerant fuel options is its use in conjuction with the
42CrNiMo alloy cladding. This high-tech alloy has a unique set of operational
properties, including high corrosion resistance in the steam environment, ab-
sence of the tendency to intergranular stress corrosion cracking. JSC «SSC
RIAR» found the main drawback that limits the use of this alloy — the plasticity
drop at relatively long-term heating and exposure at temperatures of ~600-
800°C after neutron irradiation.

In this regard, to predict the 42CrNiMo alloy behavior and to substantiate
the fundamental possibility of using it as a particularly thin-walled fuel element
cladding for operating and prospective reactors, the following studies were car-
ried out. The fragments of irradiated control rod claddings after ~ 10 years of
operation in NPP unit and subjected to different thermal treatments (isothermal
anneling followed by the water quenching) were studied by the methods of
transmisiion and scanning electron microscopy. The rapid heating up to the
temperatures of 600-800 ° C that correspond to the actual design basis accident
scenarios was also carried out.

The microstructure of irradiated 42CrNiMo alloy specimens is represented
by a supersaturated nickel-based y-solid solution with fcc lattice containing a-
Cr phases of low-density and titanium nitrides. Besides, the Frank dislocation
loops and vacancy/gas-filled pores are present in the irradiated specimens of the
control rods cladding fragments.

Annealing of the irradiated control rod claddings in the temperature range
(400-500)°C doesn’t lead to significant changes of the secondary phases’ sizes
and number densities compared to the initial state.

The annealing temperature increase up to 600°C leads to the beginning of
the the discontinuous (cellular) precipitation — formation of the zones near aus-
tenite grain boundaries with lamellar a-Cr precipitate in fcc matrix with in-
creased Ni concentration compared to irradiated state.

Further temperature increase (700-800°C) is accompanied by the volume
fraction increase of discontinuous precipitation zones with the maximum at 800
°C, increase of the size and number density of o-Cr along austenite grain
boundaries, formation of Cr-based carbides (Cr,Ni),3Cg at austenite grain
boundaries preliminary and formation of lamellar o-Cr precipitates inside aus-
tenite grains.

Complete dissolution of a-Cr secondary phases and almost complete disso-
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lution of (Cr,Ni),3Cs carbides accompanied by the size increase of undissolved
ones is observed under annealing in the temperature range (1000-1150)°C. Dis-
continuous precipitation zones almost disappear as well.

Noteworthy is the fact that fast heating up to the temperature of 800 °C with
the following water quenching simulating the maximum design dasis accident
leads insignificant discountinuous precipitation compared to the long-term
heating.The microstructure of the specimen subjected to the fast heating anneal-
ing at 800 ° C is represented by the supersaturated nickel-based y-solid solution
with fce lattice, a-Cr secondary phases, titanium nitrides and the slight fraction
of discontinuous precipitatetion zones. The fraction of the structural compo-
nents in this specimen is close to the structure of the specimens after long-term
heating annealing at 600 ° C.

According to Kurchatov institute calculation, during the maximum design
basis accident fuel cladding will be subjected to the maximum temperature of
~800-850°C for ~20—30 seconds.

Kurchatov institute studies showed that the observed drastic ductility de-
crease of irradiated 42CrNiMo alloy specimens after long-term heating can be
due to radiation-induced phase formation along grain boundaries with different
thermal expansion coefficient compared to matrix. This can lead to the mi-
crocrack formation which are additionally stimulated by the presence of heli-
um.

To test the heating rate and exposure time effect on the 42CrNiMo alloy
plasticity, tensile tests of the ring specimens were carried out and showed the
possibility of maintaining the plasticity level of 1,6% and may be used as a fuel
cladding, including the maximum design basis accident conditions.
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INPUMEHEHUE COBPEMEHHBIX METO/JIOB
IMPOCBEYUBAIOIIEN JJIEKTPOHHOM MUKPOCKOITUN
JIJIS1 UCCJIEJOBAHUSI MUKPOCTPYKTYPBI
OBJIYUYEHHBIX MATEPHUAJIOB

B Hacrosieit paboTe mpencraBieH 0030p pe3yJbTaTOB KCHEPHUMEHTAIb-
HBIX pa0dOT MO NPUMEHEHUIO COBPEMEHHBIX aHAJIMTUYECKHX METOJOB MPOCBE-
YUBAIOLICH 3JIEKTPOHHOM MHKDPOCKOIMM AJIs aHAlIU3a MHUKPOCTPYKTYPBI pas-
JIMYHBIX KOHCTPYKIMOHHBIX MaTEePHUANIOB SIACPHBIX SJHEPTETUUECKIX YCTAaHOBOK.

B pamkax mpocBeumBaromeil siekTpoHHONH Mukpockonmu (II9M), pac-
CMOTPEHBI METOABI MHUKPOCKOIIMH BBEICOKOTO Pa3pelIeHus Ul WACHTH(UKAINT
KPHCTAJNINYECKUX HAHOPA3MEPHBIX BBIAEICHUHN, OT KOTOPBIX MOIY4EHHE Tpa-
JULOHUOHHOM MU(PaKIMOHHON KapTHHBI HE €T XOPOIIETO pe3yibTaTa M3-3a
Pa3MBITHS Y37I0B OOpaTHOH PELIETKH, 00yCIOBICHHOTO Pa3MEPHBIM (haKTOPOM.
PaccMoTpeH kapTHpOBaHUs paclpeAeiIcHUsT XMMUYECKHX 3IIEMEHTOB B IIPOCBE-
YUBAIOLIEM PEXKHUME C HUCIOJIb30BAHUEM CIIEKTPOCKOIMM HYHEPreTUUECKUX I10-
TEpb AEKTPOHOB Ha NMPUMEPax U3yUeHHU MUKPOCTPYKTYPBI KOPITYCHBIX CTaJeH
peaktopoB BBOP, a Taike 00MydeHHBIX 3JEMEHTOB KOPPO3HOHHO-CTOMKUX
cTaJieil BHyTPUKOPITYCHBIX YCTPOHCTB peakTopoB BBOP.

B pamkax mnpocBeumBaromieid pacTpoBOM 3JEKTPOHHOM MHMKPOCKONHU
(ITPOM), paccMOTpeHBI METOABI KapTHUPOBAHMSA PACHpPEIENICHHS XUMHUYECKHX
3JIEMEHTOB B MHKPOCTPYKTYpE MaTepHalioB Ha OCHOBE OOpabOTKH CHEKTPOB
SHEPreTUYECKUX IMOTephb 3JIEKTPOHOB HAa MPHMEPE BH3yallM3allik M3MEHEHHH
MHUKpPOCTPYKTYPBl ~ OOJydeHHBIX ayCTEHHTHBIX crayied [l], nawmcmepcHo-
YIIPOYHEHHBIX (EeppUTO-MapTEHCUTHBIX cTaneil. [IpomemoHcTpupoBaHa BO3-
MOYKHOCTb HCIOJB30BAHUS METOMAA CIIEKTPOCKONHU 3HEPreTHYECKUX IOTEPh
251eKTpoHOB B I[TPOM 11 m3MepeHust KOHIIEHTPALUH ek B TIOpax MaTepuaia
MIOCJI€ PEaKTOPHOTO WIIN IMUTAIIMOHHOTO OOJTydeHHsI Ha YCKOPHTEIIE.

1. Gurovich B.A,, et al. Investigation of high temperature annealing effectiveness for
recovery of radiation-induced structural changes and properties of 18Cr-10Ni-Ti austen-
itic stainless steels //Journal of Nuclear Materials. VVol. 465 (2015) P. 565-581.
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USE OF MODERN TEM AND STEM TECHNIQUES TO
MICROSTRUCTURE ANALYSIS OF IRRADIATED MATERIALS

In this work the review of experimental studies results of modern analytical
TEM and STEM electron microscopy techniques to find out the microstructure
of irradiated nuclear power plants constructive materials is presented.

In the frame of transmission electron microscopy (TEM) the following
items are discussed:

e Use of high resolution bright field imaging (HRTEM) to identify
the crystal structure if nano-size particles while the traditional selected
area electron diffraction (SAED) technique is unable to get the infor-
mation due to the size effect reciprocal space spots blurring.

e Chemical elements energy filtering mapping (EFTEM) using
electron energy loss spectroscopy (EELS)

Different examples of TEM techniques implementation for pressure water
reactor PVS and internals materials microstructure investigation are shown.

In the frame of scanning transmission electron microscopy (STEM) the item
of chemical elements STEM line profiles and area mapping by using EELS
spectra is discussed. Examples of irradiation-induced structural changes in aus-
tenitic steels are shown [1]. We have demonstrated the ability to use this tech-
nique for helium identification inside the materials pores after neutron and imi-
tation irradiation on the accelerator.

1. Gurovich B.A,, et al. Investigation of high temperature annealing effectiveness for
recovery of radiation-induced structural changes and properties of 18Cr-10Ni-Ti austen-
itic stainless steels //Journal of Nuclear Materials. VVol. 465 (2015) P. 565-581.
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CPABHUTEJIBHBIE UCCJIEJOBAHUS PAJUALIMOHHOI' O
MOBPEXJIEHUS CTAJIU X18H9T, OBJIYUEHHOM
HU3KOSHEPTETUYECKUMHU HOHAMHU KPUIITOHA U
JKEJIE3A J1O BBICOKOM MMOBPEXKIAIOIIEN 10361

IIpencraBneHsl pe3ynbTaThl CPABHUTEIBHBIX HCCIECIOBAHNIN BIUSHUSA 00ITy-
YeHUSI HU3KOPHEPTeTHUECKUMHU MOHAMHU KPUNTOHA U JKejle3a Ha CTPYKTypy U
cBolicTBa Hepkapetomien ctanu X18HIT.

Jus noHHOTO OONMy4YeHHsT OBUIM MPHUTOTOBIEHBI 00pasmel ctamu X18HOT
JIByX THUIIOB: AMCKH JUaMeTpoM 3 MM U ToauuHoM 150 — 200 MM 1uig mocie-
IYIOIINX MCCIEAOBAaHNI METOMIOM HPOCBEUMBAOUICH 3JEKTPOHHOW MHKPOCKO-
mun (IIOM) u mnactuasl pasmepamu 10x10X1 MM 1711 BcciieJOBaHUS CTPYKTY-
PBI TOBEPXHOCTH, U3MEPEHNUS TBEPAOCTH M KOPPO3SHOHHON CTOHKOCTH.

O6pa3upl o0nydanack Ha HU3KOdHEpreTudeckoMm kaHane (kanan D[P wuc-
Tounnka) yckopurens JL-60. Yacts oGpasuos oGnyuena momamu Kr' ¢
sneprued 20 kdB/3apsin (monnas sHeprus uona 280 k3B) mo duroenca
1.8x10% cm™ pu Temmeparypax 100 u 600 °C. Bropas uacTs 06pa3nos o6y-
yanace moHamu °Fe™ ¢ sueprueit 20 xoB/3apsan (200 xvB) no dmroenca
2.6x10™ cm IpH TeX ke TeMreparypax. moeHc oomydenus nonamu Kr u Fe
BEIOMpaJcs Ha OCHOBE pacueToB mo mporpamMe SRIM ¢ Tem, dTo0s! mo3a 06-
JydeHHs B MaKCUMYyMe paclipe/ie]IeHUs BakaHCHi cocTasisuia ~ 70 cHa.

CrpyKTypa HOBEpXHOCTH IUIACTHH [0 M TOCJe 00IydeHHs M3ydanach C I0-
MOIIBIO CKaHUPYIOWIEH 3JIEKTPOHHON MHUKPOCKOIIMH C YHEProJUCIEPCHOHHBIM
AQHAIM30M U CKaHUPYIOIIEH 30H10BOI MHUKpockonuu. Kpome cTpyKTypHBIX HC-
CIIEZIOBAaHHUH, 0 U MOCcie 00IydyeHHs H3MEpsUTUCh KOPPO3HOHHAsS CTOWKOCTh U
TBEPJOCTh CTamH. TOHKas CTPYKTypa OONacTH MOBPEXKACHHUS HCCIEI0BaIach
MeTtosioM [IOM Ha quckax mociie COOTBETCTBYIOIIEH MOTOTOBKH.

IokasaHo, 4yTo 00IyueHHe PH BbICOKO# TemmnepaType (600 °C) npuBoaut K
0oyee 3HAUHUTEIFHBIM U3MEHEHUSM CTPYKTYPHI IO CPAaBHEHUIO C HU3KOTEMIIe-
parypabiM obnydenueM (<100 °C), yBelMUEHHIO CKOPOCTH KOPPO3UHU, B TO
BpeMsI KaK TBEPIOCTh YMEHBIIAETCS C OBBIIIEHHEM TeMIIEpaTyphl 00IydeHusI.

PaGoTa BbInonHEHa B paMKax MMpoekTa rpanToBoro ¢punancuposanust AP05133476 u
nporpammel 1ejeBoro punancuposanus BR05236400 MOH PK.
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COMPARATIVE STUDY THE RADIATION DAMAGE OF
X18H9T STEEL, IRRADIATED WITH LOW-ENERGY IONS OF
KRYPTON AND IRON TO HIGH DAMAGE DOSES

The results of comparative studies of the effect of irradiation with low-
energy ions of krypton and iron on the structure and properties of X18H9T
stainless steel are presented.

Two types of X18HIT steel samples were prepared for ion irradiation: disks
with a diameter of 3 mm and a thickness of 150 - 200 um for subsequent stud-
ies by transmission electron microscopy and a plate 10 x 10 X 1 mm in size to
study surface structure and measurements of hardness and corrosion resistance.

The samples were irradiated at the low-energy channel (ECR source chan-
nel) of the DC-60 accelerator. Part of samples was irradiated with 3*Kr*** ions
with an energy of 20 keV/charge (total ion energy of 280 keV) up to fluence of
1.8 x 10" cm™ at temperatures of 100 and 600 °C. The second part of samples
was irradiated with *°*Fe’®* jons with energy of 20 keV/charge (200 keV) up to
fluence of 2.6x10* cm™ at the same temperatures. The irradiation fluence with
Kr and Fe ions was chosen on the base of calculations using the SRIM software
in such way that the radiation dose at the maximum of the vacancy distribution
was ~ 70 dpi both for ions Fe and Kr.

The surface structure of the plates before and after irradiation was studied
using scanning electron microscopy with energy dispersive analysis and scan-
ning probe microscopy. In addition to structural studies, the corrosion re-
sistance and hardness of steel were measured before and after irradiation. The
fine structure of the damage area was studied by TEM on disks after appropri-
ate preparation.

It was shown that irradiation at high temperature (600 °C) leads to more
significant structural changes compared to low-temperature irradiation (<100
°C) and to increase in the corrosion rate, while hardness decreases with increas-
ing irradiation temperature.

The work was carried out within the framework of grant financing project

AP05133476 and targeted financing program BR05236400 of the Ministry of Education
and Science of the Republic of Kazakhstan
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INPUMEHEHME IIVIABMbI MAI'HETPOHHOTI'O PA3PSAJIA
JJIs1 OBPABOTKH
MOBEPXHOCTHU TBEPJIOI'O TEJIA

B nocnennue roasl HOHHO-TIA3MEHHAss 00pabOTKa MaTepHAIOB U M3JCTHH
MOTy4YHIIa IMHUPOKOE PACTIPOCTPaHEHHE. bOIBIIYI0 POIb 3/1ECh HIPAIOT MPOIIEC-
CBI, CBSI3aHHBIE C HCIOJIb30BAHUEM YaCTHII, SHEPTHS KOTOPHIX HE IPEBBIIIACT
1000 3B. OcHOBHOE NPEUMYILIECTBO TEXHOJIOTHIA 3TON IPYIIBI COCTOUT B TOM,
4TO 0OecrednBaeTcsl MPOU3BOJUTENLHOCTE 000PYIOBaHUs, Ha MOPSIOK Ipe-
BBIIIAIOIAS [TPOU3BOIUTEIBHOCTD, B KOTOPOH 3a/1efiCTBOBaHBI BBICOKOIHEpIe-
TUYECKUE YaCTHIBl. AHAIN3 TEXHOJOTHYECKUX BO3MOXKHOCTEH pa3lIUYHbBIX THU-
MIOB HU3KOPHEPTeTHYECKUX MCTOYHUKOB IUIA3MBl ITOKAa3bIBAET, YTO OYCHb IEp-
CIEKTHBHBI IMOJBI CO CKPELICHHBIMU 3NEKTPUYECKUM M MAarHUTHBIM MOJISIMH,
paboraronue B cpele paspexeHHoro rasa. OHU MONYYHMIM Ha3BaHUE MarHe-
TpOHHBIX pacupuATeNEHBIX cucteM (MPC). Hccnenosanst cBoiictBa MPC kak
C OWIMHAPHYECKUMH, TaK ¥ C IIIOCKHUMHU KaTOAAMH U3 Pa3INdHBIX MAaTEPHAIOB
(mepaBeromasi cranb, MeAb, ATOMHHHUMA, XpOM, THTaH, cepeOpo, IMPKOHHH,
MOJMOJIeH, MarHUEBbIE CIUIABHI U JIp.). PaccMOTpeHbl po0iieMbl UX pacdera U
MPOEKTUPOBAHMS, M3YUCHBI BOJIbT-aMIIEPHBIE XapaKTEPUCTHKH, YMHCCHOHHBIE
CBOICTBa KaTo/0B, POJIb TA30BOH Cpebl B pabodeit kamepe. [Tpoananusupona-
HBl HEKOTOPBIE BONPOCH ONTHMH3AIMM IapaMeTPOB MAarHUTHOTO MOJS, HH-
JKEKIH TeIla M TEIUIOBOM 3aIlWTHl KaTOJOB, IPOCTPAHCTBEHHON HEOTHOPOI-
HOCTH TIOTOKA YaCTHUI], TEHEPUPYEMBIX B THOJE. DTOT OMBIT MO3BOJIMUI ONTHMHU-
3UpOBaTh PEXKHUM HaHECEHUs] MOAMGMHUIMPYIOIMX HOKPBITUI U pa3paboTarh ce-
PHIO MOHHO-IUTa3MEHHBIX YCTAHOBOK, MPEACTABIAIOMINX COOONW TepMETHUHYIO
KaMepy M3 HeprKaBelollel cTam, BHYyTPH KOTOPOH C TIOMOIIbIO BAKYYMHOI CH-
CTEMBI M CHCTEMBbI HaIlyCKa CO3/IaeTCsl CPeAa Pa3pexeHHOro ra3a onpeeIeHHO-
0 COCTaBa C JaBJIECHHUEM 10210 Ta. B KaMepe pa3MeIlEeHbl CUCTEMbl MarHe-
TPOHHOTO PACHBUICHHUS, TPEJICTABIAIONINE COO0H TMOA ¢ aHOMAIIBHBIM TJIEIO-
MM pa3ps/IOM B CKPELIEHHOM 3JIEKTPHUECKOM U MarHUTHOM noie. I1na3zma 3a
CYET MarHUTHOT'O TOJIsl TeHEPUPYETCsS B OCHOBHOM BOJIM3M KaTOAa M PACHbUIET
ero. OOpa3syromuecss 4acTUIBI OCAaXTAIOTCS Ha 00pabaThIBaeMyro ITOBEpX-
HOCTh. [11a3mMa MOKeT OBITh XUMHUYECKH aKTHBHOW, M TOTAa MOKHO IOJTydYaTh
OKCH/IBI, HUTPH/IBI U APYTHE COCTUHEHUS METAUIOB C Ta3aMH. JTO MO3BOJSIET
CYIIECTBEHHO PACUIMPHUTH CTPYKTYPY HAIBUISIEMbIX MOKPHITHH. [[1s HaHeceHns
TOHKHX IUIGHOK OONBIIOE 3HAYeHHE WMEET IOATOTOBKAa MOBEPXHOCTH Iepes
HaHECEHHEM IOKPHITHS (ouucTKa). [ist 3To# 1enu ynoOHO HCIOJIb30BaTh JICH-
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TOUHBI MCTOUHMK HOHOB Ar’ ¢ 3Heprueii mopsaaka eMHUIL K3B U MIOTHOCTHIO
Toka okono 1-3 MA/cM?. HeoGXxoauMblil (hioeHC HOHOB He mpebimaer 10%°
cM%, TI03TOMY CKOPOCTH CKAHMPOBAHUS MOXKET COCTaBIsATh 1-10 cm/c. TlomesHo
YIIOMSIHYTh, 4TO 3()()eKTHBHOCTH OYMUCTKM MaKCHMaJbHa, KOT/Ia HOHBI MaaloT
nox yriaom 30-45°. JIpyruM BaKHBIM acleKTOM BIIMSHHS MOHHOTO ITy4Ka SIBJIS-
eTCsl BO3MOXXHOCTh IOBBIIICHUS aATE3UN B PE3YNIbTATEe MEPEMEIINBAHMA TUICH-
K{ C TIOJUIOKKOH. J{JI1 3TOr0 MBI HCHOJB3yeM HCTOYHHK MOHOB ¢ dHeprueit 40
k3B. HeoOxoamnMas miI0THOCTE MOTOKA HAXOMUTCS B AUArla30HE 10°-10' cm® B
3aBUCHMOCTH OT TOJIIWHBI IUICHKH. VcIoIbp30BaHNe BCTPOCHHOTO HOHHOTO HIC-
TOYHHKA TI03BOJISIET COBMEIATH MPOLEYPY OCAKICHUS MIICHKH M HOHHYIO UM-
wiaHTanuo. TakuMm 00pa3oM, CHETIICHHE MIICHKH C MOMI0KKOW 3HAYNTEIIBHO
BO3PACTaeT, YTO INPUBOIUT K 3HAUUTEILHOMY IOBBIIICHUIO KauyecTBa MOKPHI-
tusa. Yacto Ipy paclblUICHUN METAJUIMYCCKUX MHUIICHEH MMPUMEHACTCA MOCTO-
SIHHOE OTpUIIaTeNIbHOE CMellleHHe Ha oOpabaTbiBaeMOil MOBepXHOCTH. B psze
CIIy4aeB 3TO IMO3BOJISET CYIIECTBEHHO YIyYIINTh KadecTBO HMOKPHITHs. Takue
CHUCTEMbI JOCTATOYHO MPOCTHI MU HAJCKHBI B OKCILTyaTalllH. O}IHaKO Ipu uc-
MMOJIb30BAaHUU MUIICHEH ¢ HU3KOM MMPOBOAMMOCTBIO IMPOUCXOAUT HAKOILJICHUE
TIOJIO’KUTEIBHOTO 3apsifia HAa MOBEPXHOCTH, BCIEACTBHE YETO IPOLECC Pacibl-
JICHUsI TIpeKpamaeTca. B cBs3u ¢ 3TuM B 1abopaTopuu pa3paboTaHbl BHICOKO-
yacToTHBIE BbIcoKoMomTHble MPC. OHN JHIIEHB! YKa3aHHOTO BBIIIE HETOCTAT-
Ka M, KPOME METANINIECKUX MaTEpPHAIOB, MO3BOJISIOT 3(h()EKTHUBHO PacIbUIATh
MOJYTIPOBOJHHUKHN U TU3JIEKTPHUKH, B YACTHOCTH, NTOJIMMEpPHBIC MaTepHraibl. s
HaHECCHUSA BBICOKOKAYCCTBCHHBIX OKCHUIHBIX WU HUTPUIHBIX HOKpI)ITI/Iﬁ Ha OC-
HOBE TUTaHA U aJIIOMHUHUA MMOCICIHUC I'OJIbI IMHUPOKO HUCIIOJB3YIOTCA AYyaJIbHBIC
MPC. IlepcniekTuBHBIMU SIBISAIOTCS pazpabotku MPC ¢ xunkodasHoit mera-
JUYECKON MUIIEHBIO, 00ECTIeUNBAIOIIUE Ha MOPSIIOK 00Jiee BHICOKUE CKOPOCTH
HaHECEHHs] MOKPHITHHA. VX NpHHIMNHNAIBHONH OCOOEHHOCTBIO SIBISETCS BO3-
MOJKHOCTh PabOTHI B PEKUME CaMOPACIBUICHHUS, KOTJa IutazMa (opMupyercs
W3 aTOMOB, PACHBUIEHHBIX W NCIAPEHHBIX C MTOBEPXHOCTH MUIIeHH. s cTabu-
JHM3aLUH JIEKTPUYECKOTO pa3psia MPUMEHSIOTCS KOMOMHHPOBAHHBIE HCTOY-

HUKH, KOT/1a BHEIIHUN MOHHBIN ITy4OK BO3JEHCTBYET HA MOBEPXHOCTh MUIICHU
MPC.
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THE USE OF MAGNETRON DISCHARGE PLASMA FOR
PROCESSING OF THE SOLID
SURFACE

lon - plasma processing of materials and products has received a wide circu-
lation. The processes connected with use of particles, which energy does not
exceed 1000 eV play a great part here. The basic advantage of technologies of
this group consists that they are capable to provide productivity of the equip-
ment, on the orders exceeding productivity with updating with high- energy
particles, for example, by an ion implantation. The analysis of technological
opportunities of various types of low energy sources shows, that the diodes
with the crossed electrical and magnetic fields in environment of rarefied gas
usually named magnetrons are very perspective. They are called magnetron
sputtering systems (MSS). The properties of MSS both with cylindrical and
planar diodes with cathodes from various materials (corrosion-proof steel, cop-
per, aluminum, chrome, titanium, silver, zirconium, magnesium alloys etc.)
were investigated. The questions of their calculation and design, volt-ampere
characteristics, emissive properties of cathodes, role of the factor of gas envi-
ronment in the working chamber were investigated. Some questions of parame-
ter optimization of a magnetic field, heat injection and thermal protection of
cathodes, spatial heterogeneity of a flow of particles generated in the diode are
analyzed. A whole lot of specific information was a result of researches carried
out. These experiences gave an opportunity to optimize modifying coverings’
deposition mode and to design series of MSS systems. The plants represent the
leak-proof chamber from stainless steel, inside which by means of vacuum sys-
tem and system of a gas injection a rarefied gas environment of the certain
composition with pressure 102-10 Pa is created. In the chamber the magnetron
sputtering systems representing the diode with the abnormal glow discharge in
crossed electrical and a magnetic field are placed. The plasma due to a magnet-
ic field is generated mainly near to the cathode and sputters it. The formed par-
ticles are precipitated on a processed surface. The plasma can be chemically
active, and then it is possible to receive oxides, nitrides and other connections
of metals with gases. It allows essentially expanding structure of deposited
coverings. For thin films deposition a surface preparation (cleaning) is of great
importance. In MSS system it is convenient to use ion beam for this effect. The
largest erosion ratio (up to 10°-10° atoms per ion) has power nanosecond ion
beam irradiation, but such treatment could not be extended on large surface ar-
ea. So for surface cleaning we applied band-like Ar+ ion source with energy 3-
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5 keV and current density about 1-3 mA/cm?® Necessary ion fluence does not
exceed 10" cm?, so scan speed was 1-10 cm/s. It is useful to mention that
cleaning efficiency is maximal when hade is equal to 30-45°. Another im-
portant aspect of ion beam effect is a possibility to increase adhesion as a result
of film - substrate intermixing. To reach this we use ion source with energy 40
keV. Necessary fluence is in range 10"°-10%® cm™ depending on film thickness
[1]. Built-in ion source using allows combining the film deposition procedure
and ion implantation one. So, adhesion the film with substrate becomes grown
up significantly those results to the great increase of the products coating quali-
ty. Often, when spraying metal targets, a constant negative potential is applied
on the surface to be treated. In some cases, this can significantly improve the
quality of the coating. Such systems are rather simple and reliable in operation.
However, when using targets with a low conductivity there is an accumulation
of a positive charge on a surface, owing to what the process of sputtering stops.
In this connection in laboratory are developed a high- frequency high-power
MSS. They are deprived of the specified above lack and, except metal materi-
als, allow to sputter effectively semiconductors and dielectrics, in particular,
polymeric materials. For the application of high-quality oxide and nitride coat-
ings based on titanium and aluminum, dual MSS have been widely used in re-
cent years. Promising are the development of MSS with a liquid-phase metal
target, providing an order of magnitude higher coating rates [2]. Their principal
feature is the possibility of operating in the self-atomization mode, when the
plasma is formed from atoms atomized and vaporized from the surface of the
target. To stabilize the electric discharge, combined sources are used when an
external ion beam acts on the surface of the MSS target [3].

1. Bleykher G. A. Krivobokov V. P., Pashchenko O. V. ,Yanin S. N. Influence of
changes in the density of a solid on the diffusion mobility of atoms under bombardment
by high-power nanosecond charged particle beams // Technical Physics Letters. —
1998. — Vol. 24, Ne 2. — P. 115-116.

2. Zhukov V. K., Krivobokov V. P., Yanin S. N. Magnetron Discharge in the Diode
with a Liquid-Metal Target // 7 International conference on modification of materials
with particle beams and plasma flows : Tomsk, Russia, 25-29 July 2004 / edited by S.
Korovin, A. Ryabchikov. — Tomsk: 2004. — P. 277-280.

3. Zhukov V. K., Krivobokov V. P., Yanin S. N. Sputtering of the magnetron diode
target in the presence of an external ion beam // Technical Physics. — 2006. — Vol. 51,
No4. — P. 453-458.
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MOJIUPUKAIIUA MATEPUAJIOB, PABOTAIOIIIUX B
IKCTPEMAJIBHBIX YCJIOBHUSX, C IOMOIIBIO
KOMITPECCUOHHBIX IIJIASMEHHBIX IOTOKOB

Komnpeccuonnsie mmazmennsie motoku (KIIIT), remepupyembie KBa3ucTa-
IIUOHAPHBIMU IDIa3MEHHBIMH YCKOPHTEISIMH M MAarHUTOIUIa3MEHHBIMH KOM-
MpeccopaMH, MPEICTABIAIOT cO00H YHUKAIBHBIM HHCTPYMEHT JJIS MOIU(HUIIH-
POBaHUS PUTIOBEPXHOCTHBIX CJIOEB METAJUIOB M CIUIABOB Pa3IMYHOTO COCTaBa.
Kax npaBuno, KIIII no3BoJisifOT cOYETaTh BBICOKUE IJIOTHOCTH IOTJIOMIAEMOMN
9HEepruu (0T AECATKOB JIO COTECH I[)K/CMZ) U JUIATEIBHOCTh UMITYJIbCA BO3JEH-
ctBus (cBbime 100 MKC), 9TO MO3BOJSET OCYHIECTBIATH IUIABICHHE MPHUIIO-
BEPXHOCTHBIX CJIOEB MAaTepUajOB B HE3aBUCUMOCTH OT UX TEMIEpaTypbl TJIaB-
JIEHUS ¥ TIOBBIIIATH POJIb MPOIECCOB, MPOUCXOSAIINX B PACIUIABIEHHOM COCTO-
SIHUU, B YaCTHOCTH, >KUAKO(a3HOTo mepemernBanus. [lomMmumo 3Toro, odpa-
00TKa MOBEPXHOCTEH MaTepUasoB C MpeJBAPUTEIbLHBIM HAHECEHHEM METaJUIH-
YECKMX MOKPBITHI MO3BOJIIET CO3JAaTh JICTUPOBAHHEIC CIIOW, HEOTPAHMYCHHEIC
M0 XUMIYECKOMY COCTaBY YCIOBHSIMHU TEPMOJNHAMHICCKOTO PABHOBECHS IIPO-
HCXOJIAIINX MPOIECCOB.

MonmudunupoBaHue CTPYKTYPHO-()a30BOT0 COCTOSIHUS TPHUIIOBEPXHOCTHBIX
cioeB 00padaThIBaeMBIX MAaTEPHAIOB CYIIECTBEHHBIM O0Opa3oM MOBHIMIACT UX
(uznueckue CBONCTBA, 3HAUYECHUSI KOTOPBIX YaCTO HE MOTYT OBITh JIOCTHTHYTHI
MPY TPaJUIIMOHHBIX METOJaX O0pabOTKH. DTO SBIsSETCS BECbMa aKTyaJlbHBIM
NP CO3JIAHUU CTPYKTYp, paboTa KOTOPHIX MPEAINoiaracTcsi B 9KCTPEeMaIbHBIX
TEPMHUUECKHX, PAAUAIIMOHHBIX, MEXaHUUECKHUX U JIPYTUX Harpy3Kax.

OnmHuM U3 TakuX MPUMEPOB MOTYT CIIY)KMTh MaTepHallbl TepBOH CTEHKU
TEPMOSIIEPHBIX PEAKTOPOB, KOTOPHIE MOABEPratOTCS BO3JACUCTBUI0O HE TOJBKO
BBICOKMX TEMIIepaTyp MpH «CPhIBax» IUIa3MEHHBIX 00pa30BaHU, HO M TaKKe
o0xydeHuI0 WoHamMu Tenus, Bogopoxa. Wcmomp3oBanmem KIIIT ynamock mo-
CTHYh MOAU(HUIIPOBAHHUS MPUIIOBEPXHOCTHOTO CJIOS BOJb(pama, Ierupys ero
JIOTIOTHUTEIBHBIMH 3JIEMEHTaMH (HAIpUMeEp, THTaH, [IUPKOHUN, HHOOHH), KO-
TOpBIC 32 cueT (POPMHUPOBAHUS TBEPABIX PACTBOPOB U3MCHSIOT YIPYTOILUIACTH-
YECKHE MapaMeTphl, 3aMEIIOT mporecc (OPMHUPOBAHUS TPEUIMH, MPEIT-
CTBYIOT MCIIAPEHUI0 MaTepuana ¢ TMOBEPXHOCTHU. J[JIs1 TeCTUpOBaHUS SPO3UOH-
HOTO W3HOCAa MOJU(HUIIMPOBAHHBIX TIOBEPXHOCTEH BOJIb(h)paMa ObLTH UCIOIB30-
BaHbl BHICOKOMHTEHCHUBHBIE MMITYJILCHBIE MOHHBIE MMyYKH C IJIOTHOCTBIO DHEP-
THHU JI0 321>I</CM2 U IJTUTETLHOCTBIO UMITYJIbca 0koyio 80 He. Pe3ynmbTaThl Takux
WCCIIeTOBAaHUH TIO3BOJIMIIM YCTAHOBUTH CHIDKEHHUSI YHOCA MACChI C TIOBEPXHOCT-
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Horo cnog nocie 100 — 120 mocnenoBaTenbHBIX MMITYJIbCOB BO3JEHCTBUS Ha
BOJIb(paM, JIETHPOBAaHHBIH aTOMaM¥ THTaHa BeieacTBrue oopadortku KIIII.

Becpma akTyalbHBIM M IPAKTHYECKH Ba)KHBIM HaIlpaBJIEHUEM SBJISETCS I10-
BBILIEHHE CTOHKOCTH MAaTEpPHAJIOB K BBICOKOTEMIIEPATYPHOMY OKHCIECHUIO,
NPUBOASLIEMY K (DOPMHPOBAHUIO OXPYNUUBAIOUIMX OKCHIOB M Pa3pyLICHHUIO
MIPUIIOBEPXHOCTHBIX ciioeB. HenocpencrBennsiM Bo3aeiicteueM KIIII Ha TuTan
yIaJOoCh MOBBICUTH TEMIIEpaTypy Hadaia (GopMHpOBaHUS OKCHAHBIX (a3 ¢ 400
mo 600°C, gTo sBIETCA pE3yNbTATOM (OPMHPOBAHHS TOHKOTO OapbepHOTO
HUTPHUIHOTO CIIOSl BCIEICTBHE HCIOJIB30BAHUS a30Ta B Ka4eCTBE INIa3M0O00pa-
3YIOILIETO BEIIECTBA, & TAKXKE 3@ CUCT MOBBIMICHNS PACTBOPHIMOCTH KHUCIOPOAa B
HU3KOTEMIIepaTypHOil (haze TWTaHa, HAaXOIAIIEicd B CyOMHUKPOKpHCTAJLINYE-
CKOM COCTOSIHUU.

Bozneticteue KIIII Ha cuHCTeMBl «IOKpPHITHE — TMOMJIOXKKA» TO3BOJSIET
c(hOopMHPOBATh MHTECPMETAIUIHIHBIC COCIUHCHUSA C TEMIIEPATypOl IUIABJICHUS
CYIIECTBECHHOMY npeBblma}omeﬁ TEMIICPATYPY IUIABJICHUA OTACJIbHBIX KOMIIO-
HCHT, MOBbIIIAaA TEM CaMbIM TEPMUYCCKYIO CTaOMIBbHOCTD CTPYKTYPHO-
(ha30BOro COCTOSIHUSL.

Takum 00pa3oM, KOMIUIEKC ITPOBEJCHHBIX HCCIIEIOBAHUI IMO3BOJISET pac-
cMarpuBaTh 00pabOTKy MaTepHalIOB KOMIIPECCHOHHBIMHU IUIa3MEHHBIMU IIOTO-
KaMH Kak 3((eKTUBHBIA cI10c00 MOBBIIIEHNUS MX HKCIITYaTAlIHOHHBIX CBOMCTB,
HEOOXONMBIX IS pabOTHI B SKCTPEMAIIbHBIX YCIOBHUSX.

44



V.V. UGLOV, N.N. CHERENDA, V.l. SHYMANSKI
Belarusian State University

uglov@bsu.by

MODIFICATION OF MATERIALS FOR EXTREME WORKING
CONDITIONS BY COMPRESSION PLASMA FLOWS IMPACTS

Compression plasma flows (CPF) generated by quasistationary plasma ac-
celerators and magnetoplasma compressors are unique tool for surface materi-
als modification. As a rule CPFs combine high absorbed energy density (from
tens to hundreds of J/cm?) and pulse duration (more than 100 [s). It allows to
melt the surface layer of the material independent on the melting point and to
increase the role of the processes in liquid phase, i.e. liquid mixing. Besides,
the surface treatment with the preliminary coating deposition provides the for-
mation of alloying layers not to be limited by chemical composition and uni-
form thermodynamics conditions.

The structure and phase composition modification in the treated materials
can improve their physical properties which are often not reached by traditional
methods. It is very actual way for production of materials working in extreme
thermal, radiation, mechanical loads.

One of the examples is the first wall materials for nuclear fusion reactors.
These materials are subjected not only high thermal loads during the plasma
disruptions but also helium and hydrogen ion irradiation. When applying the
CPF impact, the surface layers of the tungsten were modified by means of al-
loying with titanium, zirconium, niobium atoms which form solid solution and
change the elastic-plastic parameters and prevent the surface from cracks for-
mation. The hlgh intense short-pulse ion beams with an absorbed energy densi-
ty up to 3 J/lem? and pulse duration about 80 ns were used for testing treated
tungsten under the surface erosion. The results showed the decrease in the mass
lost from the surface after 100 — 120 pulses of impact to the tungsten alloyed
with titanium.

A very actual and practical important field is an oxidation resistance im-
provement of materials. The oxide phases in the surface layer of the most met-
als can provide the embrittlement and destroying of the constructions. CPFs in-
fluence on titanium allowed to increase the temperature of oxidation process
beginning from 400 to 600°C due to growth of the barrier layer consisting of
nitride phase and increase in oxygen solubility in the disperse titanium phase.
The nitride phase was appeared as a nitrogen was used as a plasma-forming
gas.

The CPFs impact on a “substrate — coating” system forms intermetallics
with a melting point much higher than that of the component. In general, it in-
creases the thermal stability of the structure and phase composition of the treat-
ed materials.

Therefore, the materials treatment with compression plasma flows can be
considered as an effective way for the improving the properties and exploiting
parameters are needed for extreme conditions.
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MOVEMENT AND CONSOLIDATION OF POWDERS AND
EMPTY SPHERES IN A PULSED ELECTROMAGNETIC FIELD

The method of magnetic pulse processing of materials (MIOM) has been
widely known since the beginning of the 70s. It received the main practical ap-
plication in the field of welding [1], in assembly operations [2], stamping of
thin-walled sheet and tubular metal parts [3]. The method is based on the use of
electrical energy stored in capacitive or other storage devices with a energy
value from 1 to 100 kJ. When the capacitors are discharged to the inductor
(working tool), a short-term pulsed electromagnetic field (PEF) of 50-200 A/m
and a discharge frequency of 20-250 kHz is created [4]. Studies are also known
in the field of application of PEF for powder pressing [5,6]. In recent years, in-
terest has been growing to the use of PEF in powder metallurgy technologies
for processing of sintered materials and transporting powders. It was in connec-
tion with the development of more efficient equipment by a number of compa-
nies in Germany, the USA, Russia and China, as well as with some new appli-
cation directions [7.8].

For compaction of powder materials, two modalities of PEF are used: 1)
uniaxial and biaxial compaction of powders in a rigid mould (Fig. 1a); 2) radial
compaction in a thin-walled deformable electrically conductive shell (Fig. 1b,c)
[9, 10].

a) b) c)

[
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Fig. 1. Diagram of one-sided (a), two-sided MIPP in mould (b) and radial
seal in thin-walled deformable electrically conductive shell (c). 1 - pulse gener-
ator; 2- inductor; 3 -— plate-drummer; 4- punch; 5- powder; 6-form. I- pulse
current in the generator-inductor circuit; j- current in the conductive plate; f -
the force.

The magnitude of the electromagnetic pressure is determined by the param-
eters of the pulse current generator, the parameters of the inductor, the values of
the electrical conductivity of the shock plate (or shell) and their mass [10]. The
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advantage of the PEF method is the ability to widely vary the value of the pulse
pressure. Additionally, one can use an electromagnetic field concentrator,
which allows to increase the area of the shock plate, which is affected by the
field of the inductor. This increases the reliability of the inductor. Bilateral PEF
allows to increase the density and uniformity of properties [11]. Multiple
pulsed exposure can significantly reduce the final porosity of the material.
However, structural heterogeneities do not disappear completely, especially, in
compaction of ceramic powders. To increase the density and formation of
products of the required shapes and sizes, it is advisable to use the combined
PEF methods in combination with a static pressing [12] or with subsequent
dragging [13].

The method of transporting powder and other discrete materials using
PEF has a great potential. Experimental studies have shown that the method
allows us to take material (iron powder, powder mixtures based on it, hollow
metal minispheres, etc.) from the tank, elevate it for several microseconds to a
height of up to 2-3 m, perform particle shaking and other operations [14 -15].
The speed of movement is 5-20 m/s, and the productivity of laboratory equip-
ment is up to 100 kg/h.

<)

Fig. 2. Diagram (a) and device (b, ¢) for moving powder materials in PEF.
1- container with powder material; 2-connection with a pulse current generator;
3- inductor: 4-pipe; 5-powder material; 6- receiving device.
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JADJEKTPUYECKHAE CBOMCTBA HAHOKOMITO3UTHOM
KEPAMUKMU ALLO; / TPA®EH

Creuennsiit okcun amomunnst Al,Oz 061asaeT BEICOKUMH 3KCILTyaTanoH-
HBIMH XapakTepucTukamu. OIHAKO XPYIKOCTh, HU3KHE BSI3KOCTH Pa3pyIICHUS
W TPAHCIIOPTHBIE CBOMCTBA (AJIEKTPO- U TEIIOMPOBOJHOCTH) TO3BOJIAIOT OTHE-
CTH 3TOT BHJ KEPaMHUKH K JUIJIEKTPUKAM M TIUIOM3OJISIIHOHHBIM MaTepHajIaMm,
KOHCTPYKIIMOHHOE TPUMCHEHHE KOTOPHIX B psze ciaydaeB orpaHmdeHHO. [lo-
TEHIMAJIbHBEIM CIOCOOOM yCTpaHEHHs HEIOCTATKOB SIBIICTCS IOOABICHUE B
COCTaB KepaMHKH Pa3iIM4HbIX GopM yriepoja, Hanpumep, rpadena. Llens pa-
0OTBI - UCCIIEJOBAaHKE BIHMSHUS COAEPKaHUS rpadeHa Ha AIEKTPOCONPOTUBIIC-
HHE HAaHOKOMIIO3UTHOHN KepaMHUKHU Ha OCHOBE OKCHJa aJFOMHUHUS.

Hanomnoporiox 8-Al,03 pasmepom 36 HM U 5-CiioiiHbIN TpadeH MexaHHJe-
CKU TIepeMELIMBaIi B pacTBOPUTENE C NMPUMEHEHHEM YIbTPa3ByKOBOTO JHC-
mepraropa ¥ HOCIEIYyOUIe CYIIKH, U3MeIbYalld B CTYNKE M CIEKalH CHapk-
IWIa3MeHHBIM MeTogoM Tpu 1550°C [1]. DiaexkTpoconpOTUBIEHHE KOMIIO3UTA
u3Meps Ha Tabnetkax D15x1.5Mm B maTepBane Temmeparyp 20 - 800 °C u
4acTOT MEPEMEHHOTO TOKa 10— 107 I

OOuM B MOBEeICHUH 00pa3IoB ¢ TpapeHOM H 0e3 Hero SBISETCS CHIDKE-
HHUE YICTHHOTO AIIEKTPOCOMPOTHBICHHS, OCOOCHHO CHIBHOE TPU MOBHIIICHUU
4acToThl TOKa (puc.1) u 6onee cinaboe mpu HarpeBe (puc.2). Bun obenx 3aBu-
CHUMOCTEH CBSA3aH C MONIpHU3aIlMel TUAJIeKTPUKA U yKa3blBaeT Ha IpeuMylie-
CTBEHHO JIEHCTBYIOIINI MEXaHW3M HMOHHOM NMPOBOAMMOCTH. 3aMETHBIC H3Me-
HEHHMSA B yJENBHOM 3JIEKTPOCONPOTHUBICHUH MOSBISIOTCS A 00pas3ioB ¢ 2
Bec.% I, moBesieHNE KOTOPBIX NMpH KOMHAaTHON M noBbimeHHOH (800 °C) Tem-
nepaTypax HPOTHUBOIOJIOKHO M Hamboyiee BBIPAKEHO IPH HU3KHUX YacTOTax.
OTO MOXET CBHAETENHCTBOBATH O TMOSBICHHUHU BKJAJa AJIEKTPOHHON HPOBOIH-
MocTH B o0pasne ¢ 2 Bec.%l’, TemnepaTypHas 3aBUCUMOCTh KOTOPOH MPOTUBO-
MOJIOXKHA ~TEMIEPaTypHOW 3aBUCUMOCTH HOHHOW MPOBOIMMOCTH. Temmepa-
TypHasi 3aBUCHMOCTb Y/ICIEHOTO 3JIEKTPOCONPOTHUBIICHUS Ha PUC.2 JUIS Pa3HBIX
coJiepkaHuii Tpad)eHa MoATBEPIKAACT 3TO NpearoaokeHne. Brenenne rpadena
(puc.2 a, 6) B HECKOJIBKO pa3 CHIKACT YJIEJIbHOE CONPOTUBIICHHUE TPH HU3KHX
TeMIiepaTypax M yacrorax (puc.2a) u GOpMHUpPYeT BOCXOISIIYIO0 BETBb TEMIIe-
paTypHOH 3aBHCHMOCTH YIEIBHOTO 3JIEKTPOCOIPOTHUBICHUS B HHTEPBaje OT
komHaTHOHU 70 400-500 K mpu BbICOKHMX YacToTax (puc.20).
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Puc.2. BausHue Temmneparypsl Ha yJelbHOE SJIEKTPOCOIPOTHUBICHHE NPU
HU3KOI1 (2) ¥ BBICOKOII (0) 4acTOTaX M pa3HOM COJCpKaHUH TpadeHa.

Takum 00pazoM, B 00NACTH HU3KUX TEMIIEPATYpP M YacTOT IOBBILICHHE CO-
nepkanusi rpadena B komnosute Al,Oz / rpader cnocoOGCTBYeT CHUKEHHIO
JIEKTPOCONPOTHUBIICHHS | IOSIBJICHHIO BKJIaJa METAUIMIECKOI 3JIEKTPOIPOBO-
quMocTH. C IOBBIIEHUEM YacTOTHI M TEMIIEpaTyphl BKJIaJl HOHHOH MPOBOIU-
MOCTH BO3pacTaeT ¥ HOJIHOCTBIO IOAABIIET POJib rpadeHa.

Pabora mognep:xana rpaatom PH® Ne 16-19-10213

1.Komaun A.I'., Knsankuna E.A., u np. Cnapk-Tiia3MeHHOE ClieKaHHe HaHOKOMIIO-
3uta Al203-rpaden, Pusnka u xumus 00padoTku Marepranos, 2017, Ne 4, c. 47-54.
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DIELECTRIC PROPERTIES OF NANOCOMPOSITE
CERAMICS AlI203/ GRAFEN

Sintered alumina Al203 has a high performance. However, brittleness, low
fracture toughness and transport properties (electrical and thermal conductivity)
make it possible to attribute this type of ceramics to dielectrics and heat-
insulating materials, the structural use of which in some cases is limited. A po-
tential way to eliminate the disadvantages is to add various forms of carbon to
the ceramic composition, for example, graphene. The goal of the work is to
study the effect of graphene content on the electrical resistance of nanocompo-
site ceramics based on aluminum oxide.The 3-Al203 nanopowder with a size
of 36 nm and 5-layer graphene were mechanically stirred in a solvent using an
ultrasonic disperser and then dried, ground in a mortar, and sintered by a spark
plasma method at 1550 °C [1]. The electrical resistance of the composite was
measured on tablets @15x1.5mm in the temperature range of 20-800 °C and ac
frequencies of 10— 10" Hz. A common feature in the behavior of samples with
and without graphene is a decrease in electrical resistivity, which is especially
strong with increasing current frequency (Fig. 1) and weaker with heating (Fig.
2).
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Fig.1. The effect of current frequency on the electrical resistivity at room (a)
and 800 °C (b) temperatures.

The form of both dependences is associated with the polarization of the die-
lectric and indicates a predominantly active mechanism of ionic conductivity.

Noticeable changes in electrical resistivity appear for samples with 2 wt.%
graphene, whose behavior at room and elevated (800 °C) temperatures is oppO-
site and most pronounced at low frequencies. This may indicate the appearance
of the contribution of electronic conductivity in a sample with 2 wt.% gra-
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phene, the temperature dependence of which is opposite to the temperature de-
pendence of ionic conductivity. The temperature dependence of the resistivity
in Fig. 2 for different graphene contents confirms this assumption. The intro-
duction of graphene (Fig. 2 a, b) several times reduces the resistivity at low
temperatures and frequencies (Fig. 2a) and forms the ascending branch of the
temperature dependence of the resistivity in the range from room temperature
to 400-500 K at high frequencies (Fig. 2b ).
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Fig.2. The effect of temperature on the electrical resistivity at low (a) and
high (b) frequencies and different graphene content.

Thus, in the region of low temperatures and frequencies, an increase in the
content of graphene in the AI203 / graphene composite contributes to a de-
crease in the electrical resistance and the appearance of the contribution of me-
tallic conductivity. With increasing frequency and temperature, the contribution
of ionic conductivity increases and completely suppresses the role of graphene.

This work was supported by Russian Science Foundation grant No. 16-19-
10213.

1.Zholnin AG, Klyatskina EA, etc. Spark-plasma sintering of Al203 — graphene
nanocomposite, Physics and Chemistry of Materials Processing, 2017, No. 4, p. 47-54.
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MHUKPOCTPYKTYPA IO PACUETY - MATEMATUYECKOE
N KOMIIBIOTEPHOE MOJAEJIUMPOBAHUE B
MMPON3BOJACTBE MATEPHUAJIOB

JanpHelmuii nporpecc B KIIOUYEBBIX OTPACIAX NPOMBIIUIEHHOCTH 3aBUCHUT
OT CO3IaHUsI HOBBIX MaTEpHaJOB, CIOCOOHBIX padOTaTh B YCIOBHSAX OJHOBpE-
MEHHOTO BO3AEHCTBHS BBICOKHX TEMIEpaTyp, 3HAKOINEPEMEHHBIX HArpy3ok,
XMMHUYECKH AKTUBHBIX/ OKHCIUTEIBHBIX Cpell, 00IydeHuUs! OBICTPBIMH YacTHIIA-
MU # T.J. 0¢3 3aMETHOW Jerpajallid CEPBHCHBIX CBOMCTB. Tak Kak yclIoBHUs
SKCIUTyaTaIy OyIyIuX WHXEHEPHBIX NPHJIOKCHUH OKa3bIBaloTcs BCE Oonee
OKCTPEMAJIBHBIMU, TPAAUIHUOHHBIC SMIIUPHUUYCCKUE METOAbI CO3JaHHSA HOBBIX
BCE OoJiee BBHICOKONPOU3BOJIUTENBHBIX MaTEpHalioB, 00JaJaloluX HEOOXOaH-
MBIMH CBOWCTBaMH, TPEOYIOT CIMIIKOM OOJBLIMX BPEMEHHBIX M MaTepUallbHbIX
3arpar. Kpome Toro, B cuiy JIMHEHHBIX M BPEMEHHEIX OI'paHHUCHHH HE Bce
MPOLIECCHI U SIBICHUS MOTYT OBITh MCCIICIOBAHBI 3KCIIEPUMEHTANBHO. VIMEHHO
MO3TOMY AJISI CO3AAaHUs HOBBIX MaTepHajoB HEOOXOANMO TECHOE B3aMMOICH-
CTBHE 3KCIEPHMEHTATOPOB, TEOPETHKOB U MOAENbEpoB. boiee Toro, Garomaps
OBICTPOMY PACHPOCTPAHEHHUIO U HEJIaBHUM JOCTIKEHHUSM B 00JIacCTH pa3BUTHS
BBICOKOTIPOM3BOJIUTEIILHBIX BBIYMCIUTEIBHBIX PECYpCOB, pa3pabOTKe HOBBIX
YHUCJICHHBIX METOAO0B, AJTOPUTMOB, CO3JaHUIO HJ'IaT(bOpM, aHaJIn3y JTaHHbIX,
Pa3sBUTHIO MCTOJ0B MAUIWHHOI'O O6y‘IeHI/I$I N HUCKYCCTBEHHOI'O HHTCJUICKTA,
cepa MaTeMaTUUECKOr0 U KOMIBIOTEPHOIO MOJIEIMPOBAHMS YXKE TpPEeBpaTH-
Jack U3 00sacTH YUCTO (YHAaMEHTAIbHBIX MCCIIEIOBAaHUI B IIMPOKO PacHpo-
CTPaHEHHYIO MPUKIIAJHYIO IIPOMBIIIIEHHYIO IIPAKTHKY.

Hanbonee oueBUAHBIN CIOCOO MOJENUPOBAHHS MaTEPHAJIOB COCTOUT B IO-
CTPOCHUU UEPAPXUUECKON CTPYKTYPBI BBIYHCIHUTENBHBIX METOAOB, B KOTOPOH
NPOBEJICHUE pacyeToB Ha OONBIINX MacIuTadaXx OCHOBAHO Ha pe3yiabTaTax Mo-
JIeTTMPOBAHMS, TTOJydCHHBIX Ha MEHBIIMX MaciuTadax, HauWHas ¢ aTOMapHOTO
YPOBHSI M 3aKaHYMBas MaKpOCKOIIMYECKUMHU pasmepamu. [logobHas nocredo-
samenbHas CTpaTerus MNOAXOJUT sl UCCIEJOBAHUS MIPOLECCOB C JETKO pasje-
JSIEMBIMH TIPOCTPAHCTBEHHBIMH U BPEMEHHEIMHU Maciutadbamu. OHa Takxke IMo3-
BOJIAECT OTHOBPEMEHHOC HCITOJIB30BAHNUEC DMITUPUICCKUX U YUCIICHHBIX METOI0B
(Tak, HarpuMep, MOYKHO CMEIINBATh SKCIIEPIMEHTAIFHBIE JaHHBIE U Pe3yJIbTa-
61 @b iNitio pacueToB MpH MOATOHKE MEKATOMHBIX IOTCHIHAIIOB).

TTocnemoBaTenbHBIM MMOAXOM HEMPUMEHHM, KOTJa paccMaTpuBaembie 3(¢-
(heKTHI UMEIOT HECKOJIBKO XapaKTEePHBIX MAacIITa0oB. B Takux cirydasx HCHONb-
3YIOTCS napaiienibHvle METOJIbl, 0OBETUHSIOINE HECKOIBKO BEIYMCINTEIbHBIX
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MOAXO/0B, YUUTHIBAIOIINX Pa3IMYHble MacITaObl ¥ GU3KKY siBIeHHH. Vcmob-
3ysl OoJiee eTaIM3UPOBAHHBIE PACUeThl TOJILKO TaM, Il 3TO HEoOXOoAuMO (B
obnacTsax ¢ OONBIIMMHU CMELICHUSIMH, HAlpPUMEp), MOXXHO PE3KO COKPATUTh
YHCIIO CTereHel CBOOOIBI paccMaTpuBaeMoil MpoOIeMbl U CYIECTBEHHO YIPO-
CTHUTbH 3a/lauy, HO Oe3 ymiepOa Juisi CTPOrOCTH M TOYHOCTH BBIYHMCIEHUH. Paz-
JIWYHBIE MacIITa0bl B TAKUX 3aJadax «CIIMBAIOTCSA» aCHMITOTHYECKHMH METO-
JaMH, U3METbUYCHNEM CETKH, Ha KOTOPOH BEETCS MOKCK PEIICHHS H T.II.

B ocHOBY npyroii cTpaTernn MOAETHPOBAHMS MOJI0KEHA KOHIEIIHS «IpO-
[[eCC-MUKPOCTPYKTYpa-CBOHCTBA-TIPOM3BOUTENHHOCTE) (PSPP), 00Benuusto-
Imasi MOBEACHHE W CBOMCTBA MaTepHaoB B PaMKaX CaMOCOTTIACOBAHHOM MYJb-
TU-IUCHUIUIMHAPHON MIaTGOPMEL, coAepskamed HeoOXOAUMBbIC NaHHBIC U MH-
crpymeHThl. [lonxon PSPP ocHoBan Ha mHTErpanum AaHHBIX, OIOCPEIOBAaHHO
OIMCHIBAIOLIMX B3aMMOCBSI3b 00paO00OTKN MaTEepUaliOB U UX IKCILTyaTal[HOHHBIX
CBOMCTB 4epe3 MUKpOCTpyKTypy. [Ipu momomy PSPP 0110 perieHo HeCKOIbKO
KeICOB, OJJHAKO ISl YCIEIIHOTO UCIOIb30BaHMs 3TOW TEXHOJIOTUH HEOOXOMH-
Mo Oosnble nHpopmanuu. CaMasi Oosblliasi Ha CETOMHSIIIHUI AeHb 0a3za AaH-
He1x AtomWorks comepskut 3amicu o 55000 cBoiicTBaX MaTepHaioB, 4ero He-
JOCTAaTOYHO AJIS CO3/IaHMsl HOBBIX MaTepuaioB. [Ipobiema pemraercs MmeTogamu
MAIIMHHOTO O0Y4YeHHs U M3BIICUCHHS JaHHBIX U3 XpaHnunuiny Tuna Elsevier API
(http://dev.elsevier.com), conepxamux Gonee 250000 ormdpoBaHHBIX HAy4-
HBIX CTaTEH.

Ha cmeny smnmpudeckoMy NpOTHO3HPOBAHUIO TTOBEJCHUS MAaTEpHAIOB B
YCIIOBUSIX KOMIUIEKCHOTO BHEIIHETO BO3JCHCTBUSI MPHUXOAUT Mapaaurma nud-
POBBIX TBOMHUKOB. L{(poBOit TBOWHUK — 3TO MHTETPUPOBAHHBIN MYJIbTHMAC-
mTabHbIl METOJI BEPOSTHOCTHOIO MOJEIMUPOBAHUS, WCIOJIB3YIOUIMN JTydlIne
MOJICTIM U PETYJIIPHO OOHOBIISIEMbIE TAaHHbIE JJIsl OTpakeHHsl (PyHKIIMOHMPOBa-
HUSI PEealbHOM CHCTEMBI U IIPOTHO3UPOBAHMSA €€ COCTOSIHHSA, OCTaTOYHOIO pe-
Cypca W BO3MOXKHOTO BBIXOJa M3 CTpOs. TexHomorus: mudpoBhIX ABOITHUKOB
UTPaeT BAXHYIO POJb B CHW)KEHHH C€0ECTOMMOCTH TECTUPOBAaHMS M CepTH(HH-
KAl MaTepHajIoB U IOBBIIIEHUN OTKa30yCTOHYNBOCTH.

WznoxeHHsle B 0030pe CBEICHUS BKIIOYAIOT HEKOTOPHIE AaKTyalbHBIC
HaIpaBJIeHUs] MyJIbTH-MacITaOHOrO MOZEINPOBAHNUS, HA B KOS Mepe He Ipe-
TeHIyIoIKe Ha MOJNHOTY. C MHTEHCHBHBIM Pa3BUTHEM 3TOH 00JacTH CTyJeH-
TaM, SKCIIEpUMEHTaTopaM M JIMIaM, NMPUHUMAIOIINM peIIeHHs, HeoOX0oanmMo
OBITh B KypCe CHIIbHBIX U CIIa0bIX CTOPOH, CYIIECTBYIOIIMX TPEHIOB, CTPATEr Ui
Y MHCTPYMEHTOB MAaTE€MaTHYECKOTO M KOMITBIOTEPHOI'O MOJEIMPOBAHUS B Ma-
TEPHUATOBEICHUM.
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HEAT AND HIT BY DESIGN — MODELLING APPROACHES IN
MATERIALS FABRICATION

Further progress and economic sustainability of power generation, aviation,
transport, medicine, chemical engineering and other major science-intensive
industries critically depend on the development of new structural and functional
materials and coatings capable of withstanding simultaneous impact of high
temperature, alternate loading, thermal fluxes, chemically active/oxidising en-
vironment, fast particle irradiation, etc. without noticeable degradation of ser-
vice properties and lifespan reduction. As future engineering applications be-
come ever more extreme and demanding, the complexity of new materials
makes empirical R&D work prohibitively expensive, time-consuming and la-
bour-intensive. Moreover, because of spatial and temporal constraints not all
phenomena can be studied by applying experimental methods. It is therefore
through coordinated interaction and multilateral, complementary cooperation
between experimentalists, theorists and computation scientists that advanced
materials design and intelligent manufacturing will move forward. Further-
more, the rapid expansion and recent advances in the development of high per-
formance computing facilities and cloud computation accompanied by a notice-
able progress in numerical methods, concepts, algorithms, software integration,
repositories, platforms, toolkits, unstructured data mining, machine learning
and artificial intelligence translate the field of mathematical modelling and sci-
entific computing from fundamental science to widespread industrial practice.

The most apparent and straightforward way to modelling materials is to fol-
low a laddered paradigm and construct a hierarchy of computational methods,
in which a coarse-grained representation of the material is based on the simula-
tion outcomes at a more detailed finer scale, in a sequence from atomic level to
engineering dimensions. Such a parameter-passing sequential modelling strate-
gy fits for studying processes and phenomena that can be parsed into several
spatial and temporal scales with distinctive features. It also allows mixing ex-
perimental and simulation approaches (The use of ab initio simulation results
together with experimental data to fit semi-empirical interatomic potentials, for
example).

Sequential modelling fails when considered effects span over multiple
scales. Alternative concurrent modelling approaches are applied instead that
link several computational techniques to couple the different physics and di-
mensions in a combined simulation process. Through the use of more rigorous
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description of material behaviour and microstructure only where and when nec-
essary (in highly distorted regions, for example), the number of degrees of
freedom to be considered is reduced by many orders of magnitude yielding
computationally efficient coarse-grain models but without losing the essential
complexity. The interaction between different scales in this case is organised in
a “seamless” manner by applying adaptive mesh refinement, matching asymp-
totics, etc.

Another modelling strategy is centred in the process-structure-properties-
performance (PSPP) concept that unifies materials behaviour and properties
into a self-consistent cross-disciplinary designer platform containing databases
and simulation instruments. PSPP approach is based on end-to-end knowledge
in the form of relationships between material manufacturing processes and their
service properties mediated by (micro)structures. The simulation technology
has been successfully employed in a number of case studies. Nevertheless, it
suffers from limited data availability for model training. The largest available
database AtomWorks contains records of 55000 material properties only, which
is not enough for materials design. To overcome the problem, machine learning
and data science for knowledge extraction are applied to generate PSPP design
charts for desired properties from repositories like Elsevier’s API
(http://dev.elsevier.com) that provides access to over 250 000 digitized scien-
tific papers.

Empirical and historical forecasting of materials behaviour under complex
operating conditions tends to be superseded by the digital twin modelling para-
digm. A digital twin is an integrated multiphysics, multiscale, probabilistic
simulation of a system that uses the best available physical models, regular up-
dates with the actual working environment, performance and health status data,
history, etc., to mirror the life of its corresponding physical twin and continu-
ously forecast its health, the remaining useful life, and the probability of failure.
Digital twin technology has the potential to become a core element of model-
based materials engineering, reduce the cost of materials verification and test-
ing, and enable timely analysis to head off materials degradation at an early
stage, schedule preventive maintenance, and plan for future upgrades and new
developments.

Because of explosive increase in the activity in recent years, this overview
barely scratches the surface of existing trends in computational materials sci-
ence. As the field rapidly moves forward, it is essential for students, experimen-
talists and policy makers to learn more about simulation tools and to develop a
better appreciation for and understanding of the power and limitations of math-
ematical modelling and scientific computing.
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TEXHOJIOI'MU U3I'OTOBJIEHUSA 3AMEIJIMTEJIA J1JISA
OBJIYYATEJBHBLIX YCTPOUCTB PEAKTOPOB THUIIA BH 1
ET'O MCIIBITAHUA

YCTpoiicTBO 3aMeIHTeNsT ABISETCS ONHUM W3 OCHOBHBIX JJIEMEHTOB B
SICPHOM peakTope, Ha3HAYeHHEe KOTOPOTO COCTOWUT B TOM, 4TOOBI 3(h(heKTHBHO
YMEHBIIIATh SHEPTHIO OBICTPHIX HEUTPOHOB MPH MUHIMAJBHOH ux motepe. Mc-
nonp3oBaHne Tuapuaa nupkoHus (I'L]) B kauecTBe 3aMemUTENs] MMEET PSI
MPEUMYIIECTB OTHOCHUTEIIFHO IPYTUX MAaTepHaloB, a HIMEHHO Mallbie 00BeM H
BEC PEaKTOpa, OTHOCUTEIBHO BBICOKas IOMYCTHMAs TEMIIEpaTypa 3aMeIUTes.
K HemocTtaTkaM OTHOCAT HEBBICOKYIO KOPPO3HOHHYIO CTOMKOCTH B OKHCIIH-
TENBHOI cpene ¥ OOJbBIIME MOTEPU BOJOPOJA NPH BBICOKUX TEMIIEpaTypax.
OnHaKo, 3TH HEJIOCTATKH MOXKHO YMEHBIIUTh WIIM COBCEM yOpaTh, MPUMEHSS
JIONOJIHUTENIbHYI0 KOHTEMHEpHU3alMi0 B HEUTpalbHOM cpene U BOJOPOAO-
caepxuBaroniue nokpeitus. s Temmnepatyp Bbime 450 °C Haubonee mpopa-
OOTaHHBIMH TS PEAKTOPHBIX IEJIeH SBISIOTCS CIIOCOOH! yAep KaHHUs BOJOPOAA,
MPeIyCMaTPUBAIOIINE CO3MaHIE BOAOPOAO-CIACPKUBAIOIINX MOKPHITHH HETo-
CPEICTBEHHO Ha THAPHUIHOM 3aMemmuTerne. Cpenn Macchl CYIIECTBYIOMNX Ba-
puantoB nokpeituii (SiC, Si, Ge, okcuanoe, okcudochuaHoe, okcua-pochu-
SMaJIleBOe | 1p.) B paboTe BEIOPAHO OKCHAHOE TOKPHITHE, MOTYYCHHOE METO-
JOM DJICKTPOXUMHUYECKOI'0O HAHECCHUA B paCTBOPE aHTUApHU A XpoMa.

B nanHo#t paboTe ucnpITaHUSI MPOBOIMIINCH HAa 00pa3iiax OJOKOB 3aMeTH-
tena (B3) meHTpaTbHOrO WCHOIHEHUS W3 TUAPHAA IHUPKOHUS, MOIYYCHHOTO
METOAAMHU MPSIMOT0 HACBHIIIEHUS M TOPOINKOBOW METAUIypruu (ColepkaHHe
Bogopoaa — 2.02 + 0.02 Bec.%). Mcnonb3oBanoch 2 Tuma oOpas3ioB: ¢ 3alluT-
HBIM OKCUIHBIM MMOKPBITUEM U oe3 TMOKPBITHA.

BakHBIM JTOCTOMHCTBOM MeETOJa THAPHPOBAHHS KOMITAKTHBIX 3arOTOBOK
(MeToma MpsIMOTO HACHIMICHHUS) SBJSIETCS BO3MOXKHOCTH IONydeHHs Oecropu-
CTOTO MaTepHalia U OTHOCHUTEINIbHAS MPOCTOTa TEXHOJIOTHIECKo# cxembl. Hemo-
CTaTKH 3TOTO METO/AA COCTOST B HEOOXOJMMOCTH NPHUMEHEHHUS aBTOKJIABHOTO
000pyIOBaHUS M JUINTEIBHOCTH TEXHOJIOTHYECKOTO IMKJIAa HACBHIMIEHUS 3aro-
TOBKH BOJIOPOJIOM, JIOCTHTAFOIIETO JUIsl KPYITHOra0apUTHBIX M3 HECKOIb-
KHX Henxenb. Vcmonb3oBaHue MeTona (GOpPMHUPOBAHMS W3JIETHH U3 MOPOIIKOB
THIPUIOB METAJIOB 00ECTIEYNBAET BBHICOKYIO IIPOM3BOUTEIHHOCTD MTOTyYCHHS
HUCXOAHBIX THUAPUAHBIX ITOPOMIKOB, a TAaKXE Ta€T BO3MOXHOCTBH ITOJTYUYCHUA
KOMITO3UITHOHHBIX MaTtepuanoB. OCHOBHOUW HEAOCTAaTOK MaTepuasa, MoJydeH-
HOT'O M3 MOPOMIKOB — HECOBEPIIECHCTBO MEK3CPCHHBIX I'PAHULL, YTO MMPUBOJIUT K
HU3KOH KOPPO3HOHHOI CTOWKOCTH MaTepuaia B Ta30BbIX cpe/iaX.
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ConepkaHue BOJOpo/ia B 00pa3iax onpeesisuii METOJ0M BBICOKOTEMIIEpa-
TypHOH BaKyyMHOW SKCTpakLUU C HcHosb30BaHueM aHanu3atopa LECO RH-
402, a Taxke MPOBOAWIN JIOTIOJHUTEIbHYIO OLEHKY BBIXOJa BOJOPOAA MO pe-
3y/nbTaTaM npuBeca. [l pacuera HCIOIb30BAIH CIEAYIOLIEE PABEHCTBO:

C(H) = C(H) oy — % x 100%, 1)

rne C(H) — comepkanne Bomopona B oOpasnax HOcCie HCHBITaHUMH, Bec.%,

C(H),cx — MCXOHOE coziepXKaHue BoJOpoAa B oOpasuax, Bec.%, M, — Macca
o0pasia 10 9KCHEePUMEHTa, T, Mo — Macca 00pasia nociye SKCIepuMenTa, T.

g onpezneneHus TeMnepaTypHO-BPEMEHHOM 3aBUCHMOCTH CTEXHOMETPH-
yeckoro kod¢p¢uuuenta (H/Zr) 6bu1 npoBeieH TEpMOTpaBUMETPHYECKUN aHa-
mm3 go temrepatypsl 1100 °C. YaensHOe H3MEHEHHE Macchl 00pasiia COCTaBH-
10 2.0 %, 4TO COOTBETCTBYET MOJHOMY BBIXOAY Bojopoxa. Ilo pesymbratam
aHaIM3a OTMEYEHO, YTO TEMIIepaTypa Hadaja BeIX0oJAa Bojopona pasHa (700 —
720) °C, maccoBas mois Beimenmero Bogopozaa mpu 900 °C cocrasnser ~ 0.2
%. IloBeimenue TemnepaTypsl ¢ 900 1o 1100 °C npuBOIUT K MOJNHOW MOTEpE
Bozopoaa (98 — 99 %). Ilpu sToM oOpaser] COXpaHUI HEJIOCTHOCTh, HOKPBITHE
OTCIJIOWJIOCH ¥ (PParMEHTHPOBAJIOCH.

O06pa3isl, IpeaBapUTEILHO 3aBAPCHHBIE B CPeJie aproHa B CTaJbHBIE aMITy-
ne1, ucneiThiBau Ha cteHae ['A3ITAP mpu temnepatypax 550 °C (BpemeHa
BbIIEpKKHU — 24 1 90 1) u 1000 °C (Bpems BeIiepxKH — 10 MUH).

B pesynbrate ucnbiTanuii npu temneparype 550 °C nokazaHo, 4to oOpas-
161 b3 ¢ OKCHIIHBIM MOKPHITHEM COXPAHUIH HCXOHOE COJIEpKaHHe BOJIOPOJa.
Conepxanue BoJOpoAa B 00paslie THAPHIAa HUPKOHMS 0€3 TOKPHITHS YMEHb-
mmnocsk Ha 0.05 Bec.%. Ilo pe3ynbraTaM NpOBENEHHBIX CTPECCOBBIX UCIBITA-
Huit (1000 °C) oTMedeHO, 4TO aMITyia CYIIECTBEHHO M3MEHWIIA CBOM T'€OMET-
pHudecKkue pasMepsl — pasaysiach U NpHHsIa popMy mapa. Ha moBepxuoctu 00-
pasuos I'Ll HabmromaeTcst ceTka TPEIMH U YaCTHYHOE OTIIENYIINBaHUE OKCUJI-
HOTO TIOKpBITHSA, MIPHU 3TOM COJAEP)KaHHE BOJOPOAA COXPAHWIOCh Ha YPOBHE
1.85 Bec.%. Croyib HE3HAYUTENHLHOE M3MEHEHHE COJIep)KaHusl BOAOpoaa 00y-
CJIOBJICHO BBIAICJICHHEM BOJOPOJA M3 THAPHJIA LIUPKOHUS, CO3aBIINM B repMe-
TUYHOHM aMITylie mapuuanbHOe AABJICHHWE, JOCTAaTOYHOE AJS 3aMeIJIeHHs Mpo-
ecca AeruIpupOBaHUsL.
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FABRICATION PROCESSES AND TESTING OF THE
MODERATOR FOR IRRADIATING DEVICES OF BN
REACTORS. TESTING OF THE MODERATOR

The moderating device, whose function efficient reduction of the energy of
fast neutrons minimizing their loss at the same time, is one of the crucial ele-
ments in a nuclear reactor. Using zirconium hydride (ZH) as the moderator of-
fers a number of advantages over other materials, namely — small volume and
weight of the reactor, relatively high allowable moderator temperature. Among
its drawbacks are its low resistance to corrosion in an oxidizing medium and
high losses of hydrogen at elevated temperatures. However, these drawbacks
can be mitigated or eliminated by using additional containment in neutral media
and hydrogen-retaining coatings. For temperatures over 450 °C and for reactor
application, the hydrogen retention methods, which include formation of hy-
drogen-retaining coatings directly on the surface of the hydride moderator, are
the most explored. Among the multitude of existing variants of coatings (SiC,
Si, Ge, oxide, oxyphosphide, oxide-phosphide-enamel etc.), an oxide coating
produced via electrochemical deposition in chrome anhydride solution had been
chosen for the purposes of this work.

In this work testing was performed on samples of central version moderator
blocks (MB) made of zirconium hydride produced using the methods of direct
saturation and powder metallurgy (hydrogen content 2.02 + 0.02 weight %).
Two types of samples were used; with a protective oxide coating and with no
coating at all.

An important advantage of the method of compact workpiece hydrogena-
tion (direct saturation method) is the capability to produce a pore-free material
and relative simplicity of the fabrication chart. The drawbacks of this method
lie in the necessity to use autoclave equipment and considerable duration of the
process cycle of hydrogen saturation of the workpiece, being as long as several
weeks for large parts. Employing the method of products manufacture from
metal hydride powders ensures a high productivity in fabrication of the feed
hydride powders and provides an opportunity to produce composite materials
The main drawback of a material produced from powders is imperfection of the
intergranular boundaries resulting in the materials’ low resistance to corrosion
in gaseous media. Hydrogen content in the samples was determined via high-
temperature vacuum extraction using a LECO RH-402 analyzer, with addition-
al assessment of hydrogen release by weight gain measurement being per-
formed as well. The following equation was used for the calculations;
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M e ore_Ma er
C(H) = C(H)initiat — % X 100%, 1)

where C(H) — is hydrogen content in the samples after testing, weight %;
C(H)initiar — initial hydrogen content in the samples, weight %; Mpegore — mass of
the sample before the experiment, g; Mgser — mass of the sample after the exper-
iment, g.

To determine the time-temperature dependence of stoichiometric coefficient
(H/Zr), thermogravimetric analysis up to the temperature of 1100 °C was per-
formed. The specific mass change made 2.0 %, which corresponds to complete
hydrogen release. Basing on the analysis results it has been observed that the
temperature before hydrogen release is (700 — 720) °C, weight percentage of
hydrogen released at 900 °C is ~ 0.2 %. Rise of temperature from 900 to 1100
°C results in complete hydrogen loss (98 — 99 %). At that, the sample retained
its integrity, the coating spalled and fragmented.

The samples pre-welded under argon into steel capsules underwent testing
at the GAZPAR test bench under the temperature of 550 °C (exposure dura-
tions — 24 and 90 hours) and 1000 °C (exposure duration — 10 minutes).

As a result of testing under 550 °C it has been demonstrated that oxide-
coated MB samples preserved the initial hydrogen content. The hydrogen con-
tent in the uncoated sample of zirconium hydride reduced for 0.05 weight %.
Based on the results of the stress testing (1000 °C) performed, it has been ob-
served that the geometry of the ampule changed significantly — the ampule
bulged and assumed a spherical shape. On the surfaces of MB samples a pattern
of cracks and partial spalling of oxide coating were observed, with hydrogen
content being kept at a level of 1.85 weight %. Such an insignificant change of
the hydrogen content is resulting from hydrogen release from zirconium hy-
dride which formed a partial pressure within the sealed ampoule sufficient for
impediment of the dehydration process.
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BJIMAHUE CTEXUOMETPUYECKOI'O COCTABA
KATO/JHOM MUIIIEHU HA CTPYKTYPY
MNEPCNEKTUBHOI'O HEUTPOHHO-TIOTJIOIIAIOIIET O
IHOKPbITUA U3 BOPUJA TUTAHA NIPU MATHETPOHHOM
HAIIBIVIEHUHN

CoennHeHNE Ha OCHOBE ©B-Ti apnsercs MIEPCIEKTHBHBIM JJIS1 UCTIOIb30Ba-
HUSL B KaueCTBE 3AIMTHOIO HEHTPOHHO-MOTJIOLIAIONIEro NOKpbITHS [1]. DT
MOKPBITUS TIPAMEHSIOTCS TIPU [UTHTSIIEHOM XpaHEHUH OTPaOOTaBIIETO SIEPHO-
ro tomnuBa [2]. CeromHs Haubojee pacHpOCTPaHEHbl HEUTPOHHO-
MOTJIONIAIOIINE TIOKPHITHS U3 aMOP(HOTo Kapouaa 60pa, HAHECCHHBIC TIOPOIII-
KOBO-TuIa3MeHHBIM MeTozioM [3]. IlomydyeHHBle paHee pe3ylbTaThl MOKa3ald
JIOCTAaTOUYHYI0 3(P(PEKTUBHOCTh HCMONB30BaHus Merona DC-MarHeTpOHHOTO
pacibUIeHHs] KOMIIO3UTHON KAaTOMHOW MUIICHU ISl TIOTYYESHHs TAKOTO MOKPHI-
Tus [4].

B pabote mpexacTaBieHbl pe3yiIbTaThl SKCIICPUMEHTOB 10 CHHTE3Y HOKPHI-
THH Ha OCHOBe Oopuaa TUTaHa meronoM DC-MarHeTpOHHOTO HaNBUICHUS W3
KOMIIO3UTHOH MHIICHH. MHIICHb MpeICcTaBsaeT co00H CIeUeHHYI0 CMECh IO-
porkoB B,C u Ti ¢ cooTHomenuem no macce 1:1. [TapameTpsl MarHETPOHHOTO
pacueuierns: | =70 MA, U = 600 B. B kauecTBe MOUTOKKH UCTIONB3YeTCS KOH-
CTpYKIIMOHHAs aycTeHUTHast ctanb [2X18H9T, moBepXHOCTh MOATOTOBIEHA
METOJIOM MEeXaHNUeCKON NITU(HOBKU U TIOTUPOBKH.

HccnenoBanue CTpyKTYphl M 3JIEMEHTHOTO COCTaBa CHHTE3UPOBAHHBIX IO-
KPBITUH MPOBOJUIOCH METOJIaMU PEHTTEHOBCKOW NU(DPAKTOMETPUH, CKAHUPY-
ro1reit anexTpoHHoi Mukpockonuu ¢ IJC - aHamuzom.

Pe3ynpTaThl ucclieIOBaHMA MOKa3alid, YTO COOTHOIIEHUE aTOMOB Oopa u
TUTaHA B MHUIICHU B MpOIecCe IKCIUTyaTaIlil MEHSETCs, TTOCKOIBKY 0op pac-
HbUISETCS ¢ OOMNbIIeH CKOPOCThIO. M3HAYaIbHO COOTHOIEHHE AaTOMOB Ti K
atomaM B cocraBnser 0,29. IToKpbITHS IPU TAKOM COOTHOILIEHUU MPEACTABIIS-
10T coemuHenue Ti,Bs (remMumeHTabopua THTaHAa) U HEOOJBIIOE KOJHMYECTBO
¢aser TiBy, (momexabopun tutaHa). TOJIIMHA MOKPHITHIA MPU HATIBUICHUU B
TEYCHUH Yaca COCTaBJISIET MOPsIKAa OJHOrO MUKpoMeTpa. brmaromapst BEICOKOM
IUIOTHOCTH OOpa B COEMMHEHUSX OOp-TUTaH TAKOW TOJIIUHBI JOCTATOYHO JIJIS
3¢ dekTHBHOTO OocnabiieHus TIOTOKa TEIUIOBBIX HEWTPOHOB. M3MeHeHHWe cTe-
XUOMETPUH MHUIIEHHU MPOMOPIUOHAILHO MEHSET COoJep)KaHue Oopa B MOKPHI-
tiu. [Tocie 4 MUKIOB cuHTe3a (~4 Yaca) COOTHOIIEHHEe aTOMOB T1 kK aromam B
B MumieHn cocrtasister 0,59. OTo mpuBOAWT K M3MEHEHHUIO (Da30BOTO COCTaBa
MOKPBITHS, OCHOBHBIM COEIMHEHUEM CTAHOBUTCS ubopu Tutana TiB,.
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INFLUENCE OF THE STEHOIOMETRIC COMPOSITION OF
THE CATHODE TARGET ON THE STRUCTURE OF A
PERSPECTIVE NEUTRON-ABSORBING COATING FROM
TITANIUM BORIDE DURING MAGNETIC SPRAYING

Compound based on °B-Ti is promising for use as a protective neutron-
absorbing coating [1]. These coatings are used for long-term storage of spent
nuclear fuel [2]. Today, the most common neutron-absorbing coatings of amor-
phous boron carbide, deposited by a powder-plasma method [3]. Previous re-
sults showed sufficient efficiency of using the DC magnetron sputtering meth-
od of a composite cathode target to obtain such a coating [4].

The work presents the results of experiments on the synthesis of coatings
based on titanium boride by DC magnetron sputtering from a composite target.
The target is a sintered mixture of B,C and Ti powders with a weight ratio of 1:
1. Magnetron sputtering parameters: | = 70 mA, U = 600 V, spraying time - 60
minutes. As the substrate, structural steel 12Cr18Ni9Ti is used, surface pre-
pared by mechanical grinding and polishing.
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A study of the structure, elemental composition, and surface morphology of
the synthesized coatings was carried out by x-ray diffractometry, scanning elec-
tron microscopy with EMF analysis, scanning probe microscopy.

The research results showed that the ratio of boron and titanium atoms in
the target during operation changes, since boron is atomized at a higher rate.
Initially, the ratio of Ti atoms to B atoms is 0.29. Coatings at this ratio repre-
sent the compound Ti,Bs (titanium hemipentaboride) and a small amount of the
TiBy, phase (titanium dodecaboride). The coating thickness during spraying for
an hour is about one micrometer. Due to the high boron density in boron-
titanium compounds, such a thickness is sufficient to effectively attenuate the
thermal neutron flux. Changing the stoichiometry of the target proportionally
changes the boron content in the coating. After 4 cycles of synthesis (~ 4
hours), the ratio of Ti atoms to B atoms in the target is 0.59. This leads to a
change in the phase composition of the coating; titanium diboride TiB, be-
comes the main compound.

This work was supported by the grant of the Ministry of Education of the
Republic of Kazakhstan AP05134758 and AP05130967
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PAIUALMOHHBIE S®PEKTbI B IOKPBITUSIX ZrTiN,
BBI3BBAHHBIE BO3JEUCTBUEM
BBICOKOOHEPTETHMYECKUX NOHOB KPUIITOHA

[IpencTaBieHbl pe3ysbTaThl CPaBHUTENBHBIX HCCIEIOBAaHUN BIMSIHUS
00JTy4eHUs] HOHAMH KPHUIITOHA BBICOKMX SHEPIUil Ha CTPYKTYPY M CBOWCTBA IO-
kpbituit ZITiN.

Hokpeitis ZrTiN HaHOCHINCH Ha MOMJIOKKH M3 HepiKaBeIOLIeH jKeles3o-
XPOM-HHUKEJICBOH CTaJli METOJOM MAarHeTpPOHHOTO pacIbUIEHHsS B aTMocgepe
azota. TonmmuHa MOKpHITHI ompenernsiack MetogoM RBS u cocraBmsma 600—
700 MUKpOH. DNEMEHTHBIN COCTaB MOKPBITHH OMPENENIIN C UCIOIb30BaHHUEM
metonoB RBS EDS: ZrTiN - Zr 55 Bec.%, Ti 31 Bec.%, N 14 Bec.%.

O6pa3is! ¢ mokpeitusiMu ZI'TIN 00y4yani Ha BRICOKOIHEPTETHIECKOM Ka-
nane yckopurens JILI-60 monamu *Kr'** ¢ smeprueii 1,5 MaB/uykion (Tok
0,35 MKA) g0 pmoenca 10™° cM? OGyuenne IPOBOAMIOCH IPH TEMIIEPATYPAX
100 u 600 °C.

CTpyKTypa MOBEPXHOCTH OOpa3LOB 0 U TOCIE OOJydyeHHsS H3ydanach C
nomotsio COM ¢ 3HeproaucnepcHoHHbIM aHainm3oM 1 ACM. YcTtaHoBieHO,
YTO BBICOKODHEPreTHUYECKOe 00ydeHne mpu Hu3Kod Temmepatype (100 °C)
NPUBOAMT K OoJiee 3HAUNTEIHHBIM M3MEHEHUSIM B CTPYKTYPE MOBEPXHOCTH IO
CPaBHEHHIO C BBICOKOTEMIIEPATYPHBIM OOJydEHHUEM: U3MEHSETCS 3JIEMEHTHBIN
COCTaB, HaOroaeTCsl MOHHOE TpasiieHue mokpwitTHs ZITIN ¢ obpazoBaHnem
KOpaJUIOBHIHOW CTPYKTYphL. B Toke Bpems, oOiydeHHe IpH BBICOKOH TemIie-
parype MpakTH4YeCKH He BIMSET Ha CTPYKTypy moBepxHocTu. Ilo-BuaumMomy,
3TO CBSI3aHO C OT’KUTOM J€(PEKTOB IIPH OOITyUCHHUS.

T[ToMHMO CTPYKTYpHBIX HCCJIEHAOBaHHH, OBUIM H3MEPEHbl KOPPO3HOHHAs
CTOWKOCTH M TBEPJOCTh MOKPBITHIA, BBI3BAaHHBIE 00JIy4eHHEM HOHAMH KPHIITOHA.

Pabora BeIONTHEHA B pamKax nporpammsl «HaydHo-TexHIUeckoe obecte-

YeHHEe HKCIIEPUMEHTANIbHBIX HcclleloBaHui Ha Ka3axcTranckoM MarepuaioBe]-
YECKOM TOKaMake KTM» MuHuctepcTBa 3HepreTukn Pecyomuku Kazaxcras.
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RADIATION EFFECTS IN ZrTiN COATINGS INDUCED BY
IMPACT OF HIGH ENERGY KRYPTON IONS

The results of comparative studies of the effects of high energy krypton ions
irradiation on the structure and properties of ZrTiN coatings are presented.

ZrTiN coatings were deposited on stainless iron-chromium-nickel steel
substrates by magnetron sputtering in a nitrogen atmosphere. The thickness of
the coatings was determined by the RBS method and was 600700 microns.
The elemental composition of the coatings was determined using the RBS
method and EDS: ZrTiN - Zr 55 wt.%, Ti 31 wt.%, N 14 wt.%.

Samples with ZrTiN coatings were irradiated on a high-energy channel of
the DC-60 accelerator by #Kr'** ions with energy of 1.5 MeV/nucleon (current
0.35 pA) up to a fluence of 10* cm™. Irradiation was carried out at tempera-
tures of 100°C and 600°C.

The structure of the sample surface before and after irradiation was studied
by SEM with EDS and AFM. It is shown that low-energy irradiation at low
temperature (100°C) leads to more significant changes in the surface structure
in compare with high temperature irradiation: the elemental composition
changes and for the ZrTiN coating ion etching takes place with the formation of
a coral-like structure. At the same time, irradiation at high temperature practi-
cally does not affect the surface structure. Apparently, this is due to annealing
of defects upon irradiation.

In addition to structural studies, caused by irradiation changes in corro-
sion resistance and hardness of coatings were determined.

This work was fulfilled in the framework of the program "Scientific and

technical support for experimental research at the Kazakhstan materials science
tokamak ktm" of the Ministry of Energy of the Republic of Kazakhstan.
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OBPA30BAHME PAJUALIMOHHO-UHIYLIMPOBAHHOI'O
®EPPUTA B PEAKTOPHBIX MATEPHAJIAX

AycrenutHele Hepxaseroniue ctanu 300-i cepuu HCIONB3YIOTCA B Kade-
CTBE KOHCTPYKIIMOHHBIX MaTepHajJOB B JIETKOBOAHBIX M OBICTPBIX peakTopax.
OOxnyueHue NMpH TemIlepaTypax, XapakTEPHBIX VISl JIETKOBOIHBIX PEaKTOPOB,
NPUBOAMT K MHOXKECTBY CTPYKTYPHBIX U3MEHEHHI B MaTrepualie, BKIro4as 00-
pasoBanue BTOpHYHBIX (a3. MHayupoBaHHOE O00JydYeHHEM OOpa30BaHHE
OLIK-¢peppuTa B ayCTEHHTHOH MaTpHUIle JOCTaTOYHO M3BECTHOE SIBICHHUE, KO-
TOpPOE MOXET HETAaTUBHO BIIMATH HA MEXaHWIECKHE M KOPPO3HOHHBIC CBOIMCTBA
Marepuana.

Omny0nrKoBaHHBIE paHee JNAaHHbBIEC OBIIH IOJIyYESHBI IPH HU3KHX MOBPEXKAA-
IOMINX J103aX W/WIA OTHOCHUTENFHO BEICOKHX TeMmepaTypax obmydenus [1,2]. B
HacTosIel paboTe MpenCTaBICHB HOBBIE PE3YNIBTATHI IS U3Y4YEHHS BO3MOX-
HOCTH 00pa3oBaHus (PEPPUTOB B BOJIO-BOJSIHBIX PEAKTOPaX C BHICOKMMHU U HU3-
KAMH HEHTPOHHBIMH MOTOKAMHU IPU BBICOKHX YPOBHSX IOBPEXIAIOLIMX /03,
MOJIyYeHHBIE B IBYX OBICTPBIX pEaKkTOpax.

OO6pa3ipl 1y UccleA0BaHul ObLUTH BBIpE3aHbl U3 TeKCArOHAIBHBIX YeXJIO0-
BBIX TPYO TETUIOBBLAEISAIONINX COOPOK, OOJIydEHHBIX B BBIBEJICHHOM U3 IKCILTY-
atauuu 6picTpoM peaktope BH-350 ¢ HaTpueBBIM OXTaxaeHHEM, PACIIONOKEeH-
HOM B Akray, Kasaxcran. OTu mecTurpanHble 4eXibl U3 Hep)KaBeromeil craim
HUMEIOT TOJIINHY CTEHOK 2 MM U pa3Mep «Imox Kirtod» 96 mm. OHU OBLTH H3TO-
TOBJICHBI U3 JBYX ayCTEHHTHbIX HepykaBeromux craneil: 0,12C-18Cr-10Ni-
0,5Ti u 0,08C-16Cr-11Ni-3Mo, KOTOpBIE SBISIOTCS POCCHHCKUMH aHAIOTaMHU
amepukaHckuil craneid AISI 321 u AISI 316, coorBercTtBenHo. Cruias 0,12C-
18Cr-10Ni-0,5Ti wucmone3yeTcsi B POCCHICKHAX peakTopax. MeXaHHKO-
TepMudeckas oOpaboTka "4exyoB cocTtostia B 20% xomomHoW nedopmaru ¢
nocneaytonum orxurom mpu 800 ° C B Teuenne 1 yaca. Takxke mcciaemnoBain
TUIACTUHBI, BBIPE3aHHbIH U3 HEOONYYEHHBIX YEXJIOB TEILIOBBIICISIONUX COO-
pok. IlpakTideckn Bce mccieayeMble COOPKH OOIyJaich B IEHTPaJIbHOMH 00-
JIACTH aKTHUBHOW 30HBI peakTopa B TeueHue ~ | roma B Hagdane 1980-x romos..
Iocne 8 ner npeObIBaHMs B OacceiiHe M yJIalleHNs! TOIUIMBHBIX TPYOOK YeXJIbl
OBUTH TOJITOTOBJICHBI K MCCIIEIOBaHMUIO. TaKoke U3ydann o0pasiibl, BEIpE3aHHbIE
n3 00JIlydeHHBIX HU3KUMH MOTOKAMH HEHTPOHOB B TEUEHHE 5 JIET YEXJIOB ITe-
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pudepuitHBIX TETUIOBBIACISIONMX cOOpOK. JlaHHbIE, BKIIFOUCHHBIE B 3Ty pado-
Ty, OblIH nosTyueHs! B 2018 roy, mocie JIMTENEHOTO Iepro/ia CTapeHus U pa-
JIMOaKTUBHOTO pacrajia UCCIelyeMbIX 00Jy4eHHbIX MaTepHajoB.

HccnenoBanu obpa3oBanue Qepputa B ayCTCHUTHBIX CTaJsX, OOIYYSHHBIX
1o 0,3—125 cua mpu temneparypax 280—420°C u ckopoctu Habopa 10361 0,25—
60,2 cra/rog. B paboTte mpoBeneHB M3MEpPEeHNsT HAMAarHWYCHHOCTH W MHKPO-
TBEPJIOCTH, a TAKKE MCCIECIOBAHNE MUKPOCTPYKTYPHIL.

HccrnenoBanms moKasaiy, 9TO MarHUTHBIE (Da3bl 00pa3yloTCs BO BCeX 00-
Jy4eHHBIX oOpasnax. HeiitponHoe o0iydeHHe MPHBENO K YBEIHYCHHIO KOIH-
YecTBa MarHUTHOH ¢a3bl 10 ~ 3 00.%, 0COOEHHO B IIEHTPAIbHOM YacTH cOOpKU
BH-350, rme ckopocts Habopa O3Bl U 1032 MaKCHUMAIbHEL. OTH JaHHBIE CpaB-
HHUBAIOTCS C JPYIMMHU HENABHO ONYOJIMKOBAHHBIMH JAHHBIMH, MOJTYYEHHBIMHU
Ha peaktope BOP-60, npu ovyeHb HU3KUX 3HAYEHMSIX CKOPOCTH Habopa J03bl,
TaKXKe XapaKTePHBIX [UIS BOJO-BOISHBIX PEakTopoB [3-5].

CpaBHeHHE HACTOSIIUX PE3YJIBTATOB C OMYOJIMKOBAHHBIMH JIAHHBIMH T103-
BOJIACT BBIACIWTL ABa Pa3sHbBIX PCKHMMa HAKOIUICHUA MarHuTHOM (1)831)1. Pomb
JI03bI, CKOPOCTH Habopa J103bl, TEMIIEPATYPhl OOJIYUYCHHUS, © XUMHUECKOTO CO-
CTaBa MaTeprata B PaJHallMOHHO-WHAYIIMPOBAHHOM 00pa3oBaHWU (eppura
00cyXmaeTcst ¢ TOUKH 3pEHHs IPAMEHEHHS dTHX JTAHHBIX IS IPOUICHIUS CPOKa
CITY>KOBI BOJIO-BOJISTHBIX PEAKTOPOB.

1. J. T. Stanley and L. E. Hendrickson, “Ferrite formation in neutron-irradiated
austenitic stainless steel,” Journal of Nuclear Materials, 80, 1, (1979).

2. D. L. Porter, “Ferrite formation in neutron-irradiated type 304L stainless steel,”
Journal of Nuclear Materials, 79, 2 (1979).

3. B. A. Gurovich et al., “Investigation of high temperature annealing effectiveness
for recovery of radiation-induced structural changes and properties of 18Cr—10Ni—Ti
austenitic stainless steels,” Journal of Nuclear Materials, 465 (2015).

4. B.Z.Margolin, L. P. Kursevich, A. A. Sorokin, and V. S. Neustroev, “FCC-TO-
BCC phase transformation in austenitic steels for WWER internals with significant
swelling,” in Presentation O11-A097-T02 in Proceedings of Fontevraud-7 Symposium
on Contribution of Materials Investigations to Improve the Safety and Performance of
LWRs, Avignon, France, (2010.

5. M. N. Gussev, S. R. Clark, J. T. Dixon, and K. J. Leonard, “Preparation and
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RADIATION-INDUCED FERRITE FORMATION
IN REACTOR MATERIALS

300-series stainless steels serve as structural materials for both LWRs and
fast reactors. Irradiation at LWR-relevant temperatures leads to multiple mate-
rial degradation modes, including second-phase formation. Irradiation-induced
bce-ferrite formation in austenite is a well-known phenomenon, and in addition
to affecting mechanical properties, it may also affect corrosion behavior in wa-
ter coolant.

Whereas earlier data were derived at low damage doses and/or relatively
high irradiation temperatures [1,2], this work presents new high-flux and low-
flux data at high-fluence levels derived in two fast reactors to examine the po-
tential for ferrite formation in PWRs.

The plate-type samples for investigations were cut from hexagonal wrap-
pers of fuel assemblies irradiated in the now-decommissioned BN-350 sodium-
cooled fast reactor located in Aktau, Kazakhstan. These stainless-steel hexago-
nal wrappers have a face-to-face distance of 96 mm and a wall thickness of 2
mm. They were fabricated from two austenitic stainless steels: 0.12C-18Cr-
10Ni-0.5Ti and 0.08C-16Cr-11Ni-3Mo, which are Russian near-analogs of
AISI 321 and AISI 316 respectively. The 0.12C-18Cr-10Ni-0.5Ti alloy is used
in Russian reactors. The wrappers were prepared via 20% cold deformation fol-
lowed by annealing at 800°C for 1h. Specimens were also cut from unirradiated
prototypic wrappers. All but one of the investigated assemblies were irradiated
in the central region of the reactor core for ~ 1 year in the early 1980s. After
residing in the spent fuel pool for 8 years and removal of the fuel pins, the
wrappers were prepared for investigation. Specimens were also cut from the
lower-flux wrapper of a radial blanket assembly irradiated for 5 years. The data
included in this work were obtained in 2018, after a long period of aging and
radioactive decay.

Ferrite formation was studied for Western and Russian austenitic steels irra-
diated to 0.3-125 dpa at temperatures of 280-420°C and dose rates of 0.25-60.2
dpalyear. Both archive and irradiated materials were characterized using mag-
netic measurements, microstructure, and microhardness measurements.
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Investigations showed that magnetic phases formed in all irradiated sam-
ples. Neutron irradiation increased the amount of magnetic phase, reaching
~3vol.%, especially in the middle of the BN-350 assembly where dose rate and
dose are maximal. These data are compared with other recently published Rus-
sian data from BOR-60, the latter at very low PWR-relevant dpa rates [3-5].

Comparison of the present results with other published data allows us to ex-
pect two different modes of magnetic phase accumulation. The role of dose,
dose rate, irradiation temperature, as well as material fabrication and composi-
tion, on radiation-induced ferrite formation are discussed with an eye toward
application of these data to PWR life extension.

1. J. T. Stanley and L. E. Hendrickson, “Ferrite formation in neutron-irradiated
austenitic stainless steel,” Journal of Nuclear Materials, 80, 1, (1979).

2. D. L. Porter, “Ferrite formation in neutron-irradiated type 304L stainless steel,”
Journal of Nuclear Materials, 79, 2 (1979).

3. B. A. Gurovich et al., “Investigation of high temperature annealing effectiveness
for recovery of radiation-induced structural changes and properties of 18Cr—10Ni-Ti
austenitic stainless steels,” Journal of Nuclear Materials, 465 (2015).

4. B.Z.Margolin, L. P. Kursevich, A. A. Sorokin, and V. S. Neustroev, “FCC-TO-
BCC phase transformation in austenitic steels for WWER internals with significant
swelling,” in Presentation O11-A097-T02 in Proceedings of Fontevraud-7 Symposium
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CBAPUBAEMOCTDb XPOMUCTBIX CTAJEN
TUIIA Fe-Cr-Si-Al

Panee aBTOpamm OBUIO YCTaHOBJEHO, YTO CIIaBel cocraBa Fe-5%Cr-
5%(Al+Si) UMEIOT BBICOKYIO KOPPO3UOHHYIO CTOWKOCTB [1] ¥ HEe MOIBEp:KEHBI
SBJICHUIO pacnaja TBEpaoro pactsopa [2]. OnHako OAHUM U3 OCHOBHBIX Tpe-
6oBaHNil Kk MaTepuany 00OJOYEK TBAJIOB BOAO-BOASHBIX PEAKTOPOB SIBISIETCS
CBapMBAaEMOCTh MaTepuajla ¢ COXpPaHCHHWEM CBOWCTB Marepuaja B CBapHOM
mBe. [Ipn cBapke heppHUTHBIX CTanel BOZMOXHO KaK PaCTPECKHBaHHE IIBA, TAK
M PE3K0oe OXPYITYMBAHME IIBA M 30HBI TEPMHUUECKOTO BIMSHHS H3-3a KaTaCTPO-
(hraeckoro pocra 3epeH.

Llenbro naHHOW Pa0OTHI SIBJISETCS OLICHKA CBapUBAEMOCTH CILUIABOB HA OC-
HoBe Fe-Cr-Al-Si u u3ydeHne MPOYHOCTHBIX XapaKTEPUCTHK CBAPOYHOTO CO-
€/INHEHUSL.

B nanHO# pabore paccmoTpeHbl cIuiaBbl, copepxkamme 5 Mmac.% Cr, 5
Mac.% (Al+Si) ¥ ZONOJHUTENBHO JICTUPOBAHHBIC IS MOBBIIICHUS KOMIUIEKCA
CBOWMCTB pa3nuuHbiM KonmdectBoM Nb, Ti, Zr, Mo, B u Y. O6pa3usl nepopmu-
poBanHble HA 40% X.I., CBAPUBAINCh PYYHON aproHHO-IyroBoi cBapkoi. Ilo-
cJie cBapKy 00pa3Ibl NCTIBITAHBI HA 3arH0 W Ha pacTsHKEHHE.

B pesynbrare nmpoBeIeHHBIX SKCIIEPUMEHTOB YCTAHOBIICHO, YTO N3y4YECHHbBIE
CIIaBBI MOTYT OBITH CBAapEHbI apTOHHO-TYyTOBOH CBapKOM, C IMOJy4eHHEM Kade-
CTBEHHOTO POBHOTO mIBa. CBapHOW IIOB 0€3 BOCCTAHOBUTEIHHOTO OTXKUTA 00-
JajaeT JOCTaTOYHO BBICOKMMH IUIACTHYECKHMH XapaKTepPUCTUKaMH: YTojl 3a-
ruba ajs xyamiero cruiaBa coctaBui 10 rpamycoB (st ayumiero — 6onee 90°).
Tax jxe 711 Xy/IIero crjaBa yaIuHEeHHe cocTaBuiIo 5% (U1 JIydiIero — oKoJo
10%).

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

2. Tarasov B. A. et al. Short-term Mechanical Properties of Fe-Cr-Al-Si Al-
loys//KnE Materials Science. —2018. — T. 4. — Ne. 1. — C. 491-497.
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WELDABILITY OF CHROME STEELS TYPE Fe-Cr-Si-Al

Previously, the authors found that alloys of the composition Fe-5% Cr-5%
(Al + Si) have high corrosion resistance [1] and are not subject to the decay of
the solid solution [2]. However, one of the main requirements for the material
of the cladding of fuel rods PWR type reactors is the weldability of the material
while maintaining the properties of the material in the weld. When welding fer-
ritic steels, cracking of the weld is possible, as well as sharp embrittlement of
the weld and the heat-affected zone due to catastrophic grain growth.

The aim of this work is to assess the weldability of alloys based on Fe-Cr-
Al-Si and to study the strength characteristics of the welding joint.

In this work, alloys containing 5 wt.% Cr, 5 wt.% (Al + Si) and additionally
alloyed to increase the complex of properties with different amounts of Nb, Ti,
Zr, Mo, B, and Y are examined. The samples are deformed by 40% c.d., were
welded by manual argon-arc welding. After welding, the samples were tested
for bending and tensile.

As a result of the experiments, it was found that the studied alloys can be
welded by argon-arc welding, with obtaining a high-quality smooth seam. A
weld without reductive annealing has sufficiently high plastic characteristics:
the bending angle for the worst alloy was 10 degrees (for the best - more than
90°). Also, for the worst alloy, the elongation was 5% (for the best - about
10%).

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

2. Tarasov B. A. et al. Short-term Mechanical Properties of Fe-Cr-Al-Si Alloys
/IKnE Materials Science. — 2018. — T. 4. — Ne. 1. — C. 491-497.
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KOPPO3UOHHASI CTOMKOCTh XPOMHUCTBIX CTAJIEHR
C HU3KUM COIEPKAHUEM XPOMA B BOJAE BBICOKHUX
ITAPAMETPOB

B Hacrosmuii MOMEHT B MHUpE BERYTCS HCCICIOBAHHS CIUIABOB CHCTEMBI
Fe-Cr-Al nns mpuMmeHeHHs MX B KauecTBe 000JIOYEK TBIJIOB SAEPHBIX PEaKkTo-
poB. CozmepxaHue XpoMa B JaHHBIX CTaJIsIX Kojeonerces ot 10 no 20 mac.%, co-
Jiep&KaHue aloMuHuS 0T 3 10 5 Mac.%. bnaromapst cBoeil BBICOKOM KOppo3u-
OHHOM CTOMKOCTH CTaJM JaHHOT'O Kjlacca MOT'YT HaliTU CBOE IIPUMEHEHHUE B Ka-
4yecTBE 000JI0UEK TB3JIOB peakropoB THma BBOP, uro mo3Bonut u3bdexars ma-
PO-LIUPKOHUEBOM PEAKLMY B CIIy4ac 3alIPOCKTHBIX aBapHUi.

Panee aBTOpamMm OBIIO YCTaHOBIIEHO, YTO CIDIaBBHI coctaBa Fe-5%Cr-
5%(Al+Si) UMEIOT BBICOKYIO KOPPO3HOHHYIO CTOMKOCTH [1] M HEe TIOABEP>KEHBI
ABJICHHUIO pacmanga TBEpHOro pactsopa [2]. Jamee Obuta mpoBeaeHA ONTUMH3A-
UL COCTaBa Ul MOJy4eHHUs Ooyiee BBICOKOW KOPPO3HMOHHOW CTOWKOCTH HpH
HCTIONIb30BAaHHUN CHIPBsI C MPUMECSIMHU, TAKIMH KaK yIiiepon, cepa, pocdop.

Lenpto nanHON pabOTHI ABIIAETCS ONPECIICHHE KOPPO3HOHHOH CTOMKOCTH B
BOJIe BBICOKHX mapametpos (350 °C, 16 MIIa) curaBos Ha ocaoe Fe-CrAl-Si ¢
no6askamu Ti, Nb, Zr, Mo, B, Y u cpaBHeHHE ¢ KOPPO3MOHHON CTOMKOCTHIO
cruaBa 9-110 B TeX e yCIOBHSAX.

B nmanHO# paboTe paccMOTpeHBI CIUIaBwl, cofepxamiue 5 mac.% Cr, 5
Mac.% (Al+Si) 1 ZONOJHUTENBHO JICTUPOBAHHBIC IS MOBBIIICHUS KOMIUIEKCA
cpoiict Ti, Nb, Zr, Mo, B u Y. O6pa3is! ucnbiTanbl mocie nuindoBky Ha ab-
pasuBHOM mosioTHe 600 Mem, B JUCTHJUIMPOBAHHOI BOJE HPH TeMIEpaType
350 °C u paBnenuu 16 MIla. Bpems Boinepxku 1000 u.

B pesynbrare mpoBeIeHHBIX SKCIIEPUMEHTOB YCTAHOBIICHO, YTO N3yUECHHbBIE
CTaIM MMEIOT 0oJiee BBICOKYIO KOPPO3MOHHYIO CTOHKOCTb, B CPaBHEHHH CO
crutaoM 2-110. [TpuBec nns HaumeHee cToMkoro cruiasa cocrasui 0,4 MF/CMZ,
YTO B 2 pa3a MEHblIle, YeM Yy CIUIaBa Ha OCHOBE LUPKOHUS B TeX K€ YCIOBHIX
(0,8 mr/cm?®). HanGosee CTOWKMIA CIIaB MMEET MPUBEC HA MOPSIOK MEHBIIE,
geM y crutaa I-110: 0,08 mr/em?.

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

2. Tarasov B. A. et al. Short-term Mechanical Properties of Fe-Cr-Al-Si Alloys
/IKnE Materials Science. — 2018. — T. 4. — Ne. 1. — C. 491-497.
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CORROSION RESISTANCE OF CHROME STEELS
WITH LOW CHROMIUM CONTENT IN HIGH PARAMETERS
WATER

At the moment, Fe-Cr-Al alloys are being studied in the world for use as
claddings for nuclear fuel rods. The chromium content in these steels ranges
from 10 to 20 wt.%, The aluminum content from 3 to 5 wt.%. Due to their high
corrosion resistance, steels of this class can find their application as claddings
for fuel elements of PWR type reactors, which will allow avoiding a vapor-
zirconium reaction in the event of beyond design basis accidents.

Previously, the authors found that alloys of the composition Fe-5% Cr-5%
(Al + Si) have high corrosion resistance [1] and are not subject to the phenom-
enon of decomposition of a solid solution [2]. Further, the composition was op-
timized to obtain higher corrosion resistance when using raw materials with
impurities such as carbon, sulfur, phosphorus.

The aim of this work is to determine the corrosion resistance in water of
high parameters (350 °C, 16 MPa) of Fe-CrAl-Si-based alloys with Ti, Nb, Zr,
Mo, B, Y additives and to compare with the corrosion resistance of E-110 alloy
at the same conditions.

In this work, we consider alloys containing 5 wt.% Cr, 5 wt.% (Al + Si) and
additionally alloyed to increase the complex properties of Ti, Nb, Zr, Mo, B
and Y. The samples were tested after grinding on a 600 mesh abrasive cloth, in
distilled water at a temperature of 350 °C and a pressure of 16 MPa. Holding
time — 1000 h.

As a result of the experiments, it was found that the studied steels have
higher corrosion resistance in comparison with the alloy E-110. The gain for
the least stable alloy was 0.4 mg/cm?, which is 2 times less than that of an alloy
based on zirconium under the same conditions (0.8 mg/cm?). The most stable
alloy has a weight gain of 10 times less than that of the E-110 alloy: 0.08
mg/cm?.

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

2. Tarasov B. A. et al. Short-term Mechanical Properties of Fe-Cr-Al-Si Alloys
/IKnE Materials Science. —2018. — T. 4. — Ne. 1. — C. 491-497.
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MEXAHUYECKHUE XAPAKTEPUCTUKHA N
OCOBEHHOCTU TPAHC®OPMAIIMOHHOI'O MEXAHU3MA
YINPOYHEHMUS B TBEPJIBIX PACTBOPAX HA OCHOBE
JANOKCHUIA HUPKOHMUSA, COJTIET'MPOBAHHBIX
OKCUIAMMU UTTPUs, HEPUS, HEOOIUMA U UTTEPBUS

Marepuasbl Ha OCHOBE YaCTUYHO CTaOMIM3MPOBAHHOTO JHOKCH[A LIUPKO-
Hust (UCLl) ob6mamaroT BBICOKMMH 3HAa4YCHUAMH TperuHocToiikoctu (3—10
MPa*mllZ), 9T0 00ecreynBaeT UM pasHOOOPa3HbIC MPAKTHUSCKUEC IIPUMCHEHUS
B TpuOOTeXHUKE. JJaHHOE CBOWCTBO OOYCIIOBIICHO WHAYIIMPOBAHHBIM HATIpsDKe-
HUSMH TETParoHaJbHO-MOHOKIMHHEIM (Da30BBIM MEPEX0J0M, TOPMO3SIINM
pacmpocTpaHeHue TpelmHbpl B Marepuane. M3 pabot [1, 2] u3BecTHO, 4TO
CTPYKTYpa, (ha30BbIil COCTaB U MeXaHHUYECKUE CBOiicTBa MOHOKpucTa/LToB YCL]
CYIIECTBEHHO M3MEHSIOTCA B 3aBHCHMOCTH OT KOHIIEHTPAIUH CTa0MINU3UPYIO-
niert mpumecH Y,03. TIpu 9TOM, Kak mokazaHo B pabotax [1, 2], aydiive Mexa-
HUYECKHE XapaKTEePUCTUKH BBISBIEHBI ISl KpUCTAIOB cocraBa Zr0,-2.8
M0i1.% Y,03. Hapsiay ¢ KOHIleHTpanueii OCHOBHOTO OKCHIa CTaOMIM3aTopa Ha
MeXaHUYECKHEe CBOWCTBA OyIET BIHMATH COJETUPOBAHHE IPYTHMMH OKCHIAMH.
OpmHako B HAcTOAIIEEe BpeMs BIUSHHE BUAA COJETHUPYIOIIUX CTaOWIH3HPYIO-
IIMX OKCHIIOB HA MEXaHUYECKHE CBOMCTBA U OCOOCHHOCTH TPOSIBICHUS TPaHC-
(hopMarmOHHOTO MeXaHu3Ma yIpouHeHus B MoHOKpucTamax YCLl nzydeHo B
MEHBIICH CTETIeHH.

B cooTBeTcTBHE € 3THM, IENBIO HACTOSIIECH pabOTHI SBISIOCH BBHISBICHHE
BiMsiHMS Jterupyromux okcuao CeO,, Nd,Os, Yb,0O3 Ha Mexanuueckue xapak-
TEPUCTUKH W OCOOEHHOCTH IPOSBICHUS TPaHCHOPMAIIMOHHOTO MEXaHH3Ma
YIpOUHEHHs B TBEPABIX pacTBopax ZrOp-2 Mom.% Y205-0.8R,03, (rze R-Ce**,
ce™, Nd*, Yb*).

Jns Bcex KpUCTaIOB XapaKTepHO HaJU4HMe Pa3BUTOW JIOMEHHOM TBOWHMU-
KOBOW CTPYKTYpPHI, U CO-JIETHPOBAHNE OKCHIAMH PAa3HOTO BH/IA HE MPUBOIUT K
KaKHM-JIN0O CYIIECTBCHHBIM U3MEHCHHSIM B pa3Mepax U popMe TBOWHUKOB.

PenTtrenoctpykrypHoe wuccienoBanne (a3oBOro cocTaBa KpPHUCTAJUIOB
2.8YSZ, 2Y0.8NdSZ, 2Y0.8CeSZ u 2Y0.8YbSZ mokazano, 4ro mpu oOmien
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KOHIICHTPAIUK CTAOWIM3UPYIOIUX OKCHIIOB, PaBHOI 2.8 M01.%, BUJ COJEru-
pylolero okcuzaa BiusieT Ha Ga3oBbiid coctas kprctayuio YCLI.

HccnenoBaHo BIMSIHUE THMA JIETUPYIOIEH IPUMECH Ha TPEIIMHOCTOWKOCTh
U MexaHU3M TpaHchopManuoHoro ynpoudnenus B kpuctamiax 2Y0.8RSZ, rne
R =Ce, Nd, Y, Yb. Haubonpmvie 3Ha4eHUS TPEUTHHOCTONKOCTH HAOIIOIATHCH
B kpuctaiure 2Y0.8CeSZ, 4ro cormacyercs ¢ ero MakCUMallbHON TpaHCopMa-
LIMOHHOM CIIOCOOHOCTBIO.

Bonee nHTEHCUBHBINM TeTparoHaJbHO-MOHOKIMHHBIN NEpEX0o]l B KpUcTajax
2Y0.8CeSZ o00ycliOBIIEH CHIKCHHEM YCTOWYHBOCTH TpPaHC(HOPMHPOBAHHON
(asbl, YTO CBA3AHHO ¢ MAJLIM HOHHBIM paguycoMm HoHoB Ce'’ 1 conepxkanueM
MEHBIIIETO KOJIMYECTBA BAKAaHCHI KUCIIOPOa B ATOH dase.

Pabora BrinosiHeHa npu noanepskke rpanta POOU Ne 18-32-00533 mon_a.
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MECHANICAL PROPERTIES AND TRANSFORMATION
HARDENING MECHANISM IN YTTRIA, CERIA, NEODYMIA
AND YTTERBIA CO-DOPED ZIRCONIA BASED SOLID
SOLUTIONS

Partially stabilized zirconia (PSZ) based materials have high fracture tough-
ness (3-10 MPa*mY?) which ensures their wide application in tribo-
engineering. This property of the materials originates from the stress-induced
tetragonal to monoclinic transition which impedes crack propagation in the ma-
terials.

It was reported [1, 2] that the structure, phase composition and mechanical
properties of the PSZ crystals depend significantly on the concentration of the
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Y,05 stabilizing impurity. As demonstrated in these earlier publications [1, 2],
the best mechanical properties were achieved in the crystals having the ZrO,-
2.8 mol.% Y,03; composition. Co-doping with other oxides will also affect the
mechanical properties of the materials, along with the concentration of the main
stabilizing oxide. However, the effect of the type of stabilizing oxides on the
mechanical properties and the transformation hardening mechanism in the PSZ
single crystals has been studied insufficiently yet.

Therefore the aim of this work was to clarify the effect of the type of CeO,,
Nd,O; and Yh,O; stabilizing oxides on the mechanical properties and the trans-
formation hardening mechanism in the ZrO,-2 mol.% Y,05-0.8R,0; solid solu-
tions, where R = Ce**, Ce**, Nd**, Yb**.

For all the crystals, the presence of a developed domain-twin structure is
characteristic, and the introduction of various co-doping oxide does not lead to
any significant differences in the sizes and habit of twins.

X-ray diffraction study of the phase composition 2.8YSZ, 2Y0.8NdSZ,
2Y0.8CeSZ and 2Y0.8YbSZ, crystals showed that, for the total concentration
of the stabilizing oxides being the same to 2.8 mol.%, the type of the co-doping
oxide affects the phase composition of the PSZ crystals.

Investigated the effect of the type of doping impurity on the fracture tough-
ness and transformation hardening mechanism in the 2Y0.8RSZ crystals, where
R = Ce, Nd, Y, Yb. Highest fracture toughness coefficient occurs in the
2Y0.8CeSZ crystal, this being in agreement with its maximum transformation
degree. The high intensity of the tetragonal to monoclinic transition in crystals
2Y0.8CeSZ due to a decrease in the stability of the transformed phase, as a re-
sult of the presence of a small ionic radius of Ce*" ions and a less amount of
oxygen vacancies in this phase.

This work was supported by the RFBR grant No. 18-32-00533 mol_a.

1. Borik MA,.Bublik VT, Kulebyakin AV, Lomonova EE, Milovich FO, Myzina
VA, Osiko VV, Tabachkova NYu 2014 Phase composition, structure and mechanical
properties of PSZ (partially stabilized zirconia) crystals as a function of stabilizing im-
purity content J. Alloy. Compd. 586 231-235

2. Osiko VV, Borik MA, Lomonova EE 2010 Synthesis of Refractory Materials by
Skull Melting Technique Springer Handbook of Crystal Growth (Springer Handbooks)
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AHM3O0TPOIUS MEXAUYECKHAX CBOMCTB
TETPATI'OHAJIBHO MOHOKJIMHOI'O ITEPEXO/IA B
KPUCTAVIAX YACTUYHO CTABHUJIM3UPOBAHOI'O ZrO,

B pabore Obuta mW3ydeHa CTPYKTypa, (pa3oBbIi COCTAB M MEXaHUUCCKUE
CBOMCTBA (MHKpPOTBEPIOCTh M TPEIIMHOCTOMKOCTD) KPUCTAJUIOB YACTUYHO CTa-
ommmsupoBanHoro auokcuaa 1mpkoHus (YCIl) B mHTepBaje KOHIICHTpAIIHIA
crabunmuzatopa (OKcuI UTTpus) oT 2 10 4 Moin.%. bputo mokasaHHo, 4TO C yBe-
JMYeHUEM KOHIICHTPALUU OKCHIA UTTPHSA MHKPOTBEPIOCTh YBEIUIHUBACTCA, a
TPEUIMHOCTONKOCTh M3MEHACTCS HEMOHOTOHHO M JIOCTHUTAaeT MAaKCHMyMa IS
KPHCTAIIIOB CTAOMIN3UPOBAHBIX - 3 MOI.% Y,03;. AHU30TpONUS MUKPOTBEPI0-
CTH M TPEIIMHOCTOWKOCTH HM3y4Yajach U IUIAaCTHHKAX, BHIPE3aHHBIX MEpICH-
JTUKYJSIPHO KpHUCTaJuTorpadguueckuM HampasieHusM <100>, <110> u <111>
MU pa3HBIX OpUEHTANMSIX auaroHanei waueHtopa (puc. 1). Ilokazano, 4TO
MUKpOTBep0cTh kKpuctamuioB YCI] cimabo 3aBuCUT OT KpucTaiorpaduueckoit
OpHEHTAINH, B TO BpeMs KaK TPEIIMHOCTOWKOCTh pa3iHyHa Ha pa3HBIX KpH-
craymorpadguyeckux rpaHsax kKpuctraaioB. Camasi BBICOKas TPEIIUHOCTOWKOCTh
Obia mosyueHa Juist Twiockoctd {100} u s AMaroHany WHASHTOPA B HAMpPaB-
neanu <100>, B TO BpeMs Kak camasi HU3Kasi TPEIIeHOCTOHKOCTh HaO0aanach
st iockoctr {110} m quaronanu wHAEHTOpa B HampasieHun <110>. Mero-
JIOM JIOKaJIbHOTO KOMOWHAIIMOHHOTO PaccestHHs OBLIO MPOBEICHO HCCIEeNOBa-
HUE paclpeeieHUs] MOHOKIMHHOM (ha3bl B OKPECTHOCTH OTIledarka. [lokaszaHo,
YTO MAaKCHMaJbHOE KOJMYECTBO MOHOKIMHHOW (a3el (hopMupyercs BHONb
HanpaByieHus: <110> He3aBUCUMO OT JUATOHAIBHOW OpPHEHTAlMHd WHACHTOpA.
Bruto ycranoBneno, nedopmanuu npu (Ha3oBOM Iepexo/ie OKa3bIBaeT pa3iind-
HOE BJIMSHHE HAa POCT TPENIMHBI Ojarogaps aHW30TPONHH, TaKUM 0Opa3oM
TpaHC(HOPMAIIMOHHBI MEXaHW3M YIPOYHEHHS 3aBUCUT OT OPHUEHTAIlUH IUIOC-
KOCTH TPEIIHHBI.

Pa6ota BoInonHeHa mpu noaepkke rpanta PODOU Ne 18-32-00533 moi_a.
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Puc. 1. M3o0paxkenust nBoiiHukoB B kpuctawwiax (a) 2YSZ, (b) 3YSZ u (c)
4YSZ. Orneuatku Ha ob6pasuax (d) 2YSZ, (e) 3YSZ u (f) 4YSZ. U3o6paxenus
MOJISIPU3ALUOHHOM ONTUYECKON MUKPOCKOITMH TOHKMX IUIAcTUH oOpasua 3YSZ
BONM3M oTneyarka B miockocty {100} 1uis tuaroHagbHBIX OpUEHTAMH HHACH-
Topa (g) <100> u (h) <110>.
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ANISOTROPY OF THE MECHANICAL PROPERTIES AND

FEATURES OF THE TETRAGONAL TO MONOCLINIC

TRANSITION IN PARTIALLY STABILIZED ZIRCONIA
CRYSTALS

The structure, phase composition and mechanical properties, e.g. micro-
herdness and impact toughness of partially stabilized zirconia crystals in the 2
to 4 mol.% stabilizing yttria concentration range were studied. It was shown
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that with increasing concentration of stabilizing yttria the microhardness in-
creases while the impact fracture toughness varies nonmonotonically and
reaches the maximum for the partially stabilized zirconia crystal with 3 mol.%
Y,03. The anisotropy of the microhardness and impact fracture toughness was
studied for wafers perpendicular to the <100>, <110> and <111> directions
with different indenter diagonal orientations (fig. 1). It was shown that the mi-
crohardness of the partially stabilized zirconia crystals depends but slightly on
crystallographic orientation whereas the impact fracture toughness differs be-
tween crystallographic faces of the crystals. The highest impact toughness was
obtained for the {100} plane and the indenter diagonal aligned parallel to the
<100> direction, while the lowest impact toughness was obtained for the {110}
plane and the indenter diagonal aligned parallel to the <110> direction. Local
Raman study of the monoclinic phase distribution in the vicinity of the indenta-
tion shows that the maximum quantity of the monoclinic phase forms along the
<110> direction regardless of indenter diagonal orientation. It was shown that
the strain anisotropy during the phase transition has variable effect on crack
impedance. The effect of transformation hardening mechanism depends on
crack plane orientation and transition induced stress.
This work was supported by the RFBR grant No. 18-32-00533 mol_a.

o ] Bl R,

Figl. Images of twins in the (a) 2YSZ, (b) 3YSZ and (c) 4YSZ crystals. Inden-
tations on the (d) 2YSZ, (e) 3YSZ and (f) 4YSZ specimens. Polarization optical
microscopy images of thin 3YSZ specimen plates near indentation in the {100}
plane for the (g) <100> and (h) <110> indenter diagonal orientations.
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BJIMSAHUE CTPYKTYPBI XPOMOBOI'O IIOKPBITUSA HA
OBOJIOYEYHBIX TPYBAX U3 CIIIABA Zr-1%N B-(O, Fe) HA
ET'O 3AIMTHBIE CBOUCTBA

HeorbemneMbIM ycloBUEM pa3BUTHS aTOMHON PHEPreTHKHU SIBISETCS IO-
BhIIeHHEe Oe3zomacHocTH ADY. [l npenoTBpalieHus napo-IMpKOHUEBOH pe-
aKIM{ TPY MOBBIILICHHOW TEMIEepaType CO3JAl0TCsl IMPKOHHEBbIE 000JOYKU C
3alUTHBIMU MOKpHITHSAMH [1,2]. BeiOop Xxpoma B kadecTBe MaTepHajia MOKpHI-
THSI 00YCIIOBJIEH BBICOKOH KOPPO3HMOHHOW CTOMKOCTBIO METaIa U MajbIM Ce-
YEHHEM 3aXBaTa TEIUIOBBIX HEUTPOHOB.

B manHO#1 paboTe pOBeAEHO CpaBHEHHE 3AlIUTHBIX CBOMCTB JIBYX XpOMO-
BBIX MOKPBITHH, MOIYYEHHBIX M0 Pa3HBIM TEXHOJIOTHYECKUM PEKUMAM METO-
JIOM MarHeTpOHHOTO HAIbIICHUS Ha 00osioueyHble TPYOb! U3 cmtasa O110omr.
B nporecce HaHeceHUs MOKPBHITHH B HUX CHOPMHUPOBAIACH Pa3Hasi CTPYKTYpa.
IToxpeitue Ne 1 umeno tommuny 9-10 MKM M XapakTepH30BalIOCh CTOJIOYATHI-
MU KpucTauiamu pasmepom 0,2 MKM U cTporoii opuenrtanmeit {111}<112> no
Bcell cBoel TommmHe, MOKphITHE Ne 2 mmeno TommuHy 12-14 MM, pasmep
cToi04aTeix KpucTauioB — 1,0 MM n ux opueHtanuu — {111}<110> u
{100}<011>. MeTogaMu 3JIeKTPOHHON MHKPOCKOIIMH M PEHTTEHOBCKOTO aHa-
JM3a yCTAHOBIIEHO OTCYTCTBHE IMPOMEKYTOUYHBIX (a3 MpH B3aUMO/IEHCTBUH T10-
KPBITHS ¢ 1MOUI0KKOH. OTHAKO aHallM3 PEHTTEHOBCKOH AN(PaKTOrpaMMBl, MO-
Jy49eHHOH Ha CHHXPOTPOHHOM M3IYY€HHH, CBHAETEILCTBYET 00 0Opa3oBaHNU
npoMekyTogHor ¢a3sl ZrCry.

Oxucienue 000I09eYHbBIX TPYO C ONMMCAHHBIMU MOKPBITHSMH NTPOBOIMIOCH
Ha Bo3zyxe B TemreparypHoM untepBaie 400-1150 °C B Teuenue 1 u. M3yuena
KUHETHKa OKHCIICHUS! 000JIOUEYHBIX TPYO M pasBUTHs CTPYKTYpPBl MaTepuaa.
ITocne omxura Ha Bo3ayxe mpu Temmeparype 1100 °C B Teuenune 1 4 mexmy
MOKPBITHEM U TIO/II0KKOH (POPMUPYETCsI HHTEpMETAIUTHIHBIH cioii (Zr, Nb)Cr,
TOMIUHON 710 3 MKM. [lepBoe MOKPHITHE U3MEHSIET CBOIO TOJIIIUHY JI0 5-6 MKM,
YTO MOXET OBITh 00YCIIOBICHO 00pa3oBaHWEM HWHTEPMETaUIUIHOTO ciost. Ok-
CUIHYIO (pa3y Ha IOBEPXHOCTH IOKPHITHS HE yAI0Ch OOHAPYKHUTh PEHTI€HOB-
ckuMH MeTtonamu. [Ipn OKHCIEHMH BTOPOTO MOKPHITHS HaOmIOmaeTcs AO0CTa-
TOYHO TOJICTBII CITOM OKCHIHOM (a3sl, COCTABIAIOMNN 3-4 MKM, 3TO TIPUBOIUT
K COKpAIEHHIO TOJIIIMHBI XpoMoBOoro Mokpeitus. Ilocne oTxura tpy6 ¢ mo-
KkpeiTisivu 1ipu Temneparype 1100 °C mo cedeHmro cTeHKH HabronaeTcst oopa-
30BaHME Nop. B ciiyuae mepBOoro MOKpBITHs HOPHI PACHOIOKEHBI HA T'PaHMIE
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UHTEPMETAJLTUIHOTO U XPOMOBOIO CJIOEB, @ B CIIy4ae BTOPOIO MOKPBITUS HOPBI
pacrpesieieHbl 10 TOJIIKMHE XPOMOBOTO M OKCHAHOro cioeB. Hamwume mop
00YCIIOBIICHO Pa3IMYMsIMH B TEMIIEPaTYpPHOM pacUIMPEHUH UCXOIHBIX U 00pa-
3YIOIMIUXCS NPU OTKUTE€ HOBBIX CJIOEB! MHTEPMETAJUIMHOIO U OKCHUAHOTO.
XpoMoOBO€ HOKPBITHE, B CIydae OTCYTCTBUS B HEM TPELUH, HAJEKHO 3allUIIa-
eT OT KHciopona obonodedHyto TpyOy. MoaennpoBaHHe MOBEICHUS TB3JA C
XPOMOBBIM MOKPBITHEM B YCJIOBHSX MaHEBPHPOBAHHS MOIIHOCTBIO PEaKToOpa
MOKA3aJI0 Pa3BUTHE B XPOMOBOM IOKPBHITHH BBICOKMX COKMMAIOIINX HAIPSDKE-
HUH.

1. Tpuropses B.IO., UBanos A.B., KmoxoBa K.E. u gp. Ctpykrypa 3a-
IIUTHOTO XPOMOBOTO MOKPBITHS, MMOJIYYEHHOTO METOJOM TEPMHYECKOTO HCIa-
pEeHUsI B MarHETPOHHOM pa3psiie Ha 000J04YeYHBIX TpyOax u3 crasa D110 //
setnbie Metamibl. —2019. —Ne916. C.33-40.

2. Tlerensry3zoB M.A. BiusHuMe 3alIMTHBIX TOKPBITHH W3 QIIOMHHUS U
XpoMa Ha OKHCJICHHE IIMPKOHMS M €ro CILIaBoB // Bompockl aToMHOW HayKu U
texHuku. —2012. —Ne2. C.114-119.
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INFLUENCE OF THE STRUCTURE OF CHROME
COATING ON CLADDING TUBES FROM Zr-1%NB-(O, Fe)
ALLOY ON ITS PROTECTIVE PROPERTIES

An essential condition for the development of nuclear energy is to increase
the safety of nuclear power station. To prevent vapor-zirconium reaction at
high temperatures, zirconium cladding tubes with protective coatings are creat-
ed [1,2]. The choice of chromium as a coating material is due to its high corro-
sion resistance and the small capture cross section of thermal neutrons.

In this work, we compare the protective properties of two chrome coatings
obtained according to different technological modes by the method of magne-
tron sputtering on the cladding tubes made of E1100pt alloy. In the process of
coating, the different structures were formed in them. Coating Ne 1 had a thick-
ness of 9-10 um and was characterized by columnar crystals with a transverse
size of 0.2 pm and strict orientation {111}<112> throughout its thickness, coat-
ing Ne 2 had a thickness of 12-14 um, the size of columnar crystals was 1.0 pm
and their orientations are {111}<110> and {100}<011>. Using electron mi-
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croscopy and X-ray analysis, the absence of intermediate phases between the
coating and the substrate was established. However, the analysis of the X-ray
diffraction pattern obtained by means of synchrotron radiation indicates the
formation of an intermediate phase of ZrCr,.

The oxidation of cladding tubes with the described coatings was carried out
in air in the temperature range from 400 to 1150 °C for an hour. The kinetics of
the oxidation of cladding tubes and the development of the material structure
were studied. After annealing in air at a temperature of 1100 °C for an hour, an
intermetallic layer (Zr, Nb)Cr, with a thickness of up to 3 um is formed be-
tween the coating and the substrate. The first coating changes its thickness to 5-
6 microns, which may be due to the formation of an intermetallic layer. The ox-
ide phase on the surface of the coating could not be detected by X-ray methods.
During the oxidation of the second coating, a sufficiently thick layer of the ox-
ide phase is observed, amounting to 3-4 um, this leads to a reduction in the
thickness of the chrome coating. After annealing of tubes with coatings at a
temperature of 1100 °C, pore formation is observed along the wall section. In
the case of the first coating, the pores are located at the interface between the
intermetallic and chromium layers, and in the case of the second coating, the
pores are distributed over the thickness of the chromium and oxide layers. The
presence of pores is due to differences in the thermal expansion of the initial
and new layers formed upon annealing: intermetallic and oxide. The chrome
coating, in the absence of cracks in it, reliably protects the cladding tubes
against oxygen. Simulation of the behavior of a chromium-coated fuel element
under conditions of maneuvering the power of the reactor showed the develop-
ment of high compressive stresses in the chromium coating.

1. Grigoriev V., lvanov A., Klyukova K. et al. The structure of a protective chrome
coating obtained by the method of thermal evaporation in a magnetron discharge on
cladding tubes of alloy E110 // Non-ferrous metals. —2019. —-Ne 916. P.33-40.

2. Petelguzov I. The effect of protective coatings of aluminum and chromium on the
oxidation of zirconium and its alloys // Questions of atomic science and technology.
2012. —Ne2. P. 114-119.

The reported study was funded by RFBR according to the research project Ne 18-32-
00619
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N3MEPEHME BHYTPEHHEI'O TPEHUSA CIIJIABA 2110
IHOCJIE OKUCJIEHUA U ABOTUPOBAHUA

Merto BHYTPEHHETO TPEHUS C HCIIOIb30BaHNEM petakcanuy CHyKa IUpo-
KO HCIIONIB3YETCS ISl M3YUeHUs ToBeaeHus npumMeceil BHeaperus B OLIK me-
Tamax U ciuaBax. B uncteix I'TIY meramnax pemakcammst CHyka He Habmoa-
eTcs B cmily cuMMeTpud pemérkn. OfHaKo IpU HAJWMYUM B CIUIaBE MPUMECH
3aMEIICHNS BO3HUKACT aCCUMETPUYHOE WCKKEHHWE PEHIETKH, M IPU HPHUIIO-
JKCHUH 3HAKOTIEPEMEHHON Harpy3Ku BO3MOXKHO HaOumtozenue penakcanuu CHy-
Ka aTOMOB BHEJpEHHs BOJHM3M aTOMOB 3aMelneHus. B crae 9110 ocHOBHOM
MPUMECHIO 3aMeIleHHs sBIsieTcs HHoOuil. Bennuuna addekra nomkHa 3aBu-
CeTh OT KOJIMYECTBA aTOMOB 3aMEILICHUS U OT COJIepKaHMA IpUMecel BHexape-
HUSL.

IIpoBeneHsl U3MepeHUs: BHYTpPEHHEro TpeHus ciuiaBa D110 B ucxomHom
cocrosiHuu 0 temneparyp 600-750 °C, moBTOpHBIE M3MEPEHUS B TEX XKE
YCIIOBUSIX, U3MEPEHMSL TOCIE OKUCIIEHUs Ha Bo3ayxe npu 600 °C B TeueHue 4-
X 4acoB, IIOCJIE OKUCICHHUS Ha BO3AYyXE M IOCIeAyIomero A y3HOHHOTO OT-
JKHTa, a TAaKKe I0CIIe a30TUPOBAHUS B a30T€ TEXHUUYECKOH YMCTOTHI NMPH TEM-
neparypax 600-760 °C B teuenue 0,5-1 yacoB. YCTaHOBIEHO, UTO IPU OKHUC-
JICHWM Ha BO3AyX€ BBICOTA 3E€PHOTPAHUYHOTO MAaKCHMyMa CHCTEMAaTHYECKH
YMEHBIIIAETCs C HE3HAYUTEIHHBIM CMEIICHUEM TI0 TeMIIepaType, a IMocie OKHUC-
nenust 1 1 Hy3MOHHOTO OTXKUTA TMOSBUIICS MakcuMyM nipu 352 °C, ¢ aHepru-
el aktuBammu 152 xJ/MoJb. DTO, MO-BUAUMOMY, KUCIOPOIHBI MaKCHMYyM,
OJTHAKO yCpeIHEHHOE BEpOSTHOE 3HAYCHUE SHEPTrUM aKTHBALUK Tuddy3un s
KHACJIOpO/la B IHMPKOHMU 10 JIUTEPATypHBIM JaHHBIM  cocTaBister 202
k/Ix/Moms (pa3dpoc 201,8; 184,2; 229 k/Ix/moins). [locne a3oTupoBaHus npu
600 °C B Teuenue 0,5-1uaca NMOSBUICS JONOJHUTEIbHBIA MakCUMyM Ipu 680
°C ¢ sHeprueit aktuBanuu 236 kJ[»/MOJb, 9TO XOpOIIO COBMAJAET C JIMTEpPa-
TYpHBIMH JaHHBIMH Juiss Juddysun azora B mupkonum (222; 238,6; 241
kJx/mMouw). IIpoBenieHo pasienieHne CrieKTPOB Ha MapluajbHbIe MaKCUMYMBI U
pacuérsl 3¢ (heKTHBHON SHEpruy aKTHBaIHK 1o Gopmyie Bepra-Mapkca.
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MEASUREMENT OF THE INTERNAL FRICTION OF E110
ALLOY AFTER OXIDATION AND NITRATION

The internal friction method with Snook relaxation is widely used to
study the behavior of interstitial impurities in b.c.c. metal and alloys. In
pure h.c.p. metals, Snook relaxation is not observed due to the lattice sym-
metry. However, in the presence of substitutional impurities in the alloy,
asymmetric distortion of the lattice occurs, and when an alternating load is
applied, it is possible to observe the Snook relaxation of interstitial atoms
near substitutional atoms. Niobium is an impurity of substitution in alloy
E110. The magnitude of the effect should depend on the number of substitu-
tion atoms and on the content of interstitial impurities.

The internal friction of the E110 alloy was measured in the initial state
from room temperature to temperatures of 650-700 ° C, repeated measure-
ments under the same conditions, measurements after oxidation in air at 600
° C for 4 hours, after oxidation in air and subsequent diffusion annealing,
and also after nitriding in nitrogen of technical purity at a temperature of
600-760 ° C for 0,5 and 1 hour. It has been established that during oxidation
in air, the height of the grain boundary maximum systematically decreases
with an insignificant temperature shift, a nd after oxidation and diffusion
annealing, a maximum appeared at 352 ° C, with an activation energy of
152 kJ / mol. This is apparently the oxygen maximum, but the average
probable value of the diffusion activation energy for oxygen in zirconium
according to published data is 202 kJ / mol (scatter 201.8; 184.2; 229 kJ /
mol). After nitriding at 600 ° C for 0.5-1 hour, an additional maximum ap-
peared at 680 © C with an activation energy of 236 kJ / mol, which is in
good agreement with the literature data for nitrogen diffusion in zirconium
(222; 238.6; 241 kJ / mol ). The spectra were divided into partial maximums
and the activation energies were calculated.
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HNCCIEAOBAHHUE CTPYKTYPHO-®A30BOI'O COCOsSAHUA
MASTHOTI'O COEAUMHEHUSA 9K-181/V/W, TIOJYYEHHOI'O
C UCIIOJIB30BAHUEM BbICTPO3AKAJIEHHOI'O ITPUIIOSA
Cu-28Ti HIPUMEHUTEJBHO K TEPMOSIIEPHOMY
PEAKTOPY JEMO

Crparerus pasBUTHSA TEPMOSIIEPHOM SHEPreTHKU IpeaycCMaTpUBaeT, YTO
CJICIYIOIIMM 3TArioM IMocie Havana (GyHKIHOHHpoBaHus peakropa UTIP Oy-
JIeT MyCK AeMoHcTparoHHoro peaktopa JEMO. Kaxnas u3 xoHuenuuit mon-
pazymMeBaeT HaJIM4Yue TUBEPTOpa W ONaHKeTa — HamOoJee HANpPSHKEHHBIX dJie-
MEHTOB KaMepbl. B aToM ciydae marepuanom, obparieHHbIM k wiazme (OIIM)
Oynmer sBIATBCS BOJb(paM, a MaloakTUBHpyemas (eppUTHO-MapTECHCUTHAS
CTalb 00ECHEeYNT HEOOXOAMMYI0 KOHCTPYKIMOHHYIO MPOYHOCTH. IIpsiMoe co-
eIMHEHHUE BOJIb(paMa 1 CTAIN MPAKTUIECKH HEBO3MOXKHO M3-3a 3HAYUTEIHHBIX
pa3nuuni MX GU3NIECKUX CBOIMCTB, B YACTHOCTH PA3IMYHBIX Kod(duimeHToB
nmuHeiHOTO TepMmudeckoro pacmmperus (KTP), uro mMoxxeTr mpuBecTH K BO3-
HUKHOBEHHIO OOJBIIMX OCTATOYHBIX HAINPSDKEHUI BO BpeMs OXJIQXKICHUS, U B
pe3yJsbTaTe K pa3pyIIeHHIO COSANHEHUS.

B nHacrosmieit paboTe paccMOTpPEHO NPHUMEHEHHE BBICOKOTEMIIEpAaTypHOM
Mmaky ObICTPO3aKaJCHHBIMU JICHTOUYHBIMH CIUIaBaMH-TIPUIIOSIMH, a U KOM-
MEHCAIlMN HANpPsDKEHHH PacCMOTPEHO NPUMEHEHHE BaHAIUEBON IPOCTABKH.
[Monyueno masuoe coexunerne DK-181/Cu-28Ti/V/Cu-50Ti/W mo pexumy
1100°C, 60 mun + 720 °C 180 MuH, 4TO COOTBETCTBYET PEKMMY TPAAUIUOH-
HOit TepmoobpaboTku cramu DK-181 [1].

B pabote mpuBeneHBI pe3ynbTAaThl HCCIEAOBaHWN masHoro mmBa K-
181//Cu-28Ti//V, npencrasnen ananu3 masHoro mBa V//Cu-50Ti/W audpak-
UOHHBIME MeTonamu: EBSD, uccnenoBanus peHTreHOBCKON TU(paKIUH, KO-
TOpbIe MPOBOJWIN Ha dKcnepumeHTtanbHoil craHnuu «PCA» KypuaroBckoro
MCTOYHHMKA CHHXPOTPOHHOTO H3JIy4eHHMs1, B paboTe [2] mpeacTaBieH aHaIU3 I1a-
sroro msa V//Cu-50Ti/W teMu xe MeTomamu.

Ha pucynke 1 mpencraBieHa MHKPOCTPYKTypa masiHoro msa JK-181//Cu-
28Ti//V. OTYeTIIMBO BBIAEISITCS IEPEX0.T (PEPPUTHO-MAPTEHCHUTHOMN CTPYKTYPHI
CTaJIi B 00J1aCTh KPYITHBIX BBITSHYTHIX (DEPPUTHBIX 3€peH ATUHOM mopsaaka 200
MKM. BOJM3u moBepXHOCTH paszzena craib/V oTMeuaeTcsl HaJuune BhIJCICHUH
MEIHOTO IIBETa, a TAaKXKe HaJMJhe MEJKHX PacCHIMYaThiX BKparuieHHd. Otme-
YyaeTcs 3HAUYUTENbHAst OPO3Hs BaHAANS PACIIaBOM.
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B03M0XHO, 3TO MOXET OBITH CBS3aHO
CO CHEAYIOIUM: IIPU IUIABICHUU HPUIIOS,
YIIIepoA U3 CTalU HauMHAeT aKTHBHO B3a-
UMOJICUCTBOBaTh C THTaHOM ¢ 0Opa30Ba-
uueM TiC. Takum oOpaszoM, KapOUIOB
CTaHOBHUTCS JOCTaTOYHO IS MOJABICHHUS
nporecca omuiaBieHus cramu. I[lostomy
Opu  ucHonb3oBanuu  mpumnoeB  Cu-Ti
HaOJlfoaeTcs 3HaYUTebHAs SPO3US BaHA-
THSL.
Pucynox 1 — TTasmsiii mos Jus  yrouneHust (pa3oBOro cocTasa
K-181//Cu-28TilIV nposesed EBSD ananusa, n300paxeHHbIH
Ha pUCYHKe 2.

YCTaHOBIEHO, YTO MHKPOCTPYKTypa MasHOTO IIBa COCTOUT U3
1) dbepputHO-MapTeHCUTHAS 30HA; 2) 00iacTh deppura, 3) obnacts ¢ Ghopmu-
poBaHMeM KapOua THTaHa. [laHHYIO 30HY MOXKHO pa3feinTh Ha ABE 00IacCTH:
a — MeJKast pPOCCHIIb KapOuaa BHYTpH QeppHUTHBIX 3epeH, b — mIoTHas pocchinb
KapOunoB, 4) 00JacTh SpO3WU BaHANWA 5) YMCTHIM BaHamuil. Ha pucynke 2
3BE3/I0YKaMU OTMEUYCHBI HIeHTH(HIpoBaHHbIe (a3bl. L[BeT 3Be3m0ueK U npsi-
MOYTOJIbBHUKOB COOTBETCTBYET LIBETY JNHHUHM KHKKy4YH, N300pa’keHHBIX Ha pH-
cyake. EBSD ananm3 moka3siBaeT, 9To B 007acTH 2 jkene30 HaXxoauTcs B op-
me ¢eppute (cunmii uBer). BrisBiaeno ¢opmuposanne O(Fe,V) (xpacHblit
L[BET), KOTOpasi Takke MACHTH(MOUIMPYETCS NMPU UCIOJIB30BAHUU JIPYTHX MPH-
noeB. OTIUYUTENHHON 4epTOil COeAMHEHHH, MONyYeHHBIX C HCIOIb30BaHHEM
npurnoeB cucrembl Cu-Ti, siBiseTcs Haau4yue KapOUAHBIX (a3 ¢ TUTAHOM, NPU
stom EBSD ananu3 BeIsBIsieT aBa BHIa KapouaoB: pocchinb TiC (3kenThiil) co
croponsl ctanu, u TiVC, (3eneHslii) co CTOPOHBI BaHAAMS.

Takum oOpazom, B pa-
00Te TMOKa3aHO, YTO Masi-
, moB DK-181//Cu-

28Ti//V cocrout u3: dep-
puTa, KapOuma THUTaHA,
a-Fe cinoxxuHoro kapouma TiVC,,
u curma daser 6(Fe,V).

6(Fe,V)~60Fe-
30V, at.%
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Pucynox 2 —
EBSD ananus nas-
noro msa V//Cu-
28TillW

TiVC,
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STUDY OF STUDY OF THE STRUCTURAL PHASE STATE
OF THE BRAZED JOINT EK-181/V/W OBTAINED BY
RAPIDLY QUENCHED Cu-28Ti BRAZING ALLOY FOR DEMO
FUSION REACTOR

The thermonuclear energy development strategy provides that the next stage
after the start of operation of the ITER reactor will be the launch of the DEMO
demonstration reactor. Each of the concepts implies the presence of a divertor
and blanket - the most stressed elements of the camera. In this case, the plasma
facing material (PFM) will be tungsten, and reduced-activated ferritic-
martensitic steel will provide the necessary structural strength. The direct con-
nection of tungsten and steel is practically impossible due to significant differ-
ences in their physical properties, in particular, different coefficients of linear
thermal expansion (CTE), which can lead to the appearance of large residual
stresses during cooling, and as a result to the failure of the joint.

In this paper, the use of high-temperature brazing with the use of rapidly
quenched into ribbon filler alloys is presented, and the use of a vanadium inter-
layer is considered to reduce the stresses. The brazed joint EK-181 / Cu-28Ti /
V / Cu-50Ti / W was obtained according to the regime of 1100 ° C, 60 min +
720 ° C for 180 min, which corresponds to the conventional heat treatment of
steel EK-181 [1]. The paper presents the results of studies of the brazed seam
EK-181 // Cu-28Ti // V: EBSD, X-ray diffraction studies that were carried out
at the RSA experimental station of the Kurchatov source synchrotron radiation,
the paper [2] presents the analysis of the soldered seam V // Cu-50Ti /W by the
same methods.

Figure 1 shows the microstructure of
the brazed seam EK-181 // Cu-28Ti // V.
The transition of the ferritic-martensitic
A g steel structure to the region of large elon-

Bl B gated ferritic grains with a length of about

: . 200 um is clearly distinguished. Near the

Figure 1 — Brazed seam  steel / V interface, copper precipitates are
EK-181//Cu-28Ti/IV noted, as well as small friable inclusions.

Significant erosion of vanadium by the melt is noted. Perhaps this may be
due to the following: when the brazing alloy melts, carbon from steel begins to
actively interact with titanium to form TiC. Thus, carbides become sufficient to
suppress the process of steel reflow. Therefore, when using Cu-Ti brazing al-
loy, significant erosion of vanadium is observed.
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To clarify the phase composi-
ion, an EBSD analysis was per-
ormed, which is shown in Figure
2. It was established that the mi-
aicrostructure of the brazed seam
consists of: 1) ferrite-martensitic
zone; 2) the region of ferrite; 3)
he region with the formation of
titanium carbide. This zone can
tbe divided into two areas: a - fine
carbide placer inside ferrite

TiVC, grains, b - dense carbide placer,
4) vanadium erosion region 5)
pure vanadium. In Figure 2, the

Figure 2 — identified phases are marked with

EBSD brazed asterisks. The color of the stars
. seam analysis and rectangles_ corres_pt_)nds to the
=R e \V//Cu-28Ti//W _color of the Kikkuchi lines shovv_n
6(Fe,V)~60Fe- in the figure. EBSD analysis
30V-...,at.% proves that in region 2, iron is in
the form of ferrite (blue color).

The formation of 6 (Fe, V) (red color) was revealed, which is also identi-
fied when using other solders. A distinctive feature of the compounds obtained
using solders of the Cu-Ti system is the presence of carbide phases with titani-
um, and EBSD analysis reveals two types of carbides: TiC placer (yellow) on
the steel side, and TiVC2 (green) on the vanadium side.

Thus, it was shown in the work that the brazed seam EK-181 // Cu-28Ti //V
consists of: ferrite, titanium carbide, complex carbide TiVC2, and sigma phase
6 (Fe, V).

The study funded by RFBR according to the research project No. 18-32-
00147.

1. Leontiev-Smirnova M.V. et al. Microstructure and mechanical properties of low-
activated ferritic-martensitic steel EK-181 (RUSFER-EK-181) // Promising materials.
2006. Vol. 6. P. 40-52.

2. High-temperature braking of tungsten with EK-181 steel for the first wall of the
DEMO thermonuclear reactor. Bachurina DM, Suchkov AN, Gurova Yu.A., Sevryukov
ON, Report collection of the 16th International Scientific and Technical Conference
“Quick-Tempered materials and coatings.
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HUCCIEJOBAHUE MUKPOCKOIIMYECKUX ITPUYINH
PAJTMAIIMOHHOI'O YIIPOYHEHUSA CTAJIEN DK-181
N 4C-139 C HIOMOIIBIO UMUTAIIMOHHOI'O OBJIYYEHUA
NOHAMMUA

Hacrosimas pabora mocBsiieHa KOMIZIEKCHOMY HCCJIEOBAaHUIO TPOLIECCOB
paaraoHHOro yIpoyHeHHs1 peppuTHO-MapTeHCUTHBIX craneit OK-181 u UC-
139 ¢ npumeHeHreM 00JIydeHUs TSXKeNbIMU HoHamMu Fe mpu temmneparypax 250
- 400 °C o nmoBpexaanmux 103 ~ 6 cHa. BEIMOIHEH KOJTWYeCTBEHHBIN aHaAIN3
paaraoHHO-UHYIUPOBaHHBIX H3MEHEHUI MUKPOCTPYKTYpHI cTaneit DK-181
n YC-139 meTomamu npocBEUMBAIOIIEH 3JIEKTPOHHOW MUKPOCKONMH U @TOMHO-
30H10BOH ToMorpadun. VccnenoBanue ynpodHeHHs 0OIydeHHBIX HOHAMHU 00-
pa3moB crajneil MeTojaMy HAaHOWHJCHTHPOBAHHSA W OLEHKH B paMKax MOJCIH
IHUCIEPCHBIX 0apbhepoB IOKa3ano, 4YTO OOHApyXEHHBIC PaIUAIMOHHO-
WHJIyIIMPOBAaHHBIE KJIACTEPhl M TUCIOKAIlMOHHBIE TETJIM WIPAIOT CYHIECTBEH-
HYIO pOJb B HHM3KOTEMIIEPATYpHOM paJHMallMOHHOM YNpO4HeHHMH craneid DK-
181 n UC-139.
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STUDY OF MICROSCOPIC ORIGINS OF RADIATION
HARDENING OF FERRITIC-MARTENSITIC STEELS RUSFER-
EK-181 AND ChS-139 IN SIMULATION EXPERIMENT WITH
HEAVY ION IRRADIATION

This study is devoted to comprehensive analysis of nanoscale processes of
radiation hardening of ferritic-martensitic steels using heavy ion irradiation at
temperatures of 250 — 400 °C to damage doses of ~ 6 dpa. Quantitative analysis
of radiation induced microstructure changes of Russian ferritic-martensitic
steels RUSFER-EK-181 and ChS-139 by transmission electron microscopy and
atom probe tomography was performed. The study of hardening of the steel
samples irradiated with ions by nanoindentation and the assessment of harden-
ing within the framework of the dispersed barrier model showed that observed
radiation-induced clusters and dislocation loops played significant role in the
low-temperature radiation hardening of the RUSFER-EK-181 and ChS-139
steels.
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HNCCIEAOBAHUE ITPOIECCOB PACIIBIVIEHU A
U NOHHOW UMILIAHTAIIAU ITPA OBJTYYEHAU TOHKHUX
BOP - TATAHOBBIX M BOP - YIJIEPOJIHBIX IUIEHOK
NOHAMMU I'EJIUA 1 BOAOPOJA

BopoyrneponHble IIEHKH NPUMEHSAIOTCS ISl 3alIUTHl 3JEMEHTOB KOH-
CTPYKIMIA 0OpalIeHHBIX K IUTa3Me B TEPMOSICPHBIX ycTaHOBKax [1]. B mpomec-
ce paboTHl OHM AETPaIUpYIOT M TEPSIIOT CBOM 3aIMTHBIC CBOMCTBA. B maHHOM
paboTe chenaHo HPEAINONIOKEHHE, YTO NMOKPBITHS Ha OCHOBE OOpWaa THTaHA
MOT'YT UMETh OOJBIINHA Pecypc NMPH CXOAHBIX C OOPOYIIIEPOTHBIMH TUICHKAMH
3alIMTHBIMU CBOMCTBAMH. Y CTOWYHMBOCTH OOpHa THTaHA K HOHHOMY pacrblie-
HUIO ObLJIa UCCleIoBaHa HaMU paHee B [2]. Tak ke MoJiyueHHbIe paHee Pe3yb-
TaThl MOKa3aJd JOCTATOYHYIO 3(P(PEKTUBHOCTh HCHONB30BaHus Merona DC-
MarHeTpOHHOTO PaCIbIICHUS! KOMIIO3UTHON KaTOXHON MHUIICHH JJIS TTOJTyYEeHUS
MOKPBITHH ¢ cucTemMoii 6op-tutas [3].

OJHUM M3 YYUTHIBAEMbIX [TAPAMETPOB TIPH BHIOOpE MaTEpHAIOB sl CO3/1a-
HUS 3JIEMEHTOB, OOpalIeHHBIX K IUIa3Me, SBISIETCS 3aXBaT HOHOB BOJOPOJA U
renus. B pabore mpeacTaBieHsl pacyeTHbIE 3HAYSHUS 1IpoOera HOHOB BOIOPO-
Jia, Aeitepust U renust B OOp-yrJIepOJHBIX U OOP-THTAHOBBIX IJICHKAX Pa3iIny-
HOU kKoH(purypanuu (pucyHok 1). Tak ke OBIT OICHEH BKJIA 3TUX MOKPHITHH
Ha 3aXBaT MOHOB BOJIb()paMOM (PHCYHOK 2) TIpH Pa3IMIHON TOJIIUHE IIEHKH.
Pacyersr mpoBOIMIIMCH ¢ OMOINBIO TporpaMMHoro makera SRIM-2012, mns
KaXJI0ro 3HadyeHue npobera paccuutaHo mojenupoBanueM 10 000 xackanos.
CocTaB IUIEHOK TpUBe/IeH B Tabiuie 1. DHeprust HOHOB BEIOpaHa COTJIACHO Ta-
pametpoB UTOP.

Tabmmma 1. DneMeHTHBIN cocTaB OOPUIHBIX IUIEHOK (aT. %)

Ne B C H O) Ti
1 41,6 8,3 50

2 60,48 27,11 11

3 86 6 8

4 52 12,5 26,8 8,7
5 76 4 4 14
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PaboTa BBIMOJIHEHA B paMKaX IMPOTPaMMBbl TPAHTOBOTO (hDHHAHCHPOBA-
H1sE MuHKcTepcTBa 0Opa3oBanus Pecniyonmku Kazaxcran AP05134758.
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RESEARCH OF SPRAYING AND ION IMPLANTATION
PROCESSES IN IRRADIATION OF THIN BORON - TITANIUM
AND BORON - CARBON FILMS BY HELIUM AND
HYDROGEN IONS

Borocarbon films are used to protect structural elements facing the plasma
in fusion plants [1]. During operation they degrade and lose their protective
properties. In this work it has been suggested that titanium boride-based coat-
ings may have a longer life with protective properties similar to boron-carbon
films. The resistance of titanium boride to ion sputtering was studied by us ear-
lier in [2]. Also, the previously obtained results showed sufficient efficiency of
using the DC-magnetron sputtering method of a composite cathode target to
obtain coatings with the boron-titanium system [3].

One of the parameters taken into account when choosing materials for creat-
ing elements facing the plasma is the capture of hydrogen and helium ions. The
work presents the calculated mean free paths of hydrogen, deuterium and heli-
um ions in boron-carbon and boron-titanium films of various configurations
(Figure 1). Has been rated impact of these coatings at various film thicknesses
for ion capture in tungsten (Figure 2). The calculations were carried out using
the software package SRIM-2012, for each mileage value is calculated by mod-
eling 10,000 cascades. The composition of the films are shown in table 1. The
ion energy is selected according to the ITER parameters.

Table 1. The elemental composition of boride films (at.%)

Ne B C H 0 Ti
1 41,6 8,3 50

2 60,48 27,11 11

3 86 6 8

4 52 12,5 26,8 8,7
5 76 4 4 14
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_ OKHCJIEHHUE BOP-TUTAHOBOI'O
TOHKOIUVIEHOYHOI'O HIOKPBITUS ITPU HUK/IMYECKHUX
HUCIIBITAHUSAX HA TEPMOY JIAP

Co3naHue HEHUTPOHHO-TOTIIOMIAOIIMX IHOKPBITHI HAa OCHOBE COEIMHEHUN
OOp-TUTaH MMEIOT 3HAYUTEIbHYIO NEPCIEKTHUBY Pa3BUTUS U MCIOJIH30BAHUSA
NpU XpaHeHUH oTpadoTaBuUIero siiepHoro tommBa [1, 2]. OxHON U3 BaKHBIX
XAapaKTEPUCTUK 3TUX IOKPBITUM SBIIETCS UX YCTOMYHMBOCTh K BO3ZICHCTBUIO
TEeMITEpaTypHI.

B pabore npencraBieHbl pe3yabTaThl HCIBITAHUH MOKPBHITHH U3 Oopuaa TH-
TaHa Ha nojyioxke u3 craiau 12X18HI9T Ha Tepmoynap B nuanazoHe TeMIepa-
Typ 300 — 900 °C Ha BO3myxXe. YCTAaHOBICHO, YTO JJIMTEIBHOE BO3ACUCTBHC
TEMITEpaTyphl B KHCIOPOJIOCOIEPIKAIEH cpesie TPH OCTHIBAHMHM BMECTE C Iie-
YbIO IPUBOIUT K 00pa30BaHHUIO OKaJWHBL. POCT TONIIMHBI OKCHIHOTO CIOSI U
ero (a3oBbIil COCTaB 3aBHUCAT OT 3HAYCHUI TEMIIEPaTypbl M JUIUTEIBHOCTH €&
BO3JICUCTBHUSL.

HccnenoBanue CTpyKTYpHI U 3JIEMEHTHOTO COCTaBa NMPOBOAMIOCH METO/AA-
MH PEHTI'€HOBCKOU AM(PAKTOMETPHHU, CKAHUPYIOLIEH AJIEKTPOHHON MUKPOCKO-
muu ¢ DJ1C — aHanuzom.

Ha navanpHOW CTaguy B MOKPHITHH MPOUCXOAMT 00pa3oBaHHWE PYTUIIOBOM
moupukanuu TiO, u okcuma 6opa B,03, a Tak jxe HEOOJBIIOr0 KOIHYECTBA
6opara TiBO;. YBenuyeHue KoIMYECTBA [UKIOB MPUBOAMUT K BBHITOPAHUIO 00-
para ¥ yMEHBIICHHIO KOJMYECTBA PyTHIIA TI0 CPaBHEHHIO ¢ OKcHaoM Oopa. O0-
pa3oBaHME TPEIIMH U PACCIOCHUH B OOpuae TUTaHA HE HAOIIOAETCs, B OTIH-
YHH OT OKCHIHOTO CIIOS.

PabGora BbINOJIHEHAa B paMKax MPOrpaMMbl FPAHTOBOTO (MHAHCHUPOBAHHS
MununctepcTBa obpasoBanus Pecriyommku Kazaxcran AP05134758.

1. AS. Larionov, L.V. Chekushina and E.E. Suslov «Development and Investiga-
tion of High-Strength Neutron-Absorbing Composite Coatings Based on Borides of
Metalsy // Materials Science Forum, Vol. 945, pp. 660-664, 2019;

2. Larionov A.S., Zhakanbaeyev E.A., Kozlovski A.L., Dikov A.S., Kislitsin S.B.,
Chekushina L.V. «Synthesis of boride-titanium coatings by method of magnetron sput-
tering of complicated composition target» / Eurasian journal of physics and functional
materials, Number 1_Vol.3 (2018-09), p. 251-258
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OXIDATION OF BOR-TITANIUM THIN FILM COATING
DURING CYCLIC TESTS ON THERMAL SHOCK

The creation of neutron-absorbing coatings based on boron-titanium com-
pounds has a significant prospect for the development and use of spent nuclear
fuel during storage [1, 2]. One of the important characteristics of these coatings
is their resistance to temperature.

The paper presents the results of tests of titanium boride coatings on a sub-
strate made of 12Cr18Ni9Ti steel for thermal shock in the temperature range
300 - 900 ° C in air. It was found that prolonged exposure to temperature in an
oxygen-containing medium during cooling together with the furnace leads to
the formation of scale. The increase in the thickness of the oxide layer and its
phase composition depend on the temperature and the duration of its exposure.

The structure and elemental composition were studied by X-ray diffractom-
etry, scanning electron microscopy with EMF analysis.

At the initial stage, a rutile modification of TiO, and boron oxide B,0;, as
well as a small amount of TiBO; borate, are formed in the coating. n increase in
the number of cycles leads to burnout of borate and a decrease in the amount of
rutile in comparison with boron oxide. The formation of cracks and delamina-
tion in titanium boride is not observed, in contrast to the oxide layer.

This work was supported by the grant of the Ministry of Education of the
Republic of Kazakhstan AP05134758.
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2. Licensing Requirements for the Independent Storage of Spent Nuclear Fuel,
High-Level Radioactive Waste and Reactor-Related Greater Than Class C Waste— En-
ergy, 10 CFR Part 72, 2006.

3. Choi J S, Lee C K, Anderson B L and etc. Applications of Neutron-Absorbing
Structural-Amorphous Metal (SAM) Coatings for Criticality Safety Controls of Used
Fuel Storage, Transportation, and Disposal // ICNC 2015 Charlotte, NC, United States,
2015 through September 17, 2015.

4. Larionov A.S., Zhakanbaeyev E.A., Kozlovski A.L., Dikov A.S., Kislitsin S.B.,
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tering of complicated composition target» // Eurasian journal of physics and functional
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HU3YUYEHMUE BJUSIHUS BAPBEPHOI'O CJIOS U3 Nb HA
KOPPO3MOHHYIO CTOMKOCTbD CILIABOB Zr C
IOKPBITUEM HA OCHOBE Cr

B HacTosmmee BpeMs cpeau HayuHO-HUCCIIEA0BATEIBCKUX IPYIII, PEIIaOLIIX
MarepuagoBea4ecKue MpodIeMbl aTOMHOIM OTpaciu, UaeT pa3paboTka Toe-
PaHTHOI'O TOIMJMBA JUIA 3JIEMEHTOB SAIEpPHOTO peakTopa. B uyacTHOCTH mzaer
pa3paboTka KOPPO3MOHHO-CTOMKHUX HMOKPBITHH, KOTOpble OyIOyT BBIAECPKHBATH
ycrmoBus motepu TeroHocutens (LOCA). B kpaTkocpodHOH TepCHeKTHBE
XPOMOCO/IEpKaIHe MOKPHITHE PACCMATPUBAIOTCS KAK MOTEHIIMATBHBIN KaHIH-
JaT I TMOBBIMIEHHE (U3HKO-MEXaHHYECKHX CBOHCTB O0OJIOUEK, IOTOMY YTO
MOKA3bIBAIOT HAMIYYIINE CONPOTHUBICHNE KOPPO3WH KAK MPHU IUTATHBIX PEXH-
MaX, TaK U IIPH BRICOKOTeMITepaTypHbIX ucneitanusax (BTO) [1,2].

Jnst popMupoBaHUs IPOYHBIN MOKPBITHH MarHETPOHHBIM METOJIOM HE Ma-
JIOI0 BaXKHYIO POJIb UTPAeT MOJArOTOBKA MOBEPXHOCTH K HAHECEHHIO (OUHCTKA,
MOHHas nonupoBkKa [3]), a Takke mapamMeTpsl HaIllbIJICHUS.

JIJ1s TIOBBINICHHS COTIPOTHBIICHUIO KOPPO3UHM IPU BBICOKHX TeMIepaTypax
HEOOXOIUMO y4ecTh, uTo OuHapHas cucrema Zr-Cr mpu temneparype 1332°C
UMeeT IBTeKTHIecKoe oOpa3oBanue [4]. [1o 3Toif mpuunHe HEOOXOAUMO CO37a-
HHE JIOTIOJHHUTENBHBIX OapbepHBIX CIIOEB MEXIy IMPKOHHEBHIM CIIJIABOM H
XPOMOCO/JIEPIKAIIUM MOKPBITHEM.

Lenpto naHHOW pabOTHI SBISUIOCH M3YYEHHE BIMSHHUS Ha KOPPO3HOHHYIO
CTOMKOCTB OapbepHOro ciost u3 ND, HambUIEHHOrO MarHETPOHHBIM METOJIOM Ha
MOBEPXHOCTH IITHHIpHYECKUX 00pa3mnoB crmaBa J110. B pabore npencrasire-
HBI Pe3yJIbTaThl aBTOKJIABHEIX ucnbiTanuid, BTO, a Tarxke Mcciae10BaHUsS MHK-
POCTPYKTYpPBI UCXOAHBIX U 00pabOTaHHBIX 00pa3IoB.

Hansutenne noxpeituii Ha  00pasIs! MPOM3BOAMIOCHE Ha ycTaHoBKe WJTYP-
03, pa3psgHas kamepa KOTOPOM MO3BOJISIET O0Iy4aTh MWIMHIPHIECKHE 00pas3-
IBI PaHAEHBIM IIyYKOM HOHOB C IIHPOKHUM DHEPTreTHYECKUM CIIEKTPOM, KOTO-
past IMeeT TPH MarHeTPOHA, MO3BOJIAIONINX HAIBIISATh TOHKHE IUIEHKH MeTall-
JIOB B aTMOCc(epe MHEpTHOTO rasa.

Tonorpadust n cTpykTypa HOBEpXHOCTH 00pa3lioB UCCIIEOBAIUCH C TIOMO-
HIbI0 METOJa PacTPOBOM IEKTPOHHON MHUKPOCKOIHMH B YHHBEPCAIHLHOM PacT-
poBoM 3ekTpoHHOM Mukpockone (POM) mapku EVO 50 XVP npousBoxcTsa
¢dupwmsr CarlZeiss (T'epmanust).
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HcnbiTanus npoBOAMINCH B COOTBETCTBUH C OTpAaciIeBONM MHCTpyKLIMEH
«MeToaMKa BBIOJHEHUS UCHBITAHUIN I ONpeNeleHuss KOPPO3HOHHON CcTOMi-
KOCTH 00pa3LoB MPOXYKIUH U3 CILIaBoB IupkoHus» — OU 001.297-2007. Kop-
PO3MOHHBIE UCTIBITAHUS MPOBOAMINCH IpU paboueit Temnepatype T = 350 °C,
JaBieHuM B aBTokigaBe P = 16,5 MIla u minTenpHOCTH aBTOKJIAaBUPOBaHUSA
t = 72 4. O6pa3upl pa3MemaIich Ha CIEIMAIFHO U3TOTOBICHHOM JIepiKaTele-
HOZBECE, TIOMENIAEMOM B Pabounii 00beM aBTOKJIaBa, HA TPEX PASIHUHBIX I10
BBICOTE sIpycax (BepXHHIL, CpeIHUN M HIKHUH).

JIBycTopoHHEe OKHCIEHHE 000JI09EK IPOBOIIIN B H30TEPMUIECKUX YCIIO-
BUSIX TIPH Pa3NIMUHBIX TEMIIepaTypax v BpeMeHax Ha yctaHoBKe «[A3ITAP».

YCTaHOBIIEHO, YTO CO3/aHUE HA MOBEPXHOCTHU MPEIBAPUTEIHHO OTIIOIUPO-
BaHHBIX B ONTHUMAJBHBIX PEKMMaxX TBIJIBHBIX TpyO u3 crutaBa D110 mHoro-
CJIOWHBIX MOKPBITHI Ha ocHOBe Cr ¢ O6apbepHbIM ciioeM u3 NB mo3BossieT 3Ha-
YUTEIHHO TOBBICHTh CTOMKOCTH TPYO K BBICOKOTEMIIEpATypHOMY OKHCIICHHUIO B
BOJISIHOM TIape 3a CUeT CO3JaHMs Ha IpaHHle pasjenia TpyOa/map 3aliMTHOTO
ciost CryO3, 4TO NPUBOJUT K CHIDKEHHUIO TOJIUHBI OKCUIHOTO cJosi 10 4 pas,
IPY TOM TOJIIIIMHA 00Pa3yIOLIErocsi OKCUAa LIUPKOHUS CHIKaeTcs Oojee, 4yeM
Ha MOPSIOK.

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

2. Kurt A. Terrani. Accident tolerant fuel cladding development: Promise, status,
and challenges. // Journal of Nuclear Materials.— 2018.— VVolume 501.— P.13-30

3. Korenevski E.L. The Effect of Plasma Ar and Xe on Surface Roughness of Fuel
Cladding Tube // 21-s MexnyHapoatast KOHGEpEeHIHs 10 MOTU(DUIIUPOBAHUIO TOBEPX-
HOCTH MaT€puaJioOB MOHHBIMU ITyYKaMU: Tesucel JOKJIaa0oB H COO6IH€HHﬁ Hay4HO-
npakTudeckoi koHdepennun, 25 - 30 arycra 2019 r. — Tomck: M3a-Bo Tomckoro mo-
JIMTEXHUYECKOTro YHUBepcuTera, 2019.

4. Assessed phase diagram of the Cr-Zr binary system. Pexum nocryma:
https://materials.springer.com/msi/docs/sm_msi_r_20 015393 01 - orpaHHYeHHBIH.
3arp. ¢ ’KpaHa.
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STUDY OF THE INFLUENCE OF THE Nb BARRIER LAYER
ON THE CORROSION RESISTANCE OF Zr ALLOYS WITH Cr-
BASED COATING

Currently, among the research groups that solve the material science prob-
lems of the nuclear industry, the development of tolerant fuel for elements of a
nuclear reactor is underway. In particular, the development of corrosion-
resistant coatings that will resist the loss of coolant accident (LOCA). In the
short term, chromium-based coatings are considered as a potential candidate for
improving the physical and mechanical properties of fuels, because they show
the best corrosion resistance both under standard conditions and during high-
temperature tests [bpaniy3ckas crats, doe].

For the deposition of durable coatings by the magnetron method, the prepa-
ration of the surface for application (cleaning, ion polishing [link to the confer-
ence of my article]), as well as the sputtering parameters, play an important
role.

To increase the corrosion resistance at high temperatures, it is necessary to
take into account that the Zr-Cr binary system at a temperature of 1332 ° C has
a eutectic formation [phase diagram]. For this reason, it is necessary to create
additional barrier layers between the zirconium alloy and the chromium-
containing coating.

The aim of this work was to study the effect on the corrosion resistance of a
Nb barrier layer deposited by the magnetron method on the surface of cylindri-
cal samples of alloy E110. The work presents the results of autoclave tests,
high-temperature tests, as well as studies of the microstructure of the initial and
processed samples.

Coatings were deposited on the samples using the ILUR-03 setup, the dis-
charge chamber of which allows the cylindrical samples to be irradiated with a
radial ion beam with a wide energy spectrum, which also has three magnetrons,
which make it possible to get thin films of metals in an inert gas atmosphere.

The topography and surface structure of the samples were studied using
scanning electron microscopy in a universal scanning electron microscope
(SEM) of the EVO 50 XVP brand manufactured by CarlZeiss (Germany).

The autoclave tests were carried out in accordance with the industry instruc-
tion "Testing procedure for determining the corrosion resistance of product

101



samples from zirconium alloys" - Ol 001.297-2007. Corrosion tests were car-
ried out at a working temperature of T = 350 ° C, an autoclave pressure of
P = 16.5 MPa and an autoclaving time of t = 72 hours. The samples were
placed on a specially made suspension holder placed in the autoclave’s working
volume on three different tiers of height (upper, middle and lower).

Two-sided oxidation of the shells was carried out under isothermal condi-
tions at various temperatures and times at the GAZPAR installation.

It has been established that the creation of Cr-based multilayer coatings pre-
polished in optimal conditions for E110 alloy fuel element with a Nb barrier
layer can significantly increase the resistance of pipes to high-temperature oxi-
dation in water vapor by creating a Cr,0O5 protective layer at the pipe / steam
interface, which leads to a decrease in the thickness of the oxide layer to 4
times, while the thickness of the resulting zirconium oxide decreases by more
than an order of magnitude.

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

2. Kurt A. Terrani. Accident tolerant fuel cladding development: Promise, status,
and challenges. // Journal of Nuclear Materials.— 2018.— VVolume 501.— P.13-30

3. Korenevski E.L. The Effect of Plasma Ar and Xe on Surface Roughness of Fuel
Cladding Tube // 21-s MexnyHapoaHast KOHGEPEHIHS M0 MOJUPUIMPOBAHUIO TOBEPX-
HOCTH MaT€puaJlOB MOHHBIMU ITyYKaMH: Tesucel JOKJIag0B H COO6HICHPIﬁ Hay4YHO-
npakTHaeckoil kordepenmy, 25 - 30 asrycra 2019 r. — Tomck: U3a-Bo Tomckoro mo-
JUTEXHAYECKOTO YHUBepcuTeTa, 2019.

4. Assessed phase diagram of the Cr-Zr binary system. Pexwum nocryma:
https://materials.springer.com/msi/docs/sm_msi_r_20 015393 01 - orpaHHYeHHBIH.
3arp. ¢ ’kpaHa.
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B3AMMO/IEVICTBUE METAJIJIMYECKOI'O SIIEPHOI'O
TOIUVIMBA C HEPCIIEKTUBHBIMU MATEPUAJTAMHU
OBOJIOYEK TB3JIOB

Hecmotps Ha Bce nMpenMyIECTBa METAJUIMYECKOTO SAIEPHOrO TOILUINBA, €r0
UCIIOJIb30BaHUE OIPaHUYEHO HECKOIBKUMHM MapamMeTpamu. Bo-nepBbIx, 3Hauu-
TEJNBbHBIM Ta30BBIM pAacCIlyXaHHEM M BO3MOXKHOCTBIO PaJHALlMOHHOIO POCTa B
cllydae NMPUMEHEHHs JIUTBIX M3JeNUil ¢ BhIpakeHHOH TekcTypoi. CyIiecTByto-
e KOHLENIUU KOHCTPYKIHUI TBAJIOB PEaKTOPOB Ha OBICTPHIX HEHTPOHAX C
METAJUINYECKUM TOIUIMBOM HE NPOBOMAAT K CHIKEHHUIO TA30BOTO PACIyXaHUS
HETOCPEACTBEHHO TOIUIMBA, a PELIAl0T ero MocjencTBUs. Bo-BTOpPHIX, Isd Me-
TaJJIMYECKOTO TOIIMBA CBOMCTBEHHA HHU3Kas TeMIlepaTypa IUIaBICHHS, OKOJIO
1000 °C, Tak ke CyIIeCTBYeT BO3MOXKHOCTh OOpa30BaHUS HHU3KOIUIABKHUX JB-
TEKTHK C JIEMEHTaMH, BXOISAIINMH B COCTaB 00OJIOUYKH TBIJIA.

Lenpto naHHOW pabOTHI SABIAETCS BBIIBICHUE XapaKTEPHBIX 0COOCHHOCTEH
(PU3UKO-XMMHUYECKOTO B3aMMOJICHCTBHS METAIIMIECKOTO SASPHOTO TOIUIMBA C
MarepuagamMu 000JI0YKH TB3JIa PEaKTOPOB.

B nanHOW paboTe pacCMOTpEHBI CIIaBBl ypaHa JISTMPOBAaHHBIE MONHOE-
HOM H IUpKoHHeM, ctanu DI1823, DI1450, DI1450 YO, 12X18H10T, Fe8Cr,
Fel3Cr, Fe5Al, Fe5Cr5AIl, Fel3Cr5Al, Fel3CrlSi, Fe5Cr2.5Al12.5Si,
V4mac.%Crdmac.%Ti.

JloGaBneHne amOMUHHS B JKeJle30 B KOJIMUECTBe 5 Mac.% NMPHUBOAMT K 3Ha-
YUTEIHHOMY CHUKEHUIO CKOPOCTH B3aMMOJIEHCTBHSA C ypaH-MOJHNOAEHOBBIMHU
CIUIaBaMH, Ha LEJbIA NOPIoK. JJOMONHUTENbHOE JIETHPOBAHUE CTAIH TAaKkKe 5
Mac.% Xpoma MPHUBOAWUT K HEraTMBHOMY pe3ynbTaTy. KuHeTmka B3anmonen-
CTBHS  BO3pAcTaeT, CTAHOBACh COINOCTaBUMOH C  HaOmomaemoil B
U10Mo/Fel3Cr. Camxenue B cranu FeSCr5Al amomunus go 2,5 mac.% u go-
HNOJHUTENBHOE JIETUPOBAHNE KPEMHHEM B TaKOM K€ pasMepe, MPUBOAUT K IO-
BTOPHOMY CHIDKEHHIO KMHETHKH B3aMMOICWCTBHS MPUMEPHO B JBa pasza. Tak
K€ TIPOBEJICHBI UCCIIEIOBAHNS U CO CTAJSIMH C OOJIBIINM COJEPKaHUEM XpOMa.
JlernpoBanue sxene3a 12mac.% xpoma u 4mac.% amOMUHUS MIPUBHIO K CaMo-
My 3HAYUTEIPHOMY CHIJKCHHS KHHETHKH B3aUMOJICWCTBUSL C  ypaH-
MOJIMOICHOBBIME CIUTaBaMHu. VcciemoBaHue B3anMOJEHCTBUS ypaH MOJIUOjIe-
HOBBIX CIUIABOB C BaHAJAMEBBIMH IOKA3aJl0, YTO JAHHBIN BHJ MaTepHajOB MO-
JKET paboTaTh NPH aBapUHHO-BBICOKMX TeMmueparypax. OCHOBHBIM CAEp>KHBa-
10IUM (haKTOPOM HX NPUMEHEHHs OCTAETCsl UX BBICOKOE CPOJACTBO C KHUCIIOPO-
JIOM U a30TOM.
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INTERACTION OF METAL NUCLEAR FUEL WITH
PERSPECTIVE CLADDING MATERIALS

Despite all the advantages of metallic nuclear fuel, its use is limited by sev-
eral parameters. Firstly, significant gas swelling and the possibility of radiation
growth in the case of cast products with a pronounced texture. Existing design
concepts for fast-neutron fuel rods with metal fuel do not reduce the gas swell-
ing of the fuel directly, but solve its consequences. Secondly, metallic fuel is
characterized by a low melting point, about 1000 °C, there is also the possibility
of the formation of low-melting eutectics with elements that are part of the fuel
cladding.

The aim of this work is to identify the characteristic features of the physico-
chemical interaction of metallic nuclear fuel with the cladding materials of the
reactor fuel elements.

In this paper, we consider uranium alloys alloyed with molybdenum and
zirconium, steel EP823, EP450, EP450 DUO, 12X18H10T, Fe8Cr, Fel3Cr,
Fe5Al, Fe5Cr5Al, Fel3Cr5Al, Fel3CrlSi, Fe5Cr2.5Al12.5Si, VACr4Ti.

The addition of aluminum to iron in an amount of 5 wt.% leads to a signifi-
cant decrease in the rate of interaction with uranium-molybdenum alloys, by an
order of magnitude. Additional alloying of steel also 5 wt.% Chromium leads to
a negative result. The kinetics of the interaction increases, becoming compara-
ble with that observed in U10Mo / Fe13Cr.

A decrease in aluminum Fe5Cr5Al steel to 2.5 wt.% And an additional al-
loying with silicon in the same size leads to a repeated decrease in the interac-
tion kinetics by about a factor of two. Studies have also been conducted with
steels with a high chromium content. Alloying iron with 12 wt.% Chromium
and 4 wt.% Aluminum led to the most significant decrease in the kinetics of
interaction with uranium-molybdenum alloys.. The study of the interaction of
uranium molybdenum alloys with vanadium showed that this type of material
can work at emergency high temperatures. The main limiting factor in their use
remains their high affinity for oxygen and nitrogen.
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3AKOHOMEPHOCTU TEPMUYECKOI'O PACIIUPEHUSA
OBOJIOYEYHBIX TPYB U IIPYTKOB U3 CIIVIABA 3110 OIIT
B UHTEPBAJIE TEMIIEPATYP 20-1200 °C

W3yueHne noBeneHUs N3AEIUN U3 UPKOHUEBHIX CIIABOB IIPH HArpeBE 0
BBICOKHX TEMIIEPATYp SIBJISCTCS aKTyaJbHBIM BBUIY HAJIWYIHA B HUX aHH30TPO-
[N CBOWCTB, B TOM 4YHWCIJIC U TEPMHUECKOrO pacummpeHus. B nannoi pabore
MPE/ICTABICHB! PE3yNbTAThl aHAIN3a TEMIIEPATYPHBIX 3aBHCHMOCTEH H3MEHE-
HHUS Pa3MEpOB U TEPMHUUYECKOTO KOI(PPHUIMEHTa JHMHEHHOrO paCIIMPEHUs
(TKJIP) pekpHcTaUIM30BaHHBIX O00OJIOYEUHBIX TPYO M INPYTKOB W3 CIUIaBa
3110omT, n3mepenHsix B uHTEepBaje Temneparyp 20-1200 °C npu ucnons3oBa-
HUM JAWIATOMETPA, a TAK)KE TeMIIepaTypHOil 3aBHCHMOCTH HM3MEHEHUs Mapa-
METPOB KPUCTAIIIMYECKOW CTPYKTYpBI, MOJIYYEHHOH Ha TU(paKTOMETpe B MH-
tepBaie temmeparyp 20-600 °C.

IToxazano, uto B uHTepBane Temneparyp 20-600 °C (B obmacTu cymiecTBo-
BaHMA 0-(ha3bl) aHU30TPOITHSI TEPMHUYECKOTO PACIINPEHHS U3AENUI Oompenens-
eTCsl MX KpUcTauorpaduieckoil Tekctypoir. Hanmdre mocioiftHOH TeKCTYpHOM
HEO/IHOPOHOCTH M3/IETIHMS OKa3bIBAeT CYIIECTBEHHOE BIIMSIHUE HA TEMIEpaTyp-
Hyro 3aBucuMoctb TKJIP. B nByxdazHoit obiactu, B MHTEpBalie TEMIIEPaTyp
610-860 °C, Tepmuyeckoe pacIIpeHNe U3ACIHS 3aMEHSICTCS ero CKaTHEM, KO-
TOpOE MO-Pa3HOMY HPOSIBISIETCSI B OCEBOM M TaHI'CHI[MAJIbHOM HAaIlPaBJICHHSX.
OOHapy»eHO CYIIECTBEHHOE BJMSHHE BHYTPEHHUX M BHEIIHHMX HaNpsDKEHUN
Ha 0COOEHHOCTH IPOTeKaHus (Pa3oBbIX 0-B-0 MpeBpaIeHHUH.

IMocne 1wmkma o-f-o-npeBpameHnii GopMUpyeTCs YCTOHYMBAs TEKCTypa
(ha30BBIX NpeBpallleHU, COXPAHSIONIASICS MPH ITOCIESYIONIMX [IMKIAaX Harpesa
U OXJIaKAeHHs B TemneparypHoM uHTepBaie 20-1200 °C, yto noarsepxiaer
YCTOWYHBOCTH TEMIIEPATYPHBIX 3aBUCUMOCTEH ITPY TIOBTOPHBIX HCIBITAHUSIX.

HccnenoBanue BBINOTHEHO NpH (HHAHCOBOM noaepxke PODU B pamkax
Hay4dHoro npoekra Ne 19-32-90041.
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REGULARITIES OF THERMAL EXPANSION OF CLADDING
TUBES AND RODS FROM E110 OPT ALLOY IN THE
TEMPERATURE RANGE OF 20-1200 °C

Studying the behavior of zirconium alloys products when heated to high
temperatures is relevant due to the presence of anisotropy of its properties, in-
cluding thermal expansion. This work presents analysis of dimensional changes
and thermal linear expansion coefficient (TLEC) temperature dependences of
recrystallized cladding tubes and rods made from E1100pt alloy measured in
the temperature range 20-1200 °C using a dilatometer, as well as the tempera-
ture dependence of changes in the crystal structure parameters obtained on a X-
ray diffractometer in the temperature range of 20-600 °C.

It is shown, that in the temperature range of 20-600 ° C (in the region where
the a-phase exists) the thermal expansion anisotropy of products is determined
by their crystallographic texture. The presence of product layered texture heter-
ogeneity has a significant effect on the temperature dependence of the thermal
expansion coefficient. In the two-phase region, in the temperature range of 610-
860 °C, the product thermal expansion is replaced by its compression, which
manifests itself differently in the axial and tangential directions. A significant
effect of internal and external stresses on the phase a-B-o transformations char-
acteristics was found. After a cycle of a-B-a-transformations, a stable phase
transformations texture is formed, which remains during subsequent heating
and cooling cycles in the temperature range of 20-1200 °C. It confirms the sta-
bility of temperature dependences during repeated tests.

The reported study was funded by RFBR according to the research project
Ne 19-32-90041
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BJUSIHUE HEUTPOHHOI'O OBJIYYEHUS B
ATMOC®EPE I'EJIUSA HA MEXAHUYECKHUE
CBOMCTBA AYCTEHUTHOM CTAJIA 12X18H10T

[IpuBeneHbI pe3ynbTaThl MEXAHUUECKUX HCIIBITAaHHUH, 3JICKTPOHHOH MHKPO-
ckomuu U Tepmonecopoimontoro ananusa (TJIC) obpa3moB cranu o0ydYeH-
HBIX HEHTpoHaMu B atMocdepe renus Ipu Beicokoii Temneparype (750 °C) no
dumoenca 9-10%° n/em?® (E>1 MaB).

XapakTep U3MEHEHUS TeMIepaTypHOM 3aBUCHMOCTH MEXaHMYECKHX Xapak-
TEPUCTUK OOJIyUCHHOW CTalld yKa3bIBacT Ha oxpymuuBaHue matepuana [1]. C
MOBBILICHHEM TEeMIepaTypbl HaONIOAAeTCs CHIDKCHUE IUIACTUYHOCTH CTallu.
Tak npu temnepaTtype 450 mIacTUYHOCTH CTalnM CHIKaeTca Ha 18%, a mpu
TeMIlepaType cooTBeTcTBYyomel odxydennto (760) Ha 53%. IIpu aTom ycnos-
HBII MIpeJeN TeKy4ecTH Ipu Temmneparype 760 cHikaeTcs Ha 56%, 1Mo cpaBHe-
HHIO C MPEZETIOM TEeKYYECTH CTaId UCIBITAHHOM TP KOMHATHOM TeMIieparype.

Ha TAC crektpax o0xydeHHBIX 00pa3oB HAOIIOAACTCS TPH IHMKa BBIXOJa
renus. Bece nuku pacnonoxeHnsl B quanazoHe temmnepatyp ot 150 mo 350 °C.
MertoiaMu 3JIEKTPOHHONW MHUKPOCKONUH 3a(hMKCHPOBAHO He OOJIbLIOE KOJIn4de-
CTBO IO YKa3bIBAIONINX HAa HAIMYME TEIHA [0 TPAaHUILIAM ayCTEHUTHBIX 3€pEeH.

UTo CBUAETENBCTBYET O TOM, YTO aTOMBI T€lHsi B CTaJM, MPU OOIydeHHUU
HEeWTpOHaMH B aTMoc(epe Tenus 3aJieraloT Ha HeOOJbIION TTIyOUHE U UMEIOT
JIOCTaTOYHO BBICOKYIO TTOJABHKHOCTb.

Pabota BhImosIHEHa B paMKax MpOrpamMMBbl LeneBoro ¢punaHcuposanus Ko-
MHUTeTa Haykn MuHHCTEpcTBa 0Opa3oBaHus W Hayku Pecryonmukm Kasaxcran
Ne BR05236400.

1. Kamuu B.A., Ilnatonos I1.A., Ty3o0s FO.B., Uepuos U.W. u np. ®usnueckoe Ma-
TepuanoBeneHue: YueOHuk aist By3oB: B 7 1. /Ilox obweii pen. b.A. Kanuna/ — Tom 6.
KoHcTpykimoHHbIE MaTepHaisl saepHoi TexHukn— M.: MU®U, 2012.— 736¢.
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THE EFFECT OF NEUTRON IRRADIATION IN A HELIUM
ATMOSPHERE ON THE MECHANICAL PROPERTIES OF
12CR18NI10TI AUSTENITIC STEEL

The article presents the results of mechanical tests, electron microscopy and
thermal desorption analysis (TDS) of steel samples irradiated with neutrons in a
helium atmosphere at a high temperature (750 ° C) up to a fluence of 9 » 1019 n
/ cm2 (E>1 MeV). The nature of the change in the temperature dependence of
the mechanical characteristics of irradiated steel indicates embrittlement of the
material [1]. With increasing temperature, a decrease in the ductility of steel is
observed.

So, at a temperature of 450, the ductility of steel decreases by 18%, and at a
temperature corresponding to irradiation (760 °C) by 53%. At the same time,
the conditional yield strength at a temperature of 760 °C is reduced by 56%,
compared with the yield strength of steel tested at room temperature.

Three peaks of helium yield are observed on the TDS spectra of irradiated
samples. All peaks are located in the temperature range from 150 to 350 ° C.
Using electron microscopy, a few pores were found that are concentrated along
the boundaries of austenitic grains. This indicates that helium atoms in steel,
when irradiated with neutrons in a helium atmosphere, are located at a shallow
depth and have a sufficiently high mobility.

1. Kalin B.A., Platonov P.A., Tuzov Yu.V., Chernov L.I. and other Physical materi-
als science: Textbook for high schools: In 7 vol. / Under the general ed. B.A. Kalina / -
Volume 6. Structural materials of nuclear engineering - M .: MEPhI, 2012.— 736 p.
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MO/JIEJIJMPOBAHUE MPOIIECCOB IBOMHUKOBAHUSA ITPA
INPOKATKE o-TUPKOHUS

B nanHo# pa®oTe ¢ MOMOIIBI0 MOACIHPOBAHUS UCCICAOBAJICS MPOLIECC Je-
dopMary MUPKOHUS, IMIMPOKO MPUMEHICMOTO B aTOMHO# »HepreTuke. Mc-
MOJIb30BaH MOAXO0/ MOJEIUPOBAHUS TUIACTUYHOCTH KPUCTAIIIIOB, KOTOPBIHN M03-
BOJISIET OJJHOBPEMEHHO C aHAJIM30M IEePEeOpUEHTAIINH 3€peH M3ydaTh MpOoIecC
W3MEHCHUsI CTPYKTYpBI MaTepHana: APOOJICHHE 3EPeH 3a CUeT pa3BUTHA IpO-
[IECCOB TBOMHUKOBAHUS M CKOJIBXKCHUS, 00pa30BaHNE BBHICOKOYTIIOBBIX TPAHUIL
U T.IL

YuciieHHOE pelreHne 3a1a9i IpOBEICHO ¢ IIOMOIIBI0 IPOTPaMMHOTO 00ec-
neueHuss DAMASK, ocHOBaHHOr0 Ha MaTEMAaTHUYECKOM METOJE PEILEHUs CH-
CTeM YypaBHCHHH C YaCTHBIMH IPOWU3BOJHBIMU C HCIIOJNE30BAaHHEM OBICTPBHIX
npeoOpazoBanuit dypbe. Hactosiias pabota HampaBieHa Ha ONTHMH3ALUIO
MpOrpaMMbI C IEJbI0 CO3JaHUS BO3MOXHOCTH OIMCAaHUS TEPEOPUEHTAIUU
CIABOMHHMKOBAaHHBIX O0JIACTCH KPHCTALIUTOB, U1 KOTOPBIX HAIPSIKCHUS IMpe-
BBIIIAIOT HEKOTOPBII KPUTUYECKUM YPOBEHb, CBOMCTBEHHBIN JAHHOMY MaTepHu-
any.

Jis BepuUKaMy CO3JaHHOW IPOTPaMMBI HCIIOJIB30BAIUCH IKCIIEPHUMEH-
TaNbHBIC PE3yIbTATH IO MPOKATKE IUPKOHUEBHIX IUIACTHUH, BBIPE3aHHBIX JJICK-
TPOUCKPOBBIM METOAOM M3 IFITHHIPAICCKOTO MOHOKPUCTAJUIA YHCTOTO ZTr, T0-
JY4eHHOTO TBepaoda3Hoi nepekpucrammu3anueil. OOHapyKeHO KaueCTBEHHOE
COOTBETCTBHE PACCUUTAHHBIX IONIOCHBIX (UTYp 3KCIIEpUMEHTaIbHBIM. [Ipo-
JIEMOHCTPHPOBaHA 3(PPEKTHBHOCT CO3TaHHONW MOJIENHN TUTACTHYECKOU nedop-
Malliu B CJIy4ae OJHOBPEMEHHOW aKTHWBU3AIMHU CUCTEM CKOJBKEHUS M JBOM-
HUKOBaHUSI.

CornacHo MOJYYeHHBIM pe3yJbTaTaM MOJCIUPOBAHUS JOJs1 JBOMHUKOBA-
HUSl Ha Ha4aJIbHBIX dTamax MPOKAaTKHM MOHOKPHUCTAJUIOB BHIOPAHHBIX OPHEHTA-
i coctaBnseT 87%, npuueM 66% aedopmarm peau3yercs 3a CHeT CUCTEM
JIBOWHUKOBAHUS {1012}(1011).MOHOKpI/ICTaHHquCKHe TUTACTHHBI pa30OuBa-
IOTCSI Ha 00J1aCTH ¢ pa3IMYHON OpHeHTanuel, T.e. Ha 3epHa, pa3/esieHHbIC BHI-
COKOYTJIOBBIMH TpaHuiiaMu. C yBEeIWYEHHEM CTeneHu aedopManud poib
JIBOMHUKOBAHUS B IDIACTUYCCKON IedopMalnu MaTepuaia CHHXKACTCS KakK B
CBSI3M C OTCYTCTBUEM 3€PEH COOTBETCTBYIOIIMX OPUEHTALIMM, TaK U C UCKaXKe-
HUEM KPHUCTAJUTUYECKOW CTPYKTYPHI, T.€. yIpOYHeHHueM MaTepuana. [Ipu sTom
JIOJsl TBOWHUKOB BCEX THIIOB B 0OIIeM mpolecce AepOopMamnué COCTaBISIET
npuMepHo 5%.
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MODELLING OF TWINNING PROCESSES IN o-ZIRCONIUM

In this work, the process of deformation of zirconium, which is widely used
in nuclear power plants, was investigated using crystal plasticity modeling.
This approach allows analyzing of grain reorientation and studying the process
of material structure changing: splitting of grains due to the development of
twin planes, the formation of high-angle boundaries and so on.

DAMASK code was used for the numerical solution of problems. It is based
on a mathematical method for solving systems of partial differential equations
using fast Fourier transformation. The program has been developed for pro-
cessing simulation data and reorientation of crystallite twins in which stresses
exceed a certain critical level corresponding to this material.

For verification of the created method, the data of zirconium monocrystal
plates rolling was used. These plates were cut from solid-phase recrystallized
Zr single crystal by an electric-spark method. The qualitative correspondence of
the modeled pole figures to the experimental ones was found. The efficiency of
the created model of plastic deformation in the case of simultaneous activation
of slip and twinning systems is demonstrated.

According to the simulation data, the share of twinning in texture reorienta-
tion is 87%. Moreover, 66% is the share of twinning systems of the
type{10123}(1011). Monocrystal specimens splits into areas with different ori-
entations which are new grains split by high-angle grain boundaries. With in-
creasing strain levels, twinning process stops due to reorientation grains of ini-
tially favorable oriented grains and hardening of the material. At further stages,
the influence of twins on the texture is rather small, in total for all systems ~
5%.
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BJIMAHUE MUKPOCTPYKTYPBI U EE 3BOJIIOLIUU IO
JAEUCTBUEM OBJYUYEHUS HA JE@OPMALIMOHHOE
INIOBEJIEHHUE CIIVIABA 3110

B noknane mpoBeneH 0030p AaHHBIX O CTPYKTYpHO-(a30BOM COCTOSHUH
crmaBa 9110 (Zr-1%Nb) (TekcTypa, MHKPOCTPYKTYypa W JUCIOKAI[OHHAS
cTpykTypa). IIpoaHanu3upoBaHO BO3MOXKHOE BIMSIHUE CTPYKTYpbI Ha nedop-
MaIMoHHoe noseseHue cruiasa 3110 B a-obmactu.

B pesynprare aHanm3a 3KCIEPUMEHTAIBHBIX JaHHBIX YCTaHOBJICHO, YTO
(hakTOpamu, BIHMAIONIMMH HAa U3MCEHEHHE NMPOYHOCTH ciutaBa D110 mox neit-
CTBHEM OOJIy4eHHs, CJIEAYET CUNTATh YIPOYHEHHE 3a CUET TBEPIOTO PacTBOpPa,
BBIZICTICHUI BTOPOH (ha3bl M YIPOUHEHHE ANCIOKAMMOHHBIMU nerimsamu. C mc-
MOJTb30BAHUEM JIUTEPATYPHBIX JAaHHBIX O MHUKPOCTPYKTYpE OOIYHIEeHHOTO CIIIa-
Ba D110 ObUTH NPOBEICHBI pacueThl BKIAAA Pa3IMYHBIX CTPYKTYPHBIX Mapa-
METPOB, U3MEHSIOIINXCS TPH O0JIyYSHUH, B HalpsDKEHHE TeYCHUs. BrraucieH
COBMECTHBII BKJaJ YNPOYHEHUS TBEPIOro pacTBOpa M AUCIEPCHOHHOIO
YIPOYHEHHUS B HANIPSHKCHUE TCUEHHS, a TaK)Ke MPpHUpAIleHUE HaNpsHKEHUS Tede-
HUS 32 c4eT 00pa3oBaHMA AUCIOKAI[MOHHBIX METEb.

B pesynbraTe ObUIH CAETAHBI CIEIYIONTNE BEIBOIBI:

1. CymmapHBIii BKJIaJ B HaIpspKeHHe TedeHus ciuiaBa 110, o0ycioBieH-
HBIIl YIIPOYHEHHEM TBEPJOT0 pacTBOpa M BBIAEICHUSIMU BTOPOH (ha3bl, IPAKTH-
YeCKH HE 3aBHCUT OT IOBpEeXJarommeld mo3bl. [Ipu 3TOM, cocraBisiomas
HaINpsOKEHUsI TeYeHHs, OOYCIIOBJICHHAs! BBIJECICHUSIMH BTOPOH (as3bl pacTer.
Takoi pocT IOKEH CONMPOBOXKAATHCS YBEIMUCHHWEM JHEPIHMH aKTUBALUH M
CHIDKEHHEM YYBCTBHTEIHHOCTH HANpPsDKEHUS TEUEHUS K TeMIeparype, 4To
MOATBEPIKIACTCA JINTEPATYPHBIMH JaHHBIMH. MeXaHu3MbI Je(pOpMAalHOHHOTO
YOPOYHEHHUS IIPU 3TOM OCTAIOTCSI HEU3MEHHBIMH.

2. Tlpupoct HampsDKEHHs] TeUSHHsI B Pe3yJbTaTe 0OJy4eHHs BbI3BaH Pajiu-
AIOHHO-MHAYIIUPOBAHHBIMH JUCIOKAIIMOHHBIMY METISIMA ¥ YBEIHMINBAETCS C
pOCTOM TOBpEXAawlieil A03bl. J(MCIOKallMOHHBIE TETIN SIBJISIOTCS MEHee
MPOYHBIMU TIPEISITCTBUSIMH, 1O CPAaBHEHWIO C BBIJCICHUSIMH BTOpPOU (hassl,
CJI€ZIOBAaTENIbHO, MEHBILIE BIMSIOT HAa 3HEPruto aktuBanuu. C Apyroi CTOPOHHL,
o0pa3oBaHKe paJualliOHHO-WH/yIIUPOBAHHBIX JAMCIOKAIIMOHHBIX METENb MPH-
BOJIUT K CHIDKEHHIO Kod(uIeHTa 1e(opManoHHOTO YIIPOYHEHNSI.
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INFLUENCE OF MICROSTRUCTURE EVOLUTION UNDER
IRRADIATION ON THE DEFORMATION BEHAVIOR OF E110
ALLOY

The report reviews the structural-phase state of the E110 alloy (Zr-1% Nb)
(texture, microstructure, and dislocation structure). The possible effect of the
structure on the deformation behavior of the E110 alloy in the o region is ana-
lyzed.

As a result of the analysis of experimental data, it was established that hard-
ening due to solid solution, the second phase precipitates and hardening by dis-
location loops should be considered as factors affecting the change in the
strength of the E110 alloy under irradiation. Using literature data on the micro-
structure of the irradiated E110 alloy, the contributions of various structural pa-
rameters that change upon irradiation to the flow stress were calculated. The
joint contribution of solid solution hardening and hardening by dispersion pre-
cipitates to the flow stress, as well as the increment of the flow stress due to the
formation of dislocation loops, are calculated.

As a result, the following conclusions were made:

1. The total contribution to the flow stress of the E110 alloy, due to the
hardening of the solid solution and the precipitates of the second phase, is prac-
tically independent of the damaging dose. In this case, the component of the
flow stress caused by the precipitates of the second phase increases. Such an
increase should be accompanied by an increase in the activation energy and a
decrease of the flow stress to temperature sensitivity, which is confirmed by
published data. The mechanisms of strain hardening remain unchanged.

2. The increase in flow stress as a result of irradiation is caused by radia-
tion-induced dislocation loops and increases with increasing damaging dose.
Dislocation loops are less durable obstacles compared to the second phase pre-
cipitates, therefore, they have less effect on the activation energy. On the other
hand, the formation of radiation-induced dislocation loops leads to a decrease
in the strain hardening coefficient.

112



A.A. EPOIIEHKO, A.A. UBAHHUKOB, 1.B. ®EJIOTOB,
A H. CYUKOB, O.H. CEBPIOKOB
Hayuonanenwii Hecneoosamenvckuii Aoepuwiti Ynusepcumem « MUDH »,
Mocksa
Nastyaeroshl@yandex.ru

PA3PABOTKA CIIVIABOB-IIPUIIOEB HA OCHOBE Ti—Zr-Nb
JJIs COEJUMHEHUSA KAPBUJIA KPEMHUSA

KapOun kpeMHHS MMeeT OONBIIOE TEXHOIOTHYECKOE 3HAYECHHE H3-3a €ro
XOPOIINX XUMUYECKHX, TEPMHUUECKAX U MEXaHHIECKHX CBOWCTB, KOTOPBIE Je-
JIAIOT €ro MOAXOMSIINM KaHIWAATOM JUIS SKCIUTyaTallud B BHJE KOMIIO3UTA B
BBICOKOTEMIIEPAaTYPHBIX YCTAHOBKAaX, TAKMX KaK PpEaKTOphl Ha TEIJIOBBIX
HeliTpoHax |V nokosneHus u TepmosinepHble peaktopbl. Obonouku u3 SiC 00-
JafaioT Ha 25 % MeHbIINM 3HAYCHUEM CEUCHMS 3aXBaTa TEIUIOBBIX HEHTPOHOB,
9YeM KJIaCCHYEeCKHEe LUPKOHHUEBBIC CIIaBbl. MIMEIOT MOBBIIEHHYIO pagudalloH-
HYIO CTOHKOCTH IpH oOurydeHnH. SiC Taxke OTIMIHO BIHCHIBACTCS B KOHIIETI-
IIMI0 TOJIEPAHTHOTO K aBapHsM TOIUIMBA, TaK KaK HCIIOJIb30BaHUE TBAJIOB U3
CIIaBOB HA OCHOBE ZI, B Cilydae HapyIIEHHsS OTBOJA TEIUIa B aKTUBHOH 30HE,
MOXET BbI3BIBATh MAPONMPKOHUEBYIO PEAKIINIO, 3aKIIOYAIOLIYIOCS B BBIIEIE-
HHUH BOJIOPOJA, U KaK CJIEJCTBHE CO3JaHHE aBApUHHOM CHTyallWH, BIUIOTH JO
paspyIIeHHs PeaKTOPHOH YCTaHOBKH.

W3 HaykOoeMKUX METOJOB CO3JaHUs HEpPa3bEMHBIX COCAMHEHUN BBICOKOIO
KadyecTBa CYIIECTBEHHOE pPa3BHTHE IONy4HJa BBICOKOTEMIIEpaTypHas MakKa,
KOTOpas MyTeM 3aIllOJHEeHMS NPHUIIOEM 3a30pa MEXIY COCIHMHAEMBIMHU JeTais-
MH, TT03BOJIIET MOIy4aTh MIBBI, KOTOPHIE MOTYT BBLAEP)KUBATh BHICOKHE TEMIIE-
paTyphl, MEXaHHYECKHE HArpy3KH, BIUSHHE aKTUBHBIX CpeJ B TEUCHHE AJIH-
TEJIBHOTO BPEMEHH 0e3 3aMETHOT0 yXY/IIEHUS UX CBOMCTB. /IJ11 M3roTOBICHHS
OTBETCTBEHHBIX W3AEINH SHEPrOHANPSHKEHHOW TEXHWKH XOPOUIO 3apeKOMEH-
JoBaiK cedst ObIcTpo3aKaIéHHbIe cruiaBbl-ipunou [1-4].

B pabote ucnonb3oBain o6pasisl u3 SiC, B KOTOPbIX 00BEMHast JA0JIsT CBO-
6oxHOTO KpemHus cocrasisieT 18,5%. [laiika mpoBoamiach TpeMs MPHUIOSMHU:
Ti-40Zr-8,5Nb-2,5Be; Ti-7,5V-22,5Cr-2,5Be, Ti-40Zr-8,5Nb-1,5Be mo-
CKOJIbKY 3JIEMEHTBHI 00JIalaloT BBICOKOW 3HEprueil oOpa3oBaHUS TYTOIIABKHUX
KapOWIOB M CHIIMITH/IOB.

Ilennio paboTHI sIBISIETCS pa3pabOTKa COCTABOB MPHUITOEB HA ocHOBe Ti U Zr
1 PEKMMOB BBICOKOTEMIIEPATYypHOH MalK{ 3TUMH NPHUIIOSMH KapOuma Kpem-
Hus. [lomydeHne repMeTHYHBIX TEPMOCTOMKHIX HEPa3beMHBIX COCIMHEHHH 00-
pasmos SiC.

s co3maHus HEPa3bEMHBIX HAasHBIX COCAMHEHUH OBIIN MOJZOOpaHbI TeM-
neparypa M BpeMsl BBIIEP)KKH 00pasloB B BaKyyMHOW meuu: Harpes no 1300
°C, Boiepxkka 5 win 20 MuH u mocuenyroomee oxiaxnaeHue 10 °C/MuH 10
700°C.
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Jnst Bcex MONYYSHHBIX MASHBIX COCAMHEHHH OBLIO MPOBEICHO METAJIO-
rpaduueckoe UCClieOBAaHHE MHUKPOCTPYKTYpbl. Ha OCHOBaHHH KOTOPOTO Cle-
JIaHBl BBIBOJBI O KauyecTBe IMOJydeHHBIX coenuHeHui. Obpazen SiC/Ti—7,5V—
22,5Cr-2,5Be/SiC uMeeT ckoIuIeHUE Op OOJBIIUX pa3MepOB, KOTOPBIC PacIIo-
JararoTcs BOJMM3H U BHYTPH MastHOTO 1iBa. [Ipu yBenn4eHUH BPEeMEHH BbIACPIK-
Kd 10 20 MUHYT, HHTEpMETAUIHIHBIC COCANHEHHs, 0Opa3yIoIecs B MasHOM
IBe, pacpocTpanstoTcs B caM SiC, maeko 3a mpeaessl MasHoTo IIBa.

Tak ke MPOBEICHO MeTaIoTpadudeckoe ucciaenosanue obpasmnos SiC/Ti—
40Zr-8,5Nb-2,5Be/SiC; SiC/Ti—40Zr-8,5Nb-1,5Be/SiC, cpean KOTOphIX y cO-
emunennst SiC/Ti—40Zr-8,5Nb-1,5Be/SiC moka3aHo yMeHbIIIEHHE KOJIMIECTBA
TI0p W YMEHBIIICHHE KOJIMYECTBA MIPOHNKHOBEHHUS BIiTy0h SIC HHTEpMeTAINTH -
HBIX COCIUHCHHI.

[MTokazaHo, 4TO IS yJy4IICHUs] Ka4eCcTBa MasHbIX cOeqUHEHHN 3D (PEeKTHB-
HO YMEHBUICHNUE BPEMs BBIAEPKKH 10 5 MUHYT U YMEHBIICHUE KOJIUYECTBO CO-
Jiepkanus Oepwuins B npurnoe 10 1,5 mac.%.

1 V.T. Fedotov, A.N. Suchkov, B.A. Kalin, O.N. Sevryukov, A.A. Ivannikov,
Stemet solders for brazing of modern technology materials, Tsvetnye Met. (2014) 32—
37.

2. B.A. Kalin, A.N. Suchkov, Basic principles of creating a new generation of
high- temperature brazing filler alloys, IOP Conf. Ser. Mater. Sci. Eng. 130 (2016).
doi:10.1088/1757-899X/130/1/012038.

3. B.A. Kalin, A.N. Suchkov, V.T. Fedotov, O.N. Sevryukov, A.A. lvannikov,
A.A. Polyansky, I. V Mazul, A.N. Makhankov, A.A. Gervash, P.S. Dzhumaev, V.L.
Yakushin, V.1. Polsky, RIBBON-TYPE FILLER METALS FOR BRAZING OF THE
HIGH-HEAT-FLUX ELEMENTS OF ITER, (2012) 147-153.

4. A.N. Suchkov, V.T. Fedotov, O.N. Sevryukov, B.A. Kalin, A.A. Ivannikov, I.V.
Fedotov, P.V. Morokhov, A.E. Grigoryev, Brazing of Metals, Alloys and Ceramics
Using Rapidly Quenched Ribbon-Type Filler Metal STEMET, Adv. Sci. Technol. 88
(2014) 156-161. doi:10.4028/www.scientific.net/AST.88.156.
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DEVELOPMENT Ti-Zr-Nb BASED FILLER METAL
COMPOSITIONS FOR THE SILICON CARBIDE JOINTS

Silicon carbide has great technological importance because of its good
chemical, thermal and mechanical properties, which make it suitable candidate
for use as a base of composite in high-temperature installations, such as fourth-
generation thermal neutron reactors and fusion reactors. Silicon carbide shells
have a 25% lower value of the thermal neutron cross section capture than clas-
sical zirconium alloys and have increased radiation resistance during irradia-
tion. Silicon carbide also fits perfectly into the concept of accident tolerant fuel,
since the use of fuel rods made of Zr-based alloys, in case of stop of heat re-
moval in the core, can cause a steam-zirconium reaction, which consists in the
release of hydrogen, and as a result, an emergency situation, up to destruction
of the reactor core.

From the methods of high quality permanent joints creation high-
temperature brazing has been developed significantly. By filling the gap be-
tween the base materials by filler metal, it possible to obtain joints that can
withstand high temperatures, mechanical stresses, corrosion for a long time
without a noticeable deterioration in their properties. For critical products of
energy-intensive equipment manufacturing, rapidly-quenched filler metals have
proven themselves [1-4].

In the work samples made from silicon carbide, in which the volume frac-
tion of free silicon is 18.5% was used. The brazing was carried out by three
solders: Ti — 40Zr — 8.5Nb — 2.5Be; Ti — 7.5V — 22.5Cr — 2.5Be, Ti — 40Zr —
8.5Nb — 1.5Be, because the elements in this filler metals have high Gibbs ener-
gy for formation of refractory carbides and silicides.

The aim of the work is find chemical compositions of filler metal and braz-
ing modes in order to obtain sealed heat-resistant SiC-SiC joint.

To create brazed joint, the temperature and the holding time in a vacuum
furnace were selected: heating up to 1300 ° C, holding time 5 or 20 min and
subsequent cooling of 10 °© C/ min down to 700 ° C.

For all the obtained in work brazed joints, a metallographic study of the
joint structure was performed. The SiC/ Ti — 7.5V — 22.5Cr — 2.5Be / SiC sam-
ple has an accumulation of pores of large sizes, which are located near and in-
side the brazed joint. With an increasing of holding time up to 20 minutes, in-
termetallic compounds formed in the brazed joint propagate into base material -
SiC itself, far beyond the limits of the soldered joint.
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A metallographic study of SiC / Ti — 40Zr — 8.5Nb — 2.5Be / SiC samples
was also carried out; SiC / Ti — 40Zr — 8.5Nb — 1.5Be / SiC. The SiC / Ti —
40Zr — 8.5Nb — 1.5Be / SiC joint showed a decrease in the number of pores and
a decrease in the amount of intermetallic compounds penetration deep into SiC.

It was shown that quality of brazed joints improving by reducing holding
time to 5 minutes and the amount of beryllium content reducing to 1.5 wt.%.

1. V.T. Fedotov, A.N. Suchkov, B.A. Kalin, O.N. Sevryukov, A.A. lvannikov,
Stemet solders for brazing of modern technology materials, Tsvetnye Met. (2014) 32—
37.

2. B.A. Kalin, AN. Suchkov, Basic principles of creating a new generation of
high- temperature brazing filler alloys, IOP Conf. Ser. Mater. Sci. Eng. 130 (2016).
d0i:10.1088/1757-899X/130/1/012038.

3. B.A. Kalin, A.N. Suchkov, V.T. Fedotov, O.N. Sevryukov, A.A. lvannikov,
A.A. Polyansky, 1. V Mazul, A.N. Makhankov, A.A. Gervash, P.S. Dzhumaev, V.L.
Yakushin, V.1. Polsky, RIBBON-TYPE FILLER METALS FOR BRAZING OF THE
HIGH-HEAT-FLUX ELEMENTS OF ITER, (2012) 147-153.

4. AN. Suchkov, V.T. Fedotov, O.N. Sevryukov, B.A. Kalin, A.A. lvannikov, 1.V.
Fedotov, P.V. Morokhov, A.E. Grigoryev, Brazing of Metals, Alloys and Ceramics
Using Rapidly Quenched Ribbon-Type Filler Metal STEMET, Adv. Sci. Technol. 88
(2014) 156-161. doi:10.4028/www.scientific.net/AST.88.156.
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HCCJIEJOBAHUE BJIUSIHUS PEXKUMA
BBICOKOTEMIIEPATYPHOM MAMKN HUKEJEBBIM
CIUIABOM-TIPUIIOEM CTEMET 1301A
HA TEPMOCTABHWJIBHOCTH COEJUHEHUM U3 CTAJIN
12X18H10T

[IpenmymecTBO MaWKW KaK TEXHOJOTHYECKOTO Mporecca OO0YCIOBIEHO,
TJIaBHBIM 00pa3oM, BO3MOKHOCTBIO ()OPMHUPOBAHUS MASTHOTO IITBA HIKE TEMIIE-
paTypsl aBTOHOMHOTO IIJIaBJICHUS COCIUHAEMBIX MaTepHanoB. IIpu 3Ttom cra-
HOBHUTCSI BO3MOXKHBIM IIOJTYy4aTh COCIAMHEHUS AETajled B MaJOIOCTYIHBIX Me-
CTax KOHCTPYKIMU M COXPAHITh MEXaHUYECKHE CBONCTBA MaTEpPHAJIOB U U3Je-
i [1].

Vcnonb30BaHue NasHBIX COEAMHEHHH NpU TMPOU3BOACTBE 3HEPrOHANps-
JKCHHBIX M3JIENIUi pebsIBIsIET Cepbe3Hble TpeOOBaHUs NMpHU BIOOpE MaTepua-
J0B npunoeB. Ha cerogHsAmHui J€Hb TEXHOJOrUSA NAalKU paccMaTpuBacTcs,
Kak aJbTEepHAaTHBAa CBapKe IPU NPOU3BOACTBE MHOTHX Y3JOB BHYTPHUKOPIIyC-
HBIX yCTpOMCTB ycTaHOBOK BBOP (BomO-BOASIHOW 3HEPTEeTHUECKUA PEaKTop).
OnHUM U3 yCIOBHH BO3MOKHOCTH NPHMEHEHHUS] HOBBIX MaTepHalioB ISl STHX
nenei sBiseTcs croikocTh mpu aBapun tuna LOCA (aBapus ¢ motepeii Terio-
Hocuressi). OCHOBHBIM KPUTEPHEM CTOWKOCTH NIPH TaKOM CLEHAPUH SIBIISIETCS
TEPMOCTaOMIBHOCTH 110 Temneparypsl nopsijika ~1200 °C B teuenne 400 c. Ilo-
3TOMY aKTyaJIbHOH SIBIISIETCS 3a/1a4a 10 CO3/IaHMIO MasHbIX COANHEHUH Ha Oc-
HOBE KOPPO3MOHHOCTOMKHX CTalel, He pa3pyIIaloIINXCsl IPU HarpeBe 10 TeM-
nepatypsl ~1200 °C.

Lenpto paboTBl  SABISIETCST  ONpEZETCHHE BIWSHHS  TEMIIEpaTypHO-
BpeMeHHoro pexuma navku ctanu 12X18HI10T mpumoem CTEMET 1301A
(Ni-7Cr-4,5Si-3,5Fe-2,6B mac. %) Ha TepMOCTaOMIBHOCTh MAsHBIX COEIHHE-
Huil. Jlns ompeneneHus 3TOM XapaKTEpPUCTUKU BBIIOJHUIM 3KCIEPUMEHT IO
pacnaiike B cootrBerctBun ¢ ['OCT 21547-76 «llalika. MeTon ompeneneHus
temneparypsl pacaiikny» [3]. [Ipumoit CTEMET 1301 A ncnions30Baiu B OQHH
CJIOM M paclioyiarajli HEMOCPEICTBEHHO B NasuIbHOM 3a30pe. [laiiky ocyiuecTs-
ysum ipu Temiepatypax 1070 °C, 1100 °C,1160 °C c Beiaepxkoit 15 musn, 40
MuH, 80 MUH A KaXI0H TemnepaTypsbl. [ Bcex MasHbIX COSAUHEHHI B IIBE
(opmupyercst TBepAbIiA pacTBOP. MUKPOCTPYKTYPY M 3JIEMEHTHBIN COCTaB I10-
CJIe IIPOoIIecca COeTMHEHMsI CTAJIbHBIX 00pa3IOB MCCIIEOBAIN C IOMOIIBIO Me-
TOJla PACTPOBOM 3JIEKTPOHHOW MUKPOCKOMMH. B pe3ynbTaTe aHanu3a JaHHBIX
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BBISIBJICHO, YTO CTallb HA TPAaHHULE CO LIBOM OOEIHSIETCS IO KEele3y, Xpomy,
Maprasily ¥ THTaHy, a odoramaercst HUKeneM, kpemaueM. KoiandecTso xenesa,
HaxozsIIeecs] B TBEpAOM pacTBope, Bappupyercs oT 11 1o 47,5 macc%, HUKes
oT 35 1o 75 % B 3aBUCHUMOCTH OT T€MIEpaTypPHO-BPEMEHHOIO peKuMa MalKu.
KonueHnTpamus xpoMa i BceX peXKUMOB JIeXKUT B uHTepBane 9-12 %. Kon-
LEHTpalys KPEMHHS, KaK OCHOBHOTO 3JIEMEHTa CHIDKAIOUIETO TEMIEpaTypy
TUTABJICHHS JKEJIC30HUKENIEBOTO TBEPAOTO PacTBOpa M3MeHsAeTcs oT 2 10 5.5%.
C yBenW4YeHUEM TEeMIIEPaTyphbl UCTIBITAHHH KOHLEHTPAMS KPEMHHUS B IICHTpPE
IBa yMEHBIIAETCA, a PacIpeelicHHe KPEMHHSI CTAaHOBUTCS Oojee paBHOMED-
HBIM I10 BCEH IIMPHUHE IIBA C YBEIIMUCHHEM BPEMEHH BBIZICPIKKH.

Ha o6pasie, nmonydennom mo pexxumy 1070 °C /40 muH, onpenesacHo, 4To
Temneparypa pacnaiiku cocrarisiet ~1303 °C. [t 06pa3iioB, MOJy4SHHBIX MO
pexxumam 1070 °C /80 mun, 1100 °C /15 mun, 1100 °C /80 Mun Temmepatypa
pacnaiiku He Hmke 1249 °C. Bce nccnenoBaHHBIE TBEpAbIE pacTBOPEI, chop-
MHPOBaHHBIC B MAsSHOM IIBE, MMEIOT ONM3KWII XUMHYECKHII COCTaB, CIEI0Ba-
TENBHO, W TEMIEPaTyphl IUIABJICHUS, YTO MOATBEPKAAIOT JAHHBIC pacyeTa B
nporpamme TERMOCALC.

1. Ivannikov A. et al. The use of Ni-Cr-Si-Be filler metals for brazing of stainless
steels // 10OP Conference Series: Materials Science and Engineering. 2016.

2. Cranb copToBas ¥ KaTMOpOBaHHAsE KOPPO3NOHHOCTOIKAs, XKAPOCTOMKAs H JKa-
pompounas. TOCT 5949-75

3. Tlaiika. Meroz onpeaenenus temieparypsl pacnaiiku TOCT 21547-76

E. A. KRASNOVA, A. A. IVANNIKOV, M. A. PENYAZ,
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INVESTIGATION OF THE EFFECT OF HIGH-TEMPERATURE
BRAZING NICKEL FILLER METAL STEMET 1301A ON THE
THERMAL STABILITY OF 12X18H10T JOINTS

The advantage of brazing as a technological process is mainly due to the
possibility of forming a brazed seam below the Autonomous melting tempera-
ture of the materials to be connected. At the same time, it becomes possible to
receive connections of details in inaccessible places of a design and to keep
mechanical properties of materials and products [1].

The use of brazed joints in the production of energy-stressed products
makes serious demands on the choice of filler materials. To date, the brazing
technology is considered as an alternative to welding in the production of many
units of internal devices of VVER plants (water-water power reactor). One of
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the conditions for the possibility of using new materials for this purpose is re-
sistance to accidents of the LOCA type (accident with loss of coolant). The
main criterion of resistance in this scenario is the thermal stability to a tempera-
ture of the order of 1200 ° C for 400 second. Therefore, the task of creating
brazed joints based on corrosion-resistant steels that do not collapse when heat-
ed to a temperature of 1200 ° C is urgent.

The aim of the work is to determine the effect of temperature-time mode of
brazing steel 12X18H10T filler metal STEMET 1301A (Ni-7Cr-4,5Si-3,5Fe-
2,6B wt. %) on the thermal stability of brazed joints. To determine this charac-
teristic, a seam melting experiment was performed in accordance with GOST
21547-76 " Brazing. Method for determining the seam melting temperature "
[3]. Filler metal STEMET 1301A used in a single layer and placed directly in
the brazing gap. Brazing was carried out at temperatures of 1070 °C, 1100 °C,
1160 °C with exposure time of 15 min, 40 min, 80 min for each temperature.
For all brazed joints, a solid solution is formed in the seam. The microstructure
and elemental composition after the process of joining the steel samples were
investigated by scanning electron microscopy. As a result of the data analysis it
was revealed that the steel at the boundary with the seam is depleted by iron,
chromium, manganese and titanium, and enriched with Nickel, silicon. The
amount of iron in the solid solution varies from 11 to 47.5 wt%, Nickel from 35
to 75 % depending on the temperature and time mode of brazing. The concen-
tration of chromium for all modes is in the range of 9-12 %. The concentration
of silicon, as the main element reducing the melting point of iron-Nickel solid
solution varies from 2 to 5.5%. As the test temperature increases, the concentra-
tion of silicon at the center of the weld decreases, and the distribution of silicon
becomes more uniform across the entire width of the weld as the holding time
increases.

On the sample obtained by the mode 1070 °C /40 min, it is determined that
the seam melting temperature is ~1303 °C. For samples obtained by modes
1070 °C /80 min, 1100 °C /15 min, 1100 °C / 80 min the seam melting temper-
ature is not lower than 1249 °C. All studied solid solutions formed in the brazed
joint have a similar chemical composition, hence the melting temperature,
which is confirmed by the calculation data in the program TERMOCALC.

1. lvannikov A. et al. The use of Ni-Cr-Si-Be filler metals for brazing of stainless
steels // 1OP Conference Series: Materials Science and Engineering. 2016.

2. Steel varietal and calibrated corrosion-resistant, heat-resistant and heat-resistant.
GOST 5949-75

3. Brazing. Method for determining the seam melting temperature GOST 21547-76
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MOJIYYEHUE BBICOKOSHTPOIIMIMHOI'O CILJIABA B
CUCTEME Ni-Nb-Co-Fe-Cr METOJOM BBICTPOI'O
3ATBEPJIEBAHUSI PACILJIABA JIJIS TAMKH OKCHJIHOM
KEPAMMUKH

[Ipu m3roroBneHUN U3AETUN MOTYT MPUMEHATHCSA PA3IUUYHBIE METOJBI CO-
37aHUsl HEpa3bEMHBIX COCAUHEHUN, HaIpuUMep, KIIENKa, CKJeiika, cBapKa, naii-
ka. [Taiika o0yiaaeT BaXKHBIMU MPEUMYIIECTBAMU — STO BO3MOXKHOCTH COE/IH-
HEHUSl Pa3HOPOJHBIX MAaTEpUANIOB, a TaKXE€ BO3MOXHOCTh €€ HCIOJIb30BAHUI
JUTSL OJTHOBPEMEHHOTO COCIMHEHHS JI000ro urcna aerajei [1].

B xonme pa3BuTHS TEXHOJOTMA MUKPO- M MaKpO-JIETUPOBAHUSI MOSBHINCH
mepBble pabOTHI MO CO3JAHHWI0O M KOMIUIGKCHOMY HCCIICAOBAHHMIO HOBBIX TaK
Ha3BIBAEMBIX BHICOKOIHTPONUHHBIX cruaBoB (BOC), Bkirogarommx a0 5-6 oc-
HOBHBIX JJIEMCHTOB, KaXIblii B Oonpmioll kKoHmeHTpammu (ot 5at.% mo 35
aT.%). JlaHHBIe MaTepHabl HApsTy ¢ XapaKTePUCTUKAMI, TUIIMYHBIMU JJIs Me-
TAJUTMYECKUX CIUTABOB, MIMEIOT YHHUKAIBHBIC CBOWMCTBA, MPHUCYIINE, HAIPUMeED,
METaJUIOKepaMHUKaM: BBICOKYIO TBEPAOCTb W CTOMKOCTh IO OTHOIICHHIO K
Pa3ynpoOYHEHHIO TIPU BBICOKUX TeMIIEpaTypax, JUCTIEPCUOHHOE TBEPJIECHUE, T1O0-
JIO)KUTENBHBIN TeMIepaTypHbIN KOd()PUIMEHT YyIpOUYHEHUS, TOBBIIICHHYIO W3-
HOCOCTOHKOCTB, KOPPO3HOHHYIO CTOMKOCTD U PSIJl APYTHUX CBOHCTB[2].

[Mpeanonaraercs, uro BOC MoryT ObITh IpUBIIEKATENbHBI JJISI IPUMEHEHHS
B Pa3JIMYHBIX 00JIACTAX TEXHUKH, B TOM 4YHCIie, B KayecTBe npurnos [3,4]. dus
naiku MoXxeT ObITh moydeH BOC co cTpyKTypoii TBEPIOTO pacTBOpa UM IB-
TEKTUYECKOW CTPYKTYpOH, HMMEIOMINK XOpomuid OanaHc TBEPIOCTH U IUIACTHY-
HOCTH, C TEMIIEPaTypOil TUTABIICHHUS B TOM )K€ JHATIa30HE, YTO U IPUMEHSIEMBIC
B HacTofIlee BpeMs IPHUNOH, 0e3 Mo0aBICHHS KOMIIOHCHTOB, CYIIECTBEHHO
CHIDKAIOIIHUX TEMIIEPaTypy IUIaBICHHS.

B nanHoif paboTe paccMoTpeHa BO3MOXKHOCTH ucmonb3oBanust BOC cucre-
Mmbl Ni-Nb-Co-Fe-Cr, mosiyueHHOro MeTogoM OBICTPOro 3aTBEpIAEBaHHs pac-
T1aBa, B KAUECTBE MPUIIOS ISl TTAKU OKCHITHOW KePaMUKH.

Ipensapurensho mist BAC coctaa Nby73CoCrFeNi,; paccunTans! cieny-
IOIIME TTapaMeTpPhl: Pa3Indue aTOMHBIX PainycoB O = 4,8; 3HTaJIbIHS CMeIlle-
HUst AHpix = - 12,2; satpomnus cmerreHust ASyix = 12,8, KOTopbie HAXOIATCS B
WHTEpBaJlaX, COOTBETCTBYIOIIMX 00pa30BaHUIO TBEPIOTO PACTBOPA B CTPYKTYpE
BSC. C nomomursio nuddepeHIHaIbHOr0 TepMUYECKOTO aHaIN3a ONPE/IeIeHb
TeMIepaTypsl JIMKBHAyca u comumyca cruiaBa Nbgg3Cog 16Cry gsFeNip 19: T~
1240 °C, T.~ 1180 °C.
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[To pesynbTaTaM peHTreHo(]a30BOro aHaiKM3a MOKa3aHO, YTO HMCCIEeyeMble
craBbl cucteMbl Ni-Nb-Co-Fe-Crumerot aBe (asbl: TBEPBIH pacTBOp Ha OC-
HoBe Ni ¢ pactBopéuubiMu B HéEM CO, Fe u Cr u unrepmerammug NbNiz co
ctpyktypoil I'TIK. CriaBel UMEIOT TOIBTEKTHUECKYIO CTPYKTYPY, COCTOSAIIYIO
u3 TBEPAOro pacTeopa Ha ocHoBe Ni U 3BTeKTHKH (TBEPABINA pacTBOp + MHTEp-
metaa NbNis).

IIpoBenena maitka amromMookcumHOW kepamukn BK94-1  crimaBom
Nbg93C041,16Cr1 gsFe1Niz 11 1O ciemyromeMy pexuMy: HarpeB 10 TEMIEPaTypbl
1300 °C, naiika 20 MUH U CTYNIEHYAaTOE OXJIAXKICHHE.

B masHom coemunennn BK94-1/BK94-1 moB mMeeT AOIBTEKTHYIECCKYIO
CTPYKTYpY M COCTOHUT U3 TBEPAOro pactBopa Ha ocHoBe Ni u 3BTeKTHKH (TBEpP-
np1if pactBop + uatepmeTaman NbNig).

Kepamuka BK94-1 mmeet mukpotBéprocts 1800 HV( ;. MukpoTBEpmocTs B
cepeaune mBa cocranisteT 700 HVj 3, 4To cOOTBETCTBYET MUKPOTBEPAOCTH JIU-
TOro CJIMTKa Nb0'73COCrFeNi2'1.

1.Bhattacharjee T. u op. Ultrafine-Grained AlCoCrFeNi 2.1 Eutectic High-Entropy
Alloy // Mater. Res. Lett. 2016. T. 4, Ne 3. C. 174-179.

2UBuenko M.B., Ilymun B.I'., Wanderka N. BbICOKOSHTpONHUITHBIE 3KBHATOMHBIC
ciwiaBel  AICrFeCoNiCu: rumoressl u  dKcrepuMenTtainbubie  (axtel // JKypuan
TexHnueckoit ¢pusuxu. 2014. T. 84, Ne 2. C. 57-609.
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OBTAINING HIGH ENTROPY ALLOY IN THE
Ni-Nb-Co-Fe-Cr SYSTEM BY RAPIDLY QUENCHING
METHOD FOR BRAZING OF OXIDE CERAMIC

In the manufacture of products, various methods of creating fixed joining
can be used, for example, riveting, gluing, welding, brazing. Brazing has some
important advantages such as the ability to join dissimilar materials and the
ability to use it for simultaneously joining any number of parts [1].

During the development of micro- and macro-alloying technologies, the
first works on the creation and study of new so-called high-entropy alloys
(HEA), that include up to 5-6 basic elements, each in high concentration (from
5 at.% to 35 at.%), appeared. These materials, along with the typical character-
istics of metal alloys, have unique and unusual properties inherent, for example,
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metal ceramics: high hardness and resistance to softening at high temperatures,
dispersion hardening, positive temperature hardening coefficient, high wear re-
sistance, corrosion resistance and other properties [2].

It is assumed, that HEAS are attractive for use in various fields, and there
are studies demonstrating, that HEAs can be used as brazing alloy [3,4]. A
HEA with a solid solution or eutectic structure, having a good balance of hard-
ness and ductility and with a melting temperature in the same range as the cur-
rently used brazing alloys but without adding components that greatly reduce
the melting temperature, can be obtained for brazing.

In this study, the possibility of using a HEA in the Ni-Nb-Co-Fe-Cr system,
obtaining by the method of rapid solidification of the melt, as a brazing alloy
for brazing oxide ceramic is considered.

For HEA Nbg73CoCrFeNiy; the following quantities were calculated: the
difference of atomic radius 6 = 4,8; mixing enthalpy AHpx = - 12,2; mixing en-
tropy ASmix = 12,8. These calculated quantities are in the intervals correspond-
ing to the formation of a solid solution in the structure of the HEA.

The liquidus and solidus temperatures for Nbg¢3C0;16Cry 0sFe;Niy g5 alloy
were determined using differential thermal analysis. These temperatures are T,
~ 1240 °C, Ts ~ 1180 °C.

The X-ray analysis was carried out and, according to its results, it was
shown that the studied alloys of the Ni-Nb-Co-Fe-Cr system have two phases: a
solid solution based on Ni with Co, Fe, Cr dissolved in it and an NbNi5 interme-
tallide with a FCC structure. The alloys have a hypoeutectic structure consist-
ing of a solid solution based on Ni and a eutectic (solid solution + NbNis inter-
metallide).

The oxide ceramic VK94-1 was brazed with the Nbg3C0416Cr1 0sF€1Niz 13
filler alloy by the following brazing mode: heating to a temperature 1300 °C,
brazing for 20 min and step cooling.

In the brazed joint VK94-1/VK94-1, the brazing seam has a hypoeutectic
structure that consists of a solid solution based on Ni and a eutectic (solid solu-
tion + NbNij; intermetallide).

The VK94-1 ceramic has a microhardness 1800 HV,; whereas the micro-
hardness of the brazing seam center is 700 HV,; that corresponds to the micro-
hardness of the cast ingot of the HEA Nbg 7,3C0oCrFeNi, ;.
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M3MEHEHHUE CTPYKTYPbI HOBEPXHOCTHBIX CJIOEB
OUJINMHAPUYECKUX U3AEJINU C ITIOMOUIBIO
KOMBUHUPOBAHHOM OBPABOTKH

B HacToAIEEC BPEMSA BO MHOTI'HUX o0JacTax HayYKW U TCXHHUKH IPOU30UICTT
Mepexoa OT PY4HOro TpyJda K MalIMHHOMY. B paboTe Takmx MaIlMH M Mexa-
HU3MOB HMCHOJIB3YIOTCS PAa3IMYHBIC IMapbl TPCHUA: INATYHbI, BAJIKH, MMOPIIHU,
WTUQTHL ¥ Ip. ITO MOTYT OBITH JIETANIN JBUraTeleil, HACOCOB, HAIIPABJIAIOLINE
POJIMKHU U T.J., UCTIOJb3YEMbIE B AJIEPHOI, BOEHHON OTpaciiX, a TaAKXKE aBTO-
MOOMIBHOM, aBUAIIHOHHOMN M CEJIbCKOXO03HCTBEHHOM 00IaCTsIX.

BonpmmHCTBO neTaneil UMEIOT NIIHHAPUIECKYIO (OpMy, KOTOpPBIE H3IO-
TaBJIMBAIOT U3 KaYECTBEHHBIX YTIICPOAUCTHIX U JETUPOBAHHBIX CTaJleH, yIIpod-
HEHHBIX JI0 BBICOKOW TBepIOCTH. KauecTBO MOBEpXHOCTHOTO CIIOSI MMEET pe-
mraroriee 3HaYCHHE U SKCIUTYaTallMOHHBIX CBOWCTB, TO €CTh M3HOCOCTOHKO-
CTH, KOPPO3UOHHOW CTOHKOCTH, YCTOHYMUBOCTH K KOHTAKTHOH YCTaIOCTH U T.1.

JanHas paboTa MOCBSIIEHa U3MEPEHUIO OCTATOYHBIX MAKPOHAIPSHKCHUN B
MOBEPXHOCTHBIX CJIOSIX BAJIOB U3 IMIMPOKO PACIPOCTPAHEHHON B TEXHUKE CTaIU
40X mpu HCHOJB30BAHUU CTAHIAPTHOTO PEHTTEHOBCKOTO sinzw-MeToz[a. HUc-
CJICIOBAHHBIC BalJibl TOABEPTaAIN MEXaHUYECKON M SHCKTpOMexaHI/I‘ICCKOﬁ 00-
paboTkaM, a TakXKe HCIOJIB30BalM IOCIEAYIOIEe alIMa3HOe BBIIVIA)KHBAaHUE.
OO0pasyromuiics mpu 3TOM peibed MOBEPXHOCTH, COCTOSAIIMN U3 YePEAYIOIIUX-
cs rpeOHel M KaHaBOK, oOecliednBaeT yaep>kaHHe Macia B KaHaBKax NpH Bpa-
MICHUH IWIHHIPHYECKOTO Baja B ormopax. Tak Ha3plBaeMbIe «MacisSHBIC Kap-
MaHBD» MOBBIMIAIOT U3HOCOCTOHKOCTE Balla 32 CYET IMOCTOSHHOTO MPHUCYTCTBHS
MAaCIITHO! IDICHKH Ha €r0 MOBEPXHOCTH. K TOMYy ke, IpoBeIeHHAs IIEKTPOMeE-
XaHU4YecKass 00paboTKa ¢ MOCIEAYIOINM JIMa3HbIM CIJI)KUBAaHUEM HPUBOINUT
K JIONOJIHUTEIGHOMY YIIPOYHEHHIO Marepuayia. PeHTTeHOBCKMMH MeTOAaMu
MOKA3aHO, YTO MaKCHMaJIFHOE YIPOYHEHHE, OLEHHBAEMOE IO MPOQIII0 TH-
(bpakIIMOHHBIX OTPAKEHWH, JOCTUTAETCS MPHU ajJMa3HOM BBITTaKWBaHWU. [Ipu
BCEX HMCCIIEIOBAaHHBIX 00paboTKax (TOKapHas, dJEKTPOMEXaHWYecKas M ajaMas-
HOC BI)IFJ'Ia)KI/IBaHI/Ie) B TIOBEPXHOCTHBIX CJIOAX Pa3sBUBAIOTCA CHKUMAIOIHC
HalpsHKCHU, MAaKCUMAJIBHBIC BCJIMYUHBI 3apETUCTPUPOBAHBI JJIA aJIMa3HOTO
BeINJIaKuBanus. Hanuuwne CXKUMAIOIINX HaHpﬂ)KeHHﬁ 00€eCIIeunBaET BEICOKHE
JKCIUTyaTalMOHHBIC CBOMCTBA MTOBEPXHOCTH BaJa.

123



R.A. MINUSHKIN"", M.G. ISAENKOVA?, YU.A. PERLOVICH',
A.P. YAKOVLEVA?
!National Research Nuclear University MEPhI, Moscow, Russia
“Bauman Moscow State Technical University, Moscow, Russia
RAMinushkin@mephi.ru

STRUCTURAL CHANGE OF SURFACE LAYERS OF
CYLINDRICAL PRODUCTS BY USING COMBINED
PROCESSING SCHEDULES

Currently, in many areas of science and technology there has been a transi-
tion from manual labor to machine. Various friction pairs are used in operating
such machines and mechanisms: while connecting rods, rolls, pistons, pins, etc.
These can be parts of engines, pumps, guide rollers, etc., used in nuclear and
military industries, as well as in automobile, aviation and agricultural fields.

Most parts have a cylindrical shape, which are made of high-quality carbon
and alloy steels, hardened to high hardness. The quality of the surface layer i.e.
wear-bone, corrosion resistance, resistance to contact fatigue, etc. is crucial for
the performance properties.

This work is devoted to the measurement of residual macrostresses in the
surface layers of shafts from steel 40Cr widely used in the art using the stand-
ard X-ray sin“y-method. The shafts under study were subjected to mechanical
and electromechanical treatments, and subsequent diamond smoothing was
used. The resulting surface relief, consisting of alternating ridges and grooves,
ensures oil retention in the grooves during rotation of the cylindrical shaft in the
bearings. The so-called "oil pockets™ increase the wear resistance of the shaft
due to the constant presence of an oil film on its surface. In addition, the per-
formed electromechanical processing followed by diamond smoothing leads to
additional hardening of the material. X-ray methods have shown that the max-
imum hardening, estimated by the profile of diffraction reflections, is achieved
with diamond smoothing. For all the treatments studied (turning, electrome-
chanical and diamond smoothing), compressive stresses develop in the surface
layers, the maximum values are recorded for diamond smoothing. The presence
of compressive stresses provides high operational properties of the shaft sur-
face.
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HNCCIEAOBAHUE CTPYKTYPbI BEPUWIJIMEBBIX
KOMIIO3UTOB COAEP/KAIINX HAHOAJIMA3bI

Marepuanisl, NpUMEHAEMblE B PEHTICHOBCKOW ONTHUKE, B YaCTHOCTH B
YCTPOMCTBAxX MOAABICHHS CIIEKIOB (CHEKII-CYIIIPECCOPHI) AOJKHBI YAOBIETBO-
PATB CIEAYIOIUM YCIOBHAM: 1) MPOIMYCKaTh PEHTIEHOBCKOE M3ITY4YEHHE C MU-
HUMAJIbHBIM TIOTJIONICHHEM 2) PaccenBaTh PEHTTCHOBCKOE M3IydeHHE 3) UMETh
TepMocToiikocTh He HIxe 600° C. bbulo yCTaHOBIEHO, YTO ONTUMAJIbHBIM Ma-
TEpHaJIOM, JJISl CO3/IaHHS TAKUX YCTPOWUCTB, SBIACTCS KOMIIO3UT, COCTOSIINN 13
MOPHUCTOH OEpHILINEBOW MATPUIBI B KOTOPOH JUIS YBEJIMYEHHS KOJIMIECTBA
CTPYKTYPHBIX HEOZHOPOIHOCTEH pAaBHOMEPHO paclpeneieH YIJIEepOAHBIN
HarnoyHUTENb [1]. Takol KOMIO3HUITMOHHBINA MaTepuall 00aacT BHICOKON pac-
CEeHBAIOILEH CIIOCOOHOCTBIO M TI03BOJISIET CHU3HUThH CTETICHb KOT€PEHTHOCTH W3-
nydeHus [2]. B To jxe Bpemsi, OCHOBHBIM TpeOOBaHHEM, KOTOPOE MPEIbsIBIACT-
sl K IAaHHOMY KOMIIO3UTY, SIBJISIETCSI BEICOKasi OTHOPOJHOCTH BCeX ero (uznue-
CKUX M XHUMMYECKHX XapaKTePUCTHK. Takas OJHOPOJHOCTH CBOMCTB MOXKET
OBITH TOCTUTHYTAa TOJIBKO NPU PABHOMEPHOM pACIpEAEICHUN BCEX KOMIIOHEH-
TOB IO 00BEMY.

Heo6xoaumMocTs paBHOMEPHOTO pacIipeAeiIeHHs HalOJHUTEINS SIBISETCS
CJIOKHOM TEXHUYIECKOH MpOoOIIEeMOHi, TaK KaK YaCTHI(bI HAITOIHUTEIS CKIIOHHBI K
00pa30BaHMIO arperaToB M KOHIJIOMEPATOB YacTHIl Pa3IMIHON GopMsl [3], uTo
PE3KO OTPHUIATENHHO CKa3bIBACTCS HA MOTPEOUTENBECKUX CBOMCTBaX KOHEYHBIX
W3JIEIINH.

Beut mpennoskeH crnoco0 co3maHUs KOMIIO3WIIHOHHOTO MaTepuaya IIyTeM
JUCTIEPTUPYIOIIEr0 CMEIICHUS B )KUIKOH cpe/ie TePMOIaOMIIbHOTO COSANHEHHS
Oepriuns (Tuapuaa OEpUUTHs) U YIBTPAAUCIIEPCHOTO MOPOIIKA JAETOHAIIMOH-
HBIX HAHOAJIMAa30B C MOCJCAYIOIIECH KOMIAKTU3AIUeH W TEepMOOOpPaOOTKOM.
IIpu 3TOM B X07€ TepMOOOpPabOTKH MpOTEKaeT ABA IpoLecca — Pas3sIoKEHHE
HCXOJIHOTO THApWAA Oepriins W oOpa3oBaHHWE MPOYHOW AATE3MOHHOU CBSA3U
MeXay (OpMHUPYEMBIMHU YacTHIAMH OEpPHUIIHS U HAHOAJIMA3HOTO TOPOIIKa.

ITonyueHHbI KOMIO3UIIMOHHBIN MaTepHan, xapakrepusyercss 100%-Ho oT-
KPBITO HNOPHUCTOCTBIO, TOBBIIIEHHBIMH MEXaHHUYECKUMH CBONCTBAMH, a €ro
CTPYKTYpa COCTOUT U3 KPUCTAJUIUTOB HAHOPA3MEPHOM BEIMUHUHBI.

Jis OUEHKH OJHOPOJHOCTH MOJIYYEHHOIO KOMIIO3UTHOIO MaTepuana u
PaBHOMEPHOCTH PAcCHpeJIeNICHUN BCEX KOMIIOHEHTOB 10 00beMy ObIIM IpoBe-
JICHBI HCCIIEZIOBAHUS €T0 CTPYKTYPHI.

HccnenoBanyue IpoOBOIMIIN 110 BBICOTE M3JI0MA KOMIO3UTa (PUCYHOK 1) Ha
CKaHMPYIOLIEM MHUKpocKore-Mukpoananuzarope Philips XL-30, ocHamenHoro
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9HEProJUCHEPCHOHHBIM CIIEKTPOMETPOM C JAeTeKTopoM Sapphire, paboTato-
MM TIO] YIIPaBJICHUEM MporpaMMHoOro odecrneucnns EDAX.

CoryiacHO JTaHHBIM BJIEMEHTHOTO aHaJH-
3a (pPUCYHOK 2) Ha pa3lIMYHBIX YydacTKax
BJIOJb BCEH BBICOTHI HM3JIOMa B KOMITO3UTE
HaOJroMaeTCsl HaJMYUe YTIIEPOAHBIX YaCTHII
IpH 3TOM €€ COJACpKaHHe B Pa3IHMIHBIX
ygacTkax MeHsercs ot 69 no 81 % mac., 9to
CBUJICTENIECTBYET 00 OTHOCHTENBHO PaBHO-
MEpPHOM pacIipefieliecHHH HaHOAIMa3HBIX da-
CTHII B 6epI/IHHI/ICBOﬁ Marpuie. PI/IcyHOK 1 _CprKTypa

KOMITO3UTa

1an 200 200 400

PucyHoxk 2 - DneMeHTHbIH aHaJIu3 KOMIIO3UTHOTO 0Opasina

1. E.V. Kozlova, V. V. Gorlevsky, A. A. Semenov, V. V. Volkov,A. S. Kozlova, I.
I. Lyatun ,P. A. Ershov, and A. A. Snigirev, «The Small-angle X-Ray Scattering Inves-
tigation of Advanced Beryllium Materials» /KnE Materials Science. 2018. 4(1). pp. 44-
50. DOI: 10.18502/kms.v4i1.2126.

2. A. Goikhman, I. Lyatun, P. Ershov et al. Highly porous nanoberyllium for Xray
beam speckle suppression. J. Synchrotron Rad. 2015. Vol. 22. Pp. 796-800.
doi.org/10.1107/S1600577515003628.

3. Vul' A. Y. Detonation Nanodiamonds: Science and Applications / A. Y. Vul’,
O.A. Shenderova //Pan Stanford Publishing — 2013. / P. 320.
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INVESTIGATION ON THE STRUCTURE OF BERYLLIUM
COMPOSITE CONTAINING NANODIAMONDS

The materials applied in X-ray optics, for instance, in speckle suppressors
should meet the following requirements: 1) to be radio transparent with mini-
mum absorption 2) to scatter X-ray 3) to have thermal stability 600 °C or high-
er. It has been established that the optimal material for making speckle-
suppressor devices is a composite consisting of beryllium matrix where the car-
bon filler is evenly distributed in order to raise the amount of structure inhomo-
geneities [1]. The composite material has a high scattering ability and allows to
reduce the degree of radiation coherence [2]. Nevertheless, the main require-
ment for the composite is a high uniformity of its physical and chemical fea-
tures. This uniformity could be possible only by means of a uniform distribu-
tion of all components throughout the volume.

The need for even distribution of the filler is a hard technical task, as parti-
cles of the filler tend to form agglomerate and conglomerate of various shapes
[3], resulting in significant negative consequences for end-user products.

A method was proposed for making a composite material via dispersive
mixing

The way of making have been offered in via dispersing mixing of a thermo
labile compound (beryllium hydride) and ultrafine detonation nanodiamond
powder in fluid with further compaction and thermal treatment. Therefore, dur-
ing the heat treatment two processes are taking place — decomposition of basic
beryllium hydride and establishment of a strong adhesive link between berylli-
um particles and nanodiamond powder.

The resulting composite has purely open porosity, advanced mechanical
characteristics and the structure consisting of nanosized crystallites.

An investigation on the composite structure have been carried out to asses
the homogeneity of the produced composite and uniformity of component dis-
tribution.

The analysis of structure cross-section (figure 1) has been taken using by
the scanning electron microscope microanalyzer Philips XL-30 equipped with
an energy-dispersive spectrometer with a Sapphire detector operating under
EDAX software.
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The results of the composite elemental anal-
ysis (figure 2) demonstrate existence of carbon
particles along the structure cross-section vary-
ing from 69 to 81 % wt, which indicates a rela-
tively uniform distribution of nanodiamonds in
the beryllium matrix.

Fig. 1 — Structure of
the composite

1inn 200 200 40

Fig. 2 — Elemental analysis of the composite

1. E.V. Kozlova, V. V. Gorlevsky, A. A. Semenov, V. V. Volkov,A. S. Kozlova, .
I. Lyatun ,P. A. Ershov, and A. A. Snigirev, «The Small-angle X-Ray Scattering Inves-
tigation of Advanced Beryllium Materials» /KnE Materials Science. 2018. 4(1). pp. 44-
50. DOI: 10.18502/kms.v4i1.2126.

2. A. Goikhman, I. Lyatun, P. Ershov et al. Highly porous nanoberyllium for Xray
beam speckle suppression. J. Synchrotron Rad. 2015. Vol. 22. Pp. 796-800.
doi.org/10.1107/S1600577515003628.

3. Vul' A. Y. Detonation Nanodiamonds: Science and Applications / A. Y. Vul’,
O.A. Shenderova //Pan Stanford Publishing — 2013. / P. 320.
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HEPA3PYIIAIOIWI KOHTPOJIb CBAPHBIX
COEJIMHEHU TUTAHA U ET'O CILTABOB C
BU3YAJIN3AIIMENA CUTHAJIOB ITPA KOHTPOJIE
METOJAOM BUXPEBBIX TOKOB

KonTponp xauecTBa uzenuii aTOMHON TEXHUKU SABIISETCS OTBETCTBEHHBIM
9TaroM BBIMYCKa MPOXyKIHA. TpeOoBaHMs, KOTOPBIC TPEABABISIIOTCS MIPHA He-
paspymaromeM koHTpose (HK) maTtepmanoB, B TOM UHClle palOAaKTUBHBIX,
TUKTYIOT HECTaHIAPTHHIC MOIXOAbI K PEIICHHUIO 3aad 00ecIiedeHUs] BEICOKOTO
KadgecTBa m3nenuii. HeoOXomuMBIii ypoBeHb AOCTOBEpHOCTH pe3yibTaroB HK
JOCTUTaeTCs Onaromapss MPUMEHEHUIO CHEIHATbHON ammapaTtypel M METOAMK,
pa3pabareiBaeMbix B0 «BHUMHM».

Onnoit u3 3anau anst HK sinsercs obGecrieueHne He0OXOIUMOTO KadecTBa
CBapHOI'0 COEIUHEHMs] TUTAHOBBIX M3Jenuii u3 cruiaBa BT20, BBINOJIHEHHOTO
anektpoHHo-ny4deBor (DJIY) cBapkoii. OcodenHocThio DJIY cBapku sBIsIETCS
CKJIOHHOCTh K 00pa30BaHHIO I'a30BBbIX W BaKyyMHBIX TIOp B CBaPHOM COEIIUHE-
HHUH, a TaKKe BO3MOXHBIX HENPOBAapOB B CTHIKE AETalHd, CBA3aHHOW C HecTa-
OMIIBHOCTBIO 3JIEKTPOHHOTO ITyYKa.

[Ipu srmexTpoHHO-Ty4eBOH CBapKe JHEPTHs, pacXoayemas Ha IUIaBICHHE
MeTaJUla, BBIICISIETCS B Pe3ylibTaTe MHTCHCHBHOW OOMOapIMpOBKHU CBapHBaec-
MOTO MeTaiUla OBICTPOABIKYIIMMUCS DJIEKTPOHAMH B BaKyyMme, a MpeuMyIie-
CTBO 3TOTO BHJa CBAPKH COCTOUT B TOM, YTO MPOIECC MPOTEKAECT B BAKYYMHOMH
KaMepe 0e3 WHepTHBIX Ta30B M COOTBETCTBEHHO 03 OKHCIICHHUS MeTailia, Oia-
rojapsi 4eMy IOJy4aroT 0cOo00 YHCTHIN (IO COAEPIKaHUIO Ta30B) METAILI IIBA,
YTO TAaKXKe YMEHBIIIAET BEPOSITHOCTD TOSBICHUS TPEIIUH TP OXJIaXKICHUH.

K memocratkam DJIY Meroma MOXKHO OTHECTH TMOBBIIIEHHOE 00pa3oBaHUeE
ra30BbIX MOP MPH MEIJICHHBIX pexkuMax cBapku. C OfHOHW CTOPOHBI, IPOUCXO-
JIUT JIera3alysi CBapHOW BaHHBI U YMEHBIIIEHNE KOHIIEHTPAIMH Ta30B, ¢ JPyrou
CTOPOHBI BHEIIIHEE JABJICHHE B CBApPOYHOW KaMmepe Ha 5-6 MOpPSIKOB MEHBIIE
aTMOC(EPHOTO U JABJICHUE BBIACIIIONINXCS ra30B MPEBOCXOIUT BHEIIHUE CU-
JIBL, YTO TIO3BOJISIET BBIOJIHATHCS YCIOBUIO BOZHUKHOBEHUS TOP.

st oOHapyxeHHsl MOJOOHBIX e(EeKTOB KaK MOPhI M JPYTUX HEOIHOPO-
HOCTEH CBAapHBIX COEAMHEHUHN MpeasioxkeH Meron BuxperokoBoro (BT) kon-
TPOJISL, KOTOPBIA 00JIafaeT pAAOM MPEUMYIIECTB Hepell CYIIECTBYIOIMIMMHU Me-
TOAaMU KOHTPOJISL.

OcHOBHBIM mpenaTcTBHEM At BT KOHTpons ABNSeTcsS HEOJAHOPOTHOCTH
AJIEKTPOMArHUTHBIX CBOWCTB B 00JacTH CBapHOro coemuHeHus. OmHako s
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MaTEepHaJIOB C OTHOCUTEIBHO HU3KOH 3JIEKTPONPOBOAHOCTBIO, K KOTOPBIM OT-
HOCHUTCSl TUTaH W €ro CIUIaBBI, NPOSBISIETCS CIIEAYIOLIas OCOOCHHOCTh: pas-
HOCTb YJIETbHON 3JIEKTPONPOBOAHOCTH OCHOBHOTO MaTepHasna U CBapHOIrO CO-
€JMHEeHMs He TaK BeJIMKa, KaKk Ha MaTepHajaX ¢ OTHOCUTENIBHO BBICOKOH 3JIeK-
TPONPOBOJHOCTBIO, @ 3TO CYIIECTBEHHO YMEHBIIAET MEIIAIOIHA (PaKkTop, K TO-
My ke ciuiaB BT20 HEeMarHuTHBINM, YTO MCKIIOYAET JOMOJHUTEIbHBINA BKIIAL
MarHUTHOHM COCTABIITIONICH M MO3BOJIIECT HA (JOHE HEOJTHOPOIHOU CTPYKTYPHI
CBapHOTO COCIMHECHNS OOHAPYKUBATh N€(PEKTHI B BUAE TIOP, TPEILINH, HEIPOBA-
POB U T.IL.

7151 KOHTpOJI TaKOM HEOJHOPOAHOM CTPYKTYphI KAK CBAPHOE COECIUHEHHUE,
MPEJIOKEH METOJ] BHXPEBBIX TOKOB C BHM3yalM3allUedl pe3ynbTaTOB B BUIE
KOHTPACTHBIX M300pa)keHH, KOTOPBIH MO3BOJISIET HA (POHE DIEKTPOMATHUTHBIX
HeOZLHOpO}IHOCTeﬁ mBa BBIACIATH I[e(l)eKTLI, XapaKTCpHbIC JIA CIIAaBOB TUTaHa
npu DJIY cBapke, 4TO MOBBICHIIO JOCTOBEPHOCTh HEPA3PYIIAIOIIEro KOHTPOJISA
Y KaueCTBO U3/I€JINA aTOMHOMN TEXHUKH.
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Kimoesa. Tom. 2. Kaura 2. BuxpeTokoBslif KOHTpOIb. / 2-€¢ u31., ucmp. - M.: MammHo-
ctpoenue, 2006. — 688c.
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Hayxa, 1965. — 336¢.
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nmakiueit b.A. Kanmuna — M.: MU®U, 2007. Tom 1. dusuka tBEpmoro tena / I'. H. En-
MaHoB, A. I'. 3amyxubiii, B. . Ckpeitheiii, E. A. CmupHoB, B. H. Snpue — M.:
MHU®U, 2007. — 636¢.
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nmakmueit b.A. Kamnaa — M.: MU®U, 2007. Tom 2. OcHOBHI MaTepuanoBeneHus / B. B.
Heuaes, E. A. CmupHOB, C. A. Koxres, b. A. Kamun, A. A. [onsackuii, B.W. Crauen-
Ko0. — M.: MU®U, 2007. — 608c.

A. KRAVCHENKO, M. VASILYEYV, YU. SOROKIN,
V. POPOV, A. URSKOV, V. SMIRNOV
JSC « VNIINM», Moscow, Russia
ArVKravchenko@bochvar.ru

NDT OF TITANIUM AND ITS ALLOYS WITH DATA
VISUALIZATION BY EDDY CURRENT METHOD

Quality control of nuclear devices is a crucial stage in its production. The
requirements for non-destructive testing (NDT) of materials, including radioac-
tive ones, dictate a non-standard approach to solving problems of ensuring high
quality products. The necessary results level of reliability is achieved through
the use of special equipment and techniques developed at JSC VNIINM.

One of the tasks for NDT is to ensure the necessary quality of the welded
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joint of titanium and its alloy (VT20), performed by electron-beam (EB) weld-
ing. A feature of EB welding is its tendency to form gas and vacuum pores in
the welded joint, as well as possible lack of welded depth at the joint associated
with the instability of the electron beam.

In EB welding, the energy spent on melting the metal is released as a result
of intense bombardment of the metal being welded by fast-moving electrons in
vacuum, and the advantage of this type of welding is that the process proceeds
in a vacuum chamber without inert gases and, accordingly, without metal oxi-
dation, due to which receive a particularly clean (in terms of gas content) weld
metal, which also reduces the appearance of cracks during cooling.

The disadvantages of the EB method is increased formation of gas pores in
slow welding conditions. On the one hand, there is a degassing of the weld pool
and decreases gas concentration, on the other hand, the external pressure in the
welding chamber is 5-6 orders of magnitude lower than atmospheric and the
pressure of the released gases exceeds the external forces, which allows the
condition for pore formation.

To detect such defects as pores and other inhomogeneities of welded joints,
the eddy current (EC) control method is proposed, which has several ad-
vantages over existing control methods.

The main obstacle to the EC control is the heterogeneity of the electromag-
netic properties in the weld area. However, for materials with relatively low
electrical conductivity, which includes titanium and its alloys, the following
feature is manifested: the difference in electrical conductivity of the base mate-
rial and the welded joint is not as large as on materials with relatively high elec-
trical conductivity, and this significantly reduces the interfering negative factor,
moreover VT20 alloy is non-magnetic, which eliminates the addition of the
magnetic component and makes it possible to detect defects in the form of
pores, cracks, and non-uniform structure of the welded joint breaches, etc.

To control such an inhomogeneous structure as a welded joint, a method of
eddy currents with visualization of the results in the form of contrast images is
proposed, which allows one to highlight defects characteristic of titanium alloys
during EB welding against the background of electromagnetic inhomogeneities
of the weld, which increased the reliability of non-destructive testing and the
quality of atomic technology products.
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YCTAHOBKA JJI51 BI{ICOKOBOJIBTHOFI
SJIEKTPOUMITYJIBCHOU KOHCOJIMJAIIMA
AAEPHOI'O TOIIJINBA

Jns ycriemHON peanu3aliid KOHLENIMHM TB3JIA C XKUIKOMETAITHIECKAM
MOZICTIOEM W TIOBBIIICHHBIM BBITOPAaHHEM HHUTPUAHOTO TOIUIMBA HEOOXOIMMO
pELINTh HECKOJBbKO 3a1a4. OmHa U3 KOTOPHIX CBsI3aHA C Pa3pabOTKON TEXHOIO-
THH{ MOTyYeHHs TaOIEeTOK CMEIIAaHHOTO HUTPUAA YpaHa U IUTyTOHHUS HOBBIIICH-
HOM MJIOTHOCTH J0 95 % OT TeOpEeTHUYECKON INIOTHOCTH, PEATU3YEMON BBICOKO-
BOJIBTHOH 3JI€KTPOUMITYIBCHOM KOHCONMMIAIMY TOIUIMBHOTO MOPOIIKA.

B ocHOBe maHHOTO METOAa JIEKUT NMPOITyCKAHNUE UMITYJIECA 3JIEKTPUUIECKOTO
TOKa 4epe3 MOPOIIKOBYIO NMPECCOBKY, C OJHOBPEMEHHBIM NPUJIOKEHHUEM JaB-
JeHusa. OTO TMO3BOJSET OOBETUHUTH TEXHOJIOTHYECKHE CTaJAHU INPECCOBaHMA
MOPOIIKA ¥ CIIEKaHUs TabJIETOK B OJHY, YTO 3HAUUTEIHHO YMEHBIIAET KOIUYe-
CTBO BOBJIEKAEMOT'0 B NPOU3BOACTBO OOOPYIOBAaHUS M KOJIWYECTBO MBUIALINX
omnepauui.

PazpaboTtanHas ycTaHOBKa BKJIIOYAET B ceOsl Ba OCHOBHBIX OJIOKA: BBICO-
KOBOJIbTHBIH reHepaTop mMmynbcoB Toka (I'MT) u mpeccoByro dacte, pasme-
IIEHHYIO B TEPMETUYHOM IIepyaToyHOM OOKce, CHa0)KEHHOM aBTOHOMHOM CH-
CTEMOH T'a3004YMCTKH WHEPTHOTO ra3a (aproHa) M pacCuMTaHHOM Ha paboTy C
IUTyTOHUH-coZiepKalumMu Marepuanamu. barapest konnencaropos I'MT no3so-
JsieT HakarmuBaTh dHepruio a0 40 x/x mpu 3apsake no HampspkeHHs 6 kB.
Monyne ynpaBieHHS 3JEKTPUYECKOH YacThi0 YCTAaHOBKHM BKIIIOYAaeT B cels
CXEMBI YIpaBJIEHHUS KOMMYTHPYIOIIUM YCTPOMCTBOM, MyCKaTeIH W MPHOOPHI
KOHTpOJISL. [ eHepaTop UMITyJIbCOB TOKa KOMILIEKTYETCSI HEOOXO MOl ammapa-
TypOH ISl KOHTPOJISI UMITYJIBCOB TOKa (Tosic PoroBckoro, 3armoMuHaromui oc-
mniorpad).

[lepuaTounslii GOKC B KOMIUIEKCE C T'a3004YHMCTKOM MO3BOJISIET paboTaTh C
MOPOIIKOBBIMU MarepuajlaMi B MHEPTHOH aTMmocdepe (aproH, reiaui, asor).
[Ipu 3TOoM y BHYTpHOOKCOBOI arMocdepsl HOAIEPKUBAIOTCS CIIETyIOIINe Ta-
pameTpsl — cogeprkaHue Boabl <20 ppm, coaepkaHue kuciaopoaa <20 ppm.

YcranoBka cmoHTHpOBaHa Ha 6aze AO «['HLl HUMAP». Ha nannom 3tane
0TpaboTKa PEXKMMOB BBICOKOBOJIBTHON 3JIEKTPOUMITYIHCHONH KOHCOJHMIAIIUH
(BOUK) noBexeHa Ha UMUTATOpPaxX HATPUIHOTO TOIUTMBA — HA TIOPOIIKAX MEIH,
Bosb(paMa u HUTpUAa THTaHa. Ilo pe3ynapTaTam oTpabOTKH PEXUMOB HOIyde-
HBI 00pa3nbl TAOJIETOK N3 TOPOIIKAa MEIH INIOTHOCTRIO 10 98% TII, Bonmbdpama
¢ IoTHOCTHIO 110 85 % TII u TabneTkn HUTPUAA TUTAHA TIOTHOCTHIO 70 80%
TII npu peanu30BaHHON MOIIHOCTU UMITYyJIbCOB TOKa 60% OT HOMMHAaNA.
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INSTALLATION FOR
HIGH VOLTAGE ELECTRIC PULSE CONSOLIDATION
OF NUCLEAR FUEL

For the successful implementation of the concept of a fuel element with a
liquid metal sublayer and increased burnup of nitride fuel, several problems
must be solved. One of them is associated with the development of technology
for the tablets production of mixed uranium nitride and plutonium of high den-
sity up to 95% of the theoretical density realized by high-voltage electric pulse
consolidation of fuel powder.

The basis of this method is the transmission of an electric current pulse
through a powder compact, with the simultaneous application of pressure. This
allows you to combine the technological stages of powder pressing and sinter-
ing of tablets into one, which significantly reduces the number of equipment
involved in the production and the number of dusting operations.

The developed installation includes two main units: a high-voltage current
pulse generator (GIT) and a press part located in an airtight glove box equipped
with an autonomous inert gas (argon) purification system and designed to work
with plutonium-containing materials. The GIT capacitor bank allows you to
store energy up to 40 kJ when charging to a voltage of 6 kV. The control mod-
ule for the electrical part of the installation includes control circuits for the
switching device, starters and control devices. The current pulse generator is
equipped with the necessary equipment for monitoring current pulses
(Rogowski belt, storage oscilloscope).

The glove box in combination with gas cleaning allows you to work with
powder materials in an inert atmosphere (argon, helium, nitrogen). And the fol-
lowing parameters are maintained in the in-box atmosphere - water content <20
ppm, oxygen content <20 ppm.

The installation is mounted on the basis of JSC «SSC RIAR». At this stage,
the development of high-voltage electric pulse consolidation (VEIC) modes
was carried out on nitride fuel simulators - on powders of copper, tungsten and
titanium nitride. Based on the results of testing the regimes, samples of tablets
were obtained from copper powder with a density of up to 98% TD, tungsten
with a density of up to 85% TD and titanium nitride tablets with a density of up
to 80% TD at a realized current pulse power of 60% of the nominal value.
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KEPMETBI HA OCHOBE CUCTEMBI Ni-Al-O,
YIOPOUHEHHBIE HAHOYACTUILIAMM IIITUHEJH, 11
KUIKOCOJIEBBIX DOHEPTETUYECKUX YCTAHOBOK

B pabote npuBOAATCS pe3yabTaThl HONYyUSHUS U UCCICAOBAHUS CTPYKTYPbI
U CBOMCTB KEPMETOB Ha OCHOBE IMOPOIIKOB OKCHIA ATIOMHHHS M HUKEIb-
AFOMHAHUEBOTO CIaBa ¢ go6aBkoii 0,1 % mMacc. HAHOYACTHUI] ATTFOMOMAarHUEBOU
IIITHENHN, CIEYEHHBIX 3JIEKTPOUCKPOBEIM MeToAOM. [loka3aHo BInsSHHE HAHO-
YacTHIl Ha BHyTpEHHEE TPEeHHE KOMIO3UTa B nHTEpBane temmeparyp 20 — 900
°C, pEHTIeHOBCKMM METOJOM HCCIEI0BaHbl OCOOEHHOCTH (pa3oobpazoBaHust
npu 700, 800 u 900 °C B cucreme NiAl-65Al,03-0,1MgAl,0,. O6cyxaenst
BO3MOJKHBIE MEXaHU3MBI AETPaJalliil IIPOYHOCTHBIX CBOMCTB KEpPMETOB IpHU
MOBBIIEHNH TemnepaTypbl. OOHapyKeHO IMOJIOKUTEIbHOE BIMSIHUE H0OABOK
HaHOYACTHI IINMHUHEIN Ha KPaTKOBPEMEHHYIO >KapOIPOYHOCTh KEpPMETOB IpHU
750 °C.

HccnenoBanue KpaTKOBPEMEHHOI xkaponpounocty (puc. 1) mpu 750 °C no-
Ka3aJio, 4YTo 00pa3zell ¢ HaHOYaCTUI[aMHU OoJiee cTabmileH, 4eM HeMOIU(UIINPO-
BaHHBIN 0o0Opaszer, uro cornacHo Teopun O6pasnoBa-Jlypee-benosa [1,2], ccol-
JasCh Ha P/ NPOBEAEHHBIX HAa METAUIMYECKUX MAaTpPULAaX UccienoBanuii [3-6],
MOXHO CBSI3aTh C BIHMSHHEM C(OPMHPOBABIIUXCS MEX(PA3HBIX 30H YHPOUYHE-

HUSl BOKPYT HaHo4dacTul [7].
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CERMETS BASED ON THE Ni-Al-O SYSTEM
STRENGTHENED BY SPINEL NANOPARTICLES FOR LIQUID
SALT POWER INSTALLATIONS

The paper presents the results of obtaining and studying the structure and
properties of cermets based on powders of aluminum oxide and nickel-
aluminum alloy with the addition of 0.1% of the mass. aluminum-magnesium
spinel nanoparticles sintered by the spark method. The effect of nanoparticles
on the internal friction of the composite in the temperature range of 20 - 900 °C
is shown; the features of phase formation at 700, 800 and 900 °C in the NiAl-
65Al1,03-0.1MgAl,O,4 system are studied by the X-ray method. Possible mech-
anisms for the degradation of the strength properties of cermets with increasing
temperature are discussed. A positive effect of the addition of spinel nanoparti-
cles on the short-term heat resistance of cermets at 750 ° C was found.

The study of short-term heat resistance (Fig. 1) at 750 °© C showed that the
sample with nanoparticles is more stable than the unmodified sample, which,
according to the Obraztsov — Lurie — Belov theory [1,2], referring to a number
of studies performed on metal matrices [3-6 ], can be associated with the influ-
ence of the formed interfacial hardening zones around nanoparticles [7].
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Fig. 1. The dependence of the strength of cermets on temperature
and composition

138



This work was supported by the RFBR grant No. 19-03-00350 A “Devel-
opment of methods for increasing the strength and functional properties of
nickel-based cermet materials”.

1. Samples I.F., Lurie S.A., Belov P.A. et al. Fundamentals of the theory of an in-
terphase layer. // Mechanics of composite materials and structures. 2004. -10 (3). —
C.596-612.

2. Lurie S.A., Solyaev Yu.O. Methods for predicting the physicomechanical proper-
ties of high-temperature composite materials. Interdisciplinary seminar: multiscale mod-
eling methods and their applications. Computing Center of the Russian Academy of Sci-
ences. 05/29/2014.

3. Kostikov V.1., Agureev L.E., Eremeeva Zh.V., Sitnikov NN, Kazakov V.A. Alu-
minomatric composites with small additives of nanoparticles of oxide materials // Prom-
ising materials. 2014. No. 7. P. 13-20.

4. Agureev, L.E., Kostikov, V.1., Yeremeyeva, Z.V. et al. Powder aluminum compo-
sites of Al — Cu system with micro-additions of oxide nanoparticles // Inorganic Materi-
als: Applied Research. 2016.V. 7. No. 6. P. 507-510.

5. Mironov, V.V., Agureev, L.E., Eremeeva, Z.V., Kostikov, V.I. Effect of Small
Additions of Alumina Nanoparticles on the Strength Characteristics of an Aluminum
Material // Doklady Physical Chemistry. 2018.481 (2), p. 110-113

6. Kostikov, V.l1., Agureev, L.E., Eremeeva, Z.V. Development of nanoparticle-
reinforced alumocomposites for rocket-space engineering // Russian Journal of Non-
Ferrous Metals. 2015.56 (3), p. 325-328.

7. Lurie, S., Volkov-Bogorodskiy, D., Solyaev, Y., Rizahanov, R., Agureev, L. Mul-
tiscale modeling of aluminum-based metal-matrix composites with oxide nanoinclusions
/I Computational Materials Science. 2016.16, p. 62-73.

139



A.B. CMHYYVK, 10.0. ATJAMUYVK, C.B. YYIIAK
Huemumym umnynvcuvix npoyeccog u mexuonoaut HAH Ykpaunui,
2. Huxonaes, Yxpauna

iipt@iipt.com.ua

OBPA30OBAHUE HAHOCTPYKTYPHBIX KAPBHUJHBIX
MOKPBITUI U3 IOPOIIKOBBIX ITPOJIYKTOB
SJIEKTPOB3PbIBA ITPOBOJHUKOB

Tyromnaskue TBepablie kapouabl Ti 1 W, KOTOpble Majo M3MEHSIOT CBOM-
CTBa C MOBBINICHUEM TEMIIEPATyphl, YCTOHYMBEI K OKHCICHUIO W 00JIaJaloT
HU3KHM KO3((UIIMEHT JTUHEHHOT0 TEPMHUYECKOTO PACIIUPEHHMS, ONpPaBIaHHO
HCIIONIB3YIOTCSL B COCTaBE MOBEPXHOCTHBIX MOKPBITHH. TpaTuIMoHHO Moyde-
HHUE TAKMX MOKPBITUH MPOXOIUT B [Ba 3Talla: BHAYaje OTACIbHO CUHTE3UPYIOT
MOPOIIKK KapOH/IOB, JKEIAaTeJIbHO HAHOPa3MEpHBIE HMOPOMIKH, KOTOPHIE 3aTeM
HAHOCST Ha KOHCTPYKIMOHHBIE IOBEPXHOCTU. B TO ke Bpems 3MeKTpHYeCKHH
B3pBIB IpoBonHUKa (DBII) B razoobpas3Hoii cpene, comepikaieil yriaepon, sB-
JsieTcsl KOMOMHNPOBAHHBIM TIPOIIECCOM, I'ZIe€ PacIblIICHUE METaIa COIMPOBOXK-
JIaeTCsl BBICOKOTEMIIEPATYPHBIM NMHPOJIHM30M T'a3a, a 00pa30BaHHBIC aKTHBHBIC
aTOMBI yIJIEpOJa y4acTBYIOT B CHHTE3€ XUMHYECKUX COCIMHEHHUH C MeTalaoM
MPOBOIHMKA. DKCTpEMalIbHbIe HEPAaBHOBECHBIX YCJIOBUS CHHTE3a JEIErHpPYIOT
KapOugaM CTPYKTYpY U CBOMCTBA, OTJIMYHBIE OT CTPYKTYPBI U CBOIMCTB HOPOIII-
KOB, IIOJTY4EHHBIX APYTHMMHU CIIOcOOaMH, a CKOPOCTHOH pasfieT MPOayKTOB CHH-
Te3a W JeicTBHE yNapHOW BOJHBI OOECIIEYMBAIOT NMPAKTHUYECKH MTHOBEHHOE
3aKpeIUIeHHe HAHOYACTHUI[ Ha PACHOJOXEHHBIX BOJH3M METATMUECKUX I0-
BEPXHOCTSIX.

B pabore BemonaeHa cepus OBII B mpomaH-OyTaHe IMyTeM MPOITyCKaHUS
4epe3 OIUHOYHBIC TIPOBOJIOYKH M MPOBOJIoUHbIe ckpyTkd CuU, Ti u W uMIynb-
COB TOKa ¢ HakoruieHHoH aneprueit 1,6 kIx u 1,8 x/Ix. IIponecc pe3ucTuBHO-
ro HarpeBa Cu MOYHO OXapaKTepU30BaThb PE3KHM, a, TIaBHOE, MOHOTOHHBIM
YBEJIMYEHHUEM HAIPSKEHHS 0 NMUKOBOTO 3HAYEHHUS B TO BpEMs, KaK KPUBBIC
HanpspkeHus Ti 1 W 00pa3yroT IUIOCKOe IIaTo, 3a KOTOPBEIM cleqyeT Oosee
HU3KHUH, 10 cpaBHeHHIO ¢ Cu, MUK MepeHanpsKeHus. YKa3aHHbIE 0COOCHHOCTH
OOBSICHAIOTCS PA3NUYMEM YIEIBHOTO CONPOTHUBICHUS M TEMIIEPaTypHBIX KO-
3¢ GUIMEHTOB CONPOTHUBIICHUS, XapAKTEPHBIX IS JKUAKUX TYTOIUIABKHX Me-
TAJJIOB U XUAKONW Menu. OTHOCHTENBHO ToICThIe (anameTrpom 0,3 MM) CKpYTKH
UCCIIEIOBAaHHBIX METaJlIoB, BKIo4as Cu, B3phIBAIOTCA MPH IHEPreTUUECKOM
MOTpeOIEHUH, KOTOPOE HE PEBBIIACT SHEPTHIO CYOIMMAIMHU TPOBOIHUKOB.

IIpomyxTel smexTpoB3priBa npoBosiodek Ti 1 W M MX XMMHUYECKOTO B3au-
MOJIEICTBHUS € YIIIEPOJOM OCAXJAIUCh B BHJE MOKPHITHUS Ha BHYTPEHHIOIO IO-
BEPXHOCTb OTBEpCTUIl amoMuHHeBOH neranu. CpeacTBaMM pacTpOBOM dIek-
TPOHHOW MHKPOCKOIIMH BBISBIICHAa HEpapXU4ecKasl CTPyKTypa 00pa3oBaHHBIX
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MOKPBITUH, B KOTOPBIX HapsLy ¢ MUKPOHHOH (pakuuei npucyTCTBYIOT YacTH-
bl pasmepoM MeHee 100 HM. Menkue 4acTUIBI UIMEIOT CKIIOHHOCTh OceaTh Ha
OoJiee KpyMHBIX ¢ 00pa30BaHUEM KOHIJIOMEPATOB, HO BCE YaCTHUIIbI, HE3aBUCH-
MO OT pa3Mmepa, cepuuecKre, YTO YKa3blBaeT Ha MPOXOXKIAECHHE MTPOBOJHUKA
gepe3 JKUAKOE COCTOSIHHE M JEHCTBHE CHUJ MOBEPXHOCTHOro HarskeHus. Ilo-
KpBITHS, 00pa30BaHHBIE NMPOAYKTaMH paspymeHus Ti, comepKaT OCTaTOYHYIO
MeTaunaeckyto ¢asy u kapoun TiC, mpomykTsl paspymerus W ocemaroT B
sune kapoumoB WC (WCy,), W,C u octatounoro mMerammaeckoro W. Okwuc-
JIBI METAJUIOB He oOHapykeHsI. [IprmMedarensHo, uTo Kapouy W,C, KOTOpHIi B
OOBIYHBIX YCIOBHUSIX CYIIECTBYET TOJBKO B OOJACTH TeMIlEpaTyp, HAuMHAs C
1247 °C, npucytctByetr B OBIIl MOKPHITHAX B KOJIWYECTBE, JOCTATOYHOM IUIS
PEHTreHOBCKOH naeHTnuKanuu. O4eBHIHO, TOJIUMOP(HBIE METAIUIBI B YCIIO-
Busix OBII, Gnarogapst OBICTPOMY OXJIQXKAEHHIO KHUAKO(DA3HBIX MPOIYKTOB,
CTa0MJIM3UPYIOTCS. ¢ 00pa30BaHHMEM BBICOKOTEMIIEPATYPHBIX MOJM(UKAIH.
[ToBblieHue 3Heprun, BBeacHHOM B Ti 1 W Ha cTaguu pe3uCTHBHOTO HAarpeBa,
KOTOPOE MOXKHO peaii30BaTh WM MyTE€M M3MEHEHUs MapaMeTpoB 3JIEKTpude-
CKOMW IIeTM, WJIM IIyTEM B3pPbIBa IPOBOJIOYEK, WU30JIMPOBAHHBIX JHAJIECKTPUYE-
CKUM JIaKOM, MHTEHCH(HUIMPYET MpollecC CHHTe3a KapOWAOB, B 4acTHOCTH,
CTaOMIM3MPOBAHHBIX BBICOKOTEMIICpATypHBIX (pa3, CHOCOOCTBYeT yMEHbIIE-
HHIO Pa3MEpOB YACTHII M CTJIAXKUBAHHIO TIOBEPXHOCTHOTO pesibe(a MOKPHITHI.

Bo Bpems OBII He Bce mpoayKThI, 00pa3oBaHHBIC B3PHIBOM, MTHUPOIU3OM U
MOCJICAYIONIMM XUMHUYECKUM B3aUMOJICHCTBHEM, OCEAAIOT Ha KOHCTPYKIHOH-
HOHM moBepxHocTU. Ha GONbIINX PacCTOSHUSX YacTh PacIUIaBICHHBIX MPOAYK-
TOB INIPOBOJHMKA HAYMHAET 3aTBEPJEBaTh, HE JOCTUTHYB IOBEPXHOCTH, WIIU
Ooca)klaeTcs B BUAE TBEPIBIX YACTHI], UMEIOMNX HHU3KYIO IPOYHOCTH CIIETIe-
HUSI, U OTPBIBAETCS OT MOBEPXHOCTH 1O/ JISHCTBUEM yJIapHOM BOJIHBI, CIIPOBO-
LUPOBAaHHOM MOCIEAYIOIUM B3pbIBOM. Takue 4acTULbl OCEAAIOT Ha JIHO peak-
Topa B Buze mopomka. ITpu oxmHakoBbix pexkumax OBII u oanHakoBoiil reo-
METPHH TPOBOJHUKOB IPUPOCT MAacChl MOKPHITHS, 00Pa30BaHHOTO NMPOAYKTaAMHU
B3pbIBa MPOBOJIOKH Ti B cpeHeM B 4 pa3a NMpeBbIIaeT IPHUPOCT MACCHI TOKPHI-
THsI, 00pa30BaHHOTO MPOJYKTaMM B3pbIBa NpoBOJIOKH W. OOBsSICHEHHE MOXKET
CKpPBIBAaTh HE TOJIKO B PA3IMYMK SHEPTUH CYOIMMAIWU I JaHHOM mapsl Me-
TaJUIOB, HO ¥ B COOTHOIICHNH TUIOTHOCTEH YHCTHIX METAJUIOB M 0OpPa30BaHHBIX
numu kapouos: kapoun TiC tspkenee nctoro Ti, a kapoumer WC, W,C nmerot
MEHBIIYIO INIOTHOCTD MO CPABHEHHIO C METAUTHIECKUM W.

Bornpocsl MpoU3BOAUTENBHOCTH HAaHECEHHs] KapOUIHBIX MOKPBITHH CHOCO-
6om OBII, MUHMMHU3AlIMU TOTEPh POJYKTOB B3pbIBa, HE OCEBIINX Ha MOBEPX-
HOCTb JIeTalld, U pa3pab0OTKH TEXHOJIOTHYECKHX CXEM MOKPBITHS IUIOCKUX MMO-
BEPXHOCTEH eIme TpeOyIoT pereHns.
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CRIATION OF NANOSTRUCTURAL CARBIDE COATINGS
USING POWDER RESULTING FROM WIRE ELECTRO
EXPLOSION

Refractory Ti and W hard carbides are used in surface coatings appropriate-
ly because they change properties slightly as a result of increasing temperature,
are resistant to oxidation and have a low coefficient of linear thermal expan-
sion. Traditionally, two stages are required to form such coatings: first, carbide
powders, nanoscale powders preferably, are synthesized separately which are
applied then to the metallic surfaces. At the same time, an electrical explosion
of wires (EEW) going in a gaseous medium with carbon content is a combined
process, where metal sputtering is accompanied by high-temperature gas pyrol-
ysis, and the active carbon atoms formed and involved together with the metal
powder in the synthesis of chemical compounds. Extreme nonequilibrium syn-
thesis conditions delegate to carbides the structure and properties different from
the structure and properties of powders obtained by other methods, and the
high-speed scattering the synthezised powder and the action of a shock wave
provide almost instantaneous fixation of nanoparticles on the metallic surface
located nearby.

During the present research, a series of EEW inside the propane-butane was
performed by means of passing electrical pulses with an accumulated energy of
1.6 kJ and 1.8 kJ through the single wires and the wire bunches of Cu, Ti and
W. The process of resistive heating of Cu can be characterized by a sharp and,
most importantly, monotonous increase in voltage to its peak, while the voltage
curves for Ti and W form a flat plateau followed by a lower peak compared to
Cu. These features are explained by the difference in resistivity itself as well as
in temperature coefficients of resistivity proper to liquid refractory metals and
liquid copper. Relatively thick (with a diameter of 0.3 mm) bunches of the stud-
ied metals, including Cu, explode with the energy intake that does not exceed
their sublimation energy.

The powder produced by the electric explosion of Ti and W wires and their
chemical interaction with carbon was deposited as a coating on the inner sur-
face of the holes inside an aluminum part. Due to scanning electron microsco-
py, the hierarchical structure of the created coatings was revealed in which
alongside the micron fraction, there are particles less than 100 nm in size. Small
particles tend to settle on larger ones to form conglomerates, but all particles,
regardless of size, are spherical, indicating the conductor passed through the
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liquid state, and was subjected to surface tension forces. The coatings formed
as a result of Ti destruction contain the residual metallic phase and TiC car-
bides, the decomposition products of W precipitate as WC (WC,), W,C car-
bides and residual metallic W. Oxides are not detected. It is noteworthy, that
W,C carbide, which under normal conditions exists only in the temperature
range starting from 1247 °C, is present within EEW coatings in a quantity suf-
ficient for X-ray identification. Obviously, due to the rapid cooling the liquid-
phase particles under conditions of EEW, polymorphic metals tend to stabilize
their high-temperature modifications. The increase in energy input into Ti and
W during the stage of resistive heating, which can be realized either by chang-
ing the parameters of the electrical circuit or by exploding wires insulated with
dielectric varnish, intensifies carbide synthesis, stabilized high-temperature
phases, in particular, contributes to the particle size to become smaller and the
surface relief of the coatings to smooth.

Not all powder caused by explosion, pyrolysis, and subsequent chemical in-
teraction, are deposited on the metallic surface during EEW. Some part of the
molten particles of the exploded wire begins to harden overcoming large dis-
tances and not reaching the surface, or sticks to the surface with a low adhesive
force as the particles solidified afore, and detaches from the surface under a
shock wave, promoted by a subsequent explosion. Such particles settle to the
bottom of the reactor as a powder byproduct. The mass growth of coating
formed by the powder of Ti wire explosion is 4 times higher than one of coat-
ing formed by the powder of W wire explosion provided the same EEW modes
and the same geometry of the conductors. To explain it is necessary to keep in
mind the differences in sublimation energy for a pair of metals given, and the
ratio of the densities for pure metals and carbide phases: TiC carbide is heavier
than pure Ti, while WC, W,C carbides have a lower density than metallic W.

Problems concerning to enhance the productivity of EEW as a method to
create carbide coatings, to minimize the loss of exploded wires which are set-
tled bypassing the part surface, and to develop technological schemes for coat-
ing flat surfaces still need to be solved.
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TEMIIEPATYPOIIPOBOJHOCTb KEPAMUKU KAPBU A
KPEMHUS C JOBABKAMU KAPBU/JIA HUOBUSA

Bnarogapst coueTaHHIO TaKMX CBOMCTB, KaK BBICOKas MEXaHMYeCKas IMpod-
HOCTb, TEIUIONPOBOJIHOCTh U TEPMOCTOMKOCTh, KepaMuKa Ha ocHoBe SiC Haxo-
JIUT IIUPOKOE MPUMEHEHHE BO MHOTHX OTPAcisX MAlIMHOCTPOCHUS, B MHUKPO-
3JIEKTPOHUKE U KOHCTPYKIHAX, TJ€ UMEIOTCS BBICOKUE TEMIIEPATYPHI.

B pabore npencTaBneHsl SKCIIEPUMEHTAIbHBIC JaHHBIC 3aBUCHMOCTH TEM-
nepatyponpoBoHocTH, kepamuku SiC-NbC cocrasa ot 10 1o 90 % macc. NbC
B SiC, pasnuuHoil moprcToCTH OT TeMreparypsl B quanazone (300-700 K). s
nonyuenust kepamuku SiC-NDC ucmonb3oBancsi 3eseHble MOPOIIKKA KapOuaa
KPEMHHMS IUCHIEPCHOCTHIO 5 MKkM. CriekaHue MpoBOAMIOCH B cpeae Ar u aaBie-
nn 2-10° Ia.. Bpewms criekanus cocraisio 30-60 MuH. YBenuueHHE BpeMEHI
CreKaHHs HE NMPUBOJMIO K CYIIECTBEHHOMY YBEJIMYEHHIO IUIOTHOCTH 00pa3-
oB. TeMmeparypa criekaHus W3MEHsNAch B mpejenax 2273-2473 K B 3aBucu-
MOCTH OT COCTaBa. YBEJIHUYCHUE TEeMIIEpaTyphl CIICKaHUs IPUBOJIUIO K UHTEH-
cu(uKaIMy MPOECCOB PEKPUCTAIIIM3ALMH U POCTY 3€PEH.

[I10THOCTh YW TOPUCTOCTH TONYy4YeHHBIX 00pasioB kepamuku SiC-NbC
ONPEEsIIA  METOJOM 3allOJHEHMS W THAPOCTATHYECKOTO B3BEIIMBAHMS.
CTpykTypy moiydeHHbIX Kepammdeckux martepuanioB SiC—NbC msyuanu Ha
CKaHMPYIOIEM JIEKTPOHHOM MHKpockore «ASPEX» PSEM eXpress™. Tewm-
MepaTypONpPOBOJHOCTh M3MEPSUIach METoloM JyazepHoi Bemblmku (LFA 457
MicroFlach). O6pasup! 11 n3MepeHus: TeMIepaTyporpoBOAHOCTH UMENU Pas-
Mepsl: 1uaMeTp — 12,7 MM, BbICOTa — 2-3 MM.

Janubple mo mwioTHOCTH U mopuctocTy i Kepamuku SiC-NbC mpexacras-
JieHsl B Tabmume 1.

Tabnuma 1.

No Temnepary- Co- [TnotHOCTH opu-
Il|pa NOJIY4YEeHMs, | CTaB, px103, Kr/m° CTOCTb
1 2273 10 1,68 53,7
2 2373 30 1,82 53,4
3 2373 50 2,29 52,4
4 2473 70 3,39 38
5 2473 90 5,23 17

BH/IHO, 9TO MIOTHOCTH 00pasioB Bospactaet oT 1.68-10% kr/m® 10 5.23-10°
kr/m° ¢ yBemmaenneM conepxarnus NbC ot 10 10 90 % Bec.
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Ha puc. 1 npeacraBieHbl 3KCIIEPUMEHTAIBHBIC JaHHBIC TEMIIEPATypPHOU 3a-
BHCHUMOCTH TemieparypornpoBognoctu kepamuku SiC- NbC pasmuanoro co-

crasa (10-90 % macc.).
18

35 .
300" 16
e 14
ﬁ 25 § 12
1, 20 o 10
= g 8
< 15 2 6
“ 10 . =4
s . e
0 100 200 300 400 500 600 70 00 100 200 300 400 500 600 700 800
TemmepatypalC Tenmeparypa, °C
a) 0)
25 12}:
20 u 10
” 3]
Sis o8
=] L6
210 g
5 2
0 .
0 100 200 300 400 500 600 700 OO 100 200 300 400 500 600 700

TeMIepaTypa, e Temmepatypa, 0c

c) )
Puc. 1. BaBucumocTts TemmeparyponpoBoaHocti kepamuku SiC - NbC ot
temmnepatypsl 1 coctaBa NbC: a) 10 % ; 6) 30 %; ¢) 50 %; 1) 90 %
Ha puc. 2 npexacrarieHsl MHKpoGoTOrpaduu CTPYKTYpBI 00pas3ioB Kepa-

mukd SiC—NbC st pasnu4HBIX COCTaBOB.
i B T :

o 0 el ) >
10% NbC 30% NbC
Puc. 2. Muxpodororpaduu crpykrypsl kepamuku SiC—NbC ot cocraa
(cBetioe - NbC, Témuoe — SiC).
C yeemuuenuem cozpepxkanuss NbC rermoukn kapOuaa KpeMHHSI pa3pbiBa-
I0TCSI, YTO YBEJIMYHMBAET NPOBOJUMOCTh KEPAMHUKH C JOOABKaMH KapOHIOB Ie-
pexoanbix MeTauioB [1]. CyliecTBeHHOTO pocTa 3epHa He HaOIrogaeTcs.

T" K. Cadapannes, I11.I11.111a6anos, b.A.bunanos, C.A.CanpixoB. CTpykTypa 1
anekTponpoBoaHocTh kepaMuku SiC-NbC.// Bectauk AI'Y, cepus 1, EctecTBeHHBIC
Haykwn, 2011, Ne6, ¢.31-34.
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THERMAL DIFFUSIVITY OF SILICON CARBIDE
CERAMICS WITH NIOBIUM CARBIDE ADDITIVES

Due to the combination of properties such as high mechanical strength,
thermal conductivity and heat resistance, SiC-based ceramics are widely used
in many branches of mechanical engineering, in microelectronics and structures
where there are high temperatures.

The paper presents experimental data on the dependence of thermal diffu-
sivity, SIC-NbC ceramics composition from 10 to 90% of the mass. NbC in
SiC, different porosity versus temperature in the range (300-700 K). To obtain
SiC-NbC ceramics, 5 um green silicon carbide powders were used. Sintering
was carried out in an Ar medium and a pressure of 2 - 10° Pa. The sintering
time was 30-60 minutes. An increase in sintering time did not lead to a substan-
tial increase in the density of samples. Sintering temperature varied within
2273-2473 K depending on the composition. An increase in sintering tempera-
ture led to an intensification of recrystallization processes and grain growth.

The density and porosity of the obtained SiC-NbC ceramic samples were
determined by the method of filling and hydrostatic weighing. The structure of
the obtained SIC—NbC ceramic materials was studied using an ASPEX PSEM
eXpressTM scanning electron microscope. The thermal diffusivity was meas-
ured using a laser flash method (LFA 457 MicroFlach). Samples for measuring
thermal diffusivity had dimensions: diameter - 12.7 mm, height - 2-3 mm.

Density and porosity data for SiC-NbC ceramics are presented in Table 1.

Table 1.

Na Tempera- Composition, NbC Density, Porosity,
1 ture, K % px10°, kg/m P, %
1 2273 10 1,68 53,7

2 2373 30 1,82 53,4

3 2373 50 2,29 52,4
4 2473 70 3,39 38

5 2473 90 5,23 17

It can be seen that the density of the samples increases from 1.68-10% kg/m®
to 5.23-10° kg/m® with an increase in the NbC content from 10 to 90% weight.

In figure 1 shows the experimental data on the temperature dependence of
the thermal diffusivity of SiC-NbC ceramics of various compositions (10-90%
wt.).
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Fig. 1. The dependence of thermal diffusivity of SiC - NbC ceramics on
temperature and NbC composition: a) 10%; b) 30%; c¢) 50%; d) 90%

In figure 2 shows microphotographs of the structure of SiC — NbC ceramic
samples for various compositions.

10% NbC
Fig. 2. Microphotographs of the structure of SiC — NbC ceramics versus
composition (light — NbC, dark — SiC).

As the NbC content increases, the silicon carbide chains break, which in-
creases the conductivity of ceramics with the addition of transition metal car-
bides [1]. Significant grain growth is not observed.

1. G.K. Safaraliev, Sh.Sh. Shabanov, B.A. Bilalov, S. A. Sadykov. The structure and

electrical conductivity of SiC-NbC ceramics.// Vestnik DGU, series 1, Natural sciences,
2011, No. 6, p.31-34.

147



[IL.III. ITABAHOB, I'. 1. KAPTAIIIOBA
Hazecmanckuii 2ocyoapcmeennuiii ynugepcumem, Maxaukana, Poccus.
sh-shaban@yandex.ru

MEXAHUYECKASA ITIPOYHOCTb KEPAMUNYECKHUX
MATEPHAJIOB SiC-BeO

Kepamuueckne wmatepuansl SiC-BeO wHHTepecHBI COYETAHHEM BBICOKOM
TEIJIONPOBOIHOCTH M 3eKTpoconpoTuieHus [1,2]. HobaBieHnune x xapoumy
KpEeMHHsI HeOOJIBIIOro KoJMYecTBa okcuaa oepumus (~2%mMacc.) IpUBOAUT K
yBEJIMYEHUIO TerutonpooaHocTy 10 270 Br/M-K, u yaensHoro conporuBieHus
10" Om-cm. B namHO#t paGoTe HCCIEAYIOTCS CTPYKTYpa M Mpeaen MPOUHOCTH
Ha U3rud ropsYenpeccoBaHHbIX Kepamuueckux marepuanoB SiC-BeO ot tem-
neparypsl.

Kepamuka SiC-BeO 6buia nosyueHa U3 3eJICHOTO MOPOIIKa KapOuaa Kpem-
HUA Moaudukanuu 6H, aucnepcHOCTRIO 2,4 MKM ¢ JOOABICHHEM MOPOIIKA OK-
cuga OepruIUs TUCIIEPCHOCTHIO 1 MKM, METOZIOM IOpSYero NpeccoBaHHs NpU
temrnepatype 2420 K u naBnenun no 35 Mlla B teuenunn 1 yaca B atMoctepe
N,. IIpeaen npo4HOCTH Ha U3rMO M3MEPSUIN YCTBIPEXTOUCUHBIM METOAOM (o,

). [y u3MepeHust mpeena MpovYHOCTH Ha U3rud 00pasiibl TOTOBWIIX B BUe Oa-
noyek (7X7x70). [laHHbIC O TUIOTHOCTH I TOPSYEIIPECCOBAHHONW KapOHUIo-
kpemHHeBoi kepamuku SiC-BeO mpencrasnenst B Tabumue 1.

OO0reit 3akoHOMepHOCTRIO aisi kepamuku SiC-BeO, monydeHHO# u3 mo-
pomka o-SiC, sBisieTcsl MOBBIICHUE 10 ONPEICICHHBIX 3HAYCHUH cOCTaBa
(~2% macc.) IIOTHOCTH MaTpHIbl. Takoi X0/ 3aBUCHMOCTH INIOTHOCTH OT CO-
craBa Juiss kepamuku SiC-BeO cBsizaH ¢ AByMsi NpuudMHamMu. Bo TepBbIX,
YMEHbIIICHHEM MOPUCTOCTH B Matpuile kepamuku SiC-BeO, npu nuddysnon-
HOM B3aumogeiictBuu nopoikos SiC u BeO. Ilpu noctmxenun npeena pac-
tBOpuMocTH B SiC okcu GepHiLTHs BCe OOIBINE OCTAETCS B MEK3SPEHHOMU (a-
3€, M INIOTHOCTh KEPaMUKH MajaeT.

Tabnmna 1

Ne pT/CM3 I, % | Honutun T,K Bec % BeO
1. | 2,77 13,7 6H,15R 2420 1

2. | 2,78 13,4 6H,15R 2420 1,2

3. | 2815 12,3 6H,15R 2420 1,4

4. | 2,795 12,53 | 6H 2420 1,5

5 1285 11,2 6H 2420 1,6

6. | 2,85 11,2 6H 2420 1,8

7. | 2,98 7,16 6H 2420 2

148


mailto:sh-shaban@yandex.ru

Ha puc. 1 mpezcraBieH CeKTPOMETPUUESCKUN aHAITU3 TUCIICPCUU SHEPTUU
kepamuku SiC-BeO cocraBa (2% macc. BeO). AHanu3 nokasan Haaudue (asbl
KPEMHHS, YTIepPOa, KUCIOPOa U OTCYTCTBUU OEPHILTHSL.

\192.168.0.1\!Experim\2009-09-24\K304\BeO_spectr.spc
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Puc. 2 3aBucuMOCTb mpezienia MPOYHOCTU TOPSICTIPECCOBAHHON KePaMUKH
SiC-BeO paznuunoro cocraBa oT TeMIEPaTyphI.

1. Nakano H., Watari K., Kinemuchi Y., Ishizaki K., Urabe K., Microstructural
characterization of high-thermal-conductivity SiC ceramics.//Journal of European Ce-
ramic Societi, 2004, 24, 3685-3690.

2. la6anos UI.II., Kapnamosa I'.[l., A6aymriaes T.3., IOnycosa H.P. Diekrpo-
IPOBOJIHOCTDh TOPSTYETIPECCOBAHHBIX KEPAMHUUYECKUX MaTEpUAJOB Ha OCHOBE KapOuaa
KpEMHUSL IPU BBICOKHX TeMHepaTyan//BeCTHI/IK I[aFCCTaHCKOFO TOCyAapCTBEHHOI'O
yauBepcureta. Cepust 1: EcrectBennste nayku. 2016. T. 31. Ne 1. C. 51-56.
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THE MECHANICAL STRENGTH OF CERAMIC
MATERIALS SiC-BeO

Ceramic materials SiC-BeO are interesting in a combination of high thermal
conductivity and electrical resistance [1,2]. Adding a small amount of berylli-
um oxide to silicon carbide (~ 2 wt%) leads to an increase in thermal conduc-
tivity up to 270 W / m - K, and a specific resistance of 1013 Ohm - cm. In this
work, we study the structure and ultimate tensile strength of hot pressed SiC-
BeO ceramic materials against temperature.

SiC-BeO ceramics was obtained from green powder of 6H modification sil-
icon carbide, 2.4 micron fineness with the addition of 1 micron beryllium oxide
powder, by hot pressing at a temperature of 2420 K and a pressure of up to 35
MPa for 1 hour in N, atmosphere. The bending strength was measured by the
four-point method (). To measure the flexural strength, the samples were

prepared in the form of beams (7x7x70). Density data for the hot-pressed sili-
con carbide ceramic SiC-BeO are presented in table 1.

A general regularity for SiC-BeO ceramics obtained from a-SiC powder is
to increase the matrix density to certain composition values (~ 2% wt.). This
behavior of the dependence of density on composition for SiC-BeO ceramics is
associated with two reasons. Firstly, by a decrease in porosity in the SiC-BeO
ceramic matrix during the diffusion interaction of SiC and BeO powders. When
the solubility limit in SiC is reached, beryllium oxide remains more and more
in the intergranular phase, and the ceramic density decreases.

Table 1.

Ne | p-glem® | P,% | Polytype |T,K Weight % BeO
1. | 2,77 13,7 6H,15R 2420 1

2. | 2,78 13,4 6H,15R 2420 1,2

3. | 2,815 12,3 6H,15R 2420 1,4

4, | 2,795 12,53 6H 2420 15

5. 1285 11,2 6H 2420 1,6

6. | 2,85 11,2 6H 2420 1,8

7. | 2,98 7,16 6H 2420 2

In figure 1 shows a spectrometric analysis of the dispersion of energy of a
ceramic SiC-BeO composition (2% wt. BeO). The analysis showed the pres-
ence of a phase of silicon, carbon, oxygen and the absence of beryllium.
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Fig. 1. Spectrometric analysis of the dispersion of energy of the ceramic
SiC-BeO (2% wt. BeO).

Bending strength data are presented in fig. 2. It can be seen that, up to a
temperature of 1300 K, the tensile strength remains constant.
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Fig. 2 Temperature dependence of the tensile strength of hot-pressed SiC-BeO
ceramics of various compositions.

1. Nakano H., Watari K., Kinemuchi Y., Ishizaki K., Urabe K., Microstructural
characterization of high-thermal-conductivity SiC ceramics.// Journal of European Ce-
ramic Societi, 2004, 24, 3685-3690.

2. Shabanov Sh.Sh., Kardashova GD, Abdullaev T.E., Yunusova N.R. The electrical
conductivity of hot-pressed ceramic materials based on silicon carbide at high tempera-
tures // Bulletin of the Dagestan State University. Series 1: Natural Sciences. 2016.Vol.
31. No. 1. S. 51-56.
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YCTAHOBJIEHHUE PEXKUMOB HCKPOBOI'O
IJTASMEHHOT'O CIIEKAHMSI U1 ITOJTYYEHUA
BBICOKOIIVIOTHOU KAPBUJIKPEMHUEBOU KEPAMUKHA

HckpoBoe mnazMenHoe criekanue (SPS) aTo MeTon, ¢ MOMOIIBIO KOTOPOTO
MOXHO B KpaTdaiIiee BpeMs CHEKaTh 10 BBICOKOH INIOTHOCTH MPAKTHYECKH
BCE KEpaMUYECKHE MTOPOIIKH, O1arofaps 1eMy BO3MOXKHO ITPOM3BOACTBO MaTe-
pPHAJIOB CO 3HAYMTENFHO YIYYIICHHBIMH CBOWCTBAMH, BILIOTH 10 MaTEpPHAIOB
COBEPIICHHO HOBOTO THIIA.

B Hacrosmeil pabote mpoBeleHA OLIEHKA BIMSHHS PEKUMOB HCKPOBOTO
IUIa3MEHHOTO CIIEKAaHWs Ha TUIOTHOCTh Kepamuku Ha ocHoBe SiC-AIN ¢ mo6aB-
koii Y,0;. Tloporok 3ackimany B npecc-popMbl U3 M30CTATUYECKOTO rpadura
U-3 ¢ BHYyTpeHHUM JanaMeTpoM 24 MM, C HCHOJIb30BAaHUEM JOHOJHUTEIEHOTO
ciost rpaUTOBOI OyMaru Mexay MaTpHULEH U MOPOIIKOBOM 3aChITKOW U MEX-
Iy TpaUTOBBIMH IyaHCOHAMH W IOPOLIKOM JUIsi MPEJOTBPAILCHUSI pEaKinuu
MEKIy MOPOIIKOM M MaTepuajoM OCHAacTKM. Macca 3achIlKM COCTaBsia B
cpenaeM 10 r. dapnerne npeccoBanus - SOMIIa (2.4Tc mo mpeccy 2.3 + 0.1 Ha
npyxuasl). CKopocTh BEIxona Ha pexum 100rpan/muH. ATMOchepa — BakyyMm
(ocrarounoe manenue 0.511a — 0.1I1a). CxopocTs HarpeBa A0 MaKCHMAITbHOM
temneparypsl 100 °C/mun. IlonydeHHble 00pasipl M3BJIEKAIH U3 IIPECC-
(hOpMBI, OTYMIATINCH U TOTOBWJINCh K M3YYEHHIO Ha MJIOTHOCTH. IlmoTHOCTH
CHEeUEHHBIX M3JENUIl ONpeaensiii MEeTOAOM THAPOCTATHYECKOTO B3BEIIMBAHUS
B IUCTHIUTMpOBaHHOI Boje. IlpencraBienHsle B Tabmuie | 3Ha4YeHHUS AAIOT
MpecTaBiIeHne 00 M3MEHEHUH TUIOTHOCTH (POPMUPYEMBIX 00pa3lioB B 3aBUCH-
MOCTH OT COCTaBa KOMIIO3MTA, TEMIIEPATypsl U BPEMEHH BBLACP)KKH Ha PEXKIME
CIIEKaHMUA.

Tab6muma 1
[LI0THOCTB, T/cM®
SiC (75%)- SiC (75%)- SiC (75%)-
AIN(25%) AIN(22%)- AIN(18%)-
Temnepa- Y,05(3%) Y,05(7%)
Typa CHOCKa— tpe)m tpe)l(l tpe)}(l tpe)l(’ tpe)ia tpe){(i
aust, C 3 MuH 6 MHH 3 MuH 6 MHUH 3 MuH 6 MuH
1400 2.13 2.13 2.14 2.16 2.15 2.17
1500 2.24 2.28 2.37 2.45 2.41 2.48
1600 2.39 2.41 2.65 2.76 2.65 2.70
1700 2.50 2.53 291 2.97 2.92 2.99

Kak crneayer u3 tabmuipl, BBenenue Y,03; B cmecs mnopomkoB SiC-AlN
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OKa3bIBaET 3aMETHOE BJIMSHUS Ha IUIOTHOCTH KEPAMUKH B JAMAIa30HE TeMIlepa-
Typ (1400-1800) °C, yBenmumBas MIOTHOCTH A0 3,25 r/cM°, 4TO COCTaBIsET
(98,5 % TII), 4yTO 3HAUUTENIEHO NMPEBBINIAET 3HAYEHUS IUIOTHOCTHU I KepaMu-
KM, TOJy4eHHO!H ropsiyMM NpPEcCOBaHUEM. B To ke BpeMs yCTaHOBIEHO, YTO
it kepamuku SiC-AIN onrumansHoi sBisiercs mobaBka Y,0s; - 7 mac.%.
YBenuueHrne KOHIEHTPAINH aKTHBHpYIomen nobasku Y,O3 B mporecce crexa-
HMs npu Temneparypax Boiue 1700 °C mpuBOAUT K pOCTy MCIIAPEHUS OKCHIOB
W BO3PACTAHHIO WX B3aMMOJCHCTBHA C KapOWIOM KPEMHHS, UYTO YMCHBIIAET
wiotHocTh SiC-maTepuana. IIpu BEICOKOM COmEepkaHHH OKCHAOB (> 7 % macc.)
OHH 3aIOJHAIOT IPOCTPAHCTBO TIOP, a UINHUIIEK JKUIKOTO PacIliaBa BHIIABIMBACT-
sl M3 CcIieKaeMoro o0pasiia, pa3beaacT 3allUTHYI0 TpadUTOBYIO (OIBTY U B3aH-
MOJICUCTBYET ¢ MaTpullei myancoHa. OKCHIHBIN pacIuiaB NPHJIMIACT K IpaduTo-
BOM (hopme 1 paspyiaet odpaseir.

[TosTomMy, B nanbHeHIIeM NpU NPOBEICHUM HCCICJOBAHUN IO BIUSHUIO
BPEMEHHU BBIIEPKKH Ha PEXHUME CIIEKaHUs NP MaKCHMAaJIbHOM TemIiepatrype
crekanust 1800 °C Ha IJIOTHOCTH MOJYy9aeMbIX 00Pa3lOB KEPAMUKH, PEIICHO
UCKITIOYUTH COCTaB ¢ 7%-M cojiepKaHueM oKcuja UTTpusi. Pe3ynbrathl uccie-
JIOBaHUH MPeNCTaBICHBI HA PUCYHKE 1.

33

p. glem®
.

3 [ [} 12 15
t, min

PucyHok 1. 3aBUCHMOCTD MIOTHOCTH 0OPA3IIOB KEPAMHUKH OT BPEMEHH CIie-
kanus Ha pexxume nipu T=1800 °C: 1) SiC (75%)-AIN(25%); 2)SiC (75%)-
AIN(22%)-Y ,03(3%); 3)SiC (75%)-AIN(18%)-Y ,03(7%)

W3yuenne KUHETHKH criekaHus (puc.l) mokasano, 4To MpOLecC YIUIOTHEHUS
kepamuku SiC-AlIN 3HAUUTENBHO 3aBUCUT OT BPEMEHHU BBIJIEPKKH Ha PEXKUME,
B TO BpeMmsi, kKak uisi coctaBa SiC(75%)-AlIN(22%)-Y,03(3%) mnotHOCTh 00-
pa3loB MEHSETCs] He3HAYUTENbHO. Y CTaHOBIEHO, YTO HAaWOOJbIIee 3HAUCHHE
wiotHocTH s SiC(75%)-AIN(25%) cocraisiet ~95.9% oT TeopeTHdeckoit. A
npu go6aBneHnA 3% OKCHIA UTTPHS MPH TEX K€ TEXHOJIOTUYECKUX MapaMeT-
pax pocturaercst 100% MIOTHOCTH OT TEOPETHUUECKONH. MOMXKHO 3aKTIOUUTh, YTO
B HACTOsIICH padoTe Mpu ONpeaeaEHHbIX pekuMax SPS-criekaHus TOCTUTHYTa
OTHOCHTEJIbHAS TNIOTHOCTh 00pa31oB OJIM3Kask K MAaKCUMaJIbHOM.
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ESTABLISHMENT OF SPARK PLASMA SINTERING
MODES FOR PRODUCING HIGH-DENSITY SILICON
CARBIDE SILICON

Spark plasma sintering (SPS) is a method by which, in the shortest possible
time, almost all ceramic powders can be sintered to a high density, which
makes it possible to produce materials with significantly improved properties,
up to materials of a completely new type.

In this work, we estimated the effect of spark plasma sintering modes on the
density of SiC-AIN-based ceramics with the addition of Y,03. The powder was
poured into 1-3 isostatic graphite molds with an inner diameter of 24 mm, using
an additional layer of graphite paper between the matrix and the powder back-
fill and between the graphite punches and the powder to prevent the reaction
between the powder and the tool material. The backfill mass averaged 10 g.
The compaction pressure was 50 MPa. The exit speed to the mode of 100 deg /
min. Atmosphere - vacuum. The heating rate to a maximum temperature of 100
° C / min. The obtained samples were removed from the mold, cleaned and
prepared for density testing. The density of the sintered products was deter-
mined by hydrostatic weighing in distilled water. The values presented in table
1 give an idea of the change in the density of the formed samples depending on
the composition of the composite, temperature and exposure time in the sinter-

ing mode.
Table 1.
Density, g/ cm®
SiC (75%)- SIiC (75%)- SIiC (75%)-
AIN(25%) AIN(22%)- AIN(18%)-
Sintering Y203(3%) Y203(7%)
temperature, tpere toeno tper tpere trene e
°C 3 min 6 min 3 min 6 min 3 min 6 min
1400 2.13 2.13 2.14 2.16 2.15 2.17
1500 2.24 2.28 2.37 2.45 2.41 2.48
1600 2.39 2.41 2.65 2.76 2.65 2.70
1700 2.50 2.53 291 2.97 2.92 2.99
1800 2.69 2.71 3.18 3.22 3.25 3.17

As follows from the table, the introduction of Y,03 into a mixture of SiC-
AIN powders has a noticeable effect on the density of ceramics in the tempera-
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ture range (1400-1800) °C, increasing the density to 3.25 g / cm3, which signif-
icantly exceeds the density values for ceramics obtained by hot pressing. At the
same time, it was found that, for SiC-AIN ceramics, the optimum additive is
Y,03- 7 wt.%. An increase in the concentration of the activating additive Y,03
during sintering at temperatures above 1700 °C leads to an increase in the
evaporation of oxides and an increase in their interaction with silicon carbide,
which reduces the density of the SiC material. At a high content of oxides (>
7% wt.), They fill the pore space, and the excess liquid melt is squeezed out of
the sintered sample, corrodes the protective graphite foil and interacts with the
punch matrix. The oxide melt adheres to the graphite form and destroys the
sample.

Therefore, in the future, when conducting studies on the influence of the
exposure time on the sintering mode at a maximum sintering temperature of
1800 °C on the density of the obtained ceramic samples, it was decided to ex-
clude the composition with 7% yttrium oxide content. The research results are
presented in Figure 1.

3 [ L] 12 15
t, min

Figure 1. The dependence of the density of ceramic samples on the sintering
time in the regime at T = 1800 °C: 1) SiC (75%)-AIN(25%); 2)SiC (75%)-
AIN(22%)-Y,05(3%); 3)SiC (75%)-AIN(18%)-Y ,05(7%)

A study of the sintering kinetics (Fig. 1) showed that the process of compac-
tion of SiC-AIN ceramics significantly depends on the exposure time in the re-
gime, while for the SiC (75%) - AIN (22%) - Y,00(3%) density samples varies
slightly. It was found that the highest density value for SiC (75%) - AIN (25%)
is ~ 95.9% of the theoretical. And with the addition of 3% yttrium oxide at the
same technological parameters, 100% of the theoretical density is achieved.

It can be concluded that in the present work, under certain SPS-sintering
conditions, the relative density of the samples was reached close to the maxi-
mum.
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BJIUAHHUE YCJIOBUI CIIEKAHUSA HA CTPYKTYPY
CBOUCTBA KEPAMUKHU HA OCHOBE KAPBUJIA KPEMHUA

3amayeill MCCIENOBaHUN SIBISIIIOCH ONTHMHU3ALMA COCTABOB CMECEN MCXO-
HBIX KOMIIOHEHTOB M PEXUMOB SPS 1 mocTiKeHNs KOMILIEKCa HAHOOJIBIINX
(hM3UKO-MEXaHUIECKHUX CBOMCTB (IIOTHOCTH, CTPYKTYPa, MUKPOTBEPAOCTD).

M3BecTHO aKTHBHpYIOIIEe BIUSHUE OKCHIA UTTPHUS MPH CIIEKAHUU KepPaMHU-
ku Ha ocHoBe SIC-AIN. DTOT mpueM Mbl HCHONB30Baiu npu SPS criekaHuu
kommosuruii cucteMbl SiC-AIN. Okcua UTTpHsT BBOOWIH IIEPBOHAYAIBHO B
nopoiok AIN (3 u 7 % no orHomenuto k AIN), a 3aTeM TOTOBHJIM CMECU C
SiC. HcxoaHble KOMIOHEHTHI CMENIMBAINCH B COOTHOILIEHHUSX, MPEICTABICH-
HEIX B Ta0Omuie 1.

Ta6muua 1. CoctaB v AMCIEPCHOCTH TOPOIIKOB.

KoMIIoHEeHTBI cOCTaBOB
SiC AIN Y,0
3
75 25 0
BecoBrie % KOMITOHEHT. 75 22 3
75 18 7
JucnepcHOCTh, MKM 14.22 5.69 7.72

HUccnenyemsie obpasmsr kepamuku SiC-AIN OBUTH TIOXYYEHBI TP Pa3Iny-
HBIX PEXMMax Crekanus mo merony SPS: temmeparypa cnekanus, °C - 1400,
1500, 1600, 1700, 1800; naBnenue npeccoBanus - SOMIla; qnUTEeIBLHOCTH Clie-
KaHMs IIpHU paboueit TemnepaType, MuH. - 3, 6, 9, 12, 15.

B xoz€e sxcriepuMeHTa BBISIBICHO, YTO MPH CIIEKaHUHM 00pa3IoB ¢ J0OaBKOK
7% oxcuna urtpus npu 1800 °C B npecc-hopme HabionaeTcs GopMUPOBAHKE
KHUJKOW (ha3bl, KOTOpasi 3aroiHsIeT MPOCTPAHCTBO MEXIy 4YacTULIAMU KapOuia
KpeMHHs1 J0 00pa30BaHusl IJIOTHOTO Martepuaia. JTO TOATBEPIKIASTCS PECTaB-
JIEHHBIMH Ha pucyHke 1 ¢ororpadmsiMu MUKPOCTPYKTYpPBI, TIOMy4eHHBIMHU Ha aB-
TOIMHCCHOHHOM POM. VBenudeHue KOHIEHTpalWU aKTHBUpYOLIeH N00aBKH
Y03 npuBOIUT K POCTY MCIIAPEHHSI OKCHIOB M BO3PACTAHUIO MX B3aMMOJEH-
CTBUsI ¢ KapOUIOM KpEMHHMs, YTO yMEHbIIAeT MmIoTHOCTh SiC-marepuana. Ta-
KAM 00pa3oM, ONITUMANIbHON sBisieTcst nobaeka Y03 - 7 mac.%.

Nzyuyena TemneparyponpoBOJHOCTE OOpa3loOB KEPAaMHMKH PAa3IMYHOTO CO-
CcTaBa, MOJNyYEHHBIX Npu Temieparype crnekanus 1800 °C u BpeMeHU Ha pexu-
Me 6 MuH (puc.2). YCTaHOBIEHO, 4TO 100aBIEHHE OKCHAA UTTPHS YBEIHIHBAET
TEMITEPATYPOIIPOBOAHOCTEL KepaMuKH Ha ocHoBe SiC-AlN.
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PucyHok 2. 3aBHCUMOCTB TeMIIepaTyponpoBogHocTy kepamuku SiC-AIN-
Y,03 oT Temnepatypsbl, Hoxy4yeHHOU MeToZioM SPS.

YcTaHOBNIEHHBIE ONTHUMANIbHBIE PEKUMbI SPS 1Sl CrieKaHusi MHOT'OKOM-
noHeHTHO#H Kepamuku coctaBa SiC(75%)-AIN(22%)-Y,03(3%) (1800°C /
50MlIla / 15 mun Ha pexxume) obecrnieunBaror GopmupoBanue 100%-mioTHoro
KOMITO3UTa, 3HAYEHWE MHKPOTBEPJOCTH KOTOporo cocraswio 26,7 I'Tla, dro
M03BOJISIET PEKOMEHIOBATh ATH PEKHUMBI JUIsi U3TOTOBJICHHS JIETKOTO U BBICO-
KOIUIOTHOTO KEPaMHYECKOTO0 MaTepHaia 3aJaHHOTO COCTaBa C MPOTHO3UpYe-
MBIMH CBOHCTBaMH.

[IpencraBneHHble pe3ynbTaThl MMOKA3BIBAIOT, YTO CHAPK—IIa3MEHHBIM Me-
TOJIOM M3 ITOPOIIKa MUKPOHHON ()paKIMK MOTYT OBITh MOIYYCHBI BHICOKOILIOT-
Hble 00pa3lbl KepaMUKH Ha OCHOBE KapOmIa KpeMHus ¢ BbIcOKoH (1o 100%)
TUIOTHOCTBIO, YTO OTKPBIBACT MEPCHEKTHBBI IIMPOKOTO NPHUMEHEHUs] MeToja
SPS i 5KOHOMHUYHOTO TPOU3BOJICTBA BHICOKOKAUECTBEHHBIX KEPAMHUUECKHX
n37enuil n3 KapOuna KpeMHUs 3aJJaHHOTO COCTaBa C MPOTHO3UPYEMBIMH CBOH-
crBamu. ViccnenoBaHMs ATHUX MEPCIEKTUBHBIX PE3yJbTATOB MPOJOIKAIOTCS, U
BE/IyTCS SKCIIEPUMEHTBI ¢ O0JIee MENKOIUCTIEPCHBIM ChIPhEM.

ABTOpBI BBIpaXKAIOT 0JIar0JapHOCTh 3a IOMOIb B NPOBEJICHUH JKCIEPU-
meHTOB BHC nHcturyta ¢usuku JHIl PAH, x.¢.-m.H. A.K.AxmeznoBy M BHC
HUAY MUOU, k.1.1. A.I1.1IHopHUKOBY.
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EFFECT OF SINTERING CONDITIONS ON THE STRUCTURE
AND PROPERTIES OF CERAMICS BASED ON SILICON
CARBIDE

The objective of the research was to optimize the compositions of the mix-
tures of the starting components and SPS modes to achieve the complex of the
highest physical and mechanical properties.

The activating effect of yttrium oxide during sintering of ceramics based on
SiC-AIN is known. We used this technique for SPS sintering of the composi-
tions of the SiC-AIN system. Yttrium oxide was initially introduced into AIN
powder (3 and 7% with respect to AIN), and then mixtures with SiC were pre-
pared. The starting components were mixed in the ratios shown in table 1.

Table 1. The composition and dispersion of the powders.

Composition components
SiC AIN Y,0
3
75 25 0
Weight % component 75 22 3
75 18 7
Dispersion, microns 14.22 5.69 7.72

The studied samples of SiC-AIN ceramics were obtained at various sinter-
ing conditions by the SPS method: sintering temperature, oC - 1400, 1500,
1600, 1700, 1800; pressing pressure - 50MPa; sintering duration at operating
temperature, min. - 3, 6, 9, 12, 15.

During the experiment, it was found that during sintering of samples with
the addition of 7% yttrium oxide at 1800 ° C in the mold, the formation of a
liquid phase is observed, which fills the space between silicon carbide particles
until a dense material is formed. This is confirmed by the microstructure photo-
graphs presented in Fig. 1 obtained on the field emission SEM. An increase in
the concentration of the activating additive Y,0; leads to an increase in the
evaporation of oxides and an increase in their interaction with silicon carbide,
which reduces the density of the SiC material. Thus, the optimum is the addi-
tion of Y,03 - 7 wt.%.

The thermal diffusivity of ceramic samples of various compositions ob-
tained at a sintering temperature of 1800 © C and a time of 6 minutes was stud-
ied (Fig. 2). It was established that the addition of yttrium oxide increases the
thermal diffusivity of SiC-AlIN-based ceramics.
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Figure 1. SEM image of structure (a) and elemental analysis (b) of SiC ce-
ramics (75%) - AIN (18%) - Y203 (7%) obtained by the SPS method.
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Figure 2. The dependence of the thermal diffusivity of SiC-AIN-Y203 ceram-
ics on the temperature obtained by the SPS method.

The established optimal SPS modes for sintering multicomponent ceramics

of the composition SiC (75%) - AIN (22%) - Y,03(3%) (1800 ° C/ 50MPa/ 15

min in the mode) provide the formation of a 100%-dense composite, the micro-

hardness of which amounted to 26.7 GPa, which allows us to recommend these

modes for the manufacture of light and high-density ceramic material of a giv-
en composition with predictable properties.

The presented results show that the high-density ceramic samples based on
silicon carbide with a high (up to 100%) density can be obtained from the mi-
cron fraction using the spark — plasma method, which opens up prospects for
the widespread use of the SPS method for the economical production of high-
quality ceramic products from silicon carbide of a given composition with pre-
dictable properties. Studies of these promising results are ongoing, and experi-
ments are being conducted with finely divided raw materials.
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OCOBEHHOCTH NPUMEHEHU A NAWKHU 1J151
CO3JAHUS HEPASBOPHBIX METAJIVIOCTEKJ/ISIHHBIX
COEJUHEHUU

Co3naHne Hepa3beMHBIX COCIMHEHHH M3 Pa3HOPOAHBIX MAaTEPHAIOB SIBIIS-
eTCsI CII0KHOM TeXHn4IecKo# 3amadeir. OCHOBHASI TPYAHOCTD MIPH W3TOTOBIICHUN
KOHCTPYKILMH, COCTOSIIUX U3 PA3IMIHBIX MAaTEPHAJIOB, CBA3aHA C OTIMINEM HX
(hM3MYIeCKUX CBOMCTB IpH M3MEHEHUH TeMuepaTypsl [1].

B nanno#i paborte ¢ momorpio nporpamMmmuoro komiiekca ANSYS mero-
JIOM KOHEYHBIX 3JIEMEHTOB MPOU3BEJCHA OLIEHKA HAINPSHKEHHOTO eOpMHUpO-
BaHHOTO COCTOSIHUS IPH Taifke MOJUOJEHOBOTO CTEKJIa C MOJMOIEHOM C IOo-
MOIIBIO MPUIIOEB HA OCHOBE Memu, cepeOpa u tuTaHa. [Iposenen 2D ananms,
MOJICTIMPYIOIIUH MPOIecC MaliKH METAJUIOCTEKJITHHOTO COCIUHEHMS MPU TeM-
nepatype 860 °C. Mozgenn MarepHaioB 3aJaBaiCh OWIMHEHHOW KpPUBOM,
OLICHKA NTPOYHOCTH CTEKJIa MPOM3BOAMIACH HA OCHOBE IIEPBOM TEOPHH MPOYHO-
ctu [2-4]. Tak >xe B X0o1e pabOTHI MOTYYCHBI 00pa3Ibl METAJUIOCTEKIITHHBIX CO-
eauHeHnH. KOHTPOIb repMEeTHYHOCTH OCYIIECTBIISIICA C MOMOIIBIO TEIHEBOrOo
Te4encKaTes.

[Jannass pabora sIBISETCS aKTyalbHOHW B CBS3M C LIMPOKUMHU OONACTAMHU
MIPUMEHEHHUS CTEKJIa M €r0 COeINHEHMH ¢ MeTallaMi B MUKpPOCXEeMax, TpaH3HU-
CTOpax, IEKTPOBAKYYMHBIX IPHOOpPax M Jp.

Lenpto nccneoBaHMS SBISETCS OIEHKA BO3MOXKHOCTH NPUMEHEHUS MalKu
IPY CO3[JaHNH MasHOTO TOPIIEBOTO COETMHEHMS MOJIMOAEeHa U MOJIHNOICHOBOTO
CTEKJIa, BBISIBJICHHE OCHOBHBIX ITAPaMETPOB, BIHMAIONINX Ha TPOYHOCTH JAHHOTO
HEpPa3beMHOTO COeITMHEHNUS.

[TokazaHo, YTO OCHOBHBIMH (DaKTOpaMHM, OKAa3bIBAIOIIMMH BIIMSIHAE Ha
MPOYHOCTh METAJUIOCTEKIISTHHOTO COEIMHEHNS, SIBIIAIOTCS: HECOTIIACOBAaHHOCTh
K03((ULNEHTOB JINHEHHOTO TEPMHYECKOTO PACIIMPEHHs], HAINYUE TajTelu,
TUIACTUYHOCTH HPHIIOS;

B pesynbraTte paboThI MOIyYEHO TEPMETHYHOE METAJUIOCTEKIIHHOE TOpIIe-
BOE€ COCJMHEHHWE C TIOMOIIBIO aKTUBHOTO TIPHUIIOS HA OCHOBE THUTaHa
STEMET1202.

1. Jlrobumo M.JI. Cnau Metaymia co cTekyioMm. — 2 u3a. — M.:.DHeprus, 1968. —
280c.

2. Yupxun B.C. Temnodusndeckne cBOHCTBA MaTepHANOB SAEPHON TEXHUKH. —
M.:Aromuznar, 1968. — 484c.

3. bnmaropomueie wmertawutel. CnpaB. m3a/Ilog pex. Caeumkoro EM. -
M.:Meramryprus, 1984. 592c.

4. Arees H.B. Tutan u ero craBsl. MeTayuioxumusi U HOBbIe criuiaBbl. COOpHUK
crareil. Beim. VII. — M.:Akanemus Hayk CCCP, 1962 —305c.
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FEATURES OF BRAZING APPLICATION FOR CREATION
OF PERMANENT METAL-GLASS JOINTS

Creating permanent joint from heterogeneous materials is a complex tech-
nical task. The main difficulty in the manufacture of structures consisting of
different materials is related to the difference in their physical properties when
the temperature changes [1].

Stress-strain state of brazed joint of molybdenum glass with molybdenum
substrate was estimated using the finite element method in the ANSYS soft-
ware package. The solders used in this paper are based on copper, silver and
titanium. A 2D analysis was performed to simulate the brazing process of a
metal-glass compound at a temperature of 860 °C. Models of materials were set
by bilinear curve, estimation of strength of glass was made on the basis of the
maximum stress criterion [2-4]. Experimental samples of metal-glass joints
were obtained. Tightness control was carried out with the help of helium leak
detector.

This work is relevant due to the wide range of applications of glass and its
compounds with metals in microcircuits, transistors, electric vacuum devices,
etc.

The objective of the study is to evaluate the possibility of using brazing in
the creation of brazed joint of molybdenum and molybdenum glass, to identify
the main parameters affecting the strength of this permanent joint.

It is shown that the main factors influencing the strength of the metal-glass
compound are:

- inconsistency of linear coefficients of thermal expansion;

- presence of brazing fillet;

- plasticity of solder;

As a result of this work, a sealed metal-glass joint was obtained using active
solder STEMET1202 based on titanium.
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MHNOJYYEHHUE BAKYYM-IIJIOTHOT'O COEJAUHEHUA
CTEKJIA C MOJIMBAEHOM JUIA 9JIEKTPOBAKYYMHBIX
INPUBOPOB METOJOM AKTUBHOU ITAUKHA

Beicokasi HaJIe)KHOCTb U JOJITOBEYHOCTD AJIEKTPOHHOTO NMPHOOpa B 3HAYH-
TENILHOI CTENEHHU OIpeAeNseTcs KadyeCTBOM €ro y3joB, B OCOOCHHOCTH, €CIIU
OHU SIBJISIIOTCS 4acTsIMU BakyyMHOH oOosouku [1]. IToaTomy co3nanue mpou-
HOTO BaKyyM-IUIOTHOTO METAJIOCTEKIITHHOTO COCIVHEHUS SBIAETCS Ba)KHOU
TEXHUYECKOH 3aja4ei.

Lenpto paboThl ABIAETCA aHATIHM3 CTPYKTYPHO-()a30BOr0 COCTOSIHUS M Tep-
METHYHOCTH MassHOTO COeIUHEHHs MoinbneH — crexio C48-3 B 3aBucuMocTH
OT THIa IPUMEHSIEMOT0 IIPUIIOS U METO/1a TTalKH.

B nanHOI paboTe MccieaoBaCh BOMPOCHI CMAayMBaHHUs MOJIHMOJCHOBOTO
crekna C48-3 aktuBHbM mpunoem STEMET®1202, ocHOBHBIE OKHCIHTEIb-
HO-BOCCTaHOBUTEIBHBIC DPEaKLUH, MPOTEKAIONIUe [IPU MakKe, BIUSHUE TEXHO-
JIOTMYECKUX (paKTOPOB HA CBOICTBA MAsTHOTO IIIBA.

C nomonrpro nporpaMMsel HSC6 BBIIONHEHBI TEPMOAMHAMHYECKHE pacyde-
TBL, IO PE3yJIbTaTaM KOTOPBIX ONPEIEICHBI BO3MOXKHBIE XUMUYECKUE PEAKIHH
W COCIMHEeHMS, 00pa3yroIuecs B MasHOM mBe [2].

B xome paboTsl MpOBEIEHO CpPaBHEHHE HECKOJBKHX CIIOCOOOB MalKu: ce-
pebpsiabiM nipumnoem [ICp70 ¢ nobGaBkoit TUTaHA, MPUTIOEM HAa OCHOBE THUTaHA
STEMET®1202, nmpunoem Ha ocHoBe Thutana STEMET®1202 ¢ ucnons3oBa-
HUEM JIOTIOJHUTENILHON METHOU Mmpocoikoi [3].

IMocne nmalky MeTalIOCTEKISHHBIX COSIUHEHUH MPOBOAUIOCH HCIBITAHHUE
Ha FEpMETHYHOCTB C ITOMOIIBIO TeIMEBOro TeuenuckaTens. Bapsupys oqHoBpe-
MEHHO TEMIEepaTypy HailKh M JUINTENbHOCTb BBLACPKKH, MOYKHO MOIYYHUThb
MPOYHOE BaKyyM-IUIOTHOE coeuHeHNe Oe3 nedeKToB.

KagecTBO MOTy4eHHOTO COeIMHEHUS ONpEeAeIsieTCs UCIOIb3yeMOH OCcHACT-
KO 11 madku, Ko3(UIMEeHTOM ITHHEHHOTO TEPMHUYECKOTO pPACIIMPEHUS
(KJITP) masembIXx MaTepuasioB, 0Opa30BaHHEM XPYNKHX MHTEPMETAJUIHIOB B
MastHOM IIIBE, TEMIIepaTypoi MaKu, TeMIepaTypol IUIaBIEeHUs NpHmosi, odpa-
30BaHMEM TaJITENIM MPH TallKe, BPEMEHEM BBIIEPKKU IPH MalKe, PEKUMOM
OXJIaXI€HHs [TOCIIE MAlKu.

1. JIrobumor M.JI. Cnan Metaymna co crekioMm. — 2 u3a. — M.:.DHeprus, 1968. —
280c.

2. Arees H.I'. MeTamyprudeckie pacdeTsl ¢ UCIIOIb30BaHUEM MTaKeTa MPUKIIaTHBIX
nporpamm HSC Chemistry: yue6noe moco6ue / H.I'. Arees, C.C. Haboituenko — Exare-
puHOYpr: M3narenbcTBo Ypanbckoro yHuBepcurera, 2016. — 124c.

3. ®enotoB U.B. , Cyukos A. H., ®enoror B. T., Cesprokos O. H., Kamun b. A.,
NBanankoB A.A. Ilaiika TexcaroHanbHONH OOPHHTPHUIHOW KEPAaMHKH C THTaHOBBIM
crmraBoM BT1-0 GpicTpo3akaneHHBIM IPHUIIOEM Ha OCHOBE THTaHa // CBapOdIHOE MPOU3-
BozcTBO. 2014, Ne3. ¢.20-25
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VACUUM - TIGHT JOINT OF GLASS WITH
MOLYBDENUM FOR ELECTRIC VACUUM DEVICES BY
ACTIVE BRAZING

High reliability and durability of an electronic device is largely determined
by the quality of its components, especially if they are parts of a vacuum jacket
[1]. Therefore, the creation of a strong vacuum- tight metal-glass compound is
an important technical task.

The aim of the work is to analyze the structural-phase state and tightness of
molybdenum-glass C48-3 solder joint depending on the type of solder used and
brazing method.

In the given work the questions of wetting of molybdenum glass C48-3 by
active soldering STEMET® 1202, the basic redox reactions occurring at solder-
ing, influence of technological factors on properties of soldering seam were in-
vestigated.

With the help of HSC6 program thermodynamic calculations were per-
formed, according to the results of which possible chemical reactions and com-
pounds formed in solder seam were determined [2].

In the course of the work several brazing methods were compared: with sil-
ver solder of PSr70 with titanium addition, solder on the basis of titanium
STEMET®1202, solder on the basis of titanium STEMET®1202 with the use
of additional copper layer [3].

After brazing of metal-glass joints the tightness test was carried out with the
help of helium leak detector. Varying simultaneously the brazing temperature
and curing time, it is possible to obtain a strong vacuum-tight connection with-
out defects.

The quality of the obtained joint is determined by the used soldering equip-
ment, coefficient of linear thermal expansion (CLTR) of soldering materials,
formation of brittle intermetallic compounds in the soldering seam, brazing
temperature, melting point of soldering, formation of soldering gallery, holding
time during brazing, cooling mode after soldering.

1. Lyubimov M.L. Spai metalla so steklom. — 2 izd. — M.:.Energiya, 1968. — 280s.

2. Ageev N.G. Metallurgicheskie raschety s ispol'zovaniem paketa prikladnyh pro-
gramm HSC Chemistry: uchebnoe posobie / N.G. Ageev, S.S. Nabojchenko — Ekaterin-
burg: 1zdatel'stvo Ural'skogo universiteta, 2016. — 124s.

3. Fedotov I.V. , Suchkov A. N., Fedotov V. T., Sevryukov O. N., Kalin B. A,
Ivannikov A.A. Pajka geksagonal'noj bornitridnoj keramiki s titanovym splavom VT1-0
bystrozakalennym pripoem na osnove titana // Svarochnoe proizvodstvo. 2014. Ne3.
5.20-25
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HN3T'nb TOHKUX MAJIOPASMEPHBIX ITUCKOB
HA KOJIBIIEBOH OIIOPE

Pa3BuTHE 37€KTPOMMITYIECHBIX METOJOB IOJIyICHHUS! U3 MOPOIIKA BBHICOKO-
MPOYHBIX CIIOXKHBIX KapOWIOB U HUTPUIOB TPEeOYEeT pa3BUTHSI METOIOB OIpe-
JIeTICHUS] UX TIPOYHOCTH Ha pa3phiB IIyTEM UCIBITAaHHS Malopa3MepHbIX o0pas-
110B. B mocnenHue rogs! ObUT IPEATIOKEH PSIl METOAOB OLICHKH COMPOTUBIICHUS
XpYNKOTO MaTepuajna pa3pbIBy IyTeM HCIBITAaHMA TOHKHX Malopa3MepHBIX
JICKOB Ha U3TM0O Ha KOJBLEBOW omope. MeTo/bl pa3inyaroTcsi BUJOM Harpy-
JKarOILero MHCHTOPA U OMOPHI, a TAKXKE PACUETHBIMHU YPaBHEHHMSIMU OIIpeiensi-
€MOI1 10 pe3yJabTaTaM HMCIBITAHHS NPOYHOCTH MaTeprana. CoImocTaBICHb JBa
METOJla UCTIBITAHMS, PA3IHMYArONINecs] TOPLEBOH MOBEPXHOCTHIO MHICHTOPA —
TUTOCKOU IMUHAprdeckoit (maAeHTop 1) u chepudeckoit (naaeHTOp 2). ABYyMS
METOJIJaMH HCIIBITaHBI OJJMHAKOBBIC UCKOBBIC 00Pa3Ilbl U3 MOAEIBHBIX Mare-
pHaoB: YyryHa u rpauTa, a Takke 00pa3ipl OKCH/Ia AIFOMHUHHS, TIOTyYCHHBIC
METOJIOM 3JIEKTPO-MMITYyJIbCHOTO CHEKAHUS. YTOYHCHBI MEXaHHYECKHE CBOM-
CTBa HUCCJICAYEMBIX MOJICJIBHBIX MAaTEPHUAJIOB: YyTyHa - Ha PAaCTsDKEHHE U CXKa-
tHe, rpaduTa — Ha W3rMO W ckarue. [IpuBeneHbl pe3ynbTaThl UCTIBITAaHUS 24
JUCKOB MOJETBHBIX MaTepuaioB M 10 IHMCKOB OKCHAA aTIOMHHHUS Ha KOJIbIlE-
BOH omope. JlnarpamMmMsl m3ru6a 12 QECKOB KakKIOr0 MOJENBHOTO MaTepHania
Ha KOJIBIIEBOW OMNOpe C NMPUMEHEHHEM IBYX THIIOB HWHIEHTOPOB CBUIETENIb-
CTBYIOT O Pa3lIMYHOI WX NMPOYHOCTH Ha pa3pbiB. [Ipn McIOIp30BaHNM MHACH-
TOpa 2 OOJIBIIMMH OKa3alINCh pacdeTHBIC 3HAUCHHS MPOYHOCTH M MX pa3dpoc,
YeM IpH HMCTOJIb30BAHUK WHIEHTOpa 1. AHAJOTHYHBIC PE3YNbTaThl MOTYYEHBI
MIPY WCTIBITAHUH TUCKOB OoKcuaa amoMuHus: 248 MIla ¢ pazdopocom ot 202 no
283 MlIla npu ucnonp3oBanuu wHAeHTOpa 1 1 303 MIla ¢ pa3dbpocom 3Hade-
HUi oT 213 mo 398 MIla mpu ucnonb3oBaHNH WHACHTOpA 2. Takum oOpasom,
CPaBHUTEIBHBIE UCIIBITAHHS ITOKA3aJIM, YTO PacyeTHasi MPOYHOCTh UCIIBITAHHBIX
MaTepHaJIOB 3aBUCHUT OT XapaKkTepa pa3pymeHHs 00paslioB U BHAA AWATPAMMBI
n3ru6a. Hanbosree 0600CHOBAaHHBIMU OKa3alUCh PE3YJIbTaThl UCIIBITAHUM, TTOTY-
YEHHBIE C IPUMEHEHNEM MHJICHTOPA C TUIOCKMM HAaKOHEYHHKOM, COBITAIAOIIHE
C XapaKTepUCTUKAMH NPOYHOCTH MAaTepHaJOB M MHHUMAIBHBIM pa3dpocoMm
3HAYEHUM.
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BENDING SMALL THIN DISCS ON THE SUPPORT RING

The development of electro-pulse methods for producing high-strength
complex carbides and nitrides from powder requires the development of meth-
ods for determining their tensile strength by testing small samples. In recent
years, a number of methods have been proposed to assess the resistance of brit-
tle material to rupture by testing thin, small discs for bending on a ring support.
The methods differ in the type of loading indenter and support, as well as the
calculated equations determined by the test results of the strength of the materi-
al. Two test methods differing by the end surface of the indenter — flat cylindri-
cal (indentor 1) and spherical (indentor 2) - are compared. The methods were
used to test identical disc samples from model materials: cast iron and graphite,
as well as aluminum oxide samples obtained by spark-plasma sintering. The
mechanical properties of the studied model materials are refined: cast iron - for
tension and compression, graphite - for bending and compression. The results
of testing 24 disks of model materials and 10 disks of aluminum oxide on the
ring support are presented. Bending diagrams of 12 disks of each model materi-
al on the annular support using two types of indentors indicate their different
tensile strength. The calculated values of strength and their spread were higher
when using indenter 2 than when using indenter 1. Similar results were ob-
tained when testing aluminum oxide disks: 248 MPa with a spread from 202 to
283 MPa using an indenter 1 and 303 MPa with a spread of values from 213 to
398 MPa using an indenter 2. Thus, comparative tests have shown that the cal-
culated strength of the tested materials depends on the nature of the failure of
the samples and the type of bending diagram. The most reasonable were the test
results obtained with the use of a flat-tipped indenter, which coincide with the
characteristics of the strength of materials and the minimum spread of values.
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HNCCIEJOBAHUE OBPATUMbBIX MAPTEHCUTHBIX
HNPEBPAIIIEHU B CBEPXYIIPYTHUX CILTABAX HA
OCHOBE Ti-Zr-Nb

B Hacrosmiee Bpems criaBbl Ha ocHOBe Ti-Zr-Nb sIBISIOTCS TEpCHEKTHB-
HBIMH MaTrepuajlaMi OMOMEJMIMHCKOTO Ha3HaueHHs. DTU CIUIaBBI COJEpIKAT
TOJIbKO OMOCOBMECTUMBIE XUMHUYECKUE DIIEMEHTHI, 001aJal0T BHICOKOH KOPPO-
3HOHHOM CTOMKOCTBIO B CpPE/lax YEeIOBEUECKOr0 OPraHM3Ma, XapaKTepU3yHTCs
HU3KUM MonyieMm ympyroctu 30-60 I'Tla, cpaBHUMBIM ¢ MOAYJIEM YNPYTOCTH
KOCTHO# TKaHH, TO €CTh 00JIaIal0T XOpoIIel OHOMEXaHUUECKON 1 OHOXUMHUYIe-
CKOH COBMECTHMOCTBIO.

B pabore mpencTaBieHsl pe3ynbTaThl aHAIHM3a CTPYKTYPHI, KPUCTAIIIOTpa-
(braeckoil TEKCTypsl M aHM30TPOITUM MEXaHWYECKUX CBOMCTB (oJbr, MpOKa-
TaHHBIX U3 KOBAHBIX CIUTKOB M3 cruiaBoB Ti-(17-19)Zr-(14-16)Nb (at.%), noa-
BEPTHYTHIX TEPMHUYECKON 00paboTke B muamaszoHe Temmeparyp 650-900 °C B
teuerne 0,5 4. CraBbl yKa3aHHBIX COCTABOB XapakTepu3yroTcs 3ddexTom ma-
Mata opmer (DI1D) mnmu ceepxynpyrocteio (CY), rapaHTHPOBAaHHO BBIIIE
1,5%.

Bribop crtaBoB 00ycIIOBICH T€M, YTO COTJIACHO JINTEPATYPHBIM JaHHBIM,
MakcuMainbHas oOparumas gedopmarus CY criiaBoB mofyueHa Ha TPOWHOM
craBe Ti-18Zr-15Nb (at.%). Onnako nHbOpMAIKS 110 CBOHCTBAM M CTPYKTY-
pe 3Toro cIulaBa BechMa OTpaHMYeHa. BapbupoBaHHE cocCTaBa CIUIaBOB Ha
1 ar.% no Zr u Nb 1 u3y4eHne ux MeXaHHYECKHX CBOMCTB MO3BOJIMIIO BBIOPAThH
CIIaBbI, XapaKTEePU3YIOUINECs] YCTOMYMBBIMU (DyHKIIMOHAIBHBIMHU CBOMCTBaMH,
JUISL peau3aluil KOMIIO3UIIMK COOTBETCTBYIOIINX IOPOIIKOB B M3JEIHAX, MO-
JYYEHHBIX aJINTHBHBIMH TEXHOJIOTHAMH.

Ha ocHoBe ananm3a 3akoHOMepHOCTEH (hOPMHUPOBaHUS KpHCTaLIOrpadude-
CKOM TEKCTYpH! B (OJbIre MPH XOJOMHOM NMPOKAaTKE yCTAaHOBJIECHBI OCHOBHBIE
MeXaHU3MBI ITACTHYECKOH e opMarvy.

Wcnsitanns ¢Goabsr UcCIeIyeMbIX COCTaBOB MPH PACTSKEHUH BJIOJIb, IOTIE-
pek u moj yriiom 45° K HanpaBJeHUIO MPOKATKH, a TAKKe MPH HUKINIECKUX
WCTIBITAHUAX BJOJIb ATHX HampaBlieHHH (pacTsukeHue a0 2,5% nedopmammu
MOCJIEIYIONINM OJTHBIM CHSITHEM Harpy3Kd) MOATBEP)KIAIOT HAJTUYHE aHU30-
TPOTINHU CBOWCTB B 3TUX (oibrax. [TokazaHo, yto a¢pexrsr CY u 11D 3aBucsat
OT OpHEHTALMM M CTPYKTYPbl, a TaKke€ OT AaHWU30TPOIMH MEXaHHYECKHX
CBOWCTB.
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THE STUDY OF REVERSIBLE MARTENSITIC
TRANSFORMATIONS IN SUPERELASTIC ALLOYS BASED
ON Ti-Zr-Nb

At present, Ti-Zr-Nb-based alloys are promising materials for biomedical
applications. These alloys contain only biocompatible chemical elements, have
high corrosion resistance in environments of the body, characterized by a low
modulus of elasticity 30-60 GPa, comparable to that of bone tissue, i.e. they
having biomechanical and biochemical compatibility.

This work presents the results of analysis of the structure, crystallographic
texture and anisotropy of the properties of foils rolled from forged ingots from
Ti-(17-19)Zr-(14-16)Nb (at.%) alloys and subjected to thermal treatment in the
temperature range of 650-900 °C. Alloys of these compositions are character-
ized by shape memory effect (SMA) and the effect of superelasticity (SE) guar-
anteed above 1.5%.

The choice of alloys is due to the fact that, according to the literature, the
maximum reversible deformation of the SE of alloys was obtained on the ter-
nary alloy Ti-18Zr-15Nb (at.%). However, information on the properties and
structure of this alloy is very limited. Varying the composition of the alloys by
1 at.% according to Zr and Nb and studying their mechanical properties made it
possible to choose alloys characterized by stable functional properties for real-
izing the composition of the corresponding powders in products obtained by
additive technologies.

Based on the analysis of regularities in the formation of crystallographic
texture in foils during rolling, the basic mechanisms of plastic deformation are
established.

Tests of the investigated foils during stretching along, across and at an angle
of 45° to the rolling direction, as well as during cyclic tests along these direc-
tions (stretching up to 2.5% strain followed by complete unloading) confirm the
presence of anisotropy properties in these foils. It was shown, that the effect of
superelasticity is orientation- and structure-depending, as well as the anisotropy
of mechanical properties.
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METOA OJJTHOBPEMEHHOT O YINIOTHEHUS U
INTAKUPOBAHUA ITIOPOLHIKOBOU KOMIIO3N MU
PACILTABOM 1101 BO3JEMCTBUEM UMITYJIbCHOI'O
MATHUTHOT' O ITIOJIA

B noxmane ommcaH HOBBIM cIIOCOO MOMy4YeHMSA M3JENUN U3 MOPOIIKOBOI
KOMIIO3HIIMH, coqua}omHﬁ IMPpOHECChl YIUIOTHCHHA MOPOLIKa U €ro IIakKupo-
BaHUE (C MOBEPXHOCTH) PACIUIABOM IOJ OJHOBPEMEHHBIM BO3JICHCTBHEM Ha
pacIuiaB ¥ 4epe3 Hero Ha IMOPONIOK UMITYyJIbCHBIM MarHUTHBIM noseM. [l pea-
JM3aliH MPEANIOI0KEHHOTO CII0C00a CIPOSKTHPOBAHO W M3TOTOBICHO TEXHO-
JIOTHYECKOe OCHameHue. [IpencTaBieHbl pe3yabTaThl MPOBEICHHBIX ITOHCKO-
BBIX 3KCIEPUMEHTOB. MeTtayutorpadmueckuii aHann3 MoKa3al NIPOHUKHOBEHNE
paciuiaBa aJllOMHHUS B TIOPOLIOK Ha IIyOHHY 10 0.5 MM IpU OJHOBPEMEHHOM
W3MEHEHUH IuameTpa mpyTka ¢ 18 no 17.6 mm.

Takum 00pa3om, MpeanoxkeH crnocod MOJydYeHUs U3JeINi U3 HOBBIX MaTe-
pHaoB (OPOLIOK C IUNIAKUPOBAHHBIM CIIOEM).

V.A. GLUSHCHENKOV", Ju. S. USHERENKO?, I.A. BELYAEVA',
V.A. MIRONOV?, V.1. PESOTSKY*
! _ Samara National Research University, Samara, Russia
2_ Belorussian National Technical University, Minsk, Belorussia
® _ Riga Technical University, Riga, Latvia
vgl@ssau.ru

METHOD OF SIMULTANEOUS COMPACTION AND
CLADDING BY MELT UNDER THE ACTION OF A PULSED
MAGNETIC FIELD

The report describes a new method for manufacturing products from a pow-
der composition. This method combines the processes of compaction of the
powder and its cladding (from the surface) by the melt under the action of a
pulsed magnetic field on the melt and through it — on the powder. To imple-
ment the proposed method, technological equipment was designed and manu-
factured. The results of exploratory experiments are presented. Metallographic
analysis showed the penetration of aluminum melt into the powder to a depth of
0.5mm while changing the diameter of the bar from 18 to 17.6 mm.

Thus, a method for production of products from new materials (a powder
with a clad layer) is proposed.
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AHAJIA3 9PPEKTUBHOCTHU TEXHOJOI'MYECKUX CXEM
YIUVIOTHEHUS ITIOPOIIKOBBIX KOMIIO3ULINU C
HNCIHOJB30BAHUEM MAT'HUTHO-UMITYJIBCHOTI'O
HATPYXEHUS

OnHO¥t U3 omeparyii B TOPOMIKOBOW METAIUTYPTHH IS H3TOTOBICHUS M31e-
JWMH CHEeNHaTbHOTO HA3HAUCHMS ABISIETCS ONepanus yIIOTHEHMS MTOPOIIKOBOM
KOMITO3HINH. J[71 €€ BBIOHEHNS UCTIONB3YIOTCS TEXIPOLECCH ¢ MPUMEHEHH-
€M Pa3JIMYHBIX UICTOYHUKOB HArpy’>XCHUA: CTaTUYCCKUX U JTUHAMUYCCKUX.

B JaHHOM JOKJIaA€ MPUBECACHBI TEXHOJOTHYCCKUE CXEMBI, pCan3yCeMbIC
noJ BOS}IGﬁCTBI/ICM HUMITYJIbCHOTO MAarHUTHOTO IIOJIA. I[aH ux CpaBHI/ITeHLHHﬁ
aHanmu3. HexoTopble cxeMmbl MPUBEICHBI BIEepBble. Tak, HampuMmep, cxema I'u-
OpHIHOI TEXHOJOIMH: MarHUTHO-MMITYJIBCHBI OOXHM M BOJIOYEHHE, T.C. CO-
YETAIoINX OJHOBPEMEHHO CTATHYECKO€ M MAarHWTHO-MMITYJILCHOE Harpyke-
HHE, YTO JaeT BO3MOXKHOCTH ITOJYYWTh UIMHHOMEpPHBIC M3JENHUs ¢ HEOOXOaH-
MOH HaIpaBIEHHOCTHIO Ae(OPMHUPYEMBIX YacTHUIl mopomka. [lomydeHHsle u3-
nenus u3 nopouika «B-W-Al» npeaHazHayeHb! A7l paJualiOHHON 3alUTHL.

V.A. MIRONOV?, V.A. GLUSHCHENKOV?, I.A. BELYAEVA?
! _ Riga Technical University, Riga, Latvia
?_ Samara National Research University, Samara, Russia
vgl@ssau.ru

ANALYSIS OF EFFICIENTY OF TECHNOLOGICAL
SCHEMES OF COMPACTION OF POWDER COMPOSITIONS
USING PULSE- MAGNETIC LOADING

In powder metallurgy, one of operations for the production of spe-
cial-purpose products is the operation of compaction of powder compo-
sitions. For its implementation, technological processes are used with
the use of various sources of loading: static and dynamic.

This report presents technological schemes implemented under the
action of a pulsed magnetic field. The comparative analysis of these
schemes is given. Some schemes are given for the first time, for exam-
ple, the scheme of hybrid technology: pulse-magnetic reducing and
drawing, i.e. combining simultaneously static and pulse-magnetic load-
ings, which makes it possible to obtain long-size products with the nec-
essary orientation of powder particles being deformed. Products pro-
duced from the “B-W-AI” powder are designed for radiation protection.
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COBPEMEHHOE COCTOSIHUE UCCJIEJIOBAHUI
ILTABMO-®OKYCHOI'O BO3JIEMCTBUS HA CTPYKTYPY "
CBOUCTBA CBEPXITPOBOJHHUKOB

B noknane npencraBieH 0030p COBPEMEHHOTO COCTOSIHHUS HCCIIEIOBaHUIM
BIIMSIHUS YAApPHBIX BOJH IUIA3MbI Ha CTPYKTYPY M CBEPXIPOBOJANINE TapaMeT-
pel Tc, Je u Je (B) pa3nuyHbIX CBEPXNPOBOAAIINX COSAUHEHHUH (Ha MPOBOAAX U
nentaxY-123, Bi-2223 u MgB,[1-16]. Ucnonb30Banbl 06pasiibl TOTOBBIX MHO-
TOXUJIBHBIX TIPOBOAOB U OJHOCIOMHBIX JICHT, a TAK)Ke MOPOIIKOBBIE KOMIIO3H-
TBI, TOTOBBIE JUTS IPOBEACHUS CHHTE3a. PaccMOTpeHo BiIHsHUE MoImHOCTH Y BB
IUIa3MBI (32 CYET M3MEHEHHS PacCTOSHHS 00pa3loB OT INIa3MEHHOTO aHOJAA OT
20 no 50 MM, KOJIMYECTBA yIApHBIX UMIYJIbCOB OT 1 10 20, MCHOIB30BaHUS
MaTepuagoB 3alIUTHBIX SKPAaHOB C PA3IMYHBIMU TEIIOPU3MYECKUMH M MeXa-
HUYECKUMH XapaKTEepPUCTHKAaMH (MOIMOICH, MEAb, )KeNIe30, TUTaH, allOMHHUH).
IIpn omrumm3anmu paccTosHHHM oOpasma oT aHoxa (25-35 MM, KoIUYecTBa
HAHOCHUMBIX TJIA3MEHHBIX UMTTYJIbCOB (10 10) 1 moxbopa MaTepuana 3amuTHO-
ro ’KpaHa u3 TMTaHa TonmuHoi 100 Mxm Ha 14 xunbHOI nenTe MgB, cedenu-
eM (tommHo# 0,65 MM U mupHuHON 3,75 MM) B IIONEPEYHOM MATHUTHOM TI0JIE
1,0 T nomnyuen kputrueckuit Tox 10 850 A nipu 4,2 K.

YcTaHOBIEHO, YTO B pe3yibTaTeé YJapHOIO U TEIJIOBOTO BO3JCHCTBHUSA
IUTa3MBI MIPOUCXOJTUT YIUIOTHEHHE CBEPXMPOBOMAAIIMX IPOCIOEK, ApobiIeHne
3epeH, TOMOTeHH3aIHsl, N3MEHEHHE XUMHYECKOTO COCTaBa.

Pabora BemonHena npu nogaepxxkke PHO®, rpant Ne 16-12-10351 B wactu
00paboTkn 0OpasnoB Ha ycraHoBKe [Tnasmennslii okyc u B pamkax ['oc3ama-
Hus Ne 075-00746-19-00 B gactu ompenerieHUs KPUTHIECKAX IapamMeTpoB
CBEPXIPOBOIHIKOB M CTPYKTYPHBIX UCCIIEJOBAaHHH.
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HHSI CBOWCTB CBEpPXIIPOBOJHUKOB. SnepHas ¢usuka u umxuHupuHr, 2018, Tom 9, Ne 1,
c.44-51
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crea BTCII. // Crarbs B cOopruke HaydHbIX TpynoB III Mexmaynapoxnoit Kondepen-
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CURRENT STATE OF STUDIES OF PLASMA-FOCUS
EFFECTS ON THE STRUCTURE AND PROPERTIES OF
SUPERCONDUCTORS

The report presents an overview of the current state of researches of plasma
shock waves influence on the structure and superconducting parameters T¢, Jc
and Jc (B) of different superconducting compounds (Y-123, Bi-2223 and MgB,
wires and tapes) [1-16]. For researches the samples of multicore wires, single-
layer tapes and powder composites prepared for synthesis were used. The re-
sults of the UVV plasma exposure under different regimes were considered.
The distance between samples and the plasma anode (from 20 to 50 mm), the
number of shock pulses from 1 to 20 were changed. Protective screens materi-
als with different thermal and mechanical characteristics (molybdenum, copper,
iron, titanium, aluminum) were used. A critical current up to 850 A in a trans-
verse magnetic field of 1.0 T at 4.2 K was obtained on 14-wire MgB, tape with
a cross-section (0.65 mm thick and 3.75 mm wide) by optimizing the sample
distance from the anode (25-35 mm), the number of plasma pulses applied (up
to 10) and the selection of a protective titanium shield with 100 microns’ thick-
ness.

It was found that as a result of the shock and thermal effects of plasma, the
superconducting layers are compacted, grains are crushed, homogenization oc-
curs, and the chemical composition changes.

The work was supported by the RSF grant N 16-12-10351 in terms of sam-
ple processing on the Plasma focus installation and in the framework state as-
signment No. 075-00746-19-00 in determining the critical parameters of super-
conductors and structural studies.
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Article in collection of scientific papers Il International Conference "Laser plasma re-
search and technology LAPLAS -2017, January 24-27, 2017 the Institute of laser and
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OCOBEHHOCTHU NPOIECCOB 3JIEKTPOUMITYJIBCHOI'O
BO3JIEVCTBUS IIPU COEJUHEHUU PASHOPOIHBIX
MATEPHAJIOB C UCITIOJIB3OBAHUEM IIOPOLIKOBBIX
KOMITO3HUIIAN B KAYUECTBE CBA3YIOIIETO DJIEMEHTA

KOppO3I/I$[, BO3HHUKamomasg mpu 3KCIryaTalliyd ra3ornpoBOa0B, 3HAYUTCIBHO
CHIDKAeT pecypc WX HCHOIb30BaHUA. ONHAM W3 pelIeHUH MpoOIeMbl CHIXKe-
HUS BO3ACUCTBHS KOPPO3UU ABJIACTCA UCIIOJIBb30BAHNUC BBIBOJOB 3JICKTPOXHUMH-
geckoit 3amuTsl (9X3).

TpanuuuoHHO BBIBOAB DX3 MOJYYAHOT C IMOMOLIBIO TEPMUTHOU
cBapku[l]. Ilpeanaraercss 3aMeHUTHh pacIulaB Ha CIPECCOBAHHBIN U
CIICYCHHBIN IMOpoOHIOK M  OCYHIECTBJIATH mpouecc HUMITYJIbCHBIM
3JIEKTPOCTIEKAHUEM.

[Tpu AIIEKTPOHUMITYIIECHOM CBapKe-TIPECCOBaHNHU (BUCID)
UCIIONB3yeTCd  OJHOBPEMEHHOE  BO3JeiCTBHE Ha  MOPOUIKOBYIO
3aroTOBKY MOIIHOTO BBICOKOBOJIbTHOIO HMILYJIbCA 3JIEKTPUUIECKOTO
TOKa 3a CueT reHeparopa UMIyinbcHbIX TOkOB (I'MT) 1 MexaHn4eckoro
(cTtaTmdeckoro)  jgaBiieHHA.  JTUTENBHOCT,  HMIyJbCAa  Harpena
cocrasmser 100-200 Mkc. pu craTraeckoM aasiaennu 10 kr/mm® [2,3].

IIpu OUCII wncnons3oBanack Martpuna auamerpom 10 mm, ¢
BBICOTOM 3achllIKM TMOpPOIIKA S5 MM, JUaMETp 3JEKTPoJa-IyaHCOHa
coctapisn 10 mm. KauecTBo coennHeHNs OIEeHUBAIOCh MEXaHUYECKUMHU
WCTIBITAHUSIMH Ha CBHT.

i CHIKEHHUS! TOPUCTOCTH HOJTYYEHHBIX COSAMHEHUN MPEAIOKEHO
ucnons3zoBath DUCII ¢ MHIYKIIMOHHO-TUHAMHYECKUM HarpyKeHHEM
[4].

[IpyHIMNHANBEHEIM OTIMYHMEM SIBIISIETCS HWCIOJIBb30BaHHE HHIYKIIH-
OHHO — AnHaMudeckoro npusoja (M/I1), BKIIOYeHHOTO B IETb C MyaH-
COHOM-DJIEKTPOJIOM M TIOPOIIKOM, BCIIEJCTBUE YEro MOSBISETCS BO3-
MOYKHOCTb OZHOBPEMEHHO NPOU3BOAUTH MPECCOBAHHUE U CIEKaHHWE Ma-
Tepuaa, UCHONb3YSl OAWH TeHEpaTop MMITYJIbCHBIX TOKOB C CHHXPOHH-
3amue MEXaHMIECKOTO U TETUIOBOTO BO3JCHCTBUS Ha MOPOIIOK [5].

[lopouikoBasi KOMIIO3UIMS TOMEIIAETCS B MAaTPHUILY U3 IUJICKTpUIe-
CKOro Marepuana. JJIeKTPOAbl — IyaHCOHBI NEPEaatoT JaBJieHHE Ha I110-
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POIIKOBYIO 3aTOTOBKY M OJJHOBPEMEHHO CIIy>KaT TOKOIIOABOAAMH OT Te-
HEepaTopa UMITYJIbCHBIX TOKOB K IIPECCyeMOMY MOPOILKY [6,7].

Ummynbe Toka mioTHocThio 107 A/cM?, TIPOXOSIIKIA Yepe3 dIIeK-
TPOABI-IIyaHCOHB! U NOPOLIOK, HHTEHCUBHO Pa30rpeBaeT MOPOLIKOBBIM
Mmatepuai 0e3 CyIIeCTBEHHOTO pa3orpeBa MyaHCOHOB. DTO CBS3aHO C
Pa3sHOCTBIO KOHTAKTHBIX CONPOTUBIIEHHH B 30HE YACTHUL[ KOMIIO3UIMOH-
HOT'0 MaTepuaa o CPaBHEHHUIO C 30HOIM KOHTAKTa IIyaHCOH — ITOPOLIOK.

WNMnynbcHBIN HarpeB ¢ MHAYKIMOHHO — JTUHAMHUYECKUM MPUBOJOM
MO3BOJISIET MOIYy4aTh M3/AEIHs ¢ HOPUCTOCTBIO MaTepuana 5-10%. AMm-
IUINTY/[a MATHATHOTO JABJICHHs cocTaBma mopsyrka 500-10° H/mm?, ga-
cToTa paspsaa Toka 5 k['L, JIMTENBHOCTH Mpoliecca HE MpeBbIIIaia
180-mxec. [6,7].

[lony4ensl coeauHEeHHs] YepHBIX W LBETHbIX MarepuanoB DUCII c
MHIYKIIMOHHO-JUHAMUYECKUM Harpy>KeHHEM B Pa3lUYHbIX COUETAHUAX
(matepuan mnactuabel MH95-5, AJ[1, BCr3cm, JI95, Crans P18 ¢ mare-
puaniom mopomkoBoit komnozumuu [IMC-K, ITA-1, ITHK-YT4). Ilpu-
BEACHBI PE3yNbTaThl MEXaHUYECKUX HCHBITAHUH, METaJUIOrpaduaecKux
KCCJIEIOBAHUM TOJIYYEHHBIX COECIMHEHUI.

YCcTaHOBIEHO, YTO Ka4eCTBO COCTUHEHUH MOIyYEHHBIX DIIEKTPOUM-
MYJIbCHBIM IPECCOBAHHUEM-CBAPKOW € HHIYKIHOHHO-AWHAMHYECKHM
Harpy’>X¢HueM BbIIIC, YEM IIPU HCIIOJIB30BaHHUU CTATHYCCKOI'O BO3I[€I>1-
CTBHA.
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ELECTRIC PULSE EXPOSURE PROCESSES WHEN
CONNECTING DISSIMILAR MATERIALS USING POWDER
COMPOSITIONS AS A BINDER

Corrosion that occurs during gas pipelines operation significantly reduces
their useful life. One solution to the problem of reducing the effect of corrosion
is to use electrochemical protection (ECP).

Conventionally, ECP is obtained using exothermic welding [1]. It is pro-
posed to replace the melt with the pressed and sintered powder and to carry out
the process by electric pulse sintering.

When it comes to electric pulse welding-pressing (EPWP), the simultaneous
action on the powder of a powerful high-voltage pulse of electric current is
used due to the surge-current generator (SCG) and mechanical (static) pressure.
The duration of the heating pulse is 100-200 us at a static pressure of 10
kg/mm? [2,3].

In the process of EPWP, a matrix with a diameter of 10 mm was used, with
a powder filling height of 5 mm; the diameter of the punch electrode was 10
mm. The quality of the joint was evaluated by mechanical shear tests.

To reduce the porosity of the obtained joints, it was proposed to use EPWP
with induction-dynamic loading [4].

The fundamental difference is the use of induction-dynamic drive (IDD), in
the circuit with a punch electrode and powder, which makes it possible to sim-
ultaneously press and sinter the material using a single surge-current generator
with synchronization of mechanical and thermal effects on the powder [5].

The powder composition is placed in a dielectric matrix. Electrodes -
punches transmit pressure to the powder billet and at the same time serve as
current leads from the surge-current generator to the pressed powder [6, 7].

A current pulse with a density of 104 A/cm? passing through the punch
electrodes and the powder heats the powder material without significant heating
of the punches. This is due to the difference in contact resistances in the zone of
composite material particles in comparison with the zone of punch - powder
contact.

Pulse heating with an induction-dynamic drive allows you to get products
with a material porosity of 5-10%. The amplitude of the magnetic pressure was
about 500 10° N/mm? the frequency of the current discharge was 5 kHz, and
the duration of the process did not exceed 180 ps. [6.7].
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The compounds of ferrous and non-ferrous materials are obtained by EPWP
with induction-dynamic loading in various combinations (the plate material
MN95-5, AD1, BSt3, Br95, Steel R18 with a material powder composition
PMS-K, PA-1, PNK-UT4). The results of mechanical tests, metallographic
studies of the obtained compounds are presented.

It was established that the quality of the joints obtained by electric pulse
pressing-welding with induction-dynamic loading is higher than when using
static exposure.
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MOJYYEHUE HEPA3BEMHBIX COEJJUHEHUI
SJIEKTPOMATHUTHBIM METOJAOM

B npousBoacTBe n3nenuil aIeKTpOHHON TEXHUKHU, aBUACTPOEHHUU U MPU CO-
3laHUM KOCMHMYECKHUX amlapaToB AN MOJy4yeHHs KOMIO3UIHMOHHBIX COEelUHe-
HUH Bce 0OJIBIIIOE PacHpOCTpaHEHHE TOJTydaeT IEKTPOMarHuTHasi 00padoTka,
JUTSL KOTOPOH XapaKTEPHO ANCTAHIIMOHHOE PABHOMEPHOE U CTPOTO 03MPOBaH-
HOE BO3/ICHCTBHE Ha 30HY CONPSDKCHUS.

Hawubonbmree pacpocTpaHeHHe HONYYHIN MPOIECCH COOPKH C HCIIONb30-
BaHHMEM 3JICKTPOMArHUTHOTO JIABJICHHS IO CXEME «Ha 0OXKMM» OCECUMMETpPHY-
HBIX KOMIIO3UIIMOHHBIX COCAMHEHWI MHOTOXXIJIBHBIX KaOeslei, MeTalllocTek-
JITHHBIX ¥ METAJUIOKEPAMUYECKUX Y3JI0B.

ITpuHIHUI 37IEKTPOMArHUTHON ONPECCOBKHU 3aIEJIKH IEKTPUIECKUX MTPOBO-
JIOB B HAKOHEYHUKU MHOT'OXWJIBHBIX KaOenel 3aKitogaercs B cielyronemM, pu-
CyHOK 1.

Pucynox 1. [IpunnunuansHas
H P 3 1 )i 7 CXeMa 3JIEKTPOMArHUTHOM
' OTIPECCOBKH ISl 3a/ICJIKU 3JIEK-
TPUYECKHX MPOBOJIOB B HAKOHEY-
HUKH

1- reHepaTop HMITYJIbCHBIX
YA~ - tokoB (I'UT); 2- unmykrop; 3 —
I HAKOHECYHHK;, 4- MHOTOXHJIbHBIN
npoBof; Ip- Tox paspsma; H —
MarHMTHBIA MOTOK; lu- MHAYIH-
. \2 poBaHHbIM TOK; PM — a3nexkrpo-

MarHUTHOE JJaBJICHHE.

HaxoHeuHuk 3, ycTaHaBIMBAIOT B MHIYKTOP (pabouuii HHCTPYMEHT) 2 KO-
TOPBIH MTOJIKITIOYEH K TeHepaTopy UMITYJILCHBIX TOKOB C eMKOCTHBIM HaKOIIUTE-
nem 3Hepruu 1. [Ipu nponyckaHuu yepe3 HUIMHAPUYECKUN UHAYKTOP 2 UM-
mynbca Toka |p Bo3HMKaeT nepeMeHHbIH MarHUTHBIA oTok H, koTopslit obec-
NeYMBaeT B HAKOHEYHHKE NMPOTEKaHNWEe MHYIIMPOBAHHOIO TOKa |u. B3ammoeii-
CTBHME MHAYLHPOBAHHOIO TOKA C IEPBUYHBIM MarHUTHBIM ITOTOKOM IIPUBOAUT K
BO3HMKHOBEHHUIO PaJUaIIbHO JEHCTBYIOIUX MaHJEPOMOTOPHBIX CHI — 3JEK-
TPOMAarHUTHOTO JIaBJICHUS PM, 32 CUET KOTOPOTO OCYIIECTBIIACTCS 1e(hOopMHUpO-
BaHHE MaTeprana HAKOHEYHWKAa W KOMITAaKTHPOBAHHWE BHYTPEHHETO 00BEMa
[1,2]. Oueproemkocts 0bopynoBanus — 10 k/[)x, coOCTBeHHas 4acToTa paspsia
toka 20 k[, amMmmunTy1HOE 3HAUYeHHE Toka paspsaa 10 200 KA.

%
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B oTimumue OT CymecTBYIOLIErO B HACTOSIIEE BPEMS XOJIOJHOTO 00XKaTus
CIELMaNbHBIM HHCTPYMEHTOM, CO3/JAIOLIET0 KOHTAKT IMPOBOJIOB B HECKOJIBKUX
TOYKaX, MarHUTHO-MMITYJIbCHasl ONPEcCOBKa oOeclieunBaeT paBHOMEpHOE 00-
JKaTHe U KOHTAKT IO BCEH NMOBEPXHOCTU COMPSKEHUS MEXTYy HAKOHEUHHUKOM U
TOKOBEIYIIMMU JKUIaMU.

IIpr mpom3BoACTBE M3MENMHH 3ICKTPOHHOW TEXHHUKH, HPHUOOPOCTPOCHHUU
BO3HHKAET HEOOXOAMMOCTD COCIMHUTH PAa3HOPOIHBIE MaTepHaibl, TAaKUE Kak
METAIlI - KepaMHKa, METaJll — CTEKIIO.

CocTaBHBIE MHOTO3JIEMEHTHBIC METAIIOKCPAMHIECKHE Y3IIBI SIBISIOTCS
KOPITyCHBIMHA M H30JIAUOHHBIMU 3JIEMEHTAMH CBEPXBBICOKOYACTOTHBIX JJIEK-
TPOBAKyyMHBIX IPHOOPOB M OPYTHX M3ACIHH 3JICKTPOHHON TEXHUKH, obecIie-
YHUBAIOIIUX PabOTOCIIOCOOHOCTD KOHCTPYKIMI NPH pabounX HanpsHKEHUs X 00-
nee 10 kB 1 MHTEHCHUBHBIX TEIUIOBBIX Harpyskax [3].

[lpumeHeHne  TPAIULIMOHHBIX  METONOB  COOPKM  MHOTOJIEMEHTHBIX
coeMHEeHU Mano3(h(EeKTUBEH U BElET K HEPaLOHAJIBHO BBHICOKUM 3aTparam
MarepuanoB, OSHepruu. MexaHMUecKoe  BO3AEMCTBHME  NPUBOAUT K
BO3HHKHOBEHHIO TPELIMH MU MOJHOMY Pa3pyIICHUIO CTEKNIa MU KePaMUKH.
VYKka3zaHHBIC ~ HEJOCTaTKH  YCTPAHAIOTCS  TNPUMEHEHHEM  COOpKH  C
UCTIONIb30BAaHMEM  DJHEPIMM  JJIEKTpoMarHuTHoro mons. Ilpennaraercs
HCIIOJIE30BATh JICKTPOMArHUTHYIO 00paboTKy [4].

B mpormecce amexTpoMarHUTHOH COOpPKM JE€Tanmn M3 CTEKIa W KEPaMHUKH
OOBEIMHAIOTCSI C METAVIOM B MEXAaHWYECKHM IPOYHBIA HEPa3hbeMHBIH Yy3€l
MyTeM IUIACTHYECKOro Je(OPMUPOBAHHS OXBATBHIBAIOIIEH 3JIEKTPONPOBOAHON
obomnouxu. OgHAKO, MHTEHCHBHOE OIHOIEPEXOJIHOE BO3JEHCTBHE C BBICOKOU
CKOpOCThIO  Je()OMHPOBaHMS B  JaHHOM  cjlydyae  HENpPHEeMIIUMO.
DNEeKTPOMArHUTHYI0  COOPKY  METAIJIOCTEKIISIHHBIX — Y3JIOB  HEOOXOAUMO
OCYLIECTBJITH CEpUEH HMIIyJbCOB MajOW »Heprueil paspsga. Bo Bpems
BBIOODKM 3a30pa MEXAy OOOJIOYKOW M CTEKJISTHHBIM KapKacoM 3a CueT
WHIYLIMPOBAaHHBIX TOKOB MeTal  Jedopmupyercss W  OJHOBPEMEHHO
pasorpesaercs. [locne oCThIBaHMS OCYIIECTBISIETCS! HATAT B COSIUHEHHH Oe3
pa3pyLIEHHs XPYIIKOH OCHOBBI.
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stamped-welded structures / S.V. Neskoromnyi, S.0, Ageev, S, V, Lemeshev. // Weld-
ing International — 2016 Ne 30(12). — p.36-41.

3. CrpmxaxoB E.JI., Heckopomustit C.B., Munsko [I.B. Pa3zpsaaao-ummynscHast 06-
paboTka Matepuanos. M3n-so AI'TY, 2016. — 132c.

4. Jlememes C.B. MarauTHO-uMIyJIbcHas 00pab0TKa METAJUIOKEPAMUYECKUX H ME-
TaJuIOCTEeKIAHHBIX y31oB/ Heckopomusrit C.B., Arees C.O., I'aBpuienko [1.1O., ITepios
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obpabotke: COOPHHK TPYJOB MEXIYHApPOAHOIO HAyYHOTO CHMIIO3MyMa TEXHOJIOTOB-
MaruHocTpouTeeit u Mmexanukos. 2014. C. 130-136.
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OBTAINING PERMANENT CONNEC-TIONS
BY ELECTROMAGNETIC METHOD

Electromagnetic processing for composite compounds production, which is
characterized by a remote uniform and strictly dosed effect on the interface ar-
ea, is becoming increasingly widespread in the manufacture of electronic prod-
ucts, aircraft engineering and in the construction of spacecraft.

The most widespread are assembly processes with the use of electromagnet-
ic pressure according to the "crimp™ scheme of axisymmetric composite con-
nections of multicore cables, metal-glass and metal-ceramic assemblies.

The principle of electromagnetic crimping of electrical wires termination in
the caps of multicore cables is as follows, figure 1.

] Figure 1. Schematic diagram
H P | 3 I / of electro-magnetic crimping for
‘ cutting electrical wires into termi-
nals
| 1- surge-current generator
i — (SCG); 2 - inductor; 3 —cap; 4 -

74 N\ T ) multicore wire; Iq - discharge cur-
NN A S I'HT  rent; H — magnetic flux; I; - in-
Z: N\ } duced current; Pem. -

electromagnetic pressure.

The cap 3 is installed in the inductor (working tool) 2 which is connected to
a surge-current generator with a capacitive energy storage 1. When the current
pulse 14 passes through the cylindrical inductor 2, an alternating magnetic flux
H occurs, which ensures the flow of the induced current I; in the cap. The inter-
action of the induced current with the primary magnetic flux causes radially
acting ponderomotive powers — electromagnetic pressure Per,,, which deforms
the cap material and compacts the internal volume [1,2]. The power consump-
tion of the equipment is 10 kJ, natural discharge frequency is 20 kHz, and the
amplitude value of the discharge current is up to 200 kKA.

In contrast to the currently existing cold reduction with a special tool, which
creates wire contact at several points, magnetic pulse crimping provides uni-
form compression and contact over the entire interface surface between the cap
and the current-carrying conductors.

In the production of electronic products, instrument-making it is necessary
to connect dissimilar materials such as metal-ceramic, metal-glass.
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Composite multi-element metal-ceramic assemblies are the body and insula-
tion elements of ultrahigh-frequency electro-vacuum devices and other elec-
tronic products that ensure the performance of structures at operating voltages
of more than 10 kV and intense thermal loads [3].

The use of traditional methods of assembly of multi-element compounds is
ineffective and leads to irrationally high costs of materials and energy. Mechan-
ical action leads to cracks or complete destruction of glass or ceramic. These
disadvantages are eliminated by assembly using electromagnetic field energy. It
is proposed to use electromagnetic processing [4].

In the process of electromagnetic assembly, glass and ceramic parts are
combined with metal into a mechanically strong one-piece unit by plastic de-
formation of the enveloping electrically conductive shell. However, intensive
single-pass exposure with a high rate of deformation is unacceptable in this
case. Electromagnetic assembly of metal-glass units must be carried out by a
series of pulses of low energy discharge. During the sampling of the gap be-
tween the shell and the glass frame due to induced currents, the metal is de-
formed and simultaneously heated. After cooling, there appears tension without
destroying the fragile base.

1. Sovetchenko P.B. Possibility of magnetic — pulse treatment of metals / P. B. So-
vetchenko. - Tomsk: TPU Publishing house. — 2003. — 93 p.

2. Strizhakov, E.L. Special features of magnetic-pulsed welding of thin sheet
stamped-welded structures / S.V. Neskoromnyi, S.O, Ageev, S, V, Lemeshev. // Weld-
ing International — 2016 Ne 30(12). — p. 36-41.

3. Strizhakov E. L., Neskoromny S. V., Minko D. V. Discharge-pulse processing of
materials. DSTU publishing house, 2016. — 132 p.

4. Lemeshev S. V. Magnetic-pulse processing of metal-ceramic and metal nodes/
Neskoromny S. V., Ageev S. O., Gavrilenko D. J., Gems, D. S.// Integrated vibrowave
technologies in machine building, metal processing: proceedings of the international
scientific Symposium of technologists and engineers and mechanics. 2014. p. 130-136.
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VIIPABJIEHUE MEXAHUYECKAMHA CBOMCTBAMHM
KOHCTPYKIHUOHHBIX MATEPUAJIOB MOIIHOTI'O
SHEPI'ETUYECKOI'O OBOPYJ1OBAHUA

MexaHnYecKHe CBOWCTBA KOHCTPYKIIMOHHBIX MaTepHaioB, IPUMEHSIEMBIX B
YCIOBUSIX PAJHALIOHHBIX BO3JICHCTBHUMH, CYIIECTBEHHO MCHSAIOTCS B 3aBUCHMO-
CTH OT THIIa O0Jy4eHUs, A03bI, HCIOJIB3YEMOr0 MaTepraia u ero oopaboTKu.
OTO B 3HAUUTENBHON CTENEHM OTHOCHUTCA M K MaTepHalaM C MarHUTHBIMU
cBoiicTBamMH [1] ¥ TakKUM 3JIEMEHTaAMH 3JICKTPOOOOPYIOBAHHSI, KAaK TOKOIIPOBO-
JAIMe 3JeMeHTH. Bo30OyxaeHne BHOpanui M yAapHBIX MEXaHHYECKUX Ipo-
LIECCOB MOXET OBITh MCIOJIB30BAHO MPU HCHBITAHUIX M HEpa3pyLIaloieM KOH-
TpOJIe METAUIMYECKUX MPOBOJSIINX JIEMEHTOB YHEPIreTHIECKOro 000pynoBa-
HUA [2]. 3amaBas BBICOKYIO IUIOTHOCTh TOKa 4epe3 TAaKHE 3JIEMEHTHI MOXKHO
BBI3BIBATH B HUX HE TOJIBKO YIIPyrHe, HO M IutacTHdeckue aedopmarmu [3].
VYupyrue nedopmanuu B MaTepuaie NPOBOJHHUKA IIPH IPOIYCKAaHUU UMITYJIbC-
HBIX TOKOB NPOSIBIIIOTCS B BHJC YAAPHBIX WM 3aTYXalOIINX KOJIeOATEeIbHBIX
MPOLIECCOB, KOTOPHIE MOTYT OBITh M3MEPEHBI C HCIIOJIBb30BAaHUEM BBICOKOYA-
CTOTHBIX JaTYNKOB BUOparmu [4].

3HauuTeNbHbIE yrpyrue AedhopManun (€AUHHUIBI U ACCSITKH MUKPOH) B TIO-
BEPXHOCTHBIX CJIOSAX MPOBOJHUKOB MPHU MPOMYCKAHUH UMITYIbCHBIX TOKOB OKa-
3bIBAIOT CIMSHUE Ha CBOMCTBa MaTepuanoB. IIpu Takux BO3AEHCTBUAX BO3-
MOXXHO M3MEHEHHE (ha30BOT0 COCTaBa M MEXAaHMYECKHX CBOWCTB MaTepHaa.
3T 0COOEHHOCTH UCTIONB3YIOTCS, HAPUMED, IIPH XOJIOIHON 00paboTKe B BHJIE
TUTIOIIEHHST MITH BOJIOYEHUSI C TPUMEHEHHEM JJIeKTpoIIacTuyeckoro addekra.

Oco0eHHO 3aMETHO IPOSBICHNE MEXaHUYECKOTO JNEHCTBHS BBICOKOIHEPTE-
THYECKHX 3JIEKTPUUECKUX MPOLECCOB HA 3JIEKTPOIPOBOJISIIUE SIEMEHTHI MOIII-
HOTO 3HEPTeTHYEeCKOro 00opynoBaHUs. XOTd KO3(GHUIMEHT Ipeodpa3oBaHUs
3NEKTPUUECKOI SHEPTHH B MEXaHWYECKYIO IIPH 3TOM CPaBHHUTEIBHO Mall, KOH-
HEHTPAIMs MEXaHWYEeCKOH HSHEpPruM B ITOBEPXHOCTHBIX CIIOSIX ITPOBOJSIINX
KOHCTPYKTHUBHBIX JJIEMEHTOB MOXKET OBITH OOECICUYEeHHUS NMPH CPaBHUTEIHHO
HeOONBIINX IUIOTHOCTSIX TOKa Ojaromaps ckuH-3¢¢dexTy. Bo3nelicTteue Ha mo-
BEPXHOCTHBIN CIIOM Marepuana mpu oOpaboTke MeTaiula 00ecreunBaeT yiyd-
IIEHHE €r0 CTPYKTYPHI X PaBHOMEPHOCTH PacCHpeAeeHHs NMPUMEce U AUCIIO-
KaIll{if, BO MHOTHX CIyYasx MOBBIMIAET TBEPAOCTh U IPyTHe MEXaHHYECKue ma-
pametpsl [5].

BubpoakycTudeckoe IeCTBHE HMITYJIbCHOTO TOKA, MPOXOJSIIETO Yepe3
MPOBOJHMKH, MO3BOJSIET B PsIie CIIy4yaeB 3aMEHUTh TEMIIEPAaTypHbIE U JPyrue
BO3JICHCTBHS, KOTOPBIE CIIOXKHO PEali30BaTh B YCIOBHUIX JKCIUIyaTaluu 000-
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pynoBanus. Kpome Toro, AeicCTBHE MMIIYJIBCHBIX TOKOB BBICOKOH MIOTHOCTH
COTIPOBOXKIAETCS] KaK MEXaHUYECKUM, TaK U TEIJIOBBIM BO3JeiicTBUEM, IpUUEM
COOTHOILIEHHE MEXJIy HUMHM MOMKHO H3MEHSTh MPOCTHIMM H3MEHEHUSAMHU HE
TOJIBKO aMIUIUTY/IbI, HO U CKBaXKHOCTH UMITYJIBCOB.

Takue BO3MOXKHOCTU HUCHBITaHUSA [6] U KOHTPOIS METaNIMUECKUX KOH-
CTPYKTHBHBIX 3JIEMEHTOB MOTYT OBITh PEATM30BAHbI B YCIOBHUSX 3KCIUTyaTallnu
000pyIOBaHUs, YTO UMEET Ba)XKHOE 3HAUCHHE, HANPUMEp, NIPU HAIHYIHE Orpa-
HUYCHHH, CBA3aHHBIX C paJHaIlMOHHOI 0€301acHOCTBHIO.

Takum 00pa3oM, IPUMEHEHNE MMITYJIBCHBIX TOKOBBIX BO3IEHCTBHI MO3BO-
JSIET COBMEIIATh PEUICHHE KaK 3a7ad AWarHOCTHKU COCTOSHMSA, Tak U oOpa-
060TKM MaTephasoB HEMOCPEACTBEHHO HAa MPOMBIIIICHHOM O000pyIOBaHUU
(HampuMep B IpoIiecce PEMOHTA WIIM MOCJIe HEro Ha 3Tamne MyCKO-HalaJOYHbIX
pa6ot). Ilpu 3TOM CHIOBOE NEHCTBHE TaKUX HUMITYJIBCHBIX TOKOB IMO3BOJISICT
W3MEHSTH CBOMCTBA Matepuajia U CHU3UTH BJIMAHHUC OCTATOYHBIX HaHpH)i(eHI/Iﬁ

[71.

1.ITerpor B.B., IlynkoB }0.A. Ucneiranus B USA®. PagnannonHoit cToiikocTi Ma-
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2. Tpouukuit O.A., Cramenko B.U., CxBopuoB O.b. Bubpanun npoBoIHUKOB IpH
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Science and Engineering, v.218. 2017. — P. 1-6.
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duced by current pulses in elements of electrical equipment // Russian electrical engi-
neering. V.89. Ne 3. 2018. — P. 143-146.
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DESIGN OF MECHANICAL PROPERTIES
OF STRUCTURAL MATERIALS FOR POWER PLANT
EQUIPMENT

The mechanical properties of structural materials used in conditions of radi-
ation exposure vary significantly depending on the type of exposure, dose, ma-
terial used and its processing. This applies to a large extent to materials with
magnetic properties [1] and to such elements of electrical equipment as conduc-
tive elements. Excitation of vibrations and shock mechanical processes can be
used in testing and non-destructive testing of metal conductive elements of
power equipment [2]. By setting a high current density through such elements,
it is possible to cause not only elastic, but also plastic deformations in them [3].
Elastic deformation in the material of the conductor when transmitting pulsed
currents is manifested in the form of shock or damped oscillatory processes,
which can be measured using high-frequency vibration sensors [4].

Significant elastic deformations (units and tens of microns) in the surface
layers of conductors when pulsed currents are transmitted have a fusion on the
properties of materials. Under such influences, a change in the phase composi-
tion and mechanical properties of the material is possible. These features are
used, for example, during cold processing in the form of flattening or drawing
using the electroplastic effect.

The manifestation of the mechanical action of high-energy electrical pro-
cesses on the electrically conductive elements of powerful energy equipment is
especially noticeable. Although the coefficient of conversion of electrical ener-
gy into mechanical energy is relatively small, the concentration of mechanical
energy in the surface layers of the conductive structural elements can be
achieved at relatively low current densities due to the skin effect. The impact
on the surface layer of the material during metal processing improves its struc-
ture and uniform distribution of impurities and dislocations, in many cases it
increases hardness and other mechanical parameters [5].

The vibroacoustic effect of the pulsed current passing through the conduc-
tors allows, in some cases, to replace the temperature and other effects that are
difficult to implement in operating conditions of the equipment. In addition, the
effect of high-density pulsed currents is accompanied by both mechanical and
thermal effects, and the ratio between them can be changed by simple changes
in not only the amplitude, but also the duty cycle of the pulses.

Such capabilities of testing [6] and monitoring of metal structural elements

184



can be realized under the conditions of equipment operation, which is im-
portant, for example, if there are limitations associated with radiation safety.

Thus, the use of pulsed current influences allows combining the solution of
both the problems of diagnosing the condition and processing materials directly
on industrial equipment (for example, during repair or after it at the commis-
sioning stage). Moreover, the force action of such pulsed currents allows you to
change the properties of the material and reduce the influence of residual
stresses [7].

1.Petrov V.V., Pupkov Yu.A. Tests at INP. Radiation resistance of materials used to
create magnetic systems of accelerators INP 2010-1 // Novosibirsk. 2010. — 33 p.

2.Troitsky O.A., Stashenko V.I., Skvortsov O.B. Vibrations of conductors during
transmission of pulsed electric current and non-destructive testing // Engineering Jour-
nal: Science and Innovation No. 3 (75) 2018. - P.1-16.

3.Troickij O.A., Skvorcov O.B., Pravotorova E.A., Stashenko V.I. Analysis of the
Relationships for the Vibrational Response to the Excitation of Vibro-Acoustic Process-
es in Conductors from the Action of a Pulsed Current // 15th International School-
Conference “New materials — Materials of innovative energy: development, characteri-
zation methods and application’’, KnE Materials Science, Vol. 2018. — P. 611-620.

4.Troitskiy, O.A., Skvortsov, O.B., Stashenko, V.I. Generation of mechanical vibra-
tions in metal samples by the use of the pinch effect // IOP Conference Series: Materials
Science and Engineering, v.218. 2017. — P. 1-6.
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duced by current pulses in elements of electrical equipment // Russian electrical engi-
neering. V.89. Ne 3. 2018. — P. 143-146.
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chines, devices and other technical products. General requirements. // M .: 2000. — 41 p.

7.Lashchenko G. I. Technological possibilities of vibration processing of welded
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BUBPALTMUOHHAS TPOYHOCTD

MexaHuueckue U aKyCTHYeCKHe KoJeOaHus TakKe KaK U yJapHble Ipolec-
CHl TOPOXJAIOT BO3ZHHKHOBEHHE JAE(EKTOB W MHUKPOTPEIIMH, TaKXKe Kak,
HanpuMmep, AIEKTPUIECKUNH MEeXaHWYeCKUH WM paJualliOHHBIA pa3orpeB Ma-
Tepuana [1], HapsiTy ¢ IpsIMBIM BO3J€HCTBUEM MOBBILIICHHBIX TeMiepatyp. [Ipu
3TOM 3(p(EeKTHI OT BO3IACHCTBHUS pagualliii MOTYT HOCHTH OOpaTHMBIA Xapak-
Tep, HAaIpUMep IPH UCTIOIB30BAaHIN TEPMUUECKOTO OTXKHUTra MaTtepurana [2].

[elicTBre BHOpaIyy, B TOM YHCIIC IHUKIMYECKash yCTAJOCTh W M3HOC KOH-
CTPYKLHOHHBIX MaTE€pPHAJIOB NPH BUOPAIMOHHBIX BO3ACHCTBUSAX SIBISETCS 3HA-
YUMOM NMPUYMHON aBapHilHbIX PUCKOB OTKa30B [3]. Takue pucku oT BO3ACH-
CTBHsI BHOpAIMU OCOOEHHO 3aMETHBI JUIs 3JEMEHTOB JJIEKTPOMEXaHHYECKOTO
obopynoBanus. Takoe 000pyI0BaHKE SIBISIETCS OCHOBHBIM DJIEMEHTOM Ha TH/I-
PO3JIEKTPUYECKHUX, BETPOBBIX, ATOMHBIX U TETIJIOBBIX 3JIEKTPOCTAHIIUAX.

Hawnbosee TMIIMYHBIE TIPOSIBICHHS BUOPALUK KaK NPUYMHBI aBapUIHBIX CH-
Tyanuil Ha 00BEKTaX SIICPHOM SHEPIeTUKU NUCOATaHC POTOPHOTO 00OpPYIOBa-
HUS ¥ BUOpauus TpyoorpoBozos [4].

Bomnpocs! cuHEpreTHKH BO3ACHCTBUS painalliy M MAIOIUKIOBON MIJIM MHO-
TOIMKJIOBOH yCTaJIOCTH CBSI3aHBI C BOSHUKHOBEHHEM U Pa3BUTHEM JIMCIOKAIINI
¥ MHUKPOTPEIIMH Ha MHUKPOYPOBHE M ME30YPOBHE CTPYKTYPbl METaJUTMUECKHX
MaTepuaiioB [5]. B aToit pabore mpoOIeMbl IUKINIECKOH MPOYHOCTH PACCMOT-
PEHBI KaK NPOSBJICHUs TEIJIOBOW M paJMalliOHHON MOJ3YYECTH U MX B3aHMO-
JEWCTBHS TPOSIBISIOIIMXCS KaK MOSBJICHHE TOYEYHBIX AE€()EKTOB, TPEUIMH U
MyCTOT.

BaxxHoit 3amaueil A aTOMHON SHEPreTUKHU SBIseTca pa3paboTka Moaudu-
Karuil Hepkaseroneil cranu (tumna 316) ¢ yIydIIeHHOW MONI3y4ecThIO U BBICO-
KOTEeMIIEpaTypHOH LUKINYECKOW MpodHOCThIO [6]. IIpu aTOM Takue cTamu o06-
JAal0T XOPOIIEeH CBapHMBAEMOCThI0. DTH KOHCTPYKLHMOHHBIE MaTepHajbl yIo0-
BIIETBOPSIOT TPEOOBAHHIO HETIPEPHIBHOM HKCITyaTallK B TeUeHHE He MeHee 60
JeT. 3a CTOJb JUINTEIbHBIN TIEPHOJT SKCIUTyaTallud HEN30€XKHO MPOosIBIICHIE Ma-
JIOUUKJIOBOM, HO ¥ THUTallUKJIOBOM YCTAIOCTH.

BaxxHoii Taxoke sIBISIETCs OILIeHKa BUOpaIiy TpyOOIPOBOIOB U MX BHOpAIIH-
OHHOM MPOYHOCTH B YCJIOBUSX BO3AECUCTBUS paauauuu [7].

OneHka BUOpaMOHHOM MPOYHOCTH JUISL JJTUTENIBHBIX CPOKOB SKCILTYaTaIlUH
DHEPreTHUECKOTo 0o0opynoBaHus [8] BBI3BIBAET HEOOXOAMMOCTH OPPEKIUU
HOpMaTHBHOW 0a3bl OLEHKH 000pyaoBaHHSA. B OCHOBY AEWCTBYIONIMX HOPM
MOJIOKEH MPHUHIUI KOHTPOJS WHTCHCHBHOCTH BHOpaluy, NeHCTBYyMOmEH Ha
SJIEMEHTHl W MaTepHaibl KOHCTPYKIHMH. Takod KOHTPOJIh OPMEHTHPOBAH Ha
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pellicHHe 3a/1a4y AUArHOCTUKH Je(eKToB. J[1s KOHTPOJIS U3HOCA KOHCTPYKIHU-
OHHBIX JJIEMCHTOB 00Jice CYIIECTBCHHBIM OKa3bIBACTCS YYET JO3BI BUOpAIlu-
OHHOT'O BO3IICHCTBHS Ha BCEX JTalax JIUTEIBHOIN 3KCIUTyaTaluu 000pymoBa-
HUSL.

OCOOCHHO Ba)KHO 3TO U OIIGHKUA COCTOSIHHUS 3JICMEHTOB M MAaTCPHAJIOB,
MOJBEPTaONINXCS WHTEHCUBHOMY  JHEpPreTHYecKoMy Bo3jeiicTBuio. Takue
BO3JICHCTBHsI MOTYT OBbITh KaK BHEIIHMMH, HAIIPUMEp, B BUJE TEIJIOBOIO WIIU
paaHalMOHHOTO MOJIS, & TaK)Ke BHYTPECHHUMH, CBS3aHHBIMH C MPOXOKIACHHEM
ANEKTPUYECKUX OTOKOB BBICOKOM MOIIHOCTH 4epe3 3JCKTPOIPOBOIAIIUE dJIe-
MEHTHI |8].

Iepexo OT MOHUTOPUHIa MHTEHCHMBHOCTH BUOPALMOHHOTO, YIbTPa3BYyKO-
BOTO WJIM YJAPHOTO BO3NCHCTBUI K MX MHTECTPAJBHBIM OIICHKAM IT03BOJIICT HE
TOJIBKO PACIIMPHUTH TOCTOBEPHOCTh AMATHOCTHPOBAHUS JIC(PEKTOB, HO CyIIle-
CTBCHHO YJIYUIIUTh BO3MOXXHOCTHU MPOTHBOABAPHITHO 3aIIUTHI.
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8.Skvorcov Oleg Development of Vibrating Monitoring for Hydro Power Turbines
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VIBRATION STRENGTH

Mechanical and acoustic vibrations as well as shock processes give rise to
defects and microcracks, as well as, for example, electrical mechanical or radia-
tion heating of a material [1], along with direct exposure to elevated tempera-
tures. Moreover, the effects of exposure to radiation can be reversible, for ex-
ample, when using thermal annealing of the material [2].

The effect of vibration, including cyclic fatigue and wear of structural mate-
rials under vibrational influences, is a significant cause of accidental failure
risks [3]. Such risks from exposure to vibration are especially noticeable for
elements of electromechanical equipment. Such equipment is the main element
in hydroelectric, wind, nuclear and thermal power plants.

The most typical manifestations of vibration as the causes of emergencies at
nuclear facilities are imbalance of rotary equipment and vibration of pipelines
[4].

The issues of synergetic effects of radiation and low-cycle or high-cycle fa-
tigue are associated with the emergence and development of dislocations and
microcracks at the micro level and meso level structure of metallic materials
[5]. In this work, problems of cyclic strength are considered as manifestations
of thermal and radiation creep and their interactions manifesting as the appear-
ance of point defects, cracks and voids.

An important task for nuclear energy is the development of modifications of
stainless steel (type 316) with improved creep and high-temperature cyclic
strength [6]. Moreover, such steels have good weldability. These structural ma-
terials meet the requirement of continuous operation for at least 60 years. Over
such a long period of operation, the manifestation of low-cycle, but also giga-
cyclic fatigue is inevitable.

It is also important to assess the vibration of pipelines and their vibrational
strength under the influence of radiation [7].

Assessment of vibration strength for long service life power equipment [8]
necessitates an amendment of the regulatory framework for equipment assess-
ment. The current standards are based on the principle of controlling the inten-
sity of vibration acting on structural elements and materials. Such control is fo-
cused on solving the problem of diagnosing defects. To control the wear of
structural elements, it is more important to consider the dose of vibration expo-
sure at all stages of long-term operation of the equipment.

This is especially important for assessing the state of elements and materials
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subjected to intense energy exposure. Such effects can be both external, for ex-
ample, in the form of a thermal or radiation field, as well as internal, associated
with the passage of high-power electric flows through electrically conductive
elements ]8].

The transition from monitoring the intensity of vibrational, ultrasonic or
shock impacts to their integrated assessments allows not only to expand the re-
liability of defect diagnosis, but to significantly improve the capabilities of
emergency protection.

1.GOST 26883-86 (ST SEV 5127-85) External influencing factors. Terms and defi-
nitions (with Change No. 1) // M .: — 11 p.
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3.A. Risk evaluation of nuclear steam turbine destructive overspeed // Electric Pow-
er Research Institute (EPRI), Inc. 2003. — 76 p.
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ONPEJEJEHUE KOPPO3MOHHOM CTOMKOCTH MASTHBIX
COEJMHEHMM U3 CTAJIM 12X18H10T, TIOJTYYEHHBIX C
IMOMOIIbIO HUKEJIEBBIX IIPUIIOEB

Ha ceronusmHuil neHps MUpPOKOEe NPUMEHEHHE I CO3AaHUS Hepa3beM-
HBIX COEMHEHUN MOIYYMIN TaKhue METObl KaK cBapKa U naiika. XoTs cBapka u
ABJIsIeTCS OoJiee pacpOCTpaHEHHBIM METOJIOM, B HEKOTOPBIX CIIydasx OHa He-
OCYIIECTBMMA II0 TEXHOJOTHMYECKUM NpuduHaM. [l maiiku KOoppo3HOHHO-
CTOHKHX CTaJiel M MOIy4eHHs BBHICOKOTIPOYHBIX COSAWHCHHUN IUPOKO HUCIIONb-
3yercsi nuddysuonnas maiika [1]. TlepcreKTUBHBIME MPHUIOSMHU, HCIONb3Yye-
MBIMA 1711 T Py3nOHHON TMalKu KOPPO3HMOHHOCTOMKHMX CTalieil M CILIaBOB,
SBIISTIOTCSI HUKEJICBBIE OBICTPO3aKaliCHHBIC TIPUIIOH, ITOJTydaeMble B BUIC (OJBT
B aMOp(hHOM WM HAHOKpUCTAIUTHYECKOM coctosiuuu [2,3]. B 3aBucumoctu ot
YCIIOBHH KCILTyaTallH{ IO/ BO3ACHCTBHEM arpecCUBHON BHEIIHEH Cpembl MO-
JKeT NMPOU30MTH KOPPO3MOHHOE MOBPEXKICHUE MECTa COCJUHEHHUS, YTO aKTy-
aJbHO JUISl Pa3lUYHBIX COTOBBIX KOHCTPYKIMH TEIJIOOOMEHHHMKOB U pelieTda-
TBIX KOHCTPYKIHiT (QUIIBTPOB.

B pabote nCronb30BaIKCh CIUIABBI-IPUIION Ha OCHOBE cucteMbl Ni-Cr-
Si-B u Ni-Cr-P, B KOTOpBIX BapbHPOBAIOCH COJEPIKAHIE Xpoma 0T 7 Mac.% 110
20 mac.% u OBLIO IPOBEIEHO JOMOTHAUTENbHOE JerupoBanne Fe m Mo. [l wc-
CJIeZIOBaHUH OBUIM BBIOpAaHBI MIMPOKO PACIPOCTPAaHEHHBIE KOPPO3HOHHOCTOH-
kue ctanu aycteHuTHoro knacca 08X18H9 u 12X18H10T u npoBeneHa mnaiika
TECTOBBIX IITHHIPUICCKAX U MAKETHBIX PEIICTIATHIX 00Pa3IIoB.

Lenpto paboThl OBIIO  ONpenmeNeHHEe BIUSHHUS — TeMIEpaTypHO-
BPEMEHHOTO PEXHMMa MaiKi M XAMHUYECKOTO COCTaBa MPHUIIOS HA CTPYKTYpPHO-
(ha30BOE COCTOSHHE IIIBa M, COOTBETCTBEHHO, €T0 KOPPO3HOHHYIO CTOHKOCTb.
[TastHBIE CO€MMHEHNS UCIBITAHBI HA CKIIOHHOCTh K MEXKPUCTAJUINTHON KOppo-
3un coryacHo 'OCT 6032. Ha TecToBbIX 00pa3snax ¢ MOMOIIBIO METaJIIorpa-
(uyeckoro aHanmza u3MepeHa riryonHa KOPPO3HOHHOTO ToBpexaeHus. Ha 00-
pasiax, HOJYYeHHBIX C MOMOIIBIO MPHIIOEB C colepxkaHueM 7 mac.% Xxpoma,
oOHapyXeHa crutomHas (pacTBOpEHHE Tella IIBa) W JIOKAJIbHAs KOPPO3HUS IO
muddysnonnoit 3one. [Ipy npeBBIICHNN COEPKAHUS XpOMa B COCTaBe IPH-
nost Beme 15 mac.% rmiryOMHa KOPPO3MOHHOTO IOBPEXAEHHS 3HAYUTEIILHO
CHIDKACTCS.

INoxa3aHo BAMSHUE TEMIIEPATYPHO-BPEMEHHOTO PEXKUMA Ha KOPPO3HOH-
HYIO CTOMKOCTh HastHOro coexuHeHus. [Ipum MaiaoMm BpeMeHH BBIIEPKKH JIO-

190



KaJbHass KOPPO3Usl MPOXOAUT 110 30HE C OOJNBIIMM KOJINYECTBOM IBTEKTHUKH
(30Ha aTepMUUYECKOTO 3aTBepAeBaHus). B ciyuae pexuma ¢ Oojiee IIUTENbHOM
BBIJICPIKKOW MHKPOCTPYKTYpa COEIMHEHUsI MPUOOpETaeT OOJBIIYIO OJHOPOA-
HOCTPH (KOJIMYECTBO IBTEKTHUYECKOH (ha3bl CHIKAETCS), YTO YBEIWYMUBAET KOP-
PO3HOHHYIO CTOMKOCTb.

B mudodysnonHo#t 30HE (MecTe Hamboliee CHIBHOTO KOPPO3HOHHOTO
BO3ACUCTBH) ObTO OOHApPYKEHO POPMHUPOBAaHNE OOPUIOB, YTO MOXKET CBUIIE-
TENBCTBOBATH O BEPOSITHOW IPUYMHE JIOKATHHOW KOPPO3MH — BO3HHKHOBEHHE
MHKpOTaJIbBAaHUYECKHX T1ap.

ITokazaHo, YTO yBEMMUYCHHE BPEMEHH BBIICPKKH M HCIOJIB30BAHHUE
CIIaBOB-TIPUIIOEB, cozepxamux 6omnee 15 mac.% Cr, mpuBoaut k ¢popMuposa-
HHUIO 0oJIee OIHOPOJIHOTO CTPYKTYPHO-()a30BOTO COCTOSIHUSI M Kak CIIEICTBHE
MOBBIIIEHUE KOPPO3MOHHOW cTOMKOCTH. lIpoaeMoHCTpupoBaHa BO3MOKHOCTh
HCIIOJIb30BaHMs pa3pabaThiBa€MBIX MPUIIOEB Ha OCHOBE cucteMbl Ni-Cr-Si-B u
Ni-Cr-P mis monmy4eHus: Hepa3beMHBIX COSANHEHHN PeIIeTYAThIX KOHCTPYKIIUit
13 KOPPO3UOHHOCTOMKMX CTaJIEl ayCTEHUTHOIO KJlacca.

1. S. Steuer, R. Singer. Suppression of Boride Formation in Transient Liquid Phase
Bonding of Pairings of Parent Superalloy. The Minerals, Metals & Materials Society
and ASM International. Vol.45. Issue 8. P.2226-2232 (2014).

2. A. lvannikov, V. Tukhbatov. Rapid-quenched nickel-based solder for high-
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3. A. Battenbough, A. Osmanda. Properties of selected nickel and iron base brazing
filler metals. Brazing, High Temperature Brazing and Diffusion Bonding. P.404-410
(2016).
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CORROSION RESISTANCE OF BRAZED JOINTS
12Cr18Nil0T/NiCrSiB AND 08Cr18Ni9/NiCrSiB

Brazing and welding are most popular methods in engineering for creating
permanent joints. However, in some cases, welding is not possible due to tech-
nological problems. High temperature brazing is often used as only possible
technology for producing grid, cell and thin-walled structures. Nowadays diffu-
sion bonding is widely used for joining materials. Using diffusion brazing or
transient liquid phase bonding (TLP-bonding), allow to obtain joints with high
resistance to high temperatures, mechanical stress and influence of aggressive
environment for long time without significant properties degradation [1]. This
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technology based on process of isothermal solidification of melted filler metal
due to element diffusion. Amorphous or nanocrystalline nickel-based foil, pro-
duced by rapidly quenching of the melt, are perspective for TLP-bonding stain-
less steels and nickel alloys [2,3]. Brazed joints usually are part of high stressed
constructions, which exploited under high pressure, temperature, in aggressive
environment and friction conditions. This fact is very important for develop-
ment of producing technology of devices like honeycombs or heat exchangers.

Composition of filler metal and brazing mode affect on corrosion resistance
of steel joints 08Cr18Ni9 (AISI 304) and 12Cr18Nil0T (AISI 321) brazed with
Ni-Cr-Si-B and Ni-Cr-P filler metal. Two types of samples were used in work:
cylindrical testing samples and thin-walled grid section. Filler metals differ
from each other in Cr, Mo and Fe content.

Corrosion tests were carried out in a mixture of 5% CuSO, solution and
25% H,S0O, solution. The depth of corrosion damage was determined on the
test samples. The main factor that reduces corrosion damage is the concentra-
tion of chromium in the body of the brazed joint. At a low content of 7 wt.%
Cr, brazed joint degrades to a greater depth, local corrosion occurs in brazing
seam The optimum concentration is 15-20 wt.% Cr, brazed joint is resistant to
corrosion.

The brazing mode affects the uniformity of chromium distribution over the
seam thickness. With a short holding time, due to the athermal solidification of
the seam center, a degenerate eutectic is formed which consists from boride or
silicide phases. Homogeneous joint can be obtained by increasing holding time.

A study of the surface in contact with the aggressive medium was carried
out. In areas subject to corrosion, chromium borides were found. This fact can
be explained by the appearance of microgalvanic phazes.

With increasing concentration up to 20 wt.% Cr phases (borides and sili-
cides) are formed in the center of the seam that worsen the corrosion resistance.
The content of molybdenum in filler metal increases the amount of degenerate
eutectic in the center of the joint.

Capability of using Ni-Cr-Si-B and Ni-Cr-P systems for obtaining joints in
grid thin-walled corrosion resistant steel structure was demonstrated.

1. S. Steuer, R. Singer. Suppression of Boride Formation in Transient Liquid Phase
Bonding of Pairings of Parent Superalloy. The Minerals, Metals & Materials Society
and ASM International. Vol.45. Issue 8. P.2226-2232 (2014).

2. A. Ivannikov, V. Tukhbatov. Rapid-quenched nickel-based solder for high-
temperature brazing of various constructive elements. Tsvetnye Metally. Issue 12, P.27-
31 (2014).

3. A. Battenbough, A. Osmanda. Properties of selected nickel and iron base brazing
filler metals. Brazing, High Temperature Brazing and Diffusion Bonding. P.404-410
(2016).
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OCOBEHHOCTH IMPOTEKAHHUSI IPOLIECCA
PEKPUCTAJLIJIM3ALIUM B F'IK METAJLJIAX HA IPUMEPE
MEJU

B Hacrosmmelt paboTe MPOBOAMIOCH HCCIIENOBAHKE MPOLIECCOB PEKPUCTATI-
mm3ammy B 'K meramnax Ha nmpumepe menu. Meanbie 00pa3iisl OJBEPraiuch
XOJIOHOH mpokatke no crerneHn 90 %, a 3aTeM oTKHraM B My(eabHOH medn
IpU pasHbIX TemIieparypax. [ MoaydeHHBIX 00pas3loB Ha PEHTTCHOBCKOM
mudpaxkromerpe JIPOH-3 perucrpupoBainy npsiMble TEKCTYPHBIE IOJIOCHBIE
¢urypsr (III1D), cBuaeTeNbCTBYIOUINE O POTEKAHUH TIPH OTXKUrax MPOLECCOB
pexpuctamnzanui. CocTosiHHE KPUCTAJUIMYECKOH pPEelIeTKH B HCCIIEAYeMBIX
o0pasnax OIEHUBAIM IO YIJIOBOH MOJyIIUPUHE PEHTTCHOBCKUX JIMHMH, 3aIu-
CBIBaE€MBIX UIA 3€pPEH JBYX OPHUEHTAIMil, COOTBETCTBYIONIUX IJIaBHBIM KOMIIO-
HEHTaM TEKCTyp NMPOKAaTKU U pekpuctamuzanuu. CTpyKTypHOE COCTOSHUE 3e-
PEeH B MPOKAaTaHHOM OOpaslle OKa3bIBAeTCs HEOJHOPOIHBIM; IPH 3TOM (par-
MEHTBl C OpHEHTalued OyIymero MakcuMyMa TEKCTYyphbl PEKpPHCTaJUIN3alnu
yKe TOCie TPOKATKH XapaKTepU3YIOTCS BBOE MEHBIIEH MONYIIMPUHOHN, YeM
(parMeHTHI B MaKCUMyMe TEKCTYpHI ITpOKaTku. [Io Mepe MOBBIIIEHHS TeMIle-
patypsl oTxkura obe TpyINbl 3¢peH MOHOTOHHO COBEPIIECHCTBYIOTCS, HO TIEp-
BbIE U3 HUX OCTAaroTCA Oojee COBEPUICHHBIMU. B TeKcType pexkpHcTalIn3anun
Menu npeobiagaeT kyoudeckast kommnonenta {100}<100>, koTopas mocTeneH-
HO YCHJIMBAeTCA, YTO CBUAETENBCTBYET O MpeumyinecTBeHHOM pocte B I'TIK-
MeTaJule MPH PEeKPUCTAILIM3ALUKN (PParMeHTOB C HauboJiee COBEPUICHHOH pe-
metkoi, B ornuune ot OLIK-meramios, rae 3apofsliaMi PeKpUCTALTU3AINN
SBIISIOTCS (PparMeHThl ¢ Hanbosee UCKaKEHHOHN PeIIeTKOM.

HccrnenoBanne BBHITOTHEHO NMpH (GUHAHCOBOH monaepxke PODU B pamkax
Hay4qHOTO mpoekra Ne 18-32-00619.
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FEATURES OF THE RECRYSTALLIZATION PROCESS IN
FCC METALS USING COPPER AS AN EXAMPLE

In present work studied the processes of recrystallization in FCC metals us-
ing copper as an example. Copper samples were cold rolled to a degree of 90
%, and then annealed in a muffle furnace at different temperatures. For the ob-
tained samples at the X-ray diffractometer DRON-3 recorded textural direct
pole figure (PPF), which showing the flow of processes of recrystallization dur-
ing annealing. Condition of the crystal lattice in the test samples was evaluated
by the angular half-width of X-ray lines, recorded for two orientations of the
grains, corresponding to the main components of the rolling texture and recrys-
tallization. The structural state of grains in a rolled sample is heterogeneous;
wherein the orientation of the fragments with future maximum recrystallization
texture after rolling are characterized by half-width at half than the fragments at
the maximum rolling texture. With increasing annealing temperature, both
groups monotonously grains are improved, but the first ones are more sophisti-
cated. In the texture of the recrystallization copper predominates cubic compo-
nent {100}<100>, which gradually increases, indicating that an advantageous
increase in the FCC metal recrystallisation fragments with the most perfect lat-
tice, unlike BCC metals, where the germs of recrystallization are fragments
with the most distorted lattice.

The reported study was funded by RFBR according to the research project
Ne 18-32-00619.
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OCOBEHHOCTHU CITIOHTAHHOI'O POCTA
JAZEPHO-UHAYHUUPOBAHHBIX TPAOUTUIUNPOBAHHBIX
MHUKPOCTPYKTYP B OFBEME AJIMA3A U UX
BHYTPEHHEN CTPYKTYPbI

B pabore u3ydeHBl OCOOCHHOCTH JIA3EPHOTO CTPYKTYPHPOBAaHHUS 00BeMa
ayMasa B YCIOBUSAX (PMKCHPOBAHHOTO MOJIOKEHHS MEPETHKKH JTa3epHOTO U3ITY-
yeHus. JlazepHoe m3mydeHHe (HOKycHpOBalM BINIyOb aJMa3HOTO KpHCTauia
neprneHaAnKyisipHo rpanu (100), mpomecc MUKPOCTPYKTYPHUPOBAHUS PETHCTPH-
poBasn gepes rpasb (110) kpucramia mocpeacTBoM BuaeokaMmepsl. OOpaboTKy
ayMa3a MPOBOAWIIN MUKOCCKYHAHBIMH JIa3€PHBIMHU UMITYJILCAMH IIPU BapbHPO-
BaHUM ymcliia IMITyIT5coB (0T 1 1o 10 000) u sHepruu B uMirynsce. B pe3ynbra-
Te, B o00beMe anamaza ObUT CcO34aH HabOp HHUTEBUIHBIX JIA3CPHO-
MHIYIHPOBAHHBIX TPa(UTU3UPOBAHHBIX MHUKPOCTPYKTYp. Kakmas u3 Takux
MHUKPOCTPYKTYp SBJSUIaCh Pe3yJIbTaTOM CIOHTAaHHOTO PAacIpOCTpaHEHHS Jia-
3epHO-UHIYIIMPOBAHHON BOJIHBI TpaduTh3anuu B odbeme anmaza [1, 2]. s
BO3MOYKHOCTH HETIOCPEACTBEHHOTO M3YYEHHUS JIa3epHO-MOAN(DHUIIMPOBAHHOIO
Marepuana, ObIIM TOJydeHBl CEYeHUs! Ipa(UTH3UPOBAHHBIX MHUKPOCTPYKTYD
MOCPENICTBOM MeXaHm4ecKor moiupoBku rpanu (110) amvmasznoro kpuctamia. C
MIOMOIIIBIO CIIEKTPOCKOITMM KOMOMHAIIMOHHOTO PaccesHUs M BBICOKOpa3peria-
IOIIel pacTpOBOM AIEKTPOHHOH MHKPOCKONHUH IETalbHO M3yUeHa BHYTPEHHSS
CTPYKTYypa rpaUTH3UPOBAHHBIX MUKPOCTPYKTYp. IIpoBeneHo comocraBineHne
BHYTPEHHEH CTPYKTYpHl IpadMTH3UPOBAHHBIX MHKPOCTPYKTYP C JWHAMHUKOMN
UX pocTa B o0beMe anMasza, a TakKe IUIOTHOCTBIO PHEPTHH Ha (pOHTE MOIH-
(ukarmm.

1. Kononenko T.V., Meier M., Komlenok M.S. et al. // Applied Physics A. 2008. Ne
90. P.645.

2. Kononenko T.V., Zavedeev E.V., Kononenko V.V. et al. // Applied Physics A.
2015. Ne 119. P.405.

ccnenoBanue BhIMOJIHEHO NpH (uHaHCOBOW noaaepxkke PODU B pamkax Hay4HO-
ro npoekta Ne 18-32-01072\19.
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SPECIFICS OF SPONTANEOUS GROWTH OF LASER-
INDUCED GRAPHITIZED MICROSTRUCTURES IN
DIAMOND AND THEIR INTERNAL STRUCTURE

Here, features of the laser structuring of diamond bulk under fixed laser fo-
cus conditions have been studied. Laser beam was focused inside a diamond
crystal perpendicular to its (100) face. The microstructuring process was regis-
tered through the (110) crystal face with a camera. The crystal was treated by
picosecond laser pulses at varying the number of pulses (from 1 to 10 000) and
the pulse energy. A set of wire-like laser-induced graphitized microstructures
was formed in diamond as a result of a spontaneous propagation of laser-
induced graphitization waves in diamond [1, 2]. To direct study the laser-
modified material, the sections of the graphitized microstructures were obtained
by polishing the (100) crystal face. An internal structure of the graphitized mi-
crostructures was studied in detail with Raman spectroscopy and scanning
electron microscopy. The internal structure of the microstructures was com-
pared with their growth dynamics and the fluence at the front of modification.

1. Kononenko T.V., Meier M., Komlenok M.S. et al. // Applied Physics A. 2008. Ne
90. P.645.

2. Kononenko T.V., Zavedeev E.V., Kononenko V.V. et al. // Applied Physics A.
2015. Ne 119. P.405.

The study was funded by RFBR according to the research project no. 18-32-
01072\19.
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MPUMEHEHUE 3D TEXHOJIOT WM JIJIsSI CO3IAHUAA
SJIEKTPOHHBIX KOMIIOHEHTOB CBY JIMAITIA30OHA

B panuosnexkTpoHHOH MPOMBIIIICHHOCTH MOJIYYMIM IHUPOKOE PacHpocTpa-
HeHue 3D mpUHTEpB JUIS M3TOTOBJIEHHS METAJUTMYECKHX WM IUIACTHKOBBIX
KOHCTPYKTUBHBIX 351eMeHTOB [1]. B To ke Bpems 3D TeXHOJIOTHH MOTYT OBITh
3¢ GEKTUBHO HCHONB30BAHBI IS CO3/IaHHUSA M 3JIEKTPOHHBIX KOMIIOHCHTOB, Ta-
KHX KaK Pe3UCTOPBI, HHIYKTUBHOCTH KOHAEHCATOPHI, PE30HATOPEl U aHTEHHO-
¢unepnsie yerpotictea CBY nuamasona.

Ha pucynke 1 nzobpaxen 3D-npuHTep A7 IEYATH U3ISIUN U3 Pa3IMIHBIX
0 3IeKTPOo(U3UIECKIM CBOIICTBaM MaTepHalloB. BmMecTo onHOro KoHTelHepa,
COZIepKAILEero YacTUIIbl TTOPOIIKOOOPa3sHOr0 MaTepuaia IS CIEKaHus, ¢ Io-
JBIDKHBIM B BEPTHKaJIbHOM HAINpaBJICHHH IHOM, 100aBJIEHO HECKOJIBKO OJIHO-
THUITHBIX KOHTEHHEPOB, COAEPIKALIMX YaCTUIIBI OPOIIKOOOPa3HBIX MaTepPHAIOB
C Pa3IMYHBIMHU JIIEKTPOPUINUECKUMH CBOICTBAaMH, KOTOPBIE B 3aJaHHOM I10-
psnke OyAyT HMCHONB30BaHbI Ul (OPMUPOBaHHS KaKAOTO CJIOSl INeyaru, 3a
CYET TOPU30HTAIBHOTO TIEPEMENICHUS MOABIKHON TIaT(OpMbI ¢ KOHTEIHHEepa-
MU OTHOCHTEJILHO pabouei 30HbI ISl CTIEKaHHs U3/1EIHsI.

Puc. 1. Cxema 3D-nipunTepa U1 IeYaTH U3ASNIUH U3 Pa3INIHBIX O 3JIeK-
TPO(U3NIECKUM CBOHCTBAM MaTEpPHAIOB

ITocne Toro, kak 3akOHYEHO (HOPMHUPOBAHKE CIIEKAHHS YACTHI] OJHOTO TMO-
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POIIKOOOpa3HOro Marepuajia Bce KOHTEHHEpBl OJHOBPEMEHHO CMEIIAIOTCs B
CTOPOHY JJIsl TOTO, YTOOBI KOHTEIHEp C YaCTHI[AMHU MTOPOIIKOOOpa3HOTO Mare-
puana ¢ JpyruMu 3JIEKTPO(GU3NIECKIMHU CBOHCTBAMH MOT TaK)Ke HAHECTH Clie-
JYIOIIUit clIoH Ha pabouylo MOBEPXHOCTD JUISl CIIEKaHUs yXKe JPYroro MaTepu-
ajla Ha TOM K€ ypOBHE, YTO M HaledaTaHHbIH paHee mMarepuai. Takum oOpa-
30M, B OJJHOM CJIO€ MOKHO OJHOBPEMEHHO C()OPMUPOBATH HECKOJIBKO MTOBEPX-
HOCTEH COCTOSIIINX W3 Pa3JIMYHBIX MaTEPUaJIOB C Pa3IMYHBIMH MapaMeTPaMH.
ITo okoHUaHMH TpoLecca CIICKaHMS JMIIHAE YaCTHIBI TIOPOIIKOOOPa3HBIX Ma-
TEPHATIOB M3 3TOTO CJIOSI MOXHO MPOCTO CIYTh WM COOpaTh C MOMOIIBIO BCa-
CBIBAIOIIIETO YCTPOMCTBA IS IOMEIIEHHUS B TOT K€ KOHTEHHEp, OTKy/1a 3TH Ya-
CTHIIBI TIOPOIIKOOOPa3HOTO MaTeprana OblIH B3ATHL. s oOecriedeHns: BBICO-
KOW TOYHOCTH Ha TpaHUIax (OPMUPYEMBIX IOBEPXHOCTEH LesiecooOpa3sHo
HayMHATh CHEKaHWE C TeX YaCTHL[ MOPOIIKOOOpa3HOro Marepuaja, KOTOpbIe
MMEIOT HanboJiee BHICOKYIO TEMIIEPaTypy IUIaBJICHHUS. DTO TO3BOJIHUT U30€KaTh
Mapa3uTHOr0 B3aUMOBIIMAHUA IPHU CIICKaAaHWUU TMOCICAYIOMUX YaCTULl TOPOUIKO-
o0Opa3Horo Marepuaina, T.K. TeMIepaTypa JIa3epHOro Jyda A KaKIbIX Mocie-
JYIOLIMX YacTHIl MOPOLIKOOOpa3HOro Marepuaia OyIeT CHIDKaThcd U HE CMO-
JKET MOBJIMATH HA NMApa3UTHOE IUIABJICHHE Ha TPAHUIAX MPEIBIAYIIETO MaTepH-
ana B 3ToM cioe. ITocie Toro xak c)opMHpOBaHBI BCE MOBEPXHOCTH OJHOTO
cJ10s1, BCE CBOOOAHOE MPOCTPAHCTBO B 3TOM CJIOE€ HEOOXOIUMO 3arlOJIHUTH Ca-
MBIM JIETKOIUIABKUM MaTE€pHAIOM WM JPYTUM, €My MOJOOHBIM, KOTOPBIH MO-
JKeT OBITh JIETKO BBITUIABJICH, PACTBOPEH M T.J. IO OKOHYAHWH (POPMHUPOBAHUS
U3aCIINA, NN 6y}1€T COXpaHEH B Ka4YCCTBC 3aJIMBKU JIs MOBBIMICHUA BJIaro3a-
MIMIIEHHOCTH, TPOYHOCTH WJIN BBIIIOJTHEHUS APYTUX BCIIOMOTAaTEIbHBIX (YyHK-
uid. Takum 06pa3om, MOTYT ObITh CHOPMHUPOBAHBI AIIEKTPOHHBIE KOMITOHEHTHI
CBU nnana3oHa, COCTOSIINE U3 IPOBOSIINX METAIUIMYECKUX TTOBEPXHOCTEH U
JIMIJIEKTPUUECKON KepaMuku. 3D  TeXHOJOruu Mo3BONSIIOT Cc(HOPMHPOBATH
PE30HAHCHBIE CTPYKTYPHl B BHJE OJHOCTOPOHHBIH TOBEpXHOCTH Mebyca, B
KOTOpPOW IM3JIEKTpUYECcKasl JEHTa C JBYX CTOPOH IOKpPbITa METaJUIMYeCKOMH
MOBEPXHOCTHIO, B pPE3YJbTaTe€ Yero B KaXKIOM CEUYCHHH JICHTHl HMEeTCs
e€MKOCTh, a METANIMYECKUEe TIOBEPXHOCTH TMPEACTaBIAIOT M3  ce0s
JIBYXBUTKOBYIO MHAYKTUBHOCTh. Takol pezoHarop CBY nuanazoHa BO3MOXXHO
peann3oBaTh TOJBKO AIJUTHBHBIMH TEXHOJOTHSAMH, NMPHYEM NpPUMEHEHHE
MOJYTIPOBOJHUKOBBIX MOPOIIKOB C Ppa3IMYHBIMH THIAMH HPOBOJUMOCTH,
MO3BOJISIET PeaTU30BaTh perynupyembie pezonaropsl CBY nuamnazona [2].

1. TTarent CIHA Ne 5753274. Apparatus for producing a three-dimensional object /
Wilkening; Christian (Diessen, DE), Lohner; Andreas (Haar, DE).

2. [Natent PO Ne 2616440. KomoBo-UMITyJIbCHBIA MOAYJIATOP CBEPXBBICOKOUYACTOT-
HBIX 3JICKTPOMArHUTHBIX KOJIeOaHWiI B BHIE MHOTOCIONHO# moBepxHOCTH Mebuyca ¢
p-i-n-nquogamu / Wcemamno T.A., Tamxkue X.M., Kpsuko A.C., Yenymkun [I.A.,
HIxypxo A.C.
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APPLICATION OF 3D TECHNOLOGIES FOR CREATION OF
ELECTRONIC COMPONENTS OF MICROWAVE RANGE

In the electronics industry, 3D printers for the manufacture of metal or plas-
tic structural elements have become widespread [1]. At the same time, 3D tech-
nologies can be effectively used to create electronic components, such as resis-
tors, inductors, capacitors, resonators and microwave antenna feeder devices.

Figure 1 shows a 3D printer for printing products from materials of various
electrophysical properties. Instead of a single container containing particles of
powdered sintering material with a vertical movable bottom, several containers
of the same type were added containing particles of powdered materials with
different electrophysical properties, which will be used in the specified order to
form each print layer due to horizontal movement of the movable platform with
containers relative to the working area for sintering the product.

Fig. 1. Scheme of a 3D printer for printing products from materials of vari-
ous electrophysical properties

After the formation of sintering particles of one powdery material is com-
pleted, all containers are simultaneously shifted to the side so that the container
with particles of powdery material with other electrophysical properties can al-
so apply the next layer to the working surface for sintering of another material
at the same level as previously printed material. Thus, in one layer it is possible
to simultaneously form several surfaces consisting of different materials with
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different parameters. At the end of the sintering process, excess particles of
powdered materials from this layer can simply be blown away or collected us-
ing a suction device for placement in the same container from where these par-
ticles of powdered material were taken. To ensure high accuracy at the bounda-
ries of the formed surfaces, it is advisable to begin sintering with those particles
of powder material that have the highest melting point. This will avoid parasitic
interference during sintering of subsequent particles of a powdery material, be-
cause the temperature of the laser beam for each subsequent particles of the
powdery material will decrease and will not be able to affect stray melting at
the boundaries of the previous material in this layer. After all the surfaces of
one layer are formed, all the free space in this layer must be filled with the most
fusible material or another similar material that can be easily melted, dissolved,
etc. at the end of the formation of the product, or will be saved as a fill to in-
crease moisture resistance, strength or perform other auxiliary functions. In this
way, electronic components of the microwave range, consisting of conductive
metal surfaces and dielectric ceramics, can be formed. 3D technologies make it
possible to form resonant structures in the form of a one-sided Moebus surface
in which the dielectric tape is coated on two sides with a metal surface, as a re-
sult of which there is a capacitance in each section of the tape, and the metal
surfaces are a two-turn inductance. Such a microwave cavity resonator can be
realized only by additive technologies, and the use of semiconductor powders
with various types of conductivity allows one to realize adjustable microwave
resonators [2].

1. US patent No. 5753274. Apparatus for producing a three-dimensional object /
Wilkening; Christian (Diessen, DE), Lohner; Andreas (Haar, DE).

2. RF patent No. 2616440. Code-pulse modulator of microwave electromagnetic
waves in the form of a multilayer Moebius surface with pin diodes / Ismailov T.A.,
Gadjiev H.M., Kryachko AS, Chelushkin D.A., Shkurko A.S.
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MNOJYYEHUE HAHOCJIOEB CO3;0, METOAOM CJIOT-
MATPHUYHOMU ITEYATH

[onmydeHne HaHOCIOEB OKCHIA KOOAnbTa METOAaMH MOKPOW XUMHHU SIBIIS-
eTcsl IIePCIEeKTHBHON BO3MOXHOCTBIO ISl pa3paboTKH U yIyUIIeHUsS YCTPOHCTB
conHeuHOH »HepreTuku. CodeTaHne NpocToi METOAUKH CHHTE3a U MPEBOCXO -
HBIX 2JIEKTPO(U3NIECKUX CBOWCTB MaTepHasa I03BOJISET MOJIy4aTh HAHOIUICH-
KU, 00J1aJafoNIie JOCTATOYHO BHICOKOH OJHOPOMHOCTBIO MOKPBITHS MTOBEPXHO-
CTH Tpu HHU3KOU cebectommocth [1]. CuHTE3MpyeMble HAHOCIONW OKCHAA KO-
6axbTa MOTYT OBITH HCHOJIB30BaHBI B KAYECTBE ABIPOYHO-TPAHCIIOPTHOTO CIOS
B IICPOBCKUTHBIX COJTHEYHBIX JIEMEHTAX C LENbIO MOBBIICHHS 3P eKkTHBHOCTH
U CTaOMJIBHOCTH YCTPOMCTB [2].

B nanHo#i pabore MBI cOO0IIaeM 0 BO3MOYKHOCTH MOJYUSHHSI OJJHOPOJHBIX
HaHOCJIOEB OKCHJIa KOOabTa METO/IOM CJIOT-MaTPUYHOM MevaTH TUCIIEPCHH Ha
MPOBOJAIINE MOJUIOKKH. JlMCIepcHuH AJS MedyaTH IOIydYaluch B pe3yibTaTe
yIBTPa3BYKOBOTO BO3JCHCTBHS Ha CMECh HAHOIMOPOIIKA OKCHIa KoOaimbTa C
BOJ0H. HaHOmOpomok ObUI CHHTE3MPOBAaH METOIOM MOKPOH XMMHH C TOCIE-
Iyrolei Tepmmdeckoi obpabotkoit mpu Temmepartype 200°C. IlomydeHHBIH
MOPOLIOK UMEET IUIaCTUHYATYIO CTPYKTypy. IIpeanonaraercs, 4To OOMH LMKI
[eYaTH TO3BOJISIET HAHECTH CJIOM C TOJIIMHOM, COOTBETCTBYIOLIEU CpEeAHEMY
pa3mepy YacTHIl mopomika. Vcronb30BaHHEe METOAa CIOT-MaTPUYHOM HeyaTH
MO3BOJISIET JOCTHYB JIYYIIETO paclpesieleHus] HAHOYACTHIl HAa MOBEPXHOCTSIX
MOJUTIOKKH. {71 OTydeHusT OAHOPOIHOTO pacpeAeIeHUs H MPeAoTBPAIIeHUS]
KOaryJsiliiy HAaHOYACTHIl B TIPOILIECCE BHICHIXAHHUSI HAHECEHHOIO CIIOS, TOAep-
JKMBajach IOCTOSIHHAs TeMIeparypa HOUIoXKU paBHass 95°C. Xumuueckuid
COCTaB, OQHOPOIHOCTB, CTPYKTypa M pa3Mep HOPOIIKa M HAHOCIOEB OKCHAA
K0OasibTa OBUTM MCCIIEOBAHBI C MOMOMIBIO PEHTTeHO()A30BOTO aHAIM3a, CIICK-
TPOCKOIIMY KOMOMHAIIMOHHOTO PACCESIHUSI, CKAHUPYIOIIEH M IPOCBEYNBAIOIICH
9JIEKTPOHHOU MUKPOCKOIIMHU, YHEPrOJUCIIEPCUOHHON PEHTIE€HOBCKOU CIEKTPO-
CKOTIHH.

Pe3ynbpTaTthl ncCclegoBaHWN CBHICTEIBCTBYIOT O (DOPMHUPOBAHMU PaBHO-
MEpPHOTO CJI0Sl OKCHJa KoOallbTa Ha MOBEPXHOCTH MOJIOKEK. [IpemnoxeHHbIN
JIETKUN U 3KOHOMUYECKU BBITOJHBIM METOA MeYaTH U3 JUCIEPCHU MOXKET Mep-
CHEKTHBHO HCIOJIb30BaThCS Ul MOJIyYEHHUs] PA3IUYHBIX JBYMEPHBIX IUICHOK,
NPUMEHSEMBIX B TOHKOIUIEHOUYHOH (pOTOBONIBTaMKE.

1. A. Bashir et al., “Spinel Co304 nanomaterials for efficient and stable large area
carbon-based printed perovskite solar cells,” Nanoscale, vol. 10, no. 5, pp. 2341-2350,
2018.

2. A. E. Shalan et al., “Cobalt Oxide (CoOx) as an Efficient Hole-Extracting Layer
for High-Performance Inverted Planar Perovskite Solar Cells,” ACS Appl. Mater. Inter-
faces, vol. 8, no. 49, pp. 33592-33600, 2016.
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SLOT-DIE PRINTED CO;0, NANOLAYERS

The production of cobalt oxide nanolayers by wet chemistry methods is a
promising opportunity for the development of thin-film electronics and solar
cells. The combination of a simple technique and excellent physical properties
of the material allows one to obtain cost-effective nanofilms with a fairly high
uniformity of surface coating [1]. The synthesized cobalt oxide nanolayers can
be used as a hole-transport layer in perovskite solar cells in order to increase
the efficiency and stability of devices [2].

In this paper, we report on the possibility of obtaining uniform cobalt oxide
nanolayers by slot-die printing of the dispersion onto conductive substrates.
Dispersions for printing were obtained as a result of ultrasonic treatment of a
mixture of cobalt oxide nanopowder with water. Nanopowder was synthesized
by wet chemistry followed by heat treatment at a temperature of 200 ° C. The
resulting powder has platelet morphology. It is assumed that one printing cycle
forms a layer with a thickness corresponding to the mean size of nanoparticles.
Using the slot-die printing method allows to achieve a better distribution of na-
noparticles on the surface of the substrate. To obtain a uniform distribution and
prevent coagulation of nanoparticles during the drying of the applied layer, a
constant substrate temperature of 95 ° C was maintained. The chemical compo-
sition, uniformity, structure and size of the powder and nanolayers of cobalt ox-
ide were studied using X-ray d, Raman spectroscopy, scanning and transmis-
sion electron microscopy, and energy dispersive x-ray spectroscopy.

The results indicate the formation of a uniform cobalt oxide layer on the
surface of the substrates. The proposed easy and cost-effective method of slot-
die printing from dispersion can be prospectively used to obtain various two-
dimensional films used thin-film photovoltaics.

1. A. Bashir et al., “Spinel Co304 nanomaterials for efficient and stable large area
carbon-based printed perovskite solar cells,” Nanoscale, vol. 10, no. 5, pp. 2341-2350,
2018.

2. A. E. Shalan et al., “Cobalt Oxide (CoOXx) as an Efficient Hole-Extracting Layer
for High-Performance Inverted Planar Perovskite Solar Cells,” ACS Appl. Mater. Inter-
faces, vol. 8, no. 49, pp. 33592-33600, 2016.

202


mailto:VikaKoshlakova@yandex.ru

A.I'XOJIHUH, P.C.XA®HN30B
Tocyoapcmeennulii ynugepcumem no semneycmpoiicmay. Mockea, Poccus
E-mail: azholnin@list.ru

HNEPCHEKTUBbI NIPUMEHEHUSA HAHOKOMIIO3UTA
KOPYHA-TPA®EH

[IpoBeneno o6oOIIeHHE Pe3yIbTATOB M3Y4EHHsS KOMIIO3MTA, MOJTYYEHHBIX
pa3HBIMH aBTOpaMHu.

I'paden, sBusrommiicss AByMEpHOH ajoTpONHON Moandukanueid rpadura
6611 onmyueH HoBocenosbM u ['eiimoMm B 2005 roay [1]. OH obGnagaet psaom
YHHUKQJIBHBIX AJIEKTPO(MU3NUECKHX, MEXaHWIECKHX, TEIUIOBBIX CBOHCTB. B
HacTosiIee BpeMs rpad)eH NpOU3BOIAT B IPOMBIIIIEHHBIX MacITabax.

Kommo3ur kopyHA-rpadeH MoayqaroT MyTeM YIbTPa3ByKOBOTO MEPEMENIH-
BaHMA B JKHAKOCTH ITOPOMIKA Trpad)eHa M HAHOIIOPOIIKA OKCHIA AJIOMHHUS C
MOCTIEeIYIOMNM X crapk-miasMeHHsM cnekananeM CIIC). B mpomecce crmeka-
HUS 4acTHIBI rpad)eHa OKa3bIBAIOTCSI BMYPOBAHBI B 3¢pHA KOPYH/AA WIN PACIo-
JlaraloTcsl Ha WX TpaHHUIaX, OKa3bplBas apMupyloliee Bo3aeicTBue. IIpucyrt-
cTBHe rpadeHa B CIICYCHHOM KOMIIO3UTE NPOSBISIETCS KaK B HE3HAYUTEIEHOM
CHW)KEHUH TUIOTHOCTH KOMIIaKTa, TaK U B YBEIMYEHUH €r0 MHKPOTBEPAOCTH
[2]. Ilpn ucnbITaHUAX Ha UCTUPAHHE NPU KPYrOBOM JBIKEHUH Cal(pHPOBOIO
IapyKa 110 MOBEPXHOCTH KOMIIO3UTa M3HOC IO CPABHEHHIO C YHUCTHIM KOPYH-
JIOM yMeHbIIaeTcs Ha JBa mopsaka [3]. Buag moBepxHOCTH AOpOXKEK M3HOCA
NpHUBEJICH Ha puc. 1.

7 RN Iﬂ.\l | 5

Pucynox 1. [ToBepxHOCTB TOpOXKEK M3HOCA JUIs KoMMo3uTa ¢ 1 Bec.% rpadena
(neBblit cHUMOK) 1 2% rpadeHa (paBblii).

IIpu 1% rpadena npeanupyer apmupyronui 3¢ ¢dex: 3epHa NOYTH HE BbI-
OuBaroTcs ¢ Tpymeicst mosepxHocTh. [Ipu 2% rpadeHa nmoBepxHOCTH W3HOCA
TIOKPHITA BSI3KOW MAaccoi, NMPEIIoNIOKHUTENLHO 00pa3yromeics Ha HadyalbHON
CTaJM1 U3HOCA U3 OCKOJIKOB KOPYH/IAa M YaCTUIIaMH Tpad)eHa, BBIMBIBAIOLMH-
sl U3 KOMIIO3MUTA IPU TPEHUU.

B cepuu pabot [3-5] snekTpoconpoTUBICHHE H3MEPSUTH MPH HarpeBe 0
temreparypsl 1600°C. Tloka3aHo, 4TO NpH IOJyYEHHH KOMIIO3UTA METOIOM
CIIC npu naBnenun 40 Mlla, conpoTHBIEHHE YMEHBINIAIOCH MMPU HarpeBe Ha 4
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nopsjka, kak u uncroro kopyuza [3]. I[Ipu oxmnaxxaeHuH 3JIEKTPOCONPOTUBIIE-
HHE BOCCTAaHABJIMBAJIOCE.

Ecnu cnexanue cMecu HOPOLIKOB ¢ cofiepkaHueM rpadeHa 2 Bec.% IpoBo-
JUiIH Oe3 MPHWIOKEHMs JaBJICHHS, 3JIEKTPOCONPOTHBIICHUE IMONYYeHHOI Tao-
JIETKHU TIOCJIe OCTHIBaHUs ObLIO Ha 6 MOPSAKOB HIMXKE, YeM Y KOPYH/IA U COCTaB-
msuto 0,25 Om*M. Eme 6omee HU3KHE 3HAUYEHUS AIIEKTPOCONPOTHBIICHHS TIOIY-
YEHBI IIPY CIIEKaHNH CMECH OKCHA AMIOMHUHUSA ¢ 2 Bec% Tpad)eHa B yCTaHOBKE
TOPSIYEro MPEecCcoBaHMS NPH paauauoHHOM Harpese [4] -- 0,09 Om*Mm. dDoto-
rpadus CKoJa TaKOTO KOMIIO3WTA, cAenaHHas Ha POM 6e3 HaHeceHHS MPOBO-
JSIIETO MOKPBITHS, TMOKa3aHa Ha pPHC. 2. DIEKTPONPOBOIHBIE YIACTKH HMEIOT
Ooee TeMHBIN BET. BumHo, 9TO OHI 06pa3yI0T CETKY, POHH3LIBAIONIYIO 00B-
€M KOMIIO3UTa U 0OecHeuMBaloONIyI0 JICK- ; i i
TPOIPOBOJHOCTh Bcero oOpasua. TemHble
YYacTKU NpHU OOJbIIEM YBEITHYEHUH HMEIOT
CTON0YATYI0 CTPYKTYpPY, YTO HEXapaKTePHO
JUIsL KOPYHJA.

Pucynox 2. ; i

B paGote [5] ycTaHOBIEHO, uTo Tpy Rt —
Temreparype okojo 1600°C B KOMIIO3UTE NMPOMCXOIUT XUMUYECKOE B3aUMO-
JEWCTBHE MEXTy YTIEPOAOM U OKCHAOM ATIOMHUHHMSA. Y Ka3aHHYIO TEMIIEpaTypy
MOXHO paccMaTpHUBaTh KaK TEMIIEPaTypHBIH Npeaes yCTOHIYUBOCTH KOMITO3UTA

KopyHI-TpadeH.

1. Stankovich S., DiKin D.A., Dommet G.H. et al. Graphene-based composite materi-
als// Nature -2006. V.442. - P.282-286.

2. Xomuun A.T., Kissnkuna E.A., T'puropees E.I'. u np., Crapk-TjIa3MeHHOE CIleKa-
Hue HaHokommosuta Al203-rpaden // ®uznka u xumus 06paboTkn Matepuaios. -2017.
Ne 4. - C.47-54.

3. Stolyarov V.V., Zholnin A.G., Klyatskina E.A., Structure and properties of nanocom-
posite Al,O3; + G processed by SPS //. Monograph. Perspective materials and technolo-
gies, Vitebsk, Belarussia, -2017, V.1. —P.92-107.

4. onaun A.I'.Teanmes A.B., Cronspos B.B. Briusiane TepMoMexaHHYECKUX YCIOBUH
KOMITaKTUPOBaHMs Ha 3nekTpoconporusinenne kommnosura Al203/rpaden // Tebopma-
sl 1 paspymienue matepuanos. -2019. Ne2. -C.20-27.

5. Xonuun A.I'., CronsipoB B.B., Casenve M./I., lllopuukos [I.I1. TepmocToiikocTh
KoMno3uta kopyHa-rpaden / CoopHuK mokaanoB 11-ro MexayHapoJHOTO CHMITO3HY-
Ma (Musck, 10-12 ampens 2019 r.) Ilopomikosas Metamayprus: MHxeHepus: HOBEpXHO-
CTH, HOBBIE MOPOIIKOBBIE KOMIO3HIMOHHBIE Marepuanbl. Cmapka. MwuHCk.-2019. -
C.460-469.
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MOJIEJIUPOBAHME IIVIACTUYECKOM JE®OPMAIIUUN
MHOTI'OCJOMHBIX KOMIIO3UIIUAM

[ToBBIMIeHNE MOITHOCTH PEAKTOPOB HA TEIIOBBIX HEUTPOHAX W BBITOPAHUS
TOIJIMBA MPEANOJaraeT yBeIHMYCHHE TeMIepaTyphbl 3KCILTyaTallud KOHCTPYK-
TUBHBIX 3JIEMEHTOB. [{MpKOHUEBBIE CILIABBI, UCIOJIb3yeMble B KauecTBEe KOH-
CTPYKLUHOHHOTO MaTepuana, 00JaJaloT HU3KMMH MEXaHWYECKHMMHU M KOPPO3H-
OHHBIMU CBOICTBaMH B Mapo-BOASIHON cpelie mpu TemmepaTypax Boitne 350 °C.
st periennst JaHHOM MpoOJIeMBbl NpeiaraeTcs 3allluTHTh IOBEPXHOCTh 000-
JIOYEUHBIX TPYO M3 CIIABOB HAa OCHOBE ILUPKOHMS IyTeM CO3JaHHS MHOTO-
CJIIOMHBIX KOMITO3UIIHI.

OCHOBHBIMH TpeOOBaHHUAMH, KOTOPHIM JOJDKHBI YIOBJICTBOPATH MaTepHa-
JBI, KOHTaKTHUPYIOIIUE C TEIUIOHOCHTENEM, SBILIIOTCS: KOPPO3HOHHAS CTOH-
KOCTh Ha BO3Ayxe M B mape noa nasieHueM npu 400 °C, HuU3Koe ceyeHHue 3a-
XBaTa TEIUIOBBIX HEHTPOHOB, HHU3KOE IIOTJIOMICHHE BOIOPONA, OTCYTCTBHE
CKJIOHHOCTH K O0pa30BaHUIO TUAPHUIOB, CXOKHE TEPMUIECKHE KOI(PPUIHMCHTHI
nuHeHoro pacumperns (TKJIP), orcyTcTBre HHTepMETaUIMAHBIX (a3 Ha rpa-
HHIIE C COCEIHHUM CIIOeM, TEXHOJOTHYHOCTh. Ha OCHOBE mepednciieHHBIX BhIIIE
TpeOOBaHUI M TUTEPATYPHBIX JaHHBIX O KOPPO3HMOHHOM CTOMKOCTH Pa3IMYHbBIX
MaTepHaJIOB B KaYECTBE 3ALIUTHBIX CIOEB BHIOPAHBI CICAYIOMINE METAJUIBL: 14,
Mo, Ti, Cr.

B nmanHO# paboTe mo pe3yabTaTaM MOJSIMPOBAHUS XOJOTHOU MPOKATKH
MHOTOCIOiHOM Kommo3unuu Zr-2125-Ti-M0 ycTaHOBJIEHO, 4TO HE3aBHCUMO
OT TOJIIMHBI CIIOCB MaKCHMaJbHass OTHOCHUTENbHAS Je(hOopMaIys 10 TOJNIIIHE
HaOromaeTcst Uil TUPKOHUEBOro cios. [Ipu 3ToM medopmanmm BceX CIIOCB B
HanpasieHun npokarku (HIT) MHOTOCITOMHOTO NKCTa OJHM3KU MO BETUYUHE, HO
MaKCUMallbHast OTHOCHTENbHAS Ae(opMaIiis BHOBb PeTUCTPUpYyeETCs B ZI-cloe,
a MuauManbHas B Mo. OTHocuTenbHble aedopmarmu Ti- 1 Mo-cioes Giusku
[0 BETMYMHE KaK JJIs HAlpaBICHUS MPOKATKH, TaK M MO TOJIIMHE JINCTOBOH
KOMIIO3UIINHA. MaKcuMalbHbIEe SKBUBAJICHTHBIE OCTATOYHbBIC HANIPSDKEHUS 3ape-
TUCTpUpOBaHEI 111 MO- 1 Zr-cioeB, BeIWYMHA KOTOPBIX MOBBIIACTCS C YBEIH-
yeHneM jaedopMarmu 3a npoxox u B Mo-cioe gocturaer 1000 MlIla mpu fne-
dhopmanmu 1o ToNmIMHE TUCTOBON Kommosummu 30% 3a mpoxo/.

HccnenoBanue BBINOTHEHO NpH (HHAHCOBOH nopepxke PODU B pamkax
Hay4dHoro npoekra Ne 18-32-00619.
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MODELING OF PLASTIC DEFORMATION IN MULTILAYER
COMPOSITIONS

Increasing power and fuel burn-up levels demand structural elements to
hold higher temperatures. Zirconium alloys used as a structural material have
low mechanical and corrosive properties in a steam-water environment at tem-
peratures above 350 °C. To solve this problem, it is proposed to protect the sur-
face of cladding tubes made of zirconium-based alloys by producing multilayer
compositions.

The main requirements that the materials in contact with the heat carrier
must satisfy are: corrosion resistance in air and steam under high pressure and
temperature of 400 °C, low thermal neutron capture cross section, low hydro-
gen absorption, lack of tendency to form hydrides, similar thermal linear ex-
pansion coefficients (TLEC) between materials of composite, the absence of
intermetallic phases at the boundary, manufacturability. Based on the above re-
quirements and published data on the corrosion resistance of various materials,
the following metals were selected as protective layers: Ta, Mo, Ti, Cr.

In this work, according to the results of modeling cold rolling of the Zr-
E125-Ti-Mo multilayer composition, it was established that, regardless of the
thickness of the layers, the maximum relative strain in thickness is observed for
the zirconium layer. Moreover, the deformations of all layers in the rolling di-
rection (RD) of the multilayer sheet are close in magnitude, but the maximum
relative deformation is again recorded in the Zr layer and the minimum in Mo.
The relative deformations of the Ti and Mo layers are close in magnitude both
for the rolling direction and in the thickness of the sheet composition. Residual
stresses in Mo and Zr layers are increasing with increasing of strain per pass.
The maximum equivalent residual stresses recorded was 1000 MPa in the Mo
layer when the strain along the thickness of the sheet composition is 30% per
pass.

The reported study was funded by RFBR according to the research project
Ne 18-32-00619.
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MOAEJIUPOBAHUME AHU3OTPOIIMU CKOPOCTHU POCTA
HAHOIIOP B o-Fe u W

JedexTsl BIMAIOT Ha MHOTHE (DPU3MUYECKHE CBOWCTBA BELIECTBA M UIPAIOT
Ba)XHYIO POJIb B TIpoleccax, cBs3aHHbIX ¢ nuddysuelt, GpazoBsiMu npespaie-
HUSIMH M PAIHAllIOHHBIMHU BO3ICHCTBUAMHU. V3ydueHHe aTOMAapHOHW CTPYKTYpPbI
B OKPECTHOCTH HAHOIIOP M PACYeT XapaKTEPHUCTHK THX NE(PEKTOB MOXKET II0-
MOYb POTHO3UPOBATh MOBEICHUE MaTepHaia Py SKCILTyaTalH.

B orimumum ot GombmmHCTBA paboT, B KOTOPBIX W3 PEIICHWH YpaBHEHUS
M30TPOITHON TEOPUH YIPYTOCTH OMPEAEIAETCS OISl CMEICHNH B OKPECTHOCTH
nedexra (chepudeckoit mopsl) [1], B HacTosmel paboTe MCIONB3yeTCS BapH-
aHT METOJA MOJIEKYJISIDHOM CTaTHKH, IO3BOJLIIOLIMM YYUTHIBATh JUCKPETHBII
XapakTep KPUCTAJUIMYECKON CTPYKTYpHI MaTepuaios [2, 3]. C ucnonb3oBaHHEM
JaHHoTo MeToxaa mposeneHo moaenupoBanue g OLK (a-Fe, W) crtpykryp
JUId pas3iIH4YHBIX Pa3MEpPOB IIOP, PACCUMTAHbl MOJS CMEUICHHH aTOMOB B
OKPECTHOCTH IOp. YUeT JUCKPETHOTO XapaKTepa KPUCTAUTHIECKOH CTPYKTYPHI
MPUBOANT K KAYECTBEHHOMY Pa3IMYHIO 110 CPABHEHMIO CO CTAHAAPTHBIMH IO~
xogamu. B OIIK merammax (o-Fe, W) mist kpucramiorpaguaeckoro Hampasie-
mua thna <100> HaOmromaercss IIOJOKUTENbHAs BEJIWYMHA CMEIIEHUH B
okpecTHOCTH Nophl. B a-Fe cmemenus B HanpasineHun <110> Tak ke 3aMETHO
pas3IMyaroTCs MO a0CONIOTHOMY 3HAU€HHIO OT CMEIIEHHWH, MOIydeHHBIX B PaM-
Kax peIIeHHs IIEPBOTO ypaBHEHHS TEOPHH YIIPYTOCTH.

B Hactosmeii pabote, kak u B Teopuu Jluduuia-Cne3oBa, pocT mop pac-
CMaTpPUBAETCsI C UCIOJIb30BaHUEM TPHOJIMIKEHHST CPEIHETO OIS M CTallMoHap-
HOTO peleHus: ypaBHeHus! quddysun Bokpyr kaxaod nopsl [4]. B cranmapt-
HOM MOJIXO0JIe MPEAINoJaraeTcsi, 4To BKiIa] B AU((GY3MOHHBIN MOTOK BaKaHCHI
YOPYTOTO TIOJIS IPH MUCTIONB30BAaHUH PEIICHUS YPaBHEHHS U30TPOITHON TEOPHH
YOPYTOCTH B OKPECTHOCTH C(hepHdIecKOoil MOpHI paBeH HyJ0. Pe3ynbraTsl Mo-
JIeTTMPOBAHMSI IIOKA3bIBAIOT, YTO CJIEJ OT TeH30pa AedopMalii He paBeH HYJIIO:
VSpe # 0, 1 KkuHeTHYECKHE ypaBHEHUS AJsl CKOPOCTU POCTA MOP JOJDKHBI CO-
JIep>KaTh JJONOJIHUTEIbHBIC YJIEHBI, OOYCIIOBJIEHHBIE STHMH Je(QOpMalUsIMHU,
BO3HHMKAIOIIUMU U3-3a nop. C MNOMOIIBIO METOJ1a MOJUHOMHUAIIBHON almpOKCHU-
Maluy KOMIIOHEHT BEKTOPOB CMELICHUsI aTOMOB JUIsl BBIOPAHHBIX KPUCTAIIO-
rpadU4ecKnX HaIpaBICHUI OMpenensroTcs KOMIIOHEHTH TeH30pa naedopma-
17078
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Ha ocHOBe KMHETHUECKUX YPAaBHEHHH U MOJYYEHHBIX B PE3ylbTaTe MOAE-
JIMPOBAHUS CMEILEHUH aTOMOB B OKPECTHOCTH HAaHOIIOP PACCUUTAHBI CKOPOCTH
MepeMeIleHNsT Ul PasJIMuHbIX KpUCTAUIOrpadUuecKux HarpaBiIeHUH Thna
<100>, <110>, <111> B mIUpOKOM HHTEpBaJIe TEMIIEPATyp U Pa3IUIHBIX Nepe-
ChIIIIEHUAX BakaHcuH. [IpoBefieH aHanNM3 BIMSHUSA YOPYroro Hojs CMELICHUH
Ha cKopocTh pocTa mop. st a-Fe n3menenune GpopmMsl nepBoHadanbHo chepu-
YECKHX MOp B PaMKaX PacCcMaTPHUBAEMOTO IMPHONIKEHHUS XOPOIIO 00BSICHIETCS
AHM30TPONHEH ITOTOKOB BaKaHCHIL, OOYCIOBIEHHOH OCOOCHHOCTSMH aTOMHOMU
CTPYKTYPbI B OKPECTHOCTH TTOPHI.

1. G. S. Was. Fundamentals of Radiation Materials Science: Metals and Alloys,
Springer, New York, 2007.
2. 1.V. Valikova, A.V. Nazarov, Phys. Met. Metallogr. — 2008. — Vol. 105 — p.544.
3. L.V. Valikova, A.V. Nazarov, Phys. Met. Metallogr. — 2010. — Vol. 10 — p.220.
4. Cheremskoy P.G., Slezov V.V., Betehnin V.I. Voids in the solid. —
M.: Energoatomizdat, 1990. — p. 376.
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MODELING THE VOID GROWH RATE ANISOTROPY IN a-Fe
and W

Defects affect many physical properties of a materialc and play an im-
portant role in processes related to diffusion, phase transformations and radia-
tion effects. Studying the atomic structure in the vicinity of nanovoids and cal-
culating the characteristics of these defects can help predict the behavior of the
material during maintenance.

Unlike most works in which displacement fields in the vicinity of a defect
(spherical void) [1] are determined from the solutions obtained using the equa-
tion of elasticity theory, in this paper we use a variant of the molecular static
method which allows take into account the discrete character of the crystal
structure of materials [2, 3]. Using this method, modeling was performed for
bce (o-Fe, W) and fcc (Al, Ni) structures for various void sizes, and the atomic
displacement fields in the vicinity of void were calculated. Considering the dis-
crete character of the crystal structure leads to a qualitative difference com-
pared with standard approaches. In bcc metals (a-Fe, W), a positive magnitude
of displacements in the vicinity of the void is observed for the crystallographic
direction of the <100> type. In a-Fe, displacements in the <110> direction also
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differ markedly in absolute value from displacements obtained in the frame-
work of the solution of of elasticity theory.

In this work, as in the Lifshitz-Slezov theory, void growth is considered us-
ing the mean field approximation and the stationary solution of the diffusion
equation around each void [4]. The standard approach assumes that the contri-
bution to the vacancy diffusion flux of the elastic field is zero when using the
isotropic theory of elasticity in the vicinity of a nanovoid. The simulation re-
sults show that the trace from the strain tensor is not equal to zero: VSpe # 0,
and the kinetic equations for the void growth rate must contain additional terms
due to these deformations arising from the voids. The components of the strain
tensor are determined using the polynomial approximation method the compo-
nents of the atomic displacement vectors for the selected crystallographic direc-
tions.

Based on the kinetic equations and the atomic displacements obtained in the
simulation in the vicinity of the nanovoids, the displacement shift rates are cal-
culated for various crystallographic directions such as <100>, <110>, <111> in
a wide temperature range and various supersaturations of vacancies. An analy-
sis is made of the effect of the elastic displacement field and the anisotropy of
surface energy on the void growth rate. For a-Fe, the change in the shape of the
initially spherical voids within the framework of the considered approximation
is well explained by the anisotropy of the vacancy fluxes due to the features of
the atomic structure in the vicinity of the voids.

1. G. S. Was. Fundamentals of Radiation Materials Science: Metals and Alloys,
Springer, New York, 2007.
2. 1.V. Valikova, A.V. Nazarov, Phys. Met. Metallogr. — 2008. — Vol. 105 — p.544.
3. L.V. Valikova, A.V. Nazarov, Phys. Met. Metallogr. — 2010. — Vol. 10 — p.220.
4. Cheremskoy P.G., Slezov V.V., Betehnin V.I. VVoids in the solid. —
M.: Energoatomizdat, 1990. — p. 376.
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BJIMSIHUE CTPYKTYPHBIX U TEKCTYPHBIX
OCOBEHHOCTEM CTAJIBHBIX TPYB MATUCTPAJIBHBIX
T'A30IIPOBOJOB HA UX CTOMKOCTH K
KOPPO3UOHHOMY PACTPECKHUBAHMUIO 11O/
HAIIPA)KEHUEM

MeTonaMu peHTTEHOBCKOH AU(PPaKTOMETPHHN MIPOBENECHO U3YUEHHE CTPYKTYp-
HBIX ¥ TEKCTYPHBIX OCOOCHHOCTEH (pparMeHTOB TpyO MarucTpaabHBIX Ia30IPOBO-
moB (MI') m3 cramu kmacca npounoctd X70 mmamerpom 1420 MM ¢ TONIIMHOMN
cTeHKH 16,5 MM, KOTOpBIE HaXOIWJINCh B DKCIUTyaTallid Ha MpoTsbkeHnu 25-30
net. TpyOsl pa3inuyaiych 1o CTENEHH MTOBPEKACHHOCTH TPEIIMHAMH, BO3HUKIIMH
B pe3yJIbTaTe KOPPO3HMOHHOTO pacTpeckuBanus nox HanpspkerueM (KPH).

Bo Bcex u3ydeHHBIX 00pasiiax OOHApY)KEHa IMOCIIONHAS TEKCTYpHAs HEOHO-
POIHOCTB MO ToJIMHE cTeHKu Tpyd MI', koTopast hopmupyeTcst Ha CTauu TOps-
Yell IPOKATKH MCXOIHBIX JIUCTOB. IIoKazaHO uyepeoBaHUE CIIOEB C IUIOCKOCTAMHU
npokatku {100} u {111}, uto cBoiictBenHo OLIK-merayiam. B nononxenune k xa-
PaKTepHBIM KOMIIOHEHTaM TeKCTypHI MpokaTku OL[K-MeTannoB BO BHEIIHUX CIIO-
SX JIMCTa MPUCYTCTBYeT kKommnoHeHTa {110}<001>. BreineneHs! 1Be rpymms! Tpyo,
Pa3IMYAIOIINECs CTENEHBIO BHIPAKEHHOCTH TEKCTYPHI M THIIOM TTOCJIOHHBIM COOT-
HOIIIEHHEM OCHOBHBIX TEKCTYPHBIX KOMITOHEHT. V3MepeHHbIe pEeHTTeHOBCKUM Me-
TOJIOM OCTATOYHBIE TEXHOJIOTHUYECKHE MAKPOHAIPSDKEHHNS, BOSHUKAIOIINE TIPH 13-
TOTOBJICHUH TPYO, OJMHAKOBBI y 00enX Ipynm M Ha BHEIIHEH IOBEPXHOCTH CO-
cTaBIBsIIOT 0KoJIo 340 MIla, mMHEHHO yMEHbIIAsACh 10 HyJIEBbIX 3HAYEHUH Ha pac-
CTOSTHAH OKOJIO 4 MM OT BHEIITHEH MOBEPXHOCTH TPYO.

BbIsBII€HO, YUTO TPaHCKPUCTAJUIUTHBIE TPEUIUHBI MOTYT 3aMeJUISITh CBOM poCT
WJTH OCTaHABJIMBATHCS TPH JOCTHKECHUH TPAHUIIBI MEXIY CJIOSIMU C Pa3HbIMHU TeK-
CTypaMH H, CJEIOBATEeIbHO, C Pa3HBIMH OpPHEHTAIMsIMU 3epeH. [ryOuHa Takux
TPEIIMH He MPEBBIIIAaeT 2 MM, YTO XapaKTEepHO JJIsl TPYNIbl TpyO ¢ Gojee ocTpoit
TeKCTypoi. I1oBbIlIEHNE B3aMMHON Pa30pUEHTALINY 3€PEH PA3IMYHBIX KOMIIOHEHT
TEKCTYpBI, BRIpAXKAIOIIeecsl B €¢ CYIIECTBEHHOM PacCestHHH, IPUBOAUT K Ipeoba-
JIaHWIO B TPyOax MHTEpKpUCTANMTHBIX TperwH KPH, koTopsle pactpocTpanstoT-
Csl IPU MEHBIINX HANpsLKEHUSX, 4eM TpaHCKpUcTanuTHele. [oaTomy Takue Tpe-
IIMHBI OKA3bIBAIOTCS 00JIee TITyOOKUMH M JIOXOSAT J10 3-4 MM.

HUccnenoBanue BbIMONHEHO Npu (uHAHCOBOHM moanepxke PODU B pamkax
Hay4Horo rpoekTa Ne 18-32-00619
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THE INFLUENCE OF STRUCTURE AND TEXTURE
CHARACTERISTICS OF STEEL TUBES FOR MAIN GAS
PIPELINES ON THEIR RESISTANCE TO STRESS
CORROSION CRACKING

X-ray diffraction methods have been used to investigate structure and tex-
ture characteristics of various tubes fragments of X70 steel from main gas pipe-
lines (MGP), which were in operation 25-30 years. The tubes diameter is 1420
mm and the wall thickness — 16.5 mm. Studied fragments have varying degrees
of damage by stress corrosion cracking (SCC).

All samples found to have layer-by-layer texture inhomogeneity along the
wall thickness of MGP, which is formed by hot rolling process of initial steel
sheets. Typical rolling texture for BCC-metals, which is characterized an alter-
nation of layers with rolling planes {100} and {111}, was shown. In addition,
the component {110}<001> present in the outer layers of the tubes. Two differ-
ent pipes groups were distinguished by the value of the texture index and the
type of layer-by-layer distribution of main components ratios. Residual techno-
logical macrostresses, which arose during the pipes manufacture, were meas-
ured by the X-ray method. Their distributions found to be the same for both
groups and equal to ~340 MPa on the external surface, linearly decreasing to
zero at a distance about 4 mm from the surface.

It was revealed that growth of transcrystalline SCC cracks could slow down
or even stop when reach the boundary between layers with different textures
and, therefore, with different grains orientations. The depth of such cracks does
not exceed 2 mm. The increase in the mutual misorientation of grains with var-
ious texture components, which was expressed in its substantial scattering,
leads to the predominance of intercrystalline SCC cracks, which propagated at
lower stresses than transcrystalline ones. Therefore, these cracks develop deep-
er and their depth reaches about 3-4 mm.

The reported study was funded by RFBR according to the research project
Ne 18-32-00619.
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BUBPOAKYCTUUYECKHUE D®PEKTHI U YIIPABJIEHUE
IEKTPOUMITYJIbCHOM CBAPKOM

Hcnons3oBanne BO3ACHCTBUS BHOpanny WM yIbTpa3BykKa Ha 00JacTh
CBapKH CYIIECTBCHHO MEHSIET MEXaHHYECKHE CBOICTBA MaTEpHaiIoOB B 00IacTH
cBapku. [Ipm 3ToM HaubGoNbIIHH 3P PEKT Takue BO3NCHCTBHS BBI3BIBAIOT B IO-
BEPXHOCTHBIX CJIOSIX MAaTEpHAaJIOB, BEI3bIBAs yIyYIIEHHE MHUKPOCTPYKTYPHI Ma-
TepHaja W CHATHE OCTATOYHBIX HANpsOKeHUH. CHIDKCHNE BINSHUS OCTATOYHBIX
HaIpsHKeHU B TIEPBYIO O4Yepelb B IOBEPXHOCTHOM CJIOE, ITO3BOJISIET TOBBICUTD
BUOPALMOHHYIO TIPOYHOCTh M JIOJTOBEYHOCTb, & TAKXKE PAJUALMOHHYIO CTOM-
KocTh [1].

[Tpu HUKIMYECKOM HArpy»XEHUH JI0CTATOYHO BHICOKOI aMIUIUTYAbI HaOJ0-
JIaeTCsl CYIIECTBEHHOE CHMKEHHE OCTATOYHBIX MMOBEPXHOCTHBIX HAIPSIKESHUIH.
[Tpoucxopsiuye Npu 3TOM MPOLECCHl MOYXKHO PAacCMaTPUBATh KaK HEKOTOPBIH
aHAJIOT TEMIIEPATYPHOTO OT)KUTa, KOTOPBI MOXET OBITH MCIIONB30BaH M IS
CHIDKEHUSI BIMSHUS PaAUAllMOHHBIX TIOBPEXKICHUI.

CuiipHOE BIIMSHHME BHOpanny MPUIIOKCHHON K 00JIaCTH CBapKH B IIpoOIIEcce
ee BBINOJHEHUS U nocie Hee. [Ipr 3ToM MpoucXoauT paspylieHne JUCIoKanni
U yJIydIlIeHHe PaBHOMEPHOCTH CTPYKTYPhl MaTepHaia B 0ONacT CBapKH, 4TO
COINPOBOXKIAETCSI CHMKEHHEM OCTATOYHBIX HANPSHKEHHH NPUONM3UTENBHO Ha
20% nms cBapKM CTaJBHBIX KOHCTPYKIHH [2]. Ilpu 3TOM CyIIecTBEHHO yyd-
IAI0TCS MEXaHWYECKHE CBOWCTBA MaTEPHAJIOB.

PacnosnoxeHue 371€MEHTOB U 3JEKTPOJOB BO BPEMsI 3IEKTPOCBAPKH B MPH-
CYTCTBHM BHOpAIlMH OKa3bIBA€T CHJIBHOE BIIMSIHME Ha MPOLECC CBAPKHU, TAKXKE
KaK aMIUIMTY/a ¥ 4acToTa BUOpanuMoHHOro Bo3aeWcTBus. [Ipu aToM yBennue-
HHE aMIUTUTYJbl W YacTOTHI MO3BOJISIET CYNIECTBEHHO YBEIMYUTH H3THOHYIO
MPOYHOCTH MAaTEPHANIOB B 001acTH coequHeHHs [3]. DTn naHHBIE MOKA3BIBAIOT
CYIIECTBEHHOE BJIMSIHNE yBEIMYEHHs YaCTOTHl BUOpAIlMK Ha CBOICTBa IPH IO-
BBIIICHUX 4acTOTHl B oOnactu Beime 100-200 I'u. K coxanenuto, aBTOpBI HE
MPOBOJIMIIN MCTIBITAHUN TIPH O0Jiee BEICOKUX YaCTOTaX.

VY bTpa3ByKOBbIE M BUOPALMOHHBIE BO3/ICHCTBUS TAaKXKe MO3BOJIIOT YIIyd-
IIMTH 00pabaThIBAEMOCTh MaTEpPHAJIOB B 00J1aCTH cBapHOTO coenuHeHus. [lon-
BEP)KEHHOCTh MEXaHHYECKOW 0OpabOTKM M MUKPOCTPYKTypa yIydIIAIOTCS, a
KOPPO3HOHHASl CTOMKOCTh CHIDKAeTCSI MpPH JIOTONHUTENFHOM BO3JEHCTBHU
BUOpanuu 171t 06pa3ios u3 cruiaa amomununst Al5052 [4].

IIpn onTumm3anyy BBIOOpa MapaMeTPOB BO3ICHCTBYIOUIETO YIbTPa3ByKa
IPU CBOPKE HPOUCXOJUT CHIDKCHHE MOPHCTOCTH M YMEHBLIEHHE PacClIOCHUs
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Marepuana B 00JacTH CBOpKHU. [IpH 3TOM CyIIECTBEHHO H3MEHSIOTCSI TEOMET-
pudeckue pa3Mepsl 001acTH CBapKH, M3MEHSIIOTCS CTPYKTYpa MaTtepuaia u 3¢-
(heKTHBHOCTb 3aIIMTHOTO TA30BOTO OKPYKEHHS 00JIacTh cBapkH [5].

BMecTo ucnonb30BaHUs CIIOKHOTO BHEIIHETO O00OpYNOBaHUsS JUIS reHepa-
MM BUOpalMU WK yIbTPa3ByKa OOJIBIION MOITHOCTH MOXHO BOCIOJIB30BATh-
csl BO30Y)KIECHHEM BBICOKOYACTOTHOW BHOpanuH B 3JIEKTPONPOBOISAIINX 3JIe-
MEHTaX IPHU IPOIYCKAaHWH Yepe3 HUX UMITYJILCHBIX TOKOB, HCIIOIB3yEeMbIX HPH
cBapke [6]. Bo3neiicTBre mpu 3TOM CHIBHBIX MarHUTHBIX MOJIEH BO BpeMs BHI-
HOJIHEHHS CBApPOYHBIX PabOT TaKKe IMO3BOJSET NMOBBICHTH M3HOCOCTOHKOCTS,
TBEPIOCTh U YHPaBIATH (ha30BBIM COCTABOM MaTepHalla IIPH BHIOJHEHHH CBa-
pOUHBIX padot [7].

1.bypxun, C. II. OcratoyHble HanpshKEHHUsT B METaJUIONPOIAYKINH: ydeOHOe Mmoco-
oue / C. I1. Bypkun, I'. B. lllumos, E. A. AaaprokoBa. — Exarepun6ypr: M3n-so Ypai.
yH-Ta, 2015. — 248 c.

2.Che-Wei Kuo, Chi-Ming Lin, Gen-Huey Lai, Yu-Che Chen, Yung-Tse Chang and
Weite Wu Characterization and Mechanism of 304 Stainless Steel Vibration Welding //
Materials Transactions, VVol. 48, No. 9. 2007. — pp. 2319-2323.

3.Pavel M.H., Rakib N/, Habib M.A., Sanin A.Y ., and Salman A. A Study of Me-
chanical Properties of Vibration Assisted Arc Welding Joint // EJERS, European Jour-
nal of Engineering Research and Science Vol. 3, No. 3, March 2018. — C.46-52.

4.Fouladi S., Ghasemi A.H., Abbasi M., Abedini M., Khorasani A.M. and Gibson |.
The Effect of Vibration during Friction Stir Welding on Corrosion Behavior, Mechani-
cal Properties, and Machining Characteristics of Stir Zone // Metals 2017, 7, 421. — 13 p.

5.Krajewski A., Wiosinski W., Chmielewski T., Kotodziejczak P. Ultrasonic-
vibration assisted arc-welding of aluminum alloys // Bulletin of the Polish academy of
sciences technical sciences, Vol. 60, No. 4, 2012. — 841-852.

6.Troickij O.A., Skvorcov O.B., Stashenko V.I. Ultrasonic Vibroacoustic Processes,
Excited by Heating by Impulse Currents of Metals // 15th International School-
Conference “New materials — Materials of innovative energy: development, characteri-
zation methods and application”’, KnE Materials Science, Volume 2018. pages 621—
628.

7.B. Nosov D.G., Maltsev V.V. The influence of magnetic fields by a melting rate of
wire for arc surfacing under flux. Applied Mechanics and Materials VVol. 379 (2013) pp
178-182.
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VIBROACOUSTIC EFFECTS AND ELECTRIC PULSE
WELDING

Using the influence of vibration or ultrasound on the welding area signifi-
cantly changes the mechanical properties of materials in the welding area.
Moreover, such effects cause the greatest effect in the surface layers of materi-
als, causing an improvement in the microstructure of the material and the re-
moval of residual stresses. Reducing the effect of residual stresses primarily in
the surface layer, allows to increase vibrational strength and durability, as well
as radiation resistance [1].

During cyclic loading of a sufficiently high amplitude, a significant de-
crease in residual surface stresses is observed. The processes occurring in this
case can be considered as some analogue of temperature annealing, which can
be used to reduce the effect of radiation damage.

A strong influence of vibration applied to the welding area during and after
it. In this case, the dislocations are destroyed and the uniformity of the material
structure in the welding area is improved, which is accompanied by a decrease
in residual stresses of approximately 20% for welding steel structures [2]. At
the same time, the mechanical properties of materials are significantly im-
proved.

The location of the elements and electrodes during electric welding in the
presence of vibration has a strong influence on the welding process, as well as
the amplitude and frequency of vibration exposure. In this case, an increase in
the amplitude and frequency allows one to significantly increase the bending
strength of materials in the joint region [3]. These data show a significant effect
of an increase in the frequency of vibration on properties with an increase in
frequency in the region above 100-200 Hz. Unfortunately, the authors did not
test at higher frequencies.

Ultrasonic and vibration effects also allow to improve the workability of
materials in the field of welded joints. The machining susceptibility and micro-
structure are improved, and the corrosion resistance decreases with the addi-
tional influence of vibration for samples made of AI5052 aluminum alloy [4].

When optimizing the choice of parameters of the impacting ultrasound dur-
ing folding, there is a decrease in porosity and a decrease in the stratification of
the material in the field of folding. In this case, the geometric dimensions of the
weld area change significantly, the structure of the material and the effective-
ness of the protective gas environment of the weld area change [5].
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Instead of using sophisticated external equipment to generate high-power
vibration or ultrasound, one can use the excitation of high-frequency vibration
in electrically conductive elements by passing through the bottom of the pulsed
currents used in welding [6]. The impact of strong magnetic fields during weld-
ing also improves the wear resistance, hardness and control the phase composi-
tion of the material during welding [7].

1.Burkin, S.P. Residual stresses in metal products: a training manual / S.P. Burkin,
G.V. Shimov, E.A. Andryukova. — Yekaterinburg: Publishing House Ural. University,
2015 .-248 p.

2.Che-Wei Kuo, Chi-Ming Lin, Gen-Huey Lai, Yu-Che Chen, Yung-Tse Chang and
Weite Wu Characterization and Mechanism of 304 Stainless Steel Vibration Welding //
Materials Transactions, VVol. 48, No. 9. 2007. — pp. 2319-2323.

3.Pavel M.H., Rakib N/, Habib M.A., Sanin A.Y., and Salman A. A Study of Me-
chanical Properties of Vibration Assisted Arc Welding Joint // EJERS, European Journal
of Engineering Research and Science Vol. 3, No. 3, March 2018. — C.46-52.

4.Fouladi S., Ghasemi A.H., Abbasi M., Abedini M., Khorasani A.M. and Gibson I.
The Effect of Vibration during Friction Stir Welding on Corrosion Behavior, Mechani-
cal Properties, and Machining Characteristics of Stir Zone // Metals 2017, 7, 421. — 13 p.

5.Krajewski A., Wiosinski W., Chmielewski T., Kotodziejczak P. Ultrasonic-
vibration assisted arc-welding of aluminum alloys // Bulletin of the Polish academy of
sciences technical sciences, Vol. 60, No. 4, 2012. — 841-852.

6.Troickij O.A., Skvorcov O.B., Stashenko V.I. Ultrasonic Vibroacoustic Processes,
Excited by Heating by Impulse Currents of Metals // 15th International School-
Conference “New materials — Materials of innovative energy: development, characteri-
zation methods and application’’, KnE Materials Science, Volume 2018. — P.621-628.

7.B. Nosov D.G., Maltsev V.V. The influence of magnetic fields by a melting rate of
wire for arc surfacing under flux. Applied Mechanics and Materials Vol. 379 (2013) pp
178-182.
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CO3JAHHUE YJIBTPATOHKHUX IIVIEHOK HUTPUIA
HUOBUS ITPU TEMIIEPATYPAX MEHEE 100°C

Co3aaHue yIbTPaTOHKHUX CBEpXIpoBOsmuX NbN MIEHOK MpPH MOHMKEH-
HBIX TeMIlepaTypax aKkTyallbHO JJIs 3a]]a4 CBSI3aHHBIX C U3TOTOBJICHHEM MHOTO-
CIIOWHBIX CTPYKTYp, COJEpXaluX OOJbLIIOE KOJIMYECTBO HAHOPA3MEPHBIX
(hYHKIIMOHATBHBIX 3JIEMEHTOB. TpaJHIIOHHBIE METOABI ITONYyYSHUsS YIbTpa-
TOHKHX IUICHOK HUTPUAA HHOOWS, POSBIIONINX CBEPXIIPOBOIAIINE CBOICTBA
TP KPUOTEHHBIX TeMIIepaTypax, OOBIYHO CBSA3aHHBI C UCIIONB30BAHUEM BEICO-
xux Temneparyp (800-1000°C) nmoaiosxkku Bo BpeMs HanbLieHUs. B naHHOM pa-
60Te moka3aHbl MeTouKH u3rotoBineHus mwieHok NDN, mokaspiBaroriue cBoii-
CTBa, CpaBHUMBIC C TUICHKaMH, IOTYYeHHBIMU TpH Temneparypax 800C u BEHI-
11Ie, O/THAKO MOJYYEHHbIC IPU TeMIepaTypax OJM3KHX K KOMHATHBIM.

[TneHKH Moy4eHb! ¢ TOMOIIBI0 MarHETPOHHOTO U KaTOAHOT'O PACIBUICHUSI.
H3mepeHbl 3aBUCUMOCTH CONPOTHUBJICHUS OT Temneparypbl. [loiyueHsl 3aBu-
CHMOCTH TEMIIEPaTyphl Mepexo/ia B CBEPXIIPOBOJIIIEE COCTOSHHUE OT TOJIIINH
TUIEHOK. VMI3MepeHbl KpUTHUECKHE TUIOTHOCTH TOKA JUIsl CBEPXIIPOBOJISIIETO CO-
CTOSIHUS, B 3aBUCUMOCTH OT TOJIIUH IIICHOK.

B pa6ore co3nanbl Torkue mieHkd NDN (tommumast 3,5-10 HM) ¢ BCHonb30-
BaHUEM METOJWK KaTOIHOTO W MarHETPOHHOTO PACIBUICHHUS IPU TEMIIepaType
noanoxku ~100°C, mpoBesieHb! UCCIEOBAHUS MUKPOCTPYKTYPhI TIONYYEHHbIX
rieHok. [TmeHkn mokasamu 3IeKTpopU3NIEeCKre XapaKTEPUCTUKU OJHM3KHE, K
W3TOTOBJICHHBIM IIPH BBICOKUX Temreparypax. Kpurmdeckas temmeparypa me-
pexosa B CBEpXIPOBOJsIIEe COCTOsiHME cocTaBmwia 4,2-12K, kputnueckas
mrorsocTs Toka (1,2-5 MA/em?).

Pabora Bemonnena mpu mogmepkke HUILL «Kyp9aToBCKHII HHCTHTYT»
(mpuka3 ot 25.06.2019 Nel1359).
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CREATION OF ULTRATHIN NIOBIUM NITRIDE FILMS AT
TEMPERATURES LESS THAN 100°C

Ultrathin superconducting NbN films synthesis at low temperatures is rele-
vant for the tasks that are associated with the manufacturing of multilayer struc-
tures containing a large number of nanoscale functional elements.

High temperatures (800-1000°C) of the substrate during deposition are
common for producing ultrathin NbN films, with superconducting properties at
cryogenic temperatures. In this paper we present the methods of manufacturing
NbN films, produced at temperatures that are close to room temperature, with
properties comparable to films, produced at temperatures of 800C and higher.

Films were synthesized by using magnetron and cathode sputtering tech-
niques. Dependences of resistance vs temperature were measured. The tempera-
ture dependences of the transition to the superconducting state on the film
thicknesses were made. The critical current densities for the superconducting
state, depending on the thickness of the film, were measured.

Thin films of NbN (thickness 3.5-10 nm) were produced using cathode and
magnetron sputtering techniques at a substrate temperature 0of~100°C. The mi-
crostructure of these films was studied. Films are characterized by electrical
properties (at cryogenic temperatures) similar to the films that were made at
high temperatures.

The critical temperature of the transition to the superconducting state was in
range 4.2-12 K. The critical current density was in range 1.2-5 MA / cm?. It
was found that these films were characterized by electrical properties (at cryo-
genic temperatures) similar to the films that were made at high temperatures.

The work was supported by the NRC “Kurchatov Institute” (Ne1359).
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HEPCIIEKTUBHASA TEXHOJIOI'UA INOJYYEHMUSA
I'PAHYJI METAVIMMECKHUX MATEPHUAJIOB CO
CBEPXBBICOKUMMU CKOPOCTSAMMU
KPUCTAJVIM3AIIUN

MeTo/1 TIOBBIIIEHUSI CBOWCTB CILIABOB JISTHPOBAHUEM MPAKTHUYCCKU
WcYepnal CBOM BO3MOXXHOCTH NMPUMEHHUTEIHHO K OOBIYHBIM YCIOBHUSIM
MPOU3BOACTBA MONYy(haOpPUKATOB M3 CIUTKOB. OIHUM M3 TEPCIICKTUB-
HBIX HalpaBJICHUI MOBBIIICHUS Ka4eCTBa METAJIOB M CIUIABOB SBJISCTCS
TpaHyIUPOBaHUE, OCHOBAHHOE Ha MPHMEHEHUH BBICOKHX CKOPOCTEi
KpUCTAIUTH3AMK paciuiaBa marepuana. CynHOCTh BIHMSIHHS CKOPOCTH
KPUCTAJUTM3AIMA HAa CTPYKTYPY M CBOWCTBAa MHOTOKOMITOHEHTHBIX
CIUTABOB CBOJUTCS K CO3/IaHUI0 TOHKOTO BHYTPEHHETO CTPOCHHS 3epHAa.
Ecnmu nns anfoMuHHS ¥ HU3KOJETUPOBAHHBIX CIDIABOB HA €T0 OCHOBE
pelarolee BIMSHAC Ha CBONCTBA OKAa3bIBACT BEJIIMYMHA 3€PHA, TO JIJIS
BBICOKOJICTUPOBAHHBIX AJFOMUHHUEBBIX CIUIABOB CBOHCTBA B JINTOM CO-
CTOSIHAW OTPEJIENIAIOTCS, TJIIaBHBIM 00pa3oM, pa3MepaMH BETBEH ICHI-
PUTOB M CTENEHBIO Pa3BUTHUS JIEHAPUTHON IMOPHUCTOCTH. YBEIHMUEHUE
CKOPOCTH OXJIOKICHUS >KUIKON (Dasbl 10 Havajga KPUCTAJUIM3AILMH U
CKOPOCTH CaMOT0 IpOIlecca KPUCTAIN3AlUU CIIOCOOCTBYET U3MeENbye-
HUIO BHYTPEHHETO 3€pHa MeTajula 32 CHYeT YMEHbBIIEHHS TOJIIUHBI OT-
JIETHHBIX BETBEH JACHAPUTA U yBeIMUEHUsS uncia 3Tux BeTedt [1]. C us-
MEHEHHEM BHYTPEHHETO CTPOCHHS HEU30€kKHO M3MEJIbUaloTCsa U OoJjiee
pPaBHOMEPHO paCIoNaraloTCs BKIIOYEHHS BTOPBIX (pa3 W BHYTpEHHHE
MHUKPOIIOPBI, PE3yJIbTATOM YEro SIBJIICTCS 3aMETHOE TOBBIIICHUE MeXa-
HUYECKMX CBOMCTB Martepuaia. Mcxonus U3 BO3MOKHOCTH TOJYYCHHS
BBICOKOH CKOPOCTH KPHUCTALTU3AIUH, MTPOCTOTHI YCTPOUCTB M TEXHOJO-
TUH MIPOU3BOICTBA, IIUPOKOE PACIPOCTPAHEHHE HAIEN [EHTPOOSKHBIN
crmoco0 nmuThs Tpanyn [2]. Cmoco0d 3akimodaercsi B TOM, 9TO BHYTPh
BpAIAOIETOCs  TUTIISA-pa3OphI3TUBATENS 3aJMBAIOT PaCILIABICHHBIHN
MeTaJlJI, KOTOPBIH MOJ IEHCTBHEM IIEHTPOOSKHBIX CHJI pa30ouBaeTcs Ha
KaIlJId, KOTOpbIC BBIOPACHIBAIOTCS 4Yepe3 OTBEPCTHUS B LIMIMHAPHYC-
CKHUX CTEHKaX THUIJISI B OXJIAXKIAIOUIYIO XHIKOCTh (Boay). BaskHo, uTO
MIPH TAaHHOM CTI0CO0€ OTJIMBKU TPAHYJ OXJIAXKICHUE Kalleib, OCYIIECTB-
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Jsiroleecs B BoJie, 00ecreunBaeT TOCTH)KEHHE BeCbMa BHICOKOW CKOPO-
CTH OXJIXJIEHUsI Kallelb pacIulaBa, KOTopas IJisl TpaHyJd IUaMeTpoM 2
MM coctaemsier 10 10000 °C B cexymmy. IIpUMeHHTENBHO K CITABaM
cuctembl Al-Zn-Mg-Cu cTpykTypa rpaHyll, TOJTy9aeMbIX JaHHBIM CIIO-
co0OM, pe3Ko M3MeJbueHa M0 CPaBHEHHIO CO CTPYKTYPOH CIMTKa TOTO
e cocTtaBa. [I3BECTHO, YTO NMPHCYTCTBHE B BBICOKOIPOUYHBIX CIUIABAX
XpoMa, Maprasua, OUPKOHUS ONaronpusATHO BIMSET HA KOMIUIEKC Me-
XaHWYECKUX CBOMCTB monydabpukaroB. OHO MOBBIIIAET TEMIEPATypy
PEKPUCTAIUTM3AMN CIUIaBa, YTO CHOCOOCTBYET COXpPaHEHHUIO mpeccid-
¢exTa mocie 3akanku momydadpukaToB. Bricokue cKOpoCTH KpHcCTa-
TU3alyU TIPH JUThE TPaHyJl MO3BOJISIOT MOJyYaTh aHOMAJIBHO MEPechl-
HICHHBIE TBEpJble PacTBOPHL. [lpu colepkaHWU TUPKOHUS B CILIaBE B
kosnmuectBe 0,4 - 0,8% mnepBuuHbIE LMPKOHUECOAEPKAILNE HHTEpMe-
TAJJIUIBI B CTPYKTYPE TPaHyJ OTCYTCTBYIOT. LlUpKOHUI B 3TOM cityuyae
HaXOJIUTCA B IMEPECHIIEHHOM TBepJoM pactBope. [Ipu HarpeBe mepen
ropsiaeil 00paboTKOM M B TIpOIECcCe IUIACTHYECKOW nedopMaIuu mepe-
CBILICHHBIN TBEPABII pacTBOP pacnagaeTcs C BBIACICHUEM AUCIEPCHBIX
IUpKOHHUECOJepKauX (a3, BBI3BIBAIOLIMX HCKKEHUS KpHCTaJUIYe-
ckoii pemietkd. Ha onpenenennoii craguu pacnana agpdekt ynpouneHus
JOCTUraeT MaKCUMaJIbHOTO 3HAUYCHHUS.

[TpoBeneHHBIE SKCIEPUMEHTHI 10 TOBBIIICHUIO CKOPOCTH KpPUCTAal-
JIM3AIMU TPaHyJl COBMECTHBIM JICHCTBHEM 3aBUXPEHUI BOJHBIX MIOTOKOB
M OXJIAX/IEHHEM B BOJHBIX PACTBOPAX BEILIECTB IOBBIMIAIOLINX TEIJIOTY
napooOpa3oBaHus BOJbl. B kadecTBe Takux BEILECTB HCIOJIB30BAIUCDH
5-10 mpoleHTHBIE BOJIHBIE PACTBOPHI XJIOPHIOB INEJIOYHBIX METAJJIOB
(NaCl ) u ruapugoB OKHCJIOB IIEIOYHBIX MeTayioB. Ilepexon Jiamu-
HApHOT'O JIBWKCHUS ITOTOKA OXJIAKAAIOUICH )KUIKOCTH B TYpOYJIEHTHOE
MPOM3BOJIWIICS C MTOMOIIBIO 3aBUXpHTeiel. [IpoBeneHHbIe IKCTIepUMEH-
THI TIOKa3aJd HauOONBIIYI0 3()()EKTUBHOCTh JAHHBIX BO3JEHCTBUI C
TOYKH 3PEHUSI MOBBIILIEHUS CKOPOCTH KPUCTAIITM3ALNH IPaHyI.

ITonyuyenue rpanyn cmiaBoB cuctembl Al-Zn-Mg-Cu nposoauiu
LEHTPOOEKHBIM CIIOCOOOM Ha CIEIMaIbHO M3TOTOBJICHHON jadoparop-
HOW ycTaHOBKe [3]. I'paHynbl MMeIM OAHOPOAHBIN I'paHyJIOMETpHYE-
CKUH cocTaB M AuameTp okoio 1 MM. Brixox rogHoro mpu nuThe rpa-
Hyn cocTaBmsl okojo 90 %. PacdeTHBIM MyTeM YCTaHOBWJIM CKOpPOCTH
OXJIXKJICHUSI TPAHYJ MIPH JIAHHOM crioco0e Kpucrauimzanuu. [lomyuen-
HbIE TpaHylbl B JajbHEHIIEM TOTOBWJIM K OOpabOTKe /JaBICHUEM.
Harpes nposoaumu 10 Temneparypsl 420° C, BpeMs HarpeBa T COCTaB-
nsut0 8 yacos. Jlanee rpaHyIbl MOABEPTaAIUCH TOPSYEMY MTPECCOBAHUIO C
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noJy4eHueM npyTka, npoduis. [IpeccoBanue mpoBoauin B 1abopaTop-
HOW OCHACTKE Ha rujpaBirueckoM mnpecce ycunuem 6000 kH ¢ koad-
¢unreHTaMu BBITSDKKU A paBHBIME 20-+-30. 3akanky u3aenuil mpoBoIu-
mm ¢ temmepatypst 450 °C i ¢ IOCITEAYIOIMMM HCKYCCTBEHHBIM CTape-
HUEeM npu Temmepatype 130 OC B teuennn 16 uacos. ITpoBeneHHbBIC HC-
CIIEZIOBaHMSI CTPYKTYPBI M MEXaHUYECKUX CBOMCTB MOJTYYEHHBIX TpaHy-
JMPOBAaHHBIX MaTEpUANIOB MOATBEPAMIN TEOPETHUYECKUE MPEIIONIOKe-
Hus. OnpeneneHo 3HAYMTENbHOE IOBBINICHHE MEXaHMYECKHX CBOICTB
CIIABOB MPU YBEIWYCHUH CKOPOCTU KPUCTAJUIN3AMH TPaHyI.

Takum 00pa3oM, Ha OCHOBaHUHM TEOPETUUECKUX M AKCIIEPHUMEHTAIb-
HBIX HCCJIEIOBAaHUI MOXXHO OLEHHTH MEPCHEKTHBHOCTH pa3pabaThiBae-
MoO# TexHojoruu. [IpoBeneHHbIN TEXHUKO-PKOHOMUYECKUN aHaU3 MO-
Ka3ajl, YTo TpHU KpaiiHe HE3HAUYUTEIHHOM YAOPOKaHHH CeOECTOMMOCTH
W3rOTORJICHUS T0Jy(paOpHKaTOB W U3JCIUN U3 CIUIABOB CHUCTEMBbI Al-
Zn-Mg-Cu BO3MOXHO yBIIEUEHHE IPOYHOCTHBIX XapaKTEPUCTHUK T'PaHy-

JMPOBaHHBIX MaTepHuasoB Ha 15 - 18 %.
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