MuHHUCTEPCTBO HAYKH M BBICLLIET0
odpa3oBanus Poccuiickoii ®egepanun

Hayunblii sKypHaJ

BECTHHUK

Cubupckoro
rocy1apCcTBEeHHOI 0
HHIYCTPHAJIBHOTO
YHHMBeEpCHUTETA

Ne 1 (43), 2023

OchoBad B 2012 roay
Brixoaut 4 pasa B rox

Yupeaurenn:

DenepanbHOE rocy1apcTBEHHOE OO KETHOE 00pa-
30BaTENBHOE YUPEKICHNE BEICIIIETO 00pa30BaHUS
«CubupcKuil rocy1apCTBEHHBIH MH/Y CTPUAIbHBIN
YHUBEPCHUTET

Penakumonnast kosierus

Konosainos C.B.
(TIaBHBIN peakTop)
3anonsckas E.M.
(OTB. cekpeTapb)
Arees E.B.
Benoden C.41.
Bypxos B.H.
Bypxosa U.B.
I'peunukos @.B.
I'pomos B.E.
Janmnos B..
ees B.b.
Jayalakshmi S.
XKepebuor C.B.
3axapoBa A.A.
3arenskun O.A.
3epkans C.M.
3umuH A.B.
Koran A.b.
Komy0aeB E.A.
Komneun B.B.
Hexopomwesa JI.H.
Ocxkonkosa T.H.
ITantenees B.1.
Ilerposa T.B.
Singh R.A.
Pribenko N.A.
Cumuenko H.A.
Siddiquee A.N.
Cwmarun B.U.
Crpuxak ILA.
Cynranrysus U.A.
Temnsuues M.B.
Xam3zaeBa A.M.
Chen X.
Yexonanckux A.B.
wurmox A H.
IOnmames H.X.
IOpreB A.B.

ISSN 2304-4497

COJEPKAHME

OU3UKA KOHIEHCUPOBAHHOTI'O COCTOAHUA

CepeOpsikoBa A.A., 3aryasies /.B., lllnspos B.B., I'pomos B.E.
Bnusiaue marmutHOoro mons uHayknueilt 0,4 Tin Ha minacTuueckue
[63:10) % (o3 : - 0315 0501 ¢: 1K ©F 3
Hesckmnii C.A., CapbiueB B.Jl., I'pomoB B.E. KomOuanpOBaHHBIE
THAPOJMHAMHYIECKAE HEYCTOMYMBOCTH M WX pOJb B 0Opa3oBaHMHU
MHKpPO- U  HAHOCTPYKTYp  MAaTEpHaloB MpPH  IUIa3MEHHBIX
BOBJEHCTBHISIX ... euveeteiiiit it et e e 10
3opsa U.B., Iloneraes I'.'M. ATOMHbIE MEXaHU3MbI MUTPAIIUH Ipa-
Hu1 HaknoHa <100> u <111> Ha IpUMepPe HUKEIS.......ovueennenn.. 17

Gudala S., Konovalov S., Ramesh M.R., Panchenko I. A Compar-
ative study on nickel-based alloy composite claddings prepared by
tungsten inert gas and microwave hybrid heating techniques...... 24

HoBukos E.Il., Kpyraskos O.B., AreeBa A.E. Pa3smep 3epna
3JIEKTPOKOPYH/A, CHEYEHHOTO U3 JHCIEPTHPOBAaHHBIX OTXO/OB
amomMuHus Mapk AZIOE. ... 33

NHO®OPMAIIMOHHBIE TEXHOJIOI'MHA

BbuiukoB A.I'., KuceneBa, T.B., Macaosa E.B Hcnonbs3oBanue
CBEPTOYHBIX HeifpoceTeil 11 kinaccupuKkauy n300pakeHu . . ... .. 39

METAJLTYPTUSA U MATEPUAJIOBEJEHUE

I'anues U.H., AmMunoexoBa M.C., HaBpy3os X.P., JmoB b.b.,
Mymanoesa M.M. Biusnue 100aBOK IIMHKa Ha TEMIIEPATypHYIO 3a-
BUCHUMOCTb TEIJIOEMKOCTH W W3MEHEHHH TEPMOJUHAMUYCCKUX
(hyHKIMH CBHHIIOBO-CYPBMAHOTO caBa CCy3. ..., 50
HUBanoB C.I'., I'ypseB A.M., JIvirgenoB B./1., I'ypseB M.A. Mop-
tomorust u (azoBeIli cocTaB IUGPHY3HOHHOTO OOPUAHOTO CIOS Ha
OCHOBE METAIIOTPaGUIeCKOro aHAIN3a CTAT 45.......ovevenne.. 59

YymaeBckuii A.B., Ilanduios A.O., 3pikoBa A.Il., Pyouos B.E.,
KusikeB E.O., OcunoBuu K.C., Cemenuyk B.M., Yrsaranosa
B.P., HuxkonoB C.IO., JloopoBoabckuii A.P., Koaybaes E.A.
®dopmMupoBaHue HEOJAHOPOAHOCTEH U NE(PEKTOB B CTPYKTYpE KOMIIO-
3UIMOHHBIX MaTEPHAIOB U (DYHKIIMOHAIBLHO-TPAIUCHTHBIX OMMETAlI-
JMYECKUX U3MENHH, TOTYIEHHBIX METOIOM IPOBOJOYHOM JIEKTPOH-
HO-JTyYEBOH aIUTHBHON TEXHOOTHH ... .. uvenrennennenreensreenineneneenss00


https://swsu.ru/structura/up/fiu/atsip/ageev-e-v.php
https://mai.ru/education/studies/institutes/imtm/staff7/?referer=https%3A%2F%2Fwww.google.com%2F
https://www.ipu.ru/node/118
https://ssau.ru/staff/63172001-grechnikov-fedor-vasilevich
https://ru.wikipedia.org/wiki/%D0%93%D1%80%D0%BE%D0%BC%D0%BE%D0%B2,_%D0%92%D0%B8%D0%BA%D1%82%D0%BE%D1%80_%D0%95%D0%B2%D0%B3%D0%B5%D0%BD%D1%8C%D0%B5%D0%B2%D0%B8%D1%87
http://www.ispms.ru/ru/persons/37/
https://www.rudmet.ru/page/Deev_Vladislav_Borisovich/?language=ru
https://bsuedu.ru/bsu/info/pps/?users=FE86C628-61AE-E511-BA2D-08002789A2E0
https://directory.tusur.ru/people/4641
https://www.sibsiu.ru/prepodavateli-i-sotrudniki/?ID=1135
https://ciu.nstu.ru/kaf/persons/88924/
https://www.sibsiu.ru/prepodavateli-i-sotrudniki/?ID=1335
http://www.ispms.ru/ru/persons/67/
https://ieu.kemsu.ru/kafedra-buhucheta
http://bseu.by/russian/faculty2/department4.htm
https://www.sibsiu.ru/prepodavateli-i-sotrudniki/?ID=338
https://www.sfu-kras.ru/sveden/employees/teaching-staff?letter=zD0z9F
https://www.sibsiu.ru/prepodavateli-i-sotrudniki/?ID=53
https://www.sibsiu.ru/prepodavateli-i-sotrudniki/?ID=466
https://ieu.cfuv.ru/kafedra/51
https://persona.tsu.ru/Home/UserProfile/1669
https://staff.tpu.ru/personal/employee?lid=5780
https://mpei.ru/Structure/Universe/peep/structure/ihes/Pages/staff.aspx
https://www.sibsiu.ru/prepodavateli-i-sotrudniki/?ID=350
http://jdxy.wzu.edu.cn/info/1543/14324.htm
https://ciu.nstu.ru/kaf/persons/734/
http://www.itam.nsc.ru/structure/administration/shiplyuk.html
https://scholar.google.com/citations?user=_A_WGL8AAAAJ&hl=ru
https://www.sibsiu.ru/prepodavateli-i-sotrudniki/?ID=339

Ockoaxopa T.H. HccnenoBanue cTpyKTypsl U CBOMCTB NMOBEPXHO-
cti TBepaoro ciaBa BK10KC mociie ByXKOMITOHEHTHOH 3JIEKTpo-
B3PBIBHOM 00pPa0OTKH C CHHTCTHIECKIMHA AJIMA3AMH. ................ 76
Arif M., Malik W., Mir M.A., Ahmad T., Lone N.F., Siddiqueeb
A.N. Green welding: exploring the environmental and health benefits
of friction stir welding over conventional welding methods.............83
Ban 1., KonoBajio C.B., Ysn C., [lanuenko U.A., Kotox M.M.
HccnenoBanne BIMSHHS TEPMHYECKOH 0OpaOOTKM Ha CIUIABBI CH-
crembl Cu — Al, mosy4eHHbIE TPOBOJOYHO-AYTOBBIM aIUTHBHBIM
CIIOCOOOM ...ttt et et ettt ettt et ettt 89
Arees E.B., Kpyruasikos O.B., Iloganos B.O. Ilopucrocts xapo-
MIPOYHOTO CIIJIaBa, U3rOTOBJICHHOTO MCKPOBBIM IUIA3MEHHBIM CIIEKa-
HHEM HHKEJIEBOTO ITOPOMIKA, ITOJYIEHHOTO 3JIEKTPOINCIEPTUPOBa-
HUEM CIUIABA JKCOY B BOME. ..ttt 98

PEI'’MOHAJIBHAA 1 OTPACJIEBASI SKOHOMHUKA

Hanuéxosa T.K., ITuruna T.H. IIpakTudeckue acrekTsl HOBbIIIE-
HUsL 9P PEKTHBHOCTH MPOU3BOICTBEHHOH CTpATEeruy MPOMBILIUICH-
HBIX TPEIIPHSITHA PETHOHA . .. ..venttntenteteaneennenneaneennenneennnn 104
Ilepexpect H.B., 3atensakun O.A. Teoperuyeckue MOIXOIBI K
OTIPEJICTICHUIO TIOHATHUS YCTOMYMBOTO Pa3BHTHS TOPHOJOOBIBAIOIIE-
OB IRIS 005026 0¥ 26 S N 116

K CBEIEHUIO ABTOPOB.......ouiiniiniinitiiteiaieieeeeneeeenans 126

Kypnan 3apeructpuponat B Dejie-
pasbHOII ciyx0e 1o Haa30py B cdepe
CBSI3M, HH(GOPMAITUOHHBIX TEXHOJIO-
TMH Y1 MacCOBBIX KOMMYHUKAIUI
(Pockomuamsop).

CBUIIETENBCTBO O PErHCTPALINU:
I Ne ®C77-77872 ot 03.03.2020 1.

AJpec perakuum:

654007, Kemepogrckas o6, — Ky3-
6acc, r. HoBoky3Henk, LleATpanbHbii
paiion, yn. Kuposa, 31. 42, Cubup-
CKHMH rOCyJapCTBEHHBIM HHyCTpU-
aJIbHBIM YHUBEPCUTET

ka0. 433 M

Ten. 8-3843-74-86-28

http: www.sibsiu.ru

e-mail: vestnicsibgiu@sibsiu.ru

Anpec uziareJs:

654007, Kemepogrckas 061. — Ky3-
0acc, r. HoBoky3Henk, LleHTpaiibHbIi
paiioH, yn. Kupoga, 371. 42, Cubup-
CKHIl rOCYJapCTBEHHBIM HHIYCTpU-
aJIbHBIM YHUBEPCUTET

kab. 336

Tein. 8-3843-46-35-02

e-mail: rector@sibsiu.ru

Anpec Tunorpapumn:

654007, Kemepogrckas o6, — Ky3-
0acc, r. HoBoky3Henk, LleHTpanbHbIii
paiion, yn. Kuposa, 31. 42, Cubup-
CKMI roCyJapCTBEHHBIM HHIyCTpU-
AIbHBIA YHUBEPCUTET

kab. 280 I

ten. 8-3843-46-44-02

IMoanucHbIe HHACKCHI:
OOBeIMHEHHBIH KaTajor «Ypai-
[Ipece» — 41270

[loanucano B mevyatb
31.03.2023 r.
Brixon B cBeT
31.03.2023 1.

®dopmar 6ymaru 60x88 1/8.
Bbymara nucuyas.
Ileuats odcerHast.
Vcen.neu.n. 6,8.
Vy.-u3n.a. 7,4.
Tupax 300 3x3.
3aka3 Ne 57.

Ilena cBobogHAS



OPU3UKA KOHAEHCUPOBAHHOI'O COCTOSAHUA
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BJIMAHUE MATTHATHOI'O ITOJIA VUHJIYKIIAENA 0,4 Ta
HA IINTACTUYECKHUE CBOUCTBA CBUHIIA C2

© 2023 r. A. A. CepeoOpsikoBa, /. B. 3aryasies, B. B. lllnspos, B. E. 'pomos

Cubupcknii rocyaapcTBeHHbIf MHAycTpHadbHbI yHuBepcuter (Poccus, 654007, Kemepockass 001 —
Kys6acc, HoBoky3sHerk, yin. Kupoga, 42)

Annomayusn. B paboTe MpoBEICHBI UCCIICIOBAHMS JUHAMUKY Je(hOPMAIIMOHHBIX XapaKTePUCTUK TEXHUUECKH YHCTOTO
cBuHIa Mapku C2 moJ BIAMSHHEM IOCTOSIHHOTO MAarHUTHOrO Moy ¢ MarHuTHoW wuHaykuued 0,4 To.
BrImonmHeHBI MeXaHWYEeCKHEe HCIBITAaHWSA Ha II0JI3yYeCcTh, M3MEPEHa MHKPOTBEPIOCTh OOpas3IoB CBHUHIA B
HCXOJHOM COCTOSIHUH (0e3 BO3IEHCTBHSA MarHUTHOTO TIOJIS) U TIPU BO3ICHCTBUH BHEIITHETO MAarHUTHOTO TIOJIA.
[lo pesynpTaTaM O3KCIIEPUMEHTOB IIOCTPOCHBI Ie(QOPMAIIMOHHBIC KPHUBHIC ITON3YYECTH M 3aBHCHMOCTU
MHKpPOTBEPJOCTA OT BPEMCHH BBIACPKKH B MAarHUTHOM Moje. OmpeieneHsl CTaIuu No3ydecTd. BrispieHa
JMUHEHHAs CTaiWs, Ha ydacTKe KOTOpOi OBLI MpOBENeH pacdeT CKOPOCTH MOJN3YYECTH CBHHIA 10 U TOCIE
MPUMEHEHHS BHEIIHEr0 MAarHUTHOTO TOJSl. YCTAHOBJIEHBI KOJIMYECTBEHHBIE W3MEHEHHS HCCIEAYEeMBbIX
xapaktepucTuk. I[log BIMSHMEM MAarHUTHOTO TIOJNSL MPOM3ONUIO 3HAYUTENHHOE CHIDKEHHE CKOPOCTH
non3yuecTr. OTHOCUTENBHOE OCTATOYHOE Y/UIMHEHHE 00pa3loB, pa3pylIEHHBIX B MpOIecce MONM3YyYECTH MPH
BO3/ICHCTBUM MAarHUTHOTO TOJIsA, CHU3WICS. VccnemoBan HavyaiabHbIA 3(P(EKT BIMSHMS MArHUTHOTO TIOJISA C
unaykiueit 0,4 Tn Ha MHUKPOTBEPIOCTh CBHHIIA: MHUKPOTBEPAOCTh HCCIEAYEMBIX OOpa3IOB YBEINYMBAETCS.
VYBenmuueHne BPEMEHH BBIICP)KKH B MAarHATHOM TIOJI€ HE TIPHBOAUT K CYIIECTBCHHBIM HW3MCHEHHSIM
MHUKpPOTBEPJIOCTH CBHHIA. MaKcHMallbHOE YBEIMUYCHHE JTOCTUTHYTO TOCIE SKCIO3UIMHA B MarHUTHOM IIOJIC B
TedeHne | 4. BEIABICHA KOppeIsus W3MEHCHHH CKOPOCTH TOJ3YYECTH W W3MEHEHHH MHUKPOTBEPIOCTH
MaTepuaa, oJIBEprHyToro BO3A€UCTBUIO MAarHUTHOIO TOJIs ¢ MarHUTHOM nHaykuuein 0,4 Ti.

Kniouegvie cnoga: cBUHEL, MarHUTHOE T10JIE, TI0JI3y4eCTh, MUKPOTBEPAOCTh, CKOPOCTh MOI3Y4ECTH, fedopmanns
QDunancuposanue: PaboTa BHIIIONHEHA B paMKax rocyaapcTBeHHoro 3aganus Ne 0809-2021-0013.

Brazooapuocms. ViccnemoBaHusi BbIMONHEHBI B I[eHTpe KOJUICKTHMBHOTO II0JIb30BaHUS «MaTepuaioBeICHHUE)
OI'BOY BO «Cubl'1Y ».

Jna yumuposanusn: CepebpsikoBa A.A., 3arynseB /[.B., lllmapor B.B., I'pomoB B.E. BmusiHue MarHWTHOTO TOJIS
manykimedn 0,4 Tn Ha miactuueckue cBoiictBa cBuHIla C2 / BectHuk CHOMPCKOTO TOCYAapCTBEHHOTO
uHAycTpHanbHoro yauepeutera. 2022. Ne 1 (42). C. 3-9. http://doi.org/10.57070/2304-4497-2023-1(43)-3-9

Original article

INFLUENCE OF THE MAGNETIC FIELD WITH AN INDUCTION OF 0.4 TL ON THE
PLASTIC PROPERTIES OF C2 LEAD

© 2023 1. A. A. Serebryakova, D. V. Zaguliaev, V. V. Shlyarov, V. E. Gromov
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Russian Federation)
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Abstract. The paper studies the dynamics of deformation characteristics of technically pure C2 lead under the

influence of a constant magnetic field with magnetic induction of 0.4 T. Mechanical creep tests were
performed, the microhardness of lead samples was measured in the initial state (without the influence of a
magnetic field) and under the influence of external magnetic field. Based on the experimental results, creep
deformation curves and the dependence of microhardness on the exposure time in a magnetic field are
constructed. The stages of creep are determined. A linear stage was identified, at the site of which the creep
rate of lead was calculated before and after the application of an external magnetic field. Quantitative
changes in the studied characteristics were established. Under the influence of the magnetic field, there was a
significant decrease in the creep rate. The relative residual elongation of samples destroyed during creep
under the influence of a magnetic field decreased. The initial effect of the influence of a magnetic field with
an induction of 0.4 T on the lead microhardness is investigated: the microhardness of the studied samples
increases. An increase in the holding time in the magnetic field does not lead to significant changes in the
lead microhardness. The maximum magnification is achieved after holding in the magnetic field for 1 hour.
The correlation of changes in the creep rate and changes in the microhardness of the material exposed to a

magnetic field with magnetic induction of 0.4 T was revealed.

Keywords: lead, magnetic field, creep, microhardness, creep rate, deformation
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Beenenue

W3BecTHBI  paznmuuHBle  CHOCOOBI  W3MEHEHUS
CBOVCTB MAaTepHAIOB TIPH HCIIOIH30BAaHUN BHEITHUX
SHEPreTUUECKUX BO3ACHCTBUM. OMHUM M3 CIOCOOOB
SIBIISICTCS BO3JICHCTBUE MarHUTHBIM TojieM [1 — 3], ko-
TOpOe, KaK TOKa3bIBAIOT HCCIIEOBAHUS, CIIOCOOHO
BIIMSITH Ha CTPYKTYPY U CBOICTBA METAJIJIOB U CIIJIABOB
[4, 5]. IlpuMeHEeHHE TMOCTOSHHOTO MATrHHUTHOTO OIS
TO3BOJISIET YTIPABISATH MEXaHWYECKUMHU CBOHCTBAMHU
(IPOYHOCTH, TIACTUYHOCTD, TBEPJIOCTh) U TIPOIIECCAMH
TUIACTHYECKOH edopmarinu Matepuaia [6 — 9]. Panee
OB HWCCIIE/IOBaHBI TIPOIIECCHI TOJ3YYECTH CIIaBOB
ATIOMHUHUS, MEAU U Apyrux metamwios [10 — 13]. He-
(hopMalIOHHOE TIOBEAECHHWE TEXHWYECKH YHCTOTO TIO-
JIMKPHUCTAJUTMYECKOTO CBMHIIA TIPY BO3AEHCTBHM Mar-
HUTHOTO 1071 110 1 Tit ocTaeTcs Maon3y4eHHBIM.

B Hactoseii pabote n3ydaercss U3MEHEHHE MHK-
POTBEPAOCTH W IUIACTUYHOCTH CBHHIIA B IIPOLIECCE
MOJI3YYECT TOJ BIMSHAEM MAarHUTHOTO IONSI C HH-
nykipen 0,4 Tin. B npenpiaynmx sxcrnepuMenTax [14]
ObUIO MpPUMEHEHO MarHuTHoe Tonie ¢ MmeHblei (0,3
Ti) vHAYKIMEH ¥ ObUTO YCTAHOBIICHO, YTO TIPOUCXOJTUT
YBEJINYEHNE CKOPOCTH MOM3y9IeCcTH CBUHIA Ha 87 % 1o
CPaBHEHHIO C MCXOIHOM CKOpPOCTBIO, TIOKa3aHa JIIHA-
MHKa OTHOCHTEIFHOTO OCTATOYHOTO YIJIMHEHUs 00-
Pa3LoB, pa3pyIICHHBIX 0e3 BO3ACHCTBHUS U MO BO3ACH-
ctBreM MarHutHoro moinsi. Ilo cpaBHEHMIO ¢ HMCXOA-
HBIM 3HaueHHeM nedopMaliys yMeHbImiack Ha 1,57
%. VccnenoBanusi MO3BOJIMIN BBIABUTH 3(EKT BIHUS-
HHSI MAarHUTHOT'O TIOJIST HA MUKPOTBEPAOCT: MO BIUSI-

HHEM MarHuTHOro mois ¢ mHayKiwed 0,3 Tin Muxpo-
TBEPZOCTh 00pasiia CHmwkaeTcs. MaKCUMallbHOE CHU-
JKEHHE MHKPOTBEPJOCTH TPOUCXOUT B TeueHue 1 u
BO3/ICHCTBHS. MarHUTHOTO TOJIsI HA 00paselr: 1o Cpas-
HEHHUIO C UCXOJHBIM 3HAUCHHUEM MHKPOTBEPIOCTh IO-
Clie BBIZICP)KKH B MarHUTHOM IOJie B TeueHue | vaca
cHmxaetcs Ha 7,8 %. BrisiBieHO, UTO MpH TOCIEIyTO-
1Iell BBIICPIKKE B MarHUTHOM TI0JIC 3HAUCHUE MHUKPO-
TBEPIIOCTH OCTAETCsl Ha TIOCTOSTHHOM ypoBHE. OCHOBBI-
BasSCh HA JTHX pe3yJbTarax, OTpaxarommx 3doekt
BO3/ICHCTBHUS. MAarHUTHOI'O TIOJISI HAa CBUHEI, aKTyalb-
HBIM SIBIISICTCS. WM3YYCHHE JMHAMHKHU IUIACTHYCCKUX
XapaKTePUCTHUK CBUHIA (MHUKPOTBEPIOCTh, CKOPOCTh
TMOJI3YYECTH) NPH YBEJIMUCHUH MHAYKIIMK MarHUTHOTO
noiist 10 0,4 T

MeToabl M NPUHUMIBI HCCIEOBAHUS

B xauectBe 00pa3moB A WCCICIOBAHMNA TOJ-
3y4eCTH HMCII0JIb30BaHA CBHHIIOBAs MTPOBOJIOKA Map-
ku C2 guamerpom 2 MM. B nccnenyembix obpasmax
cojepkaHue CBUHIIA cocTaBisuio 99,9786 %, co-
nepxanve mpumecerd He mpeBemano 0,0214 %
(cypema — 0,002 %, onoBo — 0,002 %, mens — 0,001 %,
BucmyT — 0,004 %, mpmbsk — 0,001 %, xemezo —
0,0005 %, cepebpo — 0,0007 %, nuux — 0,0002 %,
Mg + Ca + Na— 0,010 %). {ns ucnslTaHU HA MUK-
POTBEPAOCTh MPHUMEHSUIUCH O0O0pa3lbl CBUHIA B
(dbopMe IpAMOYToJbHOIO Napasulesienunena paMe-
pamu 12x5x15 mMm. OOpas3npl cBHHIA IpelBapu-
TEIBHO MOABEPT AN PEKPUCTAIINZALUOHHOMY OT-
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Puc. 1. KpuBbie MON3y4ecTr CBUHIA B HCXOJHOM COCTOSHHH (),c) U TIOJIBEPTHYTOTO
BO3/ICHCTBUIO MATHUTHOT'O TOJISL (Vyn04) ¢ MHIYKIHEH 0,4 Ti
Fig. 1. Creep curves of lead in the initial state (y,.x) and exposed to a magnetic field (yymo4) With an induction of 0.4 T

xury npu temmeparype 200 °C B Tedenue 2 4, na-
Jee UX OXJIAXIaIH B TeueHue 24 4 10 KOMHATHOU
TeMmmeparypbl. B mpouecce Takoil mpoueaypsl
CTPYKTypa TMOJMKPUCTALIMYECKOTO CBHHIA Oblia
NpuBeAeHa B Hauboee 0THOPOAHOE COCTOSIHUE.

VcnpiTanus Ha MOJI3y4YecTh OCYIIECTBIISUIM Ha
pa3paboTtanHoii u umsroromieHHoit B ®I'BOY BO
«Cubl'MY» sKcnepuMeHTaIbHONW YCTaHOBKE Ha
pacTspkeHue a0 paspymeHus [15]. Ycranoska co-
CTOUT M3 >KECTKOI'O METaJUIMYEeCKOro Kapkaca, B
KOTOpPOM yCTAHOBJIEH UCTOYHUK MarHUTHOTO TOJIS €
M3MEPUTENbHON anmapaTypod. CUTHaNBI ¢ JaT4nKa
nepenatorcst Ha [IK u oOpabateiBatorcs. [lomyuen-
Hble JaHHbIC 00 yMJIMHEHMH oOpa3lia WU BPEMEHH
MO3BOJIMJIM TTIOCTPOUTHh KPUBBIE TpoOIlecca Mo3yde-
ctu. JanpHeWni aHanu3 AAHHBIX MPOBOJUICS B
Microsoft Excel. Tlpm momomnm mnepeuyucIeHHbIX
WHCTPYMEHTOB BBIMOJHSIIN BbISBICHUE JHMHEHHON
(ycraHoBuBIIeiics) cTaguu monsy4dectd. JluHelHas
CTafusl TOJI3YYECTH OINpeNelisiiach NpPU HOMOLIH
IIOCTPOEHUSI KacaTelbHOM K KPUBOH IOI3Yy4YECTH.
TaHreHc yria HakJIOHa JAHHOM MpPsIMOM paBeH 3Ha-
YEHHUIO CKOPOCTH MOJI3YYECTH MaTeprana.

BenuunHa ~ MOCTOSHHOTO — PacTATHUBAOIIETO
HamnpspKeHUs 6 OblUla pacCuMTaHa IyTeM OTHECEHUS
YCHIIHSL, pacTSATUBAIOIIEro o0pasel, K IUIOMAAH ce-
4yeHus: oOpasna u coctamia 5,57 MIla.

Wnnykims marautHOro nosst coctasisiia 0,4 T B
KauecTBE MCTOYHMKA MAarHWTHOTO TOJI HCIOJIb30-
BaJICsl TOCTOSIHHBIM 3JEKTPOMAarHuT C BO3MOXKHO-
CTBIO PETYJIMPOBaHUS UHAYKIMHU. B HacTosmei pa-
00Te WHAYKIUIO PETYIUPOBAIH IyTeM H3MECHEHUS
CWJIBI TOKa B KaTylIKax. BennunHy MHAYKIMK Mar-
HUTHOTO TOJISl U3Mepsn Muuureciametpom TITY.
HcnobiTanus mpoBOAWIM MPHU KOMHATHON TeMmIiepa-

Type.

[Tpu uccnepoBaHUAX MHUKPOTBEPAOCTH OOpa3Ibl
pacrionarand B MarHUTHOM IIOJIE TakKUM 00pasoM,
YTOOBI JIMHUU MHIYKIMU OBIIM NEPHEHIUKYISPHBI
CTOpOHE o0Opasia ¢ pazmepaMu 15%12 MM U TIpOHU-
3piBas ee. OOpabOTKy MarHUTHBIM TIOJIEM POBO-
mud 1o peskumam (/) — (4): BeiAepKKa oOpasia B
nosie ¢ uanykuuen 0,4 Tn teuenue 1, 2, 3 u 4 4.
MHUKpOTBEpIOCTh U3MEPSITH cpa3y ke Tocie odpa-
00TKM 00pasla B MarHUTHOM I10Jie HA MUKPOTBEp-
nomepe HVS-1000 (o Bukkepcy). UcnbitatensHas
Harpy3ka: 10 r. Bpemst HarpykeHuss oOpazuma u
HaxOXJEHUE MoJ Harpy3kou cocrasisuio 10 ¢, Bpe-
Ms pasrpys3ku 5 ¢. O0paboTKy JaHHBIX IO Pe3yiib-
TaTaM MUKPOWHJIECHTUPOBAHHS BBHIOJIHSUIA B TPO-
rpammax Excel u Origin Pro 8.

OcHoOBHbBIE pe3yJIbLTATHI

B pe3ynbraTe HaOpaHbl CTATUCTUYECKUE JTaHHBIE
M0 TPOLECCY MOJ3YyYEeCTH CBUHLA, MOJTYYEHBI KpHU-
BbIE MOJI3yYECTH MONHUKPUCTALIMYECKOTO CBUHIA B
OOBIYHBIX YCIOBUAX (Vyex) M TIPU JEHCTBUM MarHUT-
Horo nois ¢ uaaykuuen 0,4 T (Yyno4) (puc. 1).

BrisBiena nuHeliHas ctanusi Ha KPUBOH (Vyey) —
y4acTok / — 2, a Ha KPUBOH V04 JIMHEHHAS CTAAUSA
mporiecca MmomsydecTd — y9acTok 3 — 4. beum 1mo-
CTPOEHBI KacaTeJbHbIEe K JaHHBIM Y4acTKaM KPHBOH,
C TOMOIIBI0 TAaHTEHCAa yTja HAaKJIOHAa KacaTelbHBIX
OlIpeJIeNIeHbl CKOPOCTH moisydecTH. Paccunrannoe
M0 TPEM HUCTBITAaHUSM CpEAHEe 3HaYeHHUE CKOPOCTH
MOJN3y4YecTH Ajsl o0pasiia B HCXOJHOM COCTOSHHHU
coctasuiio 0,902 Mm/4, Tipu BO37IEHCTBUM MarHUTHO-
ro nonst ¢ uaAyKIuen 0,4 Ti — 0,0919 mm/4. TIpowc-
XOAUT CHIKCHHE CKOPOCTH MOJI3YYeCTH CBHUHIA HA
89,8 % 10 CpaBHEHHUIO C UCXOAHBIM 3HAYEHHEM.

OTHOCHUTENBHOE OCTAaTOYHOE yIUIMHEHHE () He
MOJBEPrHYTHIX MATHUTHOMY BJIMSHHUIO OOpa3oB 10
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Puc. 2. OTHOCHTENBHOE OCTATOYHOE YIIHHEHHE 00pa3IoB
B HCIBITAHUHU HA MOJI3y4ecTh 0e3 BO3AeiCTBHS MATHUTHOTO
noutst (0) 1 mociie BO3AeHCTBHS MATHUTHBIM MTOJIEM
c unnykuueit 0,4 Tn (0,4)
Fig. 2. Relative residual elongation of samples in the creep test
without exposure to a magnetic field (0) and after exposure to a
magnetic field with an induction of 0.4 TI (0.4)

paspylieHus B Tpolecce MOJ3YyYeCTH B CpPEIHEM
cocraBiuser 6,18 % (puc. 2). OTHOCHUTENBHOE OCTa-
TOYHOE YAJMHEHHE 00pa3IoB, MOJBEPTHYTHIX BO3-
JEHCTBUI0O MArHMTHOIO IOJsA, cocTaBuio 3,8 %
(puc. 2). Ilo cpaBHEHHIO C HUCXOIHBIM 3HAYCHHEM
OTHOCHUTENIFHOE OCTAaTOYHOE YUIMHEHHE O00pasIoB
yMeHbIIoch Ha 2,4 %.

HUccnenoBanust MUKPOTBEPIOCTH TEXHHYECKH YUCTO-
T'O TIOJIUKPHCTAITNYECKOTO CBHHIIA TIOKA3ATN HavaIbHBIN
a(peKkT BO3NEHUCTBUSI MAarHATHOTO TIOJIT HA MaTepuail
(puc. 3) (HavanbHBIA 3(dEKT BO3NEHCTBHS MarHUTHOTO
noJnst Ha o0pasell — 3Ha4YeHHe MUKPOTBEPIOCTH, M3Me-
PEHHOE cpasy e TI0Clie MarHATHOH 00paboTKK 00pasia).

Muxkpoteepaocts (HV,) o0Opasiia cBuHIa 10 00-
pabotku cocraBmia 7,65 HV (puc. 3, Touka /). Ha
puc. 3 TOKazaHa MHKPOTBEPAOCTH 00pas3loB MOCIE
BBIJICP>KKH B MArHUTHOM T10JI€ B TeueHue 1, 2,3 u4 u
(Touku 2 — 5). B Tedenue nepBoro yaca BBIIEPKKU

oOpasiia B MarHuTHOM 110Ji¢ (Touka 2) HaOoqaeTes
pe3Koe MOBHIIICHHE MUKPOTBepAocTH a0 8,875 HV
(na 16,1 %). lanee He MPOUCXOJUT 3HAYUTEIHHOTO
W3MEHEHUs] MUKpoTBepaocT: B Toukax 3 — 5 3Ha-
yeHus coctasmin 8,80 HV, 8,74 HV u 8,725 HV.
Takum 06pa3oM, HadaNbHBINA PPEKT BIMSHUSI Mar-
HUTHOTO TOJISI BEIPAXKEH YBEIMYCHUEM MHUKPOTBEP-
JIOCTH TIO CPAaBHEHHIO C UCXOJHBIM 3HAYEHHEM, YTO
MO3BOJISIET CIIENaTh MPEINOI0XKEHIE O IMOBBIIICHIH
NpoYHOCTH cBHHIA. Kak M3BeCTHO, MPOYHOCTH —
3TO CBOMCTBO MaTepHaja CONpPOTHBISATHCA paspy-
IIEHUIO TPU BHEIIHEM Bo3jaeucTBUU. [IpodyHOCTh U
MHUKPOTBEPAOCTh CBS3aHBI TEM, YTO MPU UCTIBITAHU-
X Ha MHUKPOTBEPAOCTb HCCIEIYETCS CONpPOTUBIIC-
HUE BHEJPCHUIO B IIOBEPXHOCTh TBEPIOTO TeIia
(MEKpOMHIEHTOpA): YeM TBEpXKE Marephal, TeM
cioxHee ero aedopmuposath. [Ipeanonaraemoii mpu-
YMHOW YNPOYHEHHUs IOBEPXHOCTH CBUHLIA MO BO3AECH-
CTBHEM MAarHUTHOTO TIOJSI MOXET OBbITh CHYDKEHHE TIO-
JIBIDKHOCTH TUCTIOKaruii Matepuana [16 — 18].

Ilo IMOJIYUYCHHBIM JaHHBIM MOXXHO CICJIaTh BbI-
BOJI, UYTO HamOoJee PAllMOHAIHHBIM SIBIISCTCS PEXKIM
1, B KOTOpOM 00paszell BhIJCpPKaH B MAarHUTHOM T10JIE
¢ unaykuueit 0,4 Tn B Teuenue 1 4. JlampHeitmee
YBEITMYEHNE BPEMEHU BBIICP)KKA B MAaTHUTHOM TIOJIE
HE MPUBOJIUT K YCHICHUIO 3P QeKTa.

BoIBoabI

B pesynbrare ucnpiTaHuit HaOpaHbl CTATUCTHYE-
CKM€ JaHHBIE M0 BIUSHUIO MarHUTHOTO TOJIS C MH-
nykuued 0,4 Tn Ha MUKpPOTBEPIOCTh U CKOPOCTh
non3ydectd obpasuos cBuHa Mapku C2. Ilomyue-
Hbl KpUBbIE TMON3YYECTH MOJUKPUCTAIUINYECKOTO
CBUHIIA, KOTOPHIE MO3BOJWIN BBIIBUTH JMHEWHYIO
CTaINI0 TOJI3Y4ECTH M PAcCCUUTaThb CKOPOCTH TOJ-
3ydecTd 0e3 BO3JEHCTBUS W TIOJ BO3JEHCTBHEM
marautHoro mojist. Ilox Bo3aelicTBEM MarHUTHOTO
TOJIS1 IPOUCXOAUT CHIKEHHE CKOPOCTH MOJI3YYECTH

8,740

8,725

Puc. 3. HavasnpHblii 23 et BIUsHUSI MATHUTHOTO 10J1 Ha MUKpOTBepaocTh cBuHua C2 mpu B = 0,4 Tn
Fig. 3. The initial effect of the magnetic field on the microhardness of C2 lead at V=04 T
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cBuHIa Ha 89,8 % MO CpaBHEHHIO C CXOTHOW CKO-
pocthro. IlokazaHa nAWHAMHKAa OTHOCHUTEIIBHOTO
OCTaTOYHOTO Y/UIMHEHHs 00pa3loB, Pa3pyLICHHBIX
0e3 BO3/CHCTBUS U TIOJ] BO3IEHCTBHEM MarHUTHOTO
nossi. Ilo cpaBHEHMIO ¢ MCXOAHBIM 3HAYEHUEM Jie-
¢dopmarust ymensimmiace Ha 2,4 %. MukpoTBep-
JocTh 00pasua, MOJBEPrHYTOrO BIHMSHUIO MarHHUT-
Horo nonsg 0,4 Tn, yBenmnumBaercs. MakcumaibHOe
MOBBIICHUE IIPOUCXOIUT B Te4eHHEe | 4 BO3Aci-
ctBUA. MUKpOTBEpAOCTh mocie | yaca Bo3pacTaer
Ha 16,1 %. Ilpu nansHelel BblEpKKE B MarHuT-
HOM II0Jie 3HAYEHHWE MHKPOTBEPIOCTH OCTAaeTCs
HEM3MEHHBIM. Ha 0CHOBaHMH 3TOr0 MOYKHO ClIENaTh
BBIBOA O TOM, 4TO 3(QEKT BIUSAHUS MarHUTHOTO
nonst ¢ uaaykuued 0,4 Tn Ha CBUHEI HE 3aBHCUT OT
BPEMEHH BBIICP)KKH B HEM HCCIIEYEMOro MarepHaa,
YTO COOTBETCTBYET pe3yJbTaTaM SKCIEePUMEHTa TIpU
vHaykuuu 0,3 Tin. OgHako ocTallbHbIE XapaKTEepUCTH-
KM, TaKH€ KaK MHKPOTBEPIOCTb U CKOPOCTb IOJ3yde-
CTH, U3MCHSUIHCh 00paTHBEIM oOpa3om. B mpensiay-
IIMX HCCIICIOBAaHUSAX aBTOPCKOTO KOJUICKTHBA, CKO-
POCTh MON3y4YecTH cBUHIA Mapku C2 yBeIUYWIaCh,
a MHUKpOTBEPJOCTh CHU3WIACH TPH BBIACPKKE 00-
pasioB B MarHuTHoM noJie ¢ uaayknuei 0,3Tn. Ta-
KM 00pa3oMm, HaOJrogaeTcss HEOJHO3HAYHBIA Xa-
paKTep M3MEHEHMS aHAIM3UPYEMBIX XapaKTepH-
CTHK, KOTOpI)II\/'I MCHSCTCA B 3aBUCHUMOCTH OT 3Ha4cC-
HUM UHAYKIUWA MarHUTHOTO MOJIA.
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IIVTASMEHHBIX BO3JJEMCTBUAX

© 2023 r. C. A. HeBcknii, B. /I. Capbiues, B. E. 'pomos

Cuoupckuii rocyiapcTBeHHbINi HHAyCTpPHANBHBIA yHuBepcuter (Poccusa, 654007, KemepoBckas o6im. —
Kys6acc, HoBoky3sHernk, yin. Kupoga, 42)

Annomayusn. I3ydeHo GopMUpoOBaHHE MUKPO- M HAHOCTPYKTYP B TUTAHOBBIX CIUIaBAX, OIBEPTHYTHIX KOMOMHHUPOBAHHOMH
00paboTKe, KOTOpas BKIIFOYACT BO3JCHCTBHE T'CTEPOTCHHBIMH IUIA3MCHHBIMH IIOTOKAMH H  TOCIICAYIOIIYIO
MOMU(UKAIMIO TOBEPXHOCTHOTO CJOSI  HU3KODHEPTeTHYCCKHM CHJIBHOTOYHBIM — 3JIEKTPOHHBIM  ITYYKOM.
YCTaHOBIICHO, YTO OCHOBHBIM MEXaHI3MOM OOpa3oBaHHS CTPYKTYPHO-(A30BBIX COCTOSHHA MHKPO- U
HAHOPA3MEPHOTO [MAIA30HOB TPH BO3JCHCTBUM IUIA3MEHHBIX ITOTOKOB, CO3IAHHBIX SJCKTPHYCCKUM B3PHIBOM
MPOBOJTHKOB, SIBJISIETCSI COBMECTHOE TMPOSIBIICHWE HA TpaHMIE paszenia cpel HeycTonumBocTeil KenbBrHa-
I'ensmronbia u Panes-Teiinopa. [lokazaHo, 4T0 MaKCUMyM CKOPOCTH POCTa BOMYILEHUM IPU YCKOPEHUH BTOPOTO
criost (g = 5-109 m/c?) 1 momepedHoii ckopocTr 0 M/C IPHXOIUTCS HA JUTHHY BOJHEI (A,,) 6,76 MkM. Eci 3Hauenne
CKOpPOCTH BTOpOTO ciiosi uy =10 m/c, T0 A, = 6,23 MkM, a npu uy = 50 m/c — A,, = 1,24 mMxm. MexaHuzmom
00pa30BaHUsT MHUKPO- M HAHOCTPYKTYP TMpPH MOCCAYIOIICH 3JICKTPOHHO-ITYYKOBONH 00pabOTKe SIBISCTCS
KOMOMHHPOBAaHHAsE ~TEPMO-, HCHAPUTCIIBHO-, KOHICHTPAI[MOHHO-KATMIULIPHAS H  TEPMODJICKTPUUCCKAsT
HEyCTONYMBOCTB. [10Ka3aHO, UTO, €CIM He YIUTHIBATh BIMSIHIE TPAANCHTA KOHIICHTPAIIHH, TEPMOIICKTPIICCKHX H
HCTIAPUTENHHBIX 3((PEKTOB, MAKCUMATIFHOE 3HAYEHNE CKOPOCTH pOCTa OyeT HaOMFOIAThCS TIPH JTMHE BOJHBI 113
MKM. YUeT TepMORJICKTPHIECKUX SBICHUN TPUBOIHT K CHIDKCHHIO 3HAYCHHS A, 0 48 MKM. YCTaHOBJICHO, YTO
TIPH 3HAYEHUH TEePMOIeKTprdeckoro kodddummenta y = 0,1 B/K MakcumyM ckopocTu pocta HabmomaeTes Ipa
A= 0,3 MKM.

Knioueswie cnosa: neycronunocts Kenbuna-I'enbmronbia, HeyctoluuBocts Panes-Teiinopa, TepMokanuisipHas
HEYCTOWYHMBOCTb, TEPMOIIEKTPUUECKHE SIBICHUS
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Original article

COMBINED HYDRODYNAMIC INSTABILITIES AND THEIR ROLE
IN THE FORMATION OF MICRO- AND NANOSTRUCTURES OF MATERIALS
UNDER PLASMA INFLUENCES

© 2023 S. A. Nevskii, V. D. Sarychev, V. E. Gromov

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

Abstract. The formation of micro- and nanostructures in titanium alloys subjected to combined treatment, including exposure
to heterogeneous plasma flows and subsequent modification of the surface layer by a low-energy high-current
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electron beam, was studied. It is established that the main mechanism for the formation of structural-phase states of
the micro and nanoscale range under the influence of plasma flows created by an electric explosion of conductors is
the joint manifestation of Kelvin-Helmholtz and Rayleigh-Taylor instabilities at the interface of the media. It is
shown that the maximum growth rate of disturbances with acceleration of the second layer g =5 x10° m/s* and a
transverse velocity of 0 m/s falls on the wavelength A,, = 6.76 pm. If the velocity value of the second layer is 1, = 10
m/s, then A, = 6.23 um, and at uy = 50 m/s — A,, = 1.24 pm. The mechanism of formation of micro- and
nanostructures during subsequent electron beam processing is a combined thermo-evaporative, concentration-
capillary and thermoelectric instability. It is shown that if the influence of the concentration gradient, thermoelectric
and evaporative effects is not taken into account, the maximum value of the growth rate will be observed at a
wavelength of 113 pm. Taking into account thermoelectric phenomenon leads to a decrease in the value of A,, to 48
um. It is established that at the value of the thermoelectric coefficient y = 0.1 V/K, the maximum growth rate is

observed at A,,, = 300 nm.

Key words: Kelvin-Helmholtz instability, Rayleigh-Taylor instability, thermocapillary instability, thermoelectric

phenomena

For citation: Nevskii S.A., Sarychev V.D., Gromov V.E. Combined hydrodynamic instabilities and their role in the
formation of micro- and nanostructures of materials under plasma influences. Bulletin of the Siberian State
Industrial University. 2023, no. 1 (43), pp. 10-16. (In Russ.). http.//doi.org/10.57070/2304-4497-2023-1(43)-10-16

Beenenue

OpHolt u3 GyHIaMEHTAIBHBIX MpoOieM (GHU3MKU
KOHJICHCUPOBAaHHOTO COCTOSIHUS SIBJISIETCS] TEOPETHU-
YEeCKOEe HCCIICAOBAHME BIUSHHUSA KOHLEHTPHUPOBAH-
HBIX [TOTOKOB DHEPTHH Ha CTPYKTYpY, Pa3oBbIil cO-
CTaB M CBOICTBa MOBEPXHOCTHBIX CJIOEB METaJLIH-
geckux MarepuainoB [1, 2]. DTo oOyclOBIEHO TeM,
YTO B MOBEPXHOCTHBIX CJIOSX YCIIOBHS IUIS 3apOK-
JeHnst 1e()eKTOB KPHCTAUIMYECKOH peleTKd, KO-
TOpbIE NPHUBOIAT K M3HOCY M KOPPO3UH M3IEIUN
OTBETCTBEHHOI'0 Ha3HaueHWs, Oojee Ojaromnpusr-
HbIE, YeM B o0beme Matepuaina [3]. s Toro, uro-
OBl N30eXaTh MPEXKIESBPEMEHHOTO BBIX0/Ia U3 CTPOSI
W3JeNui, HEeOOXOAMMBI MOMCK HOBBIX U YCOBEp-
[IEHCTBOBAHHE CYIIECTBYIOIIMX METOJOB 3alllUThI
ux moBepxHoctu [4, 5]. K ux uymciy oTHOCSTCS
KOHIIEHTPUPOBAHHBIE TOTOKH JHEPIUM (3JIEKTPOH-
HO-ITydKoBasi oO0paboTka [6, 7], 31eKTpOB3PHIBHOE
JISTMPOBaHUE U HambUieHUE [8, 9], na3epHas oOpa-
6otka [10] 1 T.11.), KOTOpPBIE CIIOCOOCTBYIOT (DOPMH-
POBaHUIO Ha MOBEPXHOCTH 00pabaTHIBAEMOT0 M3Ze-
JIUST MAKPO- ¥ HAHOCTPYKTYPHBIX COCTOSTHUH, o0ec-
MEYMBAIOIINX €r0 BBICOKYIO MPOYHOCTH M HM3HOCO-
CTOMKOCTb 32 OTHOCHTENBHO KOPOTKOE BpPEMs BO3-
neiicteus. OHAKO MIMPOKOMY BHEIPEHUIO JAaHHBIX
METO/IOB 3alIUTHl B MIPAKTHKY MPEMSATCTBYET OTCYT-
CTBHE JETAIbHBIX CBEJICHUN O 3aKOHOMEPHOCTIX U
MexaHu3Max (OpPMHUPOBaHMS MHUKPO- U HAHOCTPYK-
Typ IPH TakuX Bo3AeHcTBUAX. Penienuwe 3Toi mpo-
OJIeMBbI MTO3BOJIUT TMOJTYYaTh MATEPUAIIBI C 33J1aHHOM
CTPYKTYpOH M Xopowmmmu cBoiicTBaMu. Ocolyro
poib B GOPMHUPOBAHUH MHUKPO- M HAHOCTPYKTYpP HT-
paroT BHEIIHNE U BHYTPEeHHHE MeK(a3HbIe TPAHHUIIBL.
Ha HuX BO3HHMKAIOT M Pa3BUBAIOTCS, B 3aBUCUMOCTH
OT BHEIIHUX YCJIOBUH, Pa3InYHOrO pojia HEyCTONYH-
BOCTH, KOTOpBIE IIPUBOIAT K CAMOIIPOM3BOJIEHOMY
nepexofy o0pabaThIBAEMOro MaTepualia B COCTOS-
HUE C MUKpO- M HAaHOCTpYKTypo# [11, 12].

Lenpro HacTOAIIEH PabOTHI SBISETCS MOWCK Me-
XaHU3MOB U CO3JaHHE MaTeMaTHYeCKHX MoJiesen
(dbopMHUpOBaHUs TPAaJUEHTHBIX MHKPO- U HaHO-
CTPYKTYPHBIX COCTOSHMH METaJUIMYECKUX MaTepua-
JIOB IIpU BO3I[€I‘/'ICTBI/II/I KOHIOCHTPHUPOBAHHBIX ITIOTO-
KOB JHEPIruu Ha OCHOBC KOM6I/IHI/IpOBaHHI>IX CABU-
TOBBIX HEYCTOMYMBOCTEH Ha TpaHUIAX pasziena
cpen.

Mogeab 00pa3oBaHMsi MUKPO- U HAHOCTPYK-
Typ B THUTaHe NPHU BO3AeHCTBHU reTepOreHHbIX
TIa3MEHHBIX MOTOKOB

PaccMoTpuM BO3A€HCTBHE T€TEPOrE€HHBIX ILIa3-
MEHHBIX MOTOKOB Ha MOBEPXHOCTh METAJUIMYECKHUX
MaTepuajoB Ha nmpumepe cuctembl Ti — Y. Kak no-
Ka3bIBAIOT pe3ynbTathl padot [13, 14], oCHOBHBIM
MeXaHM3MOM (HOPMHUPOBAHUS HAHOCTPYKTYp B TIO-
BEPXHOCTHBIX CJIOSIX MATEpPUAJIOB SIBIISIIOTCS He-
ycroitunBoct KenpBuHa-I'enbmronena u Poames-
Teinopa. s u3ydyeHus HayalbHOW CTalUU 3THUX
HEYCTOMUMBOCTEH  PACCMOTPUM  YCTOWUYMBOCTH
IJIOCKOTO CTAallMOHAPHOIO TEYEHMs JBYXCIOWHOMN
HECX)KMMaeMoM >kujikocTh. HampaBineHue ocu x BbI-
OpaHO BJIOJIb TPaHUIBI pa3jielia MEXAY CIOSMH, a
0Ch y — TMEPIEeHANKYJISPHA OCH X M HalpaBieHa B
cTOopoHy BTOpOTo ciosi. [lepBbiit cioit (—oo < x < oo,
—h < x < a (x,t) (rne a — cMeleHnEe MOBEPXHOCTH
paszena; 4 — TOJIIMHA HYDKHETO CIIOS)) 3aHUMAaeT
BSI3Kasl HEMOJABIDKHAS KUAKOCTHh C BSI3KOCTHIO 1) U
IUIOTHOCTBIO p;. BTopod cimoit (o0 < x < oo,
a (x,t) < x < H (rne H — TonmiyHa BEpXHETO CJI0s))
3aHMMAET KHUJIKOCTh C BA3KOCTHIO 1), U IJIOTHOCTHIO
P2, KOTOpast IBMXKETCS C TIOCTOSTHHOM CKOPOCTHIO Uy,
HaIpaBJCHHOU BIIOJIb OCU X. Y CKOPEHUE g HaIpaB-
JIEHO B CTOPOHY, NMPOTHBOMNOJOXKHYIO ocH y. [lnd
KQXJIOTO CJ0s 3alMCaHbl JIMHEAPU30BAaHHBIE YpaB-
Henusa HaBbe-CToOkca, a HAa MX TpaHUIAX 3aJaHbl
KHHEMaTUYeCKUEe U JIUHAMHUYECKHUE TPaHUYHBIC
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Puc. 1. 3aBHCHMOCTH CKOPOCTH POCTa BO3MYIICHUIT TOBEPXHOCTH pa3/eia OT JUTHHBI BOJIHBI IPH Pa3IMYHBIX 3HAUCHUSIX CKOPOCTH U
YCKOPEHHUSI BTOPOTO CIIOS:
a-uy=0mc(l-g=510"m/c* 2-g=10"m/c?); 6 — g=510" M/c* (I — up= 10 M/c; 2 — uy = 50 m/c)
Fig. 1. Dependences of the growth rate of interface disturbances on the wavelength at different values of the velocity and acceleration
of the second layer:
a—uy=0m/s (I —g=510"m/s*; 2—g=10"1s,); 6 — g =510" m/s*> (I —up= 10 m/s; 2 — 1y = 50 m/s)

ycioBusa [15,16]. IlpumensieTcss Tak HaszbIBaeMoe
BSI3KO-TIOTCHIIMAIBHOE ~ MPHONMKECHUE, COTJIACHO
KoTopoMmy 3¢ (}eKThI, CBS3aHHBIE C BS3KOCTHIO,
HaOJII0/IAIOTCS BOJIM3M TpaHMIbl pazneia cpexd [17,
18]. Ilouck pemieHUst ypaBHEHHM MoJelIH B BHUIE
Oerymieii TapMOHHYECKOW BOJHBI MPUBOJIUT K CIIe-
OYIOIIEMY JUCIIEPCHOHHOMY YPaBHEHHUIO:

®* +20(a—ib)+c—ic, =0,

1
a= m((n1 coth(kh) +n, coth(kH))k? );

2 2.2
by ¢ = Q0K (1)
I+p’ I+p
_ 2ugk’n, coth(kH) |
1+ WR

<

IIE o= oL+ i) — KOMIUIEKCHAs [UKJINYECKas 4aCTO-
3
ook” +(py — P2 gk ;

Ta; 2 _ _ R, ; k — BonHOBOE
. R TR
| !

4ucio; R =p,coth(kh); R,=p,coth(kH); ©Co —

Mex(azHOe MMOBEPXHOCTHOE HATSHKEHHUE; g — YCKO-
PEHHE OJIHOTO U3 CJIOEB.

3aBHUCHMOCTH CKOPOCTH POCTa BO3MYILIEHHH TO-
BEPXHOCTH pa3ziea OT JUIMHbI BOJIHBI UIMEET BUJ:

| |G+y8*+48D)ab |,
o= 7 -a 2)

e § =(a’ —b* —c)/(ab), 8, =1—(c, /2ab).

Ha puc. 1, a npuBeieHbl 3aBUCUMOCTH CKOPOCTH
pocTa BO3MYIICHHIA OT JJIMHBI BOJHBI BO3MYIICHUIA
TPaHUIBI pa3jena MOKPBITHE — MOJIOKKA TIPU pa3-

JIUYHBIX 3HAYEHUSIX YCKOPEHHs BTOPOrO CJOd Ha
npumepe cucremsl Ti — Y. [Ipu npoBeaennu pacde-
TOB TIPEAIIONATATIOCH, YTO aMIUTHTY1a BO3MYIIICHHN
MHOTO MEHBIIIE TOJIIMHBEI ciloeB. B atoMm ciydae
coth(kh) = coth(kH) =1. Makcumym CKOpOCTH pO-
cta ipu g = 5-10° M/c” NpUXOANTCA HA JUTHHY BOJ-
HBI (A, ) 6,76 MM (puc. 1, a, xpuBas /). B cBoro
ouepesp yBeanuenne yckoperns g0 10" m/c’ mpu-
BOJMUT K YMCHBILIECHUIO 3HAYCHHS A, 10 4,81 MKM
(puc. 1, a, xpuBas 2). Y4eT BIAMSHHUS NONEPEYHOI CKO-
POCTH BTOPOTO CJIOSl IPHBOJUT K YMEHBIIICHUIO 3HaYe-
HHH A, 10 6,23 MkM 1ipu 1y = 10 M/c 1 1,24 MM ipn
uy =50 M/c cooTBeTCTBeHHO (pHC. 1, 6).

Mopeas 00pa3oBaHMs MUKPO- M HAHOCTPYK-
TYp B THTaHe, JETHPOBAHHOM HTTpPHeM, NPH
BO3JEHCTBUM 3JIEKTPOHHBIX NMYYKOB CyOMMJLIU-
CEKYH/HOH JINTeIbHOCTH

[IpoBeneHo TeopeTudeckoe HccienoBaHue Gop-
MHUPOBaHUS MOBEPXHOCTHBIX MUKPO- U HAHOCTPYK-
Typ B TUTaHe, JIETMPOBAHHOM HWTTPUEM, IPH BO3-
JIEHCTBUM IEKTPOHHBIX MMYYKOB. B OCHOBY Mozenu
OBUIM TIOJIOKEHBI MPEACTABICHUS O THAPOJNHAMU-
4ecKoil mpupone 0O0pa30BaHUS AAHHBIX CTPYKTYD
M0 MEXaHU3My KOMOWHUPOBAHHON TEPMO-, KOHIIEH-
TPaLMOHHO-, MCHAPUTEIbHO-KAIWUIIPHOM U TeEp-
MODJIEKTPHUYECKON HeycTouuBocTU. IlyTem aHamm-
3a JUCIIEPCUOHHBIX YPAaBHEHMH M3ydyeHa HadalbHas
cTajusl JaHHOW HEYCTOWYMBOCTH, B KOTOPOU BO3HHU-
KaloT MaJible BO3MYILEHHS Ha MOBEPXHOCTH pacija-
Ba. J{71s1 pacriaBI€eHHOTO CIIOS 3alUIIEM JIMHEApU30-
BaHHBIE ypaBHeHHUs HaBre-CTOKca, a Ha MX TpaHH-
ax 3aJaguM KHHEMaTHYECKHME M JHHAMUYECKHE
TPaHWYHBIE YCIOBUS C YYETOM TEPMODJIEKTpHUe-
ckux 3¢dexToB. JlucrnepcHoHHOE ypaBHEHNE NMEET
Bux [19]:
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aucio Ipanarns; p! — remneparyphbiii kKoddduim-

€HT UCHApUTENIBHOTO JaBJIEHUS; Go — IOBEPXHOCT-
HOE€ HaTSDKEHUE NPU TeMIeparype IJIaBICHHUS; Ot —
TeMIeparypHblii  KOX((GUIHMEHT MOBEPXHOCTHOTO
HaTsHKeHUS; Ey — HanpsyKeHHOCTh TEPMO3JIEKTpHUYe-
ckoro nousst; Gy — rpaJMeHT HEeBO3MYILICHHOW TeM-
NepaTypbl; € — AUAIIEKTPUUECKasi MPOHULAEMOCTE;
€y — DJIEKTpUYECKas MOCTOSIHHAA; ) — TEMIIepaTypo-
MIPOBOIHOCTD; V — KHHEMATH4ECKast BA3KOCTb.

Hns sxunkux meramioB Pr << 1. C yuerom 3TOro
¢axra 3aBucuMocTsb (3) mpumet Bug [20]:

(DTZPr Qoo, + mg)[w +20, ( - %D +

o Pr k.
+p2 mEmv(@+2wv(l—;'D+

2 2k
+ +2 +4 I-——|||-
m[co 0o, co\,( P )
kl 2 2 2
_mEmvm((l—;]mv+mJ—m ((m+2mv) +mc)+
JAolotk
k

st Toro, 9T00B! yUecTh BIMSHNAE KOHIIEHTPAIUN
UTTpUsl, B ypaBHeHHH (4) HEOOXOJUMO 3aMEHHUTH
npousseaeHue o,Pr Ha o,Pr + w.Sc (rae Sc =v/D —
gucino Ilmuara;, D — xoaddumment muddysuu;
_6cG1; G, — rpagueHT KOHUEHTPAIWK; G, —
pv

KOHIICHTPAIIMOHHBIN KOA(PPHUIMEHT MOBEPXHOCTHO-

T'0 HATSDKCHUSA).

[IpuMeHeHne HHU3KOYACTOTHOTO TIPUOIKCHUS
ONPABJAHO JUIIb B TOM ciyd4ae, eciad Pr << 1 u
Sc << 1. Jlnsa xuakux MmeTawioB uuciio IIImumara

npuHUMAaeT 3HadeHus: ~10. DTU OICHKHU CAENaHbI B

MPEJTOI0KEHUN HENOJBXHON KUJIKOCTU. B jei-
CTBHUTEIBHOCTH KOHBEKTHUBHOE TEUYEHHE yCHUIMBAET
MPOIIECCHl MAcCOMEepeHoca, MO3TOMY 3HAUYEHUS KO-
s dunmenta muddysun OyaeM cuyuTath Ha MOPS-
JTIOK OOJTBITUM, YeM KO3 DHUITHEHT KHHEMATHIECKON
BSI3KOCTH.

W3 momy4yeHHOro AWCIEPCHOHHOTO YypaBHEHUS
HaXOJWIN 3aBUCHMOCTH CKOPOCTH POCTa BO3MYyILe-
HUI TOBEpXHOCTHU paciutaBa (puc. 2). Eciu ve yuu-
THIBaTh BIUSIHUS TPaJMEHTa KOHLEHTPALMU, TEPMO-
AIIEKTPUIECKAX W HUCHApUTENHHBIX 3(P(PEKTOB, MaK-
CHUMaJIbHOE 3HaUeHHEe CKOPOCTH pocTa OyaeT HalIro-
JaTbes Tpu AiauHe BoiHb! 113 MM (puc. 2, a, Kpu-
Bas /). [Ipu 3HaUeHNAX HANPSDKEHHOCTH TEPMOIJICK-
tprueckoro nosst 10° — 10° B/m (puc. 2, a, kpusas 2)
MaKCHUMaJbHOE 3HaYEHHWE CKOPOCTH POCTa HAOIIO-
Jaercs mpu A, = 50 MKM. Y4eT npoueccoB HCapeHst
BEIIECTBA TIPHBOJWIT K YBEIIMUIECHHIO A, 10 92 MKM TIpH
JaBIeHnH oTaun napos 2-10° Ia (puc. 2, a, kpuBas 3).
TepmoanexTpuueckuii 3hdexkT B 3TOM ciaydae He
OKa3bIBAET HMKAKOI'O BJIMSHUS Ha HEYCTONYMBOCTH
MMOBEPXHOCTH paszzaena (puc. 2, a, kpusas 4). Bums-
HUE TPpaJleHTa KOHIICHTPAIIMN UTTPHS MIPOSBIISETCS
B YMEHBIICHUH 3HAYECHHUS A, 10 74 MKM TIpH OTCYT-
CTBUU TEPMOdJIEKTprUYecKuX 3pdexToB u 3¢pdexTon
ucnapenus (puc. 2, 6, kxpuBas /). [lpu yuere tep-
MODJIEKTPHYECKHX S(PPEKTOB MAKCHMYM CKOPOCTH
pocTa MPUXOUTCS Ha [UTUHY BOJIHBI 48 MKM (puc. 2, 0,
kpuBas 2). ITpu mcnapurensHoM nasiernn 2-10° Tla
3HAYEHUE A, COCTABIISIET 36 MKM, TEPMOIIIEKTPUUCCKHE
3(exTs NPUBOAAT JHUILL K HE3HAYUTEIILHOMY YBe-
JMYCHUI0O MaKCHMAJbHOW CKOPOCTH POCTa BO3MY-
mieHui (puc. 2, 6, kpusble 3 u 4).

[Mony4eHHble pe3ynbTaThl JalOT aJIeKBaTHOE
00BsICHEHHE 00pa30BaHMIO MOBEPXHOCTHO-
MEPUOMUECKUX CTPYKTYp MUKPOMETPOBOTO JHaria-
3oHa. OOpa3oBaHKe STYCUCTHIX CTPYKTYP CyOMHUKPO-
Y HAaHOPa3MEPHOTO TMANa30HOB B paMKaxX HHU3KO4a-
CTOTHOTO NPHONMKEHUs, TaKkKe Kak U B Ciydae,
pPaccMOTPEHHOM BBIIIE, BOZMOXKHO TPH TEPMOIJICK-
TpudeckoM kod¢pduunuenre (y), pasiom 0,1 B/K,
YTO COOTBETCTBYET HANpsDKEHHOCTH (E() 3nmexTpu-
ueckoro moist ~ 10° — 107 B/m (puc. 3). Jnst tura-
HOBBIX CILIaBOB Ay = 0,17 MKkM u A, = 0,3 MKM.

BriBoabI

[Ipennoxen mMexaHu3M 0Opa3oBaHUSI MHKPO- U
HAaHOCTPYKTYp B THUTAHOBBIX CIUIaBax INpH BO3IEH-
CTBUU TETEPOTCHHBIX IJIa3MEHHBIX IOTOKOB, CO-
3AHHBIX JJIEKTPUYECKHM B3PBIBOM MOPOINKA HT-
Tpusa. OH 3aKiro4aeTcs B BO3SHUKHOBEHUH Ha IIO-
BEPXHOCTH Pa3Jielia IOKPHITHS U MOJI0KKHA KOMOU-
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Puc. 2. 3aBHCHMOCTH CKOPOCTH POCTa BO3MYIIECHHUIT IOBEPXHOCTH pacIlaBa OT JJIMHBI BOJIHBI ccTeMbl Ti— Y 0e3 y4eTa BIusSHUs
rpajyeHTa KOHIEHTPAMH UTTPUs (@) U C YUSTOM BIHMSHUS I'PaHeHTa KOHIICHTPAUH UTTPHS (0):

1 — 6e3 y4yera TepMOUISKTPUIECKIX U UCTIAPUTENbHO-KANMULIPHBIX SBJICHHI; 2 — C YYETOM TOJBKO TEPMOIIESKTPHUYECCKUX SBICHHH;
3 — IIpY HAJIMYMH TEPMO- M UCHIAPHUTEIbHO-KAMIULIPHOI HEYCTOHYMBOCTH; 4 — IIPH HAINYUH TEPMO-, UCTIAPUTEIHHO-KaMILIIPHON
HEYCTOHYMBOCTH U TEPMOIJIEKTPHUUECCKUX SBICHHI
Fig. 2. Dependences of the growth rate of the melt surface disturbances on the wavelength of the Ti — Y system
without taking into account the influence of the yttrium concentration gradient (@) and taking into account the influence of
the yttrium concentration gradient (6):

1 — without taking into account thermoelectric and evaporative-capillary phenomena; 2 — taking into account only thermoelectric
phenomena; 3 — in the presence of thermo- and evaporative-capillary instability; 4 — in the presence of thermo-, evaporative-capillary
instability and thermoelectric phenomena

HUpOBaHHOU HeycToiunBocTH KenbBuHa-I'enbMromns-
na-Panes-Teinopa. Onpenenensl yciuoBus, MpH KOTO-
PBIX JaHHas HEYCTONYMBOCTH BO3HHMKAET B MUKPO- U
HaHOANAMA30HAX.

YcraHOBIEHO, YTO O0pa3oBaHHE MOBEPXHOCTHBIX
MHUKpPO- M HAHOCTPYKTYp HpH BO3IAEHCTBUU HU3KO-
SHEPTeTHUYECKUX CHJIBHOTOYHBIX AJIEKTPOHHBIX ITyd-
KOB OOYCIIOBJICHO BO3HHKHOBCHHEM KOMOMHHPOBaH-
HOM TepMO-, KOHLEHTPALMOHHO-, HCHApUTENIbHO-
KalWJUIIPHOH U TEPMODJIEKTPUYECKOH HEYCTONYHMBO-
ctu. Tlpy 3HaYeHWH TEPMODJICKTPHUYECKOro Ko3ddu-
umenta ~ 10 — 1 B/K MaKCHUMYM CKOpPOCTH pPOCTa
MPUXOAUTCS HA JUIMHBI BOIH CyOMHKpPO- U HaHOMET-
POBOr0 HAna3oHOB. DTO COBMANAET C HKCHEPHMEH-
TaJbHBIMU JaHHBIMU IO pa3MepaM CTPYKTYp SUeH-
CTOM KpUCTAJUIU3ALUY.

a- 108, c

—10

—I15F

-20 1 1 1 1 1
0 1 2 3 4 5

A, mrm

Puc. 3. 3aBucHUMOCTh CKOPOCTH POCTa BO3MYLICHUI
TIOBEPXHOCTH pa3jielia IIa3Ma — PacIlIaB IIPH 3HAYECHUU
TepMOdIIeKTpHUecKoil nocTosHHoi 10” B/K
Fig. 3. Dependence of the growth rate of disturbances
of the plasma — melt interface at the value
of the thermoelectric constant 10 V/K
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ATOMHBIE MEXAHU3MbI MUT'PALIUU 'PAHUILl HAKJIOHA <100> 1 <111>
HA ITPUMEPE HUKEJIA

© 2023 r. U. B. 3ops’, I'. M. IToxeraes’

'Cnéupcknii rocyaaperBennbiii  mHAyCTpHAAbHBIA ynuBepeuter (Poccms, 654007, KemepoBckas 001 —
Kys6acc, HoBoky3renk, yin. Kupoga, 42)

2Anraiicknii rocyapeTBeHHblil Texundeckuii yausepenter um. M.H. Ioasynosa (Poccus, 656038, Bapuay,
p. Jlenuna, 46)

Annomayua. TlpuHIUMNNAIbHBIE pA3HOTJIACHS B INOHMMAaHMM MEXaHHM3Ma U B 3HAYCHMSX SHEPIMU aKTUBAIUH
Murpauy (GopMHPYIOT 3alpoc Ha HOBBIE HCCIENOBAaHHS 3TOM HAay4HOM MpPOOJIEMBI MOCPEACTBOM YETKO
aTTECTOBAHHBIX IPAHUI] 3epeH. MeToI0M MOJIEKYJIIPHOW TUHAMUKH BBITIOIHEH aHAJIU3 JUHAMUKHA aTOMHOIO
MEXaHu3Ma MUrpanuu MajnoyrjioBelx rpanun <100> u <111>, KOTOpbII mMOKa3ajl, 4YTO MapHbIE
3epHOTPAaHUYHBIC AUCIOKAUN B TPOIECCE IBIDKCHMS T'PAHUIBI PACHICIUIIOTCS CO CMEHOW IHCIOKaluii-
MapTHEPOB. MUrpamusi MaJoyIrJOBEIX T'paHUIl HakiIoHa <100> peann3yeTrcs MOCPENCTBOM pACIIECIICHHUS H
CMEHBI ANCIIOKAUI-IAPTHEPOB, B pe3yabTaTe padOTHl JAaHHOTO MEXaHW3Ma CMEIICHUS aTOMOB 00pasyeTcs
CeTKa C KBaAPAaTHBIMH sueiikamu. B cmywae murpamum rpanun <l111> mpucyTcTByeT TakkKe MEXaHH3M
COBMECTHOTO CKOJIB)KGHHSI TApHBIX 3EPHOTPAaHMYHBIX JAWCIOKAIMA. B omimume OT 3epHOrpaHUYHBIX
quciokanuii rpanun <100> mapHble guciokanuu rpaHul] <l11> UMeroT o0Iue TIOCKOCTH CKOJbKEHHUS,
BJIOJIb KOTOPBIX OHH MOTYT CKOJB3HTh CO CPaBHUTEIBHO HHU3KOM 3Heprueil aktupauuu. IIpu murparuu
rpannn <111> 3adukcupoBaHo KOMOMHHUPOBAHHOE JAEHCTBHE 000MX MEXaHH3MOB: COBMECTHOE CKOJBXECHHE
NapHbIX 3€PHOIPAHUYHBIX JUCJIOKALUN U X pacllelIEHUe CO CMEHOM IUCIOKaluKi-IapTHEpoB. B mpouecce
MUTpallMd B 3€pHE, KyJa JBUranach TpaHHUIA, O0Opa3yroTcd CHMMETPHUYHBIE YYacTKH, KOTOpBIE IIyTEM
IIOBOPOTa «HOJCTPAMBAIOTCA» MOJ CTPYKTYpPY APYroro 3epHa. VIMEHHO MO3TOMY NpPH MUTPALMU T'PaHMIL
<111> s9eliKu CeTKN aTOMHBIX CMEUICHUH UMEIOT IeKCaroHAIBHYIO (GopMy.

Knroueswvie cnosa: METO MOHeKyJ'I?[pHOﬁ JAWHAMHWKH, MUT'pAlMs I'paHULl HAKJIOHA, 3CPHOIPAHUYHBIC NHCJIOKAIUH,
CKOPOCTb MUT'PALINU I'PAHUIIBI

Mna yumupoeanusa: 3ops U.B., [loneraes [.M. AToMHbIE MEXaHU3MBbl MUIPALIMK FPAaHUL HakioHa <100> u <111>

Ha mpuMmepe HuKens // BectHuk CHOMPCKOTO TOCYTapCTBEHHOTO HHIYCTpHAILHOTO yHHBepcutTeTa. 2023.
Ne 1(43). C. 17-23. http://doi.org/10.57070/2304-4497-2023-1(43)-17-23

Original article

ATOMIC MECHANISMS OF <100> AND <111> TILT BOUNDARY MIGRATION
ON THE EXAMPLE OF NICKEL

© 2023 1. V. Zorja', G. M. Poletaev’

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

2Polzunov Altai State Technical University (46 Lenina Ave., Barnaul, Altai region, 656038, Russian Federation)

Abstract. Fundamental differences in the understanding of the mechanism and values of the energy of activation of
migration form a request for new studies of this scientific problem through clearly certified grain boundaries.
The molecular dynamics method was used to analyze the dynamics of the atomic mechanism of migration of
small-angle boundaries <100> and <111>, which showed that paired grain-boundary dislocations split during
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the boundary movement with the change of partner dislocations. The migration of small-angle slope
boundaries <100> is realized by splitting and changing partner dislocations, as a result of the operation of
this mechanism of displacement of atoms, a grid with square cells is formed. In the case of border migration
<111>, there is also a mechanism of joint sliding of paired grain-boundary dislocations. Paired dislocations
of boundaries <111>, unlike grain-boundary dislocations of boundaries <100>, have common sliding planes
along which they can slide with a relatively low activation energy. During the migration of borders <I111>,
the combined action of both mechanisms was recorded: the joint sliding of paired grain-boundary
dislocations and their splitting with the change of partner dislocations. In the process of migration,
symmetrical sections are formed in the grain where the border was moving, which, by turning, "adjust" to the
structure of another grain. Therefore, when migrating boundaries <111>, the cells of the atomic displacement

grid have a hexagonal shape.

Keywords: method of molecular dynamics, migration of inclination boundaries, grain boundary dislocations,

migration rate of the boundary

For citation: Zorya 1.V., Poletaev G.M. Atomic mechanisms of <100> and <111> tilt boundary migration on the
example of nickel. Bulletin of the Siberian State Industrial University. 2023, no.1 (43), pp. 17-23. (In Russ.).

http://doi.org/10.57070/2304-4497-2023-1(43)-17-23

BBenenue

CuibHBIA MHTEpPEC K IpoOJeMe MUTpAIUH Ipa-
HUII 3€pEH XOTS M MPOJBHUHYJ YYCHBIX B IMOHUMA-
HHHM MEXaHHU3MOB 3TOTO SIBJICHUS, OJHAKO HE CHSII
BCEX PA3HOIIIACHUU U HE PEIINI UMEIOIIUXCS TIPOTHU-
Bopeunii. CyIIecTByeT MHEHHE, YTO MaJlOYIJIOBHIC
TPaHUIBI HAKJIOHA MHUTPHUPYIOT MTOCPEICTBOM KOM-
OMHUPOBAHHOTO JEWCTBUS MEXaHHM3MOB CKOIBXKE-
HUS U TIEPETIOI3aHuUs 36PHOTPAHUYHBIX TUCITIOKAITAN
[1]. ABTOpsI padoT [2, 3] HA OCHOBE MPOBEICHHBIX
WCCIIEIOBAHUN TPUXOAST K BBIBOAY, UTO IEPETOJ-
3aHUE 3CPHOTPAHUYHBIX JAUCIOKAIUNA CITY>KUT OC-
HOBHBIM MEXaHW3MOM MUTPAIlM{ TPAHUI] HAKJIOHA.
I'panunsr HakioHa <111> obrmagaroT camol BBICO-
KOW MOJBUXHOCTBIO, a IpaHUlbl HakioHa <100>
MUTPUPYIOT 3HAUUTENbHO MeieHHee [1, 3 — 5], Ho
IJIOTHOCTH MTOPOTOB Ha 3€PHOTPAHUYHBIX IHCIOKA-
uuax B rpanunax <l100> Beime [6, 7], cOOTBET-
CTBEHHO, IIEpPEIOJ3aHNe JIOJDKHO MPOXOJIUTH HWH-
TeHCUBHee, 4yeM B rpanumax <l11>. MexaHu3MsbI
MUTPAlUi ¥ TPUYHHBI TaKOTO 3HAYUTEIHHOTO OT-
YU MOABMKHOCTH Tpanul <111> u <100> mo
KOHITa HE YCTAHOBJICHBI.

WzgectHo [1, 4, 5, 8, 9], yT0 ManoyrIOBbIE TPAHULIBI
M0 CPaBHEHUIO C OOJIBIICYTIIOBBIMI MUTPUPYIOT MeI-
JICHHEE, HO B YaCTW DHEPTMH AKTHUBAIMU MUTPAITUH
TPaHUI] JJO HACTOSIILIETO BPEMEHH HET €TMHOTO MHEHMUSL.
B paborax [8, 9] yrBepxnaercs, 4ro ¢ pocToM yrIia
pa3OpUCHTAIMK B JWAria30HE MAJOYTJIOBBIX TPAHUII
SHEPIUsl aKTHBAIMU (PAKTHYECKH MOHOTOHHO YMCHb-
maercs. B To jxe Bpemst SKCTIepUMEHTAIbHBIC TaHHbIC
[3, 10] mo MuTpaIiy TPaHUIl HAKIIOHA CBUICTEIHCTBY-
0T, YTO MAaJIOYIJIOBbIE I'PaHULBI C OJHOM M TOMU ke
OCBIO Pa30pHEHTAIK O0JaIal0T MPAKTUYECKU OJINHA-
KOBOM JHEpPrueil akTUBAllMM MUIPALMU B IIMPOKOM
JiaTia30He YTIIOB Pa30pHUEHTAIMN. JTO KOCBEHHO 10T~
TBEPXKAAET OJMHAKOBBIN 3JIEMEHTapHBIA MEXaHU3M
MUTPALUK 3TUX TPaHUIL.

Z

Puc. 1. Cxema pacyeTHOrO OJI0Ka TSI MOJICIUPOBAHUS
MUTPALIH TPaHUIBl HakiIoHa <111> 30° (TeMHO-cepbie aTOMBI
MO KpasiM pacueTHOro GJI0Ka HEMOJBUKHEI IPH KOMIIBIOTEPHOM
IKCIEPUMEHTE — KECTKHE IPaHUYHbBIC YCIOBHUS)

Fig. 1. Scheme of the calculation unit for modeling the
migration of the slope boundary <111> of 30 ° (dark gray
atoms along the edges of the calculation unit are stationary

in a computer experiment — hard boundary conditions)

Taknue IpUHIMIUAIBHBIE PA3HOINIACHS B IIOHU-
MaHUHU MEXaHU3MA U 3HAYCHUSX JHEPIrUU aKTUBALUU
MHUrpaiuy GOpMHUPYIOT 3alpoc Ha HOBBIE HCCIEI0-
BaHMS ITOW HAYYHOU MPOOIEMBI TOCPEICTBOM YETKO
aTTECTOBAHHBIX IPAHULL 3€PEH.

OcHoOBHbBIE pe3yJIbTAThI

B ocHoBe wnccrienoBaHuii MUTpallMU TPAHHUIL 3€-
PEH HakKJIOHA JISKUT METOAMKA, pa3padoTaHHas U
nony4uBIIas pazutie B padorax [1, 11]. Cremys
METOJMKE, CO3IAaeTCs YEeTKO aTTeCTOBAHHAs I'PaHU-
1a, uMeromas GopMy meTiiu wim apku (puc. 1, gep-
Hasl MyHKTUpHAas JuHus). [IpuuuHoil HanpaBieHHO-
TO TepPEeMEIICHNS TPAHUIIBI B CTOPOHY YMEHBIICHUS
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Puc. 2. DHeprus (a) 1 cKopocTh MHUTpanuH (6) rpaHuI] HakioHa <100> (A) u <111> (o) npu Temneparype 1700 K B 3aBucumoctn
OT yIJIa pa30pUeHTAlNH O B HAKeIe
Fig. 2. The energy (a) of the slope boundaries <100> (A) and <111> (©) and the rate of their migration (6) at a temperature of 1700 K
depending on the angle of 6 in Ni

ee IUIOMIAJU CIYXXUT CHJla HATSHKEHUS TPaHUIBL,
KOTOpasi, 0 aHAJIOTUHU C HOBEPXHOCTHBIM HAaTSDKE-
HHUEM, BO3HUKACT BCIEICTBUE CTPEMJICHHUS I'PaHULIbI
MUHHMHU3HPOBAaTh CBOIO 3HEpruto. B paccmarpupae-
MOW MOJIENHN CUIIa, IPUBOJAIIASA K MUTPALIUH, U CKO-
POCTb MHUTpALMM TPAaHHULBI MOCTOSHHBI B TEUCHHE
BCEro Impolecca IBWKEHUS TpaHHUIbl M IIJIaBHO
YMEHBIIAIOTCS JIMIIB K KOHIY KOMIIBIOTEPHOTO 3KC-
MEPUMEHTA.

B pabotax [12 — 14] ananorudHass MOIENb HC-
M0JIb30BaHa JJIs1 MOJENUPOBAaHUS MHUIPALUU TpOil-
HOTO CTBIKa TPaHUI] 3€pEeH IOCPEICTBOM METOxa
MOJIEKYJIsSIpHOW quHaMuku. B pabdorax [13, 14] mo-
JIeIMPOBAaHNE PEAJM30BAaHO B JBYMEPHOW MOJEIH.
B wactm mexaHu3mMa MHUrpalMy TpaHUI] 3€peH, B
YaCTHOCTH, MaJIOYIJIOBBIX, ABYMEpHas U TpexXmep-
Hasi MOJENU OTIMYAIOTCSA NMPUHLIHUNKANBGHO. B aBy-
MEpHOH MOJIENH 3epHOTrpaHUYHbIE KpPaeBbIe THUCIIO-
Kallui HE MUMEIOT MOPOToB, NMEPHOANYECKU DPacIo-
JIOKEHHBIX BAOJb s1ep Auciokanuii. B 1o Bpems
KaKk MMEHHO OHM WIPAIOT BAXHYIO pPOJIb B 3€pHO-
TpaHUYHBIX TIpOIleccax, B 4YacTHOCTH, Auddy3un
[7]. B cBsi3u ¢ 3TuM OBLT pazpaboTaH TPeXMEPHBII
pacueTHblii OJIOK B MOJICKYJISPHO-IMHAMHYECKON
MOJIeTH B (POPME IIJIACTUHBI TOJIIMHOMN 12 aTOMHBIX
miockocter (puc. 1). Takoi TONIIMHBEI TOCTATOYHO
I BO3HUKHOBEHHUS 3()()eKTOB, BBI3BAHHBIX MOPO-
raMl Ha 3epHOTPAaHWYHBIX AHMCIOKanuax. Pacuer-
HBIi OJIOK HHKENs s TpaHul] HakioHa <111>
nMmen BoicoTy 18,0 HM, mmpuny 12,0 HM U TONIUHY
2,4 M, a s Tpanui HaktoHa <100> 18,2 am, 12,1
HM W 2,2 HM COOTBETCTBEHHO. Biokm comepskamu
nopsinka 50 000 atomoB. Brmons ocu Z (puc. 1)
MMUTHPYETCS OECKOHEYHOE IMOBTOPEHHE CTPYKTY-
PBL, 3a/1aHBl TIEPUOIUYECKHE TPAHWYHBIE YCIOBUS.
Ha xpato pacuetHoro 6yi0Ka rpaHuIbl 3epeH 3apuK-
CHpPOBaHBI, 3TO SBJIAETCSA YCIOBHEM COXpPaHEHUS
OpPHEHTAIINN KPUCTAJUIMYECKON PEIIETKH JABYX pas-
HBIX 3epeH Ha rpanuie 6noka. [To ocam X u Y rpa-
HUIIBI O51oKa (puc. 1, BBIAETICHBI TEMHO-CEPBIM LIBE-
TOM) >KECTKO 3aKPEeIUICHBI sl (PMKCAIUN 3aTaHHOM
pa3opHEHTAlUU 3epPEH.

Ha puc. 2 mpencraBieHsl 3aBUCUMOCTH 3HEPTUU
rpanul 3epeH HakinoHa <100> u <111> u ckopoctu
UX MUTpaluuy B HUKene npu temneparype 1700 K B
3aBHCHMOCTH OT yTJja pa30pUEeHTAIINH.

OHEepruio TpaHul] 3epeH ONpeAessUTd KaK OTHO-
LIEHHE PAa3HOCTU 3HEPTUi pacyeTHOro OJIoKa ¢ rpa-
HUIIEW M TaKOro K€ KOJWYeCTBa aTOMOB B HJeallb-
HOM KpHCTaJUIe K IJIonaau rpanuisl. [lepen pacue-
TOM HEPTUH NPOBOIMIIACH PEJIaKCaLs CTPYKTYPBI.

HarspkeHue rpaHuIl 3epeH NpONOPUHOHATIBHO HX
sHepruu. U3 puc. 2 BUIHO, YTO C pOCTOM YIJa pa-
30pPUEHTALMHN YBEIWYMBAIOTCSl SHEPTUsl M HATSKE-
Hue. Jnst GONbIIEYTTOBBIX TPaHUL SHEPrus Npu-
MEpHO OJMHAKOBa, 3TO, MO AAHHBIM psa UCCIENO-
BaTeliel, XapakTepHO Ui HIMPOKOTO Kitacca Oolb-
LIEYTJIOBBIX TPAHUIl M FPAHMLl CMEIIAHHOro Tuna. B
CBSI3U C 3TUM OOJIBIIMHCTBO YIJIOB MEXAY I'pPaHU-
1IaMU B TPOWHBIX CThIKax Onm3ku k 120° [15, 16].

OmnpezeneHne CKOPOCTH MHIPALlUM TPAaHUL] 3e-
peH npoBezeHo mpu Temreparype 1700 K, 6mmskoit
K TemriepaType IUIaBlIeHHUs HUKeIs. Murpanus rpa-
HUI] C YIJIOM pa3opueHTauuu Bbime 10° mpoucxo-
Q1A C BBICOKOW CKOPOCTBIO, JOCTATOYHOM VIS W3-
MEpEeHHS B MOJIEKYJSIPHO-AMHAMUYECKOW MOJEIH.
CKopocTh MHTpallMM B IPOIECCE MOJIEIUPOBAHUS
ocraBaylach (PAKTUUECKH MOCTOSIHHOW. DTO obecrie-
YUBAJIO €€ OINpPEJEIIEHNE KaK OTHOUIEHMs IepeMe-
IIeHUS BEpXHeH 4acTu rpaHunsl (puc. 1) Ko Bpeme-
HU MOJIEKYJIIPHO-TUHAMHYECKOT 0 KCIIEpUMEHTA.

VYron pazopueHTanuu 3epeH O BapbUpOBaCsS OT
10 mo 45° (MakCUMAaNbHBIA YTOJI Pa30pHEHTAIIHH)
nutst Tparutt <100> u go 40° mos rpanumi <111>,

I'panunst <100> MUTpUPYIOT MEJIEHHEE TPAHUIL
<111> (puc. 2, 6). CKOPOCTb HX MHUTPAIIUH TIPH TEX
K€ YCJIOBHSX MpUMEpHO B 1,5 — 2 paza MeHbIIe
CKOPOCTH MUTpanuu rpanun <111>.

Ha puc. 3 mpencraBieHbl MpUMEPB aTOMHBIX
CMeIeHUH B Tiporiecce Murpamnuu rpaaur <100> u
<111> c yrnom pazopuentauuu 20°. CmemnieHus
(6onee 0,1 HM) MOKa3aHBI B BUJIC OTPE3KOB, COC/IH-
HSIOIIMX HayaJbHblEe U KOHEYHbIEC IOJIOXKEHUS aTo-
MOB. ATOMHBIE CMELECHU [IPY MUTPALIMU paccMar-
pUBaeMBIX TPaHULl UMEIOT XapaKTEepHbIE BUA U
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Puc. 3. Atromuble cMemmenus (Oomapire 0,1 HM) B poliecce MUTpaiyy rpaHul HakioHa <100> 20° (B teuenue 540 mc) (a) u
<111>20° (B Teuenre 300 ric) (6) B HUKene npu Temmeparype 1700 K
Fig. 3. Atomic displacements (greater than 0.1 nm) during the migration of inclination boundaries <100> of 20° (within 540 ps) (a)
and <111> 20° (within 300 ps) (6) in Ni at a temperature of 1700 K

¢dopmy: ans rpannn <100> — ceTka ¢ KBapaTHBIMH
siuerikamu, Ui rpanun <l11> — cerka ¢ mectu-
YTrOJIBHBIMU siuekikamu. HecMOTpst Ha OTHOCHUTEIIBHO
0O0JIBIIION YroJl pa3opueHTAH, JocTUraromui 20°,
XapaKTepHBIN N1 OOJIBIISYTIIOBBIX TPaHUIl (B KO-
TOPBIX HE BBIACISAIOT OTACIbHBIC 3€PHOTPAHUYHBIC
JUCIIOKAINH ), TPU MUTPALIUN MAJIOYTJIOBBIX TPaHHUIL
CMEIIIEHUs] aTOMOB MIMEJIN TaKOH ke BUI, HO OTJIH-
YJauch OONBIIUM  pa3MepoOM  sYeeK, KOTOPBIH
YMEHBIIAJICS C YBETUYECHHUEM YIJIa Pa3opHUEeHTALINH.
[Ipu yrnax Beime 25 — 30° paccMOTpeTh ymopsizio-
YEeHHYIO0 CETKy aTOMHBIX CMEIIEHUI CTaHOBHIIOCH
3aTPYJHUTEIHHO.

Hnst 000CHOBaHUSI MeXaHW3Ma BO3HHUKHOBEHHS
CETOK aTOMHBIX CMEUIEHUH NPU MHUIPALUU MaJoyT-
JIOBBIX TPaHMI] HAKJIOHA PACCMOTPUM AMCIIOKAIMH B
rpanunax <100> u <111>. KpaeBsie 3epHOrpaHnd-
HBIEC JMCIOKAIMHA B HUX OTIMYAIOTCS OT OOBIYHBIX,
BHYTPU3EPEHHBIX. B mepByro odepeab OHU HapHbIE
(puc. 4). Ha mManoyrnoBeIx rpaHunax oOpBIBAIOTCS
aTOMHBIE TIJIOCKOCTH, MPUHAIEKAIINE KPUCTAIUIIH-
YECKUM pelIeTKaM ¢ pa3HOM opueHTanueil. DTum,
NpUHAAJIECKAIUM pa3HbIM 3epHaM  00OOpBaHHBIM
ATOMHBIM TTOJYIUIOCKOCTAM SHEPTETHYECKH BBITO-
HO 00BbelMHEeHNE B OAMH Ae(EKT, IPEeICTaBISIOMINI
co0O# 3epHOrpaHNYHYIO AMCIOKalMi0. B oTnmuue
OT OOBIYHBIX 3€PHOTPAHUYHBIE JAMCIOKAIMKA B Tpa-
Humax HakiaoHa <100> m <111> uUMEIOT BBICOKYIO
IUIOTHOCTh HW3JIOMOB, 3aBUCSIIYI0 OT OPHEHTAIUU
IJIOCKOCTH TPAHUIIBI M HATIPABIEHUS OCH Pa30pUeH-
Tanuu. s paccMaTpuBaeMoro ciydasi BaXHO Iep-

BOE OOCTOSITENLCTBO U CIIOCOOHOCTH TMAPHBIX JAHC-
JoKauui pacmemnarbea. B rpanunax <111> pwuc-
JIOKallMM  MOTYT  pacHICIUIAThCI C  peakiuei
12[110]—>1/6[21 1]+1/6[121], a B rpanumax
<100>—1[010]—1/2[011]+1/2[01 1] [6, 7].

AHanu3 IUHAMUKHA AaTOMHOTO MeEXaHH3Ma MH-
rpanuu ManoyrioBeix rpanun <100> u <111> mo-
KasaJl, 4YTO MapHbIe 3€pHOrPaHUYHBIE THCIOKAIlNU B
npolecce JIBWKEHUS TPaHULBl PACILEIUIIOTCS CO
CMEHOH JucioKauui-napTHepoB. B pesynbpTaTe
BO3ZHUKAIOT 3MI3arooOpasHble CMENIEHUS aTOMOB,
HampuMep, Ha OOKOBBIX TpaHUIax (puc. 3), mpuyem
paclienyIeHHbIe AUCIOKALMN CKOJB3AT, (PaKTOB IIe-
penoa3aHus He yCTaHOBIIEHO.

Murpanusi MaJIOyTJIOBBIX TpPaHHI] peaTn3yeTcs
MOCPEACTBOM PACIIECIUIEHHS U CMEHBI JUCIIOKAIUii-
naptHepoB. [Ipy Murpanuy MaaoyTiIOBBIX TPaHMIL
HakioHa <100> B pe3yibraTe pabOTHI JIAHHOTO Me-
XaHU3Ma CMEIIEHHs aTOMOB OOpa3zyeTcsi ceTKa C
KBaJpaTHbIMH siueiikamu (puc. 4, a). B ciyuae mu-
rpanuu rpaHun <111> momMuMo yka3aHHOTO MpH-
CYTCTBYET MEXAaHH3M COBMECTHOTO CKOJBKEHHUS
MapHBIX 3€pHOTPAaHUYHBIX AUCIOKauuil (puc. 4, 6).
[Tapasie qucnokanum rpanui <111>, B oTimuaue ot
3epHOTPAaHMYHBIX JAuciIoKanuid rpanudn  <100>,
UMEIOT O0IIHE TIOCKOCTH CKOJIBKEHUS, BAOJb KO-
TOPBIX OHH MOTYT CKOJNB3UTHh CO CpPaBHUTEIHHO
HU3KOW 3HEprueul aktupanuu. [Ipm murpanuum rpa-
Hun <l11> 3adukcupoBaHO KOMOMHHMPOBAHHOE
neiictBue 000MX MEXaHM3MOB: COBMECTHOE CKOJIb-
’KEHUE MapHbIX 36pHOIPaHUYHBIX AUCIOKALMN U UX
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Puc. 4. Cxema MexaHH3Ma MUTPAIX MaJOYIJIOBBIX IpaHull HakioHa <100> u <111> B MOHOATOMHOM IJIOCKOCTH:
a —rpannna <100>, 10° — cMeHa quCIOKauUi-NIapTHEPOB; 6 — rpaHuia <111> 7°— cMeHa qucIOKalMi-IapTHEPOB;
1 — cMeHa UCTIOKaH-IApTHEPOB; 2 — COBMECTHOE CKOJIBKEHHUE TapHbIX AUCIOKAINH
Fig. 4. Scheme of the mechanism of migration of small-angle boundaries of inclination <100> and <111> in the monoatomic plane
(a) boundary <100> of 10 ° — change of dislocations-partners; (b) <111> boundary 7°:
1 — change of dislocations-partners; 2 — joint sliding of paired dislocations

pacIleruieHne CO CMEHOM AHCIOKalUN-ITapTHEPOB.
B npouecce murpauuu B 3epHe, KyAa ABHrajlach
rpaHuLa, o0pa3yloTCsi CHUMMETPUYHBIE YYacTKH,
KOTOpBIE MyTEM IOBOPOTa «IOACTPAUBAIOTCS IOJ
CTPYKTYpY Apyroro 3epHa. [loaTromy mpu Murpanuu
rpanul <111> guyeliku ceTKH aTOMHBIX CMELICHUN
HMMEIOT TeKCaroHaAIbHYIO (hOpMYy.

BriBoabI

Murpanus rpanun <100> ocyiecTBiusercs mo-
CPEACTBOM PACHICTUICHUS MAPHBIX 3€PHOTPAHUYHBIX
JIUCTIOKAUH ¢ MOCIeAYIOLEH CMEHON TUCIOKaIii-
naptHepoB. llpm cMmeHe UCITOKAIU-TAPTHEPOB
HaOJII0/IAIOCh CKOJIBKEHUE PACHICIUICHHBIX JUCIIO-
KaIuii, mepernoi3aHus 3aMeueHo He Obu1o. B cimydae
MUTpALMK MaJOyTJOBBIX IpaHMl] HakioHa <l11>
Ha0JII0/IANIOCh KOMOMHHUPOBAaHHOE JICHCTBHE JIBYX
MEXaHM3MOB: OIMCAHHOI'O BBIIIE U MEXaHM3Ma, 3a-
KITFOYAIOMIETOCS B COBMECTHOM CKOJIBKEHHWH Iap-
HBIX 3EPHOTPAHUYHBIX JUCIIOKAIUi, KOTOpHIE, B
OTJINYHE OT 3CPHOTPAHUYHBIX IUCIOKAIMH B Tpa-
aunax <100>, uMerT 00IHe MIOCKOCTH CKOJIbXKE-
Husa. BTopoil MexaHu3M MMeeT CpaBHUTEIBHO HU3-
KYIO DHEPTHIO aKTHBAIIUHU, B PE3yJbTaTe Uero rpa-
Hunel <111> moxBwmwkaee rpanui <100>.
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Abstract. In this study, tungsten inert gas (TIG) and microwave hybrid heating (MHH) cladding techniques are used
to develop thick nickel-based alloy clad layers of 1mm thickness on a titanium 31 alloy substrate. In TIG
cladding consider current was considered as a process variable, whereas in MHH cladding, exposure time
was considered as the process variable. Scanning electron microscopy (SEM) with energy dispersive
spectroscopy (EDS) is used to analyze the morphology of both clad layers. The Vickers indentation method
is used to determine the hardness values of the clads. The result revealed that the process current in TIG
and the exposure time in MHH cladding have a significant effect on the clad layer quality. The average
hardness of the TIG clad layer was found to be 1.6 times greater than the MHH processed clad layer. The
XRD analysis confirmed the presence of intermetallic phases Ni4W, TiNi, and TiC. The phases TiNi and
TiC are responsible for metallurgical bonding in the clad layer.
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CPABHUTEJBHOE UCCJEJIOBAHUE KOMIIO3UTHBIX MOKPBITUM
HUKEJIEBBIX CIIJIABOB, ITIOJITYYEHHBIX TEXHOJIOI'MSIMHU HAIIJTABKH
C UCIIOJIB3OBAHUEM MHEPTHOT O I'A3A U MUKPOBOJIHOBOT'O
I'MBPU/HOI'O HAT'PEBA
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’HaunonaabHbIii uHCTUTYT TexHoJioruii Kantapaku (NH 66, Cpunuacharap, Cyparkan, Manramuop,
Kapnaraka, Mammst, 575025)

Annomayus. B HacTOsIIEM HCCIIEOBAHUM TEXHUKH HAIUIABKH C MPUMEHEHHEM BOJIb()PaMOBOr0 MHEPTHOTO rasa
(TIG) u rubpumHoro HarpeBa MukpoBosHamMu (MHH) wncmosb30Bamuch IUisi CO3JaHHS TOJICTHIX CIIOCB
MOKPBITUS 3 HUKEJICBBIX CIUTABOB TOJIIMHOW | MM Ha MOJJIOKKE M3 TUTAHOBOrO ciuiara 3 1. [Ipu HamnaBke
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TIG Tok paccMaTpuBaIM Kak TEpEeMEHHYIO Tporecca, Toraa kKak npu HamtaBke MHH B kadecTe
MEpEMEHHON TIpoliecca pacCMaTpUBAIOCh BpeMs BBIACPKKH. CKaHHMPYIOIasl JIEKTPOHHAs MHUKPOCKOITHS
(SEM) c sneproaucnepcuonHoii criekrpockornmeit (EDS) mcnomp3yercss s aHanmm3a 3aKOHOMEPHOCTEH

CTPYKTYpbl O00OWX IUIAaKHPOBAHHBIX CIJIOEB.

Jus  ompenmeneHHs TBEPOOCTH HCIIONB3YETCS METOX

BIAaBJIMBaHUA 1Mo Bukkepcy. PesynpraT mokasan, uro TexHoJormdeckmii TOK npu TIG u BpeMs BBIOEPKKH
npu HamiaBke MHH okas3blBaloT 3HaUMTENBHOE BIMSAHHE Ha KAa4eCTBO IUIAKUPOBAHHOIO ciod. bbu1o
00OHapy»XeHO, 4TO CPEIHsIsI TBEPAOCTh ciosl, nmokpeitoro TIG, B 1,6 pasa Beille, 4eM cios, 00paboTaHHOTO
MHH. PenTreHocTpyKTypHBIi aHaIN3 NOATBEPAMI Hannune nHTepMeraumyaeckux a3 NigW, TiNi n TiC.
®a3zpl TiNi u TiC oTBe4aroT 3a METATYPIrHYECKYIO CBSI3b B INIAKUPOBAHHOM CIIOE.

Knrwouesvie cnoea: BUI'-HannaBka, MUKPOBOJHOBBIH T'MOPUAHBIA HarpeB, HUKEJIEBBIH CIUIaB, TEXHOJIOTHMYECKHE

napaMeTpsl, MUKpPOTBEPIOCTh
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Introduction

Titanium and its alloys are increasingly used in
aircraft, marine, and petrochemical industries owing
to their high specific strength, good biocompatibility,
excellent corrosion, and oxidation resistance. Due to
their poor surface hardness and tribological proper-
ties the application of titanium alloys is limited [1 —
4]. In this regard, the surface characteristics of the
titanium alloy can be improved by surface treatment
techniques such as plasma spraying [5], physical
vapour deposition [6], and chemical vapour deposi-
tion [7] by adding a layer on the surface. Mostly,
these techniques improve the surface hardness of
the material which enhances the wear resistance.
However, some shortcomings such as thin coating
or low coating density, and poor substrate-coating
adhesion were found in the deposited layers while
fabricating with these methods.

Metal matrix composite coatings (MMC) have
the potential to use in many industrial applications
due to their high hardness, stiffness, and strength.
These coatings give more prominent toughness than
many single-phase materials [8]. Among several
MMC coatings, nickel-based alloys are extensively
applied in severe environments because of their
good material characteristics. Cooper et al. [9] have
studied the nickel-based composite alloy by adding
reinforcement particles like WC, TiC and SiC, etc.
It is evident from the results that the composite
coatings show high hardness and wear resistance
even at elevated temperatures. Many studies are
preferred tungsten carbide (WC) as a reinforcement
material due to its exceptional mechanical proper-
ties. P. Farahmand et al. [10] fabricated the nickel-
tungsten carbide composite coatings using a diode
laser with induction heating and the results showed
that the deposited clads attained good porous free

and mechanical properties. Farayibi et al. [11] de-
posited TiC-WC-WC, composite coating on titani-
um alloy using the laser cladding technique and it is
evident from the result that the deposited layer
hardness is increased by 1.7 times that of titanium
alloy. Also, the wear volume of the coating is noted
as one-seventh of the wear volume of the substrate.
Aytekin and akcin [12] revealed that the composite
TIG claddings developed with reinforcement parti-
cles in the nickel alloy matrix showed high hardness
and corresponding wear resistance. The literature
revealed that the applications of several modifica-
tion techniques are inadequate in the industrial sec-
tor, because of technological and economical com-
plications. Yan et al. [13] has demonstrated the fab-
rication complexity and economical perspective of
composite coatings in the study. Patel et al. [14]
disclosed the advantage of TIG cladding to attain
promising mechanical properties with low equip-
ment and running cost. Even though TIG cladding
is a widely accepted surface modification technique,
controlling the dilution of the substrate with clad-
ding is quite challenging [15]. Literature suggested
that the percentage of dilution is increasing with an
increase in current. So, the optimum selection of
current for particular cladding material is selected
based on a trial and error method. Kaushal et al.
[16] deposited the nickel-based alloy clad by mi-
crowave hybrid heating technique on the steel and
results showed that the microhardness of clad is 3.7
times that of the substrate material. The hardness of
the clad is increased due to the formation of the in-
termetallic compound Ni4W. Dheeraj gupta et al.
[17] revealed that WC-12CO clad developed with
microwave irradiation has a significant increase in
microhardness. Due to the uniform distribution of
nano carbides inthe clad layer, wear resistance in
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Arc scan direction

Primary shielding

Argon Secondary shielding —,

Deposited compasite coating

Titanium 31 alloy Substrate —>

a

Fig. 1. Schematic representation of TIG cladding procedure (@), precoated substrate (), deposited clad layers (c¢)
Puc. 1. Cxemarnueckoe n3o0paxkenne npouenyps! HamiaBku TIG (a), mommoxkka ¢ npeABapuTeNIbHO HAHECEHHBIM MOKPHITHEM (b),
HaHECCHHBIE TUIAKUPYIOLIHE CIIou (¢)

creased significantly. In recent years, treating mate-
rials with microwave energy has emerged as a rapid
processing technique [18]. Microwave energy in-
duces porous free clads with no thermal distortion
due to its molecular-level heating.

In the present work, nickel-based alloy clads are
developed on titanium 31 alloy substrate material
using both tungsten inert gas (TIG) and microwave
hybrid heating (MHH) techniques. The effect of
current on TIG-deposited cladding and the promi-
nent effect of exposure time in MHH cladding are
studied. The comparative study on microstructural
and mechanical properties of both TIG and MHH
clads is examined.

Methodology

A grade 31 titanium alloy of composition
Ti—6A1-3.91V (wt %) with a hardness of 305+10 HV
is used as a substrate material procured from Mishra
Dhatu Nigam Ltd, India. Before cladding, the plates
of dimension (50x50x10 mm) were cut and pol-
ished with 400 grit emery papers. The nickel alloy
powder (Hoganas Pvt Ltd., Belgium) of chemical
composition 47W-7.33Cr-2.21Si-1.91Fe-2.37C—
1.61B-bal Ni (wt. %) is selected as a coating mate-
rial. Before cladding, the powder is mixed with 10
wt. % polyvinyl alcohol (PVA) to make a paste-like
substance. Then the powdered paste is evenly ap-
plied on the substrate plates with the help of a Imm
metallic mask. Further, precoated samples are kept
in the furnace for lhr at 50 °C to remove moisture
content in the coating. It has also enhanced the
bonding between coating and substrate.

The TIG cladding is developed with a thoriated
tungsten electrode of dimension 2.4 mm. The 3 mm
arc length is kept constant. Literature suggested the
secondary shielding setup while welding titanium
alloys. Argon shrouding gas is used for primary and
secondary shielding with a flow rate of 10 I/min and
15 I/min, respectively, to protect the clad from oxi-
dation. It is well known that welding current and

scan speed are responsible for energy input in the
process. In this study, the scan speed is kept con-
stant, whereas claddings are developed by varying
the current. The arc is scanned over the precoated
substrate which resulted in the melting of the pow-
der and formed as a clad layer. The schematic dia-
gram of TIG cladding is shown in Fig. 1, a. The
pre-coated substrate sample is shown in Fig. 1, b,
and the deposited clad layers at welding currents 80
A, 90 A, and 100 A are shown in Fig. 1, c.

In the microwave hybrid heating (MHH) tech-
nique, LG domestic microwave of capacity 900 W
is utilized. The alumina casket box is developed
with pure alumina, and silicon carbide of 10 mm
thickness is used as a susceptor. Silicon carbide
provides a hybrid heating arrangement and mini-
mizes thermal gradient, which could be used to pro-
duce defect-free clads. The graphite sheet is used as
a separator to protect the clad layer from contamina-
tion with the susceptor. The graphite sheet is placed
on the precoated substrate and silicon carbide is
positioned on the graphite sheet.

Further, the whole setup is placed on the alumina
casket to develop insulation inside the chamber. The
MHH schematic setup is shown in Fig. 2, a. The
deposited clad layer is shown in Fig. 2, b. The de-
tailed mechanism of microwave hybrid heating has
been explained elsewhere [19 — 21]. The microwave
radiation exposure time is varied in a step of
5 minutes. At 5 minute exposure time, powder par-
ticles are not fully melted. The powder particles are
partially melted at 10 and 15 minute exposure time,
but the clad is not properly bonded with the sub-
strate. At 20 minute exposure time, the powder is
partially melted is well bonded with the substrate.
At the exposure time of 25 minutes, the clad is de-
veloped and is metallurgically bonded with the sub-
strate. The TIG and MHH processed clad were sec-
tioned and polished well with a diamond paste. The
samples are cleaned with acetone before proceeding
with characterizations. The cross-sectional images
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Fig. 2. Schematic representation of MHH cladding procedure (a), cladded specimen (b)
Puc.2. CxemaTnyeckoe nzobpaxenue nporeayps! miakuposanuss MHH (a), mnakupoBanHbIit oOpazer (b)

of TIG and microwave treated clads are observed
with the scanning electron microscope (SEM) with
attached energy dispersive spectra (EDX). The mi-
crohardness measurements of the claddings are
measured using OMNITECH Vickers microhard-
ness tester with a normal load of 300 g and dwell
time of 10 s. The x-ray diffraction (XRD) (DX GE-
2P, JEOL, Japan) is employed for phase analysis of
the deposited clads.

Results and discussion

Fig. 3 and Fig. 4 depict that the TIG and MHH
of nickel-based alloy clads are well bonded with the
substrate. The claddings deposited with the TIG
welding technique showed very well dilution with
the substrate. The thickness of the claddings is in-
creasing with an increasing current from 80 A to
100 A. The WC particles in the nickel matrix are
well dispersed in the nickel alloy matrix. As increas-
ing current from 80 A to 100 A, WC dissolution is
increased. This could happen due to the change in
energy input, which further changes the clad layer's
solidification rate. It is observed that, due to the dilu-
tion of the substrate, cladding thickness is increased
with increasing current. The clad layer thickness at
80A is comparatively low (1.1 — 1.2 mm). At a high-
er current (100 A), clad layer thickness was found
in the range of 1.28 — 1.35.

Abundant WC particles are preserved in the upper
clad layer responsible for higher average surface
hardness (Fig. 3, a). Fig 3, ¢ shows the more uniform
clad layer compared with the clad processed at 80 A
(Fig. 3, a), which is due to the dissolution of WC
particles. However, the chemical composition of the
clad layer is changing while increasing the current,
which leads to a reduction in hardness. From the
SEM images, it is observed that WC particles are
collected at the bottom due to their higher density
and melting point than nickel alloy. It is also evident
that convection current of the weld pool is not suffi-
cient to prevent the WC particles from sinking to the
bottom.

However, WC particles near the interface restrict
the diffusion of cladding with the substrate. Com-
paratively, more pores are formed at 80 A current
than other processed clads. This could be due to the
inadequate heat input which causes entrapment of
Ar shielding gas in the clad. No crack is formed at
the interface, and clads are metallurgically bonded
with the substrate at all processing conditions. Fig.
5 represents the magnified cross-sectional images of
TIG clad deposited at 80 A current. It can be seen
that Ni alloy-WC clad is metallurgically bonded
with the substrate. Fig. 6 shows the EDS analysis
performed on the selected area deposited at welding
current 80 A.

Fig. 3. SEM images of nickel alloy cladding cross section produced by TIG cladding method with processing current
of 80 A (), 90 A (b), 100 A (c)
Puc. 3. COM-u300pakeHust IOMEPEYHOTO CEUEHHUS MOKPHITUS U3 HUKEJIEBOTO CIUIaBa, MOJTyd4eHHOro Meto oM TIG-HaraBku
pu Toke 06padotku 80 A (a), 90 A (b), 100 A (c)
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Fig. 4. Cross sectional SEM image of nickel alloy clad
produced by MHH cladding method
Puc. 4. COM-u300paxkeHne MONEePEeTHOr0 CCUeHNs,
TUIAKHPOBAHHOTO HUKENIEBBIM CIIABOM, ITOJTYYSHHOTO METOJIOM
iakupoBanus MHH

Near the interface, interdendritic eutectic precipita-
tions are found, as can be seen in Fig. 7, a. The irregu-
lar blocks found in the compound are rich in W and
C. To identify the elemental distribution in the
cladding, EDS analysis is conducted. Fig. 7, a
shows blocky white shaded particles (B), and grey
shaded particles (C) marked in the TIG clad layer
processed at 80 A primarily containing W and C
and W and Ni, respectively. The dendritic structures
formed on the substrate growing towards the clad
layer. These dendritic structures at the interface (C)
are rich in titanium and nickel, and the matrix (D) is
containing nickel alloy (Fig. 7, b). Fig. 7 shows
SEM image of the MHH deposited clad layer. It is
revealed that approximately 1+50mm crack-free
clad is deposited.

In the clad layer, WC particles directly interact
with the microwaves due to their higher skin depth.
Then, the heat conduction from WC particles fur-
ther raises the temperature of nickel alloy particles.
After reaching critical temperature, the whole pow-
der particles start interacting with the microwaves,
which leads to the melting of powder particles. The
observations are noted in a step of 5-minute micro-
wave exposure time. At the 25 minutes exposure
time, the microwave radiation is enough to melt the
preplaced power layer, which further melts the thin
layer of the substrate material. Due to this, the clad

layer is partially diffused with the titanium sub-
strate. The partially melted substrate can be seen in
Fig. 7, a. Few pores are formed in the clad layer,
which may be due to the exothermic reactions of the
powders. It is observed that WC particles in the
nickel alloy matrix are well distributed. The irregu-
lar WC particles are partially dissolved in the clad
layer. To identify the elemental distribution in the
clad layer, EDS study is conducted. The EDS study
confirmed that marks 4 and C in Fig. 7, a are identi-
fied as WC and nickel alloy matrix, respectively.
The interface zone (B) is rich in titanium and nickel
alloy, which is maybe due to the partial melting of
the substrate material. The dissolution of WC parti-
cles is observed in the clad layer. Due to this, the
surrounded nickel alloy matrix contains little W and
C. The EDS analysis shows the presence of possible
intermetallic phases in the clad layer.

The microhardness profiles of the claddings pro-
duced by TIG and MHH processes at different pro-
cess conditions are evaluated by considering the
number of readings along the clad depth. Fig. 8 and
Fig. 9 show the Vickers microhardness distributions
of the TIG clad and MHH clad along with the depth,
respectively. It is to be noted that hardness values
along the cross-section are not uniform. The results
show that the hardness of the clad is increasing while
moving away from the substrate. The addition of WC
particles in the matrix influences the formation of
hard phases within the nickel alloy matrix. The sud-
den increase in microhardness value in the graph
indicates WC particle distribution in the clad. The
higher hardness indicates the rapid cooling rate of
the clad during the development of the cladding.

Moreover, due to the rapid cooling of the molten
zone, WC particles are not dissolved fully in the
matrix. The comparison results of hardness profiles
are showing that TIG processed clad deposited at a
lower current (80 A) has higher average microhard-
ness. Besides, at higher energy input, WC is fully
melted and dissolved in the matrix. Besides, the

Fig. 5. Magnified SEM image of TIG clad processed at 80 A (a), Clad-interface region () clad layer
Puc. 5. YBennuennoe COM-uzobpakenne TIG-mnakuposku, o6padoranHoi mpu 80 A 001acTi MOBEPXHOCTHU IUIAKUPOBaHHUs (@), U
TUIAKMPOBAHHEIH cI10i1 (D)
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Fig. 6. Typical EDS spectra of: (a) region 4, (b) region B, (c) region C, (d) region d
Puc. 6. Tunmunsie cnextpst DJ1C:
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change in chemical composition at the current 100 A
due to higher dilution causes the hardness value re-
duction. A sudden increase in hardness value is ob-
served due to the collected WC particles near the
interface. Also, the MHH clad hardness is deviating
along the cross-section. The hardness of the MHH
clad mainly depends on the energy input and expo-
sure time. The claddings deposited by TIG and
MHH deposited clads are 3.5 and 2 times higher
than the titanium alloy substrate, respectively, at-
tributed to the formation of hard phases like Cr,;Cs,
WC, W,C, NiyW, and TiC. From Fig. 8 and Fig. 9,
it can be seen that the average hardness values of
the TIG and MHH processed clads are 965.5274
and 591.319, respectively. It is observed that the
hardness value of the TIG deposited clad is 1.6
times the hardness value of the MHH clad. In the

interface zone, TIG deposited clad having hardness
value 320 — 550. Whereas MHH clad is having
hardness around 320 — 415. Also, HAZ near the
interface in both clad shows more hardness than the
reference titanium substrate. The overall hardness
values of the claddings are mostly dependent on the
energy input and reinforcement volume in the clad.
It is worth noting that microhardness studies of TIG
and MHH claddings can evaluate the respective
wear performances approximately. Fig. 10, and Fig.
11 show the XRD analysis of nickel-based alloy
clad deposited by both TIG and MHH cladding,
respectively. The XRD patterns of both TIG and
MHH treated clad show a similar sequence of peaks
formation. The phases TiC and TINi formed in the
TIG cladding might be due to the dilution of sub-
strate material in the clad. Due to the high
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Fig. 7. Typical EDS spectra of: (a) region 4, (b) region B, (c) region C, (d) region d
Puc. 7. YBennuennoe COM-u3obpaxenue B obonouke MHH (a) u cexrpst DJIC obnactu 4 (b), obaactu B (c), obnactu C (d)
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Fig. 8. Hardness distribution of TIG clad cross section along
the depth at different processing current
Puc. 8. Pacnipenenenue TBEpJOCTH MONEPEYHOTO CEUSHUS
TIG-HamnaBKy 10 NIyOWHE TP Pa3INnIHOM TOKe 00paboTKN

temperature in the clad, WC particles are dissolved
and formed as the W,C phase. The W,C phase is less
in the MHH deposited clad than the TIG process due
to comparatively lesser energy input causing lesser
dissolution of WC particles. The intermetallic phase
NigW is formed in the clad layer might be due to the
nickel alloy matrix interaction with the free-W. The
TIG and MHH treated clad have typical phases such
as Ni4W, WC, W2C, CI'Q},C(,, Cr3Si, CI'7C3, and TiNi.
The MHH clad was processed at a 25 minute expo-
sure time having TiNi phase, which is attributed to
the diffusion of substrate material in the clad.

Conclusions

The nickel alloy-tungsten carbide 1 mm thick
composite claddings are effectively deposited on
titanium 31 alloy using TIG and MHH cladding
techniques. The main conclusions can be
summarized as follows.
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Fig. 9. Hardness distribution of MHH clad cross section along
the depth at 25 minute exposure time
Puc. 9. PactipeneneHue TBEpAOCTH MONEPEYHOTO CEUCHHS
Hartaskn MHH no riryOuHe npu BpeMeHH BBIICPKKH
25 MUHYT

The TIG and MHH deposited claddings have an
excellent metallurgical bond on the interface, and
no cracks were observed along the clad cross-
section. Comparatively, fewer pores are observed in
the MHH clad layer than TIG processed clad layer.

The average hardness of the TIG clad layer is 3.5,
and the MHH clad is 2 times the titanium alloy. The
dissolution of tungsten carbide particles in the nickel
matrix is attributed to the amount of energy input,
further influencing the hardness of the clad layer.

The TIG deposited clad layer hardness is de-
creasing as an increasing TIG current from 80 A to
100 A. It is observed that the TIG clad layer thick-
ness is increasing from 1.21 mm to 1.50 mm as the
current increases from 80 A to 100 A. The phases
TiNi and TiC formed in the TIG cladding indicate
the dilution of the substrate with the clad.
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Fig. 10. XRD spectra of TIG clad layer processed at 80 A
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Fig. 11. XRD spectra of MHH clad layer processed at 25 minutes exposure time
Puc. 11. Crextpsr POA obpabdorannoro miakupyromiero cios MHH npu BpemeHu skcno3uuu 25 MUH

In the MHH cladding, microwave radiation of
25 minutes of exposure time is sufficient to melt the
preplaced nickel alloy-tungsten carbide clad layer.
The tungsten carbide particles are finely dispersed
in the nickel alloy matrix clad. The nickel alloy ma-
trix is enriched in W and C because of the partial
dissolution of WC particles. The TiNi phase is
formed in the MHH clad attributed to the mutual
diffusion of the substrate and the clad.
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PABMEP 3EPHA DJIEKTPOKOPYHIA, CIIEHEHHOI'O U3
JUCIIEPTUPOBAHHBIX OTXO10B AJIIOMUHUA MAPKHU AIOE

© 2023 r. E. I1. HoBukos, O. B. Kpyrasikos, A. E. AreeBa

IOro-3anaauvlii rocynrapcrBennblii yuuBepeuteT (Poccus, 305040, Kypcek, yi. 50 et Okrsa6ps, 94)

Annomayus. Jns pa3paOOTKM TEXHOJIOTHH ITOMYYECHHUS SJIEKTPOKOPYHJA HCKPOBBIM IUIA3MEHHBIM CIIEKaHHEM
JMCIIEPTUPOBAHHBIX AJIEKTPOIPO3HEH OTXOMOB ATIOMHHUS M OLUEHKH d((GEKTHBHOCTH UX MPAKTHYECKOTO
IIpUMEHEHUs TpeOyeTcsl MPOBEJACHNE KOMIUIEKCHBIX TEOPETUUYECKUX U AKCIEPUMEHTANBHBIX HCCIIEOBAHUIL.
Lenpro HacTosimeld paboOTHI SBISUIOCH OIpENeNIiCHHE pa3Mepa 3epHa 3JIEKTPOKOPYH[A, CIIEYEHHOTO W3
JUCTIEPTUPOBAHHBIX OTX0A0B amomuHus Mapku AJIOE. DnextpomucneprupoBaHHe OTXOIOB AJTIOMUHUS
OCYIIECTBJISIM B JAUCTHUIMPOBAHHOM BOJI€ Ha OPUIHMHAJIBHOM YCTaHOBKE IIPU EMKOCTH pPa3psIHbBIX
KOHZEeHcAaTopoB 65,5 Mk®, HanpspbkeHud Ha anekTpoaax 200 B, yactore cnenoBanus umnyiascos 200 I'n. B
pe3ynbTaTte BO3ACHCTBHSA KPATKOBPEMEHHBIX AJICKTPHUYECKHX Pa3psiioB B BOAE OOpPa3OBBIBAIHCH YaCTHUIIBI
JIEKTPOIPO3MOHHOTO MOPOIIKA Pa3IMdHOro pasMepa. Jlanee MpOBOAMIN CIUIABJICHHE 3JIEKTPOIPO3HOHHOM
OIMXTHl B CHCTEME HCKpOBOTO Iwia3MeHHoro crutaBieHus SPS 25-10 «Thermal Technology» (CILIA) mpu
nasienun 30 Mlla, temmneparype 560 ©°C, Bpems BBIIEpKKH cocTaBisuio 3 MuH. Ilpu ananmze
MHUKpPOCTPYKTYPBI BBISBICHO, YTO CIICUCHHBIH JIICKTPOKOPYHA HMMEET MEIKO3EpPHHUCTOE CTPOCHHE, Oe3
BKJIIOUCHHH, paBHOMEpPHOE pacrpeneicHue ¢a3. 3HAYUTENbHBIE MOPHI, TPELUIMHBl M HECIUIOMIHOCTH
OTCYTCTBYIOT. Pa3Mep 3epHa HCCIEAyeMbIX CIUIaBOB, OINpPENIENEHHBII C IOMOIIBIO  CHUCTEMBI
ABTOMAaTH3MPOBaHHOTO aHanu3a u3oOpaxenuii «SIMAGIS Photolab» u onTHueckoro MHBEPTHPOBAHHOTO
mukpockona «OLYMPUS GX51», coctaBun mopsiaka 0,45 MkMm. Manbiii pasmMep 3epHa IMOJY4EHHOTO
JJIEKTPOKOPYH/A CBSI3aH C BBICOKOI JMCIIEPCHOCTBIO MCXOJHOM JIIEKTPOIPO3HMOHHOW HIMXTHI M 3 deKTa
«ITOJIABJICHUS POCTA 3€PHA» MPH HCKPOBOM IUIa3MEHHOM CIUIABJICHHWH 32 CYET KOPOTKOTO BPEeMEHHU pabodero
IIMKJIa, BBICOKOTO JIABJICHHUS M PABHOMEPHOTO PAaCHpesesICHHs TeIia 1Mo o0pasily Ipu BO3AEHCTBUU Ha HETO
UMITyJIbCHOTO 3JIEKTPUYECKOTO TOKAa W TaK Has3blBaeMoOro «@Qexra Iula3Mbl HCKPOBOTO pa3psiar.
[TpoBeneHHbIe HcciieIOBaHMS HEOOXOANMBI ISl pecypcocOepekeHNs 1 UIMIIOPTO3aMeIeHHs TIPH TTOJTyIeHUH
3JIEKTPOKOPYHAA U3 0TX010B anomuuus mapku AJIOE.

Knrouesvte cnosa: 0TX0IpI aMFOMUHIS, IIOPOIIOK, CIICKaHHE, pa3Mep 3epHa
@Dunancuposanue: Pabota BeINIOTHEHA MTPU moAAepkke rpanTta [Ipesugenta PO (MK-2539.2022.4).

JIna yumupoeanus: HosukoB E.II., KpyrmakoB O.B., Areesa A.E. Pa3mep 3epHa 31eKTpOKOpYHZA, CIIEYEHHOTO M3
JIMCTICPTHPOBAaHHBIX  oTX0#oB amomuHus Mapku AJIOE / Bectank CuOMpckoro rocyaapcTBEHHOTO
nHAycTpHanbpHoro yausepeuteta. 2023. Ne 1 (43). C. 33-38. http://doi.org/10.57070/2304-4497-2023-1(43)-33-38

Original article

GRAIN SIZE OF ELECTROCORUNDUM SINTERED FROM DISPERSED WASTE
ALUMINUM GRADE ADOE

© 2023 r. E. P. Novikov, O. V. Kryglyakov, A. N. Ageeva
Southwest State University (94, 50 years of October str., Kursk, 654007, Russian Federation)

Abstract. To develop technologies for obtaining electrocorundum by spark plasma sintering of aluminum waste
dispersed by electroerosion and to evaluate the effectiveness of their practical application, comprehensive
theoretical and experimental studies are required. The purpose of this work was the grain size of
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electrocorundum sintered from dispersed aluminum waste of the ADOE brand. Electrodispersion of aluminum
waste of the ADOE brand was carried out in distilled water at the original installation with a capacity of 65.5 UF
discharge capacitors, a voltage at the electrodes of 200 V, a pulse repetition frequency of 200 Hz. As a result of
exposure to short-term electrical discharges, particles of electroerosive powder of various sizes were formed in
the water. Further, the fusion of the electroerosion charge was carried out in the spark plasma fusion system SPS
25-10 "Thermal Technology" (USA) at a pressure of 30 MPa, a temperature of 560 °C and a holding time of 3
minutes. Analysis of the microstructure of sintered electrocorundum showed that it has a fine-grained structure,
without inclusions, uniform phase distribution and the absence of significant pores, cracks and discontinuities.
The grain size of the studied alloys, determined using the SIMAGIS Photolab automated image analysis system
and the OLYMPUS GXS51 optical inverted microscope, was about 0.45 microns. The small grain size of the
resulting electrocorundum is associated with the high dispersion of the initial electroerosion charge and the
effect of "grain growth suppression" during spark plasma fusion due to the short working cycle time, high
pressure and uniform heat distribution over the sample when exposed to pulsed electric current and the so-called
"spark discharge plasma effect". The conducted studies will allow to perform resource conservation and import

substitution in the production of electrocorundum from aluminum waste of the ADOE brand.

Keywords: aluminum waste, powder, sintering, grain size
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Beenenue

B nacrosimiee BpeMs alrOMHHHMI IIMPOKO pac-
MPOCTpPaHEH B Cy[0-, aBTOMOOWJIe- W aBUACTpOe-
HHUM, B NUIIEBOM M XOJOAWJIBHOW MPOMBIIIJIEHHO-
CTH, TIPH U3TOTOBIICHUU OBITOBBIX IIPEIMETOB H T.1I.
[ToMuMO 3TOrO anIOMUHUH SIBISETCS HOIMYJISPHBIM
MaTepruajIoM B CTPOUTEILCTBE. JTO OOBSCHSIETCS
€ro OTIUYUTEIILHBIMU XapaKTePUCTUKAMU U BBICO-
KUM KauecTBOM. Cpeau MpeuMyILIECTB CTOUT BbLIE-
JUTh, YTO 3TOT METAIUI OTIMYAETCS HEOONBIINM
BECOM, YCTOMUYUBOCTBIO K aTMOC()EPHBIM BIIUSHU-
sIM, HE TIOABEP>KEH KOPPO3UUHBIM TPOIIECCaM.

C SKOHOMHEH alllOMUHHUS TECHO CBS3aHBI MEpO-
MPUSITUS TI0 COOPY OTXO/0B AIFOMHHUEBBIX CILIABOB
u ux nepepadotke [1 — 3]. B oTeuecTBeHHOI U 3apy-
OEXHOH IPOMBIIIICHHOCTH B HACTOSIIEEe BpeMs
MIPUMEHSIFOT HECKOJIBKO METOJIOB IepepadOTKU OT-
XOJIOB aJTFOMHHUS, KOTOPBIC B OOJBIIMHCTBE CBOEM
XapaKTEepU3YyIOTCAd KPYMHOTOHHAKHOCTBIO, SHEPIro-
€MKOCThIO, HEOOXOAMMOCTBIO OOJBIINX TPOM3BO/-
CTBEHHBIX IUIOLIAJEH, Majloil MPOU3BOAUTEIILHO-
CTBIO, a TAKKE HAJTMYHUEM IKOJIOTHUCCKUX MTPOOIIEM.

OnHUM U3 NEePCIEKTUBHBIX METOJIOB MOMYyUEHUS
MOPOINKA MPAKTHYECKU W3 JIF0OOTO0 TOKOMPOBOIS-
IIETO MaTepuaia, B TOM YHACIE OTXOJ0B ATFOMUHUSA,
SIBJISIETCSI METOJ, AJIEKTPOIPO3UOHHOTO TUCIIEPTUPO-
BaHUs (D3D/]), KOTOPBIA OTIMYAETCS OTHOCHUTEIHHO
HEBBICOKHMH JHEPTeTHUYECKUMH 3aTpaTaMu U JKO-
JIOTHYECKON YHCTOTOH mporiecca [4 — 9].

Jis pa3paboTKU TEXHOJIOTHH TMOydeHUsS 3JeK-
TPOKOPYHJA HCKPOBBIM IIA3MEHHBIM CIEKaHHEM
JUCIIEPTUPOBAHHBIX  AJIEKTPOIPO3UEN  OTXOIOB
QTIOMUHHSA U OUCHKH 3(PPEKTUBHOCTH UX MPAKTH-

YeCKOTr0 MPUMEHEHHs TpeOyeTcs MpOBEACHUE KOM-
TUIEKCHBIX TEOPETHYECKUX M SKCIIEPUMEHTaTbHBIX
nccaenoBanwmii [10 — 14].

Lenpto maHHOW palOTHI SBISIIOCH ONpesesieHne
pazMepa 3epHa AIEKTPOKOPYH/A, CIIEYEHHOIO U3 JIHUC-
MEPrupoOBaHHBIX OTX0A0B amoMuHus Mapku AJI0E.

MeToabl M NPUHITUAIIBI UCCIIET0OBAHUS
DNEeKTPOUCTIEPTUPOBAHUE OTXOIOB AJTFOMHHUS
Mapku AJIOE ocymecTBisuid B TUCTHWUIMPOBAHHON
BOJIC HAa OPUTMHAJILHOW YCTAHOBKE TMPH EMKOCTH
Pa3psIHBIX KOHACHCATOPOB 65,5 MKk®D, HampsKECHUH
Ha snekrpogax 200 B, yacToTre cienoBaHUs UMITYJIb-
coB 200 ['u. B pesynbTare BO3eCTBUS KpaTKOBpe-
MEHHBIX DJICKTPUYECKHX pa3psloB B BOjAE 00pazo-
BBIBAJICh YaCTHUIBl AJIEKTPOIPO3HOHHOTO TIOPOIIKA
pa3nu4HOro pa3mepa. Jlanee mpoBOAMIH CIUIABICHUE
AIEKTPOIPO3UOHHON IIUXTHI B CHCTEME HCKPOBOTO
wrasMeHHoro crutaBienuss SPS 25-10  «Thermal
Technology» (CLA) npu maBnennu 30 Mlla, Tem-
nepatype 560 °C, Bpems BBIACP)KKH COCTaBILLIO 3
muH. [Iporecc CrutaBieHUs] BIIEKTPOIPO3UOHHOMN
IIMXTHI CXeMaTHYECKH MIPUBECH Ha puc. 1.
DNEKTPOIPO3NOHHYIO IITUXTY Pa3MEIaid B Mat-
puiie u3 rpadura, MOMeN@eMy0 1Moz IPecc B BaKy-
YMHOW Kamepe. DIJIEKTPObl, MHTEIPUPOBAHHBIC B
MEXaHUYECKYI0 YacTh Mpecca, MOIBOIMIN ICKTPH-
YECKHH TOK K MaTpHIE U CO3/IaBalld NCKPOBHBIE pa3-
PAABl MEXKIY CIUIaBJIIEMbIMA YaCTUIIAMH IIHXTHI,
oOecrieunBasi THTCHCHBHOE B3aUMO/ICHCTBHE.
Pasmep 3epHa B criaBax MCCIEIOBAIN C IIOMO-
IIpI0 CHCTEMBI aBTOMAaTH3MPOBAaHHOTO aHAJIN3a
n3o0paxennii «SIMAGIS Photolaby u onrtuaeckoro

-34 -


http://belnauka.ru/inovatsionnyy-biznes/katalog-oborudovaniya/index.php?SECTION_ID=5&ELEMENT_ID=1356
http://belnauka.ru/inovatsionnyy-biznes/katalog-oborudovaniya/index.php?SECTION_ID=5&ELEMENT_ID=1356

Bectank COMPCKOro rocyAapcTBEHHOIO HHAYCTpUaIbHOTO yHUBepeuteTa Ne 1 (43), 2023

Lucmera yrpadassus B
P o : . FNeKmpLveCKUY MoK
— MEMTECOTYT Hacmuysi
Bl yavicon ! HamgpuIa
oo ” anorpeps Baagy Ar/ N
1
(upadarecay
B cucmena
Mamepuan
(FABKITPOIDOIUOHHNE SIS Tewepamag
VLol
ooz e
moka
)
Mpeccpapva
7
r
Baxyyrmas kameoa
XML ygaHCon
{3newmpod)
P [papumobas npeccQopMa

Puc. 1. Cxema CIIaBIEHHS 3JIEKTPOIPO3HOHHOM IIMXTHI: @ — MPUHIMNHKAIBHAS CXeMa; O — cXeMa Harpesa
Fig. 1. Scheme of fusion of the electroerosion charge: a — schematic diagram; 6 — heating circuit

WHBEPTHpPOBaHHOTO  Mukpockoma «OLYMPUS OcHOBHBbIE pe3yJIbTAThl
GXS51» (Snonus). IlonydyeHHass ¢ NMOMOIUBIO ONTHUYECKOIO HHBEP-
THpoBaHHOro Mukpockona «OLYMPUS GX51»

Bnok-cxema MeTOAMKH HCCIEOBaHUSI pazMmepa
3epHa M CIUTaBOB MIPE/ICTaBIIeHA Ha pHC. 2.

Onmuueckuii UH8ePMUPOBAHHDBLIL
muxpockon « Olympusy

Ipoepammnoe obecneuenue
SIMAGIS Photolab

no pe3yibmamam Komopbix
Gopmupyemcs omuem

Buizpyska omuema,
codeporcane2o c8e0eHUs.
omobuyeti niowaou
auanuza, cpeoHezo
pasmepa 3epra

Puc. 2. Biok-cxemMa METOIUKH HCCIEOBAHUS pa3Mepa 3epHa
Fig. 2. Block diagram of the grain size research methodology
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Puc. 3. MUKpOCTpPYKTypa CIIEYEHHOTO 3JIEKTPOKOPYHa
Fig. 3. Microstructure of sintered electrocorundum

MHUKPOCTPYKTYypa HCCIIETyeMOro oOpasla CreueH-
HOTO 3JIEKTPOKOPYH/IA, IPEICTABICHA Ha PUC. 3.

AHanmu3 MUKPOCTPYKTYPHI MTOKAa3aJl, YTO CIICYCH-
HBIN JIEKTPOKOPYH] UMEET MEIKO3EPHUCTOE CTPO-
eHmne, 0e3 BKIIIOYEHUH, paBHOMEPHOE pacIpejene-
Hue (a3. 3HAYUTENbHBIC IMOPHI, TPEUIMHBI U HE-
CIUIOIIHOCTH OTCYTCTBYIOT.

Pasmep 3epHa mccliegyeMBIX CIUTaBOB, OMpeEe-
JICHHBIA C TIOMOIIBIO CHCTEMBI aBTOMATH3UPOBAH-
HOro aHanu3a uzobpaxenuii «SIMAGIS Photolaby
U ONTHYECKOTO WHBEPTUPOBAHHOTO MHKPOCKOIIA
«OLYMPUS GX51», coctaBuin nopsnka 0,45 MkM.

Oo6cyxknenue

Masblii pazmep 3epHa MOIYYEHHOTO 3JIEKTPOKO-
pyHIa CBS3aH C BBICOKOH IHCIIEPCHOCTBIO HCXOJI-
HOW DIIEKTPOIPO3UOHHONW MIMXTHI M 3P PEeKTa «I10-
JaBJEHUsI POCTa 3€pHa» INPHU HCKPOBOM ILIa3MEH-
HOM CIUTaBJICHHHU 3a CYET KOPOTKOT'O BPEMEHH pa-
0o4ero 1UKIa, BEICOKOTO JIABJICHUS U PABHOMEPHO-
TO pacmpeziefieHns Teria 1Mo o0pasiy NMpu Bo3ael-
CTBUM Ha HETO MMITYJIbCHOTO 3JIEKTPUYECKOrO TOKa
W TaKk Ha3bIBAEMOTO <«A(@eKTa TuIa3Mbl UCKPOBOTO
paspsizay.
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Annomayus. B pabote paccMaTpuBalOTCs CTPYKTypa CBEPTOYHOI HEHPOHHOW CETH W MaTeMaTHYECKHE METOJBI,
UCTIONb3yEeMBbIE IS IOACYETa ee 3HaueHui. [IprBeeHbl OCHOBHBIE COCTaBHbIC YacTH CETH, BIMAIOIINE Ha
pe3yJIbTaT: CBEPTOUHBIC CJION C MACKOM KaK OCHOBA CETKH JaHHBIX, SAPO IUIS YTCHMS CETKU AAHHBIX, IIara
W JIONOJIHEHHUS [UIl HACTPOHKHM TOYHOCTH YTECHUS, CYOIUCKPETHU3UPYIOIINE CIION JUIsl 0000IIEeHNs TaHHBIX.
[lokazaHa wuCTOpHS pPa3BHTHS CBEPTOYHBIX HEWPOHHBIX CETEH C TNpHMepaMH WX apXWUTEKTypbl |
UCTIONB3YeMBIMHU Tlapametpamu Ha npumepe ceteil LeNet, AlexNet, VGG u ResNet. [Toka3ano cpaBHeHHe
TOYHOCTH pAacliO3HaBaHMA 0OOpa30B MpH pPas3HBIX apXUTeKTypax. OmnucaHa KOHIENIHS IEpeIaTOYHOTrO
o0y4eHusl.

Kniouesvie cnosea: cBepToUHbIC HEHPOHHBIC CETH, PAclO3HaBaHHUEe 06Pa30B, TOUHOCTH PaGOTHI
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Abstract. The paper discusses the structure of a convolutional neural network and the mathematical methods used to
calculate its values. The main components of the network that affect the result are given: convolutional
layers with a mask as the basis of the data network, a core for reading the data network, steps and additions
for adjusting the reading accuracy, subsampling layers for generalizing data. The history of the
development of convolutional neural networks with examples of their architecture and parameters used is
shown on the example of networks LeNet, AlexNet, VGG and ResNet. A comparison of the accuracy of
pattern recognition for different architectures is shown. The concept of transfer learning is described.
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Beenenue

Mammaaoe oOydenne (aHria. machine learning,
ML) — k1acc METOIOB MCKYCCTBEHHOTO MHTEIUICKTA,
XapaKTepHON YepTOl KOTOPBIX SBJISCTCS HE MPSIMOC
pelreHre 3a1a4n, a 00y4eHue B mpoliecce MpruMeHe-
HUS PELLIEHUII MHOKECTBA CXOAHBIX 3a4ad4. [l mo-
CTPOEHHSI TaKHX METOJOB HCIOJIB3YIOTCSI CPECTBA
MaTeMaTHYeCKONH CTaTUCTUKH, YHCICHHBIE METOJIBL,
METOABI ONTHMH3AINH, TEOPHH BEPOSITHOCTEH, TEO-
pun rpadoB, pa3IMIHbIC TEXHUKU PabOThI C TaHHbI-
MU B 1u(hpoBoii popme. VICKyCCTBEHHBIN HHTEIUICKT
CBITPaT KOJIOCCATTFHYIO POJIb B MIPEOIOJICHUN Pa3phl-
Ba MEXAy BO3MOXKHOCTAMHU JrOoJied n MammH. Kak
WCCIIeOBaTeNN, TaK M 3HTY3HacThl paboTaroT Haj
MHOTOYHCJIEHHBIMU aclEKTaMHU 3TOK 00J1acTH, TO0H-
BasICh YAMBUTENBHBIX pe3ynabTaToB. OMHUM W3 HUX
SBJISIETC KOMITbIOTEepHOEe 3penue. [Ipumepom ma-
IIMHHOTO OOYYeHUs] B KOMITBIOTEPHOM 3PEHHU SIB-
JISTFOTCS CBEPTOYHBIE HEHPOHHBIE ceTH [1].

B HacTosmieit pabore npuBeneH 0030p U CpaB-
HUTEJIbHBIM aHalIU3 W3BECTHBIX apXUTEKTYP CBEp-
TOYHBIX HEHPOHHBIX CETEH, UX MPEUMYIIECTBA, HC-
TOpUSA Ppa3BUTUA H CHOCO6I)I HUCIIOJIB30BaHUsA Ha
MPaKTHKE.

CTpyKTypa CBEepTOYHBIX HEHPOHHBIX ceTeil

VY 6a30BOro meprentpoHa UMeeTcsl HeJOCTATOK:
TpeOoBaHHE OIPOMHOTO KOJIMYECTBA BXOIHBIX 3Ha-
YeHHIA, TpUYeM MalleHIInid CIBHUT H300paKeHHS
3acTaBjIsieT BCe jeiaTh 3aHOBO [2 — 7]. UToObI M3-
0exaTh 3TOr0 OTrpaHHYCHUs, OBUIO TPEATOKECHO
WCTIONB30BaTh CBEPTOYHBIE HeHpoceTH. Mnest co-
CTOMT B TOM, YTO Beca M 3HAYECHHS aKTUBALUU Ka-
KOTO-THO0O0 HEHpOHa 3aBUCAT HE OT BCEX BXOJIOB, a
TOJIBKO OT HEKOTOPOH OKPECTHOCTHU «BOKPYI» HETO.
Takoe «IBWXKyIIeecs OKHO» IPOXOAUT IO BCeH
kaptuHke [8, 9]. B urore mist coceTHETO «ITUKCEISD»
B CBEPTOYHOM cjioe OYIyT Te€ K€ caMble Beca, HO
BXOJHOM KYCOK KapTUHKHU OKKETCS CIBUHYTHIM.

kernel = 3x3

Puc. 1. Ilpumep siapa cBepTKU
Fig. 1. Example of convolution kernel

B pesynbraTe B OJHOW siYeiike CBEPTOUHOIO
CJIOSl 3aIHCHIBAETCS OTPENEICHHBIN MaTTepH H300-
pakeHUs (JIMHWUU, YTIJbl, I[BETOBBIC NSATHA M T.IL),
KOTOPBI B JaJbHEHUIEM MPOTOHSICTCS C IICIBIO
HaXO0XKIEHUS MOXOXKHUX MATTEPHOB B JIPYTHX YACTIX
M300pakeHUs THO0 JPYTHUX H300pakeHMsX [4]:

Op= S WX (1)

fjec” x—i,y—j,c;
i,j,c
2

Oxlylc’ = l.jZCVthcc’Xxl —i,y1 —j,c?

rae O — UTOrOBOE 3HAUCHHE B SUCHKE CBEPTOUYHOTO
ciost; W — Beca cBs3ei; X — 3HaUueHHWEe B MCXOJTHOMU
SIYEHKE; 1, J, ¢, ¢' — KOOPJAUHATHI TYEEK.

Hanee axtuBanmoHHas (QYHKUOUS paboTaeT Mo
TAKOMY K€ IPUHLUITY.

Bo3Hukaer HEKOTOpas HEPapXUYHOCTh MEXKIY
cnosimu. Ecn mepBble clloM pacro3HaloT JIHIIb
MPOCTEHINNE DIIEMEHTHI H300paXKeHHsl (JIMHUH, TOY-
K{, AYyTU), TO MOCIEAYIOIUE CJIOU YK€ HauyMHAET
00BEeTUHST 3TH YacTh B Gurypsl [9, 10].

JIByMsi BaKHBIMH IapaMeTpaMy SBIISIOTCS J0-
nonmHeHue u mar (padding u stride).

He Bcerna BbIrogHO, 4TOOB! Ha KaXIOM ILIare pas-
Mep CeTKU yMeHbIajcs. Hanpumep, ecim Mbl poxo-
UM Ucxo bl Habop 4x4 sapom (kernel) 3x3, To Ha
BBIXOJI€ TTONTyYHTCS MaTpuIia 2x2 (puc. 1).

Juist ynobcerBa mojicueTa Jiydiie Ha KaKIoM Iia-
re UIMETh OJJUHAKOBBIE Pa3MEPHOCTH MAaTPHI] BECOB.
Hnst aroro umcnons3yercss nomonHeHue (padding).
[Ipumep moxazan Ha puc. 2. Bxoa AOMOMHSIOT Ka-
KUM-TTHOO YHCIIOM IO KpasiM, Yale BCEro CTaBUTCS
0 [11]. Takum obOpa3om, pa3mep Bxona OyJeT paBeH
pasmepy BBIXOJaA.

Iar (stride) moka3miBaeT, CKOJBKO 3JIEMECHTOB
MPOXOIUTCA 3a OJHY uTepanuio. [IpuMep Ucmomnb-
30BaHMS I1ara MoKa3aH Ha puc. 3.

padding =1

Puc. 2. [Ipumep ncnonab30BaHus JOTIOJTHEHUS
Fig. 2. Example of add-on usage
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stride=2

Puc. 3. Ilpumep ucnonp30BaHus miara
Fig. 3. Example of step usage

O0a 3THX MeToAa BIIOJHE MOKHO KOMOWHHPOBATb.

BaxHOoil 0COOCHHOCTBIO CBEPTOYHBIX HEHPOH-
HBIX ceteil sBigercss Pooling layer wimm, xak Ha3bI-
BAaIOT €r0 B HEKOTOPBIX MCTOYHHUKAX, CyOAHCKpeTHU-
supyromui cinoi [6]. Ilpuniun aelictBus ero pado-
Tl IPUBEJICH Ha puC. 4.

OTOT CJIOW aeT BO3MOXXHOCTb MEHSATh JJIMHY U
BBICOTY aKTHBAIIMOHHBIX KapT. [locTaBuB 3TOT cioii
nocie ReLU (ReLU — akruBanmonHas QyHKUus),
MOXHO CXaTh IOJIy4MBLIMECS 3HaueHHA. Jlenaercs
3TO IO MPOCTOMY MPABUILY, K IIPUMEPY, UCIIOIb3YeT-
cst Max Pool: BeiOupaercsi MakcUMallbHOE 3HAYCHHUE
13 KBajpaTa 2x2 u mepenaercs nanplie (puc. 5). 1o
MO3BOJISIET BO BpeMsi 0OpaTHOrO MPOXOAa OTHECTH
BECh TPaJUCHT HMMEHHO K JTOMY 3HAueHHIO, a
OCTaNbHBIM TIOCTaBUTh HYNIU (MAaKCUMyM 3aBHCHUT
OT OJTHOTO BXO[Ia).

Takoe cxkaTve TO3BOJISIET CAENaTh HH(OPMAIIHIO,
KOTOPO# omepupyer ceThb, Oojiee rinodanbHOW. B
BBILIIEYKAa3aHHOM NpPUMEPE B JIEBOM BEPXHEM KBaj-
paHTe OyIeT caMbIM BasKHBIM 4UCIIO 6, a OCTaJbHBIC
BXOJIbI MUMEIOT MEHbBIIIEE 3HAYCHHE, YTO TIO3BOJHT
MPUMEHSTh 00YUYEHHYIO B JaJIbHEHIIIEM ceTh K Ooiee
LINPOKOMY KJaccy H300pakeHuil, m3beras Tem ca-
MBIM TIE€peoOydeHHsT MOJENU. JTO JaeT BO3MOXK-
HOCTh TIepe/aBaTh JaiblIe JIMIIb CAMbBIC BBIACISIO-
Hyecs MpU3HAKU Ha KapTHHKE, HE BJABasCh B MeEJI-
Kre moJipoOHOCTH (M30erast mepeoOydeHs), HO IpU
3TOM, 00ydasi MOJIeJib, BUJIETh BCIO KAPTUHKY IIEJH-
koM [11]. B urore ycioBHas cBepTOUHasl HEMpoceTh

P

N\
Y

CONVOLUTION + RELU

POOLING

» INPUT

— B 5@; N
| %@“ == s : : E
= O

CONVOLUTION + RELU POOLING

Single depth slice

1 o JEEE
X
4 6 6 8 6 8
? ﬁ|—_
B 1 o 3 4
N 2 4
Y

Puc. 4. Cxema Max-Pooling
Fig. 4. Max pooling scheme

MOXKET BBIMJIJETh, KaK 3TO MTOKa3aHo Ha puc. 5. Ha
ee BXOJ] MoJaeTcs n300pakeHne, Aajbllie CBEPTOU-
HBIH CJIOM ero 00pabaThiBaeT, 3aT€M OHO MPOITyCKa-
eTcs uepe3 akTUBaIMoHHyI ¢yHKmmuo RelL.U. Mo-
JKeT OBITh HCIOJB30BAaHO HECKOJIBKO KOMOWHAITHIA
ceeprounblx M ReLU-cnoes. [lamee mnpoucxogut
ckarue ¢ momompio Pooling Level. Best ata koH-
CTPYKIIUSI MOKET TIOBTOPSTHCS, TTOKA HE TIOTyYUTCS
CBEPTOUYHBIN CJIOM, JOCTATOYHO Majblil sl TOTO,
YTOOBI €r0 MOXKHO OBLIO CAETaTh IUIOCKAMY — Tie-
peBECTH B OTHOMEPHBI MacCUB, — CBA3ATh C TIOJTHO-
CBSI3HBIM CJIOEM, KOTOPBI MOYKHO TIPOITYCTUTH Yepe3
Softmax u moay4uTh y*Ke roToBbIi pe3ybrar [12].

JlaHHasi apXuUTEKTypa MMeEeT OOJIBIIOE MpPEeUMy-
IIECTBO: OHA 110 YMOITYaHHIO aIalITHPOBaHA K C/IBH-
raMm wu3o0paxeHuwii. Ecim, kK npumepy, HYXKHBIH
JJIEMEHT TEePEMECTHIICSI B JIPYTOi Yroi u3o0paxke-
HUS, TO CBEPTOYHBIE Beca TOXe cABUHYTCS. Ho B
OTIIMYME OT TMEepIENnTpoHa, ecTh eme u Pooling-
CJIOHU, KOTOPBIC YYHTBLIBAIOT MAKCUMAJIbBHOC 3HAYC-
HUe akTHBanuu. Yepe3 HECKOIBKO UTEPAIUN TaKUX
CJIOEB B WTOTe HA BBIXOJIE OKAKETCS TOT CJIOH, KO-
TOPBI OTBEUAET 3a paclo3HABaHUE MMEHHO JaHHO-
ro snmemenTa [13].

Hcropusi pa3Butus 0a3oBoii
CBEPTOYHBIX ceTeil

B mmaHe apXWTEKTyp OJHOHM W3 CaMbIX MEPBBIX
on11a ceth LeNet (puc. 6).

CTPYKTYPBI

— BICYCLE

FLATTEN FULLY

CONMECTED Gdsi

v

FEATURE LEARNING

v

CLASSIFICATION

Puc. 5. Cxema ycnoBHOM cBepTOUHOU HEpoceTH
Fig. 5. Diagram of a conditional convolutional neural network
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C3: f. maps 16@10x10
S4: 1. maps 16@5x5

C1: feature maps

INPUT 6@28x28

32x32 S2:1f. maps

6@14x14

Convolutions Subsampling

Convolutions

‘ Full connection Gaussian connections
Subsampling Full connection

Puc. 6. Cxema LeNet
Fig. 6. LeNet diagram

Apxurektypa cetn LeNet Obuta mpumymana
SAnom JlekyHOM (ITO3TOMY W Takoe Ha3BaHWE) B
1989 romy kak MPOIODKEHHE MOJETU HEOKOTHHU-
TpoHa (neocognitron) [14]. Moxmens CBepTOYHOM
CETH COCTOMT M3 TpPEeX THUIIOB CJOEB: CBEPTOYHBIC
(convolutional); cyomuckperusupytomue (subsamp-
ling, moaBwIOOpKa); "OOBIUHOW" HEWPOHHOW CeTH
(mepuentpona). IlepBeie nBa THIIA CIIOEB, YepemIy-
SACh MEXIYy CO00H, (GOpPMHUPYIOT BXOJHOW BEKTOP
MPU3HAKOB JUIS MHOTOCJIOWHOIO TEpIeNnTpOHa.
Cerp MOXHO 00yYaTh C TIOMOINBIO T'PaTUEHTHBIX
METOMOB.

N3navanpHo JIekyH HMCHOJIB30Ball 3Ty CUCTEMY
JUIS pacro3HABaHHS OTAENBHBIX LU(P MOYTOBBIX
nHaekcoB. Ceiiuac momoOHast apXUTEKTypa IpHuMe-
HSIETCSI B OCHOBHOM JUIsl OOYYEHHsI CTYJICHTOB H
npoObl cun Ha gatacere MNIST. Bee coBpemenHbie
ceTn 00bIuHO npoBepsitoT Ha Habope IMAGENET,
kotopsrid comepkut 1 000 000 nzobpakenui, mpu-
Hagnexamux 1000 xmaccoB [15].  Ilpumeps
YCIIEIIHOCTU PA3IMYHBIX APXUTEKTYP HPUBEACHBI
Ha puc. 7 (IITPUXOBOW JIMHUEH TOKa3aH ypPOBEHb

YeJI0BEYECKOI0 BOCIIPUATHS: OKONO 5 % HEBEpHO
pacrno3HaHHBIX H300paxenuit). Kak BumHO U3 Tpa-
¢uKa, COBpPEMEHHBIC AapPXUTEKTYphl CBEPTOYHBIX
HelpoceTel HAaMHOTO MPEBBIIAIOT YEIOBEYECKUU
rina3. CTOUT OTMETHTh, YTO 3TH 5 % mOKa3aHbI
BEChbMa YCJOBHO, TaK KakK Ui BBISBJICHUS TaKOM
OILIGHKW OJIMH U3 COTPYAHMUKOB KommaHuu ImageNet
oOydacst MecsI| U ToKa3all B ((MHAIIBHOM TECTHPO-
BaHUU MPUMEPHO TaKoH pe3ynbTaT [16].

Kak BugHO Ha rpaduke, cepbe3HBI MPOPHIB
MIPOM3OIIIET C MOSBICHHUEM apXuUTeKTyphl AlexNet B
2012 ronmy (puc. 8). JlanHas ceTh uMena mpuUMepHO
60 000 000 mapameTpoB.

VIMeHHO Ha ATOM apXUTEKTYpe BIIEPBbIE MPOM3-
Bonmiochk ooydenue Ha GPU (Bunmeokaprax). B xoze
pa3pabOTKU BOZHUKAJIO MHOXECTBO OLIMOOK, CBSI-
3aHHBIX C TEM, YTO BUJICOKAPTHI HE OBLTH MOATOTOB-
JIeHBI K TaKuM BbIUMcIeHUsIM. COOCTBEHHO, UMEHHO
W3-3a TOr0 NPHUIUIOCH APOOUTH CETh Ha JIBE YaCTH,
YTo BUJIHO Ha puc. 8. VIMEHHO TNOsBICHHE CETH
AlexNet cTai0 mOBOPOTHOW TOYKOM, IOCIIE KOTOPOit

Error
rate

0,25

0,20

0,15

0,10

0,05

|
2011 2012 2013

|
2014 2015 2016 2017 Year

Puc. 7. I'paduk pe3ynbTaToB pa3IMIHbIX apXUTEKTYP:
— —— — YpOBEHb YEIOBEUYECKOI0 BOCIPUATHS

Fig. 7. Graph results

of different architectures:

— ———level of human perception
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Pooling 2048

Puc. 8. Cxema cetn AlexNet
Fig. 8. AlexNet Network diagram

Hayajl MpOsIBIATBCS AaKTUBHBIA HHTepec K Deep
Learning [17]. Orta cerp Opula pa3pabortana A.
Kpeokeckum coBmectHo ¢ M. CyrkeBepom u JIx.
XuntonoM. Heo0XoaumMo OTMETUTH, YTO H 0O
AlexNet 6pumn cetn Ha GPU (x mpumepy, ceTb OT

LeNet

K. Yemnmarmmmsr B 2006 1.). Ceth AlexNet Ha HaOope
IMAGENET mnokazana omu0ky npumepto 15 %.

CpaBHeHHE U omHcaHue ycTpoiicTBa cereil Le-
Net u AlexNet nmpuBeieHO Ha puc. 9.

AlexNet

| Image: 28 (height) x 28 (width) x 1 (channel) | |Image: 224 (height) x 224 (width) x 3 (channels)|

v

|

| Convolution with 5x5 kernel+2padding:28x28x6 |  Convolution with11x11kernel+4stride:54x54x96 |

| sigmoid

\lf RelLu

| Pool with 2x2 average kernel+2 stride: 14x14x6 | | Pool with 3x3 max. kemel+2 stride: 26x26x96 |

]

v

| Convolution with 5x5 kernel (no pad):10x10x16  Convolution with 5x5 kernel+2 pad:26x26x256 |

. sigmoid v ReLu

| Pool with 2«2 average kemel+2 stride: 5x5x16 | | Pool with 3x3 max.kernel+2stride:12x12x256 |
\L‘ flatten \lf

| Dense: 120 fully connected neurons ' Convolution with 3x3 kernel+1 pad:12x12x384 |
| sigmoid J ReLu

| Dense: 84 fully connected neurons - Convolution with 3x3 kernel+1 pad:12x12x384 |
. sigmoid V ReLu

| Dense: 10 fully connected neurons - Convolution with 3x3 kernel+1 pad:12x12x256 |
\? V RelLu

Output: 1 of 10 classes

Pool with 3x3 max.kernel+2stride:5x5x256 I

|, flatten

Dense: 4096 fully connected neurons |

\ ReLu, dropout p=0.5

Dense: 4096 fully connected neurons

v ReLu, dropout p=0.5

Dense: 1000 fully connected neurons

v
Output: 1 of 1000 classes

Puc. 9. CpaBrutenbHbiil ananms cereit LeNet u AlexNet
Fig. 9. Comparative analysis of LeNet and AlexNet networks
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convl

conv2

conv3

convd

convy

fc6 fc7 fe8

f 7

1 x 1 x 4096

14 x 14 x 512 1 x 1% 1000

28 x 28 x 512

56 x 56 x 256

TxTx512

-

1194 112 x 128

@ convolution+ReLU
@ max pooling

@ fully connected+ReLU

L
224 x 224 x 64

Puc. 10. Cxema cetu VGG
Fig. 10. VGG network diagram
O[IHI/IM M3 BAXHBIX MOMCHTOB B HUCTOpPHUU CBECP-

or 2014 roma. Cxema »TOM CeTH TpHUBEICHA

TOYHBIX HeWpoceTeil sBusgerca apxurekrypa VGG Ha puc. 10, 11.
ConvNet Confipuration
A A-LRN B C D E
11 weight | 11 weight | 13 weight | 16weight | 16 weight | 19 weight
layers layers layers layers layers layers
mput {224 x 224 RGB mage)

comv3-Hd conv3-6d comv3-Hd convi-bd comv3-6d comvi-Hd
LRN conv3-64 convi-fd conv3-64 convi-64

maxpool
convi-128 | conv3-128 | conv3-128 | conv3-128 | comv3-128 | comv3-128
conv3-128 | conv3-128 | comv3-128 | comv3-128

maxpool
conv3i-256 | conv3-256 | conv3i-256 | conv3-256 | comv3-236 | conv3-256
conv3-256 | conv3-256 | conv3-256 | conv3-256 | comv3-236 | convi-256
convl-256 | conv3-256 | conv3-256
conv3i-256

maxpool
convi-512 | conv3-512 | conv3-512 | comv3-512 | conv3d-512 | comv3-512
conv3i-312 | conv3-512 | conv3-512 | comv3-512 | comv3-512 | comv3-512
convl-512 | conv3-512 | comv3-512
conv3-512

maxpool
conv3-312 | conv3-312 | conv3-312 | conv3-312 | comv3-512 | conv3-512
comv3-512 | conv3-512 | conv3-512 | comv3-512 | comv3-512 | comv3-512
convl-512 | comv3-512 | conv3i-512
conv3-512

maxpool

FC-4096

FC-4096

FC-1000

soft-max

Puc. 11. Onucanue cxemsl cetu VGG
Fig. 11. Description of the VGG network diagram
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Fig. 12. Graph comparing the efficiency of 20- and 56-layer networks

bruto mpemioxxeHo Heckoiabko BapuaHToB VGG
(puc. 11), xoTOpbIe pa3IMYAOTCS KOJTUIESCTBOM Be-
COB, B HEKOTOPBIX CIy4asX KOJMYECTBOM CJOEB U
SOpoM cBepTkH. Bcero Obuto okomo 140 000 000
napameTpoB. OCHOBHOM NPUYMHON MNPUCTATIBHOTO
BHUMAHUS CIYXHT TO, YTO BCE CJIOM OY€Hb CXOXHU,
MOYTH KaK «KUPIUYW», YTO TO3BOJSET HCIONB30-
BaTh CHOBa M CHOBA T€ e OJOKU B APYTUX MOje-
nsix. Ilpu 3TOM apxurekTypa sBISeTCs OY€Hb Ipo-
CTOIl B OCBOCHMH M NOHMMAaHHH, YTO TAKXKE HAET
OonplIMe BO3MOXKHOCTH Ui MOAMGMUKALUK TIOA
ceou Hyx15bI [17]. Cetp VGG mokazana ommoOKy Ha
Habope IMAGENET npumepso 6 %.

Baxknoit toukoii sBisiercs ResNet (Residual
Connections Network) 2015 roga. OaHa U3 OCHOB-
HeIX TpoOsieM cetd VGG u mo/oOHBIX ef ceTeil:
4yeM Jlanbliie, 4eM OoJjiee TryOOKHe ceTH TPUMEHS-
10TCs (C OOJBIINM KOJIIMYECTBOM CJIOEB), TEM OO0JIb-
miasg BBIPAa3HUTENIbHAs €MKOCTh y 3Tux cereil. To
€cTb, OHM HavaJM paclo3HaBaTh Bce Oojee u Ooree
BBICOKOYpOBHEBbIe mpu3Hakd. OJHAKO BBISCHU-
JI0Ch, YTO 4eM OoJibIle ceTh (Hampumep, B 56 clioes,
KaK NpHUBEIEHO Ha puc. 11), TeM Xyke OHa TpeHU-
pyeTcs. OTo He OBLJIO CBS3aHO HANpPIMYIO C Tepe-
o0y4eHHEM (CeTh IIOKa3bIBACT YIIOBIETBOPUTEID-
HBIH pe3yibTaT Ha TPEHHPOBOYHOM Habope, HO
IUIOXOM pe3yNnbTaT Ha BaJMIALHMOHHOM) — TakKue
CeTH TPEHHUPYIOTCS IUIOXO. YCTaHOBJIEHO, 4TO 56-
CJIOIiHas CeTh TPEHHpYETCH Xyxke, yeM 20-cioifHas,
XOTsl, Ka3ajoch Obl, 4eM OOJblIe BBIPa3UTENbHAsS
cuiia, TE€M Ilydllle JOJDKHA TPEHHPOBATHCS CETh.
[Ipobnema cocTosia B TOM, YTO B Hayalie TPECHU-
POBKH BCE CJIOM BECOB 3allOJIHSIOTCA CIy4YalHBIMU
gucimamu [18]. M ecam BO3HHWKAET CHUTYyaIlWs, YTO
KaKOH-TO M3 CIIOEB HE YCIeNl HaTPeHUPOBATHCS, TO
OH HCHOPTHUT TOKA3aTeH BCEM CJIOSIM, CIIEIYIOIIUM
3a HUM. bosee Toro, Bo BpeMsi 0OpaTHOro mpoxoja
OT HETO MOMIyT HEKOPPEKTHBIC TPAIUCHTHI B JIAJIb-
HEHIe ciou, 4To ele CHiIbHee 3aMemIuT o0yde-
Hue. U gem OoJble ciioeB B CeTH, TeM OOJblIe Be-
POSATHOCTh BO3HUKHOBEHHs TAKOIO pe3ysbTara, U3-

3a 4ero CeTH ¢ OOJBIINM KOJIHYECTBOM CJIOEB TOKa-
3BIBAIOT Ce0SI XyXkKe, KaK 3TO BUIHO Ha puc. 12.

B xome pemenus 5Toil mpoOIEMBI BO3HHKIIA
uzes: HEOOXOAMMO YIPOIIaTh TPEHUPOBKY. BbLIO
NPEJIOKEHO He 00ydaTh KaKABIM CIOi ¢ HyIs, a
BCE, YTO TOIMIJIO Ha BXOJ CJIOsI, IepeaBaTh Aajblie
(puc. 13). EXMHCTBEHHBIM yCJIOBUEM SIBIISETCS BO3-
MOYKHOCTh CKOPPEKTHUPOBATh JaHHBIC 3HAUEHUS: TO
€CThb CJIOM MPEACKa3bIBACT HE HANPSMYIO BBIXOM, a
ero monpaBky (residual). Orcioga u Ha3Banue Res-
Net [18]. Ciiou B TaHHBIX CETAX BBIYUCIISIOT HE BCE
n300paXkeHrne Ha BBIXOJE, OHU OTAAIOT HE BECh BbI-
xol. Bxox «red€t» Ha BBIXOJ, a CIOH MOXET €ro
JUIIb onpasuTh. Ecnu paHbIie Ha BXoJie ObLI X, a
Ha BeIxoJie F(x), TO Temepb Ha BXOJE X, @ Ha BBIXO/IE
F(x) +x.

Oxka3zanoch, 4TO TaKOE U3MEHEHHUE JaeT BO3MOXK-
HOCTh 00y4aTh Kynaa 0Oosiee TIyOOKHE CeTH, YeM
panbuie. O0buHO (puc. 14) Oepercst apXuTeKTypa
VGG (HmkHAS cxeMa), B Hee N00aBiIsieTcss MHOXKe-
CTBO CBEPTOYHBIX CJOEB (CpelmHss CXema) U TOcIie
sroro eme pobaBisitoTes residual connections
(BepxHsIst cxema).

B wrore Ha mpakTHKe OKa3aloCh BO3MOXKHBIM
TPEHHPOBAaTh CETH TIIyOMHOW J0 COTHH CJIOEB U
Oosbire. beiia gaxke monbiTka 00yYHThH CeTh T1yOu-
Hoii B 1000 cioeB, 1 Bce paBHO B UTOTE CETh CMOIJIA
00y4HUThCS, MYCTh U 3PPEKTUBHOCTH JAHHON MOJIEITH
MOJTy4YMIIach HE CIUIIKOM BBICOKOH [18].

X
identity

Puc. 13. Cxema komrioneHnTa ResNet
Fig. 13. ResNet Component Diagram
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Puc. 14. Cxema npumenenus ResNet k VGG
Fig. 14. Diagram of applying ResNet to VGG

CpaBHUTEIbHBII aHAIM3 ceTeill U JONMOJIHU-
TeJIbHbIE CIIOCOObI NOBbILIEHUsI UX 3(pPeKTHBHOCTH

Ha puc. 15 npuBeneHsl Bce YIOMSHYTBIE apXU-
TEKTypbl ¢ UX mnoaBuaamMu. [lo ropuzoHTaIbHON
[IKaJe MOKa3aHO, HACKOJIBKO OHM BBIYMCIUTEIBHO
3aTpaTHbl; MO BEPTUKANW IPHUBEIEH IydIIUN pe-
3yNbTaT; pa3Mep Kpyra COOTBETCTBYET KOJIUYECTBY
BXOJIHBIX T1apaMeTpOB.

BaxxHBIM MOMEHTOM ABISE€TCA IOATOTOBKA
n300paXkeHni st OOYYEHUs ¥ UCIIOJIb30BaHUE pa3-
JIMYHBIX IMOJIC3HBIX IMPHUEMOB. B XOJZC peuICHuA 3a-
a4yl MO>KET BO3ZHUKHYTH Takas CUTyalus, KOraa
Uis 0OyueHHs OaHO CIMIIKOM Majloe KOJIMYECTBO
nzobpaxennit (10 — 100). OOy4ars ¢ Hy&s Ha Ta-

KOM KOJIMYECTBE HCXOJHBIX JIAHHBIX HEBO3MOKHO
(6bymer orpomHOoe mepeoOydenme). Jns perreHus
Takoi mpobiemsl uctonb3yercs Transfer Learning:
Oepercsl y)ke HATPEHHPOBAHHAs HA CXOXKEH 3amade
CeTh, BCE €€ CJIOM «3aMOPaKUBAIOTCS» (Beca nela-
IOTCSl HEM3MEHHBIMHU) 32 MCKJIIOUEHHEM IOCIIEHHE-
ro. DTOT MOCIEAHUN CIION, HA KOTOPOM U MPOUCXO-
IUT BbIJada HEHPOHOM pe3ynbTaTa, MEHSETCS W
oOyuaeTrcsi Ha jkelnaeMoM Habope C UCIOJIb30BaHU-
€M yXKe TOTOBBIX BECOB 3aMOPOKEHHBIX CioeB. To
€CTh JI0 3TOTO CEeTh y4YHJIach W3BJICKAaTh NMPU3HAKU
U3 JaHHBIX, YTO OTPAXKEHO B 3aMOPOKEHHBIX CIIOSIX,
a Telepb CeTh JOJDKHA HAyYUTbCS WHTEPIPETHPO-
BaTh 5TU npuszHaku [19, 20].
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Puc. 15. CpaBuurenbHblil rpaduk 3 GEeKTHBHOCTH pa3InyHbIX ceTeil
Fig. 15. Comparative graph of the efficiency of various networks
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WHorna OpIBarOT cUTyalMH, KOTla JaHHBIX YyTh
6oxpme (mpumepHo 1000 u 6omdpire). B Takux cimy-
Yasgx MOXKHO HE 3aMOpaXHMBaTh BCIO CETh. 3amopa-
KHUBAIOTCS TIEPBBIE CIIOH, & MOCIEAYIONINE BIIOJHE
00y4aroTcs, MPUYEM ITH CIION 00YHaroTCs C pa3HON
CKOpocThi0 00yueHms. CkakeM, OIHOM M3 TaKTHK
SBIISIETCS. IPUMEHEHUE BECOB, OJM3KUX K TOCHE-
HeMy cioro, ¢ koaddumuentom 0,1, a Beca, exa-
e MEXIy 3aMOPO)KEHHBIMHM CJIOSAMH U YMEHb-
meHHsIMU B 0,1 pa3, npuMeHstoTes ¢ K03 duimeH-
tom 0,01. Tounble UUGPH U COOTHOLICHHE 3aMO-
PO3KH CJIOEB ONPEAENAIOTCS HKCIEPUMEHTAIBHO B
3aBUCHUMOCTH OT 3a/Ia4H.

OcHoBHas npuunHa, nouemy Transfer Learning
U 3aMOpO3Ka CJIOEB pPab0OTaeT, COCTOUT B TOM, UTO
[0 OMNPEIEICHUI0 CBEPTOYHOW CETH IEpBbIE CIOU
OTBEYAIOT 32 PacloO3HaBaHHWE CaMbIX 0a30BBIX MpH-
3HAKOB: YEPTOUYEK, TOUEK, HNPOYUX MPUMHUTHUBHBIX
¢uryp [19]. DT TPUMUTHBBI BCTPEYAIOTCS TTOYTH B
T000M H300paKEHHU.

BriBoabI

PaccMotpeHo Tekyinee cocTosiHHMEe 00nacTh 3a-
a4 HMCKYCCTBEHHOro wuHTe/iekTa. OCOOCHHOCTH
YKa3aHHBIX 3a]1a4 COCTOWUT B TOM, YTO, KaK TOJBHKO
OHH OYIyT pelIeHbl, OHH MIEPEXOIAT B pa3psy 3a1ad
OOBIYHOT'O BEIYHCIICHHMS.

[IpuBeneHo onpe/e/ieHue MaIMHHOTO 00yYeHUs
B IEJIOM B «OOYYEHHUs C YUYHTEJIeM» B YaCTHOCTH.
Omucana TUNOBAs 3a7a4a paclio3HaBaHUs 00pa3oB.

[IpuBeneHo ompeneneHue CBEPTOYHBIX HEHPOH-
HbIX cereidl. OmmcaHa WX CTPYKTypa U OCHOBHBIC
OTINYUS OT OOBIYHOTO TepPIENTPOHA: HaJNIne
CBEPTOUHBIX CJIOCB M pooling-ciioes.

[lokazaHna wucTOpHWsST pa3BUTUS CBEPTOYHBIX
HelpoceTteid, ux »Bononus. OnucaHsl METOABI, KO-
TOpbIC OBUTM HMCIIOJIB30BaHbI JJIsl MOBBIIICHUS (-
(dexTHBHOCTH paboThl ceTeil, MPOBEJACH CpaBHU-
TEJIbHBII aHaNu3 ceTel Pa3HON apXUTEKTYPHI.

Onwucana koumemnius Transfer Learning, koto-
pasi TIO3BOJIIET HCIOIB30BaTh YK€ OOyUEHHEIE Ha
OJTHOW 3aJ1a4e CETH JUIA PEIISHUs IPYTHX 3a1a4.

CIIMCOK JINTEPATYPbI

1. Komammuckuit B.M. HeiiponHsie cetm u ux
MIPUMEHEHHUE B CUCTEMaX YNPaBJIEHUS U CBS3U.
Mocksa: ['opsuas nuaus-Tenekom, 2002. 94 c.

2. Kucenesa T.B., Macnosa E.B., berukoB A.T'.
MamuHHOoe o0ydeHHe Uil peleHus 3afad
pacniozHaBaHusi 00pa3zoB. B ku.: COOpHUK Tpy-
1oB 50-0if MexayHapoiHOM KOH(GEPEHIIUHU 110
MH(OPMAITMOHHBIM TEXHOJIOTHAM B HaykKe, 00-
pasoBaHun " ympasineHud. [yp3yd, 2021.
C.19-24.

3. Kucenesa T.B., Macnosa E.B., berukos A.T.
MamunHoe o0ydeHHe B 3aJayax paclio3HaBa-

-47 -

10.

11.

12.

13.

14.

15.

HUs w300pakenuit // HWudopmaTtuzarnms u
cBsa3b. 2021. Ne 8. C. 15-19.

berukoB A.I'., Kucenesa T.B., MacnoBa E.B.
Mero/MKa ONTHMU3ALUKN 3JIEMEHTOB HEHPOH-
HOH ceTw Ha mpumepe nepuentpora // Cucre-
MBI YIpaBJICHUS W WHPOPMAIUOHHBIC TEXHO-
moruu. 2022. Ne 1 (87). C. 4-8. https:
//doi.org/10.36622/VSTU.2022.88.1.001/
UepsaxoB H.W. IlpuMeHeHne HEMPOHHBIX Ce-
TEH 711 3a/1a4 TPOTHO3UPOBAHUS U MTPOOIIEMbI
UICHTU(HUKALMKA MOJIeIel IPOTHO3UPOBAHUS //
HetipokoMmbioTepsl: pa3paboTka W IpHMEHE-
Hue. 2003. Ne 10. C. 11-14.

Kpyrnos B.B. HckyccTBeHHBIE HEHPOHHBIE CE-
. Teopus u npaktuka. Mocksa: I'opstuas au-
ausa-Teaexom, 2001. 382 c.

Xaiikun C. Hetipounsie cetu. Ilomnblit kypc /
Ilep. ¢ anrn. Mocksa: N/ «Bunbsimey, 2006.
1104 c.

Hukonenko C. I'myOokoe oOyduenue. CaHKT-
[etepOypr: [Tutep, 2018. 480 c.

berakoB A.I'., Kucenesa T.B., Macmosa E.B.
Hcnonb3oBaHWe CErMEHTAIlMd B CBEPTOYHBIX
HEHPOHHBIX CETAX IS MOBBIIICHUS TOYHOCTH
// CucreMsbl yrpaBieHUs ¥ WHGOPMAITMOHHBIC
texronorun. 2022. Ne 3 (89). C. 7-10. https:
//doi.org/10.36622/VSTU.2022.88.3.003/
LeCun Y., Boser B., Denker J.S., Henderson
D., Howard R.E., Hubbard W., Jackel L.D.
Backpropagation applied to handwritten zip
code recognition // Neural Computation. 1989.
Vol. 1 (4). P. 541-551.

LeCun Y. Generalization and network design
strategies. In: Technical Report CRG-TR-89-4
Department of Computer Science, University
of Toronto, 1989. P. 1276-1289.

LeCun Y., Boser B., Denker J.S., Henderson
D., Howard R.E., Hubbard W., Jackel L.D.
Handwritten digit recognition with a back-
propagation network. In: Advances in Neural
Information Processing Systems 2 (NIPS 89).
1990. P. 1008-1019.

LeCun Y., Bottou L., Bengio Y., Haffner P.
Gradient-based learning applied to document
recognition // Proceedings of the IEEE. 1998.
Vol. 86 (11). P. 2278-2324.

Chellapilla K., Puri S., Simard P. High
Performance Convolutional Neural Networks
for Document Processing. In: Tenth
International Workshop on Frontiers in
Handwriting Recognition. Guy L. ed. Suvisoft.
2006. P. 2877-2889.

Krizhevsky A., Sutskever 1., Hinton G.E.
Imagenet classification with deep
convolutional neural networks. In: Advances in
neural information processing systems. 2012.
P. 1097-1105.



Bectank COMPCKOro rocyAapcTBEHHOIO HHAYCTpUaIbHOTO yHUBepeuteTa Ne 1 (43), 2023

16.

17.

18.

19.

20.

Shelhammer L.E., Darrell T. Fully convolution-
al networks for semantic segmentation. In: The
IEEE Conf. On Computer Vision and Pattern
Recognition (CVPR). 2015. P. 3431-3440.
Badrinarayanan V., Kendall A., Cipolla R. SegNet:
A deep convolutional encoder-decoder archi-
tecture for image segmentation // ArXiv. 2015.
Vol. 1511. Article 00561. https://doi.org/
10.48550/arXiv.1511.00561/

Ronneberger O., Fischer P., Brox T. U-net: convo-
lutional networks for biomedical image segmenta-
tion. In: Proc. Med. Image Comput. Comput.-
Assisted Intevention. 2015. P. 234-241.

Iglovikov V., Shvets A. TernausNet: U-net with
vggll encoder pre-trained on imagenet for im-
age segmentation // ArXiv. 2018. Vol. 1801.
Article 05746.

Santos J., Ferro E., Orozco J., Cayssials R. A heu-
ristic approach to the multitask-multiprocessor as-
signment problem using the empty-slots method
and rate monotonic scheduling // J. of Real-Time
Systems. 1997. Vol. 13 (2). P. 167-199.

REFERENCES
Komashinskii V.I. Neural networks and their
application in control and communication
systems. Moscow: Hotline-Telecom, 2002, 94 p.
(In Russ).
Kiseleva T.V., Maslova E.V., Bychkov A.G.
Machine learning for solving image recognition

problems. In: Proceedings of the 50th
International ~ Conference  on  Information
Technologies in  Science, Education and

Management. Gurzuf, 2021, pp. 19-24. (In Russ).
Kiseleva T.V., Maslova E.V., Bychkov A.G.
Machine learning in image recognition tasks.
Informatting and communication. 2021, no. 8§,
pp. 15-19. (In Russ).

Bychkov A.G., Kiseleva T.V., Maslova E.V.
Methods of optimization of neural network
elements by the example of a perceptron.
Management systems and information
technologies. 2022, no. 1 (87), pp. 4-8. (In Russ).
https: //doi.org/10.36622/VSTU.2022.88.1.001/
Chervyakov N.I.  Application of neural
networks for forecasting tasks and problems of
identification = of  forecasting  models.
Neurocomputers: development and
application. 2003, no. 10, pp. 11-14. (In Russ).
Kruglov V.V. Adrtificial neural networks.
Theory and practice. Moscow: Hotline-
Telecom, 2001, 382 p. (In Russ).

Khaikin S. Neural networks. Full course.
Moscow: Williams Publishing House, 2006,
1104 p. (In Russ).

Nikolenko S. Deep learning. Sankt-Peterburg:
Piter, 2018, 480 p. (In Russ).

- 48 -

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Bychkov A.G., Kiseleva T.V., Maslova E.V.
Using segmentation in convolutional neural
networks to improve accuracy. Management
systems and information technologies. 2022,
no. 3 (89), pp. 7-10. (In Russ). https:
//doi.org/10.36622/VSTU.2022.88.3.003/
LeCun Y., Boser B., Denker J.S., Henderson D.,
Howard R.E., Hubbard W., Jackel L.D.
Backpropagation applied to handwritten zip
code recognition. Neural Computation. 1989,
vol. 1 (4), pp. 541-551.

LeCun Y. Generalization and network design
strategies. In: Technical Report CRG-TR-89-4
Department of Computer Science, University
of Toronto, 1989, pp. 1276—-1289.

LeCun Y., Boser B., Denker J.S., Henderson D.,
Howard R.E., Hubbard W., Jackel L.D.
Handwritten digit recognition with a back-
propagation network. In: Advances in Neural
Information Processing Systems 2 (NIPS 89).
1990, pp. 1008-1019.

LeCun Y., Bottou L., Bengio Y., Haffner P.
Gradient-based learning applied to document
recognition. Proceedings of the IEEE. 1998,
vol. 86 (11), pp. 2278-2324.

Chellapilla K., Puri S., Simard P. High
Performance Convolutional Neural Networks
for Document Processing. In: Tenth
International Workshop on Frontiers in
Handwriting Recognition. Guy L. ed. Suvisoft.
2006, pp. 2877-2889.

Krizhevsky A., Sutskever I., Hinton G.E.
Imagenet classification with deep
convolutional neural networks. In: Advances in
neural information processing systems. 2012,
pp. 1097-1105.

Shelhammer L.E., Darrell T. Fully convolutional
networks for semantic segmentation. In: The IEEE
Conf. On Computer Vision and Pattern
Recognition (CVPR). 2015, pp. 3431-3440.
Badrinarayanan V., Kendall A., Cipolla R. Se-
gNet: A deep convolutional encoder-decoder
architecture for image segmentation. ArXiv.
2015, vol. 1511, article 00561.
https://doi.org/10.48550/arXiv.1511.00561/
Ronneberger O., Fischer P., Brox T. U-net: convo-
lutional networks for biomedical image segmenta-
tion. In: Proc. Med. Image Comput. Comput.-
Assisted Intevention. 2015, pp. 234-241.
Iglovikov V., Shvets A. TernausNet: U-net with
vggll encoder pre-trained on imagenet for im-
age segmentation. ArXiv. 2018, vol. 1801,
article 05746.

Santos J., Ferro E., Orozco J., Cayssials R. A
heuristic ~ approach to the multitask-
multiprocessor assignment problem using the
empty-slots method and rate monotonic sched-


https://doi.org/10.48550/arXiv.1511.00561

Bectank COMPCKOro rocyAapcTBEHHOIO HHAYCTpUaIbHOTO yHUBepeuteTa Ne 1 (43), 2023

uling. J. of Real-Time Systems. 1997, vol. 13
(2), pp- 167-199.

Ceéedenusn 06 asmopax
Anexcanop I'puzopvesuu bviukos, acnupanm rxagedpwvi
NPUKIAOHBIX UHMOPMAYUOHHBIX MEXHOIO2UL U NPO2PAM-
mupoganusi, CHOMPCKUN TOCYIapCTBEHHBIH HHAYCTPH-
aJbHBIN YHUBEPCUTET
ORCID: 0000-0003-0258-4807
E-mail: aleksdsl@yandex.ru

Tamapa Bacunvesena Kucenéea, 0.m.n., npogpeccop xa-
Gedpvl NpUKIAOHBIX UHDOPMAYUOHHBIX MEXHOIOUL U
npoepammuposarus, CHOUPCKUIl TOCYIapCTBEHHBIA HH-
JIyCTPHATbHBIA YHHUBEPCUTET

ORCID: 0000-0002-1120-029X

E-mail: kis@siu.sibsiu.ru

Enena Bnaoumuposna Macnoea, x.m.H., OoyeHm Ka-
Gedpvl npuKIaAOHbIX UHQDOPMAYUOHHBIX MEXHONO02UL U
npoepammuposarusi, CHOUPCKUI TOCyTapCTBESHHBIN WH-
IyCTPHAIBHBIA YHUBEPCUTET

ORCID: 0000-0001-9697-523X

E-mail: Elenamasloval805@yandex.ru

Information about the authors

Alexander G. Bychkov, Postgraduate of Department of

Applied Information Technologies and Programming,
Siberian State Industrial University

ORCID: 0000-0003-0258-4807
E-mail: aleksdsl@yandex.ru

Tamara V. Kiseleva, Dr. Sci. (Eng.), Prof. of the De-
partment of Applied Information Technologies and Pro-
gramming, Siberian State Industrial University

ORCID: 0000-0002-1120-029X

E-mail: kis@siu.sibsiu.ru

Elena V. Maslova, Cand. Sci. (Eng.), Assist. Prof. of the
Department of Applied Information Technologies and
Programming, Siberian State Industrial University
ORCID: 0000-0001-9697-523X

E-mail: Elenamasloval 805@yandex.ru

Asmopul  3aaenawm 06 omcymcmeuu KOHGIUKma
uHmepecos.
The authors declare that there is no conflict of interest.

[Toctynuna B penakmuio 21.07.2022
ITocne nopabotku 09.02.2023
[Mpunsra k nyomukanuu 13.02.2022

Received 21.07.2022
Revised 09.02.2023
Accepted 13.02.2022

- 49 -


https://www.sibsiu.ru/kafedry/pitip/
https://www.sibsiu.ru/kafedry/pitip/
https://www.sibsiu.ru/kafedry/pitip/
https://www.sibsiu.ru/kafedry/pitip/
https://www.sibsiu.ru/kafedry/pitip/
https://www.sibsiu.ru/kafedry/pitip/

METAJIJIYPI'USAA U MATEPUAJIOBE/IEHHUE

Opuzunanvhana cmamos
VK 667.017: 533.9:536.71:546.36
DOI: 10.57070/2304-4497-2023-1(43)-50-58

BJIUAHUE TOBABOK IUHKA HA TEMIIEPATYPHY1O 3ABUCUMOCTD
TEINIOEMKOCTHU U UBMEHEHUSA TEPMOJUHAMNYECKHUX ®YHKIIUN
CBHUHIIOBO-CYPBMSAHOI'O CIIJIABA CCy3
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Annomauus. CriaBbl Ha OCHOBE CBHHI[A OOJNAJAlOT BBICOKOW TEILUIONPOBOJHOCTEIO M COOTBETCTBYFOT —IIPEIBSBISICMBIM
HOTPeOUTEISIMY TPEOOBAHUSM I10 YAaPHBIM Harpy3kaM. HeKoTopbIe H3/1eNs U3 CIUIABOB Ha OCHOBE CBHHIIA HMEIOT O/THOPO/IHYIO
3ePHICTYIO CTPYKTYPY, IOTOMY HX MOXKHO HCIIOJNIB30BaTh NPH OONBIIMX HArpy3kKax W HIBKUX TOCTOSHHBIX CKOPOCTSIX.
BakHeHnmMy  (pM3HYCCKMMH  XapaKTCPUCTUKAMK CBUHIIOBBIX CIUIABOB SIBIITFOTCS TEIUIOEMKOCTh U TEPMOJMHAMUYCCKHC
¢bynxu.  TepMonuHaMudecKkne W TEIUIO(QU3MYECKHE CBOWCTBA CBHHIIA M €O CIUIABOB — IIPEAMET MHOTOYMCIICHHBIX
9KCIICPUMEHTATBHBIX U TCOPETHHYECKIX HCCICIOBAHMI. VIMEFOIMecs SKCHICPHMEHTAIBHBIC JIAHHBIC BKIIOYAIOT HM3MEPCHHS
TEIUIOEMKOCTH, SHTATBINH, SHTPONHH 1 SHepruv [ no0ca mpr HOpMATILHOM JIABJICHHH B ana3oHe Temreparyp 298,15 — 550 K.
B Hactosmeli pabore ynenbHas TEIUIOEMKOCTh W TEpMOAMHAMHYECKHE (DYHKIMM CBUHIIOBO-CypbMsiHOrO cruiaBa CCy3,
JITUPOBAHHOTO [TUHKOM, ONPEZIETIUIHCH B PEKUME «OXJIKICHHSD) TI0 M3BECTHOH TEIIIOEMKOCTH STAIOHHOTO 00pasiia 13 CBUHLIA
mapku CO0. TTyrem 0OpabOTKM KPHBBIX CKOpOCTEH oxyaxaeHus: o0pastoB u3 cruiapa CCy3 ¢ LMHKOM ¥ 3TaJIOHA TOTyYeHbI
TIOJIMHOMBI, OITHCHIBAOIIME MX CKOPOCTH OXJavkeHHs. C HCTIONB30BaHHEM CKOPOCTH OXJIXKICHHS MICCIISIyeMbIX 00paslioB U
STAJIOHA M VX MACChI PACCUUTAHa yNeNbHAs TEIIOEMKOCTh CBHHIIOBO-CYpbMSHOTO cruiapa CCy3 ¢ IIMHKOM B 3aBHCUMOCTH OT
Temmeparypsl. [Toka3aHo, YTO C POCTOM TEMIIEPATypPbl U CONCPYKAHHS LIMHKA TEIUIOEMKOCTb, SHTAIBINS M SHTPOIHUS CIUIABOB
pacryr, a 3HaueHue SHepriu [ nboca ymeHsiaercs. [lpy yBenmmueHnn conepkaHusl IMHKA TeIUIOEMKOCTh M dHeprust [ mobca
CIUIABOB YBEJMUMBAOTCSL. JJOOABKH LIMHKA HE3HAYNTENBHO BIHSIOT HA M3MEHEHHS SHTAIBINK 1 SHTporvH crutaBa CCy3.

Knroueevte cnosea: cBUHIIOBO-CYPHMSIHBIN CILIaB, UHK, TEIUIOEMKOCTh, KOA(MGHUIMEHT TEIUIOOTIAAYH, SHTAJbIIHSA,
sHTponus, s3Heprust [ nb6ca, TemreparypHas 3aBUCHMOCTh

/Mna yumuposanusn: TanneB W.H., AmunbexkoBa M.C., HaBpyzor X.II1., Dmos Bb.b., Mymioera M.M. Brusaue
N00aBOK IIMHKa Ha TEMIEpaTypHYIO 3aBHCHMOCTb TEINIOEMKOCTH W H3MEHEHHsS TEePMOJUHAMHYECKUX
¢yHKUMH  cBUHIOBO-CypbMsiHOTO cmtaBa CCy3 // Bectamk CuOHPCKOTO  TOCYAapCTBEHHOTO
nHycTpuanbHoro yHusepeureta. 2023. Ne 1 (43). C. 50-58. http://doi.org/10.57070/2304-4497-2023-1(43)-
50-58
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INFLUENCE OF ZINC ADDITIVES ON THE TEMPERATURE DEPENDENCE
OF HEAT CAPACITY AND CHANGES IN THERMODYNAMIC FUNCTIONS
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Abstract. The lead-based alloy has a high thermal conductivity and meets the requirements for shock loads imposed

by consumers. Some lead-based alloy products have a uniform granular structure, so they can be used at high
loads at low constant speeds. The most important physical characteristics of a lead alloy are the heat capacity
and thermodynamic functions. The thermodynamic and thermophysical properties of lead and its alloys are
the subject of numerous experimental and theoretical studies. Available experimental data include
measurements of heat capacity, enthalpy, entropy and Gibbs energy at normal pressure in the temperature
range of 298.15 — 550 K. In the present work, the specific heat capacity and thermodynamic functions of the
lead-antimony alloy CCu3 doped with zinc were determined in the "cooling” mode by the known heat
capacity of the reference sample made of lead grade C00. By working out the curves of the cooling rates of
samples from the alloy SSu3 with zinc and the reference, polynomials describing their cooling rates were
obtained. Using the cooling rate of the studied samples and the standard and their mass, the specific heat
capacity of the lead-antimony alloy CCu3 with zinc was calculated depending on the temperature. It is shown
that with increasing temperature and zinc content, the heat capacity, enthalpy and entropy of alloys increase,
and the Gibbs energy value decreases. With an increase in the zinc content, the heat capacity and Gibbs
energy of the alloys increase. Zinc additives have a negligible effect on changes in the enthalpy and entropy

of the CCu3 alloy.

Keywords: lead-antimony alloy, zinc, heat capacity, heat transfer coefficient, enthalpy, entropy, Gibbs energy,

temperature dependence
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Beenenue

CBuHel B CpaBHEHHHM C JAPYTHMMH MeTajUlaMU
o0yazaeT MaJlol XUMHYECKON aKTUBHOCTBIO U BbI-
COKOI KOppPO3UOHHOM cTOMKOCThI0. K HepocTaTkam
CBHUHIIOBBIX O0O0JIOUEK, BBIMOJHIEMBIX W3 CBUHIIA
npu obmem konmuecTBe mpumeceir mo0 0,1 %, B
MEPBYIO OYepesb CIeAyeT OTHECTH HU3KUE MEXaHH-
YEeCKYyI0 MPOYHOCTh, BUOPOCTONKOCTh U COMPOTHB-
nenue mom3ydectu [1 — 3]. [[ns moBwimeHus BuOpo-
CTOHWKOCTH oOonouek Hambolee d((EKTUBHBIM SIB-
JsieTcs IPUMEHEHNE HEe TEXHUYECKHU YUCTOTO CBUH-
1la, a ero CIulaBoB. BBejeHue nerupyrommx sie-
MEHTOB (CypbMBI, 0JIOBA, KaJMUsl, TEITYypa, MBIIIb-
sgKa U Ap.), 00pa3yoLMX pa3InyHble XUMHYECKHE
COEIMHEHHUS M TBEPJIbIE PACTBOPHI, CYIIECTBEHHO
yIIydliaeT MEXaHHYECKHEe ¥ aHTUKOPPO3UOHHBIC
CBOICTBa CBUHIOBBIX CIUIaBOB [4 — §].

CrutaBbl CBUHIA C CYpPbMOH OOBIYHO MPUMEHSIOT
st 00osouek Kabenel W TUIACTHH JJEKTPUYECKHX
AKKyMYJISITOPOB, HCIOJB3YIOT TP TPOU3BOZICTBE
mynb U Tanorpadcekoro mpudra, a CriaBbl CBUHIA C
CYpbMOU M OJIOBOM — JIIsi (QUTYPHOTO JIUThSI U U3TO-
TOBJICHUsI TOMMIMITHAKOB. OCHOBHBIM MAaTepUalioM
11t 00onouek kabeneil U3 CBUHIIOBBIX CIUIABOB SIB-
JISIETCSl TEXHUUYECKH YHUCTHIN cBuHEN [9]. Mertammm-
yeckasi 000J04Ka Kabelnei, BHITOJMHIEMAsT U3 CBHH-
LOBOIO CIUJIaBa, JOJDKHA oOecreumBaTh TepMEeTHY-
HOCTb W JIOJDKHAa OBITH BHOPOCTOMKOH (TO e€cTh He
paspyiiaTbcsl MO BO3ACHCTBHEM BUOpaluu B IIPO-
Hecce SKCIUTyaTallid B CKBAXWHE); COXPAHAThH CTa-
OWIBHYIO CTPYKTYPY M MEXaHHUYECKHE CBOIMCTBA MPH
HarpeBaHuy; UMETh JJOCTaTOYHO BBICOKOE COINPOTUB-

JIeHWe TIOIRYy4YecTH (TO eCTh He J1e()OPMHPOBATHCS
MO ICHCTBHEM XOTh U HEOOMNBILNX, HO AITUTEIBHBIX
Harpy30K); o0ecreunBaTh CPOK CIYXOBI (TO €cThb
CPOK COXpaHEHHs BCEX €€ OCHOBHBIX CBOWCTB) HE
MEHEee CpoKa CiTyxO0bI kabess B riesiom [10].

Teopusi MeToma W cXeMa YCTAHOBKH Js
onpeeseHUs TEMJI0EMKOCTH CIIJIAaBOB

CymiecTByeT MHOT'O METOZIOB M3MEPEHUS TEIJIO0-
E€MKOCTH TBepzoro Tena. B Hacrosmielr paboTe uc-
MOJIE3YETCSI METOJ CPABHEHUS KPUBBIX OXJIAXKICHUS
3TAJIOHHOTO W HccleayeMoro obpasuon. Mccnenye-
MBI 0Opasel] HarpeBalT JI0 TeMIeparypsl, Ipe-
BBHIINIAIONIEH TeMIepaTypy OKpYKalolel Cpemsl,
rmociie 4ero oxJaxjaaroT. CKOpPOCTh OXJIaXAEeHUs
3aBUCUT OT TEIUIOEMKOCTH Marepuana o0pasia.
CpaBHUBasi KpUBBIE OXJIAXKACHUS (TEPMOTPaAMMBbI —
3aBUCHMOCTH TEMIIEPATypbl OT BPEMEHH) JIBYX 00-
pasioB, OAMH U3 KOTOPHIX CIY)KHT ATAJIOHOM C H3-
BECTHOH TETNIOEMKOCTBIO, MOXKHO OINPENEIUTh TET-
JI0eMKOCTh apyroro [11 —16].

®u3nvecKre OCHOBHI MPEIaraeMoro MeToja
M3MEPEeHHsI COCTOAT B cieayromieM. OxiakaeHne
00pa3IoB O0YCIIOBICHO TpeMsi MEXaHHW3MaMHU Tel-
JIoTiepeiavyr: TEeIIONPOBOIHOCTBIO  OKPYIKAIOIIEeH
cpeJibl, KOHBEKIUEeW M u3nmydyeHueM. s mepBbIx
JIByX TPOIIECCOB C XOPOLIEH TOYHOCTBIO MOYKHO
CUUTaTh, YTO TEIUIOBOM MOTOK OT HAarpeToro Teia
(/) mpomopIiMoHAJICH pa3HOCTH MEXKIY TeMIIepaTy-
poii moBepxHOCTH oOpasua 7 W TemIepaTypoi
okpyxaromeii cpensl 7o (3akoH  HprooToHa—
Puxmana):
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J=T-T). (1

Koadpdunuent rtemnoormaun o 3aBHUCHT OT
0O0JIBIIOTO KOJIMYECTBA MapaMeTPOB U JUIsl HETO He-
BO3MOXXHO JaTh OOMIyl0 (QopMyily, MO3TOMY Ha
MPaKTUKE KO3PQPUIMESHT TEeIUIOOTAAYU OIPEIes-
€TCsI KCIIEPUMEHTAIBHO.

TermoBol MOTOK 32 CUET HU3IIYUYCHHS] UMEET Ka-
YeCTBEHHO HHYIO 3aBHCHMOCTh OT TEMIepaTyphl
(3axon Credana—bonbiMaHa):

J=0eS(T* T, )

rie 6 = 5,67-10° Br-M’K* — nocrosanas Credana—
Bonpumana; & — xodddunment moriomenus; S —
IUIOIIAAb IOBEPXHOCTH TeIa.

Jlump mpu HEOOMNBIIOW PAa3HOCTH TEMIIEPATyp
(T — T)) mpubmIKeHHast 3aBUCUMOCTD OIPEIEICHUS
TEIUIOBOTO IOTOKA 3a CYET M3IYYEHHUS] CBOIUTCA K
BUAY

J =40eST, (T - T). 3)

Ecmm ne YUUTBEIBATh U3JTYYCHHUE U CUUTATb, YTO
TEIUIOEMKOCTh M KOA((UITMEHT TeIUIOOTIa4H II0-
CTOSIHHBI, a OKpY’Karomas cpefa OECKOHEYHa U OJI-
HOpOJ/IHAa, TO MpHU OXJAXKICHUU TEMIlepaTypa Teja
OyJer cmagaTh MO SKCIOHEHTe. JleHCTBUTENBHO,
ypaBHEHHE TETJIOBOTO OaaHca

30 = —Jd (4)

B JaHHOM CJiy4a€ UMCCT BU/]

C'mdT = -o(T - T,)dh, (5)

rae Cg — YACJIbHaA TCIUIOCMKOCTHb TCJid; m — Mac-

ca T¢ia.
Pemennem storo YpaBHCHUA ABJIACTCAH

T(0)=(T~-T)e"" +T, (©)

rae T, — HavyanbpHas TeMIepaTypa; T = mc/o. — BpeMs
TEIUIOBOW pelaKkcaluu.

TakuM 00pa3oM, €clii BBITIONHSIOTCS BCE YKa-
3aHHBIC BBILIE YCIOBUSA, TO TEIUIOEMKOCTh MaTepua-
ma obpa3na MOXKHO OIPENENIHUTh 1O TepMOTrpamme
o mapameTpy pemnakcaruu T. OZHAKO, TTOCKOJIBKY
BEJIMYMHA 0. HE U3BECTHA, U3MEPEHUS HYKHO BECTHU
MapajuIeIbHO C 3TAJOHHBIM 00pa3IOM C W3BECTHOM

TETJIOEMKOCTBIO M TE€X K€ pa3MepoB, YTOOBI ycio-
BUSL OXJAXICHHS y OOpa3loB OBUIM HMICHTHYHBEIL.
Ecmu koadduument o y oOpa3lioB OIWHAKOB, TO
TEIIOEMKOCTh HU3MepseMoro Matepuana C, MOKHO
HaiTH 110 Qopmye

=Bl (7)

C°
ra€ * — TCIJIOEMKOCTH 3TaJIOHHOI'O MaT€puaia, m,

U m, — MacChbl UCCICAYEMOI'0 U 3TAJIOHHOI'O o6pa3—

=D, =D,
110B; 2L dt” _ ckopocTn oxia-
JKAEeHUsT 0o0pasloB M3 STaJlOHA M HCCIEAYyEeMBIX
CIUIABOB.

OTOT METOJ MpeIoaraeT: MOCTOSHCTBO 3HaUe-
auit C, u C,, a Takkxe KOdPPUIMEeHTa o IPH H3Me-
HEHUU TEMIIEPATyphl; OXJIaXACHUE B OECKOHEUHOMH
cpelie; TeMreparypsl 00pasloB, MPU KOTOPBIX H3-
Jy4eHHEM MOXKHO TpeHeOpedb MO0 CPaBHEHHIO C
TEIUIONPOBOIHOCTEIO W KOHBeKIuer. HecoOumrome-
HUE JII000T0 U3 JIaHHBIX YCIOBH HapyIIaeT JKCIIO-
HEHIMAIbHBIN X0J KPUBOU OXJIaXKICHUS.

Pasymeercs, yuer 3aBucumoctet C, u C, or
TEMIIepaTypbl MOXXHO BBINIOJIHWUTh, Pa3OUB TEPMO-
rpaMMy Ha y3KHE WHTEPBAIBI TEMIIEPATyp, B KOTO-
PBIX TEMJIOEMKOCTH U KOA(QQPHULUEHT 0. MOXKHO CUH-
TaTh MIOCTOSIHHBIMH, HalAS Ul KaXXI0r0 HHTEepBaia
cBOM cKopocTH oxJaxaeHus T,(7) u 1,(7), KoTopsie
¥ UCIOJIb30BaTh aiisi pacuera 3HaueHus C(7). B
HacTosIe paboTe ONpenesstoTcs CpeaHNue TeIIo-
€MKOCTH IO BCEMY H3MEpsIeMOMY WHTEpPBAIy TeM-
nepatyp. KosdduimenTsl Teronepenadn o s
BCEX 00pa3LOB MPEANOJIATaloTCsl OIMHAKOBBIMH.

s onpenienieHust CKOPOCTH OXJIAXKICHUS T, U Ty
CTPOSIT KPUBBIE OXJIAXJICHHUS dTAJOHA U HCCIenye-
MBIX 00pa3uoB. KprBas oxiaxkaeHus! NpeacTaBiIseT
co00H 3aBHCHMOCTh TEMIIEpPATyphl 0Opasia oT Bpe-
MEHHU TpPU OXJAXKACHUU €r0 B HEMOABM)KHOM BO3-
Iyxe.

N3Mepenne TennoeMKOCTH TPOBOANIOCH 110 Me-
TOJWKE, pUBEJIcHHON B padortax [17 — 20]. Cxema
YCTaHOBKH U U3MEPEHUS TEIJIOEMKOCTH CIIJIAaBOB
MIpEJICTaBI€HA Ha pUC. | M BKIIIOYAET CIEAYIOLINE
y3JIBl: 3JEKTPOIEYb 3, CMOHTUPOBAaHHYIO Ha CTOMKE
6, TI0 KOTOPOIl OHAa MOXXET MEepPeMeIIaTbCsa BBEPX U
BHM3. OOpaserr 4 1 3TaioH 5 (TakkKe MOTYT Iepe-
MEIAaTbCs) MPEACTaBIAIOT cO0OW LWIMHAPHL JIH-
HoOi 30 MM 1 muameTpoMm 16 MM C BBICBEPIIEHHBIMU
KaHaJlaMH C OJHOTO KOHI[a, B KOTOpBIE BCTaBIEHBI
tepmonapbl. KoHusl TepMonap 7 — 9 moaBeeHbI K
mudposomy Tepmomerpy «Digital Multimeter
DI9208Ly.

DJeKTpoIeyb 3aIlycKaeTcst yepes J1adopaTopHbIi
aBToTpancopmatop (JIATP) [/ mpum yctaHoBke
HYXHOH TeMIIepaTypsl ¢ IOMOILBIO TEPMOPETYIIs-
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Ls

Puc. 1. YcranoBka [uist onpe/esieHus TEII0EMKOCTH TBEP/IBIX TeNl B PEXKUME «OXTaXKICHUSI»:
1 — aBTOTpaHchopmarTop; 2 — TEPMOPETYIATOP; 3 — JACKTPONeUb; 4 — 00paselr; 5 — 3TANOH; 6 — CTOMKA AIICKTPOIICYH;
7 — MHOT'OKaHAJIbHBIA IIU(POBOI TEPMOMETP; § — PETUCTPUPYIOIIUI TPHUOOp (KOMIBIOTED)
Fig. 1. Installation for determining the heat capacity of solids in the "cooling" mode:
1 — autotransformer; 2 — thermostat; 3 — electric furnace; 4 — sample; 5 — standard; 6 — electric furnace rack;
7 — multichannel digital thermometer; § — recording device (computer)

Topa 2. Ilo mokazaHusM HUQPOBBIX TEPMOMETPOB
¢uKcupyercsl 3HauYCHUWE HAYaIbHOM TeMIlepaTyphbl.
ITpu nomemiennn obpaslia U 3TalIOHA B 3IEKTPOINEYb
OCYIIECTBIISIETCSI MX HAarpeB JI0 HY)KHOH TeMIiepaty-
PBI, IPH 3TOM TeMIlepaTypa KOHTPOJIMPYETCsI 1O IO-
KazaHus LU(PPOBBIX TEPMOMETPOB Ha KOMIBIOTEpPE
10. O6pa3zen 1 3TaIOH OAHOBPEMEHHO BHIHUMAIOTCS
W3 3JIEKTPOIICYN U € 3TOr0 MOMEHTa (UKCUPYETCS
temneparypa. [lokasanus nudpoBoro tepmomerpa
(UKCUPYIOTCS Ha KOMITBIOTEp uepe3 Kaxzbie 10 ¢
70 OXJIQXKIEHUs 00pa3la M 3TAJIOHA JI0 TeMIIepaTy-
pel HIKE 35 °C.

T.K .
SR —r (Pb Mapxu C00)
500°\ 272 i e n

4501 — -—+0,50% Zn

4001

350

3001

250

| | |
0 200 400 600 LC¢

JKCcNepUMeHTAIbHBIE Pe3yJabTATHI H HX 00-
cy:KaeHue

TemnoeMKoCTh CBHHIIOBO-CYPBMSIHOTO — CILIABA
CCy3 ¢ UMHKOM HU3MEpsUId B PeXUME «OXJIaxKie-
Hus». OOpaboTKy pe3ynbTaToB MU3MEPEHUH H TI0-
cTpoeHHe TpadUKOB MPOBOJWINA C ITOMOIIBIO TIPO-
rpamm MS Excel u Sigma Plot. 3nauenue koaddu-
LMEHTa KOPPENALUH (Ryop, > 0,9984) moareepxaaer
MPaBUILHOCTh  BBIOOpa  aANMpPOKCUMUPYIOIESH
(GyHKIMHA. DKCIEPUMEHTAIhHO TOJYYSHHBIE KpPH-
Bble  OXJIAXJEHHs o00pa3lloB W3  CBUHIIOBO-
cypbmstHOTO cruiaBa CCy3 ¢ IMHKOM MPECTaBICHBI
Ha puc. 2, a. [lomydeHHbIE 3aBUCHMOCTH TeMIIepa-

—dT/dr,
K/e | —— — smanon (Pb Mapxu C00) 6
---------- - CCy3
20——--—-10,05%Zn
== =+0,10%Zn
— - —+0,50% Zn
L5
1,0
0,5

0 1 1 1 1
300 350 400 450 500 T K

Puc. 2. 3aBHCHMOCTH TEMIIEPaTyphl OT BPEMEHHU OXJIaXKICHNUS (a) B CKOPOCTH OXJIKACHUS OT TeMIepaTypbl (6) s 06pas3ioB
U3 CBUHIIOBO-CypbMsiHOTO ciutaBa CCy3 ¢ pa3HBIM KOJIMYECTBOM IIUHKA 1 TanoHa (Pb mapku C00):
1 —stanon; 2 — cruiaB CCy3; 3 — 5 —CBUHIIOBO-CYpbMSHBIH cruiaB ¢ cogepxxkanueM 0,05, 0,10 u 0,50 % Zn
Fig. 2. Temperature dependences on cooling time (a) and cooling rate on temperature (6) for samples of lead-antimony alloy CCu3
with different amounts of zinc and standard (Pb grade C00):
1 —standard; 2 — alloy CCu3; 3 — 5 —lead-antimony alloy with a content of 0.05, 0.10 and 0.50 % Zn

-53 -



Bectank COMPCKOTo rocyAapcTBEHHOTO HHAYCTpUaibHOTO yHUBepeuteTa Ne 1 (43), 2023

Tabauma 1

3Havyenus ko3(ppunueHToB a, b, p, k, ab, pk B ypaBHennu (9) 1Jisi CBHHIOBO-CYPbMSIHOTO CIIaBa

CCy3, 1erupoBaHHOr0 HUHKOM, 1 3TaT0Ha (Pb mapku C00)

The values of the coefficients a, b, p, k, ab, pk in equation (9) for lead-antimony CCu3
alloy alloyed with zinc and the reference (Pb grade C00)

ConepxaHue ITUHKA 0 K b107, D k107, ab'1072, pk'1073,
B ciuiaBe, % ’ ¢! K ¢! K¢ K-
CCy3 264,43 8,87 305,18 0,280 0,23 8,59
0,05 264,44 8,87 307,68 0,280 0,23 8,59
0,10 264,44 8,87 309,18 0,270 0,23 8,60
0,50 264,44 8,87 306,48 0,028 0,23 8,59
Drajon 264,43 8,86 302,18 0,028 0,23 8,59

Typsl OT BPEMEHH OXJIAXICHHS Ul 00pasLoB U3
CIUIaBOB OIHCHIBAIOTCS ypaBHEHUEM BHJIA

T =ae " +pe™. ()

KpuBbIe 3aBHCHMOCTH CKOPOCTH OXJIaXICHHS OT
TeMmeparypel Juii  00pa3loB W3  CBUHIIOBO-
cypbMsiHoro cimiaBa CCy3, merupoBaHHOTO ITWH-
KOM, TIPEJICTaBIICHBI Ha PHUC. 2, 6.

Huddepenupys 3aBucumocts (8) mo T, Tmomy-
YaeM ypaBHEHHE U1 ONpEAEJICHUS CKOPOCTH
OXJI2XKJICHHS CIUIAaBOB

dT —bt
— =—abe " — pke
dt

—kt

©)

3Hauenus kodpduuueHTos a, b, p, k, ab, pk B
ypaBHeHUU (9) AN MCCIEeNOBaHHBIX CIUIABOB IIPH-
BeJEHBI B Ta0. 1.

[lo paccunTaHHBIM 3HAYEHHUSM CKOpPOCTH OXJa-
XKICHUs 00pa3IoB M3 CIUIABOB W ITAJOHA IO YPaB-
HeHuto (7) Obula BBIUMCIICHA YJIENbHAS TEIUIOEM-
kocTh cmiaBa CCy3 ¢ IMHKOM, KOTOpas MpeacTaB-
neHa B Tabn. 2 u Ha puc. 3, a. C pocToMm conepxa-
Husa nuHka B cruiaBe CCy3 u Temmeparypbl TEIUIO-
€MKOCTh CIIJIaBOB yBenW4uuBaeTcs. s CBHHIIOBO-

cypbmsiHoro cmiaaBa CCy3, JIerMpOBaHHOIO LUH-
KOM, TeMIlepaTypHas 3aBUCHUMOCTb Kod(dduimenrta
TEIUIOOT/Ia4M TOKa3aHa Ha puc. 3, 6. JlobaBku LuH-
Ka HE3HAYUTEIhHO BJIVSIOT Ha KOI(PQPUIMEHT Tel-
JI0OTJa4u UCXOAHOTO CIUIABa.

PesynpTaThl pacdera MOKa3bIBAIOT, YTO TEMIIC-
parypHas 3aBUCHMOCTH YIEJIBHOW TEIUIOEMKOCTU
CBHHLIOBO-CypbMsiHOTrO ciaBa CCy3, nerupoBaH-
HOro HMHKOM, W 3TajoHa (Pb mapku CO00) omuchl-
BarOTCs ypaBHCHHUEM BHU1a

C, =a+bT+cT* +dT’ (10)

Py

3navyeHust kodpduuuentos B ypaBHeHuu (10)
MpeJCTaBJICHbI B Ta0I. 3.

Hcrionb3ys BBIYHCIIEHHBIE TAaHHBIE 1O TEILIOEM-
KOCTH CBHUHIIOBO-CypbMsiHOTO cruiaBa CCy3, neru-
POBaHHOTO IUHKOM, W SKCIEPUMEHTAIBHO MOJY-
YEHHBIC CKOPOCTH OXJIaKIECHHUS 00pa3IoB, OBLT pac-
cunTad Ko3(hUIMeHT TeriooTnauu (puc. 3, 6) ans
crutaBoB 1 sTanona (Pb mapku C00) mo crnemyroriei
dhopmye:

, dT
c,m—
a=—"3 (11)
(T-T)S

Tabnauma 2

TemnepaTypHasi 3aBUCHMOCTD Y/IeJIbHOH TeNJ10eMKOCTH CBUHIIOBO-CypbMsiHOro ciiiaa CCy3,
JIETHPOBAHHOT0 IMHKOM, 1 dTajioHa (Pb mapku C00)
Temperature dependence of the specific heat capacity of lead-antimony CCu3 alloy
alloyed with zinc and the standard (Pb grade C00)

CopepxaHnue LHUH- VY nenpHas TemoeMkocTs, Jx/(xr-K), npu T, K
Ka B CIUIaBe, % 300 350 400 450 500 550
CCy3 131,57 141,38 146,19 148,29 149,93 153,41
0,05 131,65 142,44 148,07 150,91 153,33 157,69
0,10 132,02 142,79 148,48 151,40 153,86 158,17
0,50 132,12 142,90 148,58 151,54 154,16 158,83
OranoH 127,50 130,23 132,80 135,24 137,60 139,91
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c’,
Lorel (KZ'R) —omanon (Pb Mapxu C00) g4
----------- ~CCy3
160 - ‘f_“+8?8°§’§“
. +0,50%Zn o
150
140
130
| | | |

a,
Bm/(Mz'[() — omanon (Pb Mapxu C00) -
----------- —-CCy3 )
———=—+0, 05 % Zn
L —-— —+0,10%Zn
60 — -—+0,50% Zn
40 1
7
201 [’1
0 / L ! ! ! !

300 350 400 450

500 T K

300 350 400 450 500 550 T, K

Puc. 3. TemneparypHast 3aBUCHMOCTB YAEIbHOU TEIUIOEMKOCTH (@) ¥ ko3 duinenTa temooraayn (6)
CBHHIIOBO-CypbMsHOTO crutaBa CCy3, leripoBaHHOTO IMHKOM, 1 TasioHa (Pb mapku C00):
1 —aranon; 2 — cruaB Cey3; 3 — 5 —CBUHIIOBO-CYpbMsIHBIH cIutaB ¢ cogepxanueM 0,05, 0,10 u 0,50 % Zn
Fig. 3. Temperature dependence of specific heat capacity (a) and heat transfer coefficient (6) of lead-antimony alloy CCu3, alloyed
with zinc, and standard (Pb grade C00):
1 — standard; 2 — alloy Ccu3; 3 — 5 — lead-antimony alloy with a content of 0.05, 0.10 and 0.50 % Zn

[ns pacuera TemMnepaTypHON 3aBUCUMOCTH H3-
MEHEHUH SHTaJbIIHU, SHTPONUK U 3Hepruu ['nbOca
cruaBa CCy3

[H”(T)—H“(n)]=a(r—n>+’;(Tz ~T)+

+§(T—T03) +Z(T4 -7y (12)

[S°(T)—S°(To)]=a1n§+b(T—T0)+

0

+§(T2—T02>+‘31(T3—753>; (13)
[GY(T) — G*(Ty)] =[H"(T) — H*(T;)] -
TS~ S°(T)1, (14)

ObUIN MCIIOJIB30BAaHBl MHTETPAJIBI OT yJEIBbHON Tel-
=298,15 K.
PesynpraTel pacuera TeMIepaTypHBIX 3aBUCH-

MOCTEH M3MEHEHUH SHTANbINU, YSHTPOIUU U dHEP-
ru [ 'mb0ca 11 CBUHIIOBO-CYPBMSIHOTO CILIaBa

noemkoctH (ypasrenue (10)); 7,

CCy3 c uunkoM u stanona yepe3 50 K npencras-
JieHsl B Ta0m. 4.

V3MeHeHus! TEIUVIOEMKOCTH U TEepPMOIMHAMUYE-
ckux ¢yakuii crmaBa CCy3 npu IerupoBaHUN €ro
uHKOM 110 0,5 % OOBACHSIOTCS MPOUCXOIAITIMHE
CTPYKTYpHBIMH TpeoOpa3oBaHUSIMU B pe3yjbTaTe
TaKOro Imporiecca.

BriBoabI

B pexnMme «oxmaxaeHus» HCCIeIOBaHA TeMIIe-
parypHas 3aBHCUMOCTH YJIIENBHOW TEIUIOEMKOCTH
CBUHITOBO-CypbMsiHOTO crutaBa CCy3, nerupoBaHHO-
TO IIMHKOM. B kKadecTBe 3TajoHa IpH UCCIIeTOBAHUSX
ucnonb3oBad ceuHenr Mapku C00 (99,99 % Pb).

YcTaHOBIIEHO, YTO C POCTOM TeMIIepaTypsl U CO-
Jlep>KaHus IMHKa TerioeMKocTh ciutaBa CCy3 yae-
muauBaercs. Martemarnyeckoil 00paboOTKOH pe-
3yJlbTaTOB HCCIIEJOBAHUS IOJIy4YEH ITOJIMHOM TEM-
MepaTypHO 3aBUCUMOCTH TEIUIOEMKOCTH CIIJIaBOB.
Koaddumment Termiooraun CruiaBoB ¢ YBEIHYSHH-
€M TeMIepaTypbl pacTeT, a C POCTOM KOJINYeCTBa
JIETUPYIOIIETO KOMIIOHEHTa HE3HAYUTETHHO
YMEHBIIIAETCS.

Tabnuma 3

3navenus ko3¢ ¢uuueHToB a, b, ¢, d B ypapHenuu (10) 1y cBUHIOBO-cypbMsAHOro ciiiapa CCy3,
JIETHPOBAHHOT0 IMHKOM, 1 dTajioHa (Pb mapku C00)
The values of the coefficients a, b, ¢, d in equation (10) for lead-antimony CCu3 alloy
alloyed with zinc and the reference (Pb grade C00)

CopepxaHue LIMHKA B a, b, 107, d107°, Koopuupent
cruiase, % Jx/(xr-K) Jhx/(xr-K?) Jhx/(xr-K?) Jhx/(kr-K*) KOppi:;ﬂHHH
CCy3 —-159,3 1,9 4,18 0,303 0,9985
0,05 —174,1 2,0 4,35 0,316 0,9987
0,10 -168,6 2,0 4,25 0,308 0,9986
0,50 -173,3 2,0 4,36 0,318 0,9984
OrtaiaoH 105,6 0,1 0,08 0,005 1
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Tabauma 4

TemnepaTypHasi 3aBUCHMOCTb H3MeHeHHIT TePMOAMHAMMYECKUX (PyHKIMI CBUHIIOBO-CYPbMSIHOTO
ciapa CCy3, JiernpoBaHHOT0 IUHKOM, M 3TajioHa (Pb mapku C00)
Temperature dependence of changes in thermodynamic functions of lead-antimony CCu3 alloy alloyed
with zinc and the standard (Pb grade C00)

3nauenne ynkuuu mpu 7, K
Conepranne i B 300 [ 350 [ 400 | 450 [ 500 [ 550
cruiase, % 0 0 7
[H*(T)-H"(Ty)], xx/Kr
Crmas CCy3 0,2462 7,2016 14,5480 22,0976 29,7763 37,6234
0,05 0,2430 7,1216 14,4009 21,8820 29,4848 37,2475
0,10 0,2437 7,1403 14,4387 21,9427 29,5717 37,3602
0,50 0,2439 7,1460 14,4496 21,9591 29,5983 37,4098
DrtanoH 0,2357 6,6798 13,2562 19,9577 26,7791 33,7169
[S°(1)-s°(1y)), xdx/kr-K
Cmas CCy3 0,00082 0,02224 0,04186 0,05964 0,07582 0,09077
0,05 0,00081 0,02202 0,04151 0,05923 0,07539 0,09035
0,10 0,00081 0,02205 0,04154 0,05921 0,07528 0,09013
0,50 0,00081 0,02207 0,04157 0,05925 0,07535 0,09024
OrtajaoH 0,00078 0,02065 0,03821 0,05399 0,06836 0,08158
[G°(T) - G ()], K[k

Cras CCy3 -0,00076 -0,58455 | -2,19497 | —4,73967 -8,13204 ~12,3009
0,05 —-0,00069 —-0,58406 -2,20389 —4,77462 -8,21214 —12,4442
0,10 —-0,00075 -0,57925 -2,17681 —4,70284 -8,0713 -12,2109
0,50 -0,00075 -0,57971 -2,17851 —4,70643 -8,07759 -12,2214
Dranon -0,00073 -0,54769 | —2,02751 -4,33911 ~7,40333 ~11,1565

PaccunrtaHbl BeTMUMHBI H3MCHEHHM SHTAIBIINH, SH-
Tpormu 1 3Heprun [ ndOca CIUIaBoB B 3aBUCHMOCTH OT
TEMIIEPATypbl U COAEP)KaHUs B CIUIaBax IUHKa. [Ioka-
3aHO, YTO C POCTOM TEMITEPaTyphl SHTAIBINS U PHTPO-
TIHsI CTUIABOB PACTYT, a dHeprusi [ mo0ca yMeHbIaeTcs..
Jo6aBku muHka 10 0,5 % HE3HAUYHUTEIILHO BIMSIOT HA
W3MEHEHUsI TEPMOTMHAMHYIECKHX (DYHKIIUIA CTUIABOB.
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Annomayusn. XUMHUKO-TepMHUuUecKas oOpab0OTKa B LEJIOM U OOpUpPOBAaHHE SIBIAIOTCS BBHICOKOI(()EKTUBHBIMU
cnocobamu TMOBBIILIEHHST pecypca paboThl pabovnX OpraHoB M Jeraneil MamuH (MHCTpyMeHTa). [lpu aTom
HEoOXoAMMO moAOMpaTh MapKu CTaned, KOTOphle MPEANIOYTUTENHHO II0JBEpraTh OOPHPOBAHHIO B
3aBUCHMOCTH OT IOCTaBJIECHHOHM menu. s pemeHws NpakTHYECKHX 3a/4ad B IEJSIX KOHTPOJS KadyecTBa
6opunHoro u((y3HMOHHOTO TOKPBITHS HWMEETCs IOTPEOHOCTh  ONPENENCHUS TNPOYHOCTHBIX H
MOP(OIOTHYECKAX XapaKTEPUCTHK OOPHUIHOTO CJIOS M ero (a3oBoro cocraBa. Bricokobopucras ¢asza FeB
UMEET HU3KHE SKCIUTYyaTAllMOHHBIE XapaKTEPHCTHKH (BBICOKAs XPYNKOCTb, CO3Ja€T HAa IOBEPXHOCTH
pacTATUBAOLINE HANpPSDKEHUS, MPUBOIAIINE K TPEIIMHOOOPAa30BaHMIO M CKOJaM B OOPHIHOM cJo€), B
OOJIBIIMHCTBE CiTydaeB coaepkanue (a3l FeB B MOKPHITHH OrpaHMYMBAIOT BEPXHUM IpejesioM (He 6osee 10
— 15 % ot tommuHel cinost 6opunos). Onpenenenue Ha3oBOro cocraBa OOPUIHBIX CIOCB MPEIMOYTHTEILHO
BECTH METOJIaMHU JIEKTPOHHON MHUKPOCKOIHH, OJJHAKO B YCIOBHSX IIPOU3BOJICTBA 3TO SIBISIETCS] TPYAOEMKO
3agadeid. OJHUM M3 BapHaHTOB aHAIN3a CTPYKTYPhl U MOP(OJIOrHH MOJIYYEHHBIX PE3YJILTATOB SBISETCS
Bu3yanuzanus (a3zoBoro cocraBa OOpHIHBIX TU(GQY3HOHHBIX CJIOEB C HCIHOJNB30BAHUEM «I[BETHOI'O»
TPaBJCHHUs] C BO3MOXHOCTHIO OLIEHKH CTPYKTYpHO-()a30BOrO COCTOSHHMSI INPH TOMOIIM ONTHYECKON
MHUKpockonuu. [lokazaHo, YTO TPEIUIOKEHHBIH METOJ| 3JEKTPOIUTUYECKOTO TPABICHUS B HACHIIIEHHOM
BOJIHOM pacTBOpE IMIEJIOYHOTO NMUKpPATa HATPHS IO3BOJIAET IOJYYHTh BBICOKOKOHTPACTHBIE HM300paKEeHUs
MHUKPOCTPYKTYPBI OOPUIHOTO CIIOSl, KOTOPHIE B MOCIEAYIOIEM MOTYT OBITh aBTOMaTH4YEeCKH 00pabOTaHbI B
COBPEMEHHBIX IIPOTPaMMHBIX KOMIUIEKCAaX MeTauiorpa(uyeckoro aHajan3a ¢ LeNbl0 KaueCTBEHHOH H
KOJINYECTBEHHOW OIEHKH CTPYKTYpHO-(a30BOro cocrosHus. [0 CpaBHEHHIO C XMMHYECKHMMH METONAMH
«UBETHOTO» TPABJICHUS, METOJ[ AJIEKTPOXHMMHUYECKOIO TpaBJIEHHs HE TPeOyeT BBHICOKOH KBaIU(UKAIMK
MIEPCOHANA U MOXKET OBITh UCIIONB30BaH B YCIOBHUAX NMPOU3BOACTBEHHOI T1abopaTopuu.

Knrouesvie crnosa: xumuko-TepMuieckas o0paboTka, CTPyKTYpHO-(a30BbIii cocTas, cTaib, AU y3HOHHBIN CIIOH,
MeTayutorpadus, IIBETHOE TpaBJIeHNE, HACHTUHUKAII (a3
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Abstract. Chemical-thermal treatment in general and borating in particular are highly effective ways to increase the

service life of working bodies and machine parts, as well as tools. At the same time, it is necessary to select
possible grades of steels, which are preferably subjected to boriding, depending on the goal. To solve
practical problems in order to control the quality of a boride diffusion coating, there is a need to determine
the strength and morphological characteristics of the boride layer and its phase composition. Since the high-
boride FeB phase has low performance characteristics (high brittleness, creates tensile stresses on the surface,
leading to cracking and spalling in the boride layer), in most cases the content of the FeB phase in the coating
is limited to an upper limit of no more than 10—-15 % of the thickness of the boride layer. Determination of
the phase composition of boride layers is preferably carried out by electron microscopy methods, however,
under production conditions, this is a laborious task. One of the options for analyzing the structure and
morphology of the results obtained is the visualization of the phase composition of boride diffusion layers
using "color etching" with the possibility of assessing the structural-phase state using optical microscopy. It is
shown that the electrolytic etching method proposed in this work in a saturated aqueous solution of alkaline
sodium picrate makes it possible to obtain high-contrast images of the microstructure of the boride layer,
which can subsequently be automatically processed in modern software systems for metallographic analysis
in order to qualitative and quantitative assessment of the structural-phase state. Compared to the chemical
methods of "color etching", the electrochemical etching method does not require highly skilled personnel and

can be used in a production laboratory.

Keywords: chemical-thermal treatment, structural-phase composition, steel, diffusion layer, metallography, color

etching, phase identification
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BBenenue

Bop, kapbunx 6opa, HUTpHUI Oopa 1 OOPHIIBI ITepe-
XOJHBIX METAJJIOB MMEIOT MHOTO TOJIOKUTEIBHBIX
CBOMCTB (BBICOKYIO TEMIIEPATypy ILIABJICHHUS, TBEP-
JIOCTh, XOPOIIKME HU3HOCOCTOHKOCTh, KOPPO3HOHHYIO
CTOWKOCTB, 3JIEKTPONMPOBOMHOCTE u japyrue) [1].
[TosBNISFOTCSI BO3MOXKHOCTU JIJISt TTOBBILICHHUS T10-
BEPXHOCTHBIX CBOMCTB METAJUIOB M KEPaMUKH ITy-
TeM HAaHECEHHS IMOKPHITUS, 00pa30BaHHOI'O M3 pac-
CMaTpUBAaEMBbIX MaTepHalioB. Takxke HEOOXOIUMO
OTMETHTD, UTO 0O0JIBIIOE KOJIMYECTBO MUCCIIETIOBAHMMI
M0 TOBEPXHOCTHOMY YIPOYHEHHIO CTAlld CBS3aHO
MMEHHO C O0pPOM U €r0 COCTMHCHUSMH.

N3BecTHO, YTO JICTUPYIOIIKE 3JIEMEHThI BIUSIOT Ha
(opmupoBanue (ha3oBOro cocraBa OOPHIHOTO CIIOSL.
Hcxons u3 3T0r0, He0OX0AUMO MOAOHPATh BO3MOXKHBIC
CTaJiel, KOTOpBIC MPEANIOYTUTEIHFHO MOABEPraTh OOpH-
POBaHUIO B 3aBHCHMOCTH OT IIOCTABICHHOM IIEJH.
BonpIioe konmu4ecTBO MCCIEA0BaHUI MTOCBSIICHO TEO-
PETUYECKIM OCHOBAM XHMHKO-TEPMHYECKON 00paboT-
K{ B 1eioM (OOpUPOBaHMUIO, C HCIIONB30BAHAEM TOH-

KHX METOJIOB WCCIICAOBAHMI). DTH HMCCIIEIOBAHUS SIB-
JSTIOTCSL SHEPro- U TPYAOEMKHMH, 3a4acTylo JOpOro-
CTOSIIMMH. J[7sl perieHust MpakTW4ecKuxX 3ajad Cco-
BEPILIEHHO HET HEOOXOAMMOCTH B MPOBEIACHUN TaKHX
uccrnenoannil. OMHUM M3 BapHaHTOB aHAIN3A CTPYK-
TYpBl 1 MOP(OJIOTHH TIOMYYEHHBIX PE3YJIbTaTOB SBIISI-
ercsl BU3yam3aiysi OOpUIHBIX JTU(HY3HOHHBIX CITOEB
C UCIIONB30BAaHHEM «IIBETHOT0) TPaBJICHUS.

B nacrosieit pabore mpuBenEHB MUKPOCTPYKTY-
pbl, TIOABEPTrHYTbIE M30HPATEILHOMY «IIBETHOMY)
AMEKTPOXUMHYECKOMY M XHMHYECKOMY TPaBJICHHIO
T Qy3HOHHBIX OOpUPOBaHHBIX cioeB. Llens HacTos-
11eit paboThI — IEMOHCTPAIHS BOZMOKHOCTEH METO/IOB
LBETHON ONTHUYECKON MMKPOCKOIIMM KaK albTepHATH-
BBl 3JIEKTPOHHOW MMKPOCKOIIMH JJI1 KQUECTBEHHOIO U
KOJIMYECTBEHHOTO aHaIW3a CTPYKTYpHO-(a3oBOro co-
crostaust T dHY3HOHHBIX OOPCOIEPIKANIMX MOKPBITHIA.

MeToabl M NPUHITUIIBI UCCIETOBAHUS
[IpoBomuam TpaBiacHHE OOPHPOBAHHBIX 00pa3-
110B (pa3zmepoM 25%40x50 MM, TemmIeparypa Hachl-
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Puc. 1. Mukpoctpykrypa mud$hy3noHHOTO GOPHIHOTO CIOS
Ha cTanu Mapku 45 (TpaBieHue Hutamem aist kauecTBEHHOTO
aHaJIM3a NepexXoTHOM 30HBI)

Fig. 1. Microstructure of the diffusion boride layer on steel 45
(etched of Nital for a qualitative analysis of the transition zone)

merns 950 °C, BpeMs HaChIIeHHUS 2,5 9) U3 CTalH
Mapku 45, MOIBEPrHYTHIX KOMIUIEKCHOMY TU(PQY-
3MOHHOMY HACBIIICHUIO OJHOBPEMEHHO OOpOM,
xpoMmoM u TUTaHoOM [ 1— 8]. Hacelenne Benu B Ka-
MepHOW mneuM, ocHameHHou I[IW]-koHTpoiuiepom
Tepmonat-16E3.

Meramnorpadpuueckue TEMIUIETHl BBIpE3ald Ha
nper3uoHHoM oTpe3HoMm cranke MICROCUT-201,
KOTOpBIE 3aTeM 3aIllpPecCOBBIBAIM B 3JIEKTPOINPO-
BOJHBIN OaKEIUTOBBIA KOMITAYH/I TIPH TIOMOIIN Me-
tamnorpaguueckoro npecca METAPRESS. Ilpo-
OOTOATrOTOBKY MPOBOJIMIN MPH TOMOIIA aBTOMATHU-
YeCKOro nuiM(oBaJIbHO-IIOJMPOBAILHOIO —CTAaHKA
DIGIPREP ¢ npuMeHeHueM anmasHbIX HIIH(OBAIb-
HBIX JTUCKOB 3epHHUCTOCThIO 120, 54, 15 m 6 MKm.
Jia nonupoBky ucnonb3oBain cykHo MET-FOX ¢
QJIMa3HOU CyCHEeH3UEeH W3 MOJIMKPUCTAIMYECKUX
aJIMa30B 3€PHUCTOCTHIO | MKM.

Puc. 3. Mukpoctpykrypa auhhy3HoHHOTO CJI0s Ha cTanu 45
(3MEKTPOJIUTHYECKOE TPABIICHHUE B IIEJIOYHOM MTHKPATE HATPUS
it tuddepeHIranuy 1 UIeHTUGUKauu OOPHIHBIX (a3,
BBISIBJICHUSI 30HbI OA0OPUIHBIX (a3 U OPUCHTAIMOHHOM
KapTHHBI OOPUIHBIX UIIT)

Fig. 3. Microstructure of the diffusion layer on steel 45 (electro-
lytic etching in alkaline sodium picrate for differentiation and
identification of boride phases, identification of phases in the
transition zone and orientation pattern of boride needles)

Puc. 2. Muxkpoctpykrypa nu¢dy3uoHHOTO 05 Ha cTany 45
(rpaBnenne Huranem u peaxtuBoM bepaxu aist onpeneneHns
KOJIMYECTBEHHOT'0 COCTaBa (eppHTa B IIEPEXOTHON 30HE)
Fig. 2. Microstructure of the diffusion layer on steel 45 (etching
with Nital and Beraha's reagent to determine the quantitative
composition of ferrite in the transition zone)

JanpHelnyo cynepUHHIITHYIO IOJIUPOBKY OCY-
mectBisun Ha cykHe MET-Mambo ¢ HelTpanbHOM
amynbcuen Si0, 3epauctocThio 0,05 MM [9 — 15].
OTnonupoBaHHble MeTayuIorpaduieckue HITHQBI
TPaBWIM B OJHOM cilydae Xumuuecku (B 4 %-om
pacTBOpe Aa30THOM KHUCIOTHl B 3TWJIOBOM CIHUPTE
(HuTans) ¢ mocneayrommM «IBeTHBIMY TPaBICHUEM
B peaktuBe bepaxu [12]), B npyrom cimydae — 3ek-
TPOJNUTHYECKH (B HACBILICHHOM BOJHOM pacTBOpE
IEJIOYHOT0 MUKpata Hatpus [16 — 24] mpu momonu
YCTaHOBKH  AJIEKTPOJIUTHUECKOW  TOJHPOBKH U
TpaBienus: Pulitrol). Ilpum smexTporuTryeckoM
TPaBJICHUU HAIpsDKEHUE cocTaBisuio 2,7 B, minot-
HOCTB TOKa — 0,25 A/cm?.

Xumuueckoe TpaBieHHe coctaBoM «Hwuramb»
MO3BOJIIET BU3YaJIM3UPOBATh MOP(OJIOTHIO U MHUK-
POCTPYKTYpPHI OCHOBHBIX ()a30BBIX COCTaBIISIFOIIMX
ciosi OOpUIOB W OCHOBHOI'O Marepuana. J{ns go-
MOJIHUTEJIFHOW BHU3yain3anuu (a3oBOro cocraBa
cJi0si GOPUAOB BO3MOKHO TIOCIEYIONIEE TPaBICHUE
B KHIBAIIEM PacTBOpE IIEIOYHOTO MHUKpara HaTpUs
[10—13, 19]. B atom ciyuae ¢aza FeB okpacutcs B
cuHUil nBer, Toraa kak ¢aza Fe,B ocranercs xo-
PUYHEBOTO IIBETA.

B xadecTBe anbTepHATHUBBI PacCMaTPUBAEMOMY
CHoco0y HCHOIB30BANIN AJIEKTPOJIMTHYECKOE TpPaB-
JeHne o0paslia B HACHIIIEHHOM BOJHOM pacTBOpPE
MIEJIOYHOTO TIMKpaTa HATPUSl MPU KOMHATHOW TeM-
nepatype. Takoe TpaBiieHHE MO3BOJSIET HE TOJIBKO
BU3YaJIM3UPOBaTh MOP(OIOruio 1 (Ga3oBbIid COCTaB
OOpHUAHOTO CIIOSI U OCHOBHOTO Martepuana (puc. 1),
HO TaKe JONOJHUTENBHO BHU3YaJM3UPOBATH OpU-
EHTaLu0 OOPUAHBIX UIJT OTHOCHTEIBHO MJIOCKOCTH
nutnda (puc. 2, 3).

OcHOBHBIE Pe3yJIbTAThI
MukpocTpykrypa (puc. 1) HaraIsamIHO TTOKA3hIBa-
€T YEeTKOE pacIpe/ieliecHHe CTPYKTYpHO-(Pa30oBOTO
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COCTaBa B 3aBHCHMOCTH OT 30HHI (/ — HETIOCPEICTBEHHO
¢ Gy3nOHHBI OOPUAHBIN CIo; /] — mepexoaHas
30Ha, BBIBIEHBI 3epHa (Qepputa (Oenblii LBET),
niepnuta; /I — ocHOBHOM MaTepuan).

B pabote [2] Ha OCHOBE TOHKOTO METOMIA HCCIICIO-
BaHHUS YCTAHOBJIEHO, YTO METAIIT OCHOBBI IMEET BBICO-
KOJIMCTIEPCHYIO ~ CTPYKTYpY, KOTOpasi 00YCJIOBJIEHa
BIMsTHAEM Oopa, 0OpasyroIIero TBEPIBIA PacTBOp B
JKeJIe3e BMECTeE C yIIIepOIOM.

[poniecc auddysun 6opa TpoTEKaeT NMPEUMYIIIE-
CTBEHHO 10 TpaHUIlaM 3epeH u OyokoB [3 — 7]. Ilpu
TepMHUUECKOM 00paboTke (3aKajika) Marepuall Iiepe-
XOJHOM 30HBI TIPETEpIEBACT MapTEHCHUTHOE IpeBpa-
nienne. PaccmartprBaeMblii MapTeHCHUT HMMEET TBEp-
JIOCTh HECKOIIBKO MEHBIITYIO, YeM TBEPIOCTh IIEMEHTH-
Ta, HO OOJBIIYIO, YeM HIDKENeKallnii MapTeHcuT. B
pe3ynbTare MOKPBITHE COCTOMT U3 HECKOJBKUX CIIOEB,
TBEPIIOCTh KOTOPHIX YMEHBIIIAETCS TIPH TIePEXONe OT
TOBEPXHOCTH BIITyOb MaTepuana [2].

Ha puc. 2 nmokazano nocnoitHoe crpoeHue 6opu-
POBaHHOTO MaTepHaja U OTYETIMBO BBISIBICHEI 3€p-
Ha ¢eppuTa U NEPIUTHBIE 00pa30BaHUs, YTO T0O3-
BOJISIET KOJIMYECTBEHHO OIICHUTH (ha30BOE COOTHO-
menue. OqHaKo KaueCTBEHHBINA U KOJINYECTBEHHBINI
aHAIM3BI CTPYKTYpPHO-()a30BOTO COCTOSHUS TUPPY-
3MOHHOTO CJIOSl 3aTPyIHEH B CHJIy TOTO, 4TO SIp-
KOCTh M KOHTpacTHOCTh Oopuanbix ¢a3 FeB u Fe,B
omnyaroTes cnabdo. s HagexHol nuddepeHnma-
U OOpUAHBIX (a3 B HACTOSAIIEH paboTe ObUT MpH-
MEHEH METOJl JJEKTPOJIUTUYECKOTO TpPAaBJICHUS B
HIETIOYHOM THUKpaTe HaTpus. Pe3ynbraThl Tpasiie-
HUS TIPEJICTaBIIEHBI Ha pUC. 3.

[Ipu GoprpoBaHUM BO3HHUKAET TUITMYHAS TPAIANCHT-
Has CTpyKTypa (puc. 3), B KOTOpOW 3HAYMTEITHLHBIN
Habop mapamMeTpoB (TBEPIOCTh W HM3HOCOCTOWKOCTB)
MEHSIETCsI OT IMTOBEPXHOCTH K IIeHTpy oOpasmna. Criemyer
TaKXKe UMETh B BBUILY TO, YTO OOPUPOBAHHKIN CIIOW HEe
aficopOupyer yriaepoj, a pacTBOPUMOCTb KPEMHHUS B
HeM OYeHb orpaHudeHa. Bo Bpems mporecca 6opupo-
BaHUS PACTYIMH cJI0W OOpUIOB Kak OBl «TOHUT» Iie-
pen coboi yraepo, 9To B CiTydae yrilepOAUCTON CTaH
BEJIET K 3HAUYMTEIbHOMY OOOTAIlEHHIO YIJIEPOIOM Iie-
PEXOAHOM 30HBI OCHOBHOrO Mertayuia [8 — 15] u kak
CIIE/ICTBHE — TIOBBIIICHUIO COJIEPYKaHMS TIepJIUTa B Tie-
pexoanoit 30He BIIOTH 10 100 %, 4TO COOTBETCTBYET
COCTaBY BTEKTOMIHOM CTaJIH.

CtpykTypa W pocT ciios OOpPHIOB 3aBUCAT HE
TOJILKO OT YCIIOBHH OOpUpOBaHWS, HO M B 3HAYH-
TEJNBHOW CTENEHW OT XMMHYECKOTO COCTaBa CTalH,
U3 KOTOpPOM W3TOTOBJIEHBI JeTanu. Hawnmydiias
CBSI3b CJIOST OOpPWIOB C OCHOBHBIM MAaTepUAIOM
UMEET MECTO B Cllyyae HeJETUPOBAHHOW WM Majio-
JIETUPOBaHHOW cTanu. bomblnoe copepkaHue Xpo-
Ma, BaHaJI¥s, BOJIb)paMa, MOJIMOJICHA U JTaXKe yriie-
polla OTpaHUYMBAET POCT CIIOSI U KOHIIBI OOPHIHBIX
WTJ CrIIaXXuBaloTcs. B HacTosimei pabore HaOmo-
JaeTCsk MUKPOCTPYKTYpa C THITMYHBIMUA OOPHIHBIMH

urnamu. VX KOPUYIHEBBIN IIBET YKa3bIBacT Ha (azy
Fe,B, ¢ HeOonpIM conep’kaHueM pa3pO3HEHHBIX
SMHUYHBIX CBETJIBIX WIVIOOOPA3HBIX BBIICICHHIMA
¢a3el FeB B BepxHeli vacT OOpUIHOTO CIIOSI.

B monbopuHoit 30He mpocMaTpUBarOTCS KapOooOopH-
JTBI CJIOKHOTO COCTaBa, & TAroKe KapOWIIbI XpOMa U TUTaHa,
MMEIoLIME TIIOOYTIpHYIO (hopMy, pacrpeziesieHHbIE KaK B
(heppUTHOH, TaK ¥ B TIEPIMTHOH (azax [16 —26].

BrIBOaBI

TexHrKa «IBETHOTO» TpaBIICHUS TpeOyeT BBHICOKO-
TO YPOBHS MOIATOTOBKHM HCCIEAOBATENs, MOITOMY 3a-
MEHa METOJ[a XUMUYECKOTO TPABJIEHUS Ha AIEKTPOXHU-
MHYECKUI MO3BOJISIET OoJiee HIMPOKO MPUMEHSITh Me-
TOZBI KOHTPOJIS CTPYKTYPHO-(a30BOr0 COCTOSHUS 0O-
PUIHBIX MOKPBITUHA C NPUMEHEHUEM ONTUYECKON MUK-
POCKOIIHMH B YCIIOBHSIX 3aBOJICKHX J1a00PaTOPHIA.

[lony4eHHBlEe MOCTE TpaBJICHUS H300paKEHUs
MHKPOCTPYKTYp  HO3BOJSIOT  BU3yalM3HPOBAaTh
CTPYKTYpHO-(a30BbIii COCTaB M C JOBOJBHO BHICO-
KO TOYHOCTBHIO TPOBECTU KaK KaUECTBEHHBIN, TaK U
KOJIMYECTBEHHBIN aHaJU3bl UCCIETYEMOU 30HBI Ma-
Tepuana 6e3 MPUMEHEHUS TPYJAOEMKHX TOHKHX Me-
TOJIOB HCCJIEIOBAaHUI ¢ IPUMEHEHHEM B TOM YHCIIE
AIEKTPOHHON MUKPOCKOIIHH.
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®OPMHUPOBAHUE HEOJJTHOPOJJHOCTEM U IE®EKTOB B CTPYKTYPE
KOMIIO3NIIUOHHBIX MATEPUAJIOB U ®YHKIIMOHAJIBHO-T'PAJIMEHTHbBIX
BUMETAJIIMYECKUX U3IEJUHI, IOJTYUYEHHBIX METO0OM ITPOBOJIOYHOM
SJEKTPOHHO-JTYUYEBOM AJJJIMTUBHOM TEXHOJIOT AU
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Annomayusn. B pabote mpeicTaBlieHbl Pe3yJbTaThl HCCIENOBaHUN OCOOEHHOCTEH (opMuUpOBaHUsS AePEKTOB U
HeOHHOpOI[HOCTeI‘/’I B KOMIIO3MIHMOHHBIX MaTe€puajiax C METaAJUIMYCCKON ManHHeﬁ 1 OMMETAITINYECKUX
U3JEIMAX HA OCHOBE PAa3HOPOAHBIX METAVIOB M CIUIABOB NPH IOJYYEHHUH METOJOM IPOBOJOYHON
aﬂ}IHTI/IBHOﬁ 3J'IeKTpOHHO-J'Iy‘IeBOI7[ TexHonorun. OCHOBHBIMU I[eq)eKTaMI/I npyu ne4yaTtu KOMIIO3UTOB H
6I/IMeTaHHI/I‘IeCKI/IX 3JIEMCHTOB ABJIAIOTCA MMOPbI, MUKPO- 1 MAaKpOTPCIIHUHLI, & TAKXKEC paCCIOCHUA Pa3sIMdYHOTO
Tuna. M3 HEOIHOPOIHOCTEH CTPYKTYPHI MOXKHO BBIACIHTH OOpa3yIOIIMECs arioMepaThl MOPOLIKOBBIX
YacTHUII, BBOIVMBIX OJHOBPEMEHHO C MOAAYeil IPOBOIOKH; KPYIHBIE (parMeHThl Pa3IndHbIX KOMIIOHCHTOB
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9JIEMEHTBHI CTPYKTYPhI MOT'YT OKa3bIBaTh HETATHBHOE BIIMSHKE, B TOM YHCIIe 00YCIaBIMBATh PE3KOE MAJACHUEC
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3HAYUTENbHBIE OTIMYMS B IUIOTHOCTH MW TEMIEpaType IUIABJICHUS CTPYKTYPHBIX COCTAaBIISIOIINX.
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FORMATION OF INHOMOGENEITIES AND DEFECTS IN THE STRUCTURE
OF COMPOSITE MATERIALS AND FUNCTIONAL-GRADIENT BIMETALLIC
COMPONENTS PRODUCED BY WIRE-BASED ELECTRON-BEAM
ADDITIVE MANUFACTURING
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Abstract. The paper presents the results of studies of the formation of defects and inhomogeneities in composites

with a metal matrix and bimetallic products based on dissimilar metals and alloys when obtained by wire
additive electron-beam technology. The main defects in the production of composites and bimetallic
elements are pores, micro- and macro-cracks, as well as stratifications of different types. From the
inhomogeneities of the structure, it is mainly possible to distinguish the resulting agglomerates of powder
particles introduced simultaneously with the wire feed, large fragments of different components of the
structure and the resulting large intermetallic structures. These structural elements can have a negative
influence on the strength properties of materials, cause a sharp drop in mechanical properties. The main
reasons for the formation of defects of different types are non-compliance with the optimal values of the
process parameters, excess of the optimal concentration of components, significant differences in the
density and melting temperature of the structural components. Despite the presence of defects, the
modification of the process of feeding the material into the printing zone makes it possible to achieve a
relatively homogeneous structure of different composite materials and high values of mechanical
properties.

Keywords: electron beam additive manufacturing, dual wire-feed technology, functional graded material, composite

materials, mechanical properties, bimetallic components
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BBenenue

CoBpeMEHHbIE TEXHOJIOTUU BBICOKOIPOU3BOAUTENb-
HOT'O aJIMTUBHOIO MOJYYEHUS] MaTEPUAIOB MO3BOJISIOT
CHM3WTH 3aTpaThl Ha TONMydeHue wmaemmid mpu 3D-
TIEYaTH 10 CPABHEHHIO C JOPOTOCTOSIIIMMHI METONIAMH,
OCHOBAaHHBIMU Ha MOJaye MOpoIlIKa B 30HYy mevatu. K
TEXHOJIOTHSIM C BBICOKOM CKOPOCTBIO TI€UaTH OTHOCSITCS
JyTOBasi M DIIEKTPOHHO-TyYeBasi MPOBOJIOYHBIC aIH-
TUBHBIE TeXHONOTUH. C MOMOILIBIO YTOBOM TEXHOIOTUU
C BBICOKOHM IPOU3BOIUTENILHOCTBIO U HU3KUMHU 3aTpara-
MH Ha TIPOIIECC IeYaTH aKTUBHO TOTyYarOT U3NEIHS 13
Pa3IMYHBIX METAUIOB W CIUiaBoB. Haubonee xoporrio
JIAHHAsl TEXHOJOIHs TOAXOMUT ISl TPOMBIILICHHOTO
TIOyYCHUSI V3ICTIMH C  JIOCTATOYHO Pa3HOOOpa3HOM
(hopmoii (B TOM UHCIIe KPYITHOTAOAPUTHBIX) U3 ATFOMH-
HHUEBBIX CIUIABOB, CTajiel U T.J. TeXHOMOrus AMeKTpOH-
HO-JTy4€BOT0 3ANTUBHOTO TONTyYEHHUS M3IEINIA Hanoo-
Jiee IPUMEHUMA IS [I€YaT TUTAHOBBIX, HUKEJIEBBIX U
MPOYMX CITUIABOB, JJI KOTOPBIX TPeOYEeTCsS: OTHOCHTEb-
HO paBHOMEpPHOE OXJIKJICHUE TIPH TIeUaTd U paboTta B

BaKyyMHOM Kamepe. JIONONHUTENBHBIM —IIpEUMYILIE-
CTBOM 3JIEKTPOHHO-ITYYEBON TEXHOJIOTUH SIBIISIETCS BO3-
MOXKHOCTh €€ WCIIONB30BAHMS IS JBYXIIPOBOJIOYHOM
MeYyaTd ¢ JAOCTATOYHO TOHKWM JIO3MPOBAHMEM KOMIIO-
HEHTOB, TT0/]aBaéMbIX B BaHHY paciuiasa [1 — 3]. bmaro-
Jlapsi 3TOMY BO3MOXKHO (POpMHUpOBaHHE OMMeETaITYe-
CKHX (DYHKIMOHAIBHO-TPaJUEHTHBIX MaTepraiios [1, 2]
¥ KOMITO3UITHOHHBIX MATEPHAIIOB PA3IMIHOTO THIa [4].
Takue n3nenus Bce Ooree aKTyallbHBI ISl TPUMEHEHUS
B Pa3IMYHBIX OTPACIISX MPOMBIINICHHOCTH BBHIY COYe-
TaHWS SKCIUTYaTallMOHHBIX CBOWCTB, HEIOCTYITHBIX IS
TMOJTYYAEMbIX TPAJUIIMOHHBIMI TEXHOJIOTUSIMU MaTepH-
aJIoB.

B macrosmiee Bpems  (QyHKIIMOHAIBLHO-Tpa-
JMUCHTHBIC WM KOMIIO3MIIMOHHBIE MaTepUabl I0-
JMy4aroT Pa3IMYHbIMH METOJIAaMU U TEXHOJIOTHIMH
aIAUTHBHOTO TIpom3BojcTBa [5 — 8]. X mpumene-
HUE HanOoJee MMPOKO B aBUAIIMOHHOW M PaKEeTHO-
KOCMHYECKOH cepe, B MEIUIMHE, SHEPTETHKE H JIp.
[9 — 12]. ns nody4eHrs KOMIIO3UIIMOHHBIX MaTepH-
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aJOB C METAJUIMYECKOM MaTpuleid MPUMEHSIOTCS
MPEUMYIIIECTBEHHO TEXHOJIOTHH, OCHOBaHHBIE Ha
rojaye TMOPOIIKOB B 30HY meuatu [13], mpu 3TOoM
KOPPEKTHPOBKA CTPYKTYPHI B Mpolecce MevyaTH sB-
JISIeTCsl TOCTaTOYHO 3aTpyaHUTENbHOU. Mcnonb30Ba-
HHUE TMPOBOJIOYHOW  QJJIUTUBHOM  BJIEKTPOHHO-
Jy4eBOW TEXHOJIOTHHU IMO3BOJISIET IUIABHO PEryIIUpO-
BaTh COCTaB U CTPYKTYPY KOMITO3HIIMOHHBIX Mare-
puanoB u (yHKIMOHAIBHO-TPATUEHTHBIX OMMeTAall-
nudeckux maenuii [1, 2, 4]. Ho B ycnoBusx neyatu
M0 Pa3IUYHBIM MPUYMHAM B CTPYKTYpE TaKUX U3JIe-
it GOPMHUPYIOTCSI HEOTHOPOTHOCTH M AE(EeKTHI
Pa3HOro CTPYKTYpHO-MacmTabHOTro ypoBHs. Mx 00-
pasoBaHue MOKET OBITh OOYCIIOBIEHO DPAIOM TMpH-
YHH, KOTOPBIE CBSA3aHBI KaK C OMpeIeICHHBIMI CBOM-
CTBAaMH WCIIOJIb3YeMbIX KOMIIOHEHTOB, TaK W C He-
CTaOMIIBHOCTBIO TIOAAYX TIPOBOJIOYHBIX (DHIIAMEHTOB
B BaHHY paciniaBa. /[ Toro, 9To0bl UMETH BO3MOXK-
HOCTH YTIPaBIEHHUS CTPYKTYpOH MaTepHalIOB, TOIY-
YacMbIX METOJaMHU aJJUTHUBHBIX TeXHOHOFHP'I, n us-
0aBUThCS OT popMupoBaHUs Ae(HEKTOB, HEOOXOUMO
MPOBE/ICHNE WCCICIOBAHWH, HAalpaBleHHBIX Ha
olpesieliecHre OCOOCHHOCTEH (OpPMUpPOBaHHS HEOI-
HOPOJHOCTEH CTPYKTYpBI M COCTaBa B Ipolecce Tie-
gatu. B Hacrosmeir paboTe mpHUBEIEHO COMOCTABIIe-
Hue (opmupyromuxcs nedeKToB MpU TOIyYIESHUH
KOMIIO3MINOHHBIX MaTCpUuajiOB U q)yHKHI/IOHaIII)HO-
IrpaAuCHTHBIX 6I/IMeTEUIJ'H/I‘IeCKI/IX I/ISZ[G.HI/Iﬁ pas3jinyd-
HOTO THIIA METOJIOM TIPOBOJIOYHOW aJTUTHBHON
3JIEKTPOHHO-JTY4E€BOM TEXHOJIOTHH.

MartepuaJibl 1 METOABI HCCJIETOBAHUSA

B mHacrosmeit paboTe comocTaBiieHa CTPYKTypa
KOMITO3UIIMOHHBIX MaTepuajioB Ha OCHOBE OpOH3BI
BpAM1O-2, amomunueBoro crmiasa AMrS u memu
Mapku M1, ynpo4YHEHHBIX HUKEIIEBHIMU, THTAHOBBIMUY,
ATFOMHHHUEBBIMU  CIUIABAMHM, TOPOIIIKOM BOJb(pama,
Kenesa U APYTAMH, a TaKoke OUMETaJITHIecKuX (yHK-
IIMOHAITFHBIX JIEMEHTOB Ha OCHOBE MeIW Mapku M1,
HHKeNeBbIX ciuiaBoB Inconel625 n Udimet500 u cramm
12X18HIT, momy4eHHBIX METOIOM aJZITATHBHON 3JICK-
TPOHHO-Ty4eBOM TeXHONOrHH (puc. 1).

Jliis mony4yeHuss KOMIO3HIIMOHHBIX MaTepUAIOB
MIPUMEHSAIN CXeMY, OCHOBaHHYIO Ha IMo/ia4de B OJHY
BaHHY paciuiaBa IByX (¢uiameHToB (puc. 1, a) u Ha
COBMEII[EHUH TI0J]a4W MPOBOJIOYHOTO (hMIaMEHTa U
nopoika (puc. 1, 6). ®opmupoBanue OMMeTaILIU-
YEeCKUX H3AETHI MPOBOJUIN ITyTEM IedaTn oOpas-
IIOB B BHJIE BEPTHKAILHON CTEHKH OJHUM 3JIEMEH-
TOM TIOBEPX BTOpOro (puc. 1, 6) U B BUJIE IBYX Ma-
paJuIeTFHO HalleUYaTaHHBIX CTEHOK (puc. 1, 2).

O6pazen / moday4aiad Ha MOBEPXHOCTH IMOJIOXK-
Ki 2 TyTeM IJIaBJICHUS TPOBOJOK 3, MOAaBaeMbIX
yepes coruia 4, 3IEKTPOHHBIM MyYKOM J, BBOAUMBIM
OT JJIEKTPOHHON MyIIKH 6 Yepe3 CHCTEMY MarHHUT-
HOW (okycupoBku 7. B pe3ynbTare B 30HE Ie4aTu
dhopmupoBanacs BaHHA paciiaBa 8 W3 IUIABSIIAXCS

IPOBOJOK M OIUIABJICHHOM 4YacTH MpPEeAbIIYyLIEro
cinosi. CTpyKTypy Marepualia peryJupoBaid B IIpo-
Hecce MoyyyeHus U3eusl 3a c4eT U3MEHEHHUs CKO-
POCTH I0JIa4X MPOBOJIOK OT TOAAIOIINX YCTPOUCTB
9. Hnia monmydeHHs] W3IeIuid ¢ KOMOWHAIMeH To-
POLIKa ¥ MPOBOJIOKH JOMOJIHUTEIBHO YCTaHABINBA-
JIoch Tojarolee mopouok ycrpoiictBo /0. Ilocie
MOJY4YEHUs] IKCIIEPUMEHTAIBHBIX 00pa3loB U3 HHUX
3JIEKTPO3PO3UOHHBIM METOJIOM BBIpE3ay 00pa3Ibl
JUISL CTPYKTYPHBIX MCCIICIOBAHUN U MEXaHHMYECKUX
ucneitanuii (/1 u 12). Ctpyktypy 00pas3ioB uccie-
JOBaJM HAa ONTHYECKOM MHUKPOCKOIEe AJbTaMu
MET 1C, nazepHOM CKaHUPYIOIIEM MHUKPOCKOIIE
Olympus LEXT 4100 u pacTpoBOM 3JIEKTPOHHOM
mukpockore Zeiss LEO EVO 50 ¢ mpucraBko#t s
SHEProJUCIIEPCHOHHOTO XUMHUYECKOTO aHAIH3A.

Pe3yabTaThbl U HX 00CYsKIEHHE

B mpomnecce mevyatu mpu NOIY4YEHHH KOMIIO3HU-
UOHHBIX MaTEpPHAIOB C METAJUTMUECKONW MaTpHLEH
Hen30exXHO (OPMUPYIOTCS HEOTHOPOJHOCTH pas-
muaHoro tmma (puc. 2). Ux oOpazoBaHme MOXeET
OBITH OOYCJIOBJIIEHO pa3HBIMU TMpUYMHAMH. Pasnu-
4yHs B TeMIeparype miaBienus OpoH3sl bpAMu9-2
Y HHUKEJIeBOTo cruraBa Inconel625 mpuBoauT B psnie
ciy4aeB K (popMHpOBaHHIO KPYIHBIX (parMeHTOB
HETPOIUTABJICHHOTO HHKEJIEBOTO CIUIaBa B OpOH30-
Boil matpue 2 (puc. 2, a). IHTeHcHBHOE B3auMO-
JeCTBUE HUKENS M BXOISIIEr0 B OpOH3Y aloMH-
HUSI IPUBOJUT K OOpa30BaHUIO MO0 KOHTYPY TaKUX
(parMeHTOB  MPOCJIONKKA HUHTEPMETA/UIUIOB 3
(puc. 2, a). Ha yganenuu ot HEX 00pa3yeTrcss Mel-
KOJIMCIEPCHAs CMECh HHTEPMETAUIMAHBIX (a3 u
Opon30BOI MaTpuIls! 4 (puc. 2, 0).

Paznnune B Temmeparype IUIaBICHUS MEIU Map-
k1 M1 u cranu 12X18HI9T npu nonayyeHun KOMIo-
3UIIMOHHOTO MaTepHaia Ha MX OCHOBE MPUBOJUT K
aHanorugHou cutyamuu (puc. 2, 6). Ho, tak kak
OCHOBHBIE KOMIIOHEHTBl HPAaKTHYECKH HE PacTBO-
PUMBI MEXIy cOOOH, B pe3ysbTare nedatu GopMu-
PYIOTCSI TOJIBKO MEXaHHYECKHE CMECH MEJIU U CTa-
nu. [Ipu 5TOM npu TOCTHIKEHUH BBICOKOH KOHIEH-
Tpauuu cranu (50 — 75 %) B KOMIO3UTE MPOUCXO-
JIUT pa3lielIeHe MaTepuajga Ha CJIOU CO CTaJlbHOM
MaTpHUIeld C YaCTHLAMH MEAH W CIOM M3 MEIHOM
MaTpHIIbl C YaCTHLAMH CTali. B mokazaHHoM mare-
puajge Ha OCHOBE OpOH3BI O0pa3oBaHHE HEOIHO-
POJHOCTEH SBIISIETCS JOCTATOYHO HE3HAYHTEILHBIM
B CpaBHEHUH ¢ 00IIMM 00BbeMoM uznenus. B mare-
pHanax Ha OCHOBE M HEOJHOPOJHOCTh COCTaBa
HAMHOTO OOJIBIIIE ¥ OTHOCHTEIHHO PaBHOMEPHOE
pacripenenieHie ynpouHsomux (a3 ObUIO 1OCTHT-
HyTO Iipu BBeAeHHUU 25 % cranu. Takum oOpasom,
BBEJICHUE ONTUMAJIBHOIO KOJIMYECTBA YIIPOUHSIO-
Iero KOMIIOHEHTa I103BOJISIET MOJIY4YUTh Oosee oJ-
HOPOJHOE paclpe/eieHne YIPOUHSIOMNX YacTHII B
METAJJINYECKON MaTpHIIE.
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Puc. 1. TunnyHele cXeMbl EYaTH KOMIO3UIMOHHBIX MAaTEPHAIIOB 33 CUET HCIOJIb30BAHUS IBYXIIPOBOJIOYHOM Noxa4H (@)
U BBEJICHHS MTOPOLIKOB (), CXEMBI ITe4aTH OMMETaNTMYECKUX M3/ENIHH T00YEPEeTHBIM IOJIy4YeHHEM BEPTHKAIBHOM CTEHKH (8) U
JIBYX MapaJUIeNIbHBIX CTEHOK (&) METOJJOM 3JIEKTPOHHO-ITy4€BOH aTUTHBHOH TEXHOJIOTHH:
1 — obpa3zers; 2 — moyI0kKa; 3, 4 — molaBaeMble IPOBOJIOKU U COIUIA; 5 — BIIEKTPOHHBIH ITy4YOK; 6 — JJIEKTPOHHAs ITyIIIKa;
7 — cucreMa (OKyCHPOBKH; 8 — BAHHA paciuiaBa; 9 — MPOBOJIOKONOAATYHK; /() — HOJATYHK IOPOIIKOBOTO MaTepraa;
11, 12 — 06pa3mpl 11 CTPYKTYPHBIX UCCIIEA0BAHUN M MEXaHWIECKUX UCIIBITAHUH
Fig. 1. Typical printing schemes of composite materials due to the use of two-wire feed (a) and the introduction of powders (6),
printing schemes of bimetallic products by alternative obtaining a vertical wall (¢) and two parallel walls (2)
by electron beam additive technology:
1 — sample; 2 — substrate; 3, 4 — feed wires and nozzles; 5 — electron beam; 6 — electron gun; 7 — focusing system; 8 — molten pool;
9 — wire feeder; 10 — powder feeder; /1, 12 — samples for structural studies and mechanical tests
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Puc. 2. HeomHOPOAHOCTH CTPYKTYPHBI KOMIIO3UIIMOHHBIX MAaTEPHAaJIOB Ha 0CHOBE OpoH3sl BpAMI9-2 (a, ¢, 0), meau Mmapku M1 (6),
amoMuHueBoro ciaBa AKS (g) ¢ ynpouHeHHneM HUKeNeBBIM ciutaBoM Inconel625 (a), Udimet500 (), cranpro 12X18HIT (6),
nopomikoM W (2) u cMechio mopomkoB NiFeCoCr (0):

1 — Metayeckasl MaTpuIla; 2 — KPYIHBIA (parMeHT BBOIUMOTO KOMIIOHEHTa; 3 — HHTEpMETaIUTUAHBIE (a3bl;

4 — MenKomUCIIepCHAst CMECh YIPOYHSIOINX YaCTHI] X METaININIECKOM MaTpHUIBL; 5 — arioMeparsl HepacluIaBIeHHOTO MTOPOIIKa
Fig. 2. Structural heterogeneities of composite materials based on bronze BrAMc9-2 (a, ¢, 0), M1 grade copper (6), aluminum alloy
AKS5 (8) with hardening by nickel alloy Inconel625 (a), Udimet500 (6), steel 12Kh18NI9T (6), powder W (e) and a mixture
of NiFeCoCr powders (0):

1 — metal matrix; 2 — large fragment of the injected component; 3 — intermetallic phases;

4 — fine mixture of hardening particles and metal matrix; 5 — agglomerates of unalloyed powder

BBenenne B amromuHueBbsli crutaB AKS Hukene-
Boro cmuiaBa Udimet500 amst mosydeHust CiIoKHOCO-
CTaBHOTO KOMITO3UTa Ha OCHOBE aJFOMUHHEBON Mart-
pulbl 1 AJIIOMUHUAOB HUKEIIA HNPUBOJIUT K 06p330-
BaHMIO JIOCTATOYHO KPYNHBIX (PParMEeHTOB HUKENS
(puc. 3, 6). DTOoMy CrOCOOCTBYET CYIIECTBEHHAs
pa3HMIIa MEXIY TEMIEpaTypol IUIaBJIEHUS 3THUX
CIUIaBOB M 3HAYUTETBHO OOJIblIasl INIOTHOCTh HHUKE-
JIEBOTO CIJIaBa B CPAaBHEHHWH C AJIOMHHHUEBHIM. B
pe3yibTaTe HUKEJIEBBIM  CILIaB KPUCTAJLTIN3YCTCA

3HAUUTENIBHO OBICTpEE aIIOMHHUS U 00pa3yeT KpyI-
HBIE YacTHLBl KaryieoOpa3HoW (OpMBI B paciuiaB-
JICHHOM aJIFOMMHHH H, BIIOCJICACTBHH, B aJITIOMHUHUC-
Boi wmatpuie. DopmupoBaHus HEOAHOPOIHOCTEMN
TaKOro TUIAa BO3MOXKHO M30€KaTh IPH ONTUMHU3ALNN
crioco0a BBeZieHHs (PUIIAaMEHTOB B BAHHY paciulaBa.
HpI/I TMOJIYUYCHUN KOMIIO3UIIMOHHBIX MaTCpHalioOB
Ha OCHOBE PA3JIMYHBIX METAJUIOB U CIIJIABOB C BBEZE-
HHEM IIOPOIIKOB B BaHHY paciulaBa MOTYT 00pa3o-
BbIBATbCA HGQ)GKTLI HECKOJIBKO MHOI'O THIIA.

Puc. 3. HeomHOpoaHOCTH CTpOEHUS TIepeX0JHON 30HBI IIPH MedaT HuKeneBoro cmrasa Udimet500 nax 6ponzoit bpX1 (a)
u nipu ievatr 6ponssl bpX1 Hax HukeneBeM crutaBoM Udimet500 (6):
1 — 6ponsa bpX1; 2 — pparments! HuKenesoro cruaBa Udimet500
Fig. 3. Inhomogeneities of transition zone structure when printing Udimet 500 nickel alloy over BrKh1 bronze (a)
and when printing BrKh 1 bronze over Udimet500 nickel alloy (6):
1 —BrKhl1 bronze; 2 — fragments of Udimet500 nickel alloy
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Puc. 4. [ledexTsl B CTPYKType KOMIO3UIIMOHHEIX MaTepHaioB Ha OCHOBe Meau Mapku M1 (a — 6, 0),
YIPOYHEHHBIX aTIOMUHUEBHIM ciuiaBoM AK12 (a, 6, 0) u TuTanoBeIM ctaBoM BT6 (6),
¥ B OMMETaJUIMYeCKOM U3/EINU Ha OCHOBE HuKeneBoro ciiaBa X20H80 u menu mapku M1 (e):

1 — MeTayIMYecKas MaTpHIa; 2 — TBEP/ble PACTBOPHI KOMIIOHEHTOB; 3 — MOPHI; 4 — CMECh HHTEPMETAJIMAOB U TBEP/BIX PACTBOPOB,;
5 — KpyIHbIEe ASHIPUTHI HHTEPMETAIUTUAOB; 6 — 9BTEeKTHYECKHe (a3bl; 7 — MUKPOTPEIIUHBI; 8 — MAKPOTPEILIMHBI U PACCIOCHHUS
Fig. 4. Defects in the structure of composite materials based on M1 copper (a — 8, 0), reinforced with aluminum alloy AK12 (a, 6, 0)
and titanium alloy VT6 (6), and in the bimetallic product based on nickel alloy Kh20N80 and M1 copper (e):

1 — metal matrix; 2 — solid solutions of components; 3 — pores; 4 — a mixture of intermetallides and solid solutions;

5 — large dendrites of intermetallides; 6 — eutectic phases; 7 — microcracks; 8 — macro-cracks and delaminations

Hanpumep, npu nosy4eHUr KOMIIO3UTOB Ha OCHOBE
Opon3sl bpAMN9-2, mMoanduuupoBaHHON MOpPOILI-
KOM BOJIb()pama, pas3iuyusl B IJIOTHOCTH MOPOIIKA U
TEMIIEpaTyphl TUIABJICHUS IPUBOIAT K 00pa30BaHUIO
arJaoMeparoB W3 MOPOILIKOBBIX YACTHUL], OCEBIINX Ha
JTHO BaHHBI pacIiaBa B MpoIlecce TeuaTu (puc. 2, ).
[pu sTOM ocTaToYHO OOMNBINAs OOBEMHAS IO Ya-
CTHII pacrpesensiercs: 6ojiee paBHOMEPHO B 0ObeMe-
MaTepuaia, HO (HOpPMHUpPOBaHUE HEOIHOPOAHOCTEH
TAKOro THUIIA CYLIECTBEHHO CHMXKAe€T IPOYHOCTHBIE
cBoiicTBa MaTtepuana. OHUM M3 CIIOCOOOB yCTpa-
HEHHMS TaKUX HEOAHOPOTHOCTEH MOXKET CIIY)KUTh
YJIBTPa3ByKOBOE BO3CHCTBHE IIPU TIeYaTH.

Ilpy BBeAEHHM TOPOMIKOBBIX KOMIIO3UIIUA
CJIO)KHOTO COCTaBa B MaTepual, HalpuMep, CMeCH
nopoukoB yucTeix MetaioB Ni, Fe, Co, Cr B co-
orHomennn 1:1:1:1 B 6ponsy BpAMn9-2, npowuc-
XOAMUT 00pa3oBaHUE HEOAHOPOJHOCTEH Kak IO pac-
MPEIeNeHUIO TIOPOIIKOB B 00beMe M3ACNHs, TaK U
M0 MX COOTHOIICHMIO B JIOKAIBbHBIX y4JacTKax 00-
pasioB (puc. 2, 0). OTO CBA3aHO C PA3IUYUIMU 110
IUIOTHOCTU ¥ B3aMMHOW PaCTBOPUMOCTH KOMIIOHEH-
TOB TIOPOIIKA MEXKIY co00i 1 ¢ OPOH30BOM MaTpH-
nei. YcrpaHeHne Takoro SIBICHHUST MOXKET OBITh JI0-
CTUTHYTO TaKKe 3a CUeT YJIbTPa3ByKOBOT'O BO3ZCH-
CTBHSI ITPU TICUATH.

[Hony4yeHne OumeTaTNUecKNX (HYHKIMOHAIBHO-
TPaAMEHTHBIX M3JEJINN TaKXKe CONPOBOXKIAETCS 00-
pa3oBaHHUEM HEOJHOPOJHOCTEH Pa3InYHOTO TUMA B
30HE CTPYKTYpHOTO TpaaueHta. Hampumep, mnpu
MOJY4YEeHUN OMMETaJUIMYEeCKUX H3/AEIUH Ha OCHOBE
Mean Mapku M1 wmu 6pon3sl BpX1 ¢ HuKeneBbIM
cmraBoM Udimet500, Inconel625 mmm co cranbio
12X18HI9T Bo3MOXHO 0O0pa3oBaHHE IOCTATOYHO
KPYIHBIX (pparMeHTOB 0ojee TYroliaBKOrO KOM-
IIOHEHTa B 30HE CTPYKTYpHOro rpaaueHta. Ha puc.
3 mpezacTaBIeHBl N300paKEHUsSI yYaCTKOB IEPEXoI-
HOW 30HBI TIPH TM€YaTH HUKEJIEBBIM CIUIABOM
Udimet500 oBepx Opon3bl bpX1 (@) u npu neyatu
oponsoit bpX1 moBepX HHUKEJICBOIO CIUIaBa
Udimet500 (6). Cxema noiay4eHus Takux oOpasIioB
npezcTasieHa Ha puc. 1, 6. [Ipu neyatn HUKeIEeBBIM
CIUIaBOM ¢ OOJbINEH TeMIepaTypoi IJIaBlICHHS 10
OpoH3€e MPOHMCXOANT 3aMelIMBaHUE KPYIHBIX (hpar-
MEHTOB HHKEJIEBOTO CIUIaBa B TPAHUYHYIO 30HY.
IIpu neuatu Oponzoii BpX1 moBepX HHKEIECBOTO
CIUIaBa CTPYKTypa TpaJUECHTHOH 30HbI 3a CUeT
MEHbBIIEH TeMmIepaTypsl IUIaBJICHUSI OPOH3BI SIBIS-
eTcs Oosee omHopoaHoi. Ho, mo mpuumHe mocra-
TOYHO XOpOIIEH PacTBOPMMOCTH HHKENIS B OpoH3e
MPOMCXOANT €T0 3aMELIMBAHUE B TBEPABIH PacTBOP
Ha OoJbIIyI0 TIYyOHHY (IO AaHHBIM SHEProAucIep-
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CHOHHOTO aHann3a). MI30aBUTHCS OT TaKUX MPOOIeM
yHaeTcs 3a CyeT IeyaTd JBYX IapajlIesIbHBIX CTe-
HOK C TIOOYEpEIHON MevaThi0 C MPOrPEBOM HUKEIe-
BOTO CIUIaBa Tepeja MedaThio OpoH3bl (puc. 1, o).
Taxum 00pa3zoM, onTUMH3ALUS [IOJa4U IPOBOJIOK B
30HY I€YaTH MOXKET CIIOCOOCTBOBAaTH M30aBJICHUIO
OT YPE3MEPHOr0 TNepeMEUIMBAHUSI KOMIIOHEHTOB
KaKk B BUJE KPYIHbBIX (pparMeHTOB, TaK U B BHIE
TBEPAOPACTBOPHOIO BHEAPEHUS OJHOI'O KOMIIOHEH-
Ta B JPYrOM.

[Ipu cymecTBEeHHOM OTKJIOHEHHH MapaMeTpoB
mpolecca MeyaTd Wi COOTHOIIEHUS] KOMIIOHEHTOB
B KOMIIO3UTaX C METAIJIMYECKOH MaTpUled MOTyT
(bopMupoBaThCS NEPEKTHI PA3IMYHOTO CTPYKTYPHO-
MacmtabHoro ypoBHs (puc. 4). [Ipu meuatn komrio-
3UTOB HA OCHOBE 3JIEMEHTOB C OTPaHWYEHHOHN pac-
TBOPUMOCTBIO B TBEPIOM COCTOSHHH OOpa3yroTcs
WHTEPMETAINIBl PA3IMIHOTO THIA U MOTyT (op-
MupoBatbcsi nedexTsl. Hampumep, npu mnedatu
KOMITO3UIIMOHHBIX MaTephajoB Ha 0a3e Meau C
BBEJICHUEM aJIFOMHHHUEBOTO WJIM THTAHOBOTO CILIABA
MOTYT 00pa30BBIBATHCS MTOPHI U TPEIUHBI (puc. 4, a
— 8, 0). Ilopbl B Takux MaTepuaiax MOTYT 00pa3o-
BBIBATHCS 338 CUET KHUIEHHUS OJHOTO M3 KOMIIOHCH-
TOB NpH N€YaTH WIK BBIOCICHUS Tra3a U3 MeIu C
OBICTPOIl KpUCTAJUTH3AIHMEH, HEe TO3BOJISIONICH Y-
3bIpbKaM BBINTH Ha MOBEpXHOCTH (puc. 4, a, 6). Ux
yCTpaHEHHE BO3MOXHO MPH ONTUMH3AIWHU Iapa-
METPOB Tpoliecca MeYaTH U Pa3BEPTKH SJIEKTPOH-
HOTO Ty4YKa JUIsi HEeJOMYIIeHUs MeperpeBa KOMIo-
HEHTAa C HaUMEHBIIEH TeMIlepaTypoil masiaeHus. B
TaKOM CIIydae Ha MPOBOJIOKY MaTepHaja ¢ MeHbIIeH
TEeMIepaTypoil IUIaBJICHHS MPUXOAUTCS MEHbLIEe
BO3/ICHCTBHE DIIEKTPOHHOTO MyYKa.

BropeiM BuzmOM AeeKTOB SBISIOTCA MHUKPO- U
MaKpOTPEILMHBI, 00pa3yIoIIKecs 3a CUEeT Pa3Iudnil
B K023 uIMeHTax JIMHEHHOTO PACHIMPEHUs] HHTEP-
METAJUTUAHBIX (a3 U METAIUTMYECKON MaTpHIILI TIPU
OXJIAKICHUH HAaHOCHMEIX cloeB (puc. 4, 6, 8, 0).
Wntepmeramuaapie (aszbl JOCTATOYHO XPYIKHE U
CHJIFHO TIOJIBEPXKEHBI TpemuHooOpa3oBanmoo. Ta-
KH€ TpEIMHBI, 00pa3ylomuecs Kak B KPYIHBIX HH-
TEePMETAJUIMAHBIX MPOCIONKAX, TaK U 10 WX TPaHH-
11aM, MOTYT OBITh JOCTaTOYHO OOJIBIIIOIO pa3Mepa
MPaKTUYECKN Pa3leNaTh MOJIy4YeHHBIH oOpasel Ha
nBe yactu (puc. 4, 0). YcrpaHneHue Takux 1e(eKToB
BO3MOYKHO 3a CYET ONTHMU3AIHU T1apaMeTpoB Mpo-
mecca TeyaTH M, caMoe TIaBHOe, Mojdopa ONTH-
MaJIbHOW KOHIIEHTPALlMM KOMIIOHEHTOB B Marepua-
Jie W HEJONYIIEHNH 3HAYUTENLHBIX HEOHOPOJIHO-
CTEH B UX pacIpeecHuY.

[Ipu momyyennn OMMETAIIMYECKUX KOMIIO3UTOB
Ha ocHoBe Opon3sl bpX1 wm menu M1 ¢ Hukene-
BeiMH  cmiaBamu  X20H80, Udimet500 wmm
Inconel625 Bo3MOKHO 00pa3oBaHUE TaKKE MHKPO-
W MakKpOTpEIIMH, KOTOPbIE paCIpOCTPaHSIOTCS BEp-
THKQIBHO OT BEPXHEW dYacTh oOpasla K HIDKHEH

(puc. 4, 2). Ux oOpa3zoBaHne CBSI3aHO C Pa3IUIHSIMHU
B 3HAYEHHUAX KOA(DPHUIIMEHTOB JIHMHEHWHOTO pPACIIN-
peHUSI MEIM U HUKEJICBBIX CIIABOB M HHU3KOW ILIa-
CTUYHOCTBIO mocienuux. @dopmupoBanue Oonee
MPOTSHKEHHBIX TPaHMIl MEXIy KOMIIOHEHTaMH, OII-
TUMM3AIUS TApaMETPOB Mpolecca MevaTH U yrpaB-
JICHUE OTBOJIOM TEIUIa MO3BOJISIOT M30ekaTh (op-
MUPOBaHUS TPEIIMH TPU OXJIAXKJCHHNA OMMETaIUIN-
YECKHX 3JIEMEHTOB TaKOTO THIIA.

BrIBOaBI

C ncnosp30BaHUEM UIEKTPOHHO-TYUYEBOM alau-
TUBHOM TEXHOJIOTUH BO3MOXKHO IOJNYYEHHUE ILIHPO-
KOTO CHEKTpa KOMIIO3UIIMOHHBIX MaTepHalloB C Me-
TaJUIMYECKOW MAaTpULEd MOCPEICTBOM BBEACHUS B
30HY M€YaTH ABYX HPOBOJIOK C YIPaBISIEMOW IMoaa-
yell guiaaMeHTa WM 3a CHYET COBMEIICHUS MOJayH
MIPOBOJIOKM M TOpPOIIKa B BaHHY paciuiaBa. Hews-
0EKHO IPU HECOOTBETCTBUH MAPaMETPOB Ipoliecca
WIN CcOCTaBa KOMITO3UIMOHHBIX MarepuaioB (op-
MUPYIOTCS  JIe(peKThl Pa3IUYHOTO MAacIITaOHOTO
ypoBHa. K TakuM nedekram oTHOCSTCA MOPBI, Tpe-
HIMHBI, pacciioeHus u T.4. HeomnopomHoctu ¢hop-
MHUPOBAaHHUSI MaTEpUalOB MOTYT BKJIIOYAaTh B ceOs
Kak oOoramieHHble W OOEIHEHHBIE PA3TUUYHBIMU
KOMIIOHEHTaMH 30HbI, TaK U arjloMepaThl MOPOIIKO-
BbIX yacTul. OopMupoBaHuio 1eeKTOB U HEOTHO-
POIHOCTEH CIIOCOOCTBYIOT 3HAUUTEIBHOE pa3iinine
B IUIOTHOCTH WJIM TEMIIeparype IJIaBJIeHUs KOMIIO-
HEHTOB, M30BITOYHOE BBEACHHE KOMIIOHEHTOB C 00-
pa3oBaHUEM CIUIONIHBIX WHTEPMETAIUIMAHBIX TPO-
CJIOEK M COITyTCTBYIOIIMM (OPMHUPOBAHUEM TPEILIUH
U PACCIIOCHUH, HECOOMI0AEHNE ONTHUMAIBLHON CXe-
MBI BBEJICHHS KOMIIOHEHTOB B BaHHY pacijiaBa H
np. M36exats hopmupoBaHus eeKTOB U HEOTHO-
POIOHOCTEN CTPYKTYPHI MOJIyHaeTcsl 3a CUET PEryiu-
pOBaHUsI IMapaMeTpoB Tpoliecca MevyaTd, yIpasiie-
HUSI TEeOMETpHEel BBEJCHUS IMPOBOJIOYHBIX (uiia-
MEHTOB B BaHHY pacIllaBa, ONTHMHU3ALUH ITapaMeT-
POB TIpoliecca MeYaTH U COCTaBa KOMITO3UIIMOHHBIX
MaTepHasoB.

s n36aBieHust OT HEOJHOPOIHOCTEH CTPYKTY-
PBI TOCIIE MeYaTH NEPCIEKTUBHBIM MPEICTABISETCS
NPUMEHEHUE JIOTIOTHHUTEIBHBIX TEXHOJOTHYECKHUX
onepauuii, Hanpumep, (PUKIUOHHON MepeMelu-
Batomield 0OpaboTku. Bo3MOXHO CHIDKEHHE HEOI-
HOPOJHOCTEH CTPYKTYpBl 3a CUET CTaOWIH3aIlluu
nporiecca 1mojiBojia (GUIaMEeHTOB B BaHHY paciiiaBa
B Ipoliecce nevatd. B ganpHeleM i ynpasiie-
HUSI CTPYKTYpOU MaTepUallOB M MOBBIIIEHUS HX O/l
HOPOJIHOCTH TPH TIeYaTH IUIAHUPYETCSl WCIONb30-
BaHHE YJIbTPa3BYKOBOI'O BO3JCHCTBHS B BaHHY pac-
IUIaBa, YTO MOXET CHH3UTh HEOJHOPOAHOCTH pac-
IpeleNieHdsT KOMIIOHEHTOB B METalIOMaTPUYHBIX
KOMIIO3UTAaX [aK€ IPU 3HAYUTEIBHOM Pa3IMUUH
TUIOTHOCTH M TEMIIEPATYPHI IIABICHUS BBOAUMBIX B
BaHHY paclljlaBa MaTepHajoB.
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WCCJIEJOBAHME CTPYKTYPBI U CBOMCTB IIOBEPXHOCTH TBEPJIOT'O
CILTABA BK10KC ITOCJIE JIBYXKOMIIOHEHTHOM DJIEKTPOB3PBIBHOM
OBPABOTKHU C CUHTETUYECKUMHM AJIMA3ZAMMU

© 2023 r. T. H. OckoJkoBa

Cuoupckuii rocyiapcTBeHHbINi HHAyCTpPHANBHBIA yHuBepcuter (Poccusa, 654007, KemepoBckas o6im. —
Kys6acc, HoBoky3sHernk, yin. Kupoga, 42)

Annomayusa. IlpencraBnensl pe3ynabTaThl ucciepoBaHuii tBepaoro cmiaa BK10KC nocie ABYyXKOMIIOHEHTHOTO
3NIEKTPOB3PBIBHOTO JlernpoBanus (OBJI) ¢ cuHTeTHYECKMMH aimMa3aMu. B kadecTBe B3phIBAEMOTO NMPOBOTHHKA
OBIT HCHOJIB30BaH ATIOMHHHHA. BBIOOp alfOMUHHS OCHOBBIBACTCS Ha IKCIICPHUMEHTANbHBIX JaHHBIX pPsa
nccieioBaTeNei, KOTOpble OTMEYAIOT, YTO Ul YBEIHYEHHS MPOYHOCTHBIX CBOICTB TBEPABIX CIUIABOB IPHU
MOBBIIICHHBIX TEMIIEpaTypax HEOOXOANMO, YTOOBI B KOOAIbTOBOM CBA3KE IPUCYTCTBOBAIM YaCTHUIIBI
yabTpagucnepcHoro o-Al,O3 ¢ pasMepoM B COThIC 107 MUKpOHA. JloOaBKa aFOMHHUS B CBSI3KY 3HAYUTEIBLHO
MOBBIIIAET TBEPJOCTh, M3HOCOCTOWKOCTh W MPOYHOCTH Npu u3rube. Cyts DBJI 3akmiouaercst B HAKOILICHUU
SHeprum OaTapeeil UMIYJIbCHBIX KOHAeHcaTopoB A0 10 x/[x u ee mocnexyromeM paspsaae B TeueHue 100 mic
yepe3 IMPOBOAHUK, KOTOPBIA MCHBITHIBAET B3pBIBHOE paspymieHue. IIpm 3TOM POMCXOAUT Harpes
0OpabaTbhIBaeMO MTOBEPXHOCTH W HACHIIICHUE €€ MPOAYKTaMU B3pbIBa C MOCIEAYIONICH caMO3aKallkoi H3-3a
OTBOJZIa TEIUIa B OKPYXKAIOLIYIO Cpey M B Ti1yOb MaTepuana. J{ns yBemmuenus sddexra ynpodneHust B 00nactb
B3pbIBa JIOMIOJIHUTENBHO OBITa BHECEHA IIOPOIIKOBAs HAaBECKa CHHTETHUYECKOTO aiMaszHoro mopomka AC2
maccoi 60 Mr. DKCIEpUMEHTAILHO BBISIBJICHO, YTO JIETUpPOBaHHE MOBEpXHOCTU TBephoro cmuiasa BK10KC
MPOJYKTaMH 3JIEKTPOB3pPhIBA ATIOMHUHMS C HABECKOM ajMa3HOTO TIOpOIIKA HE MPHBEJIO K OOpa30BAHHUIO
YIIPOYHEHHOTO CJIOSI aIMa3HOTO THma. B mpomecce 0OpabOTKM anMas3HBIN MOPOMIOK TpaHC(HOPMHUPOBAJICS B
rpadur. HecMoTpst Ha TO, UTO anMa3HBIN CJI0M He 00Opa3oBajiCcs, NMPOHM3OLUIO MOBEPXHOCTHOE YNPOUYHEHHUE
TBepaoro ciutaBa BK10KC nocine 35ekTpoB3pbiBa aiMa3HOTO MOPOIIKA C ATIOMUHHEM B KaUu€CTBE MPOBOJIHHUKA.
TomnmuHa yIpOYHEHHOTO MOBEPXHOCTHOT'O CJIOS COCTABISIET OKOJIO 15 MKM ¢ HaHOTBepHocThio 24000 MIla (B
2 pa3a BBIIIIE 110 CPABHEHHUIO C MCXOIHBIM COCTOsIHHEM). [10OBBIIEHNE TBEPIOCTH CBA3AHO C M3MENbUYeHHEM (a3
B MOBEPXHOCTHOM clioe u (opmupoBanueM kapouna thmna W,C u a-AlyO;. lllepoxoBaTocTh MOBEPXHOCTH
00paboTaHHBIX TBEPAOCIUIABHBIX IIJIACTMH HE TIPEBBIIACT 3HAUCHWH, COOTBETCTBYIOIIMX TEXHHYECKUM
TpeboBanusM. HccnenoBanueM KOOAIbTOBOW —CBS3YIOIIEH B 30HE TEPMUYECKOTO BIMSHHUS IOCIIE
IByXKOMIOHeHTHOro OBJI  ycraHOBNIeHO, 4YTO KOOajIbTOBast CBA3YIOIIAS JONOJHUTEIBHO JIETHPYETCS
BOJb(PAMOM, YIJIEPOAOM, AalIOMUHHEM, BXOIIMMH B COCTaB B3PHIBAEMBIX MAaTepHajIOB M OCHOBBL
JlomoHUTEIPHOE JIETHPOBAaHUE KOOAJIbTOBOM CBS3YIOLIEH NPHBEAET K YHNPOYHEHHIO, YTO IOJIOXKUTEIILHO
TIOBJIMSIET Ha HKCIUTYaTAIIMOHHYIO CTOMKOCTD KapOMI0BOIb()PAMOBBIX TBEPBIX CIIIABOB B IIETIOM.

Knrwuesbie cnosa: TBepHHﬁ CIJIaB, CTPYKTYpa, 3JICKTPOB3PBIBHOC JICTUPOBAHNUE, HAHOTBEPAOCTD, H3HOCOCTOMKOCTD

Jna yumuposanun: OckonkoBa T.H. HccnenoBaHne CTPYKTyphl M CBOMCTB IMOBEPXHOCTH TBEPAOTO CILIABA
BK10KC nocie 1ByXKOMIIOHEHTHOH 3JI€KTPOB3PHIBHOI 00pabOTKH ¢ CHHTETHYECKIMH anMaszaMu // BecTHuk
CubupCcKOro TrocyAapcTBEHHOIO WHAYyCTpuasbHOro yHuBepcurera. 2023. Ne 1 (43). C. 76-82.
http://doi.org/10.57070/2304-4497-2023-1(43)-76-82

Original article

STUDY OF THE STRUCTURE AND PROPERTIES OF THE SURFACE OF HARD
ALLOY VK10KS AFTER TWO-COMPONENT ELECTRICAL EXPLOSION
TREATMENT WITH SYNTHETIC DIAMONDS
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Abstract. The article presents the results of studies of the VKI10KS hard alloy after two-component electroexplosive

treatment (EVL) with synthetic diamonds. Aluminum was used as the exploding conductor. The choice of aluminum
is based on the experimental data of a number of researchers who note that in order to increase the strength properties
of hard alloys at elevated temperatures, it is necessary that particles with a size of hundredths of a micron of ultrafine
a-Al,O; be present in the cobalt binder. Thus, the addition of aluminum to the bond significantly increases the
hardness, wear resistance and bending strength. The essence of the EVL is the accumulation of energy by a battery of
impulse capacitors up to 10 kJ and its subsequent discharge for 100 ps through a conductor that experiences explosive
destruction. In this case, the treated surface is heated and saturated with explosion products, followed by self-
hardening due to heat removal to the environment and deep into the material. To increase the hardening effect, a
powder sample of synthetic diamond powder AC2 weighing 60 mg was additionally added to the explosion area. It
was experimentally revealed that alloying the surface of the VK10KS hard alloy with the products of aluminum
electric explosion with a sample of diamond powder did not lead to the formation of a hardened diamond-type layer.
During processing, the diamond powder trans-formed into graphite. Despite the fact that the diamond layer was not
formed, surface hardening of the VK10KS hard alloy occurred after the electric explosion of diamond powder with
aluminum as a conductor. The thickness of the hardened surface layer is about 15 pm with a nanohardness of 24000
MPa, which is 2 times higher compared to the initial state. The increase in hardness is associated with the refinement
of phases in the surface layer and the formation of W,C and a-AlLO; type carbides. The surface roughness of
machined carbide inserts does not exceed the values corresponding to the technical requirements.The study of the
cobalt binder in the heat-affected zone after two-component EVL found that the cobalt binder is additionally alloyed
with tungsten, carbon, aluminum, which are part of the explosive materials and the base. Additional alloying of the
cobalt binder will lead to its hardening, which will positively affect the service life of tungsten carbide hard alloys in

general.

Keywords: hard alloy, structure, electroexplosive alloying, nanohardness, wear resistance
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BBenenue

B nHacrosee BpeMst 1715t yBEIMUESHHS CPOKa CITYKOBI
TBEPIBIX CIUIAaBOB Tpymmbl BK mpumeHsioT mMetomspt
VIIPOYHEHUS C WCTIONB30BaHHEM KOHIICHTPUPOBAHHBIX
TOTOKOB SHEPTHH (METO]T ANIEKTPOB3PHIBHOTO JIETUPOBA-
uus (OBJD)) [1 — 7]. B paborax [8 — 11] paccMarpriBae-
MBIif MeTojI paHee ObUT YCIEIIHO NPUMEHEeH Uil To-
BepxHOCTHOHM 00paboTku TBepmoro ciiasa BK10KC ¢
WCTIONTb30BaHAEM B KaYeCTBE IMPOBOJHUKOB THUTAHA, YT-
Jiepoyia, ATFOMHHHS C JIOTIOJHUTEIEHBIME JIOOABKAMH
MOPOIIKOB O0pa M KapOuaa KpeMHHs. DTOT METOJ] MO-
KeT OBITb PUMEHUM JUIs IOBEPXHOCTHOTO YIIPOUHEHHS
TBEP/IBIX CIUIABOB Ha OCHOBE KapOu/ia BoJb(hpama ¢ JI0-
OaBJIeHUEM TTOPOIIIOKA UCKYCCTBEHHBIX AJIMA30B.

Ha ocHoBe ananmza pabot [12 — 15] ycranoBieHa
BO3MOXXHOCTb (POPMHPOBAHUS aJIMa3HBIX ITOKPHITHI Ha
HETIepeTaurBaeMbIX  TBEPIOCIUIABHBIX  IDIACTHHAX,
MPUMEHAEMBIX TIPH MeXaHn4eckoi oOpabdotke. Llensto
HacTosIeld paboThl SBISIETCS TIOMBITKA TONTYYEHUS
MOBEPXHOCTHOTO CJIOSI aJIMa3HOTO TWIIA Ha TBEPAOM
crmaBe BK10KC ciocoboM 371eKTpOB3pBIBHOTO JICTH-
POBaHKSL M HCCIEIOBaHHE OCOOCHHOCTEH €ro CTpyk-
TYPHOT'O COCTOSTHUS U CBOMCTB.

Marepuaibl, cnocod o0padoTKM W MeTOIbI
HccJIe10BaHUs

[ToBepXHOCTHOMY YIPOYHEHHUIO CTIOCOOOM 3JIEKTPO-
B3PBIBHOIO JISTHPOBAHMSI TTO/IBEPIaJiCsl TBEPAIBIN CIUIaB
Mapkn BKIOKC mpomsBonctBa OAO «Kuposorpasn-
CKMIA 3aBOJ] TBEPIBIX CIIaBOBY (CBEpIIOBCKast OO, ).

CyTh 3TOT0 MeTosa 3aKII0YaeTcs B HAKOIUICHHH
sHepruM Oarapeeil UMITyJIbCHBIX KOHAeHcaTopoB a0 10
k/[x u ee mocnenyromemM paspsiae B Tedenre 100 Mxc
yepe3 MPOBOJHHK, KOTOPBIA HCIBITHIBACT B3PHIBHOE
paspywenre. HarpeBaercs oOpabarbiBaeMasi MOBEpX-
HOCTb 00pasiia ¥ MPOUCXOIUT HACBIIICHHE €€ MPOIyK-
Tamu B3pbIBa. [laparnensHo ¢ 3THM MpoTeKaeT camo3a-
KaJIka M3-32 OTBOJIA TEIUIAa B OKPYKAIOLIYIO Cpely U B
ryop Mmatepuaiia. [loBepxXHOCTH TBEpHIOro  cIuiaBa
BK10KC o6pabatpiBaiy mpr MHTEHCUBHOCTH BO3JICH-
ctBus 6,0 TBT/M” 11 3apsyHoM Hanpspkernn U= 2,3 k3B.
OrmiaBieHre MOBEPXHOCTH M MHTEHCUBHOE KOHBEKTHB-
HOE IepeMelIMBaHie paciulaBa OOECIeUMBAOTCS BO3-
JISCTBUEM IIIa3MEHHOM CTPYyM C HEOJHOPOIHBIM JIaB-
JICHWEM Ha TIOBEPXHOCTb.
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Puc. 1. Mukpoctpykrypa crutaBa BK10KC mocne
3JIEKTPOB3PBIBA CHHTETHYECKOTO aiMa3a

C QIFOMHHHEBBIM [IPOBOIHHKOM
Fig. 1. Microstructure of VK10KS alloy after electric
explosion of synthetic diamond with aluminum conductor

@DyHKUUIO B3pHIBAEMOTO MPOBOJHUKA BBIOIHSI
AMIOMUHUN (QTFOMUHHEBas (Qoibra Tommuaon 20
MKM, nuameTrpoM 50 MM u Maccoit 40 Mr u3 pacyera
Ha 15 cM” 06pabaTsiBaeMoii oBepxHOCTH). B paGo-
Te [16] cuuTaroT, YTO HEOOJBIIOE KOJIMYECTBO B
KOOaJIbTOBOM CBSI3KE YaCTHI[ Pa3MEpOM B COTHIC
JIOJIM MKM YJbTpaauctepcHoro o-Al,O; mpuBeneT k
YBEJIUYEHHIO MPOYHOCTHBIX CBOMCTB (TBEPIOCTH,
W3HOCOCTOMKOCTH M TIPOYHOCTH TPH U3THOE).

Hns yBenuuaeHust 3pdexra ynpouyHeHHUs OBEPX-
HoctH TBeporo cmasa BK10KC nmpu ucnons3osa-
HUHM QJIOMUHHEBOTO B3PHIBAEMOI0 IPOBOJHHUKA
JIOTIOJTHUTENBHO B BHJIE MOPOIIKA OBUT BHECEH CHH-
tetnueckui anmas AC2 maccoit 60 mr.

N3ydenne mukpocTpykTypsl mnocie OBJI amro-
MUHHUS C aJIMa3HBIM IMOPOIIKOM IMPOBOAMIN C HC-
nonb3oBanueM Mukpockona Philips SEM 515, cka-
HUPYIOLIETO 3JIEKTPOHHOro MuKpockona EVO 50
XVP, penrrenosckoro nudpaxromerpa IPOH 2,0
¢ xene3HsIM K,-n3myuenneMm. CBoicTBa ynpoyHeH-

HaHOTBepaocTH Ha mpubope Nano Hardness Tester,
M3HOCOCTOMKOCTH C TIOMOIIBIO BBICOKOTEMIIEpa-
TypHoro tpubomerpa PC-Operated High Tempera-
ture Tribometer, mIepoxoBaTocTH — Ha YCTaHOBKE
Micro Measure 3D station ¢pupmer CSEM).

Pe3yabTaThl HCcae10BaAHUS

Meramtorpaduueckie HCCIICIOBaHUS 00pa3IioB
MOCJIE AJIEKTPOB3PHIBHOW 00paOOTKH aTFOMHUHHS C
MOPOIIKOM CHHTETHYECKOTO alMas3a BBISIBUIN (Op-
MHUpOBaHHE Ha 00Iy4aeMoW MOBEPXHOCTH TOHKOTO,
TUIOXO TPABSIIETOCS CI0S TOMMUHON 1 MKM, TITyOxKe
KOTOPOTO pacroyiaraetcs CIoi TOMIUHON 12 MKM ¢
W3MENbYCHHBIMU  KapOunamu. PaccmarpuBaemblit
CJIOH TITAaBHO TIEPEXOANT B OCHOBY ciniaBa (puc. 1).
B moBepxHOCcTHOM ciioe © B ocHoBe mocie DBJI
TPEUINH HE BBISIBICHO.

Pentrenorpadudeckne wucciaemoBanus o0Opabo-
TaHHOTO CTIaBa (pHC. 2) BBISABIIN HAJHMYHE OKCHIA
a-Al,Os, kapouna Bosbdpama W,C. B cnoe takke
NPUCYTCTBYIOT Kapouna Bonbdpama WC u HeOoIb-
o€ KOJIMYEeCTBO YTiiepoa B Buje rpadura.

Mexanu3m  QOpMHPOBaHUS MOBEPXHOCTHOTO
CJIOS TIOCIIE DIICKTPOB3PhIBA AMIOMUHUEBOH (QONBIH
¢ no0aBKaMH TIOpPOIIKA CHHTETHYECKHX aIMa30B
COCTOWT B CIIEAYIOIIeM: Ha 00IydaeMOl MMOBEPXHO-
cti popMupyercsi 0O4eHb TOHKOE MOKpBITHE (IpH-
MepHO 1 MKM), 00pa30BaHHOE KOHJCHCHPOBAHHBI-
MU YacTUIAMH aTOMUHHUS (IIPOAYKT B3phIBA).
AJNFOMHHUI U3-32 OOJIBIIIOTO CPOJICTBA C KUCIIOPO-
JIOM COCJMHSETCS C HUM H 00pa3yeT MEeJKOJIHC-
nepcHble yactuibl o-Al,O;. DT0 moaTBepkaaeTcs
pe3ynbTaTaMi PacTPOBON AJIEKTPOHHON MHKPOCKO-
MU M PEHTTeHOrPadUUECKUMH HCCIICOBAHUIMU
(puc. 2, 3). llox cnoem a-Al,O; pacnionarancs cioit
n3 kapobunos Bombppama W,C m WC. Yactuust
9THX KapOWJOB B MPOIIECCEe KPUCTAIUIU3AIUH TIOCIIEe
OBJI ymenbmanucey B pazMepax 10 2 — 3 MKM IO
CPaBHEHUIO ¢ UCXOAHBIMU 5 — 7 MKkM. Ucxons u3

HOU 30HBI onpeacsim METOJaMU OLCHKHU
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Puc. 2. ®parment nudpakrorpammer crutasa BK10KC nocne 06paboTKH 3eKTPOB3PHIBOM aMIOMHUHES C aIMa3HBIM OPOILIKOM
Fig. 2. Fragments of diffraction patterns of the VK10KS alloy after processing by electric explosion of aluminum with diamond powder
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Puc. 3. DnementHslii coctaB moBepxHOCTHOTO cinost craBa BK10KC mocite 31eKTpoB3phIBa aTFOMUHHSA C TIOPOLIKOM
CHHTETHYECKOTO ajMa3a
Fig. 3. The elemental composition of the surface layer of the VK10KS alloy after the electric explosion of aluminum with synthetic
diamond powder

marpamMMel coctostaus cuctemsl W — C [17], mpu
ANIEKTPOB3PBIBHON 00paO0TKe KOHIICHTPALMS YIIepo/a
craHoBwiack MeHble 50 % wu3-3a JerMpoBaHUS pac-
MiaBa ATMIOMUHHAEM B MECTAaX PACIIONIOKCHHUSI YaCTHIL
KapOuga Bonb(pama W HAPYIIEHHS CTEXHOMETpUYe-
CKOTO COOTHOILIEHHS, TIO3TOMY (Pa30BBIi COCTaB Ompe-
nersuica eMecsro WC + W,C.

IMocse MOBEpXHOCTHOM OOPAOOTKH CIEAyeT OTME-
TUTh M3MCHEHNE XMMHYECKOI0 COCTaBa KOOAITBTOBOM
CBS3YIOIIECH B MPHUITOBEPXHOCTHOM cjioe. Pe3ynbrarh
PacTpOBOH ANIEKTPOHHON MHUKPOCKOIIHH TPE/ICTABIICHBI
Ha puc. 4. V3ydeHne XMMHYECKOro COCTaBa KOOAIbTO-
BOM CBSI3YIOIIEH HA PacCTOSHUU 3 — 5 MKM OT TTOBEPX-
HOCTH TIOCJIC JICKTPOB3PhIBA ATFOMHHHUEBON (DOJIBIH C

aMa3HbIM TIOPOLIKOM IIOKa3ajJ0 JIETUPOBAHHE €€
amomunneM (0,137 %) u Bonsgpamom (34,16 %).

Ha nosepxnoctu tBepmoro crasa BK10KC amvas-
HOTO TOKPBITHS HE 00HapykeHO. CHHTETHYECKHE aMa-
31 Mapk AC2 UMEIOT OOJIBIIYIO CKJIOHHOCTB K Tpadu-
THRALMH 1107 JEHCTBHEM BBICOKHX TEMIIEPaTyp U OTHO-
CHTENBHO JUTUTENHHON BBIIEpKKe (Ooee 15 MuH), yem
€CTECTBEHHBIE aiiMa3bl [ 18]. DnmeKkTpoB3pbIBHOE JIETMPO-
BaHHE AJTFOMUHHIEM C aJIMa3HBIM TIOPOIIIKOM TPOBOMIIH
3a xopotkoe Bpemsa (107 c), mo3TOMy TeopeTHuecKH
MOKHO OBUIO IpeAmnojarartb BO3MOKHOCTb IOTY4EHHS
aIIMa30I10I00HOT0 TTOKPBITUS 32 CUYET KOHJEHCHPOBAH-
HOMH cocrapstromniel. [IpucyTcTBrie KoOaibTa B TBEPIOM
CIUIaBe yCcKopsieT Tporiecc rpadurn3aru [ 18].

1,0 W

Hnumencuernocmes, yci. eo.

bl o

0 5 10

15 20 25

9H€p21/lﬂ xXapakmepucmu4iecKkoco peHmeeHo06CK020 U3Jj1y4eHusl, KaB

Puc. 4. DnemenTHBIA cocTaB kobanbToBOH cBaA3yromei ciaBa BK10KC nmocne 06paboTku 31eKTpOB3PHIBOM aTFOMUHUS
C QJIMa3HBIM HOPOIIKOM
Fig. 4. Elemental composition of the cobalt binder alloy VK10KS after treatment with electric explosion of aluminum with diamond powder
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Puc. 5. TIpoduis u miomans (BeIACICHA IIBETOM) TpeKa H3HOCA HCXOAHOTO obpasua (a) u 06pasiia nmocie 06paboTku
3JIEKTPOB3PBIBOM aJIMa3HOTO TIOPOIIKA C ATFOMHHUEM (6)
Fig. 5. Profile and area (highlighted in color) of the wear track of the initial samples (a) and the sample after electroexplosion
treatment of diamond powder with aluminum (6)

Ha moBepxHOCTH TBEpIOTO CIIIaBa B pe3yibTaTe
00pabOTKH OTCYTCTBYET MOKPBHITHE aIMa30Io100-
HOTO THIA, TaK KaK B paccMaTpUBACMOM CIIydae
CHUHTETHYECKHI ajMa3 MPOSBUI CKIOHHOCTD K MpPO-
reccy rpadurtuzanyuu (puc. 2).

[Ipodunomerprdeckrue HCCIEIOBAHUS TOKA3aIH,
yro OBJI amomuHneBoit (onbroil ¢ anMasHbIM TI0-
POIIKOM MPUBOJHUT K HE3HAYMTEIHHOMY YBEITUUYCHHIO
LIEPOXOBATOCTH MOBEPXHOCTU 10 Ra = 1,84 MKkM no
CpPaBHEHHIO C MCXOAHBIM cocTosiHUEM (Ra = 1,32 MKM),
HO COXpaHsis ee B MpesieNax TeXHUUECKUX TpeOoBaHMH
(momyctrMast 4ymcToTa 00pabOTKM TBEpPIOTO CIUIaBa
2,50 mxwm). [loBblieHHne MIEpPOXOBATOCTH TOCTE 00-
pabOTKH MPOUCXOJUT B CBSI3U C OCAXKJICHHEM KOH-
JCHCUPOBAHHBIX YaCTHIL MIPOAYKTOB B3phIBA, KOTO-
pBI€ pacroyiaraloTcsi B ThULy CTPYH U MONAJaroT Ha
MOBEPXHOCTh TBEPJIOTO CIUIaBa yXe B Mpoliecce ee
KpUcTa3anuu, GopMupys HOBbIH penbed [19].

HanouHneHTHpoBaHHE  MOKa3ajlo  yBENIMYCHHE
TBEPIIOCTH  O0pa0OTAaHHOW  TIOBEPXHOCTH  CILIaBa
BK10KC mo 24000 MIla, uro mpeBOCXOauT HAHOTBEP-
JI0CTb 00Pa3LOB B HCXOJHOM COCTOSIHMM B B2 Pasa.

W3Hoc onpenensics Ha necsti o0pasnax Mpu U3-
MEpEHUH TITyOWHBI W IUIOMIAIHM Tpeka 70 U Toclie 00-
padotku. Tpek obpaszyercst B pe3yibTaTe BpaIlCHS
aJIMa3HOTO WHIEHTOPA IO HEMOABIDKHOMY 0Opasiy.
HcnbiTanuss Ha W3HOC TIPOBOWIIM TIPH HArpy3Ke Ha
obpazenr 3 H, xomraectse 06opotoB 4000, mHEHHOM
CKOpPOCTH JIBFKEHUSA 2,5 CM/C. AHAJIOrUYHbIE WCTIBITa-
HHS IPOBOIMJIM HA KCXOAHBIX 00pa3Lax.

Tpubonorndeckue HWCIBITAaHUS BBIIBIIN TITyOHHY
TpeKa M3HOCA UCXOMHOro oOpasna 58,0 MkM, a mocie
00paboTku — 8,62 MkM (puc. 5). [Inomanp Tpexa u3Ho-
ca HCXOIHOTo 00pasiia coctaBisieT 12921 MkM?, mocie
yrpourerns — 816 Mxm”. KoadduumenT Tpemst [ 06-

paztioB nocie DBJI amMazHbIM MOPOIIKOM € UCIIONB30-
BaHWEM AJFOMUHMS B Ka4eCTBE MPOBOTHHUKA W UCXOII-
Horo o6pasita coctapiset 0,20 1 0,41.

VYBenu4eHne H3HOCOCTOMKOCTH — YIPOYHEHHBIX
00pa3IoB CBSA3aHO ¢ 00pa30BaHMUEM Ha TIOBEPXHOCTH
a-ALOs, kapOunos W,C, KOTOpbIE UMEIOT OOJIBIIYIO
TBepaocTh, ueM WC [20]. BmecTe ¢ TeM oxumgaemo-
rO YNOPOYHEHHs IIOBEPXHOCTH TBEPAOTo CIUIaBa
BK10KC He mocTurHyTO, TaK Kak aiMa3onoioOHOe
nokpeitue criocooom DBJI chopmupoBath He npe-
CTaBJIETCS. BO3MOXKHBIM H3-3a TpaHCPOpMAIMHU TO-
POIIIKa UCKYCCTBEHHBIX aJIMa30B B rpaduT.

BriBoabI

OKCIEePUMEHTAITbHO BBISBIICHO, YTO JICTHPOBAHVS
noeepxHocTH TBeporo cmmasa BK10KC nmpoxykramu
3MIEKTPOB3pbIBA ATIOMHMHHS C TOPOIIKOM CHHTETHYe-
CKOr'0 aiMasa He MPUBENO K 00pa30BaHUIO YIPOYHEH-
HOTO CJIOS aMa3Horo tuma. B mporecce oOpaboTku
aJIMa3HbIA TIOPOILLIOK TpaHC(HOPMUPOBAJICS B TpaduT.
Hecmotpst Ha TO, 4TO aMa3HBIH CJI0W HE 00pa3oBacs,
MPOU30IIIO TOBEPXHOCTHOE YIPOYHEHHE TBEPIOro
criaBa BK10KC nocne 9BJI. TomiuHa ynpo4HEeHHO-
TO MOBEPXHOCTHOTO CJIOSI COCTABIIAET OKOJIO 15 MKM ¢
HaHoTBepAocThio 24000 MIla (B aBa pasa BBIIE IO
CPaBHEHHIO C MCXOIHBIM cocTosHueM). [loBbimeHne
TBEPIIOCTH CBA3AHO C M3MeJbieHHeM (a3 B IMOBEpX-
HOCTHOM cJioe 1 (hopmupoBanueM kapouna tuma W,C
n 0-ALO;. lepoxoBaTocTh TOBEpXHOCTH 0OpadoTaH-
HBIX TBEPAOCIUIABHBIX IUIACTHH HE TPEBBIIIACT 3HAUeE-
HHH, COOTBETCTBYIOIIMX TEXHHMYECKUM TPEOOBAHMSIM.
HccrnenoBannem KkoOanbTOBOM CBS3YIOLIEH B 30HE
TepMuueckoro BiusiHUS mocne OBJI amomunuem c
TIOPOIIKOM CHHTETUYECKOTO aiMa3a yCTaHOBJIEHO, YTO
KOOAJIbTOBAs CBS3YIOMIAS JOTIONHUTENHHO JIETHPYETCS
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BOJIL(PAMOM, YIIIEPOJIOM, AITFOMUHUEM, BXOJISIIIUMHA B
COCTaB B3phIBAEMBIX MATEPUATIOB U OCHOBBL. J[OMONHH-
TENBHOE JISTUPOBAHUE KOOAJIBTOBOM CBS3YIOIICH MpH-
BEJIET K YIPOYHECHHIO TOBEPXHOCTH, UTO MOJIOKUTEIb-
HO TIOBIIMSIET HA JKCIUTYyaTAIIMOHHYIO CTOMKOCTh Kap-
OUI0BOIB()PAMOBBIX TBEPBIX CIUIABOB B IICTIOM.
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GREEN WELDING. EXPLORING THE ENVIRONMENTAL AND HEALTH
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Abstract. Friction Stir Welding (FSW) is a solid-state welding technique that differs from the fusion welding
methods as the melting of the materials to be joined does not take place. Moreover the absence of harmful
fumes or toxic gases during FSW makes it an environmentally friendly process. The FSW process can
produce high-quality welds and uses considerably less energy than any other arc welding process. Recent
advancements have made it possible to use FSW to join polymers, and the resulting welds have demonstrated
good mechanical properties. Moreover, FSW poses no health risks to welders, while prolonged exposure to
an arc welding environment can be harmful to their health. In summary, this review article discusses the
capabilities and quality of the FSW process, highlighting its advantages over traditional arc welding methods.
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OpMZMHaJlea}l cmamoi

YKOJIOTUYHAS CBAPKA. N3YUEHUE NPEMMYIIECTB CBAPKM TPEHUEM C
MEPEMEIINBAHUEM IO CPABHEHUIO C TPATAIIMOHHBIMYA METOJIAMHA
CBAPKM JJIS1 OKPY KAIOLIEW CPEJbBI M 3]I0POBbSI

M. Apud ', B. Mamux?, M. A. Mup’, T. Axmax’, H. @. Jloyn?, A. H. Cupaukn’

"Kadenpa mamunocrpoenns, Yuusepcurer Canckpuri, Marxypa-281401, Muus
’Ornen mamnHocTpoenns, xkamuss Muwiius Ucnamus, Hero-Jean-110025, Unaus

*Kagenpa mammnocrpoenusi, HamoHa bHblil TeXHOJOrHYecKHii HHCTHTYT, Xa3paT6ai-190006, Munus

Annomayus. Capka tpenueM c nepemermBanieM (CTIT) npencrasnsier coboi METO CBapKH B TBEPAOM COCTOSIHHH,
KOTOpBI OTAMYAeTCs OT METOIOB CBAapKU IUIABJICHUEM TeM, YTO IUIABICHUS COCAMHSAEMBIX MAaTepuUalioB He
npoucxoauT. Kpome Toro, oTcyTCTBHE BpeOHBIX MapoB WM sOBHTHIX razoB mpu CTII nemaer 3ToT mporiece
skonorugeckn OezonacHeM. IIpomecc CTII mo3BosisieT MPOM3BOAWTE BBHICOKOKAUECTBEHHBIE CBAapOYHBIC IIBHI U
MOTPeOIIAeT 3HAYMTELHO MEHBIIIE SHEPTHH, YeM JIF000H APYToi Mpoliece IyroBoi cBapku. ITocnemare qoCTIKeHus
cmenmami BO3MOXKHBIM Hcnionb3oBanne CTII 1 coeauHeHMs TOMMMEPOB, W IIOMy4YEHHBIC CBapHBIC IIBBI
TIPOJIEMOHCTPUPOBAIN XOpoIe MexaHmdeckre coiictBa. Kpome toro, CTII He mpencraBisieT OMacHOCTH JUIS
37I0pOBbsl CBApILUKOB, B TO BpeMsl KaK JIUTEIBHOE BO3JECHCTBHE CPEAbl TYTOBOI CBApKM OMACHO IS 3A0POBBS.
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Takum oOpasoM, B 3TOH OO30pHON CTaThe OOCYKHAIOTCS BO3MOXKHOCTH U KadectBo mporecca CTII,
TMOTYEPKUBAIOTCS €0 MPEUMYIIIECTBA 110 CPABHEHHIO C TPAJIUIMOHHBIMU METOIAMH TyTOBO CBApPKH.

Knrwouessie cnoea: crapka TpeHHEM cC IepeMemmnBaHueM, dKkonormdeckd unctas CTII, skomormdHBIi AWM3aiiH,

sxonoruueckuii 3¢ pext CTII

/Mna yumuposanun: Apup M., Mamuk B., Mup M. A., Axman T., Jloyr H. ®., Cunguxku A. H. Dxomnornunas
cBapka: lccnenoBaHWe TNIPEMMYLIECTB IS OKpYXKAalOIIEH cpensl M 3M0POBbS CBapKH TPEHHEM C
nepeMelInBaHueM M0 CpPaBHEHHWIO C TPAAMIHOHHBIMH MeTojamu cBapku // BectHuk Cubupckoro

TOCYAapCTBEHHOTO HMHAYCTPHAILHOTO YHHBEPCHTETA.
http://doi.org/10.57070/2304-4497-2023-1(43)-83-88

Introduction

Friction stir welding is considered a sustainable
and environmentally friendly welding method, be-
cause the process does not generate any harmful or
toxic gases and radiation during the welding pro-
cess. In contrast, conventional arc welding tech-
niques, including MIG, LBW, Tungsten Inert Gas
(TIG) , and GMAW, produce hazardous fumes and
radiation that can pose significant risks to both
welders and the environment [1]. Wang et al. exam-
ined how welding processes affect the fatigue prop-
erties of Al 5052 and analyzed the welded joints
based on fatigue testing results. The findings
showed that FSW joints have better fatigue proper-
ties compared to TIG weld joints [2]. Compared to
conventional arc welding, Friction Stir welding has
the benefit of using less energy and generating min-
imal waste of materials [3]. The use of filler materi-
al in conventional arc welding often leads to defects
like cracks, porosity, and lack of fusion. In contrast,
Friction Stir welding doesn't require filler material,
so if the proper procedure is followed, it can pro-
duce almost perfect joints without any defects [4].
M. A. wahid et al. [5] reported that friction stir
welding (FSW) offers significant environmental
benefits such as eliminating the need for FW con-
sumables, reducing toxic fumes and radiation, min-
imizing surface cleaning, and eliminating grinding
waste. FSW also provides energy benefits by reduc-
ing fuel consumption in lightweight applications
and allowing welding on larger material thickness-
es. These benefits make FSW an attractive option
for industries looking to improve efficiency and
productivity while reducing their environmental
footprint. According to James M. Antonini [6], the
primary respiratory issue faced by welders is metal
fume fever, a temporary fever caused by inhaling
fumes containing zinc, copper, magnesium, and
cadmium. Additionally, the most common chronic
respiratory problem associated with welding is per-
sistent pulmonary bronchitis.

Friction Stir Welding (FSW) was developed by Mr.
Wayne Thomas at the Welding Institute (TWI) in the
UK during the early 1990s. It is classified as a solid-state
welding technique since it operates at a temperature be-

2023, no. 1 (43), pp. 83-88. (In Russ.).

low the melting point of the base metal. The fundamental
principle of the FSW process involves generating heat
through friction between two surfaces. In FSW, a tool
with a pin that has a particular shape is rotated and insert-
ed into the workpiece along the welding line. The pro-
filed pin is immersed in the workpiece while the tool's
shoulder makes contact with the surface of the base ma-
terial. As a result of this contact, the generated friction
produces sufficient heat to soften the material, reaching a
plasticized stage after a particular dwell time. While the
tool moves forward, a constant axial pressure is applied
to create a continuous cycle and generate a plasticized
effect that results in a seam weld joint. When the welding
is complete, a small hole is left by the tool's retreat from
the workpiece, and this excess portion is removed by a
post-welding process.

1.1 Materials welded by FSW

1.1.1 Metals-to-Metals

In the past, it was commonly thought that only
aluminum alloys were challenging to weld. Howev-
er, with the development of the FSW process in the
early 1990s, welding these Al-alloys became signif-
icantly simpler. This is due to the fact that the con-
ventional welding process can produce residual
stresses, distortion, and solidification defects, which
are avoided in the FSW technique [7]. As a result,
FSW has emerged as the most effective joining
method, particularly for joining aluminum alloys
belonging to the 2XXX and 7XXX series. FSW has
been applied by researchers to weld a wide range of
metal types and metal composites, including Al-Cu
[8], Al-steel [9], Cu-steel [10], among others, for
different industries with successful outcomes.

1.1.2 Polymers and Polymer Composites

As technology has advanced, researchers have be-
come more interested in using FSW to join plastic pol-
ymers. In light of the global push for the use of recycla-
ble plastics to reduce pollution and environmental im-
pact, it has become necessary to find alternatives to
metal parts wherever possible. Employing this approach
can significantly reduce the overall product cost and
weight. FSW is an ideal method for joining polymers,
particularly if the FSW setup is automated and
equipped with a robotic arm, enabling efficient welding
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at any angle. Successful FSWs have been performed on
polyethylene (PE) and polypropylene (PP) [11], PC to
PMMA [12].

1.1.3 Metals to polymers

These are specific instances where the FSW pro-
cess is used to join metal and polymer. Joining met-
als with polymers using conventional methods is
quite challenging, but some studies have focused on
using the FSW process for polymer-to-metal joints.
Raza Moshwan et al.(2015) created a dissimilar
weld between polycarbonate and AA 7075 alumi-
num alloy using the friction stir welding process
[13]. S.M. Mirhashemi et al. examined the ability to
weld Al7075 with LDPE, utilizing silicon carbide
nanoparticles as a reinforcement material. The re-
sulting welds demonstrated a joint efficiency of
70%, taking into account LDPE as the weaker com-
ponent of the welded material [14].

2. Application of FSW

Friction stir welding stands apart from conven-
tional arc welding as it is a non-fusion welding
method. FSW has the ability to produce exception-
al, high-quality joints in structural, aluminum, cop-
per, nickel, and magnesium-based alloys that sur-
pass the traditional arc welding process. The joints
formed by FSW exhibit superior traits, including

enhance d fatigue life, strength, low residual stress,
reduced distortion, and corrosion resistance, as op-
posed to conventional arc welding. Friction stir
welding finds its use in various fields such as the
production of space launch vehicles like NASA's
new Orion spaceship, Boeing's Delta II and Delta
IV rockets, and space launch system (SLS) [15],
used FSW welding technology. The automotive in-
dustry employs the FSW process for joining body
parts, wheel rims, and suspension arms, while the
railway industry uses it to produce high-speed pas-
senger trains. Similarly, the shipbuilding and aero-
space industries utilize FSW to create lightweight
aluminum alloy bodies, and companies such as Air-
bus and Boeing make use of it [15] [16].

3. Impact on Health, Energy and Environ-
ment.

3.1. The effect of FSW and Traditional Welding
Methods on the Health of Welders

The use of traditional welding techniques like
arc welding (including LBW, GMAW, TIG, MIG,
etc.) generates harmful fumes and gases that can
have severe and potentially fatal impacts on the
health of welders. Prolonged exposure to these toxic
substances has been linked to various illnesses in
welders.

Common applications of the FSW process
Oo6uue odaacTu npumeHenus npouecca CTII

Present process Specific applications Industry Sector | Benefits of using FSW

Gas metal arc welding, | wheel rims and sus- | Automotive Better joint integrity.

Metal inert gas welding pension arms

Solder Leads Batteries Higher quality.

Gas metal arc welding Cabinets and Electrical Reduced cost, weld through corrosion
enclosures coatings.

Rivets Floors, wing and Aerospace Higher quality, cheaper (no
fuselage. rivets and holes).

Gas metal arc welding Automobile Chassis, Golf Cars, Less distortion, better fatigue life
Suspension Snowmobiles propetties.

Gas metal arc welding Shipping pallets Military Reduced cost

Gas metal arc welding Fittings, Long & Tanks, Cylinders | Higher quality -less leaks, higher up-
Circumferential Seams time.

Rivets and Keel, tanks and the Ships and Boat Stronger, Less Distortion

Gas metal arc welding hull making

Gas metal arc welding Rail car body, window, | Rail industry High quality joints
side wall and coupling
gears

Gas metal arc welding Heat sinks, welded Electrical Higher density of fins — better
laminations conductivity.

Typical applications of FSW [Partially adapted from Smith et al. [17]
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— Metal Fume fever (MFF): If a worker inhales a
significant amount of heavy metal fumes, such as
during arc welding when zinc oxide fumes are gen-
erated, they may experience symptoms like fever,
coughing, chills, and so on [1].

— Siderosis: Prolonged inhalation of toxic fumes
generated during arc welding can result in lung can-
cer. Workers who work in silver polishing environ-
ments or are continuously exposed to iron oxide
fumes are at a higher risk of developing siderosis,
which can lead to symptoms such as shortness of
breath and coughing [18].

— Maculopathy: It is a condition that can occur
when a person looks directly at an arc welding pro-
cess without proper eye protection from a close dis-
tance. The infrared rays and heat emitted by the
welding torch can be harmful to the eyes. A study
revealed that a mechanical engineering student with
normal vision sustained eye damage while using a
welding torch with inadequate eye protection, and
had to discontinue their course of study due to
weakened eyesight [19].

To investigate the prevalence of welding-related
illnesses, statistical data was collected for various
welding processes (MIG, TIG, LBM, PAW), as
well as friction stir welding. The data was gathered
for the year 2020 and compared, with results indi-
cating that the incidence of welder illness was near-
ly zero for friction stir welding [20]. Figure 1 de-
picts this trend graphically. In contrast, the FSW
process is considered a "green technology" because
it does not generate any harmful fumes. Over the
past two decades, there have been no reports of ad-

1990 1995 2000

¥ siderosis (welders lungs)

® peomonia

® perforated tympanic membrane

® parkinson disease

verse effects on workers' health associated with fric-
tion stir welding.

3.2 Energy Consumption:

A study carried out by A. Srivastava et al. had the
objective of comparing the energy usage of two weld-
ing processes, namely friction stir welding (FSW) and
gas metal arc welding (GMAW), on Al 6061-T6 alu-
minum, which was utilized as the test material. The
study measured both pre- and post-energy consumption
during the welding process to determine the total ener-
gy consumed. Results revealed that FSW uses 40 %
less energy and 10 % less material than GMAW, while
still meeting the same design criteria, specifically, the
maximum tensile force of around 31kN for testing.
Consequently, in comparison to GMAW, FSW results
in a reduction of approximately 31 % in greenhouse gas
emissions. [21].

3.3 Environmental impact of FSW

Currently, the most significant challenge facing
humanity is to maintain a balance in the environ-
ment amidst climate change. In response, govern-
ments worldwide have established regulations and
guidelines aimed at reducing the carbon footprint of
manufacturing units such as industries, workshops,
and factories. The joining of metals is a major pro-
cess in these units, which is primarily carried out
using arc welding. However, the byproduct of this
fusion welding process generates harmful and toxic
gases that contribute to environmental pollution. As
per a study conducted by FSW researchers and pro-
ducers, it has been found that if 10% of the joining
market in the United States switches to FSW, it can

2005 2010

Mental fume fever disease
catract

Kidney failure

Shows the prevalence of disease among welders who have been affected by different welding processes
Pacnipoctpanenue 3a005eBaHIi CPEIH CBAPIIHKOB, HA KOTOPBIX TOBJIUSITH PA3INIHBIE CBAPOUHBIE TPOLIECCHI
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result in an annual energy savings of 1.28X1013
Btu and a reduction of 500 million pounds in green-
house gas emissions [15].

The use of the FSW process can eliminate the
emission of harmful fumes that occur during con-
ventional arc welding of high-temperature and
chromium-containing alloys. Sweden and Finland
have decided to use the FSW technique for encapsu-
lating nuclear waste within large copper vessels that
can withstand the test of time for up to 100,000
years [15].

4. Conclusion

Numerous well-known industries have embraced
FSW as an innovative technique for joining alumi-
num and other metals. Friction stir welding has
made a significant impact on top-tier industries such
as aerospace, high-speed railways, shipbuilding, and
automotive, among others. A review of its capabili-
ties indicates that FSW can seamlessly join metals
to metals, polymers to polymers, or even create hy-
brid joints between metals and polymers.

FSW has garnered recognition from various in-
dustries due to its capability to join difficult-to-weld
materials, such as aluminum alloys 2XXX and
7XXX series, copper alloys, nickel alloys, manga-
nese alloys, and other similar materials. Several re-
nowned aerospace companies, including NASA,
Airbus, and Boeing, among others, have employed
FSW to join aluminum body sheets in their launch
vehicles, as joints formed through FSW have fewer
imperfections compared to the arc welding process.

One of the noteworthy features of FSW is its
eco-friendliness, as it does not produce any hazard-
ous gas emissions while operating. This aspect of
FSW is a significant advantage over conventional
arc welding methods, which often produce harmful
fumes and smoke. Additionally, FSW is energy-
efficient and requires less energy than traditional
welding processes, making it a cost-effective and
environmentally sustainable option.
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WCCJIEJIOBAHUME BJIMSTHUASI TEPMUYECKON OBPABOTKH HA CIIABbI CUCTEMBI
Cu - Al ITIOJIYYEHHBIE ITPOBOJIOYHO-AYT'OBBIM A/I/IMTUBHBIM CITIOCOBOM

© 2023 r. 51. Ban', C. B. Konosauos?, C. Ysn', U. A. Manuenko’, M. M. Korox>

lszusepcheT Baubukoy (Kuraii, 325035, Baaswkoy, KOxHEIH KaMITyc, aAIMUHIUCTpaTHBHOE 31aHue, 212 A)

?Cubupekuii  rocyaapcTBeHHBIl MHIyCTpHANLHBII yuuBepcuter (Poccus, 654007, Kemeposckas 0671 —
Kys6acc, HoBoky3sHernk, yin. Kupoga, 42)

Annomayua. Metogamu ONTHYECKOHN, CKAHHUPYIOIIEH M MPOCBEUMBAOUICH SNEKTPOHHOW MMKPOCKOIMM IPOBEICHBI
HCCIICIOBAaHKS IO YCTAQHOBJICHUIO BIIMSHMS QMIOMUHUS, KPEMHMS M MarHus, a Takke IOCie MX TePMHUIECKOH
00paboTku Ha (POPMUPOBAHKE U UBMEHEHHE CTPYKTYpBI, (h)a30BOTO COCTaBa U Paclpe/IeieHHe AJIEMEHTOB CIIIABOB
cuctembl Cu — Al, TOTy4eHHBIX MPOBOJOYHO-IYTOBBIM aIUTHUBHBIM IIPOM3BOZCTBOM C XOJIOAHBIM IIEPEHOCOM
Metayuta. OmpeneneHpl M MPOAHATINM3UPOBAHBI OCHOBHBIE (DAKTOPHI, ONPEICIIIONINE MEXaHHIECKOE ITOBEICHUE
cmmaBoB cucteMbl Cu — Al mocne n100aBieHMs KpeMHHSI M MarHus W TepMudeckoid oOpabdoTku. ITokazaHo, 4to
TIOBBIIIICHHAS IPOYHOCTH U TBEPAOCTH ciutaBa Cu — Al 0OBsACHIETCS M3MENBUCHHUEM 3epHA M 00pa30BaHHEM YaCTHIL
BTOpPBIX (ha3 MEX/y CJIOSMH HAIUIaBICHHOTO MeTaJlIa. BeIsBIEHbI 0coOeHHOCTH pactpeneneHnst ocHOBHBIX (Cu, Al)
n BTOpocTeneHHbIX (Si, Mg) snmeMeHTOB B Iporecce MPOBOJOYHO-AYTOBOTO aJJIUTUBHOTO MPOW3BOICTBA. B
TocyIe/IHEe BPEMs1 BBINIOJIHEHBI HcclienoBanus ciiaBa Cu — Al, KoTopble TOKa3aiH, YTO aJIOMUHUN KaK 3JIEMEHT
TBEpaOro pactBopa B crwiaBe Cu — Al MOXXeT yBeIMYUTh 0Opa3oBaHue Ie(OPMAIMOHHBIX TBOHHHKOB U IIOTHOCTD
JIMCJIOKAIMH. YCTAHOBJICHO, YTO J00ABJICHAC MHKpPOJICTHPYIONMX 37eMeHTOB B ciuiaB Cu — Al 3Ha4YMTENBHO
yAy4lIaeT ero MEXaHWYeCKHE CBOMCTBA. BBITIONHEHBI HCCIIENOBAHHSA KHHETHKH pPOCTAa HHTEPMETAUIMAHBIX
coemuuennii (CuAl,, CugAly, CuzAl) B yuteiinbix crmaBax Cu — Al B pesynbrate mpoBefeHHS KOMILIEKCA
TEXHOJIOTHYECKMX MEPOIPHUSTHI ObLIN 1T0JI00paHbl PEXXHUMBI OJy4EHHUsI aJUIUTHBHBIX 3ar0TOBOK ciuaBoB Cu — Al,
Cu — Al - Siu Cu— Al — Si — Mg. B pabote uccnenoBaHbl MUKPOCTPYKTYpa, (Da30BBIiA COCTAB U MEXaHUYCCKIES
cBoifcta crmaBoB Cu — Al, Cu — Al — Si u Cu — Al — Si — Mg, ToIy4eHHBIX TIPOBOJIOYHO-TYTOBBIM a TATHBHBIM
CIOCOOOM IO TEXHOJIOTUH XOJIOJHOTO MIepeHoca MeTaslIa.

Knrouesvie cnosa: CIJIaB, MUKPOCTPYKTYpa, MG,I[HO—EU]IOMI/H-H/IGBHﬁ CIUIaB, IPOBOJIOYHO-AYI'OBOC aJIMTHUBHOC IPOU3BOACTBO
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Abstract. By methods of optical, scanning and transmission electron microscopy, studies have been carried out to establish the

influence of Al, Si and Mg on the formation and change of the structure, phase composition and distribution of elements
of Cu—Al alloys obtained by wire-arc additive manufacturing with cold metal transfer, and after their heat treatment. The
main factors determining the mechanical behavior of Cu-Al alloys after the addition of Si and Mg and their heat treat-
ment are determined and analyzed. It is shown that the increased strength and hardness of the Cu-Al alloy is explained by
grain grinding and the formation of particles of the second phases between the layers of the deposited metal. The features
of the distribution of the main elements (Cu, Al) and secondary elements (Si, Mg) in the process of wire-arc additive
manufacturing are revealed. Recently, studies of the Cu-Al alloy have been carried out, which have shown that Al as a
solid solution element in the Cu-Al alloy can increase the formation of deformation twins and the density of dislocations.
In addition, it was found that the addition of micro-alloying elements to the Cu—Al alloy significantly improves its me-
chanical properties. The kinetics of the growth of intermetallic compounds such as CuAl,, CuyAly, Cu;Al in Cu—Al cast-
ing alloys has been studied. As a result of the complex of technological measures, the modes of obtaining additive billets
of Si—Al, Cu—Al-Si and Cu—Al-Si-Mg alloys were selected. Technological equipment has been improved to obtain
blanks as part of the work. The microstructure, phase composition and mechanical properties of Si—Al, Cu—Al-Si and
Cu-Al-Si-Mg alloys obtained by wire-arc additive manufacturing using cold metal transfer technology are investigated.

Keywords: alloy, microstructure, copper-aluminum alloy, wire-arc additive manufacturing
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Beenenue

C navana XX Beka Ha4yalld aKTUBHO MPOBOJUTH
WCCIIeIOBaHNUA B OOJACTH MEIHBIX OpOoH3 ¢ JA00aB-
JIEHUEM aJIOMUHHS B Kaue€CTBE OCHOBHOT'O JIETHPY-
IOIETO 3JIEMEHTa, YTO OOBSCHICTCS OTIMYHON KOp-
PO3MOHHOW CTOWKOCTBIO, OOYCIIOBJIEHHON 00pazo-
BaHHEM IUIOTHOTO M CTaOMJIBHOTO MAaCCHBHOTO CIIOA
Al,O;. Koppo3roHHast cTOWKOCTh 3aBHCUT OT KOJIU-
4yecTBa AJIFOMUHMSA B ciiiase [ 1, 2].

B Hacrosiiiiee BpeMst OTCYTCTBYFOT CBEACHHS O Jie-
TaJbHOM MUKPOCTPYKTYPHOM aHajH3e, HalpuMmep, O
pacrpezielieHHH JIETHPYIONIAX AJIEMEHTOB, MeXaHWJe-
CKHMX CBOMCTBAX M OOpa30BaHUH WHTEPMETAIIAIHBIX
(a3 B cmiaBax cucteMbl Cu — Al, N3roTOBJICHHBIX Me-
TOZIOM TIPOBOJIOYHO-AYTOBOTO AIUTHBHOIO IIPOU3-
BOJICTBA C XOJIOJJHBIM NIEPEHOCOM MeTaJlIa.

Lenbro HacTosiiel paboThI SBIISETCS YCTaHOBJICHUE
3aKOHOMEPHOCTEH BIMSHIS TepMUUeCKOi 00paboTKu Ha
CBOWCTBA, MUKPOCTPYKTYPY U ()a30BbIil COCTaB CIUIABOB
crctembl Cu — Al, M3roTOBJIEHHBIX METOIOM MPOBOJIOY-
HO-IyTOBOTO aJUIMTUBHOT'O TTPOM3BOJICTRA.

MeTtoabl M NPUHIUIIBI HCCICAOBAHUS

JAist U3roTOBIICHUsI 00Pa3IOB METOIOM XOJIOIHO-
ro mepeHoca MeTajlla MCIONb30BaJICS pOOOTH3UPO-
BaHHBIA cBapouHblii kommiekc CMT Advanced
4000R c ycranoBkoii nogauu npososokun WPC-600.

[Ipu agnuruBHOM HarmtaBke CMT ucmonp30Bain
IUIACTUHBI U3 TEXHHYECKH YHCTON MEAM NBYX pas-
MepoB (3x50x100 u 10x50x100 mm). [Ipumensiu
CJIEAYIOIIME CBAapOYHbIE IPOBOJIOKH: MEIHYIO CBa-

pounyto mpoBojioky mapok SAFRA-CuSi;, SALE-
S201; anrOMMHHEBYIO CBapOYHYIO IMPOBOJIOKY Ma-
pok ER4043-AlSis, ER5356-AlMgs u ER1100-
S301 nuamerpom 1,2 mm (cm. Tabmuiry) [3].

CrnaBel cuctembl Cu — Al ObUTH TONYYEHBI C HC-
TIOJIb30BaHKUEM CBAapOUHBIX NPoBOJIoK / 1 3; Cu— Al —Si
— cBapoYHBIX MpoBoNiok 2 u 4; Cu — Al — Si — Mg cBa-
POYHBIX POBOJIOK 2 1 5 [4].

[TapameTpsl aJIMTUBHON HAIUIABKK OBUIM OIIpe-
JIeJIeHbl TIOCIIE CEepUM MPOOHBIX SKCHEPUMEHTOB IO
OJIHOIIPOXOJIHOM M OJHOCIONHOM cBapke. s nona-
YH MIPOBOJIOKH OBLIO pa3paboTaHO BCIIOMOraTeIbHOE
YCTPOWCTBO, KOTOPOE YCTaHABJIMBAETCS 3a CBAPOY-
Hoti ropenkoit CMT. Yrom mexay BcroMorareib-
HbIM YCTPOMCTBOM M CBApOYHOM I'OPEJIKOM COCTaB-
151 45 — 50°, paccTOsTHME OT KOHTAaKTHOTO HAKOHEY-
HHKa 10 padoueil moBepxHocTH 18 — 22 MM.

st 06pabOTKM MOBEPXHOCTH M MOJATOTOBKH 00-
Pa3LOB HUCIIOJIB30BAIM YCTAaHOBKY JIEKTPO3PO3HOH-
HOW pe3kn. Tepmuueckyro 00paboTky oOpasia npo-
BowuIM B MyGenbHoi neun SX2-2.5-10. Beimonnen
aHall3 MHUKPOTBEPJIOCTH, MAaKpPOCTPYKTYpPbI, MUK-
POCTPYKTYPBI, MOP(OIOTUH pa3pylleHHs o0pa3ioB
NpY pacTsbkeHUH. BeimonHen ananmu3 u uneHTudu-
Karus (a3 cruiaBos, ornpeseneH (Ha3oBblii cocTas.

OcHOBHBIE Pe3yJIbTAThI

Hccnenosanue odOpasiop criaBa Cu — Al BbI-
MOJIHEHO C O0pa3lamMu B HUCXOJHOM COCTOSIHUH H
nociye roMoreHusanun npu temmneparype 800 °C B
TeueHue 2 4. J{ns onpenenenus nedhopManmoOHHOTO
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Tabnuma
DJ1eMEeHTHBIi COCTAB MPOBOJIOK
Elemental composition of wires

CopneprkaHue 31IeMEeHTOB, % (110 Macce)

Ne IIpoBomnoka

Mn Mg Si Cu | Al
1 SALE-S201 - - Menee 0,10 | ocH. | —
2 | SAFRA-CuSi | Menee 1 - 3,00 OCH. | —
3 | ERI1100-S301 - - Menee 0,20 | — | OcH.
4 | ER4043-AlSi_ - Mesee 0,1 5,00 — | oc.
5 | ER5356-AlMg - 5.0 0,25 — | oc.

MOBEJICHUS B YCIIOBUAX KBA3UCTATHUECKOI'O Harpy-
KEHUSI U3YUYCHBI CTPYKTypa U MEXaHHMYECKHE CBOM-
CTBa, TUCIOKALIMOHHAS U JBOWHUKOBAsI CTPYKTYPHI.
AHan3 XMMHYECKOTO COCTaBa OOpa3LOB IMOKa3all,
YTO CpelHee COACPKAHHWE AIIOMUHHS COCTaBIISET
6,3 u 6,1 % (puc. 1, a), 4ro OJIU3KO K PaCUCTHOMY
3raueHuro (6,5 %) [3, 6].

CpenHsist MUKpOTBEPIOCTh B MCXOJHOM COCTOSI-
Huu coctaBwia 95 HV, a mocne TepMuyeckoi 00-
pabotku — 112 HV (puc. 1, 6). CpaBHuBasi KpHUBbIE
MHUKPOTBEPAOCTU BUIHO, YTO IOCIIE TEPMHUYECKON
00paboTKK 00pa3Ibl UMEIOT HECKOJIBKO 00JIee BbI-
COKHE 3Hau€HHUS MHUKPOTBEPJIOCTH. DTO CBS3aHO C
3¢ deKTOM yNpOYHEHUs] TBEPAOIrO pacTBOpa, NpHU
koTopoMm uHTepMeTauuabl CuAl, u CugAly mocne
TEPMUYECKON 00pabOTKM TepexolsiT B TBEPIbIN
pactBop Cu — Al.

CornacHo pesyibraTtam paboTsl [7], criaBbl Ha
ocHoBe cucteMbl Cu — Al — Si MoryT coctosTh U3
OOJIBIIIOTO KOJMYECTBA Pa3IMYHBIX (a3 Aaxe MpH
HU3KOM COJIEpKaHUM aTIOMUHUS U KpeMHus. B pa-
0ore [8] moka3aHO, YTO OJHOH W3 OCHOBHBEIX B CH-
creme Cu — Al —Si sBisercs a-¢aza TBEpaOro pac-
tBOpa Meau ¢ 'K kpucraminyeckoi CUCTEMOM.

71 gl
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Paccmosinue om noonoducku, Mm

Metamnorpadudeckiii aHanu3 TOKa3all, 4TO B
o0pa3max HMeeTcss MHOTO KPYIHBIX CTOJIOYaTBIX
3epeH, OCOOCHHO B CpeAHEW M HWXKHEH 00JIacTsaxX
obpasmos (puc. 3). Ha pentreHoandpakinoOHHBIX
CIEKTpax BHIHO, YTO COJEP >KaHHE MHTEPMETaUIU-
na CuAl, ymenbmaetcs, a uatepmetamminn CugAl,
MCYe3aeT Mocie TepMUUIecKol 00paboTku (Tromore-
Hu3anuu). V3ydeHne moBEpXHOCTH U3JIOMa 00pas-
OB TIOCJIC WUCTBITAHUI HAa OJHOOCHOE pacTshHKEHUE
(puc. 4, 3) moka3zayo HaJH4YKhe TPeX 30H (30Ha POCcTa
TPELIVH, IePe30Has 30Ha, 30Ha MUKPOTpeIuH). B
npolecce pacTsDKeHHs TpemuHa o0pasyeTrcs B
¢dopme anmunca [8] (puc. 4).

PesynbTatel ¢pakrorpaduu NOBEPXHOCTEH paz-
pymenus, ucciaenoBanHeix COM Meronom, npuse-
JIeHbl Ha puc. 5. B ucxomHoMm coctossHnu 0OHAPY-
JKeHbl IUIOCKOCTH cmaiHocTH. PaccmarpuBaembie
0COOEHHOCTH IMOBEPXHOCTH pa3pyLIeHHs MOIATBEp-
JKTAIOT, YTO MaTepuas paspyliuics B pe3yibTare
BSI3KOTO paspylueHus.. [IpUCyTCTBHE IIOCKOCTEH
CKOJIa yKa3bIBAaeT Ha TO, YTO MaTepHall B HCXOAHOM
COCTOSIHUM OBbIJI MEHEe BS3KUM II0 CPaBHEHHUIO C
00pasIoM 1ocjie TepMUUECKO 00paboTku [9].

W3yueHo pacrpeneneHue »3IEMEHTOB CIUIaBa
BHYTpPHU HAaIlIaBJICHHBIX CJIOEB M HA TPAHULIC MEKIY

120 _ . P

; . .. T -

] . . . .
T g0kt -t L
)
s
Q
< :
§]00_ -.'1- i .

.

S 14 | . l o
S wpity !
=

| | | | | | |

0
0 10 20 30 40 50 60 70 80
Paccmosnue om noonosicku, mm

Puc. 1. Vi3MeHeHHe coiepkaHus aTlFOMUHYS (@) B MEKPOTBEPIOCTH (6):
1 — MCXOqHOE COCTOSIHME, 2 — IOCJIe TOMOICHU3aLNN
Fig. 1. Change in aluminum content () and microhardness (6):
1 — initial state; 2 — after homogenization
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Puc. 2. I3MeHeHHe CTPYKTYpHI MaTepHaia B HCXOAHOM (g — ) © TOMOT€HH3HPOBAHHOM (2 — €) COCTOSIHUSAX B 3aBHCUMOCTH
OT PAcCTOSIHUS OT MMOBEPXHOCTH (BepXHHH (a, 2), cpeanuii (0, 0) v HIKHHUH (8, €) CETMEHTHI)
Fig. 2. Change in the structure of the material in the initial (¢ — ) and homogenized (2 — e) states depending
on the distance from the surface (upper (a, d), middle (6, 0) and lower (e — ¢) segments)

HUMH. PaccMOTpeHO BIUSIHHE KPEMHUSI M AIOMU-
HUs Ha cBoiicTBa 00pa3ios [10]. C moMoImb0 peHT-
TCHOBCKOT'O MHKPOCHEKTPAILHOI'O aHajlh3a CIUIaBa
Cu — Al - Si (4,2 % Al) ycranoBneHo, 4TO Oelnbie
JITIECTKOBBIE O0JIACTH M 3€pHAa B BHJIE I'PaHyll sB-
JSIIOTCS YaCTUIIAMH BTOPOM (asbl, 00pa3oBaBIIeics
BO Bpems ocaxaenus ciuiaBa Cu — Al. Ha puc. 6
NPUBEACHBl PE3yJbTaThl PEHTTEHOBCKOTO MHKPO-
aHalM3a 4acTHIl BTOpHIX (a3 (B OHH BTOpo (a3bl
cozepkaT MarHuii U kpemuwii). [IpuBenen pesyib-
TaT PEHTI€HOBCKOTO MHUKPOAHAIM3a YaCTHULl BTOPOH
(ha3pl B MexciioeBor obmactu (puc. 6, 2). Yacturis
BTOpOH (hasbl comepkar, B OCHOBHOM, MEJIb M allto-

MUHHMH. Pe3ynbTaTel MHKpOJIEKTPOHHOH nudpak-
UM, TOJTy4YEeHHBbIE AJISl YaCTHULBI BTOPOH (a3bl, Mo-
Ka3bIBaIOT, YTO 3TO MHTepMeTaiunaHas gaza CuAl,
[11]. UccnenoBanue mokazajio, 4TO MpU TepMHUUE-
CKOM 00paboTKe KpeMHHUIl U MarHuii ObUIH c11oco0-
HBl CACP)KUBATh ABIKCHHE NUCIIOKAWK Hu3-3a 00-
pa3oBaHusi 4acTHll BTOpod (a3pl. MexaHHUYecKue
ucneitanus cruiaBoB Cu — 6,5 % Al, cogepixamux
KpEMHUW M MarHuii, MOKa3aJh, YTO TBEPIOCTb,
npejien npoyHocTy npu pactsokennu (UTS) u mpe-
nen texydectu (YS) yBenuumiuch, a OTHOCHTEIb-
Hoe yanuHenue (EL) camsuiocs [12].

Cu a
Cu
2 [ e U Al
M CuAly
§ ! PR __rH-_ — I'\-»__.--..«f'hp
: 6
3 Cu
S
X
CuAl, CuAl
Cu ill N
| | T " | | |
40 50 60 70 80 90 20

Puc. 3. lndpaxrorpaMmbl MaTepraia B UCXOAHOM COCTOSIHUHM (a) ¥ IOCIIe TePMUUECKOi 00paboTkH (6)
Fig. 3. Diffractograms of the material in the initial state (a) and after heat treatment (6)
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Puc. 4. Mukpoctpykrypa crmaBa Cu — Al mocie pacTspkeHus:
a — 6 — ICXOJIHOE COCTOSIHUE; 2 — € —TI0CIIe TOMOT€HH3AIMH; Jic — 00TaCTH aHaIn3a; 3 — CXeMa POCTa TPEIIUHBL,
1 — 30Ha pocTa TpeInHbL; 2 — MepeXoHast 30Ha; 3 — 30Ha MUKPOTPELINH
Fig. 4. Microstructure of Cu — Al alloy after stretching:
a — 6 — initial state; ¢ — e —after homogenization; o — analysis areas; 3 — crack growth scheme; / — crack growth zone;
2 — transition zone; 3 — microcrack zone

Ha puc. 7, a npencraBieHbsl pe3ybTaTbl 3HEPro-
JTUCTIEPCHOHHON PEHTTEHOBCKOUM CIIEKTPOCKOITUH TIO-
TPaHUYHOTO CJIOSl MaTepralia, HaXOIsAIIerocs B CIuia-
Bax Cu — Al — Si (6,3 % Al). Ha puc. 7, e npuBeneHo
ANIEKTPOHHO-MUKPOCKOIIMIECKOE H300paKeHHEe IICH-
TpaIEHON 00JIACTH OCAXKIESHHOTO CIIOSI M pacrpe/ielie-
HHE MarHus B LIEHTpAJIbHOW YacTu. Pe3ysbTarhl oka-
3bIBAIOT, YTO JOOABJICHHE MATHHS MOXET IOBBICHTH
MHKpOTBepaocTh crasa Cu — Al — Si.

JudpakrorpaMmbl 00pa3iioB B UCXOTHOM COCTOS-
HHW ¥ TIOCJIE TEPMUYECKOH 00pabOTKH MpHUBENECHBI
Ha puc. 8. M3-3a HeCcTaOWIBHOTO Xapakrepa Mpo-
1ecca CBapKH W OTCYTCTBHUS JalibHEHIeH romore-
HU3AIMA B M3TOTOBJICHHBIX 00pa3lax BbISBICHBI
WHTEepMeTALTHIHbIE (a3bl. B HCXOTHOM COCTOSIHUU
BeIsiBIsieTcss 1Atk a3 (Si0,, Mg,Si, Cu, CuAl,,
CuyAly), mocie TepMUUYECKON 00pabOTKH BBISIBIICHO
yeteipe a3 (Si0,, Mg,Si, Cu, CuAl,). CpaBHeHne
nudpakTOrpaMM TIOKa3bIBAET, YTO CIUIaBA B MCXOJI-
HOM cocTOosiHUY nHTepMeTautug CugAl, MOTHOCTEIO

OTCYTCTBYET, a cojepkanue Mg,Si yBennuuBaetcst
nocie Tepmudeckoit 0opadorku. Coaepxanne SiO,
u CuAl, mpaktudecku He u3MeHunoch. Ha mudpax-
TOorpaMMmax BbIsBIIsieTcs okcua Si0,, KOTOpPBI MO-
JKET yBEJIMYUTh MUKPOTBEPAOCTb.

BriBoasbl
B pesynbrare mpoBeeHUs] KOMIUIEKCA TEXHOJIOTH-
YECKHX MEPONpHUSITHH ObUIM MOAOOpaHBI PEKUMBI
MOJYYeHHUs] aJIMTUBHBIX 3aroToBOK cruiaBoB Cu —
Al, Cu— Al-Siu Cu— Al-Si—Mg.

B pabote ncciaenqoBansl MUKPOCTPYKTYpa, (a3o-
BBIH COCTAaB M MEXaHWYECKHE CBOMCTBa cruiaBoB Cu
— Al, Cu — Al — Si u Cu — Al — Si — Mg, nonyuen-
HBIX IIPOBOJIOYHO-AYTOBBIM A TUTUBHBIM CIIOCOOOM
M0 TEXHOJIOTHUH XOJIOAHOTO nepeHoca meraia. Ilo-
Ka3aHo, uro B cmiaBe Cu — Al mocie roMmorennsa-
[IMOHHOTO OTXKHI'a KPYNHBIE CTOJIOYAaThIe KpHCTAl-
JIBl COXPAHSIOTCS, a PAaBHOOCHBIE 3epHA M3MeNbYa-
IOTCHL.
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Puc. 5. ®paxrorpadust noBepxHocTH pazpymenus (COM):
a — UCXO/THOE COCTOSIHUE; O — ITOCIIe TOMOTCHN3aNK; | — ITIOCKOCTh CIIAHOCTH; 2 — MapaboImdecKie yriryOoIeHns
Fig. 5. Fractography of the fracture surface (SEM):
a — initial state; 6 — after homogenization; / — cleavage plane; 2 — parabolic depressions
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Puc. 6. Yactuisl BTopoii ¢asel 1 pe3ynbTarhl kKapTupoBanus B crutaBe Cu — A — Si (4,2 % Al):
a v 2 — obIacTh MOrPaHUYHOTO CIIOS M MEXKCIIOeBasi 00JIacTh; 0, 8, 0 U € — paclpe/ieieHHe KPEMHHS, MapraHia, aTlOMUHHS U MEIH
Fig. 6. Second phase particles and mapping results in Cu — A — Si alloy (4.2 % Al):
a and 2 — boundary layer region and interlayer region; 6, g, 0 and e — distribution of silicon, manganese, aluminum and copper

Oo6HapyxeHo pactBopenue ¢a3z CuAl, u CusAly B
TBepapld pacTBop cmiaBa Cu — Al U MOBBIIICHHE
MEXaHUYECKUX CBOKMCTB, MOJIYYCHHOTO XOJOIHBIM
MEPEHOCOM MeTaiuta. Pe3ynbTaThl  HMCCIICAOBaHHS
c1aBoB cucteMbl Cu — Al Ha pacTshKeHHE TTOKa3alH,
YTO TPEIIMHBI MOSBISIOTCS B CTOJOYATHIX KPUCTAI-

JlaX CHavaja MoJ| JeHCTBUEM BHEITHUX CHII, a 3aTeM
KPYITHBbIC KPUCTAJUIBI PACHajaloTCs Ha MEJIKUE 3ep-
Ha. [locne nedopmanyim Ha pPACTSKCHHE IMOBEPX-
HOCTh M3JIOMa pa3feiisieTCs Ha TPH 30HBI (30HA PO-
CTa TPEUIMHBI, MEepeXoIHasi 30Ha, 30HA MUKPOTpe-
muHED). JloOaBieHe KpeMHUS IIPUBOINT K OoJiee
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Puc. 7. Pe3ynbTaTsl KapTHPOBAHUS MOTPAHMYIHOTO CJIOS (@) U LEHTPaIbHON YacTH HAILIaBIeHHOTO cios (e) cumaBa Cu—Al-Si (6,3 %
Al) (pacupenenenue maraus (0, o), KpeMHUs (8, 3), Menu (2, u) U amOMHUHUA (0, K); | — TpaHHLIA 3epHA)
Fig. 7. Mapping results of the boundary layer (@) and the central part of the deposited layer (e) of Cu—Al-Si alloy (6.3% Al) (distribu-
tion of magnesium (6, o), silicon (s, 3), copper (e, u) and aluminum (0, x); / — grain boundary)

PaBHOMEPHOMY  pAacCHpENeNIeHHUI0 JJIEMEHTOB H
YMEHBIIACT JIOKAJIbHOE 00pa30BaHHE HHTECPMETAJI-
JIMAHBIX (ha3, YTO TOBBIIIAET TAKKE CBOWMCTBA CILIa-
Ba Cu — Al KaK MHKPOTBEPOCTb, BPEMEHHOE CO-
MIPOTHUBJICHNE TIPH PACTSDKEHUH W YCIIOBHBIN TIPEIeN
TEKY4YeCTH IO CPaBHEHHUIO CO CBOMCTBaAMHU CILIaBa
cucteMbl Cu — Al. YcTaHOBIIEHO, YTO HOCHE 100aB-
neHus KpemMHHsS W Marama Kk cmiaBy Cu — Al
HaOJII0JIaeTCS YE€TKOE pasjiMuue B paclpeacicHUH
AJIEMEHTOB B TIOTPAaHUYHOM CJIO€ WU IEHTPAIbHON
30HE ocaxkaeHHoro cios cimiaBa Cu — Al — Si. LeH-
TpaJibHasi 00J1aCTh CJIOSi o0OTalleHa aTFOMUHUAEM, a
TaKXe COJEP>KUT MEHBITE KOJIUYECTBO KPEMHHUS TI0
CPaBHEHHIO C IIOTPAaHWYHBIM clloeM. MarHuii u
KpeMHUI1 00pa3yr0T MHOTO3JIEMEHTHBIC BKIIOUCHUS

pasauuHBIX (HOPM U pa3MepoB (MHTEPMETALTHIHAS
¢daza MgsSi,). AnroMuHUE U Meop MOTYT 00paso-
BeiBaTh coeauuenus CuAl, wim CugAl, B men-
TpanbHOU 30HE ocaxaeHHoro cios. IIpu uccreno-
BaHuu cmaBa Cu — Al — Si — Mg mnokazano, 4To
nobaBneHue KpeMHus U MarHus B ciiaB Cu — Al
NPUBOIUT K 00pazoBaHuio ¢a3sl Mg,Si, 4TO MOBHI-
1raeT MUKpoTBepaocTh ciuiaBa Cu — Al. I'omorenu-
3anus obpasuos cimwiaBa Cu — Al — Si — Mg npuBo-
JUT K YBEJIMUYCHHI0O MHUKPOTBEPAOCTH IO CpaBHE-
HUIO C cocTosiHMEeM a0 Hee. Tepmuueckas oOpaboT-
Ka TO3BOJISIET YBEIMYMTH cojepxaHue Mg,Si. [lo-
Ka3aHO, YTO J00aBJICHWE KPEMHUS M MarHus K
cruiaBam cuctemMbl Cu — Al yMmeHblaer ux Iuia-
CTHUYHOCTb.

Cu a
2 Mg,Si
S| sio, “Cu
S Y. CuAlyCyoal, CuAl, CuAbLCy,Al,
s o=t i ik - i 1 s -
2 C
$ u 6
S
X Mg,Si
SiO, |Cul
' 2 lel{ CuAl, CuAl, CuAl,
= | _J:I_ l a ' . L
40 50 60 70 80 90 26

Puc. 8. PeHTreHOrpaMMBbl CIUTaBa B HCXOTHOM COCTOSIHUH (@) M MOCIIe TEPMUIECKOM 00padboTku (6)
Fig. 8. Radiographs of the alloy in the initial state () and after heat treatment (6)
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IHOPUCTOCTD KAPOITPOYHOTI' O CIVIABA, U3T'OTOBJIEHHOI'O HCKPOBBIM
INVIASMEHHBIM CIEKAHUEM HUKEJIEBOI'O ITIOPOLIKA, IOJYYEHHOT'O
IJIEKTPOAUCIHEPTUPOBAHUEM CIIJIABA KC6Y B BOJE

© 2023 1. E. B. Arees, O. B. Kpyrasikos, B. O. Iloganos

IOro-3ananneiii rocynaperBennnlii ynusepcurer (Poccus, 305040, Kypckas o6macts, Kypck, ya. 50 ner
OKTSI0ps1, 94)

Annomayus. J{ns pacmperns chepsl MPaKTHUECKOTO NMPUMEHEHHUsI OPOIIKOBEIX MaTEpHalioB, MOIYYaeMbIX W3
otxo70B ciutaBa JKCOVY, Tpebyercs mpoBeaeHHe MeTamtorpaduieckux rcciaenopanuii. llempro HacTosmmeit
paboTBl ABISIOCH HCCIEIOBAaHHWE IOPHCTOCTH >KapoIIPOYHOTO CIUIaBa, H3TOTOBJIECHHOTO HCKPOBBIM
IUTa3MEHHBIM CIIEKaHHEM HHKEIIEBOTO MOPOIIKA, IOIyYEHHOTO JIEKTpoauceprupoanieM ciuiasa XKCO6Y
B Boje. B ocHOBy pabOoTel MoOJOXKEHAa 3ajada IOJYHYECHHUS >KapoIPOYHOTO HHUKEIIEBOTO CIUIaBa C
YIIYUIICHHBIMU (DU3UKO-MEXaHUYCCKHMMHU CBOMCTBAMH W HHU3KOH ceOeCTOMMOCThIO. M3yuaemblil cruiaB
MOJy4aoT IyTeM MCKPOBOTO IUIa3MEHHOIO CHEKaHWS HHKEJEBBIX IOPOINKOB, IOIy4aeMBIX
AIIEKTPOIPO3MOHHBIM JAUCIIEprUpoBaHreM oTxono0B cruiaBa JKCOY B muctwiumpoBaHHOW Boje. B paborte
HCIIONB30BAIM  OTXOJBI JKapompouHoro cmiaaBa Mapku JKC6Y, KoTopble U3MENbYald METOAOM
JIEKTPO3PO3MOHHOTO JHUCIEPTUPOBAHUSA B JAUCTH/UIMPOBAHHOM BOJE HA OPUTHMHAJIBHOW YCTAHOBKE.
[TapameTpsl yCTaHOBKH TpU aucnieprupoBanuu otxo10B JKCOY: Hanpspkenue Ha anekrponaax 190 — 210 B;
€MKOCTh KOoHzeHcaTopoB 55 — 60 Mk®d; yactora ciegoBanus umiyibcoB 180 — 200 I'u. B pesynbrarte
JIOKJILHOTO BO3JICHCTBHS KPATKOBPEMEHHBIX 3JIEKTPHUYECKUX PA3PsIOB MEXIY JIEKTPOAaMHU IPOU3OIIO
paspyllIeHre OTXOAOB CIUIaBa ¢ 00pa30BaHMEM YaCTHI JKapOIPOYHOTO HHKeEJIeBOro rmopomka. Criekanne
JKapOIIPOYHOTO HHUKEJIEBOTO IMOpomka ocymecTBasmn B cucteMe SPS 25-10 «Thermal Technology»
(CHIA) mpu temmeparype 1300 °C, naBnenuu 40 MIla u BpemeHHr BeIgep kK 10 MUH. DKCIIEpUMEHTAIBHO
YCTaHOBJICHO, YTO HOBBIE >XapOIIPOYHBIC CIUIABBI, IOJYYEHHbIE HCKPOBBIM IUIA3MEHHBIM CIIEKaHHEM
JIEKTPO3PO3MOHHON MIMXTHI, UMEIOT MopucTocTh nopsaaka 0,52 %. [IpakTudecku 6ecriopucTas CTpyKTypa
JKapPOMPOYHBIX CIUIABOB OOBSICHSAETCS HAJIMYMEM B JJIEKTPOIPO3MOHHOM IIMXTE YAaCTHIL Pa3HbIX (paKiuii,
4TO 00eCreYrBaeT MX IUIOTHYIO YIIAaKOBKY M TaK Ha3blBaeMbIH «3((EKT M1a3Mbl HCKPOBOTO paspsiia» MpH
HCKPOBOM IUIa3MEHHOM CIIIaBIICHHH.

Knioueswvie cnosa: cuia JKCOY, anekTpogucieprupoBaHue, MOPOIIOK, CIIEKaHUE, TIOPUCTOCTh
@unancuposanue: Pabota BrITIONHEHA NIPH MoAepkke rpadTta [Ipesnaenra PO (HILI-596.2022.4).

Mna wyumupoeanua: Arees E.B., Kpyrmskos O.B, Iloganos B.O. IlopucrocTs XapompodHOro CIUIaBa,
U3TOTOBIEHHOTO  HUCKPOBBIM  IIIa3MEHHBIM  CHEKAHHEM  HHUKEIEBOIO  IOPOMIKA  IOJYyYEHHOrO
anekTpoaucnepruposanueM cmiasa JKC6Y B Bome // BecrHmk CuOMpCKOro rocyaapcTBEHHOTO
uHIycTpHaigbHoro yHuBepcutera. 2023. Ne 1 (43). C. 98-103. http.://doi.org/10.57070/2304-4497-2023-
1(43)-98-103

Original article

POROSITY OF A HEAT-RESISTANT ALLOY MADE BY SPARK PLASMA
SINTERING OF NICKEL POWDER OBTAINED BY ELECTRODISPERSING THE
ZHS6U ALLOY IN WATER

© 2023 r. E. V. Ageev, O. V. Kruglyakov, V. O. Podanov
Southwest State University (94 50 let Oktyabrya Str., Kursk, Kursk Region, 305040, Russian Federation)
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Abstract. Metallographic studies are required to expand the scope of practical application of powder materials

obtained from waste of the ZhS6U alloy. The purpose of this work was to study the porosity of a heat-
resistant alloy produced by spark plasma sintering of nickel powder obtained by electrodispersing the
LC6U alloy in water. The work is based on the task of obtaining a heat-resistant nickel alloy with improved
physical and mechanical properties and low cost. The alloy under study is obtained by spark plasma
sputtering of nickel powders obtained by electroerosive dispersion of waste of the alloy ZhS6U in distilled
water. The waste of heat-resistant alloy of the brand ZhS6U was used in the work, which was crushed by
the method of electroerosive dispersion in distilled water at the original installation. Parameters of the
installation during the disposal of waste ZhS6U: voltage at the electrodes 190-210 V; capacitance of the
condenses 55—60 UF; pulse repetition frequency 180—200 Hz. As a result of local exposure to short-term
electrical discharges between the electrodes, the alloy waste was destroyed with the formation of heat-
resistant nickel powder particles. Sintering of heat-resistant nickel powder was carried out in the SPS 25-10
"Thermal Technology" system (USA) at a temperature of 1300 °C, a pressure of 40 MPa and a holding
time of 10 min. It has been experimentally established that new heat-resistant alloys produced by spark
plasma sintering of an electroerosive charge have a porosity of about 0.52 %. The practically nonporous
structure of heat-resistant alloys is explained by the presence of particles of different fractions in the
electroerosion charge, which ensures tight packing and the so-called "spark discharge plasma effect" during

spark plasma fusion.

Keywords: alloy ZHS6U, electrodispersion, powder, sintering, porosity
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Beenenue

B Hacrosimiee BpeMsi >KapONpOYHBIE —CILIABBI
HaIUTd IITUPOKOE PacIpOCTPaHEHUE, B TOM YHCIIE
JUIsl U3TOTOBJICHHSA JIONAaTOK TypOuH. OHUM U3 4a-
CTO NMpuMeHseMbIX sABisercs cmas JKCOY. Ilpenen
CTOYacoBOil MpoyHOCTH 3TOro crutaBa npu 1000 °C
coctaBisier 170 — 180 Mlla, Bepxuuii npeaen pa-
6ounx temneparyp 1050 — 1100 °C. lanHblii crinas
o0yiazjaeT O4YEeHb BBICOKOM >KapONpPOYHOCTHIO, UTO
3aTpyIHSET Mpolece ero nepepaboTKu U MOBTOPHO-
ro npuMenenus [1 —4].

B nacrosiee Bpemsi cymiecTByeT HEOOXOAUMOCTh
MOBTOpHOTO wmcnonb3oBanus craBa JKCOY wm3-3a
OYEHb BBICOKOW CTOMMOCTH BBHJIY TPHCYTCTBHS JIO-
POTOCTOSIIIMX KOMIIOHEHTOB (TaKMX Kak XpOM, KO-
0albT, HHUKENb, HHOOWM, MONHOAEH, THUTAH, BOJb-
dbpam). DPhEKTHBHBIN, HO HEOCTATOYHO W3YIECHHBII
METAJUTyPIrH4YeCKUi CIocO0 HM3MENbUYEHHS METalIo-
0TXO0JI0B — 3nekTpoauctiepruposanue (D) [5 —9].

Jna pacmmpenust cepsl MpakTUYECKOro MpPH-
MEHEHHSI TIOPOIIKOBBIX MaTEPHUAJIOB U3 METAIJIOOT-
xoqoB cruaBa JKCOY TpeOyercs mpoBeleHUE Me-
TaIOrpadUUeCKUX UCCIIEeOBAHHHN.

Iensro HacTOSAMICH PabOTHI SIBISUIOCH MCCIENO-
BaHHE IMOPUCTOCTH >KApOMPOYHOTO CILIaBa, W3ro-
TOBJICHHOTO HCKPOBBIM ILIa3MEHHBIM CIIEKaHHEM
HUKEJIEBOTO IOPOIIKA, IOJyYEHHOTO 3JIEKTPOAMC-
neprupoBanueM ciasa JKCOVY B Boze.

B ocHOBe pa0OThI — peleHne 3a1a4u MOIyIeHUs
JKapONPOYHOr0 HUKEJIEBOrO CIUIABA C YJIYyYLICHHBI-
MU (PU3UKO-MEXaHUUECKUMU CBOHCTBAMHU W HU3KOM
cebectonmoctrio. Otxomapl ciaBa JKCO6Y moasep-
raloT  3JIEKTPO’PO3HOHHOMY  AMCIEPIHPOBAHHIO
(33/1) B qucTUILTUPOBAaHHON BOJE. DJICKTPOIPO3U-
OHHbBIE HHKEJIEBHIE TOPOIIKH CIEKAIOT, MCIIOJIb3YS
HCKPOBOE IJIa3MEHHOE CIIEKaHHeE.

IIpouecc 23/ mpexacraBisier coOoil paspylie-
HUE TOKOIPOBOJALIEr0 MarepHaja B pe3yJbTare
JIOKAJIbHOTO BO3JEMCTBUS KPAaTKOBPEMEHHBIX 3JIEK-
TPUUECKUX pa3psAloB MeXAy aekTporamu [10 —
12]. Ilytem perynmupoBaHHS 3NEKTPUUECKHX Mapa-
METPOB YCTaHOBKH 111 D3] MOXKHO TOIy4aTh 3a
ONpeeNeHHbIE TPOMEXYTKH BPEMEHH HYXHOE KO-
JIMYECTBO TIOPOIIKA 3aJaHHBIX pa3MEpoB U Kaue-
crBa. llomydgaemple TaKUM CIIOCOOOM YAaCTHITBI TIO-
POILIKOBBIX MaTEepHajOB UMEIOT, B OCHOBHOM, cde-
puueckyto ¢popmy [13, 14].

MeToabl M NPUHIUNBI KCCTET0BAHUSA

[ momy4yeHnst HUKENEBOro MOPOLIKa HUCIIOb30-
BaJI OTXO/bI KapOMPOYHOTO cruiaBa Mapku JKCOY,
KOTOpbIE M3MENIbUaI METOJOM 3JIEKTPO3PO3HOHHO-
rO JUCTIEPTHPOBAaHUs B AUCTWIIMPOBAHHON BOJE HA
opuruHanabHOU ycranoBke [12 — 14]. Ilpu aucnepru-
poBarnu otxonoB JKC6Y mapaMeTpbl YCTaHOBKH
COCTaBJISUIM: HalpshKeHHe Ha anekTpogax 190 —210 B;
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Cucmema UCKpOB8020O
NJiA3MEHHO20 CNJIAB/IEHUA

SPS 25-10

Ipunyunuanvras
cxema SPS-cunumesa

Obwas cxema nazpesa no

2
N

memody SPS

J

Puc. 1. BHenrHuii BUI cucteMsl (a), NpUHIMIHATBHAS cXeMa CHHTe3a (6) U 00mIas cxema Harpesa (6)
10 METO/Ty HCKPOBOT'O IJIA3MEHHOTO CIIeKaHHUs
Fig. 1. The appearance of the system (a), the schematic diagram of the synthesis (6) and the general heating scheme (8)
by the spark plasma sintering method

€MKOCTh KOHJIeHCAaTOpoB 55 — 60 Mx®d; yactoTa cie-
noBanusi umirysscoB 180 — 200 I'm. B pesynbrate
JIOKAJTFHOTO BO3ICUCTBHUS KPATKOBPEMEHHBIX DJICK-
TPUYECKUX PA3PSIOB MEKIY SJIEKTPOJAMU MPOUC-
XOJUT pa3pylleHHue OTXOIO0B CIlIaBa ¢ 00pa30BaHH-
€M YaCTHI] >KapONPOYHOTO HHUKEJIEBOTO IOPOIIKA.
CrekaHue 3TOro MOPOIIKA OCYIIECTBISIIA B CHUCTE-
Me SPS 25-10 «Thermal Technology» (CILA) npu
temmeparype 1300 °C, maBnenmm 40 Mlla, Bpems
BBIJEPKKHU cocTaBiisio 10 MuH. BHemHuit BuUa cu-
CTEMBI, MIPUHIIMITHABHAS CXeMa CHHTEe3a U o0mas
cXeMa HarpeBa Mo METOAY HCKPOBOTO IUIa3MEHHO-
rO0 CIHEKaHWs DJICKTPOIPOZUOHHON IMHUXTHI TIPE-
cTaplieHa Ha puc. 1.

[TopucTocTs HCCIENOBAIA C TIOMOIILIO ONITHYE-
CKOI'o HWHBEPTHPOBAHHOTO MHKPOCKOTIA
«OLYMPUS GXS51» (SnoHus), oCHaIIEHHOTO CH-
CTEMOW aBTOMAaTH3MPOBAHHOTO aHAJIM3a M300paxe-

Huit «SIMAGIS Photolaby. Ilopuctocts 00pa3uos
OTIPENIISUIH ~ METATIOTpaQUUECKHM  METOJIOM  C
JIIEMEHTAMHM KA4YeCTBEHHOTO W KOJIMYECTBEHHOTO
aQHAJIM30B FEOMETPHUU NOP (CTEPEOCKOIUYECcKas: Me-
tayuiorpadust). Vcrmons3oBaHue TPHEMOB CTEPEO-
CKOITMYECKOM MeTayuiorpagui TO3BOJHMIIO BBIYHC-
JUTh yIOENBHYI0 HOBEPXHOCTh KPYMHBIX TOP, KOJH-
4ecTBO c(eprUuecKUX NOp B €UHHUILE 00beMa, Cpe-
HEE PACCTOSIHUE MEXAY [TOpaMH, CPEIHUN peabHbII
JuaMeTp chepruuecKuX Mop U Apyrue MmoKa3aTeiH.

brok-cxema METOIMKH MCCIIEIOBAHUSI TOPHCTO-
CTH CIIJIaBOB IIPE/ICTABJICHA Ha PHC. 2.

OcHoOBHbBIE pe3yJIbTAThI

AHamm3 MUKPOCTPYKTYp >KapONpPOYHBIX CILIa-
BOB, TIPOBE/ICHHBIA Ha AJIEKTPOHHO-MOHHOM CKaHH-
pyromeM (pacTpoBOM) MHKPOCKOIIE C ITOJICBOU
smuccueit anexkTpoHoB «QUANTA 600 FEG», mo-
Ka3ajl, 4YTO CIUIABbI UMEIOT MEJTKO3EpPHUCTOE CTPOE
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Onmuueckuti UH8EPMUPOBAHHYLLL
muxrpockon «Olympus GX51»

J
Onepamop evibupaem u3 \
ABMOMAMUYECKU 8bLOENICHHBIX 00BEKMO8
me, Komopble, HO €20 MHEHUIO,
npeocmasisiiom coooi oeghexmol
muxpocmpykmypul. Onepamop
Henpepvl8HbIM MAPKepOM 0003HAUaem
Yenouku nop, a OOUHOYHbIE NOPbI
noA3yYecmu U MUKPOMPEUUHbL
0603HaUAEm MAPKEPOM KAK OMOelbHble
yuacmku. Pe3ynomamol Mapkupoearusi
ucnomvzyromes 110 SIAMS Photolab ona
PopmMuposanUs IKCNEPMHO20 3aKIIOUEHUS.

SIAMS £
M

NNT3K

[ L T L

u pacuema Koau4ecmeenHnvlx

Xapaxmepucmux MquOI’lOepel)IC()eHHOW

i |

1lo pe3ynomamam \
HAaKONNEHHOU CIAMUuCmuKy

6 ABMOMAMUYECKOM

peoicume co30aemcsi

omuem, KOmopbwiti
colepawcum OanHvie u
r— c8e0eHUs1 0

" konmponupyemom yuacmee

Puc. 2. biaok-cxema METOAUKHU UCCJICOBAHUSA TTIOPUCTOCTHU CILJIaBOB

Fig. 2. Block diagram of the method of studying the porosity of alloys

HUe, 0e3 BKIIIOUSHHH, paBHOMEPHOE pacipeiesieHre
¢a3. 3HaunTENbHBIE MOPHI, TPEIIMHBI U HECIUIOLI-
HOCTH OTCYTCTBYIOT.

Pe3ynbTaThl MCCeOBaHUS MOPUCTOCTH H3ydae-
MOT'0 apONPOYHOTO CIUIABA, MPEJCTaBICHbI B TaOI.
1 u na puc. 3. Crepeockonuyueckas Metaiorpadus
MO3BOJIWJIA  OTPEIEINTh: YIAEIbHYI0 IOBEPXHOCTD
MOp; KOJIMYECTBO CPEPUIECKUX MOP B €ANHHLE 00b-
€Ma; PAacCTOSIHUE MEXIy MOpaMH; CPeIHHH peallb-
HBIA namMeTp chepruIecKux mop u Jp.
OKCHEepUMEHTAIHO YCTaHOBJICHO, YTO HOBBIE JKa-
pPONPOYHBIE CIUIaBBI, IOJYyYEHHBIE HCKPOBBIM-
IUIa3MEHHBIM  CIIEKaHWEM  3JEKTPOIPO3MOHHOM
MIUXTHI, UMEIOT opucTocTh mopaaka 0,52 %. [ns
MPOMBIIIJICHHBIX METAJIOB U CIUIABOB HOPHUCTOCTb
coctasiseT 1 %. 'mctorpamma pacnpeneneHus mnop
10 pa3Mepy B KAPOIPOYHBIX CIUIABAX U3 JJIEKTPO-
9PO3MOHHOH HIMXTHI IPUBEACHA Ha PHC. 3.

Oo6cy:xnenune

CTpyKTypa >KapOoIpOYHBIX CIUIABOB IpaKTH4e-
CcKkH 0e3 1op, 3TO OO0BACHIETCS HAIMYHEM B DJICK-
TPOIPO3MOHHON MIMXTE YACTHIl Pa3HbIX (pakiui,
yTo oOecnevrBaeT WX IUIOTHYIO YIAKOBKY W Tak
Ha3bIBaeMbId «3PQEKT IIa3Mbl UCKPOBOTO pa3psi-
J1ay TIPU UCKPOBOM TIJTA3MEHHOM CIUTaBIICHHUH.

CHIKEHUIO TIOPUCTOCTH B CIUIABaX U3 AJIEKTPO-
SPO3MOHHON IIUXTHI, MOIYYCHHOH B JHUCTUILIHPO-
BaHHOW BOJE, CIOCOOCTBYIOT OKCHIIBI, KOTOpBIE
BOCCTAaHABIIMBAIOTCS B MpOIlecce ClieKaHus ¢ o0pa-
30BaHHWEM aKTUBHOW ry04aToil METaJUIMYeCKOW I0-
BepxHOCTH. [lopHCTOCTE M pacrpeneneHue mop 1o
pa3MepaM B 3HAUMTEIbHON Mepe OIpeenseT Mexa-
HUYECKHE CBOMCTBA HOBBIX KAPOIPOYHBIX CILIABOB.
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N N )
S S 3 S8

Konuuecmeo, %
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Pasmep nop, mxkm

S

Puc. 3. 'ucrorpamma pacnpeaeneHus mop mno pasmepy
B JKapOINPOYHBIX CIIABAX M3 HJIEKTPO3PO3UOHHON MIUXTHI
Fig. 3. Histogram of pore size distribution in heat-resistant
alloys made of electroerosion charge

BriBoabI

HccnenoBana moprCTOCTh JKapPONPOYHOTO CIjIa-
Ba, M3rOTOBJICHHOT'O HMCKPOBLBIM IIa3MCHHBIM CIIC-
KaHUEeM HHUKEJIEBOr0 MOPOLIKA, MTOJYYEHHOTO 3JIEK-
TpoaucnepruposanueM ciuaa JKC6Y B Boge. Ilo-
Ka3aHa MEJNKOAMCIEPCHOCTh CIUIaBa, YTO OOBSICHS-
€TCSl BBICOKOM TUCIEPCHOCTHIO HUCXOIHOM 3JIEKTPO-
SPO3NOHHON MIMXTHI U 3P (HEKTOM «IIOJABICHUS PO-
CTa 3epHa» NPU UCKPOBOM IUIA3MEHHOM CILIaBlie-
HUM 32 CUET KOPOTKOTO BPEMEHHU padodero IUKIIa,
BBICOKOT'O JaBJICHUS U PAaBHOMEPHOT'O paclpenene-
HUS Teryia mo oOpasily NpH BO3JCHCTBUHM Ha HETO
HUMITYJIbCHOTO JIEKTPUYECKOTO TOKa M TaK Ha3bIBa-
eMoro «3(ddexra miazmMbl HCKPOBOTO paspsaiar.

[IpoBeneHHbIE HCCIEIOBAHUS TO3BOJIST PACIIM-
pUTH cdepbl MPaKTHYECKOTO MPUMEHEHHS MOPOII-
KOBBIX MaTE€PHAJIOB, MTOJYyYaeMbIX U3 METAIJIO0TXO-
noB ciuiaBa JKC6VY.
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INPAKTHYECKHE ACHEKTBI HOBBIINEHUS SPPEKTUBHOCTH
IMPOU3BOJCTBEHHOU CTPATEI'MH ITPOMBIIIVIEHHBIX
NPEANPUATUNA PETUOHA
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Annomayusna. IlokazaHo, 4YTO COBpPEMEHHBIE TMOAXONbI K VYIOpPaBIEHUIO TNPOU3BOACTBEHHON cTparerueil Ha
MPOMBIIIJIEHHBIX TMPEANPUATUAX JOJKHBI OTBEYaThb COBpEeMEHHbIM peanusMm. llpencraBneH monaxon,
BKJIIOYAIONIUH TIOCTIeI0OBATENbHBIE II€JIEBbIe 3JEMEHTH MPOM3BOACTBEHHOHN cTpaTerun. CTPYKTypUpPOBaHBI U
000CHOBAHBI 3Talbl CPEIHECPOYHOIO M JOJTOCPOYHOTO IUIAHOB, MAIOINHAE BO3MOXKHOCTH COBEPIICHCTBOBATH
MIPOU3BOJICTBEHHYIO cTpaTeruto. [Ipenioxed u 060CHOBaH HOBBINM MOKa3aTeNb (MHAECKC MPOU3BOAUTEIHHOCTH
MIPOU3BOJICTBA), KOTOPBI IOMOXET MPOMBINUICHHBIM TPENNPUATHSIM perHoHa > (eKTUBHEE OLCHUBATH U
IJIAaHUPOBAaTh  CBOIO  AEATENbHOCTb. [IpOM3BOACTBEHHAss CTpAaTerusi MNPOMBILUIEHHBIX  NPEANPUSTUI
paccMaTtpuBaeTcs C TOYKHA 3pEHHs IenecooOpasHOCTH M 3(P(EeKTHBHOCTH WCIONB30BaHMUS COOCTBEHHBIX
PECYPCOB B paMKaX OW3HEC-Cpelbl sl JOCTIKCHHUS IOCTABIICHHBIX [esiell. OCHOBOM TaKOTO MOIXO0M1a SBISCTCS
aHaTM3 TPOU3BOJICTBCHHON CTpATETHH, BKIIOYAIONICH dYeThIpe KOMIIOHEHTa, KOTOpBIE O0O0CCIECYHBAIOT
KOHKYPEHTHOE MPEeUMYIIeCTBO (e U IIEHHOCTH MPOMBIIUIEHHOTO MPEANPUITHS; PECYPChl U BO3MOXHOCTH;
CTPYKTYpa U OpTaHU3AIMOHHBIE CTOCOOHOCTH; KOHKYPEHTHOE MPENMYIIECTBO B OTpaciieBoi cpeze). [Ipemnoxen
WHCTPYMEHTAPUHN MOBBIIICHUSI KOHKYPEHTOCTIOCOOHOCTH MPOMBIIIUICHHBIX MPEINPHUIATHN, B KOTOPOM MOKa3aTeIN
3¢ GEKTHBHOCTH, 3a(UKCUPOBAHHBIC B CTPATETMYECKON KapTe MPOMBIILICHHOTO HPEANPHITUS, UCIOIb3YIHOTCS
JUIsl pacyeTa MHAEKCOB MPOU3BOJCTBEHHOM KOMIIETEHTHOCTH M JIEJIOBOM aKTUBHOCTH. Takol MOJIXOI [aer
BO3MOXKHOCTh BBICTPaMBaTh MPOU3BOACTBO I(PPEKTHBHEE, YUNUTHIBAS KOHKYPEHTHBIC MPUOPUTETHI, MEPEIOBHIC
MPOU3BOJICTBCHHBIE ~ TEXHOJIOTWH, HWHTETPUPOBAHHBIE HHMOPMAIMOHHBIE CHCTEMBI, HWHHOBAI[MOHHBIC
MIPOU3BOJICTBEHHBIC TIPOIIECCHI, peaTn3alisa KOTOPHIX 00ecTieunBaeT JOCTIKCHHIE Pe3ybTaTa.

Knrouesvie cnoea: MNPOMBIIIJICHHOC HPEANPUATHE, MNPOU3BOACTBCHHAsA CTPATCrUsl, SJICMCHTHI HpOHBBOI[CTBCHHOﬁ
CTpaTeruu, MHACKC NpOU3BOAUTECILHOCTU
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Abstract. The article shows that modern approaches to the management of production strategy at industrial enterprises

should meet modern realities. The author's approach is presented, which includes consistent target elements of
the production strategy, the stages of medium— and long-term plans are structured and justified, which makes it
possible to improve the production strategy, and the authors proposes and justifies a new indicator - the
production productivity index, which will help the industrial enterprises of the region to evaluate and plan their
activities more effectively. Comparing the goals of a balanced scorecard with current and planned initiatives is
becoming an important way to focus and align all structural divisions of an industrial enterprise. The production
strategy of industrial enterprises is considered from the point of view of expediency and efficiency of using their
own resources within the business environment to achieve their goals. The basis of this approach is the analysis
of the production strategy, which includes four components that provide a competitive advantage: the goals and
values of an industrial enterprise; resources and capabilities; structure and organizational abilities; competitive
advantage in the industry environment. The authors propose a toolkit for improving the competitiveness of
industrial enterprises, in which the performance indicators recorded in the strategic map of an industrial
enterprise are used to calculate the index of industrial competence and the index of business activity. This
approach makes it possible to build production more efficiently, taking into account competitive priorities,
advanced production technologies, integrated information systems, innovative production processes, the

implementation of which ensures the achievement of results.

Key words: industrial enterprise, production strategy, elements of production strategy, production productivity index

For citation: Naplekova T.K., Pigina T.N. Practical aspects of increasing the efficiency of the production strategy of
industrial enterprises region. Bulletin of the Siberian State Industrial University. 2022, no. 4 (42), pp. 104-115.
(In Russ.). http://doi.org/10.57070/2304-4497-2023-1(43)-104-115

Beenenue

XapakTep NPOU3BOJACTBEHHBIX TEXHOJIOTHM 3a
MOCEeIHNE TPH JECATWIECTHS] 3HAYUTEIBHO H3Me-
HWIcs Onarojgapss BHEJIPEHHUIO TEPEIOBBIX MPOH3-
BOJACTBEHHBIX TEXHOJIOTMA. B Mupe mnpoucxonsar
r7100aIbHBIC U3MEHEHHS BO BCEX HAIPaBJICHUSIX Aes-
TENBHOCTH, B TOM YHCIIE B MPOMBIIIJIEHHOCTH. bus-
HECY TPUXOIUTCS MEPECTPANBATHCS IS TOTO, YTOOBI
HE COKpalllaTh PIHOYHOE MPOCTPAHCTBO. DKOHOMHU-
geckasi 7o0anu3anus NPesCTABISET HBOJIIOLHOHM-
PYIOLIYIO MOJIENIb TPAHCTPAHUYHON MPOMBILIIIEHHON
U TIPEANPUHUMATENBECKON JEATENBHOCTH, MOITOMY
MIPOM3BOJCTBEHHAsI CTPATETUS ONPENEIAET KaK Ipo-
MBIIUICHHBIE TPEANPHUATHS OYAyT HCHONb30BaTh
CBOU TPOM3BOJICTBEHHBIE BO3MOKHOCTH. COBEpIIIEH-
CTBOBaHMIO TPOU3BOJICTBEHHOM CTpaTETUH IOCBA-
LIEHbl MHOTOYHCIIEHHBIE HcciefoBanud. OnHako
MIPOMBIIIJICHHBIE TPEANIPUATHS OTHOCATCS K CIIOXK-
HBIM OOBekTaMm ynpasieHus. CoBpeMeHHBIE TEXHO-
JIOTMH, KOHKYPEHIIUS ¥ COLMAJIbHBbIE H3MEHEHHS T10-
POIMIN Cephe3HbIe MPOOJIEMBI ISl TPOU3BOCTBA,
MO3TOMY TIepe/ MPOMBIIIIEHHBIMU TPEATIPUATHSIMA
CTaBATCSl HOBBIE 3aJjauyd TI0 COBEPIIEHCTBOBAHUIO
MIPOM3BOJCTBEHHON  CTPAaTE€rMyd  MPOMBIIUIEHHBIX
MIPEANPHUATHH, KOTOPbIe HEOOXOIUMO pPa3BUBATh.

MeToanyeckuii MoAX0x COBEPILICHCTBOBAHUS
NMPOU3BOACTBEHHOI cTpaTerun

s cCOBEpIIEHCTBOBAHUSA TMPOU3BOICTBEHHOM
CTpaTETuy MPOMBIIIICHHBIX MPEATNPUATHIA HE00XO0-
TUMO PEaTN30BBIBATE METOIMYECCKHE ITOAXOMBI, C

MOMOIIIBI0 KOTOPBIX MOXHO OOECIICYUBATh BBITIOJ-
HeHHe 0003HAaYeHHBIX HIDKE 3371ad B CTPaTeTHH:

— TeJIA IPOMBIIIIIEHHOTO TIPEIIPHUSATHUS;

— TIPUHIMIBI, KOTOPBIMUA MEHEDKEPhI PYKOBO/I-
CTBYIOTCS B CBOMX JICHCTBUSX;

— BHJEHHE TOTO, KyJa ABIIKETCS MPOMBIILICH-
HOE MPEIIPHUSITHUE;

— IIeNIM, KOTOPBIC JBWKYT IPOMBIIIJICHHbIC
MPENPHUATUS K €r0 BUJICHUIO;

— MPHOPHUTETHI, TTOCTABJICHHBIE TIepe/l eTIMHU Ha
JIaHHBIN TEPUOJT;

— IUTaH JACWCTBUH, B KOTOPOM YYacCTBYIOT BCE.

[IponsBoAcCTBeHHAsT CTpaTerus OJDKHA IPHBO-
JIUTh TIPOMBIIUICHHOE MPEANPHUATHE K TOCTUKCHHIO
menei [1 —5].

[IpeacraBuM MeTOAMYECKUNA TOAXOJ, KOTOPBIN
pacKphIBaeT HE TOJBKO IIeNIb, HO U IICNIEBLIC Jie-
MEHTHI JEUCTBUH, [IEHHOCTH U OXKUJAEMbI€ PE3YIIb-
TaThI, @ HE cpeacTra (Tadi. 1).

Jist ahekTMBHOCTH MPOW3BOJICTBEHHOM CTpaTervu
MPOMBIIUIEHHBIX TPEIIPUATHIA HEOOXOAUMO, YTOOBI €e
COBEPIIICHCTBOBAHHE TIPOXOJIIIIO Yepe3 UeThIpE dTara ¢
BBIXOJIOM Ha CPETHECPOYHBIN IUIaH, JOJITOCPOYHOE BH-
JICHHE U IUIaH C Y4eTOM M3MEHEHHH, IMPOUCXOIIIHX B
OKpY>KarollIel CpeJie 3a pacCMaTpUBaeMbIii IEpUO]] Bpe-
MEHH, C TIPOBEJICHUEM BCEX KOPPEKTHPOBOK, MPHYEM
3TO MOXKET IPOUCXOJIUTH He OJINH pa3 (puc. 1).

Bce sTansr BAUSIOT HAa CO3MaHHE CPEIHECPOIHO-
0 W JIOJITOCPOYHOTO ILJIAHOB, KOTOPBIC IPEIICTaB-
JITFOTCS ¢ YYETOM BUACHUS TMPOMBIIUICHHOTO TIPEe/I-
npusTusa. Bce sTambl pasBUTHA KOPPEKTHPYIOTCA,
KOT'J1a IPOMCXO/IAT N3MEHEHHS B OKPY>KaroIel cpe-
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Tabauma 1
MeToauuecKuii Moaxosa
A methodical approach

LleneBbie 51€MEHTHI IIPO-
M3BOJCTBEHHOU CTpaTEruu

HCJIGBLIG HEHHOCTH U OKUIAAEMBIC PE3YJIIbTATHL

ITocTanoBka

[IpoMbINUIEHHBIE TPENPUSTHS CTABAT Mepesl co00i HECKOJIBKO ONpEeISIONX 3a1ad,
KOTOpPbIE B JaHHBIA NMEPHOJA MMEIOT XH3HEHHO Ba)KHOE 3HAU€HHE JUIsl NOCTHKEHHUS pe-
3yJIbTaTa

Peanusanms

[IpombInUICHHBIE MPEATIPUATHSA PEATU30BBIBAIOT PE3yIbTAaTHl B COOTBETCTBUHU C Hepap-
XHeH MPeNpUATHS, pacCCMaTPHUBasi IPH 3TOM KaK BEPTUKAIBHYIO, TaK ¥ TOPH30HTAIBHYIO
HEepapXuIo

MonuropuHr

[IpombInUICHHBIE TPEANPHUATHS IOCTOSTHHO KOHTPOJIHUPYIOT IT0 KOHTPOJIBHBIM TOYKAM BCE
MOApAa3/eNICHNs 10 BBIIOJTHEHHUIO MPOU3BOJCTBEHHOM CTpaTEeruy, YTOObl HHULIMHPOBATh
KOPPEKTHPYIOUIHE ACUCTBH IT0 Mepe HEOOXOTUMOCTH 3aJIcHCTBOBAHHBIX TTOKa3aTeNei

JlmaraocTuka

I[I/IaFHOCTI/IKa Ha NPOMBINUJICHHBIX NPCANPUATHUAX MPOBOAUTCA CIKCKBAPTAJIBbHO, KAXKAbIC
nmojaroaa M €XCroaHo. I[I/IaFHOS (BLIBO,Z[) OIIPCACIIACT NPaBUIbHOCTDb BBI60pa JKHU3HCHHO
BaXXHBIX 3aJia4 JJid YJIYUYHICHUA IUVIaHUPOBaHUA, TEM CaMbIM COBEPHICHCTBYA IMPOU3BO -

CTBCHHYIO CTPATETUIO

ne. Jlanee mpuHSTHIC PELICHUS] IO COBEPIICHCTBO-
BaHMIO TIPOU3BOJICTBEHHON CTPAaTErHMU HEOOXOIMMO
TOBOIMTH 10 BCEX YPOBHEH MEHEKMEHTa U IIpo-
JOJDKATh YIIy4IIaTh MOCPSICTBOM PA3IHYHBIX MOJI-
XO0JIOB, HAIIPUMEP, IIUPOKOBEIIATEIBHOTO.

[MIupokoBelaTenbHblid TOAXO0A MPEANOIaraeT, YTo
TEHEPAJIbHBIM TUPEKTOP IPOMBIIUIEHHOTO IPEIIpHs-
THS C TPYIION MEHEIKEPOB-Pa3pabOTINKOB Ha O0IEM
COOpaHMH PA3BSICHSIOT CTPATETHI0 W JIAIOT BO3MOMK-
HOCTB 33/1aTh BOTIPOCHI BRICTYTIAfoIIeMy. Peakius pa-
OOTHMKOB 3acTaBIsieT PYKOBOJIWTENS YyBCTBOBATH
HACTPOCHHE KOJUICKTHBA. | PYIIIOBBIC BCTPEYH IOOLII-
PSIOT PaOOTHUKOB BBICKA3bIBAaTh CBOE MHEHHE, HO TIPU
9TOM HX YCTaHOBKA JAJICKO HE JaeT IOJIe3HOH o0part-
HoM cBs3u [4 —9].

CnabocTh MIMPOKOBEIIATENFHOTO MOAX0Aa — OT-
CYTCTBHE OOpaTHOM CBSI3H.

Citydaercs, 4TO TeHepaIbHbIH JUPEKTOP HUKOTIA
HE y3HAeT, 4YTO IIOIUIO HE TaK, a MPOCTO BBLIACT
APYTyI0 yCTaHOBKy. Hampumep, ycoBepiieHCTBO-
BaHHBIN IMOJXO0J] K CTPATErHYECKOMY PEIICHHUIO 10
[IPOU3BOACTBEHHOW CTpaTeruy IPOMBIIUIEHHOTO
OPEANPUATHS 3aKII0YASTCS B TOM, YTO Ha KaKIOM
YPOBHE PYKOBOJMUTENb U IIOJAYMHEHHBI BCTpeda-
I0TCS MJIs OGCy)K,ZIeHHH TEKYIINX BOIIPOCOB!:

— MEHEJDKEp TOTOBUT 0OOCHOBaHHE IO TOPadOT-
K€ MPOU3BOACTBEHHOIN CTPaTEeruy MPOMBIIIICHHOTO
npeanpudaTrd, TaKk KaKk OH JOJDKEH IIOHMMaTh, 4TO,
€CJIM €CTh pas3lIMuusi B MHTEPIPETAluy MEPBOTO M
BTOPOr0 ypOBHEH, TO UX MOXHO OOCYAUTHh W BBI-
SABUTH MPUYMUHBI OTUX pa3HH‘IHI>i;

— Ja)ke HEeCMOTPsSI Ha OJMHAKOBOE MOHUMaHHE
NPOLIECCOB TI0 COBEPILCHCTBOBAHUIO IPOU3BO/I-
CTBEHHOU CTpaTerur, OHO IOJIKHO IMOHMMAThCA Ha
Ka)XXJIOM YpOBHE, KOTOPBIIi HE TOJBKO 3aHMMAeTCs
pa3bsACHEHHEM IOJHMTHKH, HO ¥ MPEJIOCTaBIISCT HH-

(dopMaIuio, MOMOTAIOIIYI0 KaXKIOMY MEHEIKEPY
BTOPOTO M TPETHEro YPOBHEN (CPEHEr0 U BBICOKO-
T0) COBEPIICHCTBOBATHCA (Ta0MI. 2).

Jnst opraHuzanuu TpOIECCOB IO JI0pa0OTKe
MPOU3BOACTBCHHOM CTPaTEruu MEXAYy MEHEeDKepa-
MU pasHbIX YpOBHE TpeOyeTcs MHOTO BpEeMEHHU
[4,10-12].

OpHako BpeMsl, KOTOPOE PYKOBOJUTEIU TPATAT
Ha 00BSICHEHUE KOPPEKTHUPOBOK HAMHOT'O MPEBBIIIACT
KOJIMYECTBO BPEMEHH, HEOOXOUMOTO JIJIS TOTO, YTOOBI
clieiaTh 3TO MPaBUIILHO ¢ TIEpBOro pasa. Bee ath kop-
PEKTHPOBKH, MMPOMCXOSIINE Ha 3Talax COCTABJICHUSI
MIAHOB TIO COBEPIICHCTBOBAHHIO MPOU3BOJICTBECHHON
CTPaTErny MPOMBIIUIEHHBIX NPEAIPUATUHI, BEAYIIIUX
K HAMEUYEHHOMY PE3YJIbTaTy, COBEPILICHCTBYIOT TIPO-
W3BOJICTBEHHYIO cTpaTternto. Ha KkaxaoM ypoBHE
YIPaBJICHUSI MEHEKEep OOOCHOBBIBAECT CBOKO TOUYKY
3peHus 10 BOIPOCy 3()(EKTUBHOCTH MPOU3BOJICTBA
MPOMBIIIJICHHOTO TPEANPUITHS, TOHUMAs, YTO OC-
HOBHBIMH KPUTEPHUSIMH BBICTYIAIOT:

— HEPCHCKTUBLI PA3BUTHUA C OTI'pPaHUYCHHBIMU
¢buHaHCAMH;

— BUJICHHE TIEPCIIEKTUB KIMEHTAMU;

— 000CHOBaHWE TIEPCIICKTUBHBIX OM3HEC-TIPOIIECCOB;

— KaJpOBbIC NECPCIICKTUBBI, BKIIIOYas 06yquI/Ie
(mepenoaroToBky) [4, 6, 7, 13, 14].

[lepcriekTUBBI BIEKYT 3a COOOW KIIFOUEBBIE BO-
mpockl (Tabm. 3). Bce mepednciieHHbIE MTepPCIEKTH-
BbI, 00ECNEYMBAIONIUE TPOU3BOAUTEIHLHOCTD, SIB-
JISFOTCS BXHEHWITUMU TTOKa3aTeIs MU COaaHCHUPO-
BaHHOW CHCTEMbI. JTH IOKAa3aTelH SBJISIOTCS OC-
HOBHBIMM HHJWKATOPaMH, KOTOPBIE IEMOHCTPUPY-
10T, YCIEUTHO WM HEeYAadyHO HJIET MPOIECcC COBEp-
NICHCTBOBAHUA HpOI/I3BOI[CTBCHHOI71 CTpaTeruu
MIPOMBITIUICHHOTO TIpennpusaTus. B Tabn. 4 mpuse-
JICHBI HEKOTOPBIC TEPCIICKTHBEI KJIMECHTOB.
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COBEPLHEHCTBDBEHHE OpOH3BOOCTBEHH OH
CTpATETrHH

!
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Puc. 1. DTamnsl cOCTaBIEHHUS IIAHOB [0 COBEPLIEHCTBOBAHUIO TPOU3BOICTBEHHOM CTPATErHH, AAIOIIMX BO3MOKHOCTh
COBEPIIEHCTBOBATH POU3BOJICTBEHHYIO CTPATETHIO
Fig. 1. Stages of making plans to improve the production strategy, which makes it possible to improve the production strategy

3HaHue U YMEIIOe UCTIONIb30BaHNE TIEPCTICKTHB KITH-
€HTOB JIAIOT OIIYTUMBIE PE3YJIbTaThl MPOU3BOICTBEH-
HOU CTpaTeruy MpOMBIILICHHOTO MPEIPHUSTHSL.
ODTO MO3BOJAET BBIIBUTh HECKOIBKO BaKHEHIIINX
MPOIIECCOB, KOTOPBIE OKAXYT HAUOOJIBIIIEE BIVSIHHAC
Ha TIPOM3BOJICTBEHHYIO cTpareruto. Hampumep, oj-
HO NpCANPUATUE MOKET YBEJINYNUTH CBOHM BHYTPCH-
HUC HHBECTUIIMHM B HAYYHO-HCCIICAOBATCIILCKUEC U
OTIBITHO-KOHCTPYKTOPCKHE Pa3pabOTKU M PEUHKH-
HUPHHT CBOUX IIPOLIECCOB, YTOOBI pa3padaThiBaTh
BBICOKOA((EKTHBHBIC, HHHOBAIMOHHBIE TMPOIYKTHI
JUISL CBOMX KIIMEHTOB. J[pyroe mpenmnpustue, IbiTa-
SICh CAENaTh TOXKE CaMoe IIEHHOE NPEeJIOKEHUE,
MOJKET BhIOpaTh pa3pabOTKy HOBBIX MPOJYKTOB Ue-
pe3 MapTHEPCKUE OTHOIIECHUSI ¢ COBMECTHBIM TIPEJI-
npusiTieM. B uTore nBa MpennpusTHs, UCTIOIb3YS
pas3Hble MpoIecChl (YYUTHIBAs CBOM OCOOEHHOCTH),
MOTYT TIOJIONTH K OTHOMY pe3ynbrary [4 — 7].

[lepcriekTHBa pa3BUTHUS BHYTPEHHUX OW3HEC-
MPOLIECCOB MTPOMBIILIEHHOTO MPEAIPUITHS JOJKHA
peann30BbIBaTECS B MEpBYIO ouepenb. IIpu 3tom
KKIBI MEHEKEep MPEHNPHUSITHS TOJDKCH HMETh
CBOI1 cOOCTBEHHBIN Ha0Op MOKasaTenel, omnpee-
JISIOUIMX COOTBETCTBYET JIM €ro 00JacTh OTBET-
CTBEHHOCTH OXKHJIAHWSIM, YCTAHOBJICHHBIM OOIIEH
cOaTaHCMpPOBAHHON CHUCTEMOW TOKa3aTene mpen-
npusThs. DTU OW3HEC-TI0OKa3aTenl U3MEPSIIOT pas-
JIryHBlEe acheKThl (3((EeKTUBHOCTH, CKOPOCTh, Ka-
YECTBO M JIPYTHE) TOTO, HACKOJBKO XOPOIIO Mpo-
IYKTBl W YCIYTH TPOMBIIIICHHBIX TMPEATPUSTHIA
MPOU3BOAATCS, YTOOBI COOTBETCTBOBATH OXKHJAHU-
SIM KJIMEHTOB, TIPU 3TOM OHH JIOJDKHBEI OBITH M3y4e-
HBl pabOTHHKAMH, KOTOpBIE OYEHb XOPOIIO 3HAIOT
BHYTPEHHHE MPOLIECCHI.

B Tabm. 5 npuBemeHb NPHUMEPHI TEPCIICKTHB
OM3HEC-TIPOIIECCOB MPOMBIIIUIEHHOTO MPEAPHSTHS.
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Tabnuma 2

Nndopmanus s pasBUTHSA MEHEIKEPOB 0 peajn3alui MPOU3BOACTBEHHOI cTpaTerun

NMPOMBIILIJICHHOI'O NMPECANPUATUSA

Information for the development of managers for the implementation of the production strategy

of an industrial enterprise

YpoBuu
MCHEIKMEHTa

Wnadopmanns i pa3BUTHSA MEHEDKEPOB

1
(HU3KNiN)

BrusiBreHNE pa3nuuHBIX TOJX0/0B, KOTOPBIE PEIIAraloTCsl PA3IMIHBIMU IIPAKTHKAMH JIPY-
TUX MPEeNIpUATHI MO peanu3alui MPOU3BOJICTBEHHBIX KOMIETEHIUHN JOCTIXKEHHUS OpTaHU-
3allMOHHBIX LleTed U 3a/1a4

2
(cpenuuit)

[IpoBenenne oOcne0BaHUS IPOMBIIUIEHHBIX MPEANPHATHA C HCIOJIb30BAaHUEM CTpATETH-
YeCKHU pa3pabdOoTaHHOM JTOPOKHOW KapThl JUIsl MOHUMaHHS U OLIEHKH IPeo0IagalomuX CuTy-
alMi, CBA3aHHBIX C U3MEHEHUSIMH BO BHELIHEH cpene. DTH MOAX0/bl HAalpaBlieHbl Ha 000c-
HOBaHHE HEOOXOJIMMOCTH YCHJIEHHUsI CHHEPreTHUecKoro 3(¢eKra oT BKJIaJa B MOBBIIICHHE
s dextuBHOCTH Om3HEca. {71 3P PEeKTHBHOTO MPOBEAEHNUS pa3pabaTeIBaeTCs aHKETa, B KO-
TOPOH MEHEIKEPHI OTPAXKAIOT MOJOKHUTEIBHBIC U OTPULIATEIIbHBIC PE3YIIBTATHI

3
(BBICOKHIA)

C6op 1 aHANN3 TaHHBIX [0 PEATH3AINHN YCOBEPIICHCTBOBAHHOW MPON3BOJICTBEHHOI! cTpaTte-
TH{ TIPOMBIIUICHHOTO MPEIIPHUATHS, a TAKKE CHHEPTeTHIECKOEe BHEJPCHNE B TEUECHHUE 3Ha-
YUTEJIFHOTO MEPUOJA BPEMEHH C YUETOM IOJYYEHHBIX YIIydIIeHHH OpraHW3allMOHHOHN 3 (-
(heKTHBHOCTH. 3a7a4dy 3TOTO aHAJH3a BKJIIOYAIOT B ce0s TEKyIee COCTOSHHE, a TAKKe aHa-
T3 TeX MPEUMYIIECTB, KOTOPHIE JOCTUTHYTHI 3a CUET CHHEPreTHIecKoro 3¢ ¢dexTa, u ocy-
IIECTBJIEHHE €Tr0 Ha NMPOMBIIUIEHHOM MpPEANpUSITHH, T/Ie COCTaBIAETCS AOPOXKHAs KapTa ¢
MOCJIEIYIONTIMH BBIBOAMH, a TaKXKe OLIEHUBAIOTCSA CTpaTerHuecKue MOIXO0/Ibl, HallpaBJeH-
HBIE Ha TOBBIIICHHUE MPOU3BOJUTEIBHOCTH MPEANPHUATHA. DTOT YPOBEHb BKIIIOYAET TINA-
TeJNBbHOE MJIAHWPOBAHHE JUIS YCIEUTHOTO YNPaBJICHHUS MHUIIMATHBAMHU M MMEET pelIaroliee
3HAa4YeHHE JUIs yCIeXa UX peaau3aliu

Jnst Toro, 4TtoObl MPOU3BOACTBEHHAS CTPATErus
MPOMBIIICHHBIX TPeINpUsITHil Obl1a 3P PEeKTUBHOM,
HE00XO0MMO, YTOOBI €€ COBEPIICHCTBOBAHUE MIPOXO-
JIAIIO YeTHIpE dTara ¢ BBIXOJOM Ha CPEIHECPOYHBIH
IUTaH, JOJITOCPOYHOE BHJEHHE W IUIAH C y4eTOM HU3-
MEHEHUH, MPOUCXOISIINX B OKPYKafoLIeH cpese Ha
JaHHBIA TIEPHUOJ] BPEMEHHU C TIPOBEJCHHEM BCEX KOp-
PEKTHPOBOK, TIPHYEM 3TO MOXKET MPOHUCXOJUTH HE
OJIMH pa3. Bce KOppeKTHPOBKH, MPOUCXOSIIHE Ha
JTarax COCTABJIEHMS IUIAHOB 10 COBEPIICHCTBOBA-
HUIO TIPOW3BOJICTBEHHOW CTPATETMH MPOMBIILICH-
HBIX TPEANPUATHI, BEIyIIHMX K HaMEUYEHHOMY pe-
3yJbTaTy, COBEPIICHCTBYIOT IPOU3BOACTBEHHYIO
CTPATETHIO MPOMBILIJICHHOTO NPEANPUSTUSL. Y POBHH
MEHEPKMEHTA MOJBO/IAT K TOMY, YTO NMEPCIIEKTHBHI
MPEACTABISIOT Pa3IMuHbIe TOYKU 3PEHUS] Ha TPOU3-
BOJUTEJILHOCTH MPOMBIIIIIEHHOTO MPEATIPUSITHS, TIe
cOanaHCHpOBaHHAs CHCTEMa IOKa3aTeleld paccMmart-
pHMBaeT MPOMBINUICHHBIE MPEANPUATHS C OCHOBHBIX

MO3HUIUH (MIEPCIICKTUBBI Pa3BUTHS C OIPAaHHUYCHHBI-
MU (PUHAHCAMH, BUJCHUE IEPCICKTHB KIUCHTaMH,
000CHOBaHWE TEPCIEKTHBHBIX OW3HEC-TIPOIIECCOB,
KaJJpOBBIE TIEPCTIEKTUBEI, BKIFOUas 00ydeHue, mepe-
MOJITOTOBKY) [4, 7, 15, 16].

IlocnenoBaresHOE COIIacOBaHME JICHCTBHH |
BO3MOYKHOCTEH C IIEHHOCTHBIM TIPEJJIOKEHHEM KITUEH-
Ta SIBJISICTCSI OCHOBOHM peaiu3alliy IPOU3BOICTBCHHON
CTpAaTeruy MPOMBIIUICHHOTO TPEIPUATHSL.

Kpome Toro, cOamancupoBaHHas cHCTeMa TMOKa-
3atesniell P PEeKTUBHA TOIBKO B TOM Cilydae, eciii ee
YEeTKO TOHMMAIOT Ha MPOMBIIIJICHHBIX TPEAPUSATH-
ax. OHa gomkHa pa3pabaThIBaThCsS Ha YPOBHE PYKO-
BOJIUTENICH MPOMBIIIICHHBIX TPEATPHATHI U JOBO-
JIUTBCS JI0 KaKJOro MeHelkepa. be3 addexTrBHOM
KOMMYHHKAIIMA Ha MPOMBINUICHHBIX MPEANPHUITHSIX
cOaaHCUpOBaHHAS CHUCTEMa TIOKasaTeliel He OyJer
CTUMYJIUPOBATh JUUIMTEIIbHBIC M3MEHEHHS M IIOBBI-
nrenue 3¢ dexruBHocTH [4, 16, 17].

Tadbnumna 3

HepCl'[eKTI/IBI)I Pa3BUTUA NTPOU3BOAUTECILHOCTH NPECANPUATHSA U CBA3AHHLIC ¢ HUMH KJ/IIOYEBbIE BOITPOCHI
Prospects for the development of production productivity and related key issues

IlepcnexTuss KntoueBble BONpOCEH!
DurHaHCOBbIE Kax mo6utbcst MaKCHMaNbHBIX (PMHAHCOBBIX YCIIEXOB 00EUM CTOPOHAM?
OO6cyXMBaHHE KIIMEHTA Kak 00ciIy)XUTh KIMEHTa TaK, YTOOBI Y HETO He BO3HUKAJIO pa30yapoBaHus?
IIpousBoxacTBeHHBIl  npo- | IIOCTOSAHHO COBEPIIEHCTBOBATH IPOU3BOACTBEHHBIN IpolLiecC, BHEAPSS WHHOBALMOH-

recc

HBIC TCXHOJIOT'MH M ITOBBIIIAS KBaJ'II/I(l)I/IKaI_II/I}O pa6OTHI/IKOB

OO6yueHne pabOTHUKOB

OO0ydeHne mepcoHana pabdoTe Ha COBPEMEHHOM OOOpPYIOBaHWHU C HCIIOJIb30BAHHEM
miedcTBa (HACTABHUYECTBA)
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Tabnumna 4

IIpuMepsbl NepcneKTUB KJIUEHTOB NPOMbILIJIEHHOTO NPeANPUsTHS
Examples of prospects for industrial enterprise customers

OOBLEKTUBHEIE NIEPCIIEKTUBLI

KOHKDCTHI)IC T10Ka3aTCJIn

HoBble npoayKThI

[TpoueHT IpoAaX OT HOBBIX IPOIYKTOB

OT3BIBYNBOE CHAOKEHHUE

CBoeBpeMeHHas TOCTaBKa

BerTh MPpEANOYTUTEIILHBIM ITOCTAaBIIN-
KOM

Jloms KITFOYEBBIX CUETOB (JIOJIS TI0 BCEM BUAAM PACcUIETOB)

[TapTHEpCKHE OTHOLIECHHUS
C KJIINCHTaMHU

KonnuecTBo COBMECTHBIX YCHIIHMM

Tadbnuna 5

IIpumepsl nepcneKTHB OM3HeC-NPOLECCOB MPOMBILLICHHOI0 NPeNPHUATHS
Examples of prospects of business processes of an industrial enterprise

Iens

Konkpernsie mokazarenn

CoBEpIICHCTBO MPOU3BOJICTBA MPOAYKIIIH

Bpewms nukia, BBIXOJ TOTOBOM NPOYKLIIUU

IloBpIIcHME MPpONU3BOAUTECIBLHOCTH IMPOCKTUPOBAHUA

WwxenepHas 3pPeKTUBHOCTH
10 COBEPIICHCTBOBAHHIO TEXHOJIIOTHYECKUX TIPO-
LIECCOB

CokpaliieHre 3aiepkeK 3amycka npoaykra. IIpodeccroHanb-

HOC 06CJ’Iy)KI/IBaHI/Ie BCIIOMOT'aTCJIbHOT'O IEpCoOHAJIa

daxTHyeckas gaTa 3amycka 0 CPaBHEHHIO ¢
MJIaHOM

I[IpakTHYeckne acneKkTbl NPUMEHEHUS WH-
AeKca NPOM3BOAMTEIbHOCTH NPOU3BOACTBA
Camas Oonpmmas ommOKa, coBepIIaeMasi Tpo-
MBIIIUIEHHBIMU TPEANIPUATHSMH, — 3TO TyMaTbh, YTO
cOajlaHCUpOBaHHAsl CHUCTEMa I[OKazaTeled IpOCTOo
Mephl. J[0BOJIBHO 4acTO Ha MPOMBILUICHHBIX Mpea-
NPUATUSX Pa3padaTHIBAIOT CHHCOK (DUHAHCOBBIX U
He(MHAHCOBBIX MTOKA3aTelell U MOJIararoT, YTo Y HUX
€CTh CUCTEMA TIOKa3aTelie, a 3TO JAJIEKO HE Tak.
Just nocTikeHusl yerexa HeoOX0IuMo IpeiocTa-
BUTH peCypchl U (PMHAHCUPOBATh WHUIMATHBLL. Pa-
OOTHHKH OyIyT HYXKAATHCS B HOBBIX HH()OPMAIHOH-
HBIX WHCTPYMEHTaX, KOTOPbIE MOMOTYT UM IIOHATbH
JBIDKYIIUE CUIIBI Mep, 32 KOTOPhIe OHU HECYT OTBET-
CTBEHHOCTh, TaK KaK OHH CaMH pPacCMaTpUBaIOT U
NPUHAMAIOT 3TH Mepbl. VHCTPYMEHTBI JIOJKHBI
BKJIIOYATh CHCTEMY aHallM3a; IOKa3aTelld PaHHero
MPEIYNPEKICHNS; OTUETHl 00 HMCKIFOUCHUSIX TOTO
WIA WHOTO TMOKAa3aTellsd; COTPYAHUYECTBO MOJpasfe-
JICHUH IPOMBIIIUIEHHBIX TPEATIPUATHI.
CorocraBneHe 1ieeil cOaTaHCHPOBAaHHOM CHCTe-
MBI TNOKa3aTesied ¢ TEKyIIMMH W IUIAHHPYEMBIMH
WHULMATHBaMU CTaHOBHUTCSA BaXXHBIM CIOCOOOM
COCpEeOTOYEeHNS M BBIPAaBHUBAHUS BCEX CTPYKTYP-
HBIX TIOJ[pa3/IeIeHnii MPOMBIIIJIEHHOTO MPEATPHS-
THSA, TIPU 3TOM HCIONB3YIOTCA MHIEKCHI MPOU3BOI-
CTBEHHOH KOMIIETEHTHOCTH U JI€JI0BOM aKTUBHOCTH.
Mupexcbl Npou3BOJCTBEHHOW KOMIIETEHTHOCTU
U JIJIOBOM aKTUBHOCTH PACCUUTHIBAIOTCS HA OCHOBE
MOHHMTOPHHIA POMBIIUIEHHBIX MPOU3BOJCTB Ipe-
npustus. [lokazatenn >(exTHBHOCTH HCIIONB3Y-

I0TCS JUIS pacyeTa HWHJACKCOB IPOU3BOJICTBEHHOM
KOMIIETEHTHOCTH U JAEJIOBOM akTUBHOCTH. KOHKy-
PEHTHBIC TPHOPUTETHI, IEPEOBbIC MPONU3BOJICTBCH-
HBIE TEXHOJOTMH, WHTETPHUPOBAHHBIC HH(MOPMAIIU-
OHHBIC CHUCTEMbl ¥ WHHOBAIIMOHHBIC TPOU3BO/I-
CTBEHHBIC TPOIIECCHI SIBIISTIOTCS MOKA3aTeNIIMU (-
(heKTUBHOCTH MTPOU3BOACTBEHHON KOMITETCHTHOCTH.
INokazatenu 3PPEKTUBHOCTH JEIOBOW aKTUBHOCTHU
BKITIOYAIOT PEHTA0CIHLHOCTh WHBECTHUIIMHA, TOTOBOMN
o0BeM Tpojax, OOy J00aBIEHHYI CTOUMOCTB,
JIOJIFO PHIHKA M MPUOBLIb HA aKiuio. MHIEKC pous-
BOJIUTEIILHOCTH NIPE/ICTABIICH Ha pUC. 2.

HNHuaexc npon3BoACTBEHHOH KOMIIETEHTHOCTH

[Ipon3BonCTBEHHAsT KOMIIETEHTHOCTh — 3TO Mepa
COYETaHUS CHITHHBIX U CITA0BIX CTOPOH TPOMBIIILICHHO-
T0 TPSANpPHUSTHAS B OMPENCTCHHBIX CTPATErMIeCKUX
TIPOM3BOMICTBEHHBIX Bompocax. [lomxom, mpu MeHse-
MBIN JJIs1 MOJICTUPOBAHMS BBIYMCICHUM MHJIEKCA TPO-
W3BOJICTBEHHOW KOMIIETEHTHOCTH, MPOBOAUTCS B COOT-
BETCTBUH CO 3HAYEHUSIMH CTPATETHYECKOTrO BOIPOCa,
TaK HasbiBaeMoro panra [4, 10]. Munekc mpousBoa-
CTBEHHON KOMIIETEHTHOCTH PACCUMTBHIBACTCS MO paH-
ram (3Ha4yeHHe CTPATETHYecKOro BOIPOCA) C yUIETOM
CIISTYFOIINX TTOKa3aTenel (Taoi. 6).

s pacueta mHAEKCa MPOU3BOACTBEHHOM KOM-
MMETEHTHOCTH HEOOXOAMMO YIUTHIBATE CIICIYIOMICE:

— 3TO CHCTEMAaTHUYECKH pa3pabaThIBAEMBbIN MTOKa-
3arelib MPOU3BOICTBEHHON KOMIIETEHTHOCTH;

— OH OCHOBAaH Ha CHJIBHBIX U CIa0BIX CTOPOHAX
MIPOMBIIIIEHHOTO TIPEAPHUSITHS;
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HHpexc npoH3BOOHTENBHOCTH
IPOH3BOACTEA

}

l

I1Hpexc NpOH3BOACTEEEHOR
KOMIIETEETHOCTH

HHOekc OeNoB0Oi AKTHEHOCTH

|

|

¢ KOHKYpeHTHbIE IPHOPHTETE

¢ IlepenoBsle NPOH3BOACTECHHEIS
TEXHOIOTHH

* HHTerpHpOBaHHBIE
HHE(QOpPMAIHOHEHEIE CHCTEMEI

* TlepenoBble CHCTEMEI
YOpaBIeHHA

» PeHTaDenpHOCTh HHBECTHIHI

« Tomogoift 0bBbeM nDpoaask

« Obmag nobaBIeHEAT CTOHMOCTD
« Jong pplHKA

+ IIpuOBRLIb HA AKIHIO

Puc. 2. TToka3zatenu 3(HeKTHBHOCTH U1l HHACKCA IPOU3BOJICTBEHHON KOMIIETCHTHOCTH M MHJIEKCA IeNIOBOH aKTHBHOCTH
Fig. 2. Performance indicators for the industrial competence index and the business activity index

— OH MIOMOTAEeT B PEILIEHUH KIIFOYEBBIX CTPATEIH-
YECKHUX MPOU3BOJICTBEHHBIX BOIIPOCOB;

— MPOOJIEMBI BBICOKOTO PAaHTa OKa3bIBAIOT 0OOJIb-
1iee BIIMSHHE Ha TPOU3BOJCTBEHHYIO KOMIICTCHT-
HOCTB, B TO BpeMs KakK MpoOJeMbl ¢ Ooiiee HU3KUM
pPaHrOM OKa3bIBAIOT OYECHB CJIa00e BIHSIHUE;

— Jnorapu(MUYECKOe ypaBHCHHE UMEET UHTYH-
TUBHBI CMBICIH, T HPOU3BOACTBEHHAsI CTPATETUs
MPOMBIIIJICHHOT'O IpeanpusiTHs TpedyeT cun Oosee
4eM B OJTHOH 00JIaCTH, TTO3TOMY HEOOXOJUMO IpH-
MEHATH pa3IM4YHBIE MEpbl [UIS MOJEIMPOBAHUS
(puc. 3).

[IpoBenem pacuer WHAEKCA MPOM3BOJCTBEHHOMN
KOMIIETEHTHOCTH TIO MPOMBIIIJICHHOMY TpEaIpHs-
tuio pernoHa AO «KysHeukue ¢eppociiaBe» Ha
OCHOBE O(MIMANBHBIX CTATUCTUYECKUX JAHHBIX.
Jlst pacueTa Bo3bMeM ceMb PaHroB (Tabi. 6).

WHnnekc npoM3BOACTBEHHOM KOMIIETEHTHOCTH
3aJaeTcs KaKk

C} = Z{QiZi}5

rae C; — MHJIEKC MPOM3BOJICTBEHHON KOMIIETEHTHOCTH
JUTS. IPOMBILIEHHBIX MPENNPUATHH j; | — CTpaTeru-
YeCKUIl TMPOM3BOACTBEHHBIM BOIpOC; R — paHr
CTPAaTETrUUeCKON MPOU3BOJCTBEHHOW MPOOIEMBI

(tabn. 7); K; — obpaTHbIit panr (ecmu R =1, K =17,
korma i =7, eciii R = 2, K = 6); O, — KpuTepuii Be-
ca, MPUCBOCHHBI KOHKPETHOMY CTPaTETHYeCKOMY
MIPOM3BOJCTBEHHOMY BOIIPOCY; Z; — 3HA4€HHE, CO-
OTBETCTBYIOIIEE 3HAYMMOCTH ITPOHU3BOJICTBEHHOTO
Bompoca (tadim. 7).

s pacuera MHIEKCAa MPOU3BOJICTBEHHOW KOM-
METEHTHOCTH OIPEAETeHBl CEeMb CTPaTeTHYeCcKUX
MPOU3BOACTBEHHBIX 3a/1ad, KOTOPBIE BKIIOYAIOT
YeThIPe KOHKYPEHTHBIX MPUOPUTETa (KaYeCTBO BbI-
MMyCKaeMOH TMPOIYKIIMH;, CTOUMOCTH OJIHOTO H3ie-
JUs; TIOCTaBKY TPOJAHHOW MPOAYKIWW; THOKOCTH
MPOU3BOACTBEHHBIX MPOILIECCOB) U MEPONPHUSITHS 110
COBEPIICHCTBOBAHUIO (MHTETPUPOBaHHBIE HH(OP-
MAaI[UOHHBIE CHCTEMBI; TEPEIOBbIC MPOU3BOJICTBEH-
HbIE TEXHOJIOTUH; WHHOBAIIMOHHBIE MPOU3BOJ-
CTBEHHEIE TIporiecch) [4, 5, 13].

Jnst pacuera TmoOKazaTels MPOW3BOJCTBEHHON
KOMIIETEHTHOCTA HCIIONB3YETCS METOJl JIMHEHHOU
anmnpOKCHMAIIHH.

CamMmble BBICOKHE M CaMble HU3KHE CPEJIHUE 3Ha-
YeHHUsST OTOOPaKAIOTCSA [UIS BBIMIETICPEYUCICHHBIX
CEMH CTPATErMYeCKHX IPOM3BOJCTBEHHBIX BOIPO-
COB ISl TIPOMBIIIJICHHOTO MPEANPHUATHS, UMEIOLIUX
3HaueHue kputepus Beca ot 0 1o 100 %.

Tabnauma 6

Cpeannii MHAEKC MPOU3BOACTBEHHON KOMIIeTEHIINU
Average index of industrial competence

Panr HanmenoBanue nokasaresnst
1 KauecTBo BblIlycKaeMOM IPOLYyKIUU
2 CTOMMOCTH OJHOTO U3IEIIHS
3 ITocTaBka mpogaHHON NPOIYKINH
4 I'nOKoCTh MPON3BOJACTBEHHBIX MPOIIECCOB
5 MHTerpupoBanHble HHPOPMAITMOHHBIC CUCTEMBI
6 IlepenoBble cuCTEMBI yIPABICHUS
7 TlepenoBbie MPOM3BOACTBEHHBIE TEXHOJIOTHU
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]._.[Ep E0O0BRIE NPOH3BONCTEEHHBIE
TeXHOMOTHH

.

HETEerpupOEaHELRIE
KorKvpeHTHEI® IIpouseoCcTBeHHAS HE @OFPM EHHOHH He
NPHOPHTETHI KOMIISTEHIIHA P
CHCTEMEL

%

HEHOBAaIHOHHBIE
OIpPOH3BOACTECHHEIE IPOLECCH

Puc. 3. Pa3nuuHble Mepbl 471 MOJEIUPOBAHHS MHIEKCA IPOU3BOACTBCHHOW KOMIETEHTHOCTH
Fig. 3. Various measures for modeling the index of industrial competence

Kpurepuit Beca (Q;) mpucBamBaeTcs KOHKpET-
HOMY CTpaTerH4ecKoMy IPOU3BOJACTBEHHOMY BO-
MIPOCY CIEIYIONTUM 00pa3oMm:

0, =+1 (cuna), ecu komaecTBo 6oee 60 %o;
0, =0 (weriTpanbHO), ecrm KommdecTBo oT 40 10 60 %o;
0;=-1 (cnabocts), ecnu konndecTBo MeHee 40 %o.

[IpoMpIieHHOE TIPENNpUSTHE TIPOBOJUT pacyeT

npou3BoACTBeHHOH KomrieTeHTHOCTH (AO «Ky3Henkue

(heppocIuIaBbD)), UCTIONB3YS CIICIYIOILYIO (hOPMYJTY:

G=2{0Z}=(1-0,71+1-0,86+1"0,43+
+1-0,57+1-0,14+1-029-1-0)=3,0

ITonydeHHbli MHAEKC MPOU3BOJICTBEHHON KOM-
rereHTHOCTH (3,0) Mo maTmOaymuTpbHON TKane Jlai-
KepTa o3Hauaet, 4To 3¢pdexruHocTs AO «Ky3Hen-
KHe (peppocIyiaBbly BBIIIE CPEIHETO.

AHamOTUYHO 3HAYCHUE WHJACKCA MPOU3BO/I-
CTBEHHON KOMITETEHTHOCTH MOXHO PacCUUTaTh IS
JIPYTUX TPOMBIIIICHHBIX TIPEIIPUATHH.

INokazarenu  3(hQPEKTHBHOCTH  MPOMBIILICHHBIX
MPEINPHUATAN BKITIOYAIOT OPTaHU3AIMOHHYIO KYJIBTY-
Py, KOTOpast yKa3aHa CTETIeHbIO COIJIacHsl IO YeThIPEM
MpU3HaKaM opraHu3aoHHoi KymeTypsl (OK1 — OK4)
10 MATHOAILTLHOM 11Kasie JlakikepTa (1 — MONMHOCTBIO He
COTJIACEH; 5 — TIOJTHOCTBEO COTJIACEH).

B 1nenoM poccuiickue NPOMBILUIEHHBIE NPE-
MPUATHS YIENSIOT OOJbIlle BHUMAHHUS JIOMUHHPO-
BaHUIO NPOM3BO/CTBA. HanmeHblee 3HaueHNE UMe-
€T MapKETUHT, KOTOPHIH TOMHHUPYET Hal NpPOU3
BOJCTBOM, W 3TO TIIOKa3bIBA€T, YTO POCCHICKHE
MPOMBINUICHHBIE TPEANIPUSTHS TPUAAIOT MEHBIIEe
3HAaYeHHEe MapKeTHHTry. TeM He MeHee, opraHu3a-
[IMOHHAS KYJIBTypa HPOMBIIUICHHBIX HPEANPUATHIA
YKa3bIBa€T Ha BHYTPEHHIOIO COTJIACOBAHHOCTH
MEX[y 3JIEMEHTaMH.

[Ipou3BoaCcTBEHHAs] KOMIIETEHTHOCTh, KOTOpas
3ajaeT TOH 3()PEeKTUBHOCTH OHM3HECA POCCHUCKHM
MPOMBINUICHHBIM ~ TIPENPUATHSAM, JO/DKHA —pac-
CMAaTpHUBAThLCS C YYETOM KOHKYPEHTHBIX HPUOPHTE-
TOB; TIEPEAOBBIX MPOW3BOJCTBEHHBIX TEXHOJOTHIL;
MHTETPUPOBAHHBIX WH(POPMAIIMOHHBIX CUCTEM; WH-
HOBALlMOHHBIX MTPOM3BOJCTBEHHBIX IPOLIECCOB.

Bce oHM ucmone3yroTcs B KadecTBE YEThIPEX
MoKazareneil il MPOU3BOJCTBEHHBIX KOMIICTEH-
mii. Taxoke OepyTest pacdeTsl IO TpUOBLTH (YOBIT-
Ky) OT TIPOJIaXX; YUCTON MPHUOBLIN; PEHTA0EIbHOCTH
WHBECTUIHNN; KO3(Q(QUIMEHTa TEeKyIIeHd ITHKBHIHO-
ct. OHU SBIAIOTCS MTOKA3aTEISIMU dPPEKTUBHOCTH
omsHeca. HIEKCH POU3BOICTBEHHONH KOMITETEHT-
HOCTH U J1e710BOH 3(D(PEKTUBHOCTH PaCCUUTHIBAIOTCS
C y4eToM 3THX INoKa3areneil. Bce atu noxasarenu
3aHOCATCSI B OTYETHI, OOECIEYMBAIOIINE TOYHOE
NPEACTaBIEHUE O NOCTUTHYTHIX pesynpTarax. Ort-
4eThl CIOCOOCTBYIOT 3(()eKTHBHOMY HH(POPMHPO-
BaHHUIO O COCTOSIHUH MPOU3BOJICTBEHHON CTpPaTeTnu
MPOMBIIIJIEHHOTO NPEANpPUATHS U SIBIISIOTCS MOLI-
HBIM CPEJICTBOM PEryJIsipHOH oueHKH 3(h(eKTHBHO-
cru [4 —7].

Kapra  npou3BoacTBeHHOI
npeanpusTus

OO0s3aTenbHBIe OTYETHI BKIIOYAIOT B ceOsl Kap-
TUPOBAaHUE NPOM3BOACTBEHHOH CTpaTeruu; Marpu-
Iy MPOU3BOJICTBEHHON CTPATETHH;, CTPATErHYCCKUE
TEeMBI (MEPOTIPUATHSL).

KaptupoBanue nNpoOM3BOACTBEHHON CTpaTeruu
SIBJISIETCS] BXKHBIM CIIOCOOOM OLIEHKH M BU3YaJIbHOM
SKCIUIMKAIMK TIEPCTIEKTUB, IeJIed U Mep, a TaKkxke
NPUYMHHO-CIIEACTBEHHBIX CBSI3€H MEXAy HHUMHU.
Opranuzanus 1einel B Kaxa0u ONpeesIeHHON mep-
CIIEKTHBE M KapTUPOBAaHHE CTPATETMYECKUX B3au-
MOCBSI3€ll MEXAy BCEMH MOJIPa3AEICHUSIMHA CITY>KaT
CrocoOOM OIIEHKH IeJieii, 4TOObl YOeIUThCS, YTO
OHU SIBIISIFOTCSI TIOCIIEJIOBATENILHBIMI U BCEOOBEM-
JIFOITAMHL.

Crparernyeckasi KapTa — 3TO BH3YaJIbHBIH CIO-
co0 JOHECTH /[0 Pa3IMYHBIX MPOMBIIIIEHHBIX
NpeAnpUsITAH UHPOPMAIMIO O TOM, KakK ITojpasjie-
JICHUS ATHUX MPENNPUSTHA B3aUMOJEHCTBYIOT MEX-
Iy co0oii. 1o obneryaer KackaaupoBaHue cOanaH-
CHPOBAaHHOW CHCTEMBI TTOKa3aTesNel, ITOCKOJIbKY OHa
MOJKeET OBITh CO3/1aHa Ha Pa3HBIX YPOBHSIX MEHEIK-
MeHTa (or 1 mo 3) sTOro mpennpusTHA, U Kaprta
Ka)XJOT0 YpPOBHS MOKET OBbITh HPOCMOTpPEHA IS
COTJIACOBAHUS C OOIEH cTpaTernuecKoi KapTou.

cTpaTeruu
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Tabnuma 7

Pacuer nnaexca npou3BOACTBEHHOI KOMIIETEHTHOCTH
Calculation of the index of industrial competence

R 1 2 4 5 6 7
K 7 6 4 3 2 1
Z; (K) 0,86 0,71 0,57 0,43 0,29 0,14 0

Juarpamma, KOTopasi CTPOUTCSI B COOTBETCTBUU C
Pa3sBUTHEM NPOMBIIUIEHHOTO IPEANIPHUATHS, MOIHO-
CTBIO (PHKCHUPYETCS B CTPAaTETHUYECKOM KapTe, U yxKe
BCE TOJyYeHHBIE MOKa3aTeNu Mo (aKkTy pacrperne-
JAI0TCA 1O TOAPA3AEICHUAM 3TOrO INPENIpUATHA
((prHAHCOBO-3KOHOMUYECKHE; MAapKETHHTOBBIE; OM3-
Hec-TPOIECCHbIE; MPO(EeCCHOHATBLHOTO O00YYeHHUS M
SKOHOMHYECKOTO U PO(PeCCHOHATEHOTO POCTa).

Crpateruueckasi KapTa o0OeclednBaeT HOpMa-
THBHBIA KOHTPOJIBHBII CIIMCOK BCEX KOMIIOHEHTOB
IIPOU3BOACTBEHHOW CTPATErMM U UX B3aUMOCBS3EH.
Bes mHbopMatus comepX uTcs B CTPaTErHUeCcKOM
KapTe Ha OJHOI cTpaHulle. JTO CO3/laeT OTHOCH-
TEJIBHO JIETKYIO CTPaTerHUeCcKyr0 KOMMYHHUKAIIHIO.

@®uHaHCOBasT MEPCTIEKTUBA PAaCCMATPHBAET CO3Ja-
HHUE JTOJATOCPOYHOM aKIIMOHEPHOM CTOMMOCTH U CTpPO-
WTCS HAa OCHOBE CTpaTerWHl YIpaBJICHHs IPOU3BOAU-
TENBHOCTH; YITyUIIEHUs CTPYKTYpBI 3aTpaT U WCIIONb-
30BaHMsI AKTHBOB; MPONU3BOACTBEHHON CTpaTErvuy, KO-
TOpasi BKJIIOYaeT B ce0sl CTpaTernd pocta U TPOJaK,
CMOCOOCTBYIOIIMX POCTY OOBEMOB TIPOM3BOJICTBA U
YCIYT, a TaKkKe MPOBEICHUI0 HHHOBAIMOHHBIX MTPOU3-
BOJICTBEHHBIX ITpo1ieccoB [4, 5, 11].

Bce 310 B 00s13aTeNIbHOM TOPSAKE BIIEUET 3a CO-
00i1 M3MEHEHUs! B CTOPOHY YJIYYIIEHHH KadyecTBa
BBIITyCKaeMOW MPOAYKLUUH; pa3HooOpas3us BBIIYC-

YCIIYT; TECHOTO JIEJOBOTO B3aMMOJACHCTBHA C MapT-
HEepaMH; CepPBUCHOTO OpP3HAMHTA.

PaboTas ¢ ximeHTaMu (0COOCHHO C IOCTOSIHHEI-
MH), TIPOMBILIICHHBIE MPEANPHUITUS TOKHBI Hapa-
0aThIBaTh M PEANM30BEIBaTh PA3HOOOpa3He CEepBUC-
HBIX YCIIYT, PaCILIUPSATh ACCOPTUMEHT BBIITYCKaeMOil
NPOAYKIMH, WMETh MOUIHYI HH()OPMAIHOHHYIO
0a3y, KOoTopasi JOJDKHA MMOCTOSTHHO OOHOBIATHCS, U
paboTaTh 0HON KOMaH/IOH, BKIIOYAOIIEH HE TOJb-
KO pa6OTHI/IKOB IMPOMBIIIIJICHHOT'O MIPEAIIPUATHUA, HO
1 KIIUCHTOB.

Ilocne paccMOTpeHUs] MPUHLUIIOB HOCTPOCHUS
CTpaTETHYECKUX KapT BO3HUKAET BO3MOXKHOCTH T10-
CpCACTBOM KapTUPOBAHUA IMOMOYb OIHCATH ITPOU3-
BOJICTBEHHYIO CTPaTEeTUIO0 M 3aUKCHPOBATh IOKa-
3arend APQPEKTUBHOCTH, KOTOPHIE HCHOIB3YIOTCS
JUTS pacueTa MHICKCOB MPOM3BOJCTBEHHON KOMIIE-
TEHTHOCTH U JIEJI0BOM aKTUBHOCTH. DTH MMOKa3aTEIIN
BJIMAIOT Ha NMPOILIECC BHIPABHUBAHUS I1OAPa3/ACICHUI
W TMPOU3BOJICTB, KOTOphIE MOXKHO Ha3BaTh OOIIEH
crpaterueit (puc. 4).

OCHOBHBIE COCTABJISIIOIINE CTPATErMYECKON Kap-
Thl OCHOBaHbI Ha B3aMMOJICHCTBUHM BCEX IOApa3ze-
JIEHUH, KOTOphle 0OOCHOBBIBAIOT BCE PE3YNIHTATHI B
MIPOM3BOJCTBE, OPHUEHTHPOBAHHBIE Ha IPOU3BOJ-
CTBEHHYIO CTpPAaTeruio, MPEINOIaraiouylo 3Hadu-

KaeMOW TMPOJAYKIMHU; PaCIIUPEHUsT CEPBUCHBIX TEeNIbHbIE M3MEHEHUS B KyJbType. OpraHu3aiuoH-
HbIE€ U3MEHEHHUS — 3TO SBOJIIOLIMOHHBIN MPOLECC.
ONroCpOYHbIE
ITponykToBad A Crpaterusa
poiy MEHHOCTH ™ B3
CTpaTerHs pocTta
[y [y
VayulneHHe VBelHUYeHHE Pacumpenne PazeutHe
CTPYKIVPHI AKTHBOB BRI Y IKH KIHEeHTOB
3aTpar
- - [ [
IIpoussoncTeeHHbll || HHEOBanHoOHHBle || OpraEH3alHOHHO- || CoONHATBLHBII
MeHeKMeHT IPONECcCH 3IKOHOMHYecKHe acmekKT
1 pacyeTs
-

CTpaTernueckad KapTa

Puc. 4. OcHOBHBIE COCTaBIIAIOLINE CTPATETNYECKON KapThl
Fig. 4. The main components of the strategic map
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IlocnenoBarenbHOE HCHONHUTEIBHOE PYKOBOA-
CTBO, BOBJICUEHHOCTb, AKTUBHOE CIIOHCOPCTBO H
MOAJEPXKKAa UMEIOT pellaroliee 3HaueHue JUIs HoJ-
Jep KaHusl UMITYJbCa B PELICHUU MPOOJieM, C KOTO-
PBIMH HEM30€XHO CTAJIKUBAIOTCS NPOMBIIIJICHHBIE
npeanpusatus [1 — 4].

HcnonauTensHas KOMaHAa NODKHA OBITH B CO-
IJIACHM HE TOJIBKO MEXAY cO0O0H, HO ¥ BO B3IVIAAAX
Ha Pa3BUTHE IPOMBIIUICHHOTO IPEAIPHUSITHS:

— UCTIOJIHUTEJbHAS TPYIa MPUHUMAET y4acTHe
B TPOEKTHBIX CECCHX, HAa KOTOPHIX yCTaHABIUBa-
IOTCSI OCHOBHBIE 3a7layd, BUACHUE M CTpaTeruye-
CKHUE TEMBI;

— MHEHHME KOMaHJbl MOXET JIETKO NepenaTh BO-
MIPOCH! PYKOBOJIUTEISIM IJIS1 UX Pa3peLIeHus;

— PYKOBOJMTENH NMPOAOIIKAIOT BBIPAXKAaTh CBOIO
MONJEPKKY U yyacTHE B MHHUIMATUBE pealu3aliu
cOaaHCHPOBAaHHON CHCTEMBI TIOKa3aTelNeH.

Hukier oOpaTHOW CBA3W HEOOXOIWUMBI IS TIO-
CTOSIHHOTO COCPEIOTOYEeHHs BHUMAHHA Ha IMPOU3-
BOJICTBEHHOM CTpaTeruul U Mepax Io ee MepeoleH-
ke. Jlmg moaiepX KU OLEHKH IPOU3BOJICTBEHHOU
CTpaTervy MPOMBIIUICHHBIC MPEIIPUSTHS TOJKHBI
WCIOJIb30BaTh WHCTPYMEHTHI OTYETHOCTH U aHAIH-
3a, MMO3BOJIIOIINE aHAIM3UPOBATH (PAKTOPHI, BIMA-
IOLIME Ha IPUHUMAEMBIE MEPBHI.

B crparernueckoi kapre nIpoCMaTpUBAOTCA CO-
3/laHHBIE LIEHHBIEC MPENJIOKEHUS, POXKAAIOIINECS B
MOJpa3eNIeHUX IPU UHTErPally IPYT C IPyroM B
OJHOM TpaUIecKkoM IpeJCTaBICHUH, TJ/Ie Cpasy
BO3HUKAET BO3MOXXHOCTH IOCPEJICTBOM CTPATErHH
KapTHPOBaHMS CYLIECTBEHHO TIOMOYb B IOBBILICHUH
KOHKYPEHTOCIIOCOOHOCTH TMPOMBIIIJICHHOTO IpeJ-
MpUSTHA, O0IIAACh C pyKOBOAUTENAMHE [4, 15].

Jnst mocTmKeHUsl ycrexa HeoOXOOUMO Ipeno-
CTaBUTh pecypchl U (pUHAHCHPOBATh WHHULIMATHBEI.
PaboTHukaM OymyT HEOOXOAMMBI HOBBIE HHPOPMA-
IIUOHHBIE MHCTPYMEHTHI, KOTOPBIE JOJKHBI BKITIO-
YaTh CHCTEMY aHajM3a, MOKa3aTesld paHHero mpe-
IYTIPEXIEHHS, OTYEThl 00 MCKIIOUEHHSIX TOTO WIIH
MHOTO II0Ka3aress, COTPYAHUYECTBO IIOApa3zene-
HUH MPOMBIIIJIEHHBIX MPEANPHUITHH.

BrIiBOabI

CoBepIIeHCTBOBAaHUE ITPOU3BOJCTBEHHON CTpa-
TETUU TPYJOEMKHUHU MpoliecC, KOTOPbIA M3HAYaIbHO
BBICTPAMBAETCSd Ha aHaJM3€ MPOU3BOJCTBEHHBIX
BO3MOYKHOCTEM  IPOMBILUIEHHBIX  IPEANPUATU.
CTpyKTypupOBaTh U YINPOCTUTh 3TOT IMPOLECC MMO3-
BOJISIET METOJMYECKUN TOJIXO/I, PACKPBIBAOIIUI MO-
CJIEIOBATEIILHOCTD BBIMOJIHEHUS] TIPOMU3BOJICTBEHHBIX
atanoB. /s moBbimieHUs 3(QQPEKTUBHOCTH TPOU3-
BOJCTBEHHOM CTpaTeruu PEKOMEHAYETCS MpUMe-
HSITh MHJAEKC MPOU3BOJUTEIBHOCTH MPOMBIILIEH-
HBIM TPEANPUSITUSAM, COCTABISIOIMIMMU KOMIIOHEH-
TaMHd KOTOpPOTO SIBJISIOTCS HHIEKCHl TPOU3BOJ-
CTBCHHOM KOMIICTCHTHOCTH 1 JCJIOBOIM aKTUBHOCTH.

3a OCHOBY pacueTa OINpeNeieHbl CEMb CTpaTernye-
CKHUX MPOMU3BOJICTBEHHBIX 3a/1a4. PaccMaTpuBaeMblit
MOKa3aTenb JaeT BO3MOXHOCTh HauOojee IOIHO
OILICHUTH MPOU3BOJCTBEHHBII MOTEHIIMAN U HAIpaB-
JICHUs JajbHENIero pa3BUTHUs MPOU3BOJICTBa. Pac-
CYHTaHHBIC TIPOTHO3HBIE ITOKA3ATENN 110 COBEPIICH-
CTBOBAaHHMIO MPOM3BOACTBEHHOW cTpareruu 0000-
IIAfOTCSl B OTYETaX JJIs BU3YyaIM3allH{ ITOCIIEI0BA-
TEJbHBIX JCHCTBUN yNPABICHLEB B BUJAE CTPATEIrU-
YECKOU KapThl.
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TEOPETUYECKHUE MMOJAXO/IbI K OIPEJIEJEHUIO IOHATHUS YCTOMYUBOI'O
PA3ZBUTHUA 'OPHOAOBBIBAIOILIEI'O IPEAIIPUATUA

© 2023 r. H. B. Ilepexpect, O. A. 3aTensikun

Cudupckuii rocyaiapcTBeHHbIl HHAYCcTpUaabHbIA yHuBepcuteT (Poccus, 654007, Kemeposckas o6 — Kyzbace,
Hosoxkysneuk, yin. Kuposa, 42)

Annomayus. [IpobiemMa yCTOWUMBOIO pa3BUTHsI CTAHOBUTCS BCe 0OJIee aKTyallbHOM M IEPBOCTENICHHOM, HECEeT B ce0e OCHOBY
BCel 9KoHOMHYECKoW moiuTuku. B 1987 r. mpencenarenem MekayHapOJHOM KOMHCCHM TIO OKpYXKalOIIel cpene U
Pa3BUTHIO BIiEpBbIe ObLT 0003HAYEH THIT PA3BUTHSL, KOTOPBIA YUUTHIBACT HE TOJIBKO HHTEPECHI COLMAIBHOM cepbl, HO 1
TpHpos! (3Konorun). KoHmenws ycToH4MBOro pa3BUTHS SIBWIACH OTKIIMKOM CTEHKXOJIEPOB KPYITHBIX HPEATPHATHI
Ha BO3PACTAIOIIE JKOJIOTHYECKHE TPoOaeMbl Ha (POHE SKOHOMHMYECKOTO POCTa W MOMBITKA PEUIUTh MpOOiIeMy
(hopMHPOBaHUST HOBOM MOJENH PA3BUTHS UeNOBeUeCKOHM IuBIM3aniy. OCHOBHOW 3a7aveil yCTOWYMBOTO Pa3BUTHS
SIBIISIETCS. YJOBJIETBOPEHHE YETOBEUECKUX TOTPEOHOCTEH U CTpEMIICHNH, 0OeCTIeIeHIe Pa3BUTHS TIOKOJIEHNs Oe3 yrepOa
nHTEpecoB Oymymux. /lo HACTOSIIETO BPEMEHHW HE CIIOXKHIIOCH CAMHOTO TOJKOBAHMS YCTOMYMBOIO PasBUTHSM Kak
OIPEAENEHHOTO TEPMUHA. 3apyOeXHbIE W POCCHICKHE HCCIEAOBATENN B KaXIOW CBOSH paboTe HAaXOIAT pasHbIC
B3aMMOCBSI3H M (DaKTOPHI BIMSHMS, C MOMOIIBIO KOTOPBIX MOYKHO OBUIO OBl ONpPENEITUTh YHUBEPCATHHYIO TPAKTOBKY
YCTOWYMBOTO PA3BUTHS I TOBCEMECTHOTO MCTIONB30BaHMs. [Ipy riccnejoBaHiN pa3nyIHBIX OIXO0/IOB K OIPEICICHHIO
YCTOMYMBOTO Pa3BUTUs MPEAIPHUSTHI ObLIO YCTAHOBJIEHO, YTO 3TO MOHSTHE HEOOXOIUMO PacCMaTpPHUBATH C TOUKH
3penust ek THBHOCTH U1 BceX (PyHKIMOHAIBHBIX cep ero IesTeNbHOCTH, YIUTBIBASI IPH 3TOM HHTEPECH! O0LIECTBa,
SKOHOMHKH U OKpYXaromel cpepl B 1esioM. OTensHoe BHUMAHNE YIeTSIeTCsl YCTOHYNBOMY Pa3BUTHIO MPEAIPUSATHSL
TOPHOJOOBIBAIOIIEH OTpaciy (MacIiTaOHOM OTpacid MHPOBOM AKOHOMHKH). Creruduyeckue 0CcOOEHHOCTH
MIPOU3BOJICTBEHHOIN JIEATEIPHOCTH TOPHOJOOBIBAIOIIETO MPENPUSTHA  00YCIABIMBAIOT BAKHOCTH  CIICIOBAHUS
Konnemum nepexoma Poccuiickoit @eneparmu kK ycToifunBoMy pasBuThio. Ha OCHOBE OTpaXKEHHBIX NPUHIMUIIOB
YCTOWYMBOTO Pa3BUTHSI TOPHOIOOBIBAIOIIETO MPEIPHATHS OBUIH BBLIEICHBI OCHOBHBIE ITAPAMETPhI M XapaKTEPUCTUKH,
HEOOXOIMMBIE Ul YTOUHEHHS OIpPEENCHHsT YCTOWYMBOIO PAa3BHUTHS MPENNPUSTHS COOTBETCTBYIOLICH OTpacIL.
Pesynbratel BcciieoBaHus PaCIMPSIIOT 1 IOTOHSIOT W3BECTHBIE 3HAHKS O TEOPETHUECKHX TOX0/aX K ONpPE/IEICHHIO
HCCIIETyeMOi KaTeTOpHHL.

Kniouegvie cnoea: ycroiiumBoe pasBuTHe, KoHIenums yCTOWYMBOIO pa3BUTHS, YCTOHYMBOE pPa3BHUTHE
ropaopoosBaronero npeanpusatust, ESG mpuHIums

Mna uumuposanusn: llepekpect H.B., 3arenskun O.A. Teoperuyeckue MOAXOABI K OMPEACIECHUIO TOHSATHUS
YCTOMUMBOrO pa3BUTHSA TOpHOAOOBIBatomiero npeampusitus // BectHuk CuOHMPCKOro rocynapcTBEHHOTO
nHAycTpuansHoro yHuBepcurera. 2023. Ne 1 (43). C. 116-125. http://doi.org/10.57070/2304-4497-2023-1(43)-
116-125

Original article

THEORETICAL APPROACHES TO THE DEFINITION OF THE CONCEPT OF
SUSTAINABLE DEVELOPMENT OF A MINING ENTERPRISE

© 2023 N. V. Perekrest, O. A. Zatepyakin

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

Abstract. The problem of sustainable development is becoming more and more urgent and paramount, it carries the
basis of all economic policy. In 1987, the Chairman of the International Commission on Environment and
Development for the first time identified a type of development that takes into account not only the interests of
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the social sphere, but also the environment (ecology). The concept of sustainable development was a response of
the stakeholders of large enterprises to the increasing environmental problems against the background of economic
growth and an attempt to solve the problem of forming a new model of human civilization development. The main
task of sustainable development is to satisfy human needs and aspirations, to ensure the development of the present
generation without prejudice to the interests of the future. To date, there has not been a single interpretation of
sustainable development as a specific term. Foreign and Russian researchers in each of their work find different
relationships and factors of influence, with the help of which it would be possible to determine a universal
interpretation of sustainable development for widespread use. In the study of various approaches to the definition of
sustainable development of enterprises, it was found that this concept must be considered from the point of view of
efficiency for all functional areas of its activities, while taking into account the interests of society, the economy
and the environment as a whole. Special attention is paid to the sustainable development of the mining industry (a
large-scale branch of the world economy). The specific features of the mining company's production activities
determine the importance of following the Concept of the Transition of the Russian Federation to Sustainable
Development. Based on the reflected principles of sustainable development of the mining enterprise, the main
parameters and characteristics necessary to clarify the definition of sustainable development of the enterprise of the
relevant industry were identified. The results of the study expand and supplement the known knowledge about

theoretical approaches to the definition of the category under study.

Keywords: sustainable development, sustainable development concept, sustainable mining enterprise development, ESG principles

For citation: Perckrest N.V., Zatepyakin O.A. Theoretical approaches to the definition of the concept of sustainable
development of a mining enterprise // Bulletin of the Siberian State Industrial University. 2022, no. 1 (43),
pp. 116-125. (In Russ.). http://doi.org/10.57070/2304-4497-2023-1(43)-116-125

Beenenue

Tepmun «ycToitunBoe pazBuTHe» yike comnee 30 et
HCIIONB3yeTCAd B MPOrpaMMHBIX JOKYMEHTAX MeEX-
JYHapOIHBIX, HAIIMOHAIBHBIX, PErHOHAJIBHBIX, KOp-
MTOPAaTUBHBIX YPOBHSX.

IlepBoe, ocHOBoIONAraomiee MnpeacTaBieHue 00
YCTOWYMBOM Pa3BUTHH KaK O HAYYHOM TMOHSITUH ObI-
o mpexacrasiieHo [.X. BpyHartnanmoM B Joknane
MexnyHapoIHOM KOMHCCHU MO OKPY>KAIOILIEH cpenie
u pazsutuio B 1987 r. B Puo-ge-Xaneiipo [1].

Poccuiickue ydeHble pacCMaTpUBarOT YCTOMUMBOE
pa3BUTHE TIPEANPUSTHA C TPHULEIOM Ha OTIEIBHBIC
COCTaBIISIIOIINE €0 IEATENIbHOCTH ((PMHAHCOBYIO, SKO-
JIOTUYECKYIO, POU3BOJICTBEHHYIO, TEXHOJIIOTHIECKYIO).
Takue mOMXOABI OOBSCHSIIOT MHOT0OOpasHe WMEFo-
LIUXCS ONPEIETIEHHI YCTONUMBOIO Pa3BUTHSL

B paborax [2 — 12] ycroifunBoe pa3BuTHE TIpe-
MIPUSATHS ONPEIENAIOT Ha OCHOBE B3aWMOCBS3H JKO-
HOMUYECKOM yCTOWYMBOCTH M YCIIOBUHM XO3SIHCTBEH-
HOW cpensl ero pyHkuMoHUpoBaHud. pyroi mon-
X0Jl, OCHOBAHHBII Ha OTOXKIECTBIEHUU YCTONYNBO-
TO Pa3BUTHUS MPEINPUITUS C ero (PUHAHCOBBIM CO-
CTOSTHHEM, UCTIONB3YIOT B paborax [13 — 15]. B pa-
6otax [16 — 20] ycroiiunBoe pa3BUTHE MpEIIpPHs-
THS OIPENENSIFOT Ha OCHOBE IKOHOMHYECKOTO paB-
HOBECHSI, CTAOMIIBHOCTU M Ha/ISKHOCTU €ro (PHHAHCO-
BO-XO3SHCTBEHHOH JiesiteNlbHOCTH. B padoTax [21 — 25]
YCTOWYHMBOE pa3BUTHE MPEANPHUATHS paccMaTpuBa-
0T Ha OCHOBE COOTBETCTBHSI HOPMAaTHUBHBIM IOKa-
3aTelsIM OLIEHKH JAESITEIbHOCTH Npeanpuatus. 3a-
pyOexXHBIE HccaenoBaTend B paborax [26 — 28]
paccMaTpuBalOT YCTOWYHMBOE pPa3BUTHE MPEIIpHUs-
THUH KaK BO3MOXHOCTH OOILIETr0 pa3BUTHA rocynap-

CTBa Yepe3 yBEINYHUBAIOIIMNCSA MPUTOK HAJOTOBBIX
JOXOZ0OB B OIOJUKET, Yepe3 HOPMAaIM3aLUIO I0JI0-
JKEHHUsSI OOIIecTBa IOCPEICTBOM CHIDKEHHUs Oe3pa-
O0otunbl. Hapsimy ¢ pocCHHCKMMH YYEHBIMU TIPH
WCCIIEIOBAaHUH ONpEEIeHNs YCTONYMBOIO Pa3BUTHS
NPEANPUATHAS OHM 3aTPAaruBalOT NpoOJIEeMbl pPaBHOBE-
CUSl MEXJY SKOJIOTMEW U SKOHOMUKOM. TTojxospl, oc-
HOBaHHbBIE HA UCITIONb30BAHUY KOHIIETIIMIN «3€TIEHOT0»
TOPHOTO J€Nla ¥ TeOMETANTYpPruy, akTHMBHO Pa3BHBa-
I0TCSI, MX peain3alysi BO MHOTOM OyZIeT ONpeaessTh
pa3BUTHE TOPHOJIOOBIBAIONICH OTpacid B OymymieMm.
I'opHOIOOBIBAIOIIMM ~ TPEANIPUATUSIM ~ HEOOXOAUMO
OPUEHTUPOBATHECSI B OOJBIICH Mepe Ha MEPCIEKTUB-
HOCTb JIEATENFHOCTH M DKOJIOTHYECKOE BBDKMBAHHE B
JIONITOCPOYHOM TIEPHOJIE, & HE HA TMOJTyJYEeHHE MPUObI-
T B KPaTKOCPOYHOH repcriekTrBe. B padorax [29 —
34] mumryt 06 yCTOMYMBOM Pa3BUTHU TPEATIPUATHUS
Kak 0 mporiecce ero (pyHKIMOHMPOBAHUS TpPU JI0-
CTIKEHUH YCTOMYMBOTO pOCTa 3KOHOMHKH, CO3Jia-
HUM CIPaBEAIMBBIX OTHOIIEHUI MEXy TOKOJICHHS-
MU, TIOBBIIIEHHH Ka4yecTBa JKU3HH W COXPaHEHUH
COLIMANTBHBIX U KYJIBTYPHBIX IEHHOCTEH.

HeomHo3HauHOCTE B3MVISZIOB YYEHBIX B OIpEieNie-
HHUW YCTOWUYHMBOTO Pa3BUTHS MPETIPUSTHS 00yCIaBIIH-
BaeT HEOOXOAMMOCTh NABHEHIIEr0 HMCCIEeOBAHUS H
yTO4YHEHHs! (POPMYIUPOBKH €TO LN U 3a]a4.

Llens HacTosiIeH pabOTHI — BBISIBUTH Hamboiiee
TOYHBIE XapaKTEPUCTHUKH, OTPAKAIOIIHE CYIIHOCTD
MOHSATHS YCTOMUMUBOTO Pa3BUTHUS NPEATPUATHSL.

3aza4uu UCCIIEOBAHNS CIEAYIOIIHE:

— PACKpBITh OCHOBHBIE ITOXOABI K ONPENEICHHIO
YCTOHYHMBOTO Pa3BUTHS MIPEIITPUATHS;
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Puc. 1. [Toaxo/p! K ONPEICICHUIO YCTOHYUBOTO Pa3BUTHS X035 CTBYIONIECTO CYyOBEKTa
Fig. 1. Approaches to the definition of sustainable development of an economic entity

— ONPEJCIIUTh CHCIU(PHUKY IEATEIBHOCTH TOPHO-
JOOBIBAOIIIETO TPEATPUSITHS,

— PACKPBITh MPUHITUIIEI U TIOHATHE YCTOHIHUBOTO
Pa3BUTHS TOPHOOOBIBAIOIIETO MIPEAIIPUSITHUS;

— YTOUHHUTH OIpPEAENICHUE YCTONYHMBOrO pa3BU-
THSL IPEAIPUSITUS C YIETOM OTPACIH.

onxoaw! K onpeaeeHUI0 YCTOIYUBOI0 PA3BUTHS

[Ipenmoceuikoi BeIAENEHUST U (HOPMUPOBAHUS
MOIXOJI0B K OMPENETICHUI0 MOHATUS YCTOWYHBOTO
pPa3BUTUSL TPEANPUSATHS  SABISETCS  OTCYTCTBHE
€MHCTBA BO MHEHUSAX YUEHBIX IIPH OTPEICICHUU U
TPAKTOBKH paccMaTpuBaeMoOro TepMuHa (puc. 1).

OCHOBOMIONArarOImUii  MOAXO K OMNpeIeNICHUI0
ycTOWYMBOrO pa3BUTHA B Poccuum Hamien cBoe oTpa-
xenue B Konnemn nepexona Poccuiickoit denepa-
MM K YCTOMYMBOMY pPa3BUTHIO, KOTOpasi A0 HACTOS-
LIEro BpeMEHH SBIsieTcss Oa30BBIM JOKYMEHTOM,
onpeessIoInM HoIMTUKY Poccuu B 3T0# 00nacTu.

Konnenuust moapazymeBaeT, 4TO YCTOWYHBOE
pa3BUTHE — 3TO TOBBIIIEHHE YPOBHS M KadecTBa
YKU3HU HACEJIEHHUS HA OCHOBE HAyYHO-TEXHUYECKOTO
mporpecca, AMHaMUYHOTO Pa3BUTHUS DKOHOMHUKH U
COIMaNTbHON cepbl NMpH COXpPaHEHWUH IPOU3BO/I-
CTBEHHOTO TOTEHIMAaJIa MPHUPOJHOTO KOMIUIEKCa
CTpaHbI KaK yacTu Ouocdepsl 3eMin, a TakkKe TeX-
HOJIOTHYECKOTO MOTEHIMalla B WHTepecax HBIHEI-
Hero u Oymymux mokojieHu# [35].

IMoMuMO pa3pabOTKH HAIMOHATBHOW CTpaTeruu
nepexosa U ONpeAesieHNs] CUCTEMBI LieJiel cTpare-
rui B KoHIenuuu Hamui OTpakeHHWE BOIPOCHI
pa3paboTKH MHIUKATOPOB YCTOHYMBOIO Pa3BUTHS,
OTpeiesICHHs] MEXaHU3MOB peai3alii KOHIEINN
YCTOMYMBOI'O Pa3BUTHA.

IpaBurensctBo Poccuiickoit Peneparmu 31 aBry-
cra 2002 r. yrBEepamiIO DKOJOTHUYECKYIO AOKTPHHY,
OCBEILAIONIYI0 MU YCTOMYMBOro pa3Butus. B Hel
OMpENENIEHO, YTO YCTOHUMBOE pa3Butue Poccuiickoi
®denepali, BHICOKOE KauyeCTBO KU3HU M 37I0POBbS €€
HACENEHNs], a TAKKEe HALMOHAIbHAS O€30I1aCHOCTh MO-
ryT OBITH OOECIeUeHb! TOIBKO NP YCIIOBUM COXpaHe-
HHUA TIPUPOTHBIX CHCTEM M TIO[IEP)KAaHHS COOTBET-
CTBYIOLIET0 KaueCcTBa OKpY>Karomen cpensl [36].

Crnenyronuii oXoJ K ONPEAENCHHUIO YyCTONYH-
BOTO pa3BUTHA XapaKTEPHU3YETCS B3aUMOCBS3BIO
MEXIY SKOHOMHUYECKOM YCTOMUMBOCTBIO U YCIOBU-
AMH  (YHKUMOHUPOBAHUSI TPEANIPUATHS. XO3sii-
CTBEHHasl cpena TPEANPHUATHS pacCMaTpPUBAETCS
KaK KOMIUIEKC B3aWMOCBSI3aHHBIX M B3aUMO3aBUCH-
MBIX BHEIIHUX U BHYTPEHHUX (aKTOPOB (pHC. 2).

Eme oguH nmoaxoa K OMpeneneHuo yCTOMYNBOTO
Pa3BHUTHSI OCHOBBIBAETCS Ha OTOXIECTBIEHHH IKOHO-
MHYECKOH YCTOWYMBOCTH MPEATPHUSTHS C €ro (pHHAH-
COBBIM COCTOSHHEM. ['JlaBHas poib IpU 3TOM OTBO-
IUTCS (paKTy WM PUCKY YOBITOYHOCTH, a OaHKpOT-
CTBO TMpemHa3HAYCHO A oOecrieueHMs (HYYHKITMOHH-
POBaHMs YCTOWUMBBIX NpeanpusAThi (puc. 3).
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Puc. 2. Onpenernenust yCTOWYMBOTO Pa3BUTHUS MIPEANPHUATHS Ha OCHOBE B3aHMOCBSI3U SKOHOMHYECKOH YCTOHIMBOCTH U
YCJIOBHH X035HCTBEHHOH cpe/ibl ero GpyHKIMOoHupoBaHus [2 — 12]
Fig. 2. Definitions of the sustainable development of an enterprise based on the relationship between economic stability and
the conditions of the economic environment of its functioning [2 — 12]

PaccmaTpuBaeMblii  TIOJXO  XapaKTEpHU3YETCs OTPaKCHHUEM TOJIBKO OJTHOM U3 CTOPOH AESTEIHLHOCTH

BHHUMAaHHUEM I/ICCHGILOB&TCJIeﬁ B OCHOBHOM Ha (1)I/IHaH-
COBBI€ M PKOHOMMYECKHE aCIEKTHl XO3SHMCTBOBAHMS
NpeAnpusATUsa, 9YTO HC pACKPLIBACT yCTOfI‘{PIBOCTL KakK
KOMIUICKCHYIO KaT€roprio, KOTopas HEC MOXKCET OBITh

HpEeANpUsITUs], a OTpaXkaeT YCIHEIIHOE OCYILECTBIIE-
HHE IPOM3BOJICTBEHHOM, KOMMEPYECKOH, (pUHAHCO-
BOW M MIHOW JIESTENbHOCTH NPEIIPHUSTHSL.
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pacxomangr IyTeM 3QdeRTHEHOrO I HCNOMEI0EAHMA, CHOCOOCTEYIOWETo OecrnepeboiHoNMy
IpOLECcey NPOHZEOICTED H Peaizallii IIPoIyELIH

Puc. 3. Onpezenenunsi yCTORYUBOTO Pa3BUTHUsI NPEIIPHATHS Ha OCHOBE OTOXK/IECTBIICHHUS € ero (prHAHCOBBIM cocTosiHueM [13 — 15]
Fig. 3. Definitions of sustainable development of an enterprise based on identification with its financial condition [13 — 15]
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. _— YIIPABRIEHHECKOH, COMUANTEHOMN I TEXHOMOTHEECKOH) B CONMOCTARIEHI C YCIOEHAME OIaromoiyHHEM

Puc. 4. OnpeneneHust yCTOWIUBOTO Pa3BUTHUS MIPEANPHUSTHS Ha OCHOBE SKOHOMHYECKOTO PaBHOBECHSI, CTAOMIBHOCTH U HaJISKHOCTH
ero (PMHAHCOBO-XO3SHCTBEHHOI nesTensHocTH [16 — 20]
Fig. 4. Definitions of sustainable development of an enterprise based on economic equality, stability and reliability of its financial
and economic activities [16 — 20]

Tperuil nogxox K ONPEAEIIEHUI0 paccMaTpUBae-
MOW KaTeropHH MpEAINOoJIaracT CpaBHEHHE U CBS3b
SKOHOMHYECKON yCTOWYMBOCTH C 3KOHOMHUYECKUM
paBHOBECHEM, CTAOMIBHOCTBIO U HAJIE)KHOCTBHIO
(PMHAHCOBO-XO03SMCTBEHHOM JIEATEIILHOCTH (pUC. 4).

Crenyronuii moaxoa K ONpeeICHHI0 PaccMar-
pHBACMOI KATErOpUHM MOXHO OXapaKTepU30BATh
KaK TpE/ICTaBlICHHE YCTOMYMBOTO PA3BUTHUSI B COBO-
KYIHOCTH Ka4YECTBEHHBIX W KOJMYCCTBCHHBIX Xa-
PAKTEPUCTUK JACATEILHOCTH TPEANPHITUS M MOKa-
3areseit ux 3Qp(PEeKTUBHOTO KCIOJb30BaHUsA. Takoit
MOJIX0/I paccMaTpUBaeT yCTOWYHBOE DPa3BHUTHE
TOJILKO C TO3UIIMHA COOTBETCTBHS HOPMATHBHBIM
MOKA3aTeJIsIM OLICHKH JESITeIbHOCTH MPEAIPHITHS
(puc. 5).

PaccmarpuBaemblii moaxon Oasupyercss Ha orpe-
JICNICHUN YCTOWYMBOTO PAa3BUTHS MPEIIPUATHH I10-
CPENICTBOM TIyOOKOTO M3Yy4YEHHS! €r0 OCHOBHBIX CO-
CTaBISIOIMX (PUHAHCOBO-XO3SHCTBEHHOHN JesITENb-
HOCTH (pEHTAa0ENbHOCTh, TMPUOBLIL, AKTUBBI) IPE/I-
MIPUATHS KaK OCHOBY €ro yCTOWYHMBOIO PAa3BHUTHSL.
[MpumeHeHre Takoro MoX0Jia PalMOHAIBHO TONBKO
C TIO3WIIMU B3aWMOCBS3M YCTOWYMBOTO Pa3BHUTHS C
OIpE/ICIICHHBIM COCTOSIHEM SKOHOMHYECKOH JIMHA-
MUKH.

TakuMm 00pa3om, Ha CETOHSIIHUMN JIEHb KaTero-
pUsl «yCTOWYMBOE PAa3BUTHE» HMEET MHOMKECTBO
OTIpeJIeNICHHH, Pa3INYarOIIUXCs M0 BHJAM paccMar-
pHBaEeMbIX BHENTHUX M BHYTPEHHUX (PAKTOpPOB, BIH-

SFOIIMX Ha JISATSIbHOCTh NpeAnpusaTuii. B padorax
[37] aTO mOATBEPKIACTCSI.

Kaxnaprii uccrnenoBatens mpu mojdope Ooiee
TOYHOT'O MOHSTHUSI YCTOMYUBOTO Pa3BUTHS OITUPACT-
Cs Ha JUYHOCTHBIC OIIYIICHUS MPAKTUICCKOW 3Ha-
YUMOCTH M BO3MOKHOCTH €ro CTaHAapTU3aLuU
HE3aBHCHUMO OT c(hephl AESITEIHbHOCTH MPEATIPHUSITHS.

[ToaTOMy BO3HHMKAEeT HEOOXOAUMOCTh KOHKPETH-
3al[UU ONpPEIEICHUIN MOHATUS «yCTOMYUBOE Pa3BU-
THE» MPUMEHUTENBHO K NPEANPUATUIM KOHKPETHO-
ro CEKTOpa AKOHOMHUKU C YYETOM CICHU(PUKUA HX
NEATeTLHOCTH, & UMEHHO JIJISl IPEATPUATHS TOPHO-
JIOOBIBAOIIIEH OTPACIIH.

[Ipu >TOM Ba)XHO YYUTHIBATH PE3YJIBTATHI HC-
CJIeIOBAaHMMA MPEIBIAYIINX padoT. Y CTOWINBOE pas3-
BUTHE TOPHOJOOBIBAIOMIETO MPEIIMPHUITUS JTOJKHO
ONPENENATECS KaK COBOKYNMHOCTh HEMPEPBIBHBIX
W3MEHEHHI SKOHOMHYECKOT'0, COI[MAIBLHOIO U KO-
JIOTUYECKOI0 XapakTepa.

IpuHUUNBI M TMOHATHE YCTOWYMBOIO Pa3BHU-
THS TOPHOA00LIBAIOIIET0 MPeANPUATHS

Hocrarouno Oombluasi poccuiickasi HcciaenoBa-
TENbCKasg AayAWTOpUS TPH TPAKTOBKE ITOHATHSA
«yCTOMUYMBOE pa3BUTHE)» OCHOBBIBACTCS HA OIpe/eIe-
HHH, U3J10:KeHHOM B KoHIIenum ycToi4nBoro pa3su-
tus B [Iporpamme «IloBecTtka qus Ha XXI cronetue».
ITpMeHUTENBHO K TOPHOAOOBIBAIOLINM HPEIIPUATH-
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DABHOEECHA M YCTOIMHEOCTH,
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) JEOHOMEOTO HCIONBI0OBAHHA  PECYPCHOrD IIOTEHIHANA H

B CEOSEPEMEHHOTO NpPENyNPEMIOEHMA JHUOTEHHE NPOTHMEOPEMNE HA OCHOBE NPHUESOSHNT E

VHOEIETEOPEHHE
T CYIIECTEOEAH

NoTPE0HOCTH

r COOTEETCTENE C IEAMH PA3ENTHE PETHOHANEHOH HHHOEAIMOHHOH HH(pPAaCTPYETYDEL
/"

\ CHCTEMA IPOLECCOB NO3HTHEHBIX M3MEHEHIDI H BOIUIOIIAOINMK MX TEXHOJIOTHI, HalpaE/ieHHbX Ha |
rapMOHHAITHEY OTHOIEHHH MEXIy 3KOHOMMHECKOH, IKMIOTHHEecKol H colMansHol cdepamu mia
COMUATBHO-3K0HOMHY & CKO

CHCTEMBL B JOITOCpOEHOM
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Il Y [eMeHATNpPAENeHHE MpoNece YIPAENeHHT CONMANTEHO-3KOHOMUHECKOR CHCTEMOH MyHHIMIATEHOTO
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Puc. 5. OnpeziesieHus yCTOWYHBOTO Pa3BUTHS MPEANPHUATHS Ha OCHOBE COOTBETCTBUSI HOPMATHBHBIM ITOKA3aTeIIsIM OLICHKH
JIeSITEeNBbHOCTH peanpuarus [21 — 25]
Fig. 5. Determination of the sustainable development of the enterprise based on compliance with the regulatory indicators
of the evaluation of the enterprise [21 — 25]

SIM B YCTOWYHBOM Pa3BUTHU HEOOXOAWMO JIeNaTh aK-
IIEHT Ha MPOEKTUPOBAHUH U TUIAHUPOBAHWH TOPHBIX
paboT Ha MECTOPOXKIIEHUH JJIsl TOCTHKECHHUS pa3yMHO-
ro OajgaHca MEXKIY SKOHOMHUECKHM, COIMAIbHBIM,
AKOJIOTUYECKAM Pa3BUTHEM TPEANPUSATHS U TOTPeO-
HOCTSIMH TTOTPEOHUTENEH CHIPHSI.

YcroliumBoe pa3BUTHE JODKHO OOECTIEUMBaTH OT-
CYTCTBHE KOH(IIMKTa MEXITy TeXHOCHEPOH 1 TIPHPOIIOH
NP MUHVMAJIEHOM BO3/IEWCTBHM TEXHOTEHHOH CPEIbI
Ha 3KOCHCTEMY TOpPHOIPOMBIIIIEHHOTO pervoHa [38].
MuHVMaIbHOE HapyIIeHWe COCTOSIHHS aTMOCQepsl,
ruzpocdepsl, Teocheppl MPOUCXOIUT TPH OTCYTCTBUM
KaKHMX-JIMOO TEXHOTCHHBIX M3MEHEHHUI COCTOSHUSI HEJIp
B XOJI€ BEJICHHUsI TOPHBIX pa0oT (MPH OTKa3e OT A0OBIUM
TOJIE3HBIX WICKOTIAeMbIX). BIIOTHE JIOrMYHO, YTO OTCYT-
CTBHUE TOOBIUM ¥ TOTPEOICHNST MIHEPATIBHBIX PECYPCOB
MIPOTUBOPEUHT PA3BUTHIO COIMyMa (pHC. 6).

Crnenudurka (yHKIMOHUPOBAHUS TOPHOIOOBI-
BAIOMINX NPEAIPUITUA COCTOUT HE TOJBKO B HE TO-
BTOPSIEMOCTH OOBEKTOB HEIPOIOJIb30BaHUs, H3Me-
HEHUU BO BPEMEHH U MPOCTPAHCTBE MPEAMETA TPY-
Jla, KpaiiHel HeCTaOWILHOCTU U CIIOKHOW MPOTHO-
3UPYEMOCTH PBIHKA ChIPbEBOM TOBAapHOM IPOIYK-
LMK, BBICOKOM HEIOCTOBEPHOCTH HCXOAHOW WH-
(dbopMauu 0 COCTOSHUM OOBEKTa OCBOCHHS HEIp,
HO M B HEOOXOJUMOCTH y4yeTa B3aUMHOTO BIVSHHS
Pa3IMYHBIX TEOTEXHOJIOTHH W TapaMeTpOB TOPHO-
TEXHUYECKUX KOHCTPYKIUMH Ha COCTOSIHHUE U CBOM-
CTBa MacCHBa FOPHBIX MOPOJ, a TAKXKE Ha MapaMeT-
PBI TOPHOTEXHUYECKON CHCTEMBI B LIEJIOM.

I'opHOOOBIBAIOIICE TIPEANIPUATHE HMEET P
crenu(puYeckuXx  O0COOECHHOCTEH, OKa3bIBAIOIINX
HEIMMOCPEACTBECHHOC BJIMAHUC HA IPOU3BOACTBCHHBLIC
W yIpaBJleHYEeCKHE ITPOIIECCH], W, CJE/I0BATENLHO,
Ha MMOKa3aTeIM YyCTOWYHBOTO Pa3BUTHS KOMITAHHH:

— YHUKAQJIBHBIC, CHCHI/I(bI/I‘IeCKI/Ie aKTHUBBI, KOTO-
pbl€ OTCYTCTBYIOT B IPYTUX OTPAcCIIiX;

— BBICOKAsl KalHWTaJIOCMKOCTb, BBI3BAHHAS MPO-
W3BOJICTBEHHOW  HEOOXOJUMOCThIO  MPUMCHEHUS
JIOPOTOCTOSIIIINX OCHOBHBIX CPEACTB I JOOBIUH,
nepepadOTKU U TPAHCIOPTHPOBKU CHIPbS, a JJIs
TaKXKe CTPOUTENHCTBA MOJA3EMHBIX COOPYXKCHUH U
HA3eMHBIX KOMILIEKCOB;

— BBICOKHE (POHIO- U MATEPHAIOEMKOCTH, 00Y-
CJIOBJICHHBIE HEOOXOAMMOCTBIO TOJJICPKAHUS TIPO-
W3BOJICTBEHHON MOIITHOCTH, a TaK)Ke 00CITy >KHBaHUS
¥ peMOHTa 000PYI0BaHUS;

— 3HAUMTEJIbHAS HArpy3Ka Ha OKPYXKAIOIILYIO CPELY;

OCOOEHHO 3TO aKTyaJbHO JUIS OTKPBITHIX TOPHBIX pa-
00T BCIIEJICTBUEC YHHYTOXKECHHSI PACTUTEIHHOTO TTOKPO-
Ba HaJl MECTOPOIKIICHHEM, BBIPYOKH JIECOB M 00pa3oBa-
HHSI OTBAJIOB; B3PBIBHBIC PA0OTHI  COIMPOBOXKIIAFOTCS
3HAYMTETBHBIM BBHIOPOCOM TIBUTH, YMEHBIIAETCS CTOU-
KOCTB TIOUB, UYTO BeJIeT K 00pa30BaHUIO 3PO3HUHL;
- ONacHbIE TPOU3BOJCTBEHHBIC MPOIECCH U pado-
THI, obecrieueHne O€30MacHOCTH TOPHOTO IPOHU3
BOACTBA ABJJIAIOTCA HEOTBEMJIIEMBIM Tpe60BaHI/IeM
BeJICHUsI paboT.

st obecrieueHrsT MHBECTAIIMOHHON TIPHBJICKATEITh-
HOCTH M KOHKYPEHTHOCITIOCOOHOCTH TOPHOZI00BIBAIOIIAM
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>| 9TANEI  PeEyIETHEAITMH

6e3yOBITOMHOCTH HA BCEX 3TaNax OCEOSHMA JIMIIGH3MOHHOTO YHAaCTKA HeIp, BEJIOHAT
TEPPUTOPMET M MHOTOGYHEIMOHATEHOTO
cthOpMIPOEAHHEN EEIPa0OTAHHE MPOCTPAHCTE

HCIIONEI0EIHILT

SEOHOMMUHOCTH, pecypco- M 3HeprocOepeseHMd TeXHONOTHYUECKMX IpOIEccoE
moDBHE © MMEIIOTIAIMei BEIDpOCOE B amMocdepy

OEpYRAIONIEI cpeme

PAIENINE FKOIOTHEECKH COANMAHCHPORAHHED T@0TeXHOIOTINE, IpemyCMATPHEIRIIIX
3| paspaboTky KOMISHCHPYIOINX MepONpHATHH [0 JHKEMJATME ymepda, HAHOCHMOTO

02TOPOEHTENEHER TPOOIeM

CO303HUA YCIIOEMIT [MIE POCTA MATepHATRHOTO OMIaroCOCTORHHA, MPHHATH Mep IO
> PEISHMI0 COIMANEHO-3KOHOMIMECEI, KWIE[YDHO-OBITOBED, NyXOBHEX M CIIOPTHEHO-

2 PA3EHTHA OTEPEITOCTH, MPO3PEHHOCTH CHCTEME! KOPIOPATHEHOTO YIIPAEISHHA

TIpHHLMILT 06 eCIIed eHHS YCTOHUYHE OTO PasBHTHS

midpoeoi

TpAaHCHOPMAITHH,
TEXHOIOTHI B pasiYHEIE GU3HeC-TIPOLECCE

NpeIYyCMATPHEIOMEH  EHeOpeHHe  IMQpPOERIX

Puc. 6. [IpyHOMTBI YCTOHYMBOTO Pa3BUTHS TOPHOAOOBIBAIOIIETO MPEANPHUITUS
Fig. 6. Principles of sustainable development of a mining enterprise

MPEINPHUATASIM  OCOOEHHO Ba)KHO TIPHACPKUBATHCS
CYIIECTBYIOIIEH B coBpeMeHHOM Mupe KoHuemnmu
ycToiunBoro pazsutus (Konuermmeil TpoiHoro xpu-
Tepusi). llpy TPHHSATAM KOPIOPATHBHBIX PEIICHUI
JIOIDKHBI YYUTHIBATECSI HE TOJIBKO TIOKa3aTeny (prHaH-
COBOM JIEATENTHHOCTH TPEIIPHUATHS, HO TAKXKE COITH-
QTLHBIC ¥ SKOJIOTHYECKHE PE3YIILTATHL

Benenne 6u3neca Ha npuHimnax ESG cranoBut-
Cs HE TPOCTO Bce OoJiee TOMYJISIPHBIM TPEHIOM B
JICJIOBOM Ccpefie, HO U OJHUM W3 OCHOBHBIX HHCTPY-
MEHTOB YCTOHYHMBOTO Pa3BUTHS TOPHOI0OBIBAIOIIETO
MIPENPHUATHS B TOITOCPOUHOH MTEPCIIEKTHBE.

B 3akiitoueHue yTOYHUM MOHSTHE YCTOWYHUBOTO
pa3BHUTHE TOPHOAOOBIBAIOIIETO MPEAPUATHS — 3TO
CIIOCOOHOCTP TIPENIPHUATHS COXPAHATh B JTUHAMUKE
ESG-mokazatenu CBOEro 3KOHOMHUYECKOTO POCTa
pu 00CCIEUCHUH pealli3alliid TOPHOI0 MOTEHIHA-
JIa YIOBJIETBOPEHUS YEIOBEYECKIX MOTPEOHOCTEMH C
YYIETOM WHTEPECOB OXPAHBI OKPYKAIOIICH CpeIbl.

BrIiBoabI

OYHKIIMOHUPOBAHKUE TPEANIPUATHS JIOJDKHO Oa-
3UPOBATELCSI HA COOTBETCTBHU KPUTEPHSIM OXPAHBI KO-
JIOTUH, 3aIUTHI COIyMa ¥ KOPIIOPATHBHOTO MOTEHITH-
ana BBUJY CJIEIOBaHMS KITIOYEBBIM Mo3ulsiM B ESG-
TpaHchopMarui. MeponpusITHs 10 OXpaHe 3KOJIOTUH
B paMKaxX YCTOMYMBOTO pAa3BUTHSA JOJDKHBI OBITH
HamnpaBJeHbl Ha 3a00Ty 00 OKpYKarolled cpene, MU-
HUMH3AIA TIPUYUHIEMOr0 e Bpeza. 3aluTa COIHy-
Ma TIpefroJiaracT ooecredeHre epcoHana IpeIpHs-
TUIA KOM(OPTHBIMU YCIIOBUSIMH, JIOTIONTHUTEITHHBIME
TapaHTUSMH ¥ BO3MOXKHOCTSIMH, 4 TAKKE BBICTpaHBa-
HUE 3/I0pPOBBIX B3aMMOOTHOIIEHUH BO BHYTpEHHEU

cpene. KopriopatiBHoe yripaBieHHe JOKHO OXBATbI-
BaTh BCE HAMpPABICHHUS BHYTPEHHErO0 KOHTPOJS, ayau-
Ta ¥ PYKOBOJICTBA MPEJIIPHUSTHS.

Ilon ycTOWYMBBIM pa3BUTHEM TOPHOAOOBIBAIO-
LIEro MPEeNpHUsITHsS HEO0OXOIUMO IMOHMMATh IIPO-
1ece, B X0Jie KOTOPOTO M MHBECTUPOBaHUE, U pado-
Ta C TPUPOJHBIMH pecypcaMH, H Hay4dHO-
TEXHUYECKUI NPOrpecc, ¥ IMYHOCTHBIH POCT, U HH-
CTUTYLIMOHAIBHBIC N3MEHEHUS BBICTYIIAIOT B CBSI3KE
JIpyr ¢ apyrom. O0001ast BBIIICH3JIOKEHHOE, ObLIO
0003HAaYEeHO ONpe/AeIeHUEe YCTOMYMBOIO Pa3BUTHS
TOPHONOOBIBAIOMIETO TMPENNpPUATHS KaK CHoco0-
HOCTb TIPEINPHUATUS COXpaHATh B AuHamuke ESG-
MIOKA3aTeld CBOETO0 3KOHOMHYECKOTO pPOCTa IpH
o0ecrieyeHnH peanu3allid TOPHOro IMOTEHIHUaa
VIOBIIETBOPEHUSI UEIIOBEUECKHX IMOTPEOHOCTEH C
YYETOM HHTEPECOB OXPaHbl OKPYKAIOIeH CpPeJIbI.
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K CBEAEHHUIO ABTOPOB

B xypnane «BectHuk Cubupckoro rocynap-
CTBEHHOT'O WHJyCTPUAJILHOTO YHHBEPCUTETa» ITyOiu-
KYIOTCSl OpMTMHAIIbHBIE, paHee He IyOJIMKOBaBIINECs
CTaThH, COJEpIKAaIe HamOOJiee CYIIECTBCHHBIE pe-
3yNIbTaThl HAYYHO-TEXHHYECKHX AKCIIEPUMEHTAIBHBIX
HCCIICAOBAaHMN, a TakXe HTOTH PadoT MpOoOIEeMHOTO
XapakTepa Mo CICAYIONIM HaIPaBICHUSIM:

— (hu3MKa KOHJCHCUPOBAHHOTO COCTOSHUS;
— nH()OpPMAaMOHHbIE TEXHOJIOTHH;

— METaJLTYprusl U MaTepuaioBe/ICHHE;

— perroHaNIbHas U 0TpacieBas SKOHOMHKA.

K pykomnucu ciemyer MpuIIOKUTh PEKOMEHAALUIO
COOTBETCTBYIOIIEH Kadeaphl BEICIIEro y4eOHOro 3aBe-
JICHUS1, SKCIIEPTHOE 3aKIII0UEHHE, pa3pelieHle peKTopa
WIN TIPOPEKTOpa BBICIIETO y4eOHOro 3aBeleHus (It
HEY4eOHOTO TPENNPHUITUS — PYKOBOIHUTENS MM €ro
3aMECTHUTEINs) Ha OMyOJMKOBaHUE PE3yJIbTaTOB padorT,
BBINTOJTHEHHBIX B JAHHOM BY3€ (TIPEIIPHUATHH).

B penakumio cnenyer HaNpaBIATh MaTEPHAIBI
CTAaThH B AJICKTPOHHOM BHJIE M IBa SK3EMIUIIpa TEKCTa
CTaThl Ha OyMa)KHOM HocuTese. [[ns yckopeHus mpo-
Lecca PeLeH3UPOBaHU CTAaTe 3JIEKTPOHHBIM BapHaHT
CTaThbH U CKaH-KOIIMHU COTIPOBOJUTENBHBIX JJOKYMEHTOB
PEKOMEHIYeTCsl HAIPaBJISATh 110 DJICKTPOHHO# MoYTe Mo
aapecy e-mail: vestnicsibgiu@sibsiu.ru.

Tabnuupl, 6ubnuorpaguyeckuii CHUCOK U MOJpPHU-
CYHOYHBIH TEKCT CIJIEIyeT NMPEJCTABIATh Ha OTAEIBHBIX
cTpaHuIax. B pykonucu HEOOXOANMO CAENATh CCHUIKH
Ha TaONWIpBI, PUCYHKH M JINTEPATYypHbIE HCTOYHUKH,
TIPUBEJICHHBIE B CTAThE.

WinmrocTpanum Hy>KHO NPECTaBIATh OTJAEIBHO OT
TekcTa Ha Hocutene uH(opmauuu. IlosicHUTENbHBIE
HAJIIMCU B MJUTIOCTPAIUSIX JIOJDKHBI OBITh BBITIOJIHEHBI
mpudrom Times New Roman Italic (rpedeckue OyKBbI
— mwpudrom Symbol Regular) pazmepom 9. ToHOBBIE
n300pakeHHsi, pasMep KOTOPBIX HE JOJDKEH MpEBBI-
wath 75x75 MM (dororpadun u apyrue u3odpaxeHus,
coJepKallie OTTeHKM YEPHOro IIBeTa), CIEAyeT
HanpaBJsATh B BUJIE PACTPOBBIX rpaduuecknx (aiion
(popmaros *.bmp, *.jpg, *.gif,*.tif) B uBeTOBOI mIKaNE
«OTTEHKH ceporo» ¢ paspemreHrneM He meree 300 dpi
(rouexk Ha mroiim). LlTpuxoBble puUCYHKH (TpaduKkw,
OJIOK-CXEMBI U T.J.) CIIEAyeT MPEACTABIATh B «YEPHO-
Oernoit» mkane ¢ paspernenneM He meHee 600 dpi. Ha
rpadukax He HY)KHO HAHOCHUTb JIMHHU CETKH, a JKCIIe-
pUMEHTAIbHBIE WJIM pacueTHbIe TOYKU (Mapkepsl) 0e3
KpaifHeli HEOOXOIMMOCTH HE «3aJUBaTh» HYECPHBIM.
[ITprxoBble PUCYHKH, CO3/JaHHbIC NPHU MOMOIIH pac-
mpocTpaneHHBIX porpamM MS Excel, MS Visio u 1p.,
CIIEyeT MPEACTAaBIATH B (opMare MCXOJHOTO IPHIIO-
xenust (*.xls, *.vsd u ap.).

pudroBoe opopmieHne GpU3NUECKUX BEIUUUH:
JIATUHCKHE OYKBBHI B CBETJIOM KYPCHBHOM HadepTaHWH,
PYCCKHME U Ipeueckue — B CBETIIOM mpsiMmoM. Ymucna n
€/IMHUIIBI U3MEPEHUS] — B CBETJIIOM IPSIMOM HadyepTa-
Hun. Ocoboe BHUMaHHWE ClieyeT OOpaTUTh Ha Tpa-
BIJIPHOE M300pakeHHEe MHIEKCOB M IIOKa3aTeNiel cre-
nieHedd. @opmynbl HAOMPAIOTCS C TIOMOIIBIO PEIAKTO-
poB dopmyn Equatn i Math Type, macmrab ¢popmyt
nomkeH ObiTe 100 %. Macmral ycraHaBnHBaeTCs B
nuangorooM okHe «®opmar obObekta». B pemaxrope
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(dopMyn JUIA JTaTHHCKUX U TPEYECKUX OYKB HCIOJB30-
BaTh CTWiIb «Maremaruueckuit» («Mathy), ms pyc-
ckux — ctiib «Teker» («Text»). Pasmep 3anmaercs cru-
neM «OO0wranbI» («Full»), 11 cTeneHeit n HHASKCOB —
«Kpynuerii maAexc / Menkuit naAekc» («Subscript /
Sub-Subscript»). HemomycTimMo HCHoibp30BaTh CTHIB
«dpyroit» («Othery).

HeoOxonnmo m30eraTp MOBTOPEHHS ONHUX M TEX
K€ NAHHBIX B TaOnmmax, rpadukax W TEKCTE CTATHH.
OObeM cTaThM He JOJDKEH mpesbimath 18 — 20 crpa-
HUII TEKCTa, HareyaTaHHoro mpudrom 14 yepes moun-
TOpa UHTEpBAJIa.

Pykonuce nomkHa OBITH THIATENFHO BBIBEPEHA,
TMIOJITMCaHa aBTOPOM (IIPY HAINYHUU HECKOJBKHUX aBTO-
POB, YHCIIO KOTOPHIX HE MOJDKHO IMPEBHINATH ISATH, —
BCEMH aBTOPAMH); B KOHIIC PYKOIICH YKa3bIBAIOT ITOJI-
HOE Ha3BaHHE BBICIIECTO Y4eOHOTO 3aBeleHHs (TIpea-
mpuATHs) W Kadeapsl, OaTy OTIPAaBKH PYKOIHCH, a
TaKke IMOJHBIE cBeleHHs o kaxkzaoMm asTope (D.U.O.,
MECTO padOTHI, TOHKHOCTh, YUCHAsl CTETICHb, 3BAaHME,
CITy>KCOHBIH M JJOMAIIIHUH apeca ¢ OYTOBBIMHU HHICK-
camu, Tenedon u e-mail). Heo6xomumo ykasaTh, ¢ kKeM
BECTH MEPEMUCKY.

Hutupyemyio B craThe JUTEpaTypy ciegyeT na-
BaTh OOIIMM CIIMCKOM B HOpPsJAKE YIOMHHAHHS B CTa-
The C O0O3HAYEHHUEM CCBUIKM B TEKCTE IOPSIKOBOM
mudpoii. [lepeueHp MUTEPATYPHBIX HCTOYHHKOB PEKO-
MeHayercs He MeHee 20.

Bubmmorpaduveckuii ciucok opOpMILTIOT B COOT-
BerctBum ¢ ['OCT 7.0.100 — 2018: a) mis xHUT — da-
MWJIMA ¥ HHUIUAIBI aBTOPOB, MOJTHOES Ha3BaHHUE KHUTH,
HOMEp TOMa, MECTO M3JaHHs, U3aTeIbCTBO M TOJ M3-
JlaHusl, o0llee KOJIMUECTBO CTPaHUI, 0) JUIsl )KypHab-
HBIX cTareil — GaMUIMK U MHMIKAJIbI aBTOPOB, MOJHOE
Ha3BaHHE JXypHaja, Ha3BaHUE CTaTbH, T'OJ H3IaHUS,
HOMEp TOMa, HOMEp BBIITYCKa, CTPAHUIIBI, 3aHATHIE CTa-
ThEH; B) JUIs cTaTeil U3 COOPHUKOB — (GaMUIIUK M UHH-
[HAJTBl aBTOPOB, Ha3BaHWE COOpHIKA, HA3BAHHE CTAThHH,
MECTO W3JaHUsS, W3IATCIBCTBO, TOJA HW3IAHUSA, KOMY
MIPUHAJICKAT, HOMEp WM BBITYCK, CTPAHHIBI, 3aHS-
ThI€ CTaThEHl.

WHocTpanHble GpaMWIKA ¥ TEPMUHBI CIEAyeT Ja-
BaThb B TEKCTE€ B PYCCKOH TPaHCKPUILMUH, B OHOIMO-
rpa¢pudeckoM Ccrnucke (GaMHINH aBTOPOB, IOJIHOE
Ha3BaHWE KHUT W KYypPHAJIOB MPHUBOJST B OPUIMHAJIb-
HOM TPaHCKPUIILIUH.

Ccpiiku Ha HeoIlyOJIMKOBaHHBIE pabOTHI HE [0-
ITyCKAIOTCA.

K cratpe mOMmKHBI OBITH NPHIOKEHBI AaHHOTAIHSA
00bemoMm 200 — 250 c10B, KIIFOUEBLIE CIIOBA.

B koHme crarb HEOOXOAMMO NPHUBECTH Ha aH-
JIMHACKOM si3bIKe: HaszBaHue craThu, ®.M.0. aBTOpPOB,
MECTO UX pabOThI, aHHOTALMIO U KIIIOYEBBIE CIIOBA.

Kparkne cooOmmieHus IOJKHBI HUMETh CaMOCTOS-
TEJIFHOE HAayYHOE 3HAYCHHE M XapaKTepPHU30BATHCS HO-
BH3HOI M OpUrHHAIBHOCTHIO. OHU MpeTHa3HAuYeHBI IS
MyOJIUKaIMi B OCHOBHOM acIMPaHTCKUX padboT. OObeM
KpaTKUX COOOUICHWH HE JOJDKEH IPEBBINIATH IBYX
CTPaHUIl TEKCTa, HamewyataHHoro mpudrom 14 depes
MOJITOpa WHTEpBaJla, BKIIOYas TaOIUIBl U OMOIHorpa-
¢uueckuii crucok. [Tox 3aroyloBkoM B ckoOkax cieny-
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€T yKa3aTh, 4TO 3TO KpaTkoe cooliuenue. Jlomyckaercs
BKJIFOUCHHE B KPATKOE COOOIIEHHE OIHOTO HECI0XKHO-
ro pHCyHKa, B O3TOM ClIy4ae TEKCT JOJDKCH ObITh
y™meHblieH. [IpUBOAUTE B OJHOM COOOIICHHH OJHO-
BPEMEHHO TaOJIUILy U PUCYHOK HE PEKOMEHYETCS.

KonnuecTBO aBTOPOB B KpaTkoM COOOILICHUH
JIOJDKHO OBITH He Oouiee TpeX. TpeboBanus k odopmite-
HUIO PYKOTHCEH M HEOOXOJUMOHN JTOKYMEHTAIIMU TE
e, 9TO K O(POPMIICHHIO CTaTeH.

KoppekTypbl cTaTeil aBTopam, Kak IpaBWIO, HE
MOCHLIAOT.

B cmywae Bo3BpamieHHs CTaTbu aBTOPY IJIS HC-
TpaBleHUs (WA TIPH COKPAICHWH) NATOW IMpPeIcTaB-
JICHWSI CYMTAETCSl ACHb IOMYYECHHS OKOHYATEIBHOTO
TEKCTa.

CraTpy, NOCTYMAIOIINE B PEJAKIUIO, MPOXOIST
TJIACHYIO PELCH3HIO.

Cratbu xypHana unaexkcupyrorcs B PUHIL, npex-
CTaBlcHBI Ha caitax https://vestnik.sibsiu.ru/ u
https://www.sibsiu.ru B pasnaene Hayka u wWHHOBauu
(ITepnoguueckue Hayunsle uspanus (XKypran «Bect-
HuK Cuol' MY »).
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