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WHCTUTYTA MPUKJIAAHON MAaTEMAaTUKU U KOMIIBIOTEPHBIX HayK, HalimoHaapHBIN UCCIEN0BATEIbCKUI
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TerioMacconepeHoca, HaunonaneHblii ucciaenoBaTeabCkuii TOMCKUN MOJUTEXHUYECKUN YHUBEP-
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CTAJIM TOCJIE UMITYJbCHBIX DQHEPTETHYECKHUX BO3JEUCTBUU

© 2024 r. T. B. Bosnogun, C. A. Hesckuii, B. E. I'pomos, JI. I1. bamenko,
A. B. lllamcyTtaunoBa

Cudupcknii rocyrapcTBeHHbIH HHAYCTpHATLHBIN yHnBepenTeT (Poccums, 654007, Kemeposckas oom. — Kyzbacc,
Hogoky3uenk, yiu. Kupoga, 42)

Annomayusn. MeTogaMu COBPEMEHHOTO (DH3HHMECKOTO MATCPHAJIOBEICHIS MPOBEACH CPABHHUTCIBHBIA AHATH3 CTPYKTYPHI,
(ha30BOTO COCTABA M MCXAHMYCCKHX CBOWMCTB (MHKPOTBSPAOCTH) OBICTPOPCS/KYIICH CcTamm Mapku P18 mocae MarHuTHO-
HMITYJIECHOH U 3JICKTPOHHO-ITYIKOBOH 00padoToK. MarHUTHO-IMITY TbCHAS 00paboTKA 00pa3LOB CTATH B OTOMOKCHHOM
COCTOSTHHH TIPOBOAMIIACH HA ycTaHOBKC MUY 10/30 mpu 3HAYCHWH SHCPTHH MATHHTHOTO MO WHAyKTOpa 40 K/DK,
KOJIHYCCTBO MMITYIIECOB O, NIHTCIHFHOCTE MMIyIhca 200 MKC, dacToTa cneaoBaHmsd 20 k[ 1, DMCKTPOHHO-TYIKOBOMH
00paboTKe MoABEpTami 00Pa3Iipl, MOJYUCHHBIC IUIA3MECHHO-IYTOBOH HAIUIABKOW W IOABCPTHYTHIC UCTHIPEXKPATHOMY
BBICOKOTEMITICPATYPHOMY OTIIYCKY. PE&KIM 3JICKTPOHHO-IYYKOBOH 00pabOTKH: IIIOTHOCTh SHEPTHH IyUKA 3JICKTPOHOB
30 /ey, IIMTEILHOCTh MMITYIbCA IMyYKA JICKTPOHOB 50 MKC, KOMMYECTBO MMITYJILCOB OOIYHICHHS 5 HMIL, YACTOTA
crenosanus UMy bcoB 0,3 ¢, TIpH BO3OCHCTBHM HMITJILCHOIO MATHHMTHOIO IO B NMOBEPXHOCTHOM CJIOE CTAJIH
TonmmHOW mpuMepHO 100 MKM HAOMOZANOCH M3METbUCHHC KapOmaoB ¢ 13,2 g0 2.9 mMxM m (opMHPOBAHWC
MCIIKOMTOJIFYATOTO MapTeHcHTa pasmepamu ot 200 mo 1 HM, obseMHAS d01a KOoTOporo coctaBmier 0,54, 310
00YCIAaBIMBACT BHICOKHC 3HAYCHHA MHUKPOTBCPAOCTH. 10 5.7 ITla. 3meKTpoHHO-y4KoBad 00pabOTKA OTMYIICHHBIX
00pa3LoB TAKKS MPHBOIUT K APOOIICHHIO KApOHIOB B TMOBCPXHOCTHOM Cloe S50 MM a0 pasmepoB 10 — 45 HM
(h)OpPMHPOBAHHIO TUCHCTOH CYOMHKPOCTPYKTYPHI pasmepamu 100 — 250 HM. YCTAHOBICHO, YTO OCHOBHBIMH
MEXAHM3MAMH YIPOYHCHHA AB/IIOTCA YIPOUHCHHE MAPTCHCHTHOH CTPYKTYPOH B CIy4ae MATHUTHO-HMITYJIBCHOM
00pabOTKH U TICHCTOH CYOCTPYKTYPOit mpu 00pabOTKS MCKTPOHHBIM My4KOM. [10IyICHHBIC Pe3yIBTATEI MOTYT OBITh
HCTIOJTB30BAHBI A1 Pa3pabOTKH KOMOWHHPOBAHHBIX BHIOB OOpA0OTKH, KOTOPHIC COUCTAFOT HMITYJIBCHOC MATHHTHOC
TIOJIC ¥ SNICKTPOHHBIX ITy1OK.

Knrouesvie cosa: OBICTPOPSKYIIAS CTAJIb, MATHUTHO-HMITYIbCHASA 00pab0TKA, 3ICKTPOHHO-MYYKOBAs 00paboTKa

@unancuposanue. ViccienoBanue BBIIOJIHEHO 3a cdeT rpanta Poccmiickoro HaywHoro ¢ouzma Ne 23-19-00186,
https://rscf.ru/project/23-19-00186

s yumuposanusn: Bomomun T.B., Heeckuiit C.A., I'pomos B.E., bamenko JLIT., lamcyraurosa [.B. CtpykrypHO-
(ha30BbIC COCTOSIHHSI W CBOMCTBA OBICTPOPESIKYIICH CTANH TOCIC HMITYJBCHBIX JHCPIETHUCCKHX BO3ACHCTBHIAL
Becmuux  Cubupckoeo  eocyoapcmeenHozo — uHOVempuanvHo2o — yuugepcumema.  2024;2(48):43-52.
http://doi.org/10.57070/2304-4497-2024-2(48)-43-52

Original article

STRUCTURAL-PHASE STATES AND PROPERTIES OF HIGH-SPEED STEEL AFTER
PULSED ENERGY EFFECTS

© 2024 T. V. Volodin, S. A. Nevskii, V. E. Gromov, L. P. Bashchenko, D. V. Shamsutdinova

Siberian State Industrial University (42 Kirova Str., Novokuznetsk, Kemerovo Region — Kuzbass, 654007, Russian
Federation)

Abstract. Using the methods of modern physical materials science, a comparative analysis of the structure, phase
composition and mechanical properties (micro-confirmation) of high-speed steel P18 after magnetic pulse and
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electron beam treatments was carried out. Magnetic pulse treatment was carried out for annealed steel samples at
the MIU 10/30 installation at the value of the magnetic field energy of the inductor 40 kJ and the number of
pulses 6, pulse duration 200 microseconds, repetition frequency 20 kHz. Electron beam processing was carried
out on samples obtained by plasma arc surfacing and subjected to fourfold high temperature tempering. Electron
beam processing mode: electron beam energy density 30 J/cm2, electron beam pulse duration 50 microseconds,
number of irradiation pulses 5 pulses, pulse repetition rate 0.3 s. Under the action of a pulsed magnetic field in
a surface layer of steel with a thickness of ~ 100 microns, the grinding of carbides from 13.2 microns to
2.9 microns and the formation of small-needle martensite with sizes from 200 to 1 nm, the volume fraction of
which is 0.54, was observed. This causes high microhardness values up to 5.7 GPa. Electron beam processing of
the released samples also leads to fragmentation of the carbides in the surface layer of 50 microns to the size of
10 — 45 nm and the formation of a cellular submicrostructure with dimensions of 100 — 250 nm. It has been
established that the main mechanisms of hardening are the hardening of the martensitic structure in the case of
magnetic pulse treatment and the cellular substructure during electron beam treatment. The obtained results can
be used to develop combined types of processing that combine a pulsed magnetic field and an electron beam.

Keywords: high speed steel, pulsed magnetic treatment, electron beam processing
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Beeaenne

B nactosmee BpeMs 3amadu, pelnacMbie COBpE-
MCHHBIM (PU3UUCCKUM MATCPHAIOBEACHUEM U (u-
3UKOHW KOHJICHCHPOBAHHOTO COCTOSIHHS, TECHO CBS-
3aHBI ¢ MPOOJCMaMHU TOBBINICHUS HAJACKHOCTH H
JoaroeeuHocTd uaaeani. OcobOeHHO 3TO KacaeTcs
PEKYILIETO HHCTPYMEHTA, [AC OUCHb BRICOKH TpeOo-
BaHHUsS K MPOYHOCTHBIM U TPUOOIOTUYCCKUM CBOH-
ctBaM Marepuanos [1]. i BeITOTHCHHS 3THX TPC-
OoBaHHH HEOOXOOUMBI Pa3paboTKa HOBBIX H MOJCP-
HU3aLMA CYLICCTBYIOLINX TCXHOIOTHH MONYICHUA U
00paboTKU MaTepHATOB — OBICTPOPEKYIINX CTATCH.
OnHuM 13 HauOOJIEE UHTCPECHBIX THIIOB 00PabOTKH
SIBIIICTCSl MATHUTHO-UMITYJIbCHAS, TIPH MPUMCHCHHH
KOTOPOH 3a OTHOCHTEIBHO KOPOTKOE BpeMs (OpMH-
PYIOTCS IOBEPXHOCTHBIE CJIOH, OONAAAIOLINE BHICO-
KUMH (PU3UKO-MEXAHUICCKUMH CBOHCTBaMH [2], 94TO
MO3BOJIAET YBEJIMYUTh HU3HOCOCTOMKOCTDH H3IACTIUM
[3]. B paborax [4; 5] moka3aHO, 4TO BO3ACHCTBHUEC
HMMITYTbCHBIX MATHHUTHBIX MOJCH HAa CTalb MapKH
20Cr2Ni4A, moxBEprHYTVIO KOHTAKTHOH YyCTano-
CTH, PUBOJUT K YBEIHUCHHIO ¢ pecypca Ha 42 %.
[To mueHuto aBrOpoB pador [4; 5], npUUIUHOHN 3TOrO
SIBIIICTCS.  YBEJIHUCHUC OCTATOYHBIX CHKUMAFOIIUX
HANpPsGKCHUM, 9TO  BBI3BAHO  CTHMYIHPOBAHHCM
JBWDKCHUS JUCIOKAIMM W MArHATOCTpUKUHCH. B
pabote [6] mokazaHo, 4TO BO3ACHUCTBUE UMITYJIbCHO-
r0 MAarHUTHOrO Tojst Ha crade Mapku CrdModV
MMPUBOAUT K 00pa30BaHui0 OONCe OMHOPOTHOW MHUK-
POCTPYKTYpBI U o0ecrieunBacT 0oJice MpOUHbIN Oa-
prep AT JUCTOKALMM, PErvaupys XapakTep pac-
MPEACIACHUS IpaHuL 3¢peH. JleHCTBUTEIBHO, OLICH-
KH BIUSHHS HMMITYJIbCHOTO MAarHUTHOTO MO HA

cramu tuna P9 u P18, mposeaenusie B padorax |7 — 9],
MOKAa3aIH, YTO OTACJIBHBIC VUACTKH 3€peH depputa
HATPEBAIOTC A0 TEMIEparyp, ONHU3KUX K TeMIepa-
type Kropu, npu kKOTopoil NpOMCXOAUT MArHUTHOE
MPEBPALICHUE CTaJH, CBA3aHHOC C TNEPEXOJOM H3
(eppOMarHUTHOTO B MapaMarHUTHOE coctosiHue. B
UTOTC MPOUCXOAUT YMCHBIICHHE pasMepos Qeppo-
MAarHATHBIX JOMEHOB H BO3HHKHOBCHHC HEOIHO-
pomHOU cTpykTypHl [8]. JJOMCHBEI B 3TOH CTPYKTYpE
OKpPYKCHBI ~MapaMarHUTHRIMU  obnactamu. [lpu
HAJIMYMH CHIBHBIX MarHUTHBRIX HOIeH B obractu
00palOoTKU BCICACTBHE MArHUTOCTPUKLMH MPOHC-
XOIUT CyluecTBeHHas nacdopmanus QeppoMarHuT-
HBIX VYaCTKOB, KOTOPHIC CABUTAIOTC OTHOCUTEIBHO
obnacTell ¢ MaJOW MAarHUTHOH MNPOHULIACMOCTHIO.
Takue cMeIIeHUS CIOCOOCTBYIOT Pa3phIBY CBS3CH
MEKIY aroMaMd Ha TpaHHue oOnacted ¢ pa3mud-
HBIMH MArHUTHBIMH CBOHCTBAMH H OOpa30BaHHUIO
MCK3CPCHHOHU TpaHuULE [8] u, Kak CICACTBUC, BCAYT
K VMCHBIICHHIO pa3MepoB 3epeH. OLEHKU AaBICHUS
MArHHTHOIO OISl HA MOBEPXHOCTH oOpadarbiBac-
MOW CTaH MOKA3ad, YTO OHO COCTABIACT MpUMEpP-
Ho 100 I'Tla [7], uto cozmaet ycmoBust amast aehop-
Marmu (Geppura. Jluciokanuy B HaNpaBlICHUH, Ha-
paICTIPHOM TPUIOKCHHOW HArpy3Ke, BBITCCHSIIOT-
Cc1 Ha TPaHULBl 3€PCH, 4 B MNEPICHINKYIIPHOM
HANpPaBICHUH BO3HHKAIOT AOMONTHUTCIBHBIC (OCTa-
TOYHBIC) MEXAHHYCCKHE HANPSOKCHHA. JTH Hamps-
JKEHUS NPETSTCTBYIOT JalbHEUIEH MUTpaliuu JUC-
JOKaMH M CO3JAIOT VCIOBHA [l 0Opa3oBaHUS
MEJKOAUCTICPCHOH CTPYKTYpHl BONH3HM TpaHUL 3¢-
per depputa. [Ipu 5T0M MOXKET NIPOUCXOTUTH TAK-
JKe apobrneHue KapOuaHBIX BKIroUcHUH. B pabote
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[9] ykazaHo, 4TO OAHMM M3 HAHOOJCE BEPOSTHBIX
MCXaHU3MOB VIYYIICHUS MEXAaHHUCCKUX CBOWCTB
SIBISIETCH PAa3MHOXKEHUE AUCIOKAUN 1Moa ACHCTBU-
eM MarautHoro gaeneaus. B pabore [10] ycranos-
JICHO, YTO MarHUTHO-UMITYNIbCHAs 00paboTka ObicT-
POPEKYIICH CTANIU NMPUBOAUT K VBEIUUCHUIO TBEP-
noctu Ha 50 HV, uto taxxe oOycIoBICHO pocToM
IIOTHOCTH  jgucnokaumi.  Ecaum  marauTtHO-
UMIOyIbCHAs 00padoTKa MPOBOAMTCS B PEKUME
OMJIABICHUS, TO K BBILICMCPCUUCICHHBIM TPOLIEC-
caM JBUKCHUS JUCIIOKAIMH M MarHUTOCTPUKIMH
JOOABJISIIOTCS TPOLECCHl  BHICOKOCKOPOCTHOW KpH-
cramm3annd [11], yro npusoguT K 0O6paz0BaHUIO
MapTCHCUTA Uroipuaroil mopdonorun. Pacuer stux
PCHKUMOB U [TyOUHBI 30HBI OTLIABICHHUS MPOBSACH B
padote [12] myTem peuicHHsS pacnpeacaCHHUS BUX-
PEBBIX TOKOB B 00PA3LC U BBHIMHUCACHHUS TCMIICPATY-
PBL, YTO TMO3BOJIHIO HE TONBKO HAHTH TONIIUHY
JKUAKOTO CIOSl, HO M BPEMs €ro CYIIECCTBOBAHHMAL
Takum 0Opa3oM, MArHUTHO-UMITYIbCHAS 00paboTKa
CIIOCOOCTBYET U3MCHCHHIO MHKPOCTPYKTYPBI MaTe-
pHala U YIYYIICHHIO €T0 MCXaHHICCKUX CBOUCTB.
Hpyrum, HE MCHEE MHTCPSCHBIM METOAOM
VIAVUIICHHS MEXaHWYECCKHX CBOHCTB MeTallIH4e-
CKHX MAaTCPHAJNIOB, SBIACTCS SJICKTPOHHO-ITYYKOBASL
obpabotka [13, 14]. Bo3saelicTBHE CHIBHOTOYHBIX
3JICKTPOHHBIX MYYKOB HA METAJUIBI U CILIABBI MTPS-
CTaBILICT COOOH CIIOKHBIH KOMIUICKC SBIICHHH, KO-
TOPHIN BKITIOUACT B ceOs1 HATPEB, PAcIpPOCTPAHCHHE
TCPMOYIIPYTHX BOJIH, IUIABJCHHUS, KOHBCKTHBHBIC
TCUCHHUS B JKUIAKOM CJIOC, MCIAPCHUC BCLICCTBA U
nociacayiomy kpuctammmsamuio [ 15].  Maanabie
ABICHUS OVAYT ONPENENATh, Kakas CTPYKTypa, ¢a-
30BBIH COCTaB M MCXaHUYCCKHE CBOHCTBA CHOPMH-
PYIOTCS B IOBEPXHOCTHBIX CIIOSIX MATCPHATIOB.
OctaHoBUMCS TIOAPOOHEE HA WHCTPYMCHTAIIb-
HbIX crajgsx. B pabore [16] ycranoBaeHo, 4to mo-
cie oONMydYeHHsS MHUKPOTBEPAOCTh MOBEPXHOCTH 00-
pasuos u3 cramu T10 yeemmuausactes ¢ 252 HV g0
839 HV, mipu 3toM TOMIIHHA MOAUDHUIIUPOBAHHOTO
caos cocrasmger 340 mxm. Mukpoctpykrypa mo-
BEPXHOCTHBIX CJIOCB 3TOH CTAId UMECT T'PaJHCHT-
HBIH Xapaktep. B 30He omnaBneHus HaOMOAAIOTCS
O-(heppUT U UTOIBYATHIN MAPTCHCHT, & B 30HE TEP-
MHYCCKOTO BIHSHUS — MAPTCHCUT M LICMCHTHT.
CTpykTypa HOIJIOKKH NPEACTaBICHA (QEeppUTOM H
nepautoM. Takoe CTPYKTYpHO-(A30BOEC COCTOSHUE
OOBSCHSICT YBCIMYCHUEC MHKPOTBEPAOCTH M H3HO-
cocrotikoctu cranmu T10. B pabore [17] uccaexosa-
HO COBMCCTHOC BO3ACHCTBHC 3ICKTPOHHO-TIYUKO-
BoH oOpaborku (I10) u mIa3MeHHOTO a30THPOBA-
Hus (ITA) Ha CTPYKTYPY HHCTPYMEHTATBHOM CTATH
W320. YcTaHOBICHO, ITO TBEPAOCTh TOCIC DIICK-
TPOHHO-IYYCBOM 00PabOTKH U MIA3MEHHOTO a30TH-
posanus gocturact 7600 MIla, B 10 Bpemsa kak
TBEPAOCTh o0oOpasia, OOpPabOTAHHOIO IO CXEME
ATIO + ITA + 31O, cocrasaser 7180 Mlla. Teope-

THYCCKUE PACYCTHI TIIyOHHBI MOAN(DULMPOBAHHOTO
CJ10s1 ToKazanu, uto riuyouna cocrasiser 100 MM,
qTO COOTBCTCTBYCT OJKCICPUMCHTAJIBHBIM JaHHBIM
(hep = 117 mxMm). B pabote [18] mMeTogom cenek-
THBHOTO 3JICKTPOHHO-TYYCBOTO IUIABICHHS C MPSI-
BaPUTCIBHBIM TOJOTPEBOM MOpOLIKA ObLia MOy~
ueHa ObICTpOpexKymmas craas M2 6¢3 tpemmn. Ee
CTPYKTYpa COCTOUT U3 3epeH MarpuLkl o-Fe pazmve-
poM MeHee 7 MKM, a TaKKE MEJIKOAHUCIICPCHOTO
KapOuga, 00Pa30BAHUE KOTOPBIX BBI3BAHO BBICOKOM
CKOPOCTBIO OXJIXKICHIS BAaHHBI PacIljiaBa, 4To 00b-
sacHAeT BBICOKYIO TBepaocth (~70 HRC) m mpesoc-
XOAHBIC TpubomorHdeckue cBoiicrea. CteneHp u3-
Hoca cranu M2 cocrasiser 13,7 %, daro HImKe, YeM
Y 3aKAICHHBIX U OTIIYIICHHBIX KOBAHBIX O6’I>CMHLIX
aHaNoroB.

Takum 00pa3oMm, CICAYET 3aAKIIOYUTH, YTO MAr-
HUTHO-UMIYJIBCHAS U DJICKTPOHHO-TIyYKOBas oOpa-
0OTKH CHOCOOCTBYIOT CYIIECTBCHHOMY IPeoOpaso-
BAaHUIO CTPYKTYPBI U CBONCTB HHCTPYMEHTATBHBIX
cramedi. OgHAKO CPABHUTCIIBHBIN aAHAIN3 BO3ACH-
CTBHSL MaFHHTHO-HMHyHLCHOﬁ u SJIICKTPOHHO-
MYYKOBOH 00pabOTOK HA CTPYKTYPHO-(A30BBIC CO-
CTOSTHHSL U CBOMCTBA OBICTPOPEKYLIMX CTAICH MpaK-
THYECKH HE MPOBOJHICH. ITO OOYCIOBICHO MATBIM
KOJTMYCCTBOM PadOT MO BIMSHUIO HU3KOIHCPTCTHUC-
CKHUX JJICKTPOHHBIX ITYYKOB Ha TAKUC CTAIN.

Lenpro HacTosmelrt paboThl SIBISACTCS TPOBCACHHS
CpPaBHHTCIIBHOTO AHANMN3A CTPYKTYPHO-(a30-BBIX €O-
CTOSIHUM 1 MCXaHHUYCCKUX CBOWCTB HA MpHMEPE OBICT-
popexyieit cramm mapku P18 mocrme marauTHO-
HMITYJBCHOH H 3EKTPOHHO-ITYIKOBOH 00paboTOK.

Marepuan u MeTOANKA HCCIEJ0BAHHS

B kauectBe 0OBCKTa HCCICAOBaHUS ObIIA BHI-
Opana ObIcTpopekyIas crajp mapku P18 crenyro-
LIETO XUMUYECKOro cocraBa, % (mo macce): C 0,87;
Cr4,41; W 17,00; Mo 0,1; V 1,5; Ti 0,35; Al 1,15;
N 0,06; ocTaiapHOE — KEIE30.

B paGore mpoBomunyM MarHATHO-UMITYJIbCHYIO
obpaboTtky (MHO) 00pasiioB crajgu B OTOMKECHHOM
coctosHuH Ha ycraHoBke MUY 10/30 mpu 3Haue-
HUH SHEPTHH MarHUTHOTO nond nHAaykropa 40 xJhx
U KOJIUYICCTBC HUMITYJIbCOB 6, AIUTCIBHOCTD HUM-
mynbca coctaBauia 200 Mie, "acToTa CICIOBAHUS
20 xI'u. Muayxrop uven GopMy coneHonaa JTHHON
20 cMm, amameTpoM 5 CM, KONMHUCCTBO BUTKOB 14,
JUAMETP MPOBOJIOKH, U3 KOTOPOU OH OBbIT H3rOTOB-
neH, coctasman 1,4 cm [11].

JIEKTPOHHO-ITYYKOBYIO 00PabOTKY Ha YCTAHOBKE
«COJIO» npoBoawIM TO CICAYIOMIEMY PEKUMY:
IJIOTHOCTh SHEPTHH My4dka dMeKTPoHOB 30 JIK/cm?,
JUTATETBHOCTD UMITYJIbCA ITyHdKa 3JIEKTPOHOB 50 MKC,
KOITMUECCTBO UMIYJIECOB OOIYVUCHUS 5 UMIL, YacToTa
cneaosanus mvnyabeos 0,3 ¢!, manenme ocrtarou-
Hoti armoc(epsl (aproH) B paboucit kamepe ycra-
HOoBKH 0,02 [la. O6pa3upl OBICTPOPEKVINCH CTATH,
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Puc. 1 3aBUCUMMOCTb MMKPOTBEPAOCTY CTa/ii Mapku P18 0T TOMLLYHB1 YMPOYHEHHOTO /101 MPY MarHUTHO-MMIMY/IbCHOM 06paboTKe
NPV 3HEPIr M MarHUTHOro nonsa nHaykTopa 10, 30, 40, 50, 60, 80 1 100 K
Fig. 1 The dependence of the microhardness of steel P18 on the thickness of the hardened layer during magnetic pulse processing
at the energy of the magnetic field of the inductor 10, 30, 40, 50, 60, 80 and 100 kJ

Nony4YeHHble 3NEKTPOAYroBoi Hannaskon [19], ne-
pen 06paboTKON 3NEKTPOHHBIM MYyYKOM MoABepranu
YeTbIpexKpaTHOMY BbICOKOTeMMNepaTypHOMY OTMYycC-
Ky npu Temnepatype Harpesa 580 °C u BpemeHU
Bblgep>XXkm 14 [19].

MeTannorpaguyeckmini aHaaM3 MNPOBOAWIN Ha
CKaHMpyLWeM 3/1eKTPOHHOM MUKpockorne KYKY -
EM6900 c TepMO3MWUCCMOHHbLIM BOJIb)PAMOBbLIM
KaToAoM Mpu 3afaHHbIX NapaMmeTpax: yckopsioLiee
HanpsbkeHue 20 kB; Tok amwuccum 150 MKA; TOK
HaKasia TOMKM HacbliweHnsa 2,4 A; pabodyee pacctos-
HMe MeXay o6pasuomM M 06BLEKTUBHOW NUH30M 15
MM [20]. ONTMYECKY0 MUKPOCKOMUIO OCYLLLeCTBASA-
nn ¢ nomouibo npubopoe OLYMPUS GX-51 u
NEOPHOT-21. das30Bblii cocTaB onpeaensin me-
TojaMW peHTreHo(asoBOro aHanmsa Ha ANMPaKTo-
meTpe Shimadzu XRD 600.

McnblTaHMA Ha MWKPOTBEPAOCTb NPOBOAMM
mMeTofoM Bukkepca Ha npmnbopax HVS-1000 n Mi-
cromet. Pa3mepbl CTPYKTYPHbIX 3/1EMEHTOB oOnpe-
Jensnu MeTOLOM C/yYalHbIX CEKYLLUX, @ UX 06b-
€MHYI0 A0M10 - NMJaHUMEeTPUYECKUM MeTo0M [21].

PesynbTaTbl 1 nx 06CcyxXaeHue

B OTOX)KEHHOM COCTOSIHUW CTPYKTypa CcTann map-
Kn P18 npeacTasiieHa cop6uToobpasHbIM NepuToM r
Kapbugamun. 3HauyeHne MUKPOTBEPAOCTU COCTaBSAET OT
2,5 po 2,7 I'Ma. CpeaHuii gnameTp KapouAHbIX BKIO-
YeHun coctaBnseT ot 13,2 go 26,5 MKM. Takon pas-
6poc 3Ha4yeHWn 3TOl XapaKTePUCTUKWN CBUAETENb-
CTBYET O 3HAUYUTENbHOM HEOLHOPOAHOCTU CTPYKTY-
pbl cTann no Kap6bugam [22]. OueHKa 06bLEMHOW

-AfdAN (rge d -
6 I
CpefHUIA pa3vep BKIKOYeHUIA Kapbua; | - MexkapbugHoe
pacctosiHve) [23] nokasana, yuto npu 16,0 < | < 17,5 MKM
3HayeHus P v coctaBnsawT oT 0,43 go 0,79. MarHuT-
HO-MMMNy/bCHaa 06paboTKa NpUBOAUT K (POPMUPO-
BaHWIO YMPOYHEHHOro C/05, CTPYKTypa KOTOPOro
BK/OYaeT MENKOUTrofbYaTbii MapTeHCUT (CpeaHui

fonn Kapb6ugoB no qopmyne p

pasmep Wra 200 - 1 HM), OCTaTOYHbIA ayCTEHUT
(o6bemHan gonsa 0,04) U MenKoaucnepcHble Kapbu-
Abl TunaMe6C, MeC, MB23C6 (B Me BX0AAT pasnnu-
Hble Kapbupoobpasytouime anemeHTobl Cr, Mo, V, W,
Fe, Mn) pasmepamn 2,9 - 3,3 MKM. Ob6beMHas gons
KapouaHbix a3 coctaBnset oT 0,42 go 0,44 npw 3Ha-
YeHMN MeXKapbugHoro pacctosiHusa 3,6 - 3,9 MKM.
Hannuve ocTaTouyHOro aycreHUTa 06bACHAETCH
BeCbMa BbICOKMMW CKOPOCTAMW HarpeBa W oxna-
XAEHVUST NpUM MarHUTHO-UMMY/IbCHOM 06paboTKe.
Takue M3MeHeHUS CTPYKTYpPbl He MOryT He oTpa-
3UTbCA Ha MeXaHW4YeCKUX CBOMCTBAxX MOBEPXHOCT-
Horo cnoda ctann. Ha puc. 1 npefcraBneHa 3aBUCK-
MOCTb MWKpPOTBepZoCTM HV OT TONWMHBI ynpou-
HEHHOro cnos Npu pasnnyHbix (10 - 100 k[>X) 3Ha-
YeHUAX 3Heprum marHmTHoro nons (I).

Mpwn saHeprun marHUTHOro nonsa 40 k> 3Hade-
HMe HY noBepXHOCTHOrO cnos coctaBnseT 5,7 [Mla.
FnybuHa MoAnMUUMPOBAHHOIO Cf0S  COrslacHo
[JaHHbIM, NPeACTaB/IEHHbLIM Ha pucC. 2, AN YeTbipex
MMMY/IbCOB COCTaBNsAeT ~98 MKM. PacueT TOMNLWMHBI

~V/2
CKWH-cNosa no gopmyne § _ 503 ' [24]

Pvc. 2. 3aBm/|vocrbrry6V|-|blwopym/uypOBaH-orocrmcram
MEPKN P18 0T Ko/mHECTBA IVITY/IECOB MoV MBrHATHO-VMITY/ECHOI
MV SHEPIAV VBIHATHOMO MO/
vHaykropa 10, 30, 40, 50, 60, 80 1 100 Kk
Fig. 2. The dependence of the depth of the modified layer of steel P18
on the nunber of pulses during megnetic pulse processing at the energy
of the magnetic field of the inductor 10, 30, 40, 50, 60, 80 and 100 kJ

- 46 -



BecTHMK CnbnpCKoro rocyfapCcTBeEHHOI0 MHAYCTPUasibHOro yHnBepcuTteTa Ne 2 (48), 2024

Puc. 3. CTpyKTtypa noBepxHOCTY CTari Mapku P18 rocre
HarviaBKy 1 BbICOKOTEMIEPATYPHOMO OTTTyCKa
Fig. 3. Surface structure of P18 steel after surfacing and
high temperature tempering

(rge p = 10-6 OM M - yenbHOE 3/1eKTPUYECKOE CO-
npoTuBAeHWe obpasua; U - MarHuTHas npoHuuae-
MocTb; f - 4yacToTa cnefoBaHUs MMMY/bCOB) MOKa-
3ai, uto npuf = 20 KMy n 4 =200 3HayeHue 5 co-
cTaBnseT 251 MKM. Ecnum ydecTb TOT (pakT, 4To Npu
Temnepartype Bbille AC3 CTa/lb TEPAET CBOU (heppo-
MarHuTHble cBolicTBa (U = 1), TO 3HayeHue 5 co-
cTtaBnsaet 3,56 MM. 3TO 3HAYUTENIbHO BblLle 3KCMe-
pUMeHTaNbHO HabnAaemMon TONWUHbI MOANDUL K-
poBaHHOro cnos. C Apyroi CTOPOHbI, pe3ynbTaTbl
pacyeTa TONWMWHbLI OMNMaBfEHHOro cnos B paboTe
[11] yka3blBalOT Ha 3HauYeHWe, HaxofsLleeca B npe-
penax ot 300 go 500 MKM, 4UTO TakKXe BblLle 3KCNe-
PUMEHTa/IbHO HabnfaeMoi TONWWHbI MogUpULM-
pOBaHHOro cnos. Takoe pasnmume TeOPeTUUYECKUX U
3KCMepUMeHTaNbHbIX JaHHbIX MOXeT OblTb 06bAC-
HEHO TeMm, YTO MpW TemnepaTtypax Bbllle Temnepa-
TYypbl IMKBUAYCA 3HAYMMbIMM CTAHOBATCA 3PGEKTHI
ncnapeHns BeLLecTBa, KOTOpble MPUBOAAT K MoTe-
pPAM 3HEPruu W, COOTBETCTBEHHO, K YMEHbLUEHUIO
TOJIWMHBI MOANKDULMPOBAHHOIO /104 [25].

BbicOKOTEMMEPATYPHbIA OTNYCK WU 3N1EKTPOHHO-
nyuykoBas o06paboTka TakXe NPUBOAAT K cylie-
CTBEHHOMY W3MEHEHUK CTPYKTYpbl W CBOWCTB
ObICTpOpeXyLW KX cTanein. Ecnu B cOCTOAHMK nocne
HannaBKW, Kak Mnokasanu pesynbTaTbl paboTbl [26],
B MOBEPXHOCTHOM c/l0e (QOPMUPYETCA SAYEUCTO-
LeHLpUTHaA CTPYKTypa C pasmepamn fdveek oT 4,0
Ao 13,5 MKM, TO BbICOKOTEMMepaTypHbIA OTMYCK
NPUBOANT K YBe/IMYeHU ux pasmepos po 7,0 -
22,5 MKM 1 60/n1ee paBHOMEPHOMY pacrnpeseneHunto
XUMMUYECKNX 3N1eMeHTOB B cnnase (puc. 3).

BHyTpy s4eek nocne HannaBkKuM HabnwpgaeTcs
OCTaTOYHbI/i ayCTEHUT WU MapTeHCUT MroAbYaToro
Tuna, pasMep Ura KOToporo cocrtasnseTr 1- 3 MKM.
lMocne BbICOKOTEMMEPATYPHOro OTNyCKa pasmep

LU

Pvic. 4. DneKTPOHHO-MMKPOCKOMYECKOE 1306padkeHe
KapOnaHbIX (ha3 Noc/ie BbICOKOTEMIEPATYPHOIO OTIYCKa
Fig. 4. Electron microscopic image of carbide phases
after high temperature tempering

Urn yBennymMBaeTcs B ABa pasa (0T 2 40 6 MKM).
MoMuUMO AYencToli CTPYKTYpPbl TakxXe HabnwopawT-
ca Kapbugbl Tuna MesC (Me = Fe, W, Cr, Mo, V),
00beMHas [40As KOTOPbIX MO AaHHbIM PEHTreHogaso-
BOr0 aHanM3a M NPOCBeYUBAIOLLEN 3/1eKTPOHHON MUK-
pockonun coctaBnset 0,5. MNocne BbICOKOTEMMNepaTyp-
HOro oTnycka o6beMHasn Jona Kapbuaos yMeHbLIaeTcH
40 0,44, CyLeCTBEHHbIM OT/INYMEM CTPYKTYPHOro CO-
CTOSIHUS MOBEPXHOCTHOIO €105 NOC/e 0TNYCKa ABNSAETCA
Ha/lMune BbICOKOM MMOTHOCTW KapbuaoB HaHopasmep-
HOro guanasoHa. Pasmepbl Kap6uaHbIX YacTuL, Haxo-
aatca B uHtepsane 80 - 350 HM (puc. 4). 3To mMoryT
6bITb BTOPUYHbIe Kapbuibl: Kak MesC, Tak 1 MeC.
Mocnegyowasi 06paboTKa 3NEKTPOHHbLIM MYYKOM
obpasuoB cTanu mapku P18 npuBoaUT K 3HaAUUTENb-
HbIM Mpeobpa3oBaHUAM CTPYKTYpbl U (ha3oBOro co-
CcTaBa NOBEPXHOCTHOrO C/A0SA TOMAWWHON f0 50 MKM
[26]. B aTom cnoe chopMMpOBaNnCb AYEKn BbICO-
KOCKOPOCTHOW KpucTannusauum pasMepamy 100 -
250 HM, No rpaHuLam KOTOpbIX pacrnonaralTcs 4a-
CTULbI BTOPOR ¢hasbl, 3HAYeHUSI NOMepeYHbIX pasMe-
pOB KOTOpbIX HaxoaAaTca B uHTepsane 10 - 15 HM
(puc. 5). 310 Kapbuabl Tnna MesC n Me23Cs (34ecb
Me 0603HayeHbl Xumnyeckune snemeHTbl (Cr, Fe, W),
NPUCYTCTBME KOTOPbIX MOXHO 0XWAaTb B AaHHbIX
Kapbugax). BHyTpu fueek HabntogaeTca geppuT 1, B
OTAEeNbHbIX CyYasXx, YacTuLbl OFPaHEHHON NN rno-
O6ynspHO (hopMbl, pasmepbl KOTOPbIX gocTuratT 45
HM. YacTuubl BTOPO (hasbl HABAHO4AOTCA TaKXe N B
06beMe A4eeK, UX pasmepbl cocTaBNAT 5- 10 HM.
MpoBefeHHbI aHanNn3 CTPYKTYPHbIX N3MEHEHWA
ObICTpOpexXyL e cTann Mapku P18 no3BonsieT cae-
NnaTb BbIBOJA O TOM, YTO MOBEPXHOCTHbINA CM0OWA nocne
MO 6yget o6nagaTb BbICOKMMU MeXaHUYECKUMMU
cBOlicTBaMU. 3HayeHUe MUKPOTBEPAOCTU 06pasLoB
nocJsie BbICOKOTEMIMEePATYPHOro OTMNycKa cocTaBfsAeT
5,3 'Ma n npu nocnegytouieli 31eKTPOHHO-NYYKO-
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Puc. 5. 9MeKTPOHHO-MUKPOCKOMYECKOE 1306padKeHMe
SYENCTON CTPYKTYPbI CTa/M Mapku P18 nocrie BbICOKOTEMITe-
paTypHOro OTIMYCKA W 3/TeKTPOHHO-MYyYKOBOM 06paboTKM
Fig. 5. Electron microscopic image of the cellular structure of
P18 steel after high-temperature tempering and electron beam
processing

BOM 06paboTKe MPaKTUUYECKM HE U3MEHSETCH. DTO B
1,13 pasa Bblille, YEM B Harn/1aB/IeHHOM COCTOAHUN U
B 2,12 pasa Bbllle, YEM B OTOXOKEHHOM.

B Tabn. 1 npmBefeHbl XapaKTepUCTUKM CTPYK-
Typbl 1 CBOMCTBa CTanAn Mmapku P18 nocne pasnnu-
HbIX BUOB 06paboToK.

MepelijeMm K OuUeHKe MeXaHW3MOB YMNPOYeHUs
ObicTpopexyLeit ctanm npu MO 1 3MO. YnpouHe-
HWe 60/bLUEYrOBbIMW FpaHMLuaMn 3epeH (naketamu
MapTeHCUTa, KpuUCTa//laMu MapTeHcuTa u 6eiiHMTa)
paccunTbIBaeTCsA N0 COOTHOLEeHMIO Xonna-MeTtya [27]:

op=°0" Kyl 2 (1)

rge 00 - HanpsbkeHWe TPEHUS pelleTKu (ansa ctanei
00 = 30 - 40 MMMa); ky - KO3hPMUMEHT NponopLmo-
Ha/IbHOCTW, XapaKTepusywLwnii cocTosHWE rpaHuL,
3epeH MaTepuana (3HauyeHWe U3MEHSeTCs B npefe-
nax ot 0 go 1581,139 MMamkm12); D - cpegHwuii
pasmep 3epeH.

MexaHn3M YyrnpoYHeHUsS Manoyr/oBbIMU FpaHu-
LUammn paccymMTbiBaeTca Mo opmyre

°sh=kY" (2)

roe m =1 wnm J1; | - apheKTUBHbIA pasmep Kpu-
CTannoB MapTeHcuTa [23], onpegensembliii addek-
TUBHOI A/IMHOW MIOCKOCTU CKOJIbXEHUS B MapTeH-
cuTe.

YCTaHOB/MEHO, YTO Npu m = 1, BennuuHa ky ms-
MeHsieTcsa oT 150 go 100 H/m; npu m = 1/2 3Hauve-
Hue Ky nameHsietcs ot 63246 go 309903 H/m3 2.

Ynpo4yHeHMe vacTuuamum BTOpPbIX (a3 paccyu-
TbIBaeTCs N0 COOTHOLWeHMI0 E. OpoBaHa:

Oor =M —m%wln ©)
2k X-d 2b

rge d - cpegHWn pasMep 4YacTul; m - OpUeHTauun-
OHHbIi MHOXWUTeNb, paBHbll Ana OLLK maTepuanos
2,75 [23, 27]; @ =1 pnsA BuHTOBOV M @ = (1 - Vv)-1
0N KpaeBol AMCNOKaUWUA; X - Mex4yacTUuyHoe pac-
CTosiHMe; M - napameTp, YYUTbIBalOLWMA HepaBHO-
MEPHOCTb pacnpefefieHUs 4yacTul, B mMaTpuue, pas-
Hbin 0,81 - 0,85 [23]; Gm - Moay/nb caBura MaTpu-
ubl (~80 I'Ma); b - BekTOp Bloprepca.

YnpoyHeHne [UCAOKALUAMU PaccyYMTbIBaeTCH
no copmyne

o =Xm0GbNp) (4)

rpe - CKaJidpHada nNAoTHOCTb AMCHOKauMﬁ; m -

OpUEHTAaLMOHHbIA MHOXUTeNb; G - MOAY/b CABUTa;
a=201"0,51- 6e3pasmepHbIii KO3PHULNEHT; Y%=
0,84 - 0,87.

TBepaopacTBOpHOE YyMNpo4yHeHue [23] paccyu-
TbIBaeTCA CAeAyLWnmM 06pasom:

- ZLxict (5)

i=1
rge ki - KoahMuMeHT ynpouYHeHUA a-Kesesa npu

NernMpoBaHMM KakKuMM-Mbo 3neMeHTOM B Ko/sm4e-
ctBe 1 % (Mo macce) (3Ha4YeHMs LIS Pa3NYHbIX

Ta6nuuya 1

XapaKTepUCTUKN CTPYKTYPbI 1 CBOMCTB MOBEPXHOCTHOIO €nos ctanu P18
Table 1. Characteristics of the structure and properties of the surface layer of steel P18

CocTosiHue MukpoTsep- Pa3smep urn
A0CTb, MapTeHCUTa,
Ma MKM
Onxur + MO 57 0,01 - 02
Hannaeka + oTnyckK 5,3 2.6
Hannaeka + otnyck + 3O 5,3 _

XapakTepuctnka
CpegHuii CpegHwuii
O6bemMHast fons pa3vep pasmep
Kapbuaos Kapbuaos, 3epeH,
MKM MKM
0,42 2,90 - 3,30 -
0,44 0,08 - 0,35 7,0-22,5
0,33 0,010 - 0,045 0,10 - 0,25

MpumeyaHwue. [ns 3O B nocneaHeM cTonbLe NPYBEAEH CpeaHUii pasvep sueeK KpUCTam3auum.
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Mexanu3Mbl YIIPOYHEHHSI IOBEPXHOCTHOTO ¢J1051 cram P18
Table 2. Hardening mechanisms of the surface layer of steel P18

Tabnuma 2

XapakTepucTuka
Cocrostime G,.Ma | Osb | Go . MIa | G, MIla | G, MIa
MIla
Ormxur + MHUO — 693 88 —126 510 467
Hannaska + oTnyck 368 127 106 — 152 — —
Hannaska + ornyck + 3T10 - 620 186 — 256 — —
3NIEMEHTOB OMPEACIAIOTC dmrupuuccku [23, 27]); Beisoab!

C; — KOHLECHTpalMs BJICMEHTA, PACTBOPCHHOTO B
a-xenese (Imo mMacce).

B Tabn. 2 npuBeaeHbl pe3ynbTaThl PacUCTOB Me-
XaHHU3MOB YIIPOYHCHHS MOBCPXHOCTHOTO CJIOS CTa-
v Mapku P18 mocne paznuuHbBIX BUAOB 00paboTOK.

CpaBHHBas Pe3yIbTaThl, MPUBEACHHLIC B Ta0M. 1
U 2, MOYKHO 3aK/IIOYHTh, 4TO B ciaydac MUO mpeo6-
JAJA0IUMH MEXAHU3MAaMH VIIPOUHCHUS SIBIISTIOTCS
VOPOYHCHUE MIOJIBYATHIM MAPTCHCHTOM, JUCIOKA-
LUOHHOH CYOCTPYKTYPOH W TBEPABIM PACTBOPOM,
49T0 OOYCNABIMBACT BBICOKYIO TBEPIAOCTH IIOBEPX-
HocTHOro ¢rost craymu mMapku P18 (puc. 1). B cocros-
HHU «HAIlIaBKa + OTIYCK» OCHOBHBIM MEXaHU3MOM
ABIICTCS VIPOYHCHUE TPAHULAMH 3CPCH, & HIOJb-
YaTBIH MAapTEHCHT BHOCHT B 5,46 pa3 MEHBIIHH
Biiag, yem npu MHMO. Yactunpr Bropeix as mo
mozenu OpoBaHa JAIOT MCHBILIMHA BKIA, YEM HIIbI
MapTCHCHTA M TPAHULBI 3CPEH, YTO MOMKET OBITH
OOBACHCHO TEM, UTO IPHU PACUCTE B KAUYECTBE CPEa-
HETO PAcCTOSHUS MEXKIY YACTHLIAMH Opajcs pa3Mep
3EpeH, UTO HE COBCEM KoppektHo. Ecian menomp3o-
Batb opmyny ) _ g 0:_83 _1 [27], To cooTHOMmIE-

B/
vue (3) maer smaucHue 149 Mlla mis BHHTOBOM
aucnokaruu u 213 MIa ana xpacsoit AuCioKammy.
IMocrmeayromas IO mepepacupeacasieT BKIAIBI
MEXaHU3MOB ynpoucHusa. Haubonpmmii Bk Aa10T
SYCHKH KPUCTANIM3ALNH, BKIAJ KOTOPBIX Paccyu-
TaH no Gopmyne (2), U yacTULBl KapOUIHOU a3kl
Ecnu mposecTn pacyeTr mo COOTHOLICHHIO XOJIa-
[letua, To Bknax rpaHul 3epeH OVACT COCTABIAThH
~3,2 I'Tla. KoppexTuposka 3HaUeHHH Gor 1O paHee
MPHUBCACHHOW (GOPMYIIC MEXKYACTHIHOTO PACCTOS-
Hust 13 padotsl [27] gaet 220 u 314 Mlla. Hamuure
TAKUX HAMPSHKCHUN AacT OOBICHCHHE TOMY, YTO
MHKPOTBEPAOCTh OTHIYIIEHHOW ctaimu Mapku P18
nocie oOnyueHus He MeHsercs. IlpoeeacHue ana-
au3a BKIaJa TBEPAOPACTBOPHOrO YIPOUCHHS U
BHYTPCHHHX HANPDKCHHHA B NPOYHOCTH CTAITH
OCTIOXKHACTCSL TEM, YTO COOTBETCTBYIOLIHMC JAHHBIC
JUTSL PacueTOB B COCTOSIHUH TIOCIIC HAIUIABKH, OTITYC-
ka u IO orcyrcrByroT. Jas perneHus 31oit 3aaaxum
HEOOXOANMBI JOTIOTHUTCIBHBIC UCCIICIOBAHUSL.

CpaBHUTEIBHBIN aHATH3 CTPYKTYPHL, ($HazoBOro
COCTaBa M MCXaHWICCKHUX CBOMCTB OBICTPOPEKYILIEH
cramu Mapku P18 mocne MarHUTHO-UMIIYIBCHOH H
3JICKTPOHHO-IYYKOBOH 0O0OpabOTOK TMOKa3ad, dYTo
JAHHBIC BHIBI 00PabOTKH B 3aBHCUMOCTH OT PEXKH-
MOB HPHUBOJAT K CYLIECTBEHHBIM MPEOOpa3oBaHU-
sam. OOmmM st 3TUX 00pabOTOK SBISCTCS MPOTE-
KaHHE TPOLIECCOB BBHICOKOCKOPOCTHOM KPUCTAIH-
3aluM, U3MEJIBYCHUE KapOuaHbIX (a3 A0 MHKPO- U
HAaHOMETPOBOIO JUANA30HOB, & TAKXKC CPABHUMBIC
3HAYCHUSI MUKPOTBEPAOCTH TIOBEPXHOCTHBIX CIOCB.
Otnuune MexXay STHMHU BHAAMH 00pabOTOK 3aKITIO-
YaeTcsd B TOM, YTO B IOBEPXHOCTHOM CIOC MPH
3JICKTPOHHO-IYYKOBOH 00paboTke mpeodaaaroT
HAHOCTPYKTYPBl M, COOTBETCTBCHHO, OCYIICCTBILA-
IOTCSl Pa3HBIC MEXAHHM3Mbl YIPOYHCHIS: CCITH HPH
MAarHUTHO-UMITYJIbCHON 00paboTke mpeolbiaact
VIPOYHCHUE WUTTAMH MapTCHCUTA M AUCTIOKALMOH-
HOM CYOCTPYKTYPOH, TO MPH 3ACKTPOHHO-ITYIKOBOM
00paloTKE OCHOBHOH BKIAX B HPOYHOCTb BHOCAT
SMEUKH KPUCTAUIU3ALIHUU.
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K CBEAEHUIO ABTOPOB

C 22 wmrong 2023 1. xypHat «BectHuk CHOHUPCKOTO rocy-
JIAPCTBEHHOTO MHJyCTPUAILHOTO YHHBEPCUTETa» BKIIOUEH B
Tlepeuenp perieH3UPYEeMBIX HayUHbIX M3/[aHUH, B KOTOPBIX JIOJTK-
HBI OBbITH OIyOIMKOBAHBI OCHOBHBIE HAyYHBIE PE3YJIBTaTb JHC-
cepraryii Ha COMCKaHHE YUCHOM CTEIleHM KaHjujara HayK, Ha
COHMCKAHUE YUEHO CTEIeHH JJOKTOpa HAYK I10 CIIEIUaIEHOCTSIM:

1.3.8. Qusura xonoencuposannozo cocmoanus (Qusu-
KO-MamemMamuuecxue, mexuuuecxue),

2.6.1. Memannosedenue u mepmuseckas obpabomka
Memainnos i Ciasos (mexHuuecKkue);

2.6.2. Memannypaus uepHvix, yemuvix U peoKux me-
manios (mexHuueckue);

2.6.17. Mamepuanosedenue (mexnuuecxue).

B xypHare myOIUKYIOTCS OpPUIMHAIBHBIE, paHee HE
IIyOIMKOBABINMECS CTaThU, cojepskaipe Haubonee cyIie-
CTBEHHBIE PE3yIhTaThl HAyUYHO-TEXHUYECKUX 3SKCIICPUMEH-
TaJIbHBIX MCCIIE0BAHMUMN, a TakKe UTOTU PaboT IIpoGIEMHOTO
XapakTepa I10 CIIe/TyIOIIUM HallPaBICHHSIM:

— QU3UKA KOHOCHCUPOBAHHOLO COCMOAHUSA,
— UHPOPMAYUOHHbIE MEXHONOSUMU,

— Memanypaus 1 MamepuanoseoeHue,

— PecUOHANBHAA 1 OMPACTe8dst IKOHOMUKG.

K pykonmcu cneyer IpUIoKUTh PEKOMEH/IAITMIO COOT-
BETCTBYIOINIEH Kadeappl BRICIIEro yueGHOTO 3aBe/IeHHs, DKC-
MIEPTHOE 3aKITIOUYEHHE, Pa3pellieHHe PEKTOPa WK IIPOPEKTopa
BBICIIIETO YUeOHOTO 3aBeJIeHUS (I HeyUeOHOTO IIpeIpus-
THUSI — PYKOBOJIATEIS UM €TI0 3aMECTUTENS) Ha OITyOIIMKOBa-
HHE DEe3yJbTaToB paboT, BBHIIONHEHHBIX B JIAHHOM BY3€
(TIpeIPUSITHH ), ABTOPCKOE COTTIacCHe.

B peraxipro ciefyeT HalpaBisTh MaTepualbl CTaThd B
SIIEKTPOHHOM BHJIE U JIBa 3K3eMIULIpa TeKCTa CTaThi Ha GyMaxk-
HOM HocHTere. [l yeKopeHust Iporiecca perieH3sUpOBaHus! craTeit
SIIEKTPOHHBINA BapUaHT CTaThU U CKAaH-KOIIUK COIIPOBO/IUTENBHBIX
JIOKYMEHTOB PEKOMEH/TyeTCs HalpaB/LITh TI0 YIEKTPOHHOM TIouTe
o ajipecy e-mail: vestnicsibgiu@sibsiu.ru. 1Ipn HarpapneHHN
MATepHalIOB B PEAKIMIO HEOOX0 MO YKa3bIBaTh Pa3/IelL, B KOTO-
POM cTarhs OyJIET OITyOIIMKOBAHA.

Tabmmpl, Gubmrorpaduaeckuii CIMCOK U IO IPUCYHOU-
HBIM TEKCT ClielyeT IPE/ICTaBIITh Ha OTAEIbHBIX CTPaHHUIIAX.
B pykormcu HeoOX0 MO CJIeNaTh CChUIKU Ha TaOlHIIbI, PHU-
CYHKU U JIUTepaTypHbIE NCTOUHUKY, IIPUBE/ICHHBIE B CTATHE.

Wnmoctparivy Hy>KHO TIPeJICTaBIBITh OT/IENBHO OT TeKeTa Ha
Hocurene nHpopMariy. [loscHUTeNbHbIE Ha/IIMCH B WUTIOCTpa-
IVSIX JIOTDKHBT OBITH BBIIONMHeHB! MiprdToM Times New Roman
Ttalic (rpeueckue GyxBhI — TpudToM Symbol Regular) pazmepom
9. ToHOBbIe M300paKeHUsL, Pa3MeP KOTOPBIX HE JIOJDKEH IPEBHI-
mars 75%75 vM ((oTorpadum U apyrue m300paKeHws, coep-
JKalllie OTTEHKH YEPHOrO I[BeTa), ClefyeT HAalpaBiLilh B BUJIE
pactpoBbIx Tpadreckux ¢aitioB (popmaroB *bmp, *jpg,
* gif. * tif) B IBETOBOH IMKasle «OTTEHKU CEPOTOY C PasperTicHueM
He MeHee 300 dpi (Touek Ha mrotiv). ITITprxoBble pUCYHKY (Tpa-
¢buxy, GIOK-CXeMbI M TJI.) CIEAyeT NPEJCTaBISITh B «UEPHO-
Gemoti» mKare ¢ pasperieHreM He MeHee 600 dpi. Ha rpaduxax
HE Hy)XHO HAHOCUTH JIMHWM CETKH, a 3KCIICPHUMEHTATLHBIE WIH
pacueTHple TOUKH (Mapkepbl) Oe3 KpaltHel HeoOXO[MMOCTU He
«3amMBaTh» 4epHbIM. 1[ITpUXOBBIE DHCYHKW, CO3JAHHBIE IIPU
TIOMOIIHA pacIpocTpareHHpx mporpamm MS Excel, MS Visio u
JIp., CIeyeT IPe/ICTaRIsITh B (hopMaTe UCXOJHOTO TIPUIIOKEHUS
(*.xls, *.vsd u s1p.).

ITprdroBoe odopmiIeHre GI3UUECKIX BEMUMH. JTATUHCKHES
GYKBBI B CBETNIOM KYPCHBHOM HAUePTaHUH, PYCCKUE U TPEUECKUe
— B CBETVIOM IPSIMOM. UHCITa U €/[MHHUIIBI M3MEPEHUSI — B CBETIIOM
TpIMOM HauepTaHud. Oco0oe BHUMaHHUE clieflyeT oOpaThIb Ha
IPaBWIEHOE M300paKEeHHE MHJIEKCOB U TTOKa3aTeNell CTerieHed.
OopMyITEI HAGUPAIOTCS ¢ TIOMOTITHIO PeIaKTOpoB GopMyt Equatn
nm Math Type, macrrab gopmyn gormker 6erms 100 %. Mac-
mTal yCTAaHABIMBACTCS B JUATOTOBOM OKHE «DopMar 0OBeKTay.
B penaxrope QopmyIt i1 TaTUHCKIX U IPedecKux OYKB HUCIIOINb-
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30Bath cTWh «Matemardeckumity («Mathy), @11 pycckux —
crub «Texer» («Text»). Pazmep 3amaercs criieM «OObMHBI
(«Fully), w1 crereHet u nHmeKcoB — « KpymHbIit urpexe / Mern-
ki mHeke» («Subscript / Sub-Subscripty). HemoryctimMo wic-
TIONH30BAaTh CTIh «J[pyroi («Other»).

HeoGxommo u3derars MOBTOPEHUS OJHUX U TEX K€ JaH-
HBIX B Tabmurax, rpadukax U Tekcte craTthd. O6heM CTaThi
He JIOJKEH IpeBhInarh 18 — 20 crpaHull TeKcTa, HalleyaTaH-
Horo mpudToM 14 yepes monTopa HHTEPBANIA.

Pyxormcs j1o;mkHa ObITh TIATEILHO BBIBEPEHA, TIO/IIHCAHA
aBTOPOM (TIPY HATUYUH HECKOJIBKUX aBTOPOB, UHCIIO KOTOPBIX HE
JIOJDKHO TIPEBBITIATH IIITH, — BCEMH aBTOPaMK); B KOHIIE PYKOIIH-
CH YKa3BIBAIOT TIOITHOE Ha3BaHUE BBICIIETO YUeOHOTO 3aBE/ICHIS
(tipempustTvst) U Kadephl, aTy OTIIPaBKU PYKOICH, a Takke
TIONHBIEe cBefieHus o KaxzoM aprope (OJ1.0., mecto paGoThL
JIOJDKHOCTD, YU€Has CTEIleHb, 3BaHUE, CITy>KeOHbI U JOMAIHUH
afgpeca ¢ TIOYTOBBIMU WHjekcamu, Teredon, e-mail, ORCID).
HeoGxommo ykazarh, ¢ KeM BECTU IIEPETIHCKY.

[Tutupyemyro B cTaThe JIUTeparypy clenyer JaBarh 00-
UM CIIMCKOM B IIOPS/IKE YIIOMUHAHUS B CTaThe ¢ 0003Have-
HHEM CCBUIKH B TeKCTe IOpsIKoBol 1udpoii. [lepeuens -
TepaTypPHBIX UCTOYHUKOB PeKOMeH/TyeTcs He MeHee 20.

butnuorpaduueckuii crmcok 0GOPMIBIFOT B COOTBET-
cteum ¢ [OCT 7.0.100 — 2018: a) jurst KHUT — GaMIITAN ¥ MHU-
IIHAITB] aBTOPOB, TI0JIHOE HA3BaHUE KHUTH, HOMEpP TOMa, MECTO
W3/IaHYSL, U3/IaTeNbCTBO U TOJ[ M3/IaHMs, 0OIIee KOMHIECTBO
cTpanuIr, O) I KyPHAIBHBIX cTaTel — GaMUIUU Y MHUIAAIBI
aBTOPOB, ITIOJHOE HAa3BaHWE KypHAIa, Ha3BaHUE CTaThbH, T'OJL
W3/IaHUS, HOMEp TOMa, HOMED BBIIYCKa, CTPAHUIIBI, 3aHITHIC
cTarThel, B) I cTarelt n3 COOPHUKOB — (DaMIIIMU U MHUIAAITBI
aBTOPOB, Ha3BaHHE COOPHMKA, HA3BaHWE CTATHH, MECTO H3/a-
HUSL, W3/IaTENBCTBO, TO/] U3/IaHHS, KOMY IIPHHAIIICKUT, HOMED
W BBIIYCK, CTPAHUIIBL, 3aHATHIC CTATHEH.

WuocTpaHHble QaMUIMK ¥ TEPMUHBI CIIEAyET JaBaTh B
TEKCTe B PYCCKOM TpaHCKpUINMHY, B OHOMHOrpadmdecKkoM
cIMcKe (aMIIMK aBTOPOB, IONTHOE Ha3BaHHE KHUT U KypHa-
JIOB IIPUBO/IAT B OPUTMHAIBHON TPAHCKPHIIIINH.

CChUIKY Ha HEeOITyOJIMKOBaHHbIE paboThI HE JIOITYCKAOTCSL.

K crathe momKHBL OBITH IIPHIIOKEHBI aHHOTAIMSL 00he-
MoM 200 — 250 clI0B, KIIFOYEBHIE CIIOBA.

B xoHIle crarbu HEOOX0AUMO TIPUBECTH Ha aHTTIUICKOM
s13pIKe: Ha3BaHue crarbu, ®.1.0. aBTopoB, MecTo UX paboTHI,
AHHOTAITUIO U KIIOUEBHIE CIIOBA.

Kpatkue cooOmieHust OKHBl UMETh CaMOCTOSTEIFHOE
HAay4YHOE 3HAUCHUE U XapaKTepU30BaThCs HOBU3HON U OPUTH-
HaIbHOCTHIO. OHM TIpefHa3Ha4YeHb! It IyOIUKaIlid B OC-
HOBHOM aCIIMPaHTCKUX padoT. OObeM KpaTKUX COOOIICHUMA
HE JIOJDKEH IIPEBBITIATh JIBYX CTPAHMI] TeKCTa, HalledaTaHHO-
ro mpudTrom 14 Hepes TonTopa UHTEpPBaIa, BKIIOUAs TaOTH-
161 ¥ Gubimorpadudeckuit crwicok. 1o 3aro1oBKOM B cKoG-
Kax cleJyeT yKaszaTb, YTO 3TO Kparkoe coolrenue. Jlomyc-
Kaercs BKIIOUEHUE B KpaTKoe COOOITIEHHE OJIHOIO HeCIOX-
HOTO PUCYHKa, B STOM CIlyuae TEKCT JOKeH OBITh YMEHb-
mied. [puBojuTh B 0JHOM COOOIIEHHH OJHOBPEMEHHO Tal-
JMITY Y PUCYHOK HE PEKOMEH/TyeTCs.

KormiectBo aBTOpOB B KpaTkoOM COOOIICHUN JIOJBKHO ObITh
He Gonee Tpex. TpeGoBaHus K 0QOPMISHHIO PYKOICEH 1 Heo6-
XOJMMOH JIOKYMEHTAI UM T e, UTO K OQOPMIICHHUIO CTaTei.

Koppextypsl cTareii aBTopaM, Kak IIPpaBUIIO, HE TIOCHUIAIOT.

B ciryqae Bo3BpalleHUs CTaTbU aBTOPY IS UCIIPaBIIe-
HUS (WK [IPY COKPAITICHUH) JAaTOH IIPEeCTABICHUS CUHUTaeT-
Cs1 JIeHb TIOJTyYEHUS] OKOHYATEITBHOT'O TEKCTa.

CTaThy, IOCTYIAIONE B PEJAKIMIO, IIPOXOIT Iiac-
HYIO PEIEH3HIO.

Crareit XypHala uHjekcupyroress B PUHI, ripesicraBiieHsl
Ha caifrax https://vestnik sibsiu.rw/ u https://www.sibsiu.ru B paz-
Jerne Hayka u mnHOBarmu (Ilepuospeckue HaydHbIE M3aHUS
(CKypnan «Bectauk Cubl 1Y »).
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TO THE AUTHORS ATTENTION

On June 22, 2023 the journal, “Bulletin of Siberian State
Industrial University” was included in the List of peer-
reviewed scientific editions. The journal should publish the
main scientific results of dissertations for the degrees of Can-
didates and Doctors of Sciences in following specialties:

1.3.8. Condensed matter physics (physical and mathe-
matical; engineering);

2.6.1. Metallurgy and heat treatment of metals and al-
loys (engineering);

2.6.2. Metallurgy of ferrous, non-ferrous and rare met-
als (engineering);

2.6.17. Materials science (engineering).

The journal “Bulletin of the Siberian State Industrial
University” received K2 category.

The journal publishes original, previously unpublished
articles containing the most significant results of scientific
and technical expermmental research, as well as the results of
problematic work in the following areas:

— Condensed matter physics;

=1T;

— Metallurgy and materials science;
— Regional and sectorial economics.

The paper should be accompanied by the recommenda-
tion of the relevant department of the higher education insti-
tution, expert opinion, permission of the rector or vice-rector
of the higher education institution (for a non-academic enter-
prise - the head or his deputy) to publish the results of the
work performed in this university (enterprise), author's con-
sent.

The editorial office should receive the materials of the
article in electronic form and two copies of the text of the
article in hard copy. To speed up the review process, it is
recommended to send the electronic version of the article and
scanned copies of accompanying documents by e-mail to
vestnicsibgiu@sibsiv.ru. You should indicate the section in
which the article will be published before sending materials
to the editorial office.

Tables, reference list, and captions should be presented
on separate pages. You need to make references to tables,
figures and references cited in the article.

Tllustrations should be presented separately from the
text. Explanatory inscriptions in illustrations should be made
in Times New Roman Italic font size 9(Greek letters - in
Symbol Regular font). Gray-scale mages, the size of which
should not exceed 75x75 mm (photographs and other images
containing shades of black), should be sent as raster graphic
files (formats *bmr, *jpg, *.gif,*tif) in the color scale
“shades of gray” with a resolution of at least 300 dpi. Stroke
drawings (graphs, flowcharts, etc.) should be presented in
"black and white" scale with a resolution of at least 600 dpi.
You do not need to draw grid lines on the graphs, and to
“fill” black experimental or calculation points (markers)
without absolute necessity. Stroke drawings created using
common programs MS Excel, MS Visio, etc., should be pre-
sented in the format of the original application (*.xls, *.vsd,
etc.).

Typography of physical quantities: Latin letters in light
italic, Russian and Greek letters in light straight type. Num-
bers and units of measurement are in light-colored straight
type. Particular attention should be paid to the correct repre-
sentation of indexes and degree indicators. Formulas are
typed with the help of formula editors’ Equatn or Math Ture,
the scale of formulas should be 100%. The scale is set in the
Format Object dialog box. In the formula editor, use the
“Math” style for Latin and Greek letters, and the “Text” style
for Russian letters. The size should be “Full”, for degrees and

indexes — “Subscript / Sub-Subscript™. Do not use the "Oth-
er" style.

It is necessary to avoid repetition of the same data in ta-
bles, graphs and the text of the article. The volume of the
article should not exceed 18 — 20 pages of text, printed in font
14 at one and a half intervals.

The manuscript should be carefully checked, signed by
the author (if there are several authors, the number of which
should not exceed five — by all authors). At the end of the
manuscript indicate the full name of the higher education
institution (enterprise) and department, the date of submis-
sion of the manuscript, as well as complete information about
each author (full name, place of work, position, academic
degree, title, office and home addresses with postal codes,
telephone, e-mail, ORCID). It is necessary to indicate with
whom to correspond.

References cited in the article should be given in a gen-
eral list in the order of mentioning in the article, with the
reference in the text indicated by a serial number. The list of
literature sources is recommended no less than 20.

The references shall be arranged in accordance with
GOST 7.0. 100 — 2018: a) for books — surames and initials
of authors, full title of the book, volume number, place of
publication, publisher and year of publication, total number
of pages; b) for journal articles - surnames and initials of
authors, full title of the journal, title of the article, year of
publication, volume number, issue number, pages covered by
the article; c¢) for articles from collections — surmames and
initials of authors, title of the collection, title of the article,
place of publication, publisher, year of publication, to whom
it belongs, number or issue, pages covered by the article.

Foreign names and terms should be given in the text in
Russian transcription. In the references, the names of authors,
full names of books and journals should be given in their
original transcription.

References to unpublished works are not allowed.

The article should be accompanied by an abstract of 200
— 250 words and key words.

The title of the article, full name of the authors, place of
their work, abstract and key words should be given in English
at the end of the article.

Short reports should have independent scientific value
and be characterized by novelty and originality. These are
mainly meant for the publication of postgraduate papers.
Short reports should not exceed two pages of text, typed in
14-point font at one and a half intervals, including tables and
bibliography. It should be indicated in brackets under the title
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