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BAUAHUE CTPYKTYPbl OBOXXEHHbIX OKATbILLEWN
HA NPOYHOCTb U PA3PYLUEHUE NPU UCNBITAHUU
HA CTATUYMECKOE CXATUE

A. H. Imutpues, B. I. CMupHOBa, E. A. BA3HUKOBa,

A. B. JosimaTos, I 10. BuTbKuHa
| HUucruryr meraanypruu YpO PAH (Poccus, 620016, Exarepun0ypr, yi1. Amysacena, 101)

AnHomayus. OG0 KEHHBIC OKATHIIIN JOJDKHBI COXPAHSATh MPOYHOCTH OT MOMEHTA CXOZa C 00KUIOBOM MAIIMHBI J0 3arpy3KH B JIOMCHHYIO I€Yb.
OnHMM U3 TOKa3arenell NPOYHOCTH 000MIKEHHBIX OKATBILICH SIBISETCS IPOYHOCTh HA CKaTHe, T. €. MAKCUMaJlbHasl NpUiaraeMasi Harpyska, pu
KOTOPOIH1 JKe1e30pyAHbII OKaThILI MOJHOCTBIO pa3pylaercs. B pabore u3ydeH xapakrep paspylleHust 000AKEHHBIX HEO(IIOCOBAHHbIX KEe30-
PYIHBIX THTAHOMArHETUTOBBIX OKaThiiel (pakuuu 10 — 16 MM nipu ucnbpITaHkK Ha cTatndeckoe cxarue cormacHo [ISO 4700. [TokazaHo, uto mpu
WCTIBITAHNH OCHOBHBIM BHIOM Pa3pyLICHUS SBISETCSI BOSHUKHOBEHHE M PA3BUTHE TPEIIMH IIOCKOCTH, MPOXOJSIINX Yepe3 IIEHTP MarHETUTOBOTO
sipa, TAe JeHCTBYIOT MAaKCUMAaJIbHBIE PaIHalbHbIe PACTATUBAIOIINE HATPSHKEHUS, WIN B HETTOCPEACTBEHHOI OJIM30CTH OT HEero. B oTaenbHbIX city-
Yasx TPACKTOPUS OJHOM U3 pa3pyLIAlOMINX TPEIINH OTKIOHSETCS OT YKa3aHHOM BBIIIE INIOCKOCTH M OrHOaeT MarHeTUToBoE s1po. OueBHIHO, 3TO
CBSI3aHO C HAJIMYMEM BTOPOH 00JIaCTH KOHIIEHTPALMH PACTATUBAIOIIMX HAMPSDKEHUH HAa IPAHMLIE MATHETUTOBOTO S/Ipa U reMaTHTOBOH 000JIOUKH,
c(hOpMUPOBABIINXCS TIPH OXJIAKIACHUH OKATBHIILICH BCIIEACTBHE PA3IMYMI MX MEXaHMYECKUX M TEIUIO(U3NUECKUX CBOMCTB. B mrore, koHeuHas
CTPYKTYpa OKAThIIIEH XapaKTepU3yeTCsi HAMYHEeM JABYX 30H: nepudepuilHOi reMaTUTOBOI M LEHTPajIbHOW MarHeTUTOBOM. OmpenencHa poib
BIIMSTHUSI OTHOCUTEIBHOTO pa3Mepa MarHeTUTOBOTO siJjpa Ha POYHOCTH TIPH CXKATHN 000XKIKEHHBIX OKAThIIICH. YCTAaHOBJICHO, YTO C YMEHBILICHU-
€M OTHOCHUTEIJIBHOTO pa3Mepa MarHeTHTOBOTO sApa MPOYHOCTHBIC XapaKTEPHUCTHKU OKAaThIIIA BO3PACTAIOT. [Ipu mpoTekaHuu mporecca MnojHoro
OKHCJICHUSI MarHETHTA (KOTa BeCh 00BEM OKaThIIlIa COCTOUT M3 IeMaTuTa) MaKCUMAaJIbHBI YPOBEHD MPEACIbHBIX XapaKTEPUCTUK MTPOYHOCTH Ha
C)KaTHe OKaThIIIeH MOXKET OBITh CICAYIOIIMM: MakcuMaibHoe paspyiuatoriee yeuane 3300 H, sneprus paspymenns 0,55 JIx, maccoBast SHEprust
paspywenus 0,18 Jbx/r.

Kiouesule ca06a: xene3opyaHble OKaThIIIH, IPOYHOCTb HA CXKATHE, AUArpaMMbl 1e(hOpMUPOBAHUS, pa3pylIeHHUe, yCHine, JedopMaNus, SHeprus pas-
PYIICHUS, MacCcOBasi SHEPTUS Pa3pyIICHHS

DuHaHcuposaHue: Pabora BbINOIHEHA B paMKax peanuszanuu [ocynapersennoro 3amanus UIMET YpO PAH c¢ ucnons3oBaruem obopynosanus LIKIT
«Ypan-Mpy.

Jns yumupoeaHus: Jimutpues A.H., Cmuprosa B.I", Bssuukosa E.A., [lonmaroB A.B., Butbkuna [}1O. Briusinue cTpyKTypbl 000MKEHHBIX OKa-
THIIE Ha IPOYHOCTH M PaspylICHHE NP UCHBITAHMU Ha cTaTHdeckoe cxarue // M3Bectus Bys3os. UepHas meramryprus. 2021. T. 64. Ne 11.
C. 785-792. https://doi.org/10.17073/0368-0797-2021-11-785-792

Original article INFLUENCE OF STRUCTURE OF BURNED PELLETS
ON STRENGTH AND DESTRUCTION IN STATIC COMPRESSION TESTS

A. N. Dmitriev, V. G. Smirnova, E. A. Vyaznikova,
A. V. Dolmatov, G. Yu. Vit'’kina

I Institute of Metallurgy, Ural Branch of the Russian Academy of Science (101 Amundsena Str., Yekaterinburg 620016, Russian
Federation)

Abstract. The burned pellets must retain the strength from the time they come off the roasting machine until they are loaded into the blast furnace. One
indicator of the strength of burned pellets is the compressive strength, i.e., the maximum applied load at which the iron-ore pellet completely collapses.
The paper studies the character of destruction of burned iron-ore titanomagnetite pellets of fraction 10 — 16 mm in the static compression test according
to the Russian State Standard 24765-81. It is shown that the main type of destruction during the test is the emergence and development of plane
cracks passing through the center of the magnetite core, where the maximum radial tensile stresses act or in the immediate vicinity. In some cases, the
trajectory of one of the destructive cracks deviates from the above plane and envelopes the magnetite core. Obviously, this is due to the presence of
a second area of tensile stress concentration at the boundary of the magnetite core and the hematite shell, formed during cooling of the pellets, due to
differences in their mechanical and thermophysical properties. As a result, the final structure of pellets is characterized by the presence of two zones —
peripheral hematite and central magnetite. The role of the relative size of the magnetite core on the compressive strength of burned pellets has been
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determined. It was established that the strength characteristics of the pellet increase with a decrease in relative size of the magnetite core. During the
process of magnetite complete oxidation (when the whole volume of the pellet consists of hematite), the maximum level of the pellets compressive
strength can be: the maximum destructive force — 3300 N, destructive energy — 0.55 J, mass destructive energy — 0.18 J/g.

Keywords: iron-ore pellets, compressive strength, deformation diagrams, destruction, force, deformation, destructive energy, mass destructive energy
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[ BBEAEHKE

JKenezopynHble OKAThIIM SABJSIOTCS BaXXHBIM ChIPb-
€M IpH BBIIUIABKE YyTryHa B JIOMEHHBIX Teyax. Ha mpen-
npusaTusix Poccuu u B 3apyOeKHBIX CTpaHaX OKATBHIIIN U3
Pa3NIUYHBIX KOHIICHTPATOB MOABEPraroT OOXKHTY C IICTIBIO
JIOCTIDKCHUST HEOOXOMMUMBIX METaJUTypPTUICCKUX XapaKTe-
PUCTHK [1], TaKKX KaK IPOYHOCTB Ha CXKaTHE, yAap, UCTUPaA-
HUE U MPOYHOCTH NPU BOCCTaHOBIEHUU. OHON U3 BasKHBIX
METaJUTypPTHUECKUX XAPAKTEPUCTUK OKATHIMICH SIBISCTCA
MpoyHOCTh Ha ckarue. B coorBercTBum ¢ [OCT 24765-91
Ha TOPHO-00OTaTUTENILHBIX KOMOWMHATaX, MPOW3BOISIIUX
OKATBILIH, PE3YJIbTAaThl UCIIBITAHUNA Ha CKATHUE HCIIONb3YIOT
JUISL OLICHKH KadecTBa Mpoxykiuu. [IpouyHoCTs Ha cxxartue
000XOKCHHBIX OKATHIIICH Y pa3HBIX TIPOU3BOIUTENICH H3Me-
HsieTcst B ipeaenax 150 — 300 xr/okareim [2 — 4].

[Ipobnema 11e10CTHOCTH OKATBILIEH PU MEXaHUUECKOM
BO3/ICHCTBUM NPUBJICKACT BHUMAHUE MHOTHUX HCCIIEA0BATE-
JIei, KOTOpbIE JJIsl IPOrHO3UPOBAHUS pa3pyLIEHUs UCIIONb-
3yIOT aHAJUTHYCCKUE, YHUCICHHBIC U 3KCIECPHMEHTAIBHbIC
MOAXOIBI K uccaenoBanuto. Hampumep, B pabore [5] mpen-
CTaBJICHA MOJEIb JKCJIC30PYAHBIX OKATBIIICH NpH AWHA-
MUYECKOM Harpy>K€HUH, B COOTBETCTBUHU C KOTOPOH mpouy-
HOCTh OKATHIMICH 3aBUCUT OT CKOPOCTH Ac(opManuy, 4To
MOATBEPIAKIECHO PE3yJbTaTaMH IKCIIEPUMEHTAIbHBIX UCCIIe-
noBaHuii. B pabote [6] mis MopenupoBaHUs pa3pyIICHUS
OKAaThIIIEH MCIOIb3YeTCs METOJl MHOTOYAaCTHYHBIX KOHEY-
HBIX 3JICMEHTOB. [ ompeaescHus] mapaMeTpoB yIpyro-
IUTACTHYCCKOM MO Ae(opManni U pa3pyLIeHUs] MarTe-
puasia okaThlliel aBTopaMu paboThl [7] ObUIM TPOBEICHBI
1a00paTOPHBIE UCTIBITAHUS.

[TockonbpKy B mporiecce MCIBITAHUS Ha C)KaThue Ipo-
HCXOAUT 3HAYUTEIIbHOE M3MEHEHHUE IUIoLaJd KOHTaKTa
ne(OpMHUPYEMOro OKaThIIIa U HHCTPYMEHTA, pa3pylIaro-
1iee HOpMajbHOE KOHTAKTHOE HANpPsKEHHE HE SIBISETCS
IIPEJCTABUTENBHOM XapaKTepUCTUKON IIPOYHOCTH, KaK 3TO
CYLIECTBYET NPU UCHBITAHUSX Ha CXKaTue LMIUMHIpHYeC-
kux oOpasioB. Tem Oosee, 4TO B COOTBETCTBUU C PE3yJib-
TaTaM{ MaTeMaTHYeCKOTO MOJIeTTUpoBanus [S5, 6] Hanboee
HEeOIaronpusaTHOS HANPSIKEHHOE COCTOSIHUC TPH CXKATHH
cepuueckoil (hOpMbI OKATHIIICH BO3HHKACT B LICHTPE 3a
CUET JICMCTBUS MHTEHCHBHBIX PACTATHBAIOIINX pParalib-
HbIX HanpspkeHuil. [ToaTomy B KauecTBe Mepbl AJIS OLIEH-
KN TPOYHOCTH OKATHIIIECH OOBIYHO HCIIONB3YIOT BEIHUH-
Hy Pa3pyLIarolIero yCHJMs IPU UCHBITAHUSX Ha CXKaTHE.
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OpHako psif aBTOpoB (Hampumep, [8]) cuuTaroT, uto Oosee
MIPEICTABUTEIFHON XapaKTePUCTUKON TPOYHOCTH OKAaThHI-
IICH SIBJISIETCSI DHEPTHsl Pa3pyLICHUS [IPU CXKATHH, TaK Kak
SHEPreTHIeCKrne KPUTSPHH MPOYHOCTH, B OTIMYHE OT CH-
JIOBBIX, TIO3BOJISIFOT YY€CTh JUCCHUITAIIIIO DHEPTUH TIPH T1a-
CTHYECKOH AedopMariuy MaTepraia.

B ucxogHoM HE00OMOKEHHOM COCTOSHHUHM OKaTbIII CO-
CTONT W3 JKEJIE30pyIHOTO MAarHETHTOBOTO KOHIIGHTpAaTa
u cBszytomiero (6entonut). Ilpum oOxkure NPOUCXOTUT
OKHCJICHHE MarHeTUTa M 00pa3yIONINICS TeMaTUT SBISICT-
Cs1 aKTHBHOM (pa3oil. B pesysbrare criekanust 3epeH reMaru-
Ta TMOBBIIIAIOTCS] TPOYHOCTHEIE XapakTepucTuku [9]. Ecnm
MPOLECC OKUCIIECHUsS] MarHeTHTa TPOLIEN TOJHOCTBIO MO
BCEMY CEUCHHIO OKATBIIICH, TO OHW MMEIOT OIHOPOIHYIO
TEMaTUTOBYIO CTPYKTYPY.

B IpOMBIIUIEHHBIX YCIOBHSX OOXKHT OKATHIMICH Be-
oyt npu temneparypax 1250 — 1350 °C, ckopocTb Harpe-
Ba 00brgHO jocturaer 100 °C/mun m Bbime. Ilpu Takux
napamerpax O0XKHra MOJHOTO OKHCJICHHS MarHeTUTa He
MIPOMCXOMNT, ¥ OKATHIIIN, KaK MPaBIIIO, HIMEIOT 30HAIBEHOE
crpoenue [10 — 16], MarHeTUTOBOE AOPO M TEMAaTUTOBYIO
000JI04KY, T. €. IPKO BBIpAXXEHHOE JBYyX(ha3HOE CTPOCHHE.
Pasnuna B Temmneparypax mepexoga MarHETUTOBBIX M Te-
MaTHUTOBBIX 30H 30HANBHOTO OKATHINIA W3 IDIACTHYECKO-
IO COCTOSIHUSI B YIIPYTO€ CONPOBOXKIAETCS WHTEHCHBHOM
yCamKkoil W pasIHMYHBIM HM3MEHEHHEM WX Pa3MEepoB, UTO
MPUBOAUT K BOSHUKHOBEHHIO BHYTPCHHHX HAMPSDKCHUN Ha
TPaHNIIC MATHETUTOBBIX M TEMAaTUTOBBIX 30H [17].

- MATEPUA/IbI U METOAUKA UCCNELOBAHUA

J1JIs1 OLIEHKY POYHOCTH Ha CXKAaTHE OBLIN B3ATHI 000XK-
KEHHBIC HEO(IIIOCOBAHHBIC XKEJIC30pyAHbIC TUTAHOMArHe-
TUTOBBIC OKaThIlM (pakiuu 10 — 16 MM, oOpaboTaHHBIE
1o 6230BOMY TEMIIEPaTypHO-BPEMEHHOMY PEKUMY 00XKHTa
AO «EBPA3 KaukaHapckuii TOpHO-000TaTHTEIBHBIN KOM-
OuHar». XMMHUYCCKHI COCTaB HCCIETYEMBIX OKaThIIICH
MIPE/ICTaBIICH B Ta0M. 1.

Jnsa unentudukanuu (az B OKaThIIIAX HCIOIb30Ba-
JIM peHTreHoBckuil audpaktomerp Shimadzu XRD-7000,
OCHAIUEHHBIH PEHTIEHOBCKON TpyOKoi B Cu K u3yueHuu
Ha BO3/1yXe B auanazoHe yrios 20 ot 10 go 85°. [pwu pac-
mr¢ppoBKe AU(PPAKTOrpaMM HCHONB30BATIM 0a3bl JaHHBIX
ICDD PDF-2 (International Centre For Diffraction Data).
ComacHO pe3ynbTaTaM PEHTTeHO(A30BOrO aHaIM3a, OKa-
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Taonuma 1

XuMHYecKHii cocTaB HccIeyeMbIX
JKeJIe30PY/IHBIX OKaThbIeil, % (1Mo Macce)

Table 1. Chemical composition of the investigated
iron-ore pellets, % (mass.)

FeO
3,02

CaO
1,00

Feoﬁﬂl
60,90

$i0,
3,89

MgO
2,59

TiO, | V,0,
2,73 | 058

ek Ha 90,6 % cocrosat u3 remaruta (Fe,O,) n Ha 9,4 %
u3 marnerura (Fe,0,).

VcnpiTanust Ha cXaTWe IMPOBOAWIN B COOTBETCTBHUHU
¢ TpeboBanmsimu [SO 4700 [18] Ha yHHBepcanbHOU Ma-
mae BT1-FROS0THW.A1K (Zwick GmbH, I'epmanus).
CxopocTb nepemerieHus cocrtaBuia 10 MM/MUH C 3aIHCHIO
muarpaMMbl gedopmupoBanns. OKaTHIIN B3BEIINBAINCEH
WHIUBUYaTbHO MEPE UCIIBITAHUEM HA COKATUE JUTSL OTIpe-
JIJICHUS] MACChI Ha AMEKTPOHHBIX Becax ATL-220d4-1 dup-
Mbl ACCULAB c norpemrHoctsio +0,0003.

[Ipu pacyere sHEpTUU pa3pyIIeHUs] KaKJOTO OKATHIIIA
OIePAIUI0 HHTETPUPOBAHUS 3aMEHSUIH OIepalueii CyMMu-
POBaHMS C MCIIOIB30BAHMS 3aIMCAHHOTO MACCHBA JaHHBIX
Kak IUIONIab O AuarpamMmont aedopmupoBanus o Ghop-
MyIe

Ay :ZZ{%(}’; _hi—1)}: (1)

roe A [, — SHeprus paspyueHus, Jx; n , — YHCIIO 3anucen
B MAacCHBE JaHHBIX O MOMEHTa pa3pylleHHUS OKAaThIIlIa;
i=1...n — TIOPSIIKOBBIM HOMED 3aliCy MacCHBa JaHHBIX;
F,, F, | —3HaueHue yCUJIUs U U3MEHEHUs npu [ U i — | 3a-
nucu, H; 4, h, | — nepememenne ne(opMUpyIOMIETO HHCT-
pyMeHTa ipu i ¥ § — 1 3anmcu, MM.

MaccoBylo 3HEpruro paspyLIeHHUs] PacCUMUTBIBAIM I10
dbopmyre
4=
m

i ; 2
e A, — MaccoBas SHEprus paspymenus, Jx/r; m — macca
OKATBIIIA JI0 UCTIBITAHUS, T.

MakpoCheMKy pa3pymICHHBIX OKAaTBINIEH OCYIIeCTBIIS-
T ¢ moMouIpio IH(ppoBoi 64-bit Kamepsl MpH yBeIude-
uHun 10 kpar. /lnaMeTp MarHeTHTOBOTO SIIpa M3MEPSUTH Ha
crepeockonnueckoM Mukpockorie MBC-9 c nienoit nenenus
0,17 mMm. OTHOCUTENBHBIA pa3Mep MarHeTUTOBOIO sijpa
paccunTHIBAIH 1O (hopMyIIe

D ="n, 3)

rme D° — OTHOCHTENBHBIH pasMep MarHeTHTOBOIO Spa,
JIONM eUHML; D — quaMeTp OKaThIllla MOCe HCIIbITaHus,
MM; D — TMaMeTp MarHeTUTOBOTO SIPa, MM.

3uauenust D v D HaXOqUIIK KaK CPEHEE U3 Pe3ysibTa-
TOB M3MEpPEHMI B JBYX B3aMMHO NEPHEHIMKYISIPHBIX Ha-
IMpaBJICHUAX.

[ PE3YNLTATBI U X OBCYXKAEHUE

JI1st mITroCTpauy pa3Tuiuid B TIOBEJCHUHM OKATHIIIEH
IIPU HArPY)KCHUH Ha PUC. | IPUBEICHBI TUarpaMMebl 1edop-
MupoBaHus. sl OMHMX AMarpamMm XapakTepHO HalIudue
OIIHOTO MTUKOBOT'O YCHIIHS Je(POPMUPOBAHISL, TPU KOTOPOM
BO3HMKAET MarucTpalibHasl TPEIIMHA W OKATHIII pa3pylia-
ercs. B Apyrux nMeeTcst HECKOJIBKO JIOKaJIbHBIX ITMKOB YCH-
st 1eOPMUPOBAHUS. ITO CBHETEIBCTBYET O CTaTUHHOM
XapakTepe paspylIeHHs], CBI3aHHOTO € MOCJIE0BATEIbHBIM
BO3HUKHOBEHHEM TPEIINH, TOPMOKXEHHEM TAHHOTO MpPO-
necca M JaJIbHEWIIUM pa3BUTHEM WJIH BO3HUKHOBEHHEM
HOBBIX TPEIINH.

OTCyTCTBHE IUIABHOIO CHW)KEHHUS ycuius aedopmu-
poOBaHMS TOCIe 00pa30BaHMS Pa3PyIIAIOMINX TPCIIUH IS
000MX THUIIOB JUAarpaMM CBUIETEIbCTBYET O XPYIKOM Xa-
pakrepe paspyuieHus. Hanuune nmuioo0pasHbIX quarpaMm
Jne(OopMHUPOBAHUS U 3HAYUTEILHOTO pa3dpoca MpeaebHbIX
XapaKTePUCTUK OKATHIIIEH MPU CKATUU OTMEUAETCS U B pa-
6orax [19, 20].

B 3aBUCHMOCTH OT TEXHOJIOTMYECKHX OCOOCHHOCTEH
npoueccoB (HopMUPOBaHHUS CTPYKTYphl M OOXKHIa OKa-

3500
3000
2500
2000
1500
1000

Veunue paspywenus, H

500

2500

2000

1500

1000

500

Veunue pazpywenus, H

0 0,2 0,3 0,4 0,5 0,6
Jepopmayusi, mm

Puc. 1. JuarpamMmsl 1eopMHEPOBAHHES KEIE30PYIHBIX OKATHIIICH
dpakuuu 10 — 12 (@) u 14 — 16 MM (6)
(I — 12 — HOoMepa 00pasuoB, cM. TaOIl. 2)

Fig. 1. Deformation diagrams of iron-ore pellets
fractions 10 — 12 (@) and 14 — 16 mm (6)
(I — 12 — numbers of the samples from Table 2)
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Tabnuma 2

Pe3y.]'ll>TaTl>I HCCJIeIOBAHUS 000KKEHHBIX OKAThIIIEH

Table 2. Results of burned pellets investigation

Henen PazMepv Juametp Juametp OTHOCHUTEIBHBIN Yeunue Oneprust | MaccoBast SHEprust
ST ¢dpakiyii, | oKaTbla, | MarHETHTOBOTO | pa3Mep MarHETUTOBOTO | Pa3pyLICHUs, | Pa3pyLICHUs, paspylieHus,
MM MM s7pa, MM SIIpa, 1OJH €. H/oxarsim Jlx JIx/T
1 10,87 1,2 0,11 3160 0,45 0,156
2 10,51 1,8 0,18 3060 0,50 0,184
3 10,78 2,7 0,26 2060 0,26 0,084
4 10-12 11,18 7,6 0,69 2010 0,18 0,061
5 11,13 7,2 0,67 1910 0,23 0,080
6 11,80 7,2 0,65 1560 0,23 0,076
7 14,29 6,3 0,46 2060 0,45 0,081
8 13,81 7,2 0,54 1880 0,35 0,052
9 13,77 9,0 0,68 1330 0,24 0,041
10 1416 14,39 10,4 0,73 1140 0,09 0,014
11 14,23 12,2 0,87 870 0,05 0,007
12 13,17 9,0 0,69 700 0,05 0,010

TBHIIICH OKWUCIICHUE MAarHeTUTa IMPOUCXOIWT IO-Pa3HOMY.
Haubosnee cymiecTBeHHOE BIMSIHME Ha OKHCJICHHE OKa-
3BIBAIOT CKOPOCTh Harpepa, Temreparypa oOKura, cocTaB
ra3oBoii (ha3pl U MOPHCTOCTh OKAThIMICH. BiusHue tem-
MepaTypbl ¥ CKOPOCTH HArpeBa OKAaTHIIICH Ha MPOIECC UX
OKHCJICHUSI SIBJISICTCS OTPAKESHHEM dHEPIeTHYESCKOTO U Bpe-
MEHHOT0 (haKTOPOB JAHHOTO Ipolecca. B cBor odepens,
YBEJIIMYEHHE CKOPOCTH HarpeBa OKaThIIIeH BeleT K COKpa-
MCHUIO BPEMECHU aKTUBHOTO OKUCIICHUS. B 3TOM CBSI3M 11st
MONTyYeHHsI HU3KO3aKHCHBIX OKaThIIIeH HEeOoOXOAUMO OCY-
MIECTBIIATh UX HArPEB JI0 TEMIIEpaTyp aKTHBHOTO OKHCIIe-
Hus (900 — 1000 °C), mpu 3TUX TeMIepaTypax BbIIEpKH-
BaTh OKATBIIIH JI0 IMOJyYECHUS] HEOOXOAUMOTO CONEPIKAHMS
FeO, a 3arem HarpeBarh A0 Temmeparypsl oOxwura. IIpu
BBICOKHX TeMIIeparypax OKHCICHHE 3aTOPMaKUBaETCs pas-
BUTHEM IPOIIeCcCa CIICKAHUS U MOSBJICHUEM 3aKPBITHIX TOP,
YTO HAKJIAJbIBaCT OTHEYaToK Ha I (dy3uro Kuciopoaa
B OPHUCTOM TEJIe OKATHIIA [TPU TOM, YTO CKOPOCTh TU(PPY-
3WH MOHOB eJie3a Bo3pacTaeT. Takoe pa3BHTHE Ipolecca
CO3IIaeT YCJIOBUS AJISl POSIBIICHHS 30HATBHOCTH B OKaThI-
max, Korja OKHCIICHHE, MpoTeKarolee 00beMHO, Iepexo-
JUT Bo GpoHTambHOE. [Iporecc okucnenus nporekaeT 60-
Jiee MHTCHCHBHO B OKATHIIIAX MEHbIIEro amamerpa [15].
Pa3Butue okuciIeHHs CO BPEMEHEM COMPOBOXKIAETCS paB-
HOMEPHBIM YMEHBIIICHHEM PaIyca MarHETUTOBOTO Spa.
AHanmu3 JaHHBIX W3MEPCHUI [HameTpa MarHeTHUTO-
BBIX siJIep TOKa3all CYIIECTBEHHOE Pa3jIMihe WX pa3MepoB
(Tabm. 2), mosToMy ObLIA IOCTABJICHA 33/1a4a OLICHKH BIMSHHS
BEJIMYMHBI MATHETUTOBOTO sijpa Ha TIPOYHOCTH OKATHIIIICH.
Ha puc. 2 mpezcraBieHbl OBEPXHOCTU Pa3pyIICHHBIX
OKATBIIICH, Ha KOTOPBIX BHJIHO WX JIByX30HHOE CTpOe-
HUE: BHYTPEHHHH CJIOl — MarHETUTOBOE SIAPO, HAPYIKHBIH
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clIoll — remaTuTOBasi 000JOYKa. PaspyllleHue OKaTbIIIeH
IIPU UCIIBITAHUSX, KaK MPABHUIIO, TPOUCXONUIIO TyTeM 00-
pa30BaHUs OAHOM-IBYX TPELIHUH, JIEKALIUX B IIIOCKOCTSIX,
MIPOXOASIIUX Yepe3 LEHTP MarHeTUTOBOTO sJpa WU B He-
MTOCPEICTBEHHOMN OIM30CTH OT Hero. B pe3ynbrare oKaThIII
pasziensuics Ha ABE-TPH 4acTH, KakK 3TO [T0Ka3aHO Ha pHc. 2.

Tako#l XapakTep paspylIeHHUs ONpeaeseTcs 0COOCH-
HOCTAMHU HAaNpsHDKEHHOTO COCTOSHHUSL NPU CHKaTHH 11apa,
JUIST KOTOPOTO, Kak W3BecTHO [21], xapakTepHO Hamudme
WHTEHCUBHBIX PACTATUBAIOUINX HOPMAIBHBIX HAIPSKEHUH
K MEpUIMOHAIBHOM II0CKOCTH, TapaJljIeNIbHON HarpyxKaro-
uieii cuiie, U npoxoAsieit yepes entp mapa. K nogodHusm
BBIBOZIAM TIPHUIUIA aBTOphl pador [10, 22], orMeTuBIINE,
YTO pa3pylICHUE OKaThIIIeH PU CKaTHH B OCHOBHOM IIPO-
UCXOAMUT HO LEHTPY AApa MOoJ AEeHCTBUEM MaKCUMAaJIbHBIX
pactaruBaromuxcs Hanpsbkenuid. Ha otorpadusix obpas-
0B 4, 9, 12 BUIHO, 9TO TPACKTOPHS OJHOM U3 pa3pymIaro-
LIMX TPEIIUH OTKIIOHSETCS OT YKa3aHHOH BBIIIE TNIOCKOCTH
U ormbaeT MarHeTHUTOBOC spo. OYEeBHUAHO, ITO CBA3AHO
C HaJIM4KMeM BTOPOH 00IacTH KOHLIEHTPALUHU PACTATUBAIO-
LIMX HAlpsDKEHUM Ha TpaHMLE MarHETUTOBOIO s1pa U re-
MaTUTOBOI 000JIOUKH, CPOPMUPOBABIICHCS MPH OXJIAXKIE-
HUU OKaTbIIIEH BCIEICTBUE Pa3IMYMs UX MEXaHUUYECKUX U
Terou3ndeckux cBoucts [17].

3HauCHHUS YCIIIHSI Pa3pyIICHIS U3 TrHarpamMm ae(opmu-
pOBaHUS, PE3yNIbTAThl BBIYUCICHUH HEPTUU pa3pylICHUs
U MaccOBOM 3HEpruu pa3pyLIeHHs UMEIOT CYLIECTBEHHOE
paziuuue Ui UCCIIE0BAaHHBIX OKATBILIEH.

Ha puc.3 pesynbraTbl HKCIEPUMEHTOB U BbIUHCIIE-
HUHI TpeACTaBiIeHbl B BUAE IpaUUecKUX 3aBUCHMOCTEH
OT 3HAYE€HUIl OTHOCUTENIBHOIO pa3Mepa MarHeTHTOBOIO
snpa. [lpeacraBieHHbIe JaHHbBIE TOKA3bIBAIOT YCTOWYHMBYIO
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Puc. 2. TIoBepXHOCTH pa3pyLICHHs JKeIC30PYAHBIX OKATHIIICH MOCIEe UCIIBITAHNI Ha CKaTHE:
¢dpakiun 10 — 12 (@) u 14 — 16 mm (6) (I — 12 — HOMepa 00pa3sioB, cM. Tad. 2)

Fig. 2 Destruction surfaces of iron-ore pellets after compression tests:
fractions 10 — 12 (@) and 14 — 16 mm (6) (I — 12 — numbers of the samples from Table 2)

KOPPEISIUOHHYIO CBSI3b (Tabn. 3) MExAy NpeaeabHbIMU BaxHbIM aBasieTCs (DAKT, YTO IOCTPOCHHBIC HA PHC. 3
XapaKTEpPUCTUKAMH pa3pyLIEHUs] OKATBIILEH NMpH CXKATHM  3aBHCHUMOCTH OT OTHOCUTENBHOIO AMaMeTpa MarHeTUTO-
U BEJIMUYMHOM MarHeTUTOBOTO A/pa: YeM MEHBIIEC MarHETH-  BOTO SAPA SIBISIIOTCS 0OIUME st 00enx (pakuuii oka-
TOBOE SIJIPO, TeM OOIbIIIe JOCTUTHYTHIE B OKCIIEPUMEHTAX  THIMICH.

3HAUYEHUS yCUJIUSA, DHEPIUU Pa3pyLIEHUs] U MaCCOBOM DHEp- B 1abn. 3 mpencraBneHsl pe3ynbTaThl IMHEHHOTO per-
THU pa3pyLICHHUS. PECCHOHHOTO aHaIn3a

Tabnuma 3

Pe3y.m,TaT1>1 PErpecCuHOHHOro aHaJiu3a 3aBUCHUMOCTEN

Table 3. Results of regression analysis of dependencies

Vccrestyemblii okasarens Y, K°3‘1’¢I’)2f;1::;iﬁieﬁﬂoﬁ Koa@d;ﬁ;l;l:::ﬂﬁﬂ;emoﬁ Iﬁ(;;déﬂd;l:;l;
Yeunue pazpyuienus F, H 33274 -2785,5 0,7704
DHeprust pa3pyenus A s Jx 0,5453 -0,5304 0,6809
Maccosast sneprust paspyuenus 4, , JiHx/r 0,1786 -0,1986 0,7679
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U MacCOBOH SHEPTUH Pa3pyIICHHs (8) OT OTHOCHTEIBHOTO pa3Mepa
MAarHeTUTOBOrO siipa okarbima dpakiuu 10 — 12 (@) u 14 — 16 mm (M)

Fig. 3. Dependence of destruction force (@), destructive energy (6) and
mass destructive energy (g) on the relative size of magnetite core
of 10— 12 (@) and 14 — 16 mm (H) pellet fractions

Y, =4,+BD", (4)

e Y, — snayenus F, 4, D" mpu i =1, 2, 3 COOTBETCTBEHHO;
A;, B, — k09pbUIMEHTDI IMHEWHON PErPECCHM.

W3 ypaBHEHHI perpeccuu CIeayeT, 9TO MaKCHMaTbHBIN
YPOBEHb MpPEJEIbHBIX XapaKTEePUCTHK OKaTbIIIEH, JOCTH-
raeMbIil TIPH TIOJIHOM OKHCIICHHH MAarHETHTa I10 HCIIOJb-

30BAHHOM TEXHOJOIMH (COOTBETCTBYeT ciydaro D = 0),
MOXeT ObITh cieayronmm: F = 3327,4 H; Af: 0,5453 JIx;
A, =0,1786 Jlx/r. Takum 00pa3om OKaTBILIH, COCTOSIIHE
LEMTUKOM M3 TeMaruTa, OyayT OTBedaTh TPEOOBAHUSM,
MIPEABSBISEMBIM K JOMEHHBIM HEO(IIOCOBAHHBIM OKAaThI-
maM, UAYIKUM Ha 3KenopT [23]. 3HaueHus 10CTOBEPHOCTH
JUHEHHOH ammpoKcuManuy, IpuUBeJeHHbBIE B Ta0i. 3, To-
Ka3bIBalOT, YTO IPU IPOTHO3MPOBAHMHU KAYE€CTBA OKATbI-
nredl Mo MPOYHOCTH HAa CXKaTUe HamOoliee TOCTOBEPHBIM
SIBIISIETCSI CUIIOBOM KpuTepuit (F'). OHAKO SHEPreTUYeCKue
XapaKTepUCTUKHA — DHEPTHsl pazpyuieHus (4 f) 1 MaccoBast
SHEPrusi paspyiieHust (4, ) TakxKe yCHemHo MOryT ObITh
UCTIONIB30BAHBI IS 3THUX LENEH.

[ BoiBoAb

[IpoaHanu3upoBaHbl MOBEPXHOCTH PAa3pPyLICHUS >Ke-
JIC30PYAHBIX OKaTBIIICH npu HCOBITAHWHU Ha CXKATUC U
U3BECTHBIC B HAYYHOIl JInTepaType JaHHBIC MO HCCIEN0-
BaHUIO HampspKeHHOro cocrosHus. llokazaHo, 4TO OC-
HOBHBIM BUJIOM pa3pyILIEHUs SIBJISETCS BOSHUKHOBEHUE U
Pa3BUTUC TPCUIUH IJIOCKOCTH, MPOXOAANINX YCPE3 LCHTP
MArda€TuTOBOrO sAApa, TAC Z[eﬁCTByIOT MaKCHUMaJIbHBIC
paaualibHble PacTATHBAIOIINE HANPSDKEHUS, WIM B HEIOo-
CPEICTBEHHOW OJIM30CTH OT HEro. B OTHENBbHBIX cirydasx
TPACKTOPUs OJHON M3 TPEIIMH OTKIOHSETCS M OrubaeT
MarHeTUToBOE AAP0. OUEBUIHO, 3TO CBA3AHO C HAIUIHEM
BTOPOM 00JIaCTH KOHLIEHTPALMU PACTATUBAIOLINX HaIpsi-
JKEHUI Ha rpaHHIle MarHETUTOBOIO siApa U I'eéMaTUTOBOM
000JI09KH, CPOPMHUPOBABIINXCS TTPH OXJIAKICHUH OKAThI-
e BCJICACTBUEC pa3jn4ius UX MEXaHUYCCKUX U TCHJ’IO(i)I/I—
3MYECKUX CBOMCTB.

YCTaHOBIEHO, YTO C YMEHBIIEHHEM OTHOCHUTENIbHO-
ro nquaMmerpa maruetutoBoro sjpa ¢ 0,8 mo 0,2 u menee
MPOYHOCTh OKAaTHIIIA Ha CXKaTHE BO3pAacTaeT J0 3Hade-
Huit, TpeOyembix 1SO 4700. [TodTomy B mpomecce 00-
JKUTa HEOOXOIUMO CTPEMHTHCS K TOIYYECHHIO OTHOPOI-
HOM reMaTUTOBOM CTPYKTypbl okarbliiiel. [IpoBeneHHBbIH
aHaJIN3 TI0Ka3aJl, YTO MPHU 3TOM MOTYT OBITh JJOCTUTHYTHI
MaKCHMaJbHble 3HAYEHUS XapaKTePUCTUK MPOYHOCTH Ha
c)KaTue: MakcuMmaibHOe pazpymaroiee ycunue 3300 H,
sueprus paszpymenus 0,55 Ik, maccoBasi sHEpTHSI pa3py-
menns 0,18 JIx/T.
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Abstract. At the present stage of gas field development, the products of many mining facilities have increased content of corrosive CO,. The corrosive
effect of CO, on steel equipment and pipelines is determined by the conditions of its use. CO, has a potentially wide range of usage at oil and gas
facilities for solving technological problems (during production, transportation, storage, etc.). Simulation tests and analysis were carried out to assess
the corrosion effect of CO, on typical steels (carbon, low-alloy and alloyed) used at field facilities. Gas production facilities demonstrate several
corrosion formation zones: lower part of the pipe (when moisture accumulates) and top of the pipe (in case of moisture condensation). The authors
have analyzed the main factors influencing the intensity of carbon dioxide corrosion processes at hydrocarbon production with CO,, its storage and use
for various technological purposes. The main mechanism for development of carbon dioxide corrosion is presence/condensation of moisture, which
triggers the corrosion process, including the formation of local defects (pits, etc.). X-ray diffraction was used for the analysis of corrosion products
formed on the steel surface, which can have different protective characteristics depending on the phase state (amorphous or crystalline).
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Opuzunayhas cmamss UCCNEAOBAHUE KOPPO3UOHHOM
AKTUBHOCTU CPE[, U CTOMKOCTU UCMONb3YEMbIX MATEPUA/NIOB
B YC/IOBUAX NMPUCYTCTBUA ATPECCUBHOTO AUOKCUAA YINEPOAA

P. P. KanTiokos, [I. H. 3aneBasios, P. K. Baranos

HayuHno-ucciie0BaTe/bCKUA HHCTUTYT NPUPOJAHBIX I'A30B U ra3oBbIX TexHo10ruii — 'asnpom BHUUT'A3 (Poccus, 142717,
MockoBckasi 00sacTh, 1. Pa3suika)

AHHomayus. Ha coBpeMEHHOM JTarie pa3BUTHS I'a30BbIX MECTOPOXKICHUIH B IPOILYKIMH MHOIMX OOBEKTOB JOOBIYHM ra3a MPUCYTCTBYIOT OBBIIICHHBIE
coziepkanus kopposuonHo-arpeccusHoro CO,. Kopposuonnoe Bosaeiicteue CO, Ha cTanbHoe 000pya0BaHUE U TPyOONPOBOIbI ONPEIENAETCS
YCJIOBUSIMU €TI0 MCIOJIB30BaHuUs. JIMOKCH yrieposa UMEeT MOTEHUUAIbHO IHPOKUH CIIEKTP UCIONb30BaHUs Ha HedTera3oBblX 0ObeKTax s
PCIICHHS TeXHOJIIOTHYECKHX 3a4ad (IIpU JOObIYE, TPAHCIIOPTUPOBKE, XPAHCHUH M Jp.). BBIIONHEHB! IMUTALOHHBIC UCIBITAHHSA W IIPOBCICHEI
MCCIIE/I0BAHMS 110 OLEHKE KOPPO3HOHHOTO BiusiHuA CO, Ha TUIMYHbIE CTANM (YIJIEPONUCTBIE, HU3KOJIETHPOBAHHBIC U JIETUPOBAHHBIE), TIPUMEHSIE-
MbI€ Ha IPOMBICIIOBBIX 00beKTaX. [IpoaHann3upoBaHbl OCHOBHBIE (D)aKTOPBI, BIUSIONINE HA HHTCHCUBHOCTH IIPOLIECCOB YIVICKHCIOTHONH KOPPO3UH
B YCJIOBUSX JI00BIMH, XpAHEHHS U MCIIOJIb30BaHUs yI1eBoa0pooB ¢ CO, 11t pasiMuHbIX TEXHOIOTHYECKUX Lesield. OCHOBHBIM MEXaHU3MOM pas-
BUTHS YIJICKUCIIOTHOH KOPPO3HUH SBJIACTCS NPHUCY TCTBHE/KOHICHCALNS BIIATY, KOTOPAst 3aIlyCKaeT IPOLEecc KOPPO3UH, B TOM YHCIIE C 00pa30BaHUEM
JIOKJIbHBIX 1€(EKTOB (MMUTTHHIOB U IIp.).

Knatoueswle c108a: HedTerazoBsie 00BEKTHI, JUOKCH YIIEPOIa, KOPPO3HOHHAS arpeCCHBHOCTD CPE/IBI, YIIEKHUCIOTHAS KOPPO3Hs, CKOPOCTH KOPPO3UH

Jaa yumupoeaHus: KautiokoB P.P., 3anesanos /[.H., Baranos P.K. VccnenoBanne Koppo3HOHHON aKTUBHOCTHU CPEIl M CTOMKOCTH HUCMOIB3YEMBIX

MarepualoB B yCIOBUSX MPUCYTCTBHS arpecCUBHOIO AMOKcHa yriepoaa // V3sectus By3zos. Uepnast metaiuryprust. 2021. T. 64. Ne 11. C. 793-801.
https://doi.org/10.17073/0368-0797-2021-11-793-801

In recent years, the problem of carbon dioxide corro-  ducts [1]. Taking into account corrosion risks (including
sion (CDC) in gas fields has become relevant. In the Rus-  due to the CDC) plays an important role in the processes
sian Federation in recent years at a number of gas facili-  of ensuring the reliable and safe operation of enterprises
ties, problems of corrosive nature have arisen due to the for hydrocarbons extraction [2 — 3]. To control the techni-
increased content of carbon dioxide in the produced pro- cal condition of gas production and underground storage
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facilities, a set of measures is used, including diagnostic
surveys and corrosion monitoring [4].

Carbon dioxide (CO,) can be in several states of aggrega-
tion: gas, liquid and supercritical (SCS). The so-called “triple
point” connects all three states of CO, (P, =7.38 MPa and
T, =31.1°C), depending on change on which the type of
aggregate state is determined.

At gas production facilities, the partial pressure is rela-
tively low, and CO, is in gaseous aggregate state. It should
be noted that CO, is not only a component in the compo-
sition of produced products, but can also be used at oil
and gas facilities for technological tasks. In this case, the
above-mentioned special properties of CO, can be effec-
tively used, including in SCS. Among the most commonly
used are the use of CO, to intensify oil or gas production
at the later stages of field exploitation and as a buffer gas
in underground gas storage (UGS) facilities [5]. It should
be also mentioned about the injection of excess CO, into
underground storage facilities in order to reduce its emis-
sions into the environment [6 — 7]. For these purposes, both
the infrastructure for pumping gas into underground reser-
voirs and pipelines for transporting it from the places of
CO, separation to the disposal site are being arranged [8].
For such purposes, underground caverns are used after the
end of the exploitation of oil or gas fields, geological cavi-
ties with aquifers [9 — 10].

In all of the above cases, aggressive CO, comes into
contact with steel equipment and pipeline systems, which
in the presence of an aqueous phase and other factors in-
tensifying corrosion (temperature, etc.) can lead to the de-
velopment of corrosion damage. In the first place, the most
dangerous forms of local defects typical for CDC will de-
velop. In this regard, the article discusses topical issues of
assessing the corrosiveness of carbon dioxide media and
the resistance of various steels in the conditions of CDC at
oil and gas facilities.

[ RESEARCH METHODS

Corrosion tests under conditions of moisture condensa-
tion were carried out at normal (20 — 25 °C) temperature.
Test methods for moisture condensation, sample process-
ing, assessment of corrosion defects, and statistical data
processing were carried out according to the previously
described procedures [11]. After testing, the following
was determined: general corrosion rate K., by the sample
weight loss; rate of local corrosion in terms of the depth
of corrosion damage (average K, ., — by averaging over
all local defects, maximum K, — by the deepest local
damage).

Corrosion tests were carried out using the gravimetric
method. Effect of the partial pressure of corrosive gases
on corrosion rate of the samples was evaluated in an auto-
clave unit (static conditions), after oxygen was removed by
blowing with an inert gas. The exposure time of gravimetric
samples in an autoclave unit was 120 hours.
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The phase composition of corrosion products was an-
alyzed by X-ray diffraction, which is based on recording
the dependence of the intensity of X-ray reflection by com-
pounds crystal lattices on the value of diffraction angle,
followed by the diffraction pattern interpretation. The sur-
vey was carried out on ARL X’TRA X-ray diffractometer.
The identification of crystalline phases was carried out by
comparing the array of reflections obtained from the test
sample with the reference diffraction patterns of individual
compounds contained in the international database of dif-
fraction standards.

During the tests, carbon steel grades St20 and Kh65
were used.

[ RESULTS AND DISCUSSION

Let us consider the corrosiveness of the medium of gas
production facilities in conditions of increased CO, content.
The analysis shows that the most corrosive type of equip-
ment at gas production facilities are downhole equipment
and field pipelines. Under such conditions, corrosion can
occur [12]:

— at the pipe bottom when moisture accumulates (bot-
tom-of-line corrosion, BOL corrosion);

— at the pipe top in case of moisture condensation (top-
of-line corrosion, TOL corrosion);

— in places where moisture accumulates (cracks, gaps,
stagnant zones, elevation differences, etc.).

The main condition for corrosion process development
is the presence of moisture when reactions of its interac-
tion with steel in the solution volume (BOL) or in a thin
film of moisture on steel (TOL) occur. TOL corrosion in
contrast to the corrosive conditions of oil facilities is typi-
cal for gas fields. When leaving the well, water vapor in
the gas phase condenses on the pipe inner surface due to
the temperature difference between the wet gas flow and
the environment, which leads to the appearance and TOL
corrosion development. BOL corrosion will be typical in
sections of the pipeline system when the water phase is in
constant contact/movement with the inner surface of the
pipeline steel [13 — 14].

Results of the autoclave tests (Table 1) show that with
an increase in CO, partial pressure the corrosion rate of
steel St20 mainly grows, as well as with an increase in tem-
perature. It should be borne in mind that with an increase in
temperature deposits can form including the form of corro-
sion products. The resulting solid sediments (iron carbon-
ates, etc.) at 80 — 90 °C may have certain protective proper-
ties, because they form more tightly packed than at lower
temperatures. Probably, it is precisely with this that the fact
that at 80 — 90 °C is not observed a stronger increase, as in
other types of corrosion, increase in the rate of CDC. This
test simulates BOL corrosion conditions.

Our TOL tests in the presence of CO, showed that
at a low (less than 0.1 mm/year) rate of general corro-
sion, carbon steel X65 (APISL) undergoes severe lo-
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Table 1
General corrosion rate (mm/year) of steel St20 according to the results of autoclave tests
Tabnuya 1. Cxopocth 0611eii koppo3uu (Mm/roa) ctaian Ct20 no pe3yJibTaTaM aBTOKJIABHBIX UCTIBITAHUI
. Temperature and mineralization of the aquatic environment, °C
Paglgl Y 30 60 80 90
: 39%NaCl | 0.5%NaCl | 3%NaCl | 0.5% NaCl | 3 % NaCl | 0.5 % NaCl | 3% NaCl | 0.5 % NaCl
0 0.073 0.065 0.063 0.065 0.120 0.093 0.108 0.108
0.221 0.203 0.241 0.240 0.522 0.338 0.490 0.476
4 0.201 0.196 0.365 0.331 0.590 0.539 0.553 0.556

cal corrosion (Table 2). Particularly high local corrosion
(0.5 — 1.5 mm/year) is observed on samples from the weld
zone, which is several times higher than that of the base
metal. It is the welds that can be more susceptible to un-
even types of corrosion damage. During heat treatment
of the metal (welding), a change in the composition and
properties of the material can occur, which can lead to the
emergence of inhomogeneities (heterogeneity) between
the pipe base metal and the weld and that can cause a cor-
rosion process.

The tests carried out under the conditions of moisture
condensation, characteristic of TOL corrosion, showed [11]
that there is also a tendency to an increase in the rate of
local corrosion with an increase in CO, partial pressure.
The corrosion process in a condensed moisture film for the
tested steels was characterized by localization of corrosion
damage in the form of multiple pits on the surface of metal
samples [12]. An increase in CO, pressure will increase the
solubility of the gas in aqueous phase, causing an increase
in the corrosion rate.

With an increase in the temperature of the test medium
from 20 — 25 to 50 °C, an increase in both general and local
corrosion in the vapor phase is observed. Such an increase
in CO, corrosive effect is associated not so much with the

Results of the tests on local corrosion rates calculated by the average (K,

thermodynamic enhancement of coupled electrochemi-
cal corrosion processes, which can also take place, but, to
a greater extent, is explained by an increase in the amount
of moisture condensed on the steel surface. This is due to
a large temperature gradient between the surface of steel
samples, which are forcibly cooled (up to 15 °C) to crea-
te conditions for moisture condensation, and an increased
temperature of the gaseous medium with CO, inside the test
cell. It is known that for the development of CDC, includ-
ing TOL corrosion, a sufficiently large amount of water is
required in comparison with other types of corrosion, for
example, with hydrogen sulfide corrosion [13 —14]. The
development of local corrosion in the vapor phase is asso-
ciated with moisture condensation: with a lack of air humi-
dity, the dew point will not be reached and the moisture film
will not precipitate on the steel surface. According to the
previously obtained data [15], at 33 % and 66 % air humi-
dity, the moisture content was insufficient to localize corro-
sion in the presence of CO, during TOL corrosion. But as
soon as the humidity increased and reached higher values,
for example, 100 %, and the dew point was reached in the
test cell, then the development of the local CDC began, the
rate of which reached up to 1 —2 mm/year. The presence
of moisture is important for the development of CDC pro-

Table 2

) and maximum (K

oc loc.max)

depth of corrosion damage on steel X65 in CO, medium and moisture condensation

Tabauya 2. Pe3ybTaThl HCIILITAHMIL 110 OIIPeieIeHUIO JIOKAIBHBIX CKOPOCTel KOPPO3HH, PACCUUTAHHBIX 10 cpeaHeii (K )

U MaKkcuMaJbHoi (K

JIOK.MaKC

JIOK

) IIy0uHe KOPPO3HOHHBIX MOBPesKIeHni Ha cTaiu X65 B cpene CO, 1 KOHAEHCAMH BJIArH

Depth of corrosion Corrosion rate, mm/year
:Zglep;;f ol;h;:rlrll)glre damage, pm average | local (depth of corrosion damage)
Average/maximal ng”' Ko aver K, max
1 24/27 0.0643 0.269 0.299
Base metal 2 22/35 0.0459 0.241 0.387
3 19/24 0.0756 0.210 0.265
4 44/78 0.0889 0.489 0.863
Weld 5 64/132 0.0885 0.703 1.460
6 56/142 0.0668 0.622 1.571
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cesses not only for gaseous, but also for other aggregate
states of CO,. According to [16], for each of the aggregate
states of CO, there is a critical value of water content for
the beginning of corrosion localization: 80 % humidity —
for gas; 60 % — for liquid and SCS. The authors carried out
the tests on steel X65 at 25 — 35 °C and increased values of
CO, pressure (4 — 8 MPa).

Analysis of the effect of various salts (in low concen-
tration) showed that they insignificantly affect the corro-
sion rate in the vapor phase [17]. An increase in the rate
of localized corrosion will be influenced by an increase in
water content in the test chamber, which will remain app-
roximately the same when the mineral composition changes
and the medium mineralization remains unchanged. An in-
crease in local corrosion is possible only if, as a result of
the dissociation of salt in water, its acidification and/or the
formation of acid gases occurs.

The test results confirm that gas facilities operated in
conditions of CO, presence in the extracted products are
subject to increased corrosion hazard in the water and vapor
phases, especially to local corrosion typical for CDC.

Corrosion products formed on the metal surface play
a certain role in the protection of steels from corrosion.
Tests carried out in an aqueous medium (Figure a) to de-
termine the phase composition of the film formed on steel
after autoclave tests showed that siderite (FeCO,) is formed
predominantly during CDC, and mackinawite (FeS) can

form in the presence of hydrogen sulfide impurities, both
independently and together with FeCO,.

In addition to the amount of CO,, CDC in the aqueous
environment is influenced by its mineral composition. UGS
facilities and CO, storage sites are often located in aqui-
fers [18]. The authors of [19] provide data on the effect of
saline water and its composition (up to 35,000 ppm CI,
10,000 ppm Ca?" and 10,000 ppm Mg?*) on the corrosion
resistance of steel X65 (0.11 % Cr) in the conditions of
SCS corrosive gas formation. Simulation tests were carried
out in an aqueous electrolyte saturated with CO, (60 °C,
10 MPa). The main initiator of corrosion localization was
the presence of chloride anions in water which contribute
to the formation of iron carbonate (in the form of depo-
sits of corrosion products). The addition of Ca?" and Mg?*
has a different effect on the properties of corrosion deposits,
their morphology and coprecipitation together with iron
carbonate on steel. The resulting local corrosion defects had
a depth of 20 — 50 pum.

As in our tests (Figure a) at a CO, pressure of 0.8 MPa,
in the study [20], siderite was obtained in a NaCl solution
at 80 °C saturated with CO, (but at a higher pressure of
15 MPa). However, with the addition of other salts, for
example, CaCO,, the layer of corrosion products turned
out to be more porous and less resistant to chloride anions,
which provoke the nucleation and development of pits, in
contrast to the denser siderite layer.
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Identified experimental diffraction pattern of corrosion products after autoclave tests on steel X65:

= 0.8 MPa, temperature 80 °C, 3 % NaCl; b — Pst =0.15 MPa, temperature 60 °C, salinity of the water phase 1 g/l
(arrow indicates an X-ray amorphous gallo, asterisk indicates X65 steel signal)

WnentuduunpoBanHas SKCIiepUMEHTaIbHas TU(paKkTorpaMma MpoyKTOB KOPPO3UH, MOITYIESHHBIX MTOCIE aBTOKJIABHBIX HCIBITAHUH Ha cTamn X65:
a-— PCOZ = 0,8 MIla, Temneparypa 80 °C, 3 % NaCl; b — Pst = 0,15 MIla, remneparypa 60 °C, munepanuzanus BogHou ¢assl 1 r/i
(cTpelkoii yka3aHo peHTIreHOaMOp(HOE rajio, 3Be3J0YKON — CHUI'HAN OT cTaid X65)
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Tests of carbon steel X65 at 25— 60 °C and a pres-
sure of 2.0 —14.5 MPa showed [21] that the corrosion
rate at first can reach up to 28 mm/year, then decreasing
to 1 mm/year. The formation of corrosion products can in-
hibit the corrosion process over time, but their protective
properties will depend on the temperature of the environ-
ment. At higher temperatures, denser and less porous films
were formed, mainly consisting of siderite. The steel sur-
face also plays a role: presence of cementite at the interface
led to formation of loose films of corrosion products.

The temperature factor can also intensify the corrosion
processes. Investigation of the effect of temperature (35 °C
and 50 °C) at SCS (8 MPa CO,) for steel X65 (0.11 % Cr)
showed [22] that the development of local defects is ob-
served: the rate of local corrosion canreach 0.3 — 0.9 mm/year
(at 35 °C), increasing to 0.9 — 1.7 mm/year (at 50 °C). It is
also noted that an increase in local corrosion occurs with an
increase in the amount of water.

An important role in the corrosiveness of CO,, both in
the gas and in SCS, is played by the presence of impurities
in it, such as SO,, H,S, etc.

TOL corrosion tests in a CO, environment with small
additions of H,S (50 ppm) on steel X65 showed (Table 3)
that the local corrosion rate reaches 0.90 — 1.37 mm/year.
On the samples, pits are observed, up to 50 — 100 um in
depth, which were formed during 30 days of the test. Dif-

ference in the rate of local corrosion, which was at CDC
(Table 2), is leveled in the presence of H,S. This is ap-
parently due to the higher corrosivity of H,S compared
to CO,.

It is also noted in [23] that even small additions of H,S
(21 ppm) to the aqueous CO, medium lead to a change in
the corrosion mechanism from carbon dioxide to hydrogen
sulfide. In this case, composition of the corrosion products
also changes: only mackinawite is formed on the steel
(without traces of siderite). According to the authors, the
formed FeS film on steel X65 is not capable of being a bar-
rier to the penetration of corrosive components to the steel
surface. This may be due to the small thickness of FeS layer
which directly depends on H,S content. According to the
results of the autoclave tests in an aqueous H,S-containing
medium (Figure b), mackinawite crystals were also found
on steel X65, but their content does not exceed 40 %. The
diffractogram shows that there is an X-ray amorphous gal-
lo: the content of amorphous compounds reaches 60 %. The
morphology of mackinawite (density, absence/presence of
pores), as well as its thickness, will affect the barrier pro-
perties of the formed corrosion products in relation to H,S
corrosion. Fully crystallized substances will form a more
densely packed film of corrosion products.

In [24], results of the studies at a temperature of 35 °C
and in SCS (8 MPa CO,) for steels X65 (0.11 % Cr) and

Table 3

Corrosion rates, depth of defects and appearance of steel X65 samples after removal of corrosion products
and testing in CO, medium with addition of 50 ppm H,S

Tabnuya 3. CKOPOCTH KOPPO3UH, IIIyOHHA 1e(peKTOB M BHEIIHUI BU/I 00pa31oB cTajiu X65 nocie yiajeHust
NPOIYKTOB KOPPO3uH U ucnbiTanuii B cpene CO, ¢ nodasienunem S0 ppm H,S

Type of K., Kie wers | Kioe max: Photo of sample after removal of Depth of corrosion damage,
sample mm/year | mm/year | mm/year corrosion products micron
I T
114, 70, 106, 88, 80, 60, 70, 68,
0.0208 0.978 1.371 48, 48, 54, 68, 64, 82, 78, 82, 100,
98, 82, 68, 76, 66, 46
Base metal
66, 60, 66, 58, 60, 64, 76, 54, 98,
0.0200 0.926 1.264 58, 58, 58, 66, 56, 66, 68, 62, 120,
82, 88, 64, 88, 60, 76, 92
54, 56, 74, 68, 72, 100, 70, 36, 80,
0.0179 0.886 1121 54,82,78, 82,44, 62, 80, 72, 64
Weld
86, 92, 62, 90, 60, 88, 70, 70, 86,
0.0156 1.056 1.317 72,90, 64,70, 74, 64, 92, 76, 74,
96, 94, 130, 70, 80, 94, 72
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13Cr (13 % Cr) are given. The addition of two other aggres-
sive gases (SO, and O,) to CO, in the presence of moisture
leads to a synergistic effect in corrosion process develop-
ment. The general corrosion rate for both steels is equally
high: 0.95 mm/year for X65 steel, and 0.65 mm/year for
13Cr steel. Pitting corrosion is even higher for both steels
(X65 and 13Cr), and ranges from 7 to 80 mm/year. The
presence of impurities leads to the formation of other cor-
rosion products: iron oxides and iron sulfate instead of iron
carbonate. Dissolution of SO, in an aqueous film leads to
the formation of extremely corrosive sulfuric acid, the de-
structive effect of which is enhanced by the presence of a
strong oxidizing agent in the form of O,.

The presence of sulfur compounds (SO,, H,S) even in
small trace amounts, negatively affects the corrosive situa-
tion in CDC, enhancing its development.

The use of high-alloy steels (with a high chromium con-
tent for corrosion protection) is not always able to provide
protection against CDC. Tests of carbon (X65) and alloyed
(13Cr) steels showed that at a temperature of 80 °C and
high CO, pressure (13.5 MPa) the local corrosion rate can
reach 15.6 and 0.32 mm/year, respectively [25]. Another
work [26] provides comparative test results for similar
steels X65, C75 and X20Cr13 in an aqueous medium satu-
rated with SCS CO, at elevated temperatures (50 — 130 °C)
and CO, pressure (9.5—21.5 MPa). The general corro-
sion rate for carbon steels (C75 and X65) reached
3.5 — 15 mm/year, local defects were observed on the metal
surface. In corrosion-resistant steel X20Cr13, the general
corrosion rate reaches 0.3 — 0.8 mm/year (there were no lo-
cal defects). According to [27], in the presence of impurity
gases in CO, in SCS, chloride anions from the aqueous me-
dium play an important role in formation and development
of local defects on alloyed steel 13Cr, which locally destroy
the film of corrosion products.

In such aggressive conditions, high-alloy steels can be
used for the protection of steel equipment and pipelines
which, however, in some particularly aggressive conditions
also require the use of anti-corrosion protection means [28].
Carbon and low-alloy steels that are not resistant to CDC,
as well as some alloyed ones, can be protected by corrosion
inhibitors or coatings.

On carbon or low-alloy steels at 80 °C and 12 MPa CO,
in the presence of inhibitors, the corrosion rate can decrease
to 0.1 mm/year [29]. A decrease in corrosion tenfold com-
pared to background values is observed. Although the ini-
tial background corrosion rate on low alloy steels is lower
than on carbon steels, the inhibitor protects carbon steels

better than low-alloy steels. This is explained by the mor-
phology of corrosion products: on low-alloy steels they are
thicker and more porous, which can negatively affect the
adsorption of corrosion inhibitor

Somewhat different results were shown by tests of
anumber of CDC inhibitors in an aqueous medium satu-
rated with SCS CO, at elevated temperatures (50 — 130 °C)
and CO, pressure (9.5 —21.5 MPa) [26]. These conditions
are more aggressive and, apparently, it is precisely with
this that the use of inhibitors for carbon steels, although it
leads to a significant decrease in corrosion rate, it does not
fall below 1 mm/year: increased temperature conditions
lead to a higher corrosive influence of environments on
carbon steels (X65 and C75). Reagents more effectively
inhibit CDC on alloyed X20Cr13 steel, reducing it below
0.1 mm/year.

Tests of carbon steel at 50 °C and 10 MPa showed [30]
that in the vapor phase over 5 % NaCl the corrosion rate
is 0.06 mm/year, and in the water phase — 0.62 mm/year.
When SO, is added to this system, the corrosion rate in-
creases by 5— 14 times to 3.6 and 8.2 mm/year for the
vapor and water phases, respectively. Tests of 3 inhibitors
have confirmed that they are capable of protecting steel in
such aggressive environments: the corrosion rate decreas-
es to 0.13 —0.18 mm/year, and for the most effective —
t0 0.07 — 0.09 mm/year.

Coatings can also be used for CDC protection. In [31],
the possibility of using conversion coatings of a complex
composition for the protection of pipelines transporting
CO,, including under conditions of acidification of the
aqueous phase, is discussed. It is important for coatings to
be non-porous. The authors of [32] report the use of a metal
microstructured Ni—Co coating with corrosion resistance
for protection in CO, conditions.

- CONCLUSIONS

Analysis of the research results shows that when CO, is
used, both in gas and SCS, the main corrosion factors will
be the possibility of moisture condensation and the dissolu-
tion of CO, in which will trigger the CDC mechanism. To
investigate such corrosion cases, it is important to exhibit
TOL corrosion tests. The presence of impurity gases will
affect the acceleration of corrosion process. An important
factor of the protective effect is phase composition and
morphology of corrosion products. Corrosion inhibitors
and coatings can be used to protect steel against corrosion
in the presence of CO, (in various states of aggregation).
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PA3PABOTKA METOIUKU
COBEPLUEHCTBOBAHUA TEXHO/IOTUU NPOKATKHU
PENIbCOBbIX CTANIEX HA OCHOBE
KOMNNEKCHOIo nAPAMETPA ONTUMUBALLIUU

A. A. YmaHcku#, A. b. IOpbeB

Cubupckuii rocynapcTBeHHbIH MHAycTpUaIbHBII yHuBepcuteT (Poccus, 654007, Kemeposckas 061. — Kysoacce, HoBoky3Henk,
yi. Kupoga, 42)

AHHomayus. Pa3zpaboTaHa METOIMKA COBEPILICHCTBOBAHUS PEKMMOB IIPOKATKH PENILCOBBIX CTalleld Ha OCHOBE KOMIUIEKCHOTO TapaMeTpa ONTHMH3a-
u. B kauecTBe 00bEKTOB IPUMEHEHHS METOIUKH BHIOPaHBI TEXHOIOTHS MPOKATKU PEIbCOBBIX MPO(UIICH B UePHOBBIX KICTSAX PEIbCOOATOUHBIX
CTaHOB M TEXHOJOTHs IMPOKATKH LIAPOBBLIX 3arOTOBOK M MEIIOLIMX IIapOB W3 OTOPAKOBKM HENPEPHIBHO JIUTHIX 3arOTOBOK PENILCOBBIX CTaJei.
OG600IIEHHBIM TApaMEeTPOM ONTHMHU3ALHH BHICTYIIAeT 0000IIeHHas (QYHKIHSA KeIaTeIbHOCTH XappUHTTOHA, KOTOPAs 3aBHCHUT OT YACTHBIX IOKa-
3aTeliel KeNaTeIbHOCTH 10 KPUTEPUAM 9HEprodpHeKTHBHOCTH, KauecTBa MpoKara, MaTepuanocOepexeHus: 1 NpOU3BOUTEILHOCTH cTaHa. Jlois
BIIMSTHAS TIEPEUNCICHHBIX YAaCTHBIX KPUTEPHEB ONTHMH3ALUU Ha 000OIICHHYIO (DYHKIUIO JKEIATeIbHOCTH YYHTHIBACTCS IMyTeM HCIIONb30BaHHs
k03¢ punmeHToB Becomoctr. OO0CHOBaHME 3HAYCHUH KO3()(HUIIMEHTOB POBOANUTCS MCXOAS M3 PE3yJIbTaTOB CPAaBHUTEIILHOIO aHAJIM3a PE3EPBOB
10 CHIDKCHHIO 3aTPaT WM HOTePh B CTOMMOCTHOM BBIpaKeHHH. Pa3paboTaH aaropuT™ NpHUMEHEHHS JaHHOU METOIHKHU. B pamkax mepsoro 61o-
Ka MPOBOJATCS aHAIN3 U 0000ILIeHHE UMEIOIUXCS UCXOAHBIX JAHHBIX M JONOJIHUTEIbHBIC UCCIIEOBAHMUS. DTH UCCIIEIOBAHUS HANPABJICHbI Ha
MOJTy4eHHe 0OOCHOBAHHBIX AHAIUTHYECKHUX 3aBHCHMOCTEH YaCTHBIX KPUTCPHEB ONTHMH3ALIUK M H3MEPAEMBIX MapaMeTpOB IPOKaTKH. Bropoit
0110k — 000CHOBaHNE KOHKPETHOT'O HAIPaBJICHHsI COBEPILICHCTBOBAHUS PEKUMOB IIPOKATKH, BBIOOP KOTOPOTO IPOBOUTCS HAa OCHOBAaHUH IIPOBEPKU
COOMIOIeHNs TPaHNYHBIX ycIoBui. Tperuii 610K BKIIOYaeT B ce0st pa3pabOTKy mapaMeTpoB HOBOTO PEeXKUMa IIPOKATKH H OLICHKY €T0 IPHMEHHNMO-
cTi U 3G PeKTUBHOCTH. YeTBepThlii OJIOK Mpe/roaraeT OmbITHO-IPOMBIIUICHHOE ONPOOOBAHHE HOBOTO PEXUMA IPOKATKU B YCIOBUSX JICHCTBY-
JOI[ETO IIPOKAaTHOTO CTaHa M, IPH HeOOXOAUMOCTH, KOPPEKTUPOBKY METOIUKH ONPEIEICHHUS IIPOTHO3HBIX 3HAYCHUH H3MepsAeMbIX MoKa3areneil. C
HCIIOJIE30BAaHUEM Pa3pabOTaHHOH METOAMKH IMPOBEAEHO COBEPLICHCTBOBAHUE PEXXUMOB IPOKATKU HKEJIE3HOIOPOKHBIX U OCTPSIKOBBIX PEIIbCOB B
YEPHOBBIX KJIETAX YHUBEpCAIbHOTrO peibcodanounoro ctana AO «EBPA3 3CMK», n3amMeHeH pesxuM MPOKaTKH MEJTIOMINX IIapoB M3 OTOPAKOBKH
3aroTOBOK PEJILCOB Ha CTaHe rornepeyHo-BuHTOBOI npokatku OAO «I'M3». Habmonaercst 3HaYUTeNIbHOE MOBBIIICHNE KAaYeCTBA U TEXHUKO-DKOHO-
MHYECKHX MOKa3aTelIeil, YTo CBUACTENBCTBYET 00 3 QeKTHBHOCTH pa3pabOTaHHOH METOIHKH.

Katouessle cn08a: MeTouKa, mapaMeTp ONTHMH3AIHH, KPHTEPHH ONITHMU3AINH, PEKHUMbI IPOKATKH, PENbCOBBIC CTAIH, YHUBEPCATBHBII Pelbco0anod-
HBII CTaH, JKEIC3HOTOPOKHBIC PEIbCHI, E(PEKT, MEIFOLIHE IIIaphl

Jlns yumupoeanusi: Ymauckuii A.A., IOpbeB A.b. PazpaboTka METOIUKY COBEPIICHCTBOBAHHS TEXHOIOTUH IPOKATKK PEIIbCOBBIX CTaJel Ha OCHOBE
KOMILIEKCHOTO IapaMeTpa ontuMusanuy // 3secrus By3oB. Uepnas metamtyprus. 2021. T. 64. Ne 11. C. 802-814.
https://doi.org/10.17073/0368-0797-2021-11-802-814

Original article IMPROVING THE TECHNOLOGY
OF ROLLING RAIL STEELS
BY A COMPREHENSIVE OPTIMIZATION PARAMETER

A. A. UmanskKii, A. B. Yur'ev
| Siberian State Industrial University (42 Kirova Str., Novokuznetsk, Kemerovo Region — Kuzbass 654007, Russian Federation)

Abstract. The authors have developed a technique for improving the rolling modes of rail steels based on a complex optimization parameter. The techno-
logy of rolling rail profiles in the roughing stands of rail-and-structural steel mills and the technology of rolling ball blanks and grinding balls from the
rejection of continuously cast blanks of rail steels are selected as the methodology objects. The generalized optimization parameter is the generalized
Harrington desirability function, which depends on the partial desirability indicators according to the criteria of energy efficiency, quality of rolled
products, material conservation and mill productivity. The share of influence of the listed partial optimization criteria on the generalized desirability
function is taken into account by using weighting coefficients. Justification of the coefficient values is based on the results of a comparative analysis
of reserves for reducing costs or losses in value terms. An algorithm for applying the technique has been developed. The analysis and generalization
of the available initial data and additional research were carried out as a part of the first block. These studies are aimed at obtaining justified analytical
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dependencies of particular optimization criteria and measured rolling parameters. The second block is justification of the specific direction of rolling
modes, the choice of which is carried out on the basis of checking the compliance of boundary conditions. The third block includes development
of the parameters of the new rolling mode and assessment of its applicability and effectiveness. The fourth block involves pilot testing of a new rolling
mode in the conditions of an existing rolling mill and if it is necessary, adjusting the methodology for determining the forecast values of the measured
indicators. With the use of the developed methodology, the modes of rolling of railway and sharp rails in the roughing stands of universal rail-and-
structural steel mill of JSC “EVRAZ ZSMK” were improved, and the mode of rolling grinding balls from the rejection of rail blanks at the cross-screw
rolling mill of JSC “GMZ” was changed. There is a significant improvement in the quality, technical and economic indicators, which indicates the

effectiveness of the developed methodology.

Keywords: methodology, optimization parameter, optimization criteria, rolling modes, rail steels, universal rail rolling mill, railway rails, defect, rolling

balls
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) BBEAEHME

B mnocnennee pecstunerne B Poccum cymecTBeHHO
W3MEHWINChH YCJIOBHUS SKCIUTyaTalluu >KEJIEe3HOIOPOKHBIX
peNbCcOB. 3HAYHUTENBHOE IMOBBIIICHUE TPY30HANPSKEHHO-
CTH KEJIe3HOAOPOKHBIX MyTeH 3aKOHOMEPHO OOYCIIOBHIIO
MOBBINIICHHE TPEOOBAHUH K IKCILTyaTalliOHHOW CTOMKOCTH
PEJIbCOB, YTO, B CBOIO OYEPElb, MPUBEIO K HEOOXOJUMOCTH
W3MEHEHHS TEXHOJIOTHYCCKHX PEKHMOB HX IONyUYCHHS
U TPOBEIEHHUsS] KOPEHHOM PEKOHCTPYKIHH OTE4eCTBEH-
HBIX PEJBbCOBBIX MPOU3BOJACTB. B pamkax yka3aHHOH pe-
KOHCTPYKLMH 3alyIIeHbl B 3KCIUTyaTaldl0 COBPEMEHHbIE
YHHUBEpcalbHbIe penbcodanmounsie craHsl B AO «EBPA3
3anagHo-CUOUPCKUNA  METaJTypru4ecKuii  KOoMOMHAaT
(AO «EBPA3 3CMK») u [TAO «Meuem» [1, 2], npoBeicHa
MOJIEpHHU3AIS CTaJICIUIaBUIIBHBIX POU3BOJICTB MPEANPHS-
T [3, 4]. B pe3ynbrare 0cCBOGHO MacCOBOE MPOU3BOJCTBO
nuddepeHIMPOBAHHO TEPMOYIIPOYHEHHBIX PEIbCOB, KOTO-
pBIe 00T IAr0T MOBBIICHHBIMY KA9€CTBEHHBIMHU U AKCILITya-
TalMOHHBIMU XapakTepucTukamu [5 — 7].

HecMoTpsi Ha JIOCTUTHYTHIE yCIIEXH, B TOM YHCJIC 3Ha-
YUTEJIbHOE YAYyUIlIeHUEe MEXaHUYECKUX CBOMCTB M dKCILTya-
TaIlMOHHBIX XapaKTEPUCTUK KEJE3HOAOPOKHBIX PEIbCOB,
B HACTOSILIEE BPEMSI UMEET MECTO LEJIbIM Psii TEXHUYECKUX
Y TEXHOJIOTHUYECKUX MPOOJIeM, CBI3aHHBIX KaK C IKCILTya-
Tauueil, Tak U ¢ MPOU3BOACTBOM PEIbCOBON MPOLYKIIHH.
B wactHOCTH, OTMEUAIOTCSl BBICOKUN YPOBEHb MPEkKIACBpPE-
MEHHOI'0 U aBapUUHOIO BBIXOJA U3 CTPOS PEIBCOB B MYTH,
TTOBBINIICHHBIN YPOBEHb OTOPAKOBKH PENILCOB HA MPETPHS-
TUSAX-TIPOU3BOJIUTENAX U3-32 HATMYUS HEJOYCTUMbIX BHY-
TPEHHUX M TOBEPXHOCTHBIX Je()EKTOB, BBICOKHH H3HOC
MIPOKATHBIX BAJIKOB U OOJIBLION pacXoi ANIEKTPOIHEPIUU Ha
MIPOKAT, HEJAOCTATOYHAsl MPOU3BOAUTEILHOCTh pelibcola-
JIOYHBIX CTAHOB U MOBBILICHHBIH YPOBEHb OTOPAKOBKU HC-
XOJTHBIX HETPEPHIBHO JIMTHIX 3arOTOBOK JJIsI TPOU3BOJICTBA
PEJIBCOB.

Bonpioe xonmnuecTBO MyOnMKaIuid 3apyOeKHBIX aBTO-
POB IO TEMAaTUKE MPOU3BOJCTBA PEJICOB B YCIOBUAX YHHU-
BEpCAIIbHBIX PEIbCOOATIOYHBIX CTAHOB IMOCBSIICHO, B TOM
yuclie, U3yYeHHIO MPOLECCOB TeueHus mertasuia [§ — 11],
(hOpMHUpPOBaHUS TEOMETPUYCCKUX TapaMETPOB  PEllb-
coB [12], ycunmii npoxarku [13, 14], TemneparypHO-CKoO-
pOCTHBIX ycnoBui aedopmaruu [15, 16] U ckombkeHUs

metaiia [17]. OnHako BO3MOXHOCTH IPUMEHEHUS PE3YITh-
TaTOB 3TUX HCCIICAOBAHUM /Il COBEPIICHCTBOBAHHUSI PEKH-
MOB IIPOKaTKHM 3HAYUTEIbHO OTPAHWYEHbI: OHU HE Cofep-
JKaT OMUCAHUS 3aKOHOMEPHOCTEW BIMSHUS W3MEPSEMBIX
rapaMeTpoB IPOKATKM HAa KAYECTBO IMOIY4YaEMBIX PEJIbCOB
U TEXHUKO-DKOHOMHUYECKHE TOKa3aTeNId X MPOU3BOICTBA.
Taxoke ciieayeT OTMETUTb, YTO 3HAUUTENbHAas 10 TaKuX
myOmukarmii [18 — 20] HOCUT BBIpaXEHHBIH 0030pHBIN Xa-
paxrep.

Crnenyer OTMETUTh, 4TO TpobieMa MOBBIIICHHOW OT-
OpaKOBKH PEITbCOBBIX 3arOTOBOK IIPHBETIAa K HEOOXOIMMO-
CTH TIOMCKa BO3MOKHOTO CHUKECHUS TOTEPh METaJlIa Iy TeM
UX nepepaboTKA B HEPEIbCOBEIC BUABI ITpoKara. PazBuTwio
9TOTO HATIPABICHUS TaKXKe CHOCOOCTBOBAT TOT (PAKT, UTO
3HAYUTENbHAs J10J1 OTOPAKOBAHHBIX 3arOTOBOK HE MMEET
BBIPAKCHHBIX J1e()EKTOB (IPUUUHOI OTOPAKOBKH SIBISETCS
HECOOTBETCTBHE TPEOOBAHUAM BHYTPHU3aBOJICKUX HOpMATH-
BOB, SBIISIONIMXCS 00JI€€ KECTKHUMHU MO OTHOILIEHUIO K Tpe-
6oBannsim 'OCT). B wactaoctu, B OAO «I'ypheBcknii Me-
Tantypruueckuii 3aBomn» (OAO «I'M3») ocBoeHO MaccoBoE
MIPOM3BOICTBO MEIIOIINX KAaTaHBIX IIAPOB U3 OTOPAKOBKH
3arotoBok craimu K76d, nocraBageMbix [1AO «Meueimy.
[Ipu 5TOM 13 yKa3aHHOH OTOPAKOBKH HE TPOU3BOIT IAPEI
TPy TOBBIIIEHHON TBEPIOCTH C PErNIaMEHTHPOBAHHBIMHU
TpeOOBaHMUSAMU IO YAAPHOH CTOHKOCTH, YTO OOYCIIOBICHO
CHECHU(PHIECKIMUA OCOOCHHOCTSIMU XMMHUYECKOTO COCTaBa
W CTPYKTYPBI pesibcoBbIX cranei [21 —23]. Takum obOpa-
30M, (hakTHuecKas 007acTh MPHUMEHEHUS PEIbCOBBIX CTa-
Jeil B Hacrodllee BpeMsi HE OrPaHUYMBAETCS COOCTBEHHO
penbcaMu, a BKITIOUAeT B ceOsl TakKe MPOU3BOACTBO KaTa-
HBIX MEJIOLIUX IapoB.

B nacrosiee BpeMs akTyaJlbHOM HayYHO-TEXHUUYECKON
3a/iaueil sBIIETCS MOBBILIEHUE KauecTBA M TEXHHUKO-IKO-
HOMHYECKHX TOKa3aTeseld MpOW3BOACTBA MPOMYKIMH U3
PENbCOBBIX CTaJIEH.

- OBOCHOBAHUE OBbLEKTOB NPUMEHEHUA METOOUKU

CxeMa NpOKaTKU PelbcOB Ha COBPEMEHHBIX pesibcola-
JIOYHBIX CTaHAaX BKIIIOYACT B CE0SI MPOKATKY B PEBEPCUBHBIX
YEPHOBBIX KJIETSAX, IJ€ MPOUCXOIAT OCHOBHBIE 00Xarus,
U IPOKAaTKy B IPYIIIE YHUBEPCAJIbHBIX KJIETEH, OCHOBHOM
3aja4eli KOTOPBIX SIBISETCS (POPMUPOBAHUE TTPODUIIS PEITh-
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HenpepbiBHO nuThIE
3aroTOBKH (TOIHBIC)

YepHoBbIE Ki1€TH
PpenbcobanoyHoro CTaHa

Ilonkar s nponsBojcTBa
PENbCOBBIX TpodHIeH

3aroToBka
150x150 mm

YepHoBbIe KII€TH
penbcodanoyHoOTo
cTaHa

HermpepbiBHO JHTHIE
3aroTOBKH (0TOpaKOBKa)

CopronpokaTHblii

3aroToBKa
d <60 MM

[HaponpokaTHbIit
CTaH

Hlapst

CTaH d <60 MM

Puc. 1. TexHonorn4eckue cxeMbl IIPOM3BOJCTBA MIPOKATa PEIBCOBBIX MPOdHUIeH (a) U METIOIUX MApoB (6) U3 PEIbCOBBIX CTaNEH

Fig. 1. Technological schemes for the production of rolled rail profiles () and grinding balls (6) from rail steels

coB. HauGonpiree BnusiHuEe Ha 3PPEKTUBHOCTH MPOKATKU
OKa3bIBAIOT TTAPAMETPHI Je(OpMaii IMEHHO B YEPHOBBIX
KJICTSX, YTO U OOYCIIOBHJIO MX BBIOOD B KaueCTBE IEPBOTO
00beKTa IPUMEHEHHS METOUKH (puc. 1, a).

B Hacrosiiee BpeMs Ha MpPEANPUATHIX-IIPOH3BOAUTE-
JSIX PEBCOBON TPOMYKIMHA HMMEET MECTO 3HAYUTENbHAS
OTOpaKOBKa HEMPEPHIBHO JHUTHIX 3arOTOBOK, U3 KOTOPBIX
Ha psge 3aBogoB (OAO «I'M3») 0CBOCHO MPOU3BOACTBO
MEJTIONINX MIapoB. ['eoMeTpuuecKue pa3Mepbl HEIpephIB-
HO JINTBIX 3aTOTOBOK HE ITO3BOJISTIOT M3TOTABIMBATH HETIO-
CPE/ICTBCHHO M3 HUX IIaphl HA CTAHAX BUHTOBOM MPOKATKH,
MTO9TOMY TEXHOJIOTHUCCKAsl CXeMa BKJIIOYAeT B ceds Impo-
M3BOJICTBO MPOMEKYTOYHBIX 3aroTOBOK. B KadecTBe BTO-
poro O0OBEKTa MPUMEHEHHS PaccMaTpPUBACMON METOIUKH
BBIOpaHa TEXHOIIOTHYESCKAsI CXeMa MPOU3BOJICTRA IAPOB U3
O0TOpPaKOBKH PEIIbCOBBIX cTanel (puc. 1, 6).

[l O50CHOBAHME OBOBLLEHHOIO MAPAMETPA
ONTUMU3ALMM

AHAaIN3 CyMIECTBYIONINX TEXHHYCSCKIX U TEXHOJIOTHIEC-
KUX OpoOJeM MpH TPOU3BOJICTBE PEIbCOBOM MPOMYKIIUH
MO3BOJIWI  BBICNUTH CICAYIOIIUE YACTHBIC KPUTCPUH
ONTUMH3AI[MHA PEKUMOB MPOKATKUA PEIbCOBBIX CTaJICH:
9HEProdPPEKTUBHOCT, KAYCCTBO IPOKATA; MATCPHUAIIO-
cOepexeHue; MPOU3BOINTENILHOCTE. B KauecTBe 00001ICH-
HOTO TIapaMeTpa ONTHMHU3AIMU HUCIONIb30BaHa 000O0IICH-
Hast GYHKIIHS KeNaTelbHOCTH XappUHITOHA!

D=d™d"d"™d"

e d)°, di*, di™, d" v m_, m_, m_, m_ — 4acTHbIEC IOKa-
3aTeNn KENaTeIbHOCTH U KOA(PPHUIHUEHTH BECOMOCTH IO-
Kazaresell o 3HeprodHEeKTUBHOCTH, KaYeCTBY, MaTepra-
J0COEPeKEHUI0 U TPOU3BOJUTEIHHOCTH; m +tm +m +
+m =1

B npezacrasieHHoil MeToauke BbIOOp 3HAYEHUH KO3(D-
(PUIMEHTOB BECOMOCTH YaCTHBIX ITOKa3aTesieil KeTaTeib-
HOCTH TPOBOAMUTCS MCXOAS M3 CPAaBHUTEILHOTO aHaju3a
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PE3EpBOB 0 CHIKEHUIO 3aTpar WM MOTEPh B CTOMMOCT-
HOM BBIpa)KEHUM.

YacTHble MOKa3aTeIH KeJaTeIbHOCTH IKCTIOHEHIINAb-
HO 3aBHUCAT OT Oe3pa3MEpHBIX BEIUYUH, KOTOPHIC, B CBOIO
ouepenib, CBSI3aHbl C HATYPaIbHBIMU ITOKA3aTeNIMHU

d; =exp[—exp(-y;)] =

b

el/eyi

e y, = a, + a,x,— 06e3pasMepHas BEJIHYMHA; a4, d, — KO3 (-
(umeHThI; X, — HaTypasbHBIA M0KA3aTEb.

Heo0XomuMbIM yCIIOBUEM HCITONB30BAHUS 0000IEHHON
(GYHKIMHY JKENIATEeIBPHOCTH Ha TIPAKTUKE SIBIISICTCS 3aKJIAIbI-
BacMOE HM3HAYaJIbHO COOTBETCTBHUE CTaHIAPTHBIX OICHOK
YAaCTHBIX IOKA3aTeled >JKENATEIbHOCTH M HATypallbHBIX
3HAYCHUH aHAJIM3UPYEMBIX MOKazaTenei (tadi. 1).

Pemienne cucteMbl YpaBHCHUH MO3BOJISICT IUIs 3HAYE-
HUH X,, COOTBETCTBYIOIIUX YPOBHSAM JKENATEIbHOCTH «XO-
POIIOY» (BEPXHsIs TPaHKIIA HHTEPBAJa) U «YAOBICTBOPUTEIIb-
HO» (HWKHSIS TPaHHIA WHTEpBaja), NOMYYNTh YHUCICHHbIC
3HAYEHHUs KOO(PPULIMEHTOB @ ¥ @, U JIaJIee ONPEIEINTD 3Ha-
HeHNA Oe3pasMepHbIX (GYHKIHH y, U1 KOHKPETHBIX 3Haue-
HUH X,, XapaKTEPU3YIOIIUX PEKUMbI IPOKATKH:

1
a, + alxi(«XOp()mo») =In —1 = 1,5,
In| —
0,8
1
a, + alxi(«yE[OBJ'IE:TBOpPITCIILHO») =In —1 = 0301 .
Inl ——
0,37

- BblEOP U OEOCHOBAHUE HATYPAJIbHbIX MOKASATEJ/IEN,
XAPAKTEPU3YIOLWUNX YACTHDBIE MAPAMETPbI
OonTMMHU3ALUU

B kauecTBe mapamerpa, OIPENEISIONIET0 HEProdd-
(hEeKTUBHOCTH PEKUMOB ITPOKATKHU, NCTIOIB30BAH YACTbHBINA
pacxoz dIEKTPOIHEPIUH 110 KIETAM:
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Tabnuma 1

OOmmii BU MIKAJIBI JKeJIATeJIbHOCTH

Table 1. General view of the desirability scale

HarypanbHble 3HaUeHUsI aHATU3UPYEMbIX IIapaMETPOB

d, OneHKa KeJIaTeIbHOCTH
X X X X
k] K M n
0,80 — 1,00 HAMBBICILIUI YPOBEHB («KOTIMYHOY)
0,63 — 0,80 | HOMYCTHMBII YPOBEHb, BHIIIE CYLIECTBYIOLIETO («XOPOIIO»)
037 — 0.63 JOIYCTUMBIH YPOBEHB, COOTBETCTBYIOIINII CYIIECTBYIOIEMY
’ ’ («yIOBIIETBOPUTEIILHOY)
0,20-0,37 HEJOIYCTUMBIH YPOBEHD ((HEYAOBIETBOPUTEILHOY)
0-0,20 MaKCHMAJIbHO HEXKENIATEIIbHBIA YPOBEHB («OUCHb ILII0XO0))
y A5 JISPI)KAHUIO OCHOBHBIX XMMHYECKUX JJIEMEHTOB B (DaKkTH-
an m’ YECKOM MHTEPBAJIE UX BapbUPOBAHUS:
T]CTT];[B
1 Oy~ (616 8),
tae Ay =(pgy)eVn| In— | — cymmapuas pabora nedop-

cp
maruu, kKJ{x; P, — KOHTaKTHOE JIaBlICHNE METa/llIa Ha BaJl-
ku, MlIla; V' — 06beM 3aroToBKH, M>; 71 — KOJIMYECTBO IPO-

XOJIOB; H — koo puumeHt obxarus; N, N, — K.IL1. CTaHa

U 3JIEKTPOJBUIATENIS; M — Macca 3arOTOBKH, T.

HaunGonplnyto CIOXKHOCTb MPEACTABISET ONpeAeTICHIE
CpPEeHEro KOHTAKTHOTO [JaBJIEHUs, MOCKOJbKY IapaMerp
MIPOTOPIHOHANICH CONPOTUBICHHUIO IJIACTHUECKOI nedop-
Maluy (BeJUYMHBI, aHAJUTUYECKUE METOIUKU OIperesne-
HUSI KOTOPOIl 001aaoT pSAOM CYIIECTBCHHBIX HEIOCTAT-
KOB, HE IO3BOJIAIOLIMX MOJy4aTh a/leKBaTHbIE peabHbIM
YCIIOBUSIM IIPOKATKHU PE3YIILTATHI).

[Ipennaraercs noaxol, COrIacHO KOTOPOMY COIIPOTHUB-
neHue aeopMaruy Mpu KOHKPETHOM COYETAHUU TEPMO-
MEXaHMUYECKHUX TapaMeTpoB nedopMmanuu (Temreparypa,
CKOPOCTh U CTENEHb Je(hOpMAaLINH) ONPEAETSICTCS HE KOH-
KPETHBIM YMCIIOM, a JUalla30HOM 3Ha4€HHU I — HHTEPBaJIOM
paBHOi#l BepositHocTH (MPB). DTOT MHTEpBan mpeacTas-
nseT co0oi Pa3sHOCTh MEXAY MaKCHMalbHO W MHHH-
MalbHO BO3MOXHBIMH 3HAYEHUSIMHU JaHHOTO ITOKa3aTes,
MOTy4YaeMbIMH TIPH HauOOJIee YCIOBHO «HEOIATrOIpHST-
HOM» M «ONaronmpusTHOM» XHUMHYECKOM COCTaBE CTAJH.
VYKka3aHHBIN MOIXO0M KOHIIENTYaJIbHO MPEIJIOKEeH B pado-
Te [24] u BHepBble MPAKTUYECKU PEATH30BAH B PAMKax
npeajaaraéMoil METOAMKH COBEPLIEHCTBOBAHUS PEKUMOB
MPOKATKH.

OnpezneneHye MakCUMajibHOIO M MHUHUMAJBHOIO 3Ha-
yennid IPB compoTuBneHus rmiactuueckor aedopmManuu
MIPOBOJUTCS MO clieaylomeMy aiaropurMmy. Ha nepsom
JTane Ha OCHOBAaHMU SKCIIEPUMEHTAIBHBIX HCCIEI0Ba-
HUH [0JTy4aloT ypaBHEHUE PErpecCuy, yCTaHaBIMBaIOLIEe
B3aMMOCBSI3b MEXIY MapaMeTpamu Ae(hopMaIiy U COMpo-
TUBJICHHEM JAe(OpMally Ul CTaTd PaCCMATPHBAEMOTO
XMMHYECKOTO COCTaBa, COOTBETCTBYIOLIEMY CPEAHEMY CO-

TIe ¢, i, € — TeMIeparypa, CKOpOCTh U CTETeHb nedopma-
LUH.

Ha cnenytromem stane 111 pa3inyHbIX COYETAaHUN TEPMO-
MEXaHWYeCKUX IapamMeTpoB JAedopmanuu onpenensercs
OTHOCHTEIIPHOE OTKJIOHEHHE BEpXHEHW W HIDKHEH TpaHuIl
WPB conpotusienus aedopmaiuu OT 3HAY€HU, COOTBETCT-
BYIOLIUX «CPETHEMY» XUMHUECKOMY COCTaBY CTaJIHU:

Osm); ~ Os(ep);

Ayyy =——""3
Osep),

Os(ep),
e Oy, Oy, H O, — CONPOTHBIEHHE nedopmanu,
COOTBETCTBYIOILIIEE BEpXHEW, HIKHEH rpanunam IPB
U «CPEJHEMY» XMMHUYECKOMY COCTaBy CTaJIH.

Ha Tperbem »rTame paccUMTHIBAIOTCS MAaKCHMaJbHO
Y MUHUMAJIbHO BO3MOXKHBIE 3HAUEHUsI COTPOTUBIICHUS Jie-
(hopMaru py 3aTaHHOM COYCTAHUH TEPMOMEXaHHUECKUX
[1apaMeTpoB:

O (max) = Css(cp)(l + AB(CP));

Os(min) = Gs(cp)(l - Aa(cm)’
rie AB(CP) u AH(Cp) — cpenHue apupMETHYECKUE 3HAYCHHS
OTHOCHUTEJIBHBIX OTKJIOHEHUN BEPXHEW M HUKHEH TpaHuIl
WPB naiist cTany KOHKPETHOW MapKH.

Cremyer oTMETUTH, YTO MaKCUMAIIBHO BO3MOXKHOE CO-
MPOTUBIICHHE JePOpPMALlUU SIBISETCS JUMHUTHPYIOLUINM
C TOUKH 3pEHHS JOMyCTUMOW HAarpy3Kd Ha OCHOBHOE
U BCIIOMOTaTeIbHOE 000pyJIOBaHUE IPOKATHOrO CTaHa,
a MUHUMAaJIbHOE 3HAYCHHE U OTKJIOHEHUE OT CPEJIHEro 3Ha-
YEeHUs] MHTEpPBajla XapakTepu3yloT CTENEHb 3arpy3KH JIBU-
rartenei NpuBOJOB IMTPOKATHBIX KIIETEH.
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[Mapamerpom, XapakTepU3YIOIIUM Ka4eCTBO T'OTOBOTO
[POKara, SIBJISeTCs OTOPAKOBKAa TOTOBOM MPOAYKIIMH, KO-
TOpasi MpencTaBsieT co0oil PyHKIMIO BEpossTHOCTEH 0Opa-
30BaHHsI HOBBIX JIE()EKTOB U BBIKATHIBAEMOCTH YK€ UMEIO-
LIMXCS Ha MCXOJIHBIX 3ar0TOBKAX J1e(peKToB:

BH :f(po(ip;pm:n()'

[Tpu 5TOM BeposATHOCTH 0Opa3oBaHus 1eEKTOB CBsA3aHA
C BJIMSIHUEM IIapaMeTpOB IIPOKATHOIO Iepejiena, a BeposT-
HOCTb TMOJTHON BBIKATBIBAEMOCTH N1e(heKTOB (10 pa3MepoB,
JIOTTYCTUMBIX COTJIACHO TpeOOBaHWN HOPMATHBHOW JIOKY-
MEHTAIlMK) — C BIUSHUEM apaMeTPOB CTAJICIUIaBUIBHOTO
nepeiena, TOCKOJIBKY OHa 3aBHCHT OT pa3MepoB Ie(eKTOB
Ha NCXOJHBIX 3aroToOBKax.

[ToxazareneM, XapaKTepH3YIOIIUM BEPOSATHOCTH 00pa-
30BaHUA I[eq)eKTOB npyu OpoOKaTKe, ABJISACTCA CTCICHb UC-
rosib3oBanus 3amaca ractuanoctu (CU3IT):

A A
\I]:—:—’

M tszd‘c
0

rje A — HakoOIJICHHAs! CTENeHb NedopMaliy C/IBHra; Ap —
MpeJiesIbHAs CTENeHb e opMaliiy CIBUTa 0 pa3pyIlIcHUs;
H — MHTEHCUBHOCTBH CKOpOCTEH nedopmaruu cIBuUra; tp —
BpeMs pa3pyIicHHsI.

ITockonbky CU3II pacrnipenensiercsi HepaBHOMEPHO O
CEUCHHIO MTPOKATHIBAEMOTO PO IS B Iiporiecce aedopma-
UM ¥ C YYETOM TOTO (haKTa, YTO MPOKATKa MPOBOJUTCS 3a
HECKOJIBKO ITPOXOJIOB, JUIsl aHAIM3a HUCIIOJIb3YETCSl CPETHEE
MakcuMaibHoe 3Hauenne CU3II no npoxogam:

n
Z\Vmax(i)
i=1

Wmax(cp) n b
TI€ W, ~ MAKCHMAIBHBIC 3HAYCHHSI CU3II o mpoxomam;
7 — KOJIMYECTBO MPOXOJIOB.

B kauectBe mapamerpa, XapakTepH3YIOIIETO BEPOST-
HOCTb BBIKATHIBAEMOCTH JE(PEKTOB, IEPEXOAAIINX Ha MPO-
KaT ¢ WCXOMHBIX 3ar0TOBOK, IPEMJIOKEHO HCIIOIH30BATh
k03(h(pULIMEHTHI BBIKATHIBAEMOCTU Je(PEKTOB 10 TIIyOuHE
¥ MIHpUHE (U1 TOBEPXHOCTHBIX JC(PEKTOB) ¥ 110 CCUYCHHIO
(n7st BHYTpEHHUX AE(PEKTOB):

hy by

K =— K, =—; K
! h] ’ bl g Sl

e hy b, — T1yOrHa HOBEPXHOCTHOTO Je(EKTa JI0 U TTOCIe
nedopmaiuu; by u b, — MUPHUHA OBEPXHOCTHOTO AedeKTa
JI0 ¥ miocae JiehopMarinu; S0 u S1 — TUIOIIA/Ib TIONIEPEYHOTO
CeueHUs BHyTPEHHETo JedeKTa 10 U nocie aedopMalnu.

C TOYKH 3peHUs BIUSHIS Ha OTOPaKOBKY TOTOBOTO IIPO-
KaTa 3HAYUMBIM SBIICTCS 3HAUYCHHE CYMMapHOTO K03(hhu-
IIUCHTA BBHIKATHIBACMOCTH:
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n
Kys) = HKh@?
i=1
n
Ky = HKbm?
i=1
n
Ksis) = HKS(iw
i=1
roe K W K by’ K i)~ KOO UITUEHTHI BHIKATHIBAEMOCTH JIe-

(EKTOB IO IPOXOAM; 1 — KOJIMIECTBO IPOXOIOB.

[IporHo3usie cymMMapHbie KOI(PQGHUIUCHTHI BBIKATHI-
BaeMOCTH JIe(PeKTOB HEOOXOMUMO OTPEEIATh C YUYETOM
noiu 1e(eKTOB, OTHECEHHBIX K ONPEACIICHHOW TIpyIIIe
(oObenuHeHME Ae(PEKTOB B TPYIIIBI IPOBOAUTCS B 3aBH-
CHMOCTH OT X MPOCTPAHCTBEHHON OpHUEHTAIIMU U pac-
TTOJIOKCHHUS )

n
Ky s)06m = HKh(Z)iI[i;
i-1

n
Ky s)oom = HKh(Z)irHi;

i=1

n
KS(Z)oﬁm = HKS(Z)iI[i’
i=1

rie J[, — nonst 1eheKTOB, OTHECEHHBIX K KOHKPETHOH rpyr-
I1e, B UX OOIIEM KOJIMYECTBE.

Taxum 06pa3oM, ypoBeHb OTOPAKOBKM TOTOBOTO METalI-
JIOTIpOKaTa SBISETCS (PYHKINEH CPEIHETO0 MaKCHMAIIFHOTO
3nadeHust CU3II u kosdunmenta cyMMapHOi BbIKaThIBac-
MOCTH JI€(PEKTOB TI0 TIPOXOIaM:

by :f(\Vmax(cp)§ Kz Kb(z))§

By, =/ (Viaxenys Kso))>

rae Bﬂn u BLIB — 0TOpaKoBKa rOTOBOTO MPOKaTa 1o Aedexram
MOBEPXHOCTH M BHYTPEHHHUM JIe(peKTaM.

ITpu pacuyere NMPOTHO3HBIX 3HAUEHUN OTOPAKOBKM MPO-
KaTa JUls HOBOTO PEXHMMa MPOKATKY yUUTHIBAETCS M3MEHE-
HUE [1apaMeTPOB C YUETOM JOJIU UX BIUSHUA:

Bﬂn(Gaz) .
BHH(HSM) = K K ’
7(E)sm + b(E)su
WmaX(Cp)Ga's Kh(z)(ﬁaz Kb(z)ﬁa's
I2111(1'1) +
21
Wmax(0p>mM c(m)
B _ Bﬂs(ﬁas)
HB H3M - ’
(o) WmaX(Cp) 6a3 KS( ) s
HH(B) + K HC(B)
\Vmax(cp)um S(2)gas
rae BIL o Bﬂ Gy ~ YPOBCHD O0TOpPaKOBKH TOTOBOTO TPO-

KaTta Mo JedeKkraM MOBEpXHOCTH M BHYTPEHHUM Je(eK-
TaM TPH HCHOJB30BAaHMM 0a30BOT0 peXHMa IIPOKATKH;

b ub — YpOBEHb OTOPAKOBKM T'OTOBOTO TPOKATa
ﬂl‘l(VBM) ﬂn(mM)
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1o eeKTaM MOBEPXHOCTH U BHYTPEHHUM Je(EeKTaM Mpu
HCTIONb30BAHMH M3MEHCHHOTO pexnma mnpokarku; JI
u I[C(H) JIONS MOBEPXHOCTHBIX JE(EKTOB NPOKATHOTO
U CTAJICIUIABWIIBHOTO MTPOUCXOXKICHUS; I[H(B) u ILC(B)— OIS
BHYTPEHHHX ME(PEKTOB MPOKATHOTO U CTANCILIABHIHLHOTO
TIPOHUCXOKICHNSI.

OHpeI[eHeHI/Ie CTCIICHU BJIMAHUSA TCXHOJIOI'MYCCKUX IIa-
paMeTpoB MPOKATHOTO Iepesieia Ha BEPOSTHOCTh 00pa3o-
BaHUA HC(I)CKTOB MeToaaMu MaTeMaTUYECKOM CTaTUCTUKHU
SIBJSIETCS] TIPAKTUYECKH HEpeaJn3yeMbIM (B CHITy KpaiHe
HE3HAYUTCIIbBHOTO HHTEpBaJla WX U3MCHCHHSA B paMKax
OJHOTO pEeXHMa NPOKATKH), MOITOMY LEeIeco00pa3HbIM
SABJISICTCA OINPCACIICHUC N0JIM BJIUAHUSA HaA OT6paKOBKy To-
TOBOTO IPOKATa IMapaMeTPOB CTAICIUIABIIILHOTO TIepeena,
a BIMSIHUE TIAPAMETPOB MPOKATHOTO epe/ieia B TOM CIIy-
gae COCTABHUT OCTABIIYIOCS JIOJIO:

Hn =1 _Z[c =1 _kcon(c)’
rae ka(C) — COBOKYIHBIH KO3(QQUIIMEHT JeTePMUHAIUH
BIIMSIHUSI TTAPAMETPOB CTAJICIUIABUIILHOTO TIepe/esia Ha OT-
OpakoBKY rOTOBOTO MTPOKATa.

Crnemyet OTMETUTh, UTO HEOOXOAUMBIM yCIOBHEM MOTY-
YCHUS aJeKBATHBIX TaHHBIX O JIOJI€ BIHMSHUS MapaMeTpOB
PA3INYHBIX MEPEEIIOB HA OTOPAKOBKY IPOKATA SBIISIOTCSI
TOTIOJTHUTENBHBIC METaJUIOTPpaUUECKUE HCCIICIOBAHIIS
XapaKTEPHBIX Je(PEKTOB.

Jns mpuBeNeHHsT MMOKa3aTelsl, XapaKTepPH3yIOIero Ka-
JTHOPOBKY BAJIKOB, K U3MEPSIEMOMY BUAY MPEATIOKEHO HC-
MOJIb30BaTh K03(GUIMeHT momo0ust GopMBbI MoIKaTa U Ka-
nubpa:

SO/HO
Ky =0t e
1 1

e S,, S, u I, I1, — niomans 1 NepuMeTp MonepeuHoro
CEUueHHMs packara JI0 U [ocJIe IPOKATKU B Kaauope.

HaunGonee OmarompusiTHas cxemMa HaNPSHDKEHHOTO CO-
cTostHus MeTajiia popmupyercs npu K, = 1.

Takum 00pa3oM, aHANUTHYECKHE 3aBUCHUMOCTH, HC-
NOJb3yeMble B JalbHeHIeM I MOIyYeHUs! IPOrHO3HBIX
3naueHnit CU3I1 1 BBIKaTBIBAGMOCTH JE()EKTOB MPU U3MeE-
HEHUU PEKUMA MPOKATKH, UMEIOT BUJ;

Voo =S 1,0, K ),
Kih b s) =/, an,)-

B kauecTBe mapamerpa, XapaKTepH3YIOIIETO MaTepHa-
nocOepexeHne, BBIOpAH YACIHbHBIA PAcXoa MPOKATHBIX
BAJIKOB, KOTOPBII sBIIsETCS (PyHKIME CpefHUX 3HAYCHUH
YCHUIIHS TMPOKATKH 10 MPOXojaM; Kod(hGHINCHTA TOT00HS
(opMBI MoIKaTa 1 Kaauopa MPOKAaTHBIX BAJIKOB; MAIINHHO-
TO BPEeMEHH MPOKATKH:

4,=f (Pcp [0 8 us €l Ky T, rIp),

rne T p — MAIIMHHOE BPEMs MPOKATKH; PC]D — CpelHee yCHu-
JM€ IPOKATKU MO IPOXOAAM.

KonunuecrBeHHasi B3aUMOCBA3b MEKIY XapaKTEPUCTH-
KaMH JieopMHUpyeMOil cTanm, mapamerpamu ee aedopma-
LIUM U yAEIbHBIM PAcXOOM IPOKATHBIX BAJIKOB yCTaHaB-
JIMBAeTCs HAa OCHOBAHUM JIAHHBIX JAJsSl Pa3IMYHBIX KJIeTeH
AQHAJIM3UPYEMOI0O CTaHAa, II0JIy4aeMBbIX IIPU UCIIO0JIb30BaHUH
6a30Boro pexuMa npokarku. IloryyeHHble aHAIUTHYECKHE
3aBUCUMOCTH YJEJBHOIO Pacxoja BalIKOB OT IIapaMETPOB
IIPOKATKHU 3KCTPATIOIIUPYIOTCSl HA BHOBb Pa3pabaTblBacMble
PEXKUMBI IIPOKATKHU.

Jlisl OLlEeHKM BIIMAHUSA PEXKUMOB IPOKATKU HA IPO-
U3BOJUTEIBHOCTh CTAaHA IPUMEHSETCS «TAKTOBBIM IOJ-
xo1». B pamkax 3Toro noaxojaa npoBOAMTCS pacdeT Tak-
TOB pabOTH! OTAEIBHBIX, HE3aBUCHUMBIX YYaCTKOB, 3aTEM
13 TONYYEeHHBIX TaKTOB BBIOMpAETCS MaKCHUMaJbHBIH,
KOTOPBIM BBICTYIAET B POJIU TaKTa pabOTHl BCEro Ipo-
KaTHOTO CTaHa:

.7 AT:T; T

CT max

rae T, — TakT pabothl npokarHoro crana, ¢; 1), T,, T —
TaKT pa0dOThl y4aCTKOB MMPOKATHOTO CTaHa, C.

- PA3PABOTKA AITOPUTMA NMPUMEHEHUA
METOAUKU

AJNTOPUTM TPUMEHEHHUS METOIUKU BKIIOYACT YEThI-
pe 6moxa (puc. 2) (tme Hnl, an’ HrI3 — HAIpaBIICHUS TI0
COBEPIICHCTBOBAHUIO PEKMMa MPOKATKH MyTEM HHTECH-
CUpHUKANK pekuMa OOKATHH, M3MEHEHHS KaTHOPOBKU
¥ TEMIIEPATypPHO-CKOPOCTHBIX napameTpos; H , M — Ha-
MpaBJIeHUE U KOHKPETHBIE MEPONPUITHS MO CHUIKECHHIO
pacxona BankoB; @, P — 3HaueHus (hakTHUECKUX U pacueT-
HBIX IIOKa3arejeil MpH MCIOJIb30BAHUM HOBOTO pPEKUMa
MIPOKATKH).

[lepBoIit 00K — TMONyYEHHUE HCXOTHBIX NAHHBIX, KO-
TOpBIE B 3aBUCHMOCTU OT METO/A UX TOJIYyUYCHHS] MOKHO
pa30UTh Ha IBE TPYHIBI: HE TPEOYIOMHE MPOBEICHUS
JIOTIOTHUTETFHBIX UCCIIeJIoBaHMi (MH(pOpMaIus o mapa-
MeTpax 0a30BOTO peXMMa MPOKATKH U (PaKTHIECKUX II0-
KazaTensx padoThl MPOKATHOTO CTAaHA MIPU €r0 HCIOJb30-
BaHUHU) U TOJY4YEHHbIE HAa OCHOBAHMU JOMOJHUTEJBHBIX
UCCIICIOBAaHUN aHAINTHYECKHUE 3aBUCUMOCTH (YpaBHECHUS
perpeccun), YCTaHaBIMBAIOLIME B3aUMOCBA3b MEXKIY
napaMeTpaMu ONTHUMH3AIMM U U3MEPSIEMBIMU TEMIIepa-
TYPHO-CKOPOCTHBIMH M T'€OMETPUYECKUMU IapaMeTpamMu
MPOKAaTKH.

Bropoit 6ok — 0600cHOBaHHE KOHKPETHOTO HarpaBiie-
HUsl (HampaBlIeHWI) COBEPUICHCTBOBAHUS PEXHUMOB MPO-
katku. C UCIIOIb30BAHKUEM PaHEe MOMYYEHHbIX JAaHHBIX JJ1s
0a30BOro pekrMa MPOKATKH MPOBOAATCS PACUCTHI TOKa3a-
TeIe, XapaKTepU3yIOIIX BO3MOKHOCTh HHTCHCU(DHKAITIH
PEKHMa MPOKATKH, 11e1eCO00Pa3sHOCTh KOPPEKTUPOBKH HC-
10JIb3yEMOM KaJIMOPOBKHU BAJIKOB U UCHOJIb3YEMBIX TEMIIE-
PaTypHO-CKOPOCTHBIX MapaMeTPOB MpoKaTKu. J{ns BeiOopa
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Puc. 2. Anroput™ npuMeHeHHsI METOIMKH COBEPLICHCTBOBAHUS PEKUMOB IPOKATKU PEIbCOBBIX CTanel

Fig. 2. Algorithm for applying the methodology for improving rolling modes of rail steels
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KOHKPETHOTO HATPABICHUS COBEPIICHCTBOBAHUS PEKUMA
MIPOKATKH OOOCHOBAHBI IpaHUYHBIE YCIOBHA. [loCKOIBKY
BJIUSIHUE pEXKUMa MPOKATKU Ha YAENbHBIN pacxo]| MpoKar-
HBIX BAJIKOB YUYHUTHIBACTCS C HCIONB30BAHUEM CpPEITHETO
M0 TIPOXOJaM YCHJIUSI IIPOKATKH, a Takxke Kod((HUImueHTa
moj100us (hopMbI KalTuOpa U UCXOJHOTO TOJIKaTa, TO U3Me-
HCHHUC pacxo[a MPOKATHBIX BAJIKOB B Cliy4ac I/IHTCHCI/Iq)I/I-
KaIlii PEXMMOB INPOKATKA M (MIJIH) COBEPIICHCTBOBAHHMS
KaJTHOPOBKH BaJIKOB, TEMIIEPATYPHO-CKOPOCTHBIX YCIIOBHIA
MIPOKATKH OyAeT MPOMCXOANTH aBTOMAaTnieckdu. B cimydae
HECOOTIOACHUS BCEX MEPEUHUCICHHBIX TPAHUUHBIX YCIOBHH
MIPOBOJIUTCS aHAITU3 U 000CHOBAHKE BHIOOPA JIOTIOTHUTEIb-
HOro MeTonma (METOJOB) CHIDKCHHUS Pacxofa IMPOKATHBIX
BaNKoOB. [Ipy 3TOM MpUOPHTET OTHACTCS METOIaM, HE Tpe-
6yIOIJ_lI/IM 3HAYUTEIbHBIX U3MEHEHUN TEXHOJIOTHU U ITOBBI-
IIICHUS 3aTpar.

TpeTwii 610k BKIIFOUaeT B ce0s pa3pabOTKy mapaMeTpoB
HOBOTO PEKUMa TPOKATKH M OIEHKY €ro MPUMEHUMOCTH
1 3((EKTUBHOCTH TIO CPAaBHEHUIO C 0a30BBIM PEKUMOM.
[TpruMeHNMOCTE HOBOTO PEXHMMa MPOKATKH OLECHHBACTCS

UCXO/S U3 JIOMyCTUMOI Harpy3ku Ha OCHOBHOE 000pymo-
BaHHUE CTaHa, a 9(PEKTUBHOCTH — IO pe3yabTaTaM Ompese-
JIeHus1 0000IEHHON (DYHKITUY JKeNaTeNbHOCTH XappUHITO-
Ha. ComacHO MPUHATOMY TOAX0Y 0000IIeHHas QYHKIIHS
JKETATEIbHOCTH OMPEJIENseTCS ¢ yU4eToM KO3 (PHUIUCHTOB
BECOMOCTH YaCTHBIX KPUTEPUEB ONTHMHU3ALNH, TOTOMY B
paMKax JaHHOTO OJIOKA MPOBOIUTCS BBIOOP 3HAUCHUI 1aH-
HBIX K0d(h(HUIHEHTOB. B cirydae HEBBIOIHEHUS YCIOBHH
MPUMEHUMOCTH U 3(P(HEKTHBHOCTH HOBOTO pEXHUMa IMpPO-
KaTK{ TIPOBOJUTCS KOPPEKTUPOBKA €T0 IapaMeTpoB C I10-
BTOPHOM MpPOBEPKOM COOTBETCTBUS BBIIIECIIPUBEACHHBIM
YCIIOBHSM.

YeTBepThlil OJIOK BKIIOYAET B €€Osl ONMBITHO-IPOMBIIII-
JIEHHOE OIIPOOOBaHNE HOBOTO PEKMMa MPOKATKU B YCIIOBH-
X JIeHICTBYIOIIET0 MPOKATHOTO CTaHA, CPABHEHHE (paKkTHue-
CKHX TOKa3aresell paboThl cTaHa MPHU €T0 NCITIOIb30BAHMH
C PACUETHBIMU JJAaHHBIMU U, IPU HEOOXOIUMOCTHU, KOPPEK-
THPOBKY METOJIUKH OIIPE/ICNICHNS MPOTHO3HBIX 3HAUYCHUH
U3MEpsIeMBIX MOKa3aTeel MyTeM BBOAA JIOMOIHUTEIBHBIX
MONPABOYHBIX KOA(PPHUITMESHTOB.

Tabnuma 2

Pe:kuMBbI IPOKATKH KeJ1e3HO0POKHBIX PeJIbCOB B YEPHOBBIX KJIETHAX
YHHBepPCAJIbHOro peiibcodanounoro ctana AO «KEBPA3 3CMK»

Table 2. Modes of railway rails rolling in roughing stands
of the universal rail-and-structural steel mill of JSC “EVRAZ ZSMK”

HoMmep uepHOBO basoBslii pexum Hosblii pesxum
KJICTH HOMep npoxona | H, MM B, Mm Ah, MM H, mm B, Mm Ah, MM
0 300,0 360,0 - 300,0 360,0 -
KaHTOBKa Ha 90°
1 260,0 375,0 40,0
305,0 310,0 55,0
KaHTOBKa Ha 90°
2 257,0 320,0 48,0
317,0 270,0 58,0
KaHTOBKa Ha 90°
3 266,0 280,0 51,0
260,0 267,0 60,0
1 KaHTOBKa Ha 90°
4 215,0 277,0 45,0
29,0 | 2760 | 61,0
5 KaHTOBKa Ha 90° KaHTOBKa Ha 90°
2570 | 2200 | 200 | 2220 | 2290 | 540
KaHTOBKa Ha 90°
6 232,0 225,0 25,0
207,0 240,0 22,0
KaHTOBKa Ha 90°
7 195,5 230,0 44,5
2100 | 2460 | 150
| KaHTOBKa Ha 90° KaHTOBKa Ha 90°
200,5 250,0 45,5 80,0 220,5 110,0
5 2 194,5 250,0 6,0 53,0 229,5 27,0
3 80,0 2153 90,0 42,0 2385 11,0
4 55,0 222.9 25,0 - - -
5 43,0 2340 12,0 - - -
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- OnNbITHO-NPOMbILWNEHHOE ONPOBOBAHMUE
METOAUKU

C ucnonb3oBaHueM pazpabOTaHHONW METOJUKHU IMpOBe-
IICHO COBEPIICHCTBOBAHHE PEKUMOB IPOKATKH KEIC3HO-
JOPOXKHBIX U OCTPSKOBBIX PEJILCOB B YCIOBUSIX YHHBEp-
canpHOTO penbcodanoynoro crana AO «EBPA3 3CMKy,
a TaKXKe PeKUMOB MPOKATKH MEJIOIIUX MIapoB U3 0TOpa-
KOBKH PEITBCOBBIX CTajeld B YCIIOBHSAX COPTONPOKATHO-
ro crana OAO «I'M3». B kauecTBe TeopeTHUECKOil 0a3bl
MIPUMEHIEMOH METOIMKH HCIIONB30BAaHBl PE3yIBTaThl HC-
CJICIOBAHUM COMPOTUBIICHUS IUIACTUYECKON Jedopmarun
¥ TUTACTUYHOCTH PENbCOBBIX cTane [25 — 28], mporeccoB
00pa30BaHUsI U BBIKATHIBAEMOCTHU AE()EKTOB Ha HAUaIbHOU
CTaJI¥ MPOKATKH peibcos [29, 30].

OTnU4YUTENbHBIE OCOOCHHOCTH HOBBIX PEXHMOB MPO-
KaTKW PeJbCOBBIX mpoduieit (tadm. 2, 3, puc. 3, 4): cHu-
JKEHUE KOJIMYECTBA MPOXOJI0B BO BTOPON YEPHOBOM KIIETH

(c5mo3uc7noS ans xene3sHOAOPOKHBIX U OCTPSKOBBIX
PEIBCOB COOTBETCTBEHHO); M3MEHEHHE (DOPMBI «PEIThCo-
BBIX KaHI/I6pOB», IIO3BOJIAOIICC ITOBBICUTH CTCIICHB ITO0J0-
Oust OPMBI HCXOIHOTO MOJKATA U YKa3aHHBIX KAJINOPOB.

O¢hexkTUBHOCTh pa3pabOTaHHBIX PEKUMOB IMPOKATKU
PETBCOBBIX PO ITEH TOATBEPIKICHA PE3YIBTATaMH OITBIT-
HO-TIPOMBIIIJICHHOTO ONPOOOBaHMUs U BHEApeHUs (Tabm. 4).

ONBITHO-TIPOMBINIIICHHOE OMPOOOBAaHNE yCOBEPIICHCT-
BOBAHHOI'0 PEXUMa ITPOU3BOCTBA MEJIIOIIUX [IAPOB U3 OT-
OpaKoOBKH 3arOTOBOK PETBbCOBEIX CTAJICH, MPEAIoararonie-
IO yBEJIMYEHUE MAKCHUMAJIbHO JOIyCTUMOH TeMIlepaTyphl
Haugana npokatku ¢ 980 no 1030 °C, nmokazaino ymydiieHne
OCHOBHBIX ITOKa3aTeleil KayecTBa IPOM3BOJMMBIX IIAPOB
OTHOCHTETIPHO CYIIECTBYIOIIETO pPEXHMa HUX IPOKATKH
(tadm. 5).

Oxunaemasi SKOHOMHYECKass 3PPEKTUBHOCTh OT BHE-
JPEHUs] HOBOTO pPEXHMa MPOKAaTKW INApOB COCTABISAET
22,5 mutH py6/roa. DddekTnBHOCTD pa3paboTaHHON METO-

Tabnuma 3

Pe:kuMBbI NPOKATKH OCTPSKOBBIX PEJIbCOB B YePHOBBIX KJIETAX
YHHBepPCaJIbHOro pesibcodanounoro ctana AO «kEBPA3 3CMK»

Table 3. Modes of sharp rails

rolling in roughing stands

of the universal rail-and-structural steel mill of JSC “EVRAZ ZSMK”

HOMep '-ICpHOBOﬁ bazoBrrii PEKUM Hoggrit PEKUM
KJICTH HOMeEp mpoxona | H, Mm B, MM Ah, MM H, mm B, Mm Ah, MM
0 300,0 365,0 - 300,0 365,0 -
i KaHToBKa Ha 90° KaHToBKa Ha 90°
300,0 308,0 65,0 300,0 308,0 65,0
2 255,0 318.,0 45,0 240,0 318,0 60,0
3 KaHTOBKa Ha 90° KaHTOBKa Ha 90°
260,0 265,0 58,0 260,0 250,0 58,0
1 4 210,0 275,0 50,0 210,0 260,0 50,0
5 KaHToBKa Ha 90° kaHToBka Ha 90°
2250 | 2160 | 500 | 1950 | 2200 | 650
KaHTOBKa
6 198,0 221,0 27,0
180,0 | 2050 | 40,0
7 KaHTOBKa Ha 90° KaHTOBKa Ha 90°
180,0 | 2060 | 41,0 | 1920 | 1940 | 13,0
{ KaHTOBKa Ha 90° KaHTOBKa Ha 90°
1980 | 1940 | 80 | 1590 | 2060 | 350
KaHTOBKa Ha 90°
2 143,0 215,0 16,0
165,0 210,0 29,0
KaHTOBKa Ha 90°
3 148,0 215,0 17,0
2 100,2 156,0 59,4
KaHTOBKa Ha 90°
4 96,5 161,5 3,7
103,0 158,0 51,0
5 103,0 158,0 0 94,5 163,5 2,0
94,5 1640 8,5 - — _
92,5 165,0 2,0 - — _
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Fig. 3. Scheme of rolling railway rails in roughing stands according to the basic () and developed (6) modes
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Puc. 4. Cxema npoKaTKu OCTPSKOBBIX PEIBCOB B YEPHOBBIX KJIETSIX 10 0a30BOMY (@) 1 pa3paboTaHHOMY (0) pesKuMam

Fig. 4. Scheme of rolling of sharp rails in roughing stands according to the basic (a) and developed (6) modes
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Tabnuma 4

AHaiu3 3pPeKTUHBHOCTH PEKMMOB IIPOKATKHU PeJILCOB
HA YHUBePCcAJIbHOM peibcodanounom crane AO «kEBPA3 3CMK»

Table 4. Analysis of the effectiveness of rails rolling modes
on the universal rail-and-structural steel mill of JSC “EVRAZ ZSMK”

Vi3MeHeHne moKkasaTellsi OTHOCHTENHHO 0a30BOTO PEKMMa IIPOKATKA

Iloxa3arens
JKEIIE3HOIOPOIKHBIC PEITBCHI OCTPSIKOBBIC PEIIbCHI
VhensHbIH pacxo] SIeKTPO’Heprur, KBT4/T 0,51 0,49
OT1OpakoBKa pebcoB, %o -0,78 -0,50
VYnenbHbIN pacXoj MPOKATHBIX BAJIKOB, KI/T -0,51 -0,49
TTpou3BoaUTENBHOCTD CTaHA, T/4 +40,20 +39,80
OxoHomuueckuil a3ddext, MiH pyo/roxn 121,051 29,700"

* OxugaeMblii 3Q(EKT MO Pe3yabTaTaM OIBITHO-TIPOMBIIIIEHHOTO OIPOOOBAHUS.

Tabonuma 5

Bunsinne TeMnepaTypHoOro pe;xumMa NpoKaTKH MeJIIOIIUX apoB
U3 pesbeoBoii cranu B yeaoBusix OAO «I'M3» Ha moka3aTesu UX KauyecTBa

Table 5. Influence of the temperature mode of rolling grinding balls
made of rail steel in the conditions of JSC “GMZ” on their quality indicators

[Toxazarens
Pexum »
npoKATKH Jonst mapoB, BiiepskaBmux uc- | Jlosst mapos ¢ BHyTpeH- | Cpennuii 0amt 3epHa IToBepxHOCTHAs TBEPAOCTh
IIBITAHUS HA YIAPOCTORKOCTB, %0 HUMH TPEIIHHAMA nocie TepMooOpadoTKy | mocie TepmMoodpadborku, HRC
ba3oBblii 86 12 5,8 56
Hosgrit 100 0 5,2 56

JUKH COBEPHICHCTBOBAHWA PEKMUMOB IMTPOKATKU PEIILCOBBIX
cranei TMOATBCPIKACHA HA ITPAKTHUKE.

[ BoiBOAb!

Pa3paboTaHbl OCHOBBI M QITOPUTM IIPUMEHEHUS Ha Ipa-
KTUKE METOIUKU COBEPUICHCTBOBAHUS PEKIMOB IIPOU3BOI-
CTBa MPOKATa U3 PEIbCOBBIX CTAJCH HA OCHOBE KOMILICKC-
HOTO IIapaMeTpa ONTHUMH3AIUY, BKIIOYAIOMETro B ceds
YaCTHBIC KPUTEPUH ONITUMHU3AIUH TI0 SHEProdPPeKTHBHOC-
TH, MaTepruaiocOCpekeHHI0, Ka94eCTBY TOTOBOTO IPOKaTa
1 IPOU3BOANTENBHOCTH cTaHa. C HCIIOIb30BaHUEM YKa-
3aHHOH METOIHWKH YCOBEPIICHCTBOBAHBI PEXKUMBI IPO-

KaTKH JKEJIC3HOMOPOKHBIX M OCTPAKOBBIX PEIhCOB B Uep-
HOBBIX KJIETSIX YHHUBEPCAJIBHOTO PEIbCOOATOUHOI0 CTaHa
AO «EBPA3 3amagHo-cHOMpPCKHN MeTaTyprHdecKuit
KOMOUHAT» M PEXUM IPOKATKU MEJNIONIUX IIApOB U3 OT-
OpaKoBKH 3aTOTOBOK PEIHCOBOI CTaM Ha CTAaHE TOIEpe-
HO-BUHTOBOH mpokaTkun OAO «l'ypbeBCKHI MeTalTypru-
YecKui 3aBoa». OTBITHO-POMBIIICHHOE OINPOOOBAaHHUE
U BHEJPCHUE HOBBIX PEKHMOB MPOKATKU MEPEUUCICHHBIX
BUIOB IPOIYKITNH U3 PEIECOBBIX CTAJCH MMOKA3ajI0 3HAYH-
TEJIbHOE TIOBBIIIEHUE KaueCTBa U TEXHUKO-IKOHOMUYIECKUX
MoKazaTeiell MPOM3BOACTBA MPH MX HCHONB30BAHUH, YTO
CBUJIECTEIBCTBYET 00 3PPEKTUBHOCTH pa3pabOTaHHOU Me-
TOIWKH.
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MOAENUPOBAHUE TEPMUYECKUX HAMPAXEHUN
nPU YNPOYHEHUU NOBEPXHOCTU U3AENUA
TENNOBbIM UMNYNIbCOM

M. B. Temuisinnes !, 0. JI. Basaiikuna?, E. H. TemissHneBal,
B. . Llenepmaep !

I Cubupckuii rocyiapcTBeHHbINH HHAYCTpHAALHBIH yHuBepeuteT (Poccus, 654007, Kemeposckas o6n. — Kys6ace, HosokysHerk,
yn. Kupoga, 42)
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AnHomayus. Crarbsi COACPKUT YACTHOE PEIICHHE JMHEHHOro BapuaHTa 3a7a4d AMHAMUYECKON TepPMOYIPYTOCTH B IPHIOKCHUH K MOJCINPOBa-
HUIO YCJIIOBUH MOBEPXHOCTHOTO YIPOUHEHUSI METANIMYECKUX M3JEIHH SHEPreTHYeCKUM MMITYJILCOM. YPaBHEHHUE JIBHIKCHUS CPE/lbl paccMmar-
pHBaeTCs COBMECTHO € MOJICIIBIO TEMIIEPATYPHOI'0 UMITYJIbCA, ONPOOOBAHHON paHee Ha COBMECTUMOCTD C YaCTHBIMH CITydasiMU ypaBHEHH T1a-
pabonnueckoit 1 runepOoIMIecKoit TermIonpoBoaAHoCTH. [IpeacraBnena 3a1a4a o Harpy»KEeHUHU IIOCKON IPaHM KOPOTKOTO KPYroBOr0 LIHMIIMHIpA
(nucKa) TeMIepaTypHbIM HUMITYIECOM. VIMIIYJbC SIBISIETCSI CICICTBUEM MPHUHAITOM CTPYKTYpbl OOBEMHOMN IUIOTHOCTH MOIIHOCTH TEIIOBOTO
[I0TOKA, BPEMEHHOW MHOXXHUTEJb KOTOPOil uMeeT GopMy onHOW BONHBI GyHKIMKU XeBucaiina. s mocTpoeHus: TeH30pa TePMUYECKUX Harpsi-
JKEHH aBTOPBI UCIIOIBb30BAIH KIIACCHYECKUI TEPMOYIPYTHil OTEHIHAI [IEPEMEIICHUI U METOJL €r0 pa3/ielieHNs] Ha TPOU3BEICHUE (yHKIIUI
HE3aBUCUMBIX nepemMeHHbIX. [lonyuensl quddepenipanbabie ypaBHeHUs 11 GyHKIUH-COMHOXUTENEH, HalIeHbl uX oOmue peuenus. Jns
KOMITOHEHT TE€H30pa TePMHUYCCKUX HANPSDKCHUI MOCTABICHBI €CTECTBEHHBIC IPAaHUYHbIC yCiIoBHs. [loyueHHbIe pelieHus UMEoT GopMy OT-
pe3koB (GYHKIMOHANBHBIX PsioB (PpyHKIMK beccens mo paauaabHOil KOOpAMHATE M SKCIIOHEHIMAIbHOM (DYHKIMH [0 0CeBOii KoopauHare). Pac-
CMOTPEH YUCICHHBII IPUMEp HArpy eHus Aucka u3 cranu mapku 40XH, MexaHnueckue CBOCTBa KOTOPOH YyBCTBUTEIBHBI K TEMIIEPATypPHOM
obpabotke. IIpu pacuerax aBTOPbI UCIOJIb30BAIM MAKET KOMIBIOTEPHONH MaremaTHku Maple. IIpuOniKkeHHbIe PEIeHNs] YUUTBIBAIOT NepBbIC
24 uneHa GpyHKIHOHAIBHBIX PSIOB. PacueThl mprMepa Mo3BONISIOT 00bSICHUTH HAIMYUE MIMKOB HAMPSHKEHUN U HHTEHCUBHOCTH HANPSHKSHHUH KakK
CJIE/ICTBHE B3aUMHO 00PATHBIX MPOLECCOB POCTA TEMIIEPATYPHBIX HANPSHKEHUI U YMEHBIICHUS KOO (PUIIMEHTOB YIPYTrOCTH ¢ POCTOM TeMIepa-
Typbl. UUCICHHBIH IPUMEp MPEI0CTeperaeT OT OMOPbI TOJIBKO HA OLIEHKH PELICHHUH 3a/ad TePMOYIPYTroCTH 0€3 ydera MIacTHYSCKUX U BSI3KHX
CBOICTB Marepuasa.
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Original article MODELING OF THERMAL STRESSES
DURING HARDENING THE PRODUCT SURFACE BY THERMAL PULSE

M. V. Temlyantsev?, O. L. Bazaikina?, E. N. Temlyantseva?,

V. Ya. Tsellermaer!

!Siberian State Industrial University (42 Kirova Str., Novokuznetsk, Kemerovo Region — Kuzbass 654007, Russian Federation)
2Vladimir Law Institute of the FPS of Russia (67E Bolshaya Nizhegorodskaya Str., Vladimir 600020, Russian Federation)

Abstract. A particular solution of a linear variant of the dynamic thermal elasticity problem is considered in application to modeling the conditions of
surface hardening of metal products by an energy pulse. The authors determined the equation of medium motion with the model of temperature pulse
tested earlier for compatibility with special cases of the equations of parabolic and hyperbolic thermal conductivity. The problem of loading a flat
plane of a short circular cylinder (disk) with a temperature pulse is presented. Pulse is a consequence of adopted structure of the volumetric power
density of the heat flux, the time multiplier of which has the form of a single wave of the Heaviside function. Classical thermoelastic displacement
potential and the method of its division into the product of independent variables functions were used to construct the thermal stress tensor. Differential
equations for multiplier functions and their general solutions were found. Natural boundary conditions were set for the components of thermal stress
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tensor, and their tasks were solved. The obtained solutions are in the form of segments of functional series (the Bessel function in radial coordinate
and the exponential function in axial coordinate). The article considers a numerical example of loading a disk made of 40KhN steel which has the
mechanical properties sensitive to temperature treatment. Maple computer mathematics package was used in the calculations. Approximate solutions
take into account the first 24 terms of the functional series. Estimation of the example makes it possible to explain the presence of stress peaks and
stress intensity as a consequence of mutually inverse processes of temperature stress growth and reduction of elasticity coefficients with temperature
rise. The numerical example warns against relying only on estimates of solutions to thermoelasticity problems without taking into account the plastic

and viscous properties of the material.

Keywords: round cylinder, surface hardening, thermal stresses, thermoelastic displacement potential, temperature pulse, boundary conditions, 40KhN

steel, quenching, tempering
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[ BBEAEHKE

OxHOM W3 pecypcocOeperarnmx TEeXHOJIOTuH o0pa-
OOTKHU METAJIJIOB SBISETCS METO NOBEPXHOCTHOI'O YyIIPOUI-
HEHHS MeTaIUTHIecKoro m3aenus. LLnpoko ucmons3yrores
METOABI AIEKTPOB3PBIBHOMN [1], mnasmenHoii [2, 3] u na-
3epHOi [4, 5] 00paboOTOK MOBEPXHOCTEW W3JCIUN dHEp-
TETUYCCKUMH HMIIYJIbCaMU. Kaxk nmpaBuJio, OCHOBHOU
HHTEpEeC HCCIeqoBaTeNleil COCPEeNOTOUeH Ha JWHAMUKE
TEMIIepaTypHOTO MOJIs, €€ BIUSHUHU Ha (a30BbIil cOocTaB
YIPOYHSIEMOTO CJIOSI B MEXaHU3MBI YIIPOUHEHUS ITOBEPX-
HOCTHOTO CJIOSI.

[lepemeHHOE TeMIEepaTypHOE ITIOJIC B UMITYIIECE HEH3-
0€XKHO MOPOXKAAET B TIOBEPXHOCTHOM CJIOC€ 3HAUUTEIbHBIC
TEPMHUYECKHE HANPSDKEHHS, pa3pyIlaloIine CTPYKTYPY
MOBEPXHOCTHOTO cnosd. OneHka YHOPYrux TEepPMUYECKUX
HaIpPsDKCHUH 3aBUCUT OT MTOCTAHOBKU M (POPMBI PEIICHHS
0000IICHHO 3a1a4K [T ypaBHEHUN TEPMOYITPYTOCTH, KO-
TOpAst CTABUTCS TSI CHCTEMBI IBYX YPaBHEHUH (IBUYKECHHS
3JIEMEHTOB CPe/Ibl  PACHPOCTPAHEHHS B HEH TEIUIA).

Krnaccuueckoe mapabonuueckoe ypaBHEHHE TEIDIONPO-
BOJHOCTHU MPUBOAUT K aICKBATHBIM PCHICHUAM JIsA 00JIb-
[IMHCTBA TEX HHYKCHEPHBIX 3214, B KOTOPBIX BPEMsI TEPMH-
YECKOI'0 BO3JEHCTBUS HE MEHbIIE OIHOM MHUKPOCEKYH[BL.
OnHako > GEeKThl OeHCTBUS NOHHBIX, TNIA3MEHHBIX, JICK-
TPOMArHuTHbBIX 1/13J1yqu1/1171 C MCHBIIICH JIIUTCJIIbHOCTHIO HE
OITMCHIBAIOTCS B PAMKaX ATOW MOJENH, TaK KaK JIEMCHTHI
Cpezibl He yCIIEBAIOT PEIaKCUPOBATh JICHCTBUE ATUX U3IY-
yeHnd. [IpuMep yuera BpeMeHHM pelakcaluu NpHU HU3yde-
HUU U3MEHEHUH B MaTepuaax [Py JIa3€pHOM BO3AEHCTBUU
MpeJcTaBliieH B padote [6].

B pabore [7] npuBeaeH 00001eHHbIH 3ak0H Dyphe, KO-
TOPBIA OTIMYAETCS OT KJIACCHIECKOTO BBEICHUEM TTapaMeT-
pa T, (BpeMs perakCaiiy Cpesioil rpalieHTa Temeparyp-
HOTO TIOJISI), MMEIOIIETO0 CMBICT BPEMEHH 3ama3/IbIBaHHs
(hopMHpOBaHUS BEKTOPA TNIOTHOCTH MOTOKA TETJIa OTHOCH-
TENFHO OTPHULIATEIEHOTO BEKTOPA IPaIieHTa TEMIICPaTyPHI.
B pesynbsrare ypaBHEHHE TEIIONPOBOIHOCTH CTAHOBUTCS
THITEPOONINIECKIM, a cpelia IPHOOPETaeT HOBYIO XapaKTe-
PHUCTHKY (KOHEUHYIO CKOPOCTb PACIpOCTPAHECHUS TEILIO-
Bo# BoJiHBI) [8]. Kak crmemyeT m3 TeopeTHUecKOW OIEHKH
B pabore [9], 7, <1 mKc.
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B pa6ote [10] paspaborana Mojenb ypaBHEHHs Tell-
JIOTIPOBOIHOCTH C JIBYMsI TapaMETpaMH 3ara3IbIBaHIsI
(tthT, e T, — BpeMs 3amasiblBaHus (HOPMUPOBAHUS
rpaguenTa Temieparypsl). ONEHKH BEIHIUH T, M T, Clie-
nyromue: 0 < T, < Ty, A METAIUIOB T~ a1~ 10)rq. Oco-
OCHHOCTH JICHCTBUH TapamMeTpoB T, ¥ T, HPOSIBJISIOTCA IPHU
00paboTKe MOBEPXHOCTEH METaNIOB KOPOTKUMH JIa3€PHbI-
MU UMITyJIbcamMu (HAHOCEKYHTHOW JmuTenbHoCTH) [11].

Hossle noaxonsl k MoaenupoBanuto [12, 13] Bkitoda-
IOT ONHCAaHWE ONTHYCCKUX CBOMCTB MAaTepHAIOB, OBICT-
PO MEHSIOIIMXCA B Tpolecce OOIyuyeHUs, HEIUHEHHOTro
pacIpocTpaHeHus! YIBTPAKOPOTKAX UMITYIbCOB N3y ICHII
B MOMJIOLIAIOIIMX Cpeliax, Nepeaayd YHEPruu OT JJIEKTPOH-
HOM K aToMapHOU mojcucteme, (OPMHUPOBAHUS H PACIIPO-
CTpaHEHUs! BOJIH HAIIPsDKEHUH U nedopMmaliuii B Marepuae
TIOZ UX BITUSTHAEM.

DNEeKTPOB3PBIBHOE WM IUIa3MEHHOE BO3JIEHCTBHS Ha
MIOBEPXHOCTH JI0 TEMIICPaTyphl OIIABICHUS MTOBEPXHOCT-
HOTO CIJIOA JJIUTCSl HE MEHEee JIECATKAa MUKPOCEKYHH, 4TO
BITOJTHE OTHCBHIBACTCS TEILIOIEPEHOCOM COTJIACHO Tapabdo-
JUYECKOMY YPaBHEHHIO TEIIONPOBOIHOCTU. Panee B pabo-
Te [14] Ha YncneHHOM MpUMeEpe NoKa3aHa 3aBUCUMOCTh JH-
HAMHUKH TEMIIEPaTypHOIo MOJsl OT CTPYKTYPbl ypaBHEHHS
TETUIONIPOBOIHOCTH.

B nacrosmieit pabote TepMuUUecKue HAPSHKEHUSI, HHU-
[IUAPYEeMbIe TEIUIOBBIM SKBHBAJIICHTOM JHEPIEeTHYECKOTO
HUMIIYJIbCA, OIICHUBAIOTCS PELICHUEeM 3aJa4d JJs ypaBHe-
HUSI IBVDKCHHS TEPMOYIPYTOH Cpebl MIHHAPA KOHETHON
JUIMHBL. YpaBHEHHE COACPXKUT TPaJUEHT TeMIIEpaTypbl
TEMJIOBOTO WMITySbca. Vcronb30BaHa onHa W3 MOJENEH
TEIUIOBOTO UMITYJIbCa, OoJy4YeHHas panee [15, 16].

[ YPABHEHMA 3AAAYU

PaccmarpuBaercst ypaBHeHUE JIBUXKEHUS TEPMOYTIPYTOi
M30TpOITHOM cpenpl [17]:

o%u

uAu+(k+p)grad(divu)—ygradeXa—z, €))
t

rae u(x, f) = x' — X — BeKTOp CMEUICHUsI MaTepUaIbHON TOY-
KH X, 3aHUMAIONIEH B HAYaJIbHbIH MOMEHT BPEMEHH £, TI0JI0-
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KeHue X = x(,), B oJoxkeHue X' = x(f), 3aHMMAEMOE TOUKOH
B MOMEHT BpeMeHu ¢ > t,; T= T(x, {) — Temmeparypa Mare-
PHATBLHON TOYKM X CPEIBI B MOMEHT > {5 v = (2p+ 30)PB;
A u p— nocrosiaHEbie Jlame; P — k03D HUIMEHT TUHEHHOTO
TEMJIOBOTO PaCUIMPEHHs; ¥, = (X, f) — IIOTHOCTh MaTepHaa
B MaJIOH OKPECTHOCTH TOYKHU X CPE/IbI B MOMEHT £ > {,.

B ciydae oceBoil CHMMETPHUU KOMITOHEHTHI TEH30-

pa ynpyrux JIMHEHHBIX jae(opMaIiii BEIpaXKaroTCs depe3

ou
KOOPJMHATHI U = 1 ¥ U_ = W BEKTOPA CMEICHUS U: €, = 5;

e. =2ie —a—w'e _Lfou_ow , 00BEMHOE pacImpe
T E e % or P P
ou u ow
HHEe=—+—+ F Bexkropnoe ypaBHenue aprxeHus (1)
ror oz

JKBUBAJIEHTHO CUCTEME CKAJSPHBIX YPAaBHEHUM ABMIKCHUS
JI7Is IByX HEHYJEBBIX KOMIIOHEHT BEKTOPA IEPEMENICHHUS:

Au_iﬁﬂli(@_u u GW]
r? p or\or r 0Oz
BA2p 0Ty 0
m or wor
A+p oo d @)
At H_(_u u _W]_
1) or r oz

H42pg 0Ty Ow
M oz p o

O6o03naunM F(r, @, z) TEPMOYIIPYTHH OTEHIHAI IIepe-
MmemeHuit. Torna nepemerteHus 1 gedopMaluu npeacTaB-
nsroTes [ 18] B Buze

_oF _oF,
or’ oz’
2
_8_u+z+8w 6F+16F+8 AR,

or r o0z ot ror ozt

a cucrema (2) IepenuIneTcs CISIyIINM 00pa3oM:

EAF+X+H£ _3k+2pB6_T_
or w or n or
_p o (aF) aLaFj

worrlor ) porla?
QAFJr?quuﬁ 3l+2pB_:
oz L oz n
:Bi(aijzlﬁ(ﬁij_

worr\ oz ) poz\or

Wnrerpupyst mepBoe ypaBHEHHE MO TEPEMEHHOU 7, a
BTOPOE — II0 NIEPEMEHHOMN z, IPUXOJUM K OIHOMY U TOMY
)K€ HEoAHOponHoMY auddepeHrnanbHOMY YpaBHEHUIO
(B 9aCTHBIX IIPOU3BOIHBIX ) BTOPOTO MOPSAKA TSI (DYHKITHH

F(r, 9, z):

3h+
Z, ) ———
A+2u

o 62F(rzt)
CA+2n ot

AF (r, BT( z, t)=

€)

[Tpumenum k norenimainy F(r, z, t) mpoueaypy pasaeie-
HUSA NepeMEnHbIX F'(7, z, 1) = U (r) U_(z) W(?).

3amaauM TeruoBoil umnynse 1(r, z, t), HE3aBUCSIIUN
OT KOOPIMHATHI 7, cO cTpyKTypour T'=T W (1) U (z) (3nech
W(t) — pa3BepTKa BO BPEMCHHU TEMIIEPATypHOTO UMITYIbCa
SIMHUYHOM BBICOTHI, HMeromas GopMy paBHOOESIPEHHOTO
TPEYTOIBHUKA C UINHOH OCHOBAaHUSI C BJIOJb OCH BpeMe-
Hu ¢ [16]):

W(t)—g——(2t— )H( 2) 200 2029 -,

rne H(t) — dynkuus Xesucaiina, T, — MakCUMyM TeMmIle-
paTypbl B CUMMETPUYHOM TPEYTOJIbHOM MMITYIIBCE TEMIIE-
paTypHOTO HAarpy>KeHHUs, JOCTUTAEMBIH B MOMEHT BPEMEHHU

C o
T= 5 ¢; GyHkuus W(t) KycouHO-TMHEHHAsI B IPOMEKYTKE

c c N
(0, EJU(E, cj BPEMEHU ¢ JCUCTBUS UMITYJIbCA, B ITOM

2

IIPOMEIKYTKE =0.

C yderoM MNPHHATBHIX CTPYKTYp OGyHKImA F(7,z, f)
u 1(r, z, t) ypaBHeHue (3) pacmanaercs Ha JBa HE3aBHUCH-
MBIX TI0 apryMeHTaM Iu(QQepeHINATbHBIX ypaBHEHUS,
CBsI3aHHBIC O0IICH TTOKA HEONPEACICHHON IIOCTOSIHHOH V:

1 2
Ur+iur vy, =22y
r A+2u 4)

U!-vU =0.

B BelpakeHusix (4) 3Ha4eHuUs A, [, B HE 3aBHUCAT OT Iie-
PEMEHHBIX 7 1 Z, TOATOMY TP Ka)KJJOM 3HAUYCHUH TeMIIepa-

TYPBI  ©X MOXKHO PacCMaTpHBATh KaK MOCTOSIHHBIC BETHYH-
3+2p St 2,
0

HblL. 7151 cucteMbl ypaBHeHUH (4) mapamerp k =
A+2u

ABIISIETCS Oe3pa3MepPHBIM.
Penrennem mepBoro ypaBHEHHUsSI CHCTEMBI (4) sIBISETCS
(hyHKIHSA

U,(r)=GJ (0, vr)+ czy(o, Jvr)- %

pELIEHHEM BTOPOTO YPaBHEHUS CITYXKHT (DYHKIIHS
U.(z) = Q]eﬁz + Qze_wzg

e C,, C,, Q,, O, — IPOM3BOIIbHBIE OCTOAHHBIE; J (0, \/;r) -
¢byukius Beccenst mepBoro poja HyJIEBOTO MOPSIKA;
Y (O, \/;z) — (bynkmmst beccens Broporo poaa [19] Hynesoro

nopsiiKa; v — napameTp QyHKIHN).

817



N3BECTHUA BY30B. YEPHAA METAJLIYPTrHd. 2021. Tom 64. Ne 11. C. 815-824.
© 2021. Temasanyes M.B., bazaiikuna 0.J1, Temasnyesa E.H., lJeanepmaep B.A. MoziennpoBaHe TepMUYECKUX HANIPSDKEHUH NIPH YIIPOYHEHUH ...

IIpocreiiuii BapuaHT TEPMUUECKOTO [IOTEHIMAJIA [IEPEME-
IIEHHs] MOXET OBITh IIPEACTABIICH B BUJIE

F(roz, )=U, (U, W ()=

- [CIJ(O, Jvr) - ﬂ 0,

F——(zt—c)ﬂ( j 2029y - )}
C C

c

[ AE®OPMALIMU M HAMPAXKEHWUA OBLLEFO BUAA

Haiinennele yepe3 moTeHIMAN MEPEMEIICHU KOMIIO-
HEHTHI TeH30pa JINHEHHBIX JiehopMaruii 001ero B11a nuMe-
FOT CJICYIONINE BBIPAKCHHUS:

e, = 8;(?, UW=Cv M—J(O, \/;I") e"*/;ZW;
s vr
o, ()
o= UZW_—C\/_T W

2
e =U, 5@% W= (CvJ(o, Jvr)e e - sze*WZ)W

zz
z

_U Uz oy (1, \/Cr)e*WZW;

el” 4
or Oz

o°U, 10U,
= 3 + —
or

2y
]U U 2 = o ke,
r or oz*
e C=CQ,.
YpaBHeHus cBszu [16] MexXay ynpyruMu HanpsKeHH-
AMU U JedopMalMsIMyA B IMIMHAPUYECKUX KOOPIWHATAX
B CJTydae 0CEBOM CHMMETPUH UMCIOT BH/I;

G, = ZG(eW + " °

riae G — MoayInb cliBura; ¢ — kodghpumment [lyaccona mare-
pHaa HAIHHIpA.
BBenem o0o3nauenne

=1, BBIPAXKXCHHs KOMIIO-

HCHT TCH30pa HaHpH)KeHI/Iﬁ MpUMYT BU:
c,= 2G(err +ne);
oo = 2G(ew +ne);
GZZ = 2G(eZZ + ne);
c. = 2Gerz.
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Iomyuniu HanpsbKeHMsl, BBIPaXKEHHBIE Uepe3 JBE MIPO-
U3BOJbHBIE TOCTOsIHEBIE C, O,, M MOKa HEONPEICICHHBIH
napameTp v pyHkuuii beccens:

J(l, \/;r)
Jvr

(1 fr)

=2G| Cv = J(0, \vr) |- @ulen e (0

o = 2G| Clv ——~2

+ 0k [ W (0);
5. =2G (CVJ(O, Jvr) -+ l)sz) e (o);
G, =2GCvJ (1, Jvr) V1w ().

[l BbI5OP rPAHUYHBIX YCIOBUI ANA HAMPSAXKEHWIA
OBLLUEr0 BUAA

Ipanuunoe ycnosue ons nanpsasicenuti G, . lpu r=R
1 mo0bIX >0, z> 0 s BCeX 3HAYEHUH V, CIIPaBEIMBO
c, = 0. [lony4aem cemeiictea ko3 duimentos ¢, = C(v,),
dg,= Q,(v,), TPHBA3aHHBIX K 3HAYEHMSAM V, MapameTpa
v (tae d — HeKoTopas MOCTOSIHHAS, MMOJJICHKAIAS OIpeie-
nennro). O6o3Havas p, = ¢,v,, IPUXOIUM K BO3MOKHOCTH
nox0opa Takux 3HAYEHUN KOdPUIMEHTOB p;, ¢, U d, ipu
KOTOPBIX YJIOBJIETBOPSETCS TPAHHYHOE YCIOBHE

G,~r=2Gg,p,~ (J[r) J(0.vir) eV

—dim Y gV ().

i=1

%

G,
[lycte —==G,, — mONA HANPSKEHUS G, B 3HAYECHHUU
2G rr

2G B cedenud z = 0 IUIMHIIPA B MOMEHT ¢ = ¢/2 1 q,— ne-
HBI YHCJIOBOH IIOCIEI0BATEILHOCTH

lli (1)
A

o0

JUISL KOTOPBIX Zqi =1. Toraa BeIpaxkeHHE G, B CEYCHHH
i=1

z =0 B MOMEHT ¢ = ¢/2 IpUMET BH]]

. (1\/7)
AP e

3h+2u
—d—T,B(T;
"+ 2u oB(To)n.

1

70 r) | |-

[ToMHs1, YTO MaKCUMallbHOE 3HAYEHHUE OTHOCUTEIHLHOTO
HalpsDKeHUs G,, = 1, IoJlydaeM pas3liokKeHUE IMOCTOSHHOU
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2
BENUYUHBI 1+ d 3}? +2 B T,B(Ty)n B pan Junu-beccena no
+Zun

6a3ncy{ (1 \/7;’)\/, —J(O, \/Z’”)} byukuii bec-

cens [19]:

30+ 21
1+d—T,B(T,)n=
e+ 2 oB(Tym

(o040
AN

TpeGoBanus K HANPSIKEHUAM G, — HYJIEBBIE 3HAYCHHS
Ha TOBEPXHOCTH » = R IiIMHApA. DTO BO3MOXHO IIPH
BbINosTHEHUM paBeHcTBa J(1, &) =J(0, §)E (tne &= \/;R).
HmeeTcsi cueTHOE MHOXECTBO IOJIOKUTEINBHBIX KOPHEH
&= \/\T, R 51oro pasenctsa. Koadpuuunentsi p, psna Jnnu-
beccens naxonsarcs o gopmysre:

3h+2u
2| 1+d—=T,B(T,
(+ 2 T omj

R[J2(0.8)+/7(1 &) ] "
XII:J(L \/v_ir)ﬁ—rJ(O, \/v—ir):ldr.

[MorpeurHocTs MPUOTMKEHHOTO NIPEACTABICHUS HAIPSI-
KEHUs G, 3aBUCHUT OT IUTMHBI 72 OTpE3Ka psijia Junnu-bec-
cens:

J(o, \/\Tir) . 5)

b=

J(l, vir) e
2 '—\/\Tl.r —J(O, v,)

5, =2G(T)

—dnkge (ﬁ—z(m— )H[z—£]+2(t C)H(t—c)j,
c c 2 c
3h+2u
k= 2 T®)B((T)

Tpebosaniue 0151 OKPYIHCHBIX HANPAICEHUL 0, UX pa-
BEHCTBO PaJMaibHbIM HAIIPSKEHUAM G, Ha OCH LMJIMHIPA
(r=0). CpaBHUM HaNpsHKCHUS G (V) ¢ HampsDKEHUSMH
o, (V) Ipu Kax1oM 3Hadenun v npu r — 0. Tak kak

71, )

1
lim | ——/ ==
\/VVAO \/;r 2

im (1) =0 0. )| 111,

TO UCXOOHOC yCJIOBHE PaBECHCTBA BBIITOJTHACTCA:

5(v),.|,

=c(v)

= (—%—anjeﬁzwa).

BBens Takyro ke 100 HalpsKEHUs Oy B 2G B ceue-
HUY z = 0 IWIMHAPA B MOMEHT ¢ = ¢ U T€ e K03((pUImeH-
TbI g, d, YTO U BBILIE, [IOJIYYNUM HANPSHKEHHUE G, B CCICHUH
z =0 quIuHApa B MOMEHT ¢ = C:

,zlp’ ((frr)

Tak kak MakCUMaJIbHOE 3HaYEHUE MOJYJIS HallpsDKEHUI
G,, = 1, To 3anuch

)| () B2
\/71' A+2u

ABJIICTCA PA3JIOKEHUEM PaBCHCTBA IMOCTOSTHHOM

3A+2
{—(Hdﬁ%ﬁ(%)nﬂ

B psag Dypbe-beccenst pa3noxkeHUss 10 OPTOrOHAIBLHOMY
Oazucy

3x+2u TP

2o

. m} ,

=1

7

cocrasieHHOMY U3 (yHKuui beccens. 3nauenus v, mapa-
MeTpa vV Haxoaarcs 1o KopHsaMm ypaBHenuid J(1, &) =0,2
nJ(1,8)=0,1 (rne &= \/;R). KosdpuuuenTsr p; HaxonsT-
¢Sl TI0 clieyronien opmyie:

30+ 2u
2| 1+d—T,B(T;
( ot 2u oB( o)n]R

'([J(l, \/vjr)dr

P RS0 )

B pesynbrare nosydyaeM BbIpayK€HUE OKPYKHBIX HaIpsi-
JKEHUU

J(l, \/V_IV) o
e [
3\

x””Tt)B(T)an, = o),

+2 i=1

+

Ggp(p = _2G(T) zpl
i=1

+d

. st

Buvibop epanuunvix yenosuii 0ns Hanpsicenuli G
zz
Ka)KJIOTO 3HAYEHUS V; BRIPAKEHUE G_(V,) UMEET BUJL:

c,.(v;)= 2G(civiJ (0, \/qr) -

3IL+2

- (Tl+1)d—2uT(t)B(T)queWZW(Z)
u

819



N3BECTHUA BY30B. YEPHAA METAJLIYPTrHd. 2021. Tom 64. Ne 11. C. 815-824.
© 2021. Temasanyes M.B., bazaiikuna 0.J1, Temasnyesa E.H., lJeanepmaep B.A. MoziennpoBaHe TepMUYECKUX HANIPSDKEHUH NIPH YIIPOYHEHUH ...

OO1ee BbIpaKEHUE I OCEBBIX HAINPSKEHUH 3alUChI-
BaeTCs CIIEYIOIINAM 00pa3oM:

_ [2G(t)i(pi.](0, Jvir)e e
i=1

~(n+ Dkge )} W (1)

37»+2uT
A+2p

k= (OB(T).

[pu z =0, t = ¢/2 3aTUCH OTHOCUTEIEHOTO HAIIPSHKCHIUS
G, B ceyeHun z =0

_ = 3+2
G.. =Z(pz‘](07 \/Tir))_ d—uTOB(TO)
) A+
SABIIACTCA PA3JIOKCHUEM MOCTOSTHHON
30 +2p
6. +(m+Dd T,B(T;

B psaa Pypee-beccens: i piJ (0, \/\Tl r). MHoO)kecTBO Bcex
i=1

3HAYEHMH Vv, HAXOIUTCA M3 YCJIOBMH npu (=c/2 u z=0,
7= R 3HaueHue J(O, = 0,05; obo3Hauas §i=\/v_,-R,
nmiem kopuu ypasuenus J(0, &) = 0,05. Kosdppuunentsi p,
HaAXOAATCS 1Mo (hopmysie

2(1+ (n+1)dMT(t)B(T)j
A+ 20

R*J*(1, &)

R

pi= [ (0, Jvir)ar
0

Tpebosanue k nanpsaxceHusM G, — PaBEHCTBO UX HYIIO

rz

Ha noBepxHocTu » =R muwimHapa. CymMMa KacaTelabHbIX
HaIIPSUKEHUH HAaXOJUTCA 10 BCEM 3HAYEHHUAM V, TapaMeT-
pa v, ompenenseMbiM N0 KopHam & =./V;R ypaBHeHuUs
J(1, &) = 0. HaliieHsl mepBble 71 TIONOKUTENBHBIX KOPHEH
ypaBuenns J(1,£)=0,& =

~ =G, — J0JI1 CyMMapHOIO HalpskKeHHs G

B2G B ceueHuu z =0 OWIMHIpPA B MOMEHT [ = c/2.
HauBricmiee 3HaueHue G,. (GOpMaIbHO PAaBHO EIUHUIIC.

J(1 \/\Tir)e\/v—"zJW(t)

COZIepIKUTCS passiokeHue eauHuLbl B psag Oypee-beccens:

Torma B BBIpa)k€HUM O, =

o0
1= Z pJ (1, \V; r), e KO3 PUITUEHTBI p; = C;V, HAXOJIIT-
i=1

ﬁj ( \/7 r)dr Cneno-

BaTCJIbHO, KaCaTCJIbHbIC HAIIPSIKCHUA, HeﬁCTBy}OHlHC BO
BCEM TCJIC HUJIIMHApPA B TECYHCHUE BPEMEHU JICUCTBUS M-
ITyJibCa, MOKHO ITPCIACTABUTH

G, = 2G(T)(i 2.7 (1 v, r)eJV—fZ]W(z).
i=1

cs o opmyne p; =

820

[ YYCNEHHbIV NPUMEP

TerutoBoit nMITybC AUTENEHOCTHIO 20 MC B hopme paB-
HOOEIPEHHOT0 TpeyroyibHuKa ¢ Temneparypoit 7= 1673 K
B BepumHe /= 10 Mc mpukiIanelBaeTcs K MJIOCKOM IpaHU
JIUCKa U3 YIy4IIaeMOM JIETMPOBaHHOW KOHCTPYKLIMOHHOMN
cranu Mapku 40XH c pagumycom R=0,012 M u BbICO-
toit H=0,010 m. CornmacHo naHHBIM paboTel [20], onTH-
MaJIbHBII BapHaHT OOpaOOTKU W3IENUS U3 CTadd MapKH
40XH (3akanka B Boay c temmeparypbl T = 820 °C, or-
myck B Macino ¢ 7= 550 °C) obecrieunBacT CIEAyIOIINE
XapakTepucTuKu usgenus: y = 7,81:103 kr/m3; 6 = 0,32.
IIpn Temnepatypax 293 wu 1153 K coorBercTBytomine
3HaueHust moxyns FOura E u monyns casura G cocTas-
asot By, =204 T'lla, £, o, =75TTla u G,,, = 77,3 I'lla,
G, 5 =284 I'lla.

HartomManM, 9TO TEIIOBOW MUMITYIILC Mojenu 1(f), sSiBHB-
UIMACA CJIEACTBUEM NPHUHATONW CTPYKTYpbhl OObEMHOMU ILIOT-

=%%ﬁ@ﬁ&%

3aBHCAIICH OT BpeMeHH B (popMe, 3alaHHON OJHOM BOJHOM
f,(t) pynkumu Xesucaiina, umeer Bu:

T(0) = T(g——Qr-ﬂ{: ) W=y u—>j(@
c 2 c

e 7, = 1673 K — MakcuMabHas TEMIIEpaTypa B UMITyJIbCe
(mocTHUraeTrcs B MOMEHT ¢ = ¢/2).

JluHeliHas anmpokcuManus 3aBUCUMOCTH JMHEHWHO-
ro xkoa(duimenta temneparypHoro pacuupenus (7) ot
temrieparypsl B mHTepBaie 300 — 1700 K s ctanm mapku
40XH, nocTpoeHHast 110 pa3IUMYHbIM JaHHBIM, PaBHA:

1153

HOCTH MOIIIHOCTH TEIIOBOTO TOTOKA ¢ (¢, Z)

B(T)=11,12-10°+ 0,002847-10°°7(¢), 1/K;

B(T,)=15,98-10°C. (7)

[To nBym toukam G,y =77,3I'Tla u G, = 28,4 I'Tla
ObLIa aImIPOKCUMHUPOBAHA JIMHEWHAs 3aBHCHMOCTD MOIYIISI
G ot temmnepatypsl 7: G(T') = 93,96 — 0,0577, I'Tla. C yue-
TOM ypaBHEHHs (6) ObIIM MOJTYYEHBI Pa3BEePTKH BO BpeMe-
HU 3aBucumocteit G(¢) u B(7).

3h+2u
A+2u

k= % T,B(T) ObLIO ydTEHO MONOOUE YNUCIUTENS U 3HA-

MEHaTeNsl B MHOXKHUTEIE U TIo1ooue napameTpoB Jlame A, p
0 TeMIICPaTypHOI 3aBHCUMOCTH. [109TOMY BEIOpaHBI 3Ha-

[Ipu BBIYMCIEHUH MHOKUTENS ko3 durmenTa

yeHus p=G u A = 2p1 ° IIPU YCPEAHEHHOU TemIlepa-

type 873 K: n=49,8 I'lla; A =88,5T'Tla; B pe3ymbrare
IF_ gy,
A+2u0

Hcxonst n3 pU3NYIECKUX MPEACTABICHUN O BO3MOMKHBIX
3HAKaX TEPMUYCCKUX HANPSDKCHUHN, IPUHATO 3HAYCHHE HEe-

ornpeneseHHON nocTossHHON d = —1. KoMIoHEeHThI G, Oy
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G_, G, TEH30pa HANPSHKEHUH B BUJIE (YHKIMOHATBHBIX Psi-
JIOB OLIEHMBAJIM UX OTPE3KaMU M3 MEPBBIX 24 4JICHOB psja.
JUs BBIYMCIUTENBHBIX ACHCTBHN M MOCTpoeHHs Tpadu-
KOB OBLT MCIOJIB30BaH MAaKeT KOMITBIOTEPHOM MaTeMaTHKH
Maple [21].

Ha puc. 1,2 mnpexncraBneHsl TpaduKH 3aBUCHMOCTH
KOMIIOHEHT TE€H30pa TEPMHUYECKHUX HANpSOKEHUH B Tele
JIICKa OT NMPOCTPAHCTBEHHBIX KOOPAUHAT 7 U Z TOUKHU Tella
JUISL IByX MOMCHTOB BPEMCHHU Ha TIEpeTHEM (PPOHTE TETI0-
BOIO MMITYJIbCA.

CyMMapHO#l Mepoll ypOBHsI KOMIIOHEHT T€H30pa Tep-
MOYIIPYTUX HAMPSKEHUH SBIAETCS €r0 HHBAPHAHT (MHTEH-
CHUBHOCTb HaIPsDKEHUI):

o, = 2G(H)—=

2

x(\/(cr —G(P)z + (Gq, —62)2 + (GZ —G,)z +6632)W(t)..

Puc. 1. T'padukn HOpMasIbHBIX HANIPsLKEHUH G, () 1 Sy (6):
I n 2 — MOMeHT BpeMeHH 5 1 9 mMc

Fig. 1. Graphs of normal voltages ¢, (a) and o (6):
1 and 2 — time point 5 and 9 ms

Ecnu nonarare, 4To MaTepua Jucka aOCOMIOTHO YIpy-
TUi, TO IPU PacCMaTPUBAEMON CUMMETPHUYHON JTUHEHHON
(hopme TeMIepaTypHOTO MMIYJIbCa M JIMHEHHOW ammpox-
cumaruu 3aBucUMOCTH G(7) BO3HHMKAeT CUMMETpPHs Tpa-
(uKa MHTEHCHBHOCTH HAMpPSHKCHUH. JTa CUMMETpHUS OT-
pakaeT KOHKYPEHLHMIO JBYX IPOLECCOB, MPOTEKAIOLINX
OJTHOBPEMEHHO Ha IepeiHeM (PPOHTE POCTa TeMIIEpaTyphl:
BO3PACTAIOT TEMIEPaTypHbIE HANPSHKEHUS U MOHMKAIOTCA
3HauUeHUs ynpyrux koaddumuentos £, G, A, pu. Bo3Huka-
€T KapTHHA OKOJIOHYJIEBBIX TEMIIEPATYPHbIX HAIPSKEHHUH
Kak B Hadaje MepeAHero (poHTa, TaK M B €ro BEpIIMHE.
[Ipn npoxXoKACHUH 3aHEr0 (PPOHTA TETIOBOTO MMITYIIBCA
CUTYyaIHs MOBTOPSETCS, HO B 00OpaTHOM nopsijke (puc. 3, a).

Slcno, uro ouenka o, = 90 I'Tla mpu 7 = 5 mMc He oTpaxa-
€T pPeaJbHOro NoBeAeHUs u3enus u3 cranu Mapku 40XH,
IIPY TaKUX TEIUTOBEIX Ae(QOpMAaIUIX MaTepHa U3IEIUs Tie-
PEXOUT B COCTOSHME IUIACTUYECKOTrO TeueHMs. B Teopun
00pabOTKK METAJUIOB JaBICHUEM U3BECTHA (hopMyJia oTpe-

c,,,lTa

6, Ta

Puc. 2. Ipauku HOpMATbHBIX G_ (@) M KacaTeNbHbIX Oy (6) HamIpsDKEHMIA:
I n 2 — MOMEHT BpeMeHH 5 1 9 Mc

Fig. 2. Graphs of normal 6_, (a) and tangent o (0) stresses:
1 and 2 — time point 5 and 9 ms
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c;, [1la

6, I 1la

Puc. 3. Tpadukn MHTEHCHBHOCTH YNIPYTHX HANPSKEHUH O, (@) U Npejiena TEKYY€ECTH 6. (6) MaTepuana nucka
B 3aBUCHMOCTHU OT KOOPAUHAT ¢, z ipu = 0,006 M

Fig. 3. Graphs of the intensity of elastic stresses 6, (a) and yield stress . (6) of the dick material depending on coordinates ¢, z, 7 = 0,006 m

JeJICHUs Mpejiesia TeKYy4eCTH B UCIIBITAaHUSAX Ha 00beMHOE
HaIpsHKEHHOE COCTOSIHUE C OCEBOM CHMMETpPHUEH:

(Gq) —02)2 + (GZ —Gr)z +662 =0,

\/—\/G—G

Ha puc. 3, 6 npencraBiieHa MOBEPXHOCTh C HHTCHCHB-
HOCTBIO G ., IBIISIOMIAACS BEPXHEH rpaHuLei sl IOy CTH-
MOH 30HBI YIIPYTOil JedopMannu.

Takum 00pa3om, HaliIEHO YaCTHOE PENICHUE IMHEWHOTO
BapHUaHTa 3a7a4y JUHAMUUYECKONH TEPMOYNPYIOCTH B IIpU-
JOKEHHH K MOJCIHPOBAHUIO TIOBEPXHOCTHOTO YIIPOY-
HCHHS MCTANIMYCCKHUX I/I3}1€J’II/II71 OHCPIreTUICCKUM HM-
mynbcoM. Vcmonp3oBaHue TUIEPOOTHUSCKOTO YPaBHEHHS
TEIUIOTIPOBOHOCTH B 0000IIEHHO 3a/1a4€ TepMOYTPYTroc-
TH TPEKICBPEMEHHO 03 SCHOrO MOHUMAHUS MEXaHHU3Ma
AuccUunamny 3HCPIruu B TCIUIOBOM BOJIHE. YpaBHeHHe JABH-

JKEHUSI CPEJIbI COJEPIKUT MOECIb TEMIIEPATYPHOTO UMITYITh-
ca, onpoOOBaHHYIO paHee Ha COBMECTUMOCTh C YACTHBIMH
ciaydyasMu TapaboJIM4ecKko W TUnepOOIMYECKO Terio-
MPOBOJHOCTH. JIJIs1 TIOCTPOCHUS TEH30pa TEPMHUYCCKUX
HaMpsDKEHUH KCIOJIB30BaH KIIACCUYECKH TePMOYTPYTruid
TIOTEHIINAJ TIEPEMEIIICHUH.

[l BoiBOAbI

Pemenne 3amaun MO3BOJHIO OOBSICHUTH HAJHUHE ITH-
KOB HalpsHKeHUH M WHTEHCHUBHOCTH HANpsDKEHUM Kak
CIICICTBHEC B3aUMHO OOpaTHBIX IPOILECCOB POCTa TEMIIe-
PaTypHBIX HAMpPSHKCHUH M yMEHBIICHHS KO3(h(HUINCHTOB
YIPYTrOCTH C POCTOM TeMmIeparypbl. YHCIEHHBI MpUMeEp
MIPEOCTEPETAET OT OMOPbI TOJBKO HA OLIEHKH pPElIeHUN
3a71a4 TePMOYIPYTOCTH 0e3 ydeTa IIACTHUECKUX U BSI3KUX
CBOICTB MarepuaiosB.
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TEPMOAUHAMMUYECKOE MOAE/NIMPOBAHUE
MPOLECCOB BOCCTAHOBNEHUA XENE3A

U. A. Poi6eHKo, E. B. [IpoTrononos
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AnHomayus. OxHUM U3 TEePCIEKTUBHBIX HANPABICHUI B METAITYPTUH SIBIISICTCSI HCIIOIb30BAaHUE JKEIE30COACPIKAIINX OTXOJ0B, TAKMX KaK LIJTaMbl
KOHBEPTEPHOT'O TPOM3BOCTBA, KEJIE30COIePIKAIINE KOHIICHTPAThI, IPOKATHASI OKAJIMHA, OTXO/bI 00OTAICHHs JKeJIEe3HbIX Pyl U apyrue. Paspa-
00TKa HOBBIX pecypcocOeperaronux TEXHOIOTUi ¢ UCTIONIB30BAaHUEM TaKMX OTXOHOB TPeOyeT MpeiBapuTeIbHBIX MCCIIEI0BAHUH M HAKOIUICHHS
nH(opManuK B 00J1aCTH TEOPHU BOCCTAHOBIICHUS XKee3a. B paboTe paccMaTprBaioTCst POIIECChl BOCCTAHOBIICHHS JKele3a U3 OKCHIIOB TIPH pas-
JIMYHBIX YCIOBHSX. VICTIONB3yeTCsl METO TEPMOAMHAMUYECKOTO MOJICTTMPOBAHNS, OCHOBAHHBII Ha TIOMCKE MAKCUMyMa SHTPONUH. MHCTpyMeHTOM
TEPMOAMHAMHYECKOTO MOJICIMPOBAHUS SBIISICTCS TPOrPaMMHBIi komIuieke «Teppay, co3nanHblii B MOCKOBCKOM TOCYapCTBEHHOM TEXHUYECKOM
yuuBepcutere uMm. H.D. baymana. Kommuieke «Teppa» mpeaHasHaueH Uil pacueTa TePMOJMHAMUYECKUX CBOICTB M cOCTaBa (pa3 paBHOBECHOTO
COCTOSIHMSI IPOM3BOJIBHBIX CHCTEM C XUMHYECKHUMH M (ha30BbIMU TIpeBpateHusMu. C HCIOJIB30BAHMEM TOTO TIPOrPaMMHOTO KOMILIEKCa MpoBe-
JICHBI UCCIIEJOBAHMS IPOLIECCOB BOCCTAHOBIICHUSI JKeJe3a Pa3IMYHbIMU BOCCTAHOBUTEISIMH (YIIIEPOJIOM, MapraHleM U KPEMHHEM) B MOZECIBHBIX
TEPMOAMHAMHYECKUX CHCTEMaXx, OIpeIe]IeHbl ONTHMANbHbIE YCIOBHS MO TEMIEpaType U pacxolaM BOCCTaHOBUTENeH. B pabore mpencrapieHb
Pe3yibTaThl HCCIESA0BAHMS MIPOLIECCOB B CHCTEME METAJII — IILIAK, HaXOAsIelcs B paBHOBecuH. [IpoBeieH aHanu3 paBHOBECHOTO COCTOSTHUS CHC-
TEMbI METAJUT — [IUIAK B quana3oHe Temneparyp 1773 — 1973 K npu pasnudnom koimdectse nuiaka. Onpeie/ieHbl PaHUIbl 00IacTel MpOTEeKaHUs
OKHCITUTEIIbHO-BOCCTAHOBUTEIIBHBIX MIPOLIECCOB U BBHINOJHEHA OLEHKA BIMSHHUS KOMIIOHEHTOB METajlla Ha yCJIOBHSI BOCCTAHOBJICHUSI OKCHJIOB
Kene3a U3 LU1aka B MeTainl. [1omydeHsl 3aBUCHMOCTH PaBHOBECHOTO COCTABa CHCTEMBI OT TEMIIEPATypbl IPU PA3IMYHBIX COOTHOLICHHUSX METaJIa
U [IJTAKA U OTIPE/ICNICHBI ONITHMAIIbHBIE YCIOBHUSI BOCCTAHOBJICHHMS JKee3a.

Kawuessle caoea: TCPMOAMHAMHUYCCKOC MOJICINPOBAHNE, HHCTPYMCHTA/IbHAsA CUCTEMA, BOCCTAHOBJICHHUE JKEJI€3a, CUCTEMa METaJlJl — IJIaK, TEPMOAN-
HaMHU4YECKOC PABHOBECUC

/Jlnsi yumupoesaHus: Peibenko U.A., IIpotononos E.B. Tepmonunamiueckoe MoeIMpoOBaHUe MPOLECCOB BOCCTAHOBIICHHS yKele3a // I3BecTust By30B.
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Original article THERMODYNAMIC MODELING
OF IRON RECOVERY PROCESSES

I. A. Rybenko, E. V. Protopopov
I Siberian State Industrial University (42 Kirova Str., Novokuznetsk, Kemerovo Region — Kuzbass 654007, Russian Federation)

Abstract. One of the promising directions in metallurgy is the use of iron-containing waste, such as converter production sludge, iron-containing
concentrates, rolling scale, iron ore processing waste and others. Development of new resource-saving technologies using such waste requires
preliminary research and accumulation of information in the field of iron recovery. The paper considers the processes of iron recovery from oxides
under various conditions. The authors used the method of thermodynamic modeling based on the search for the entropy maximum. The thermodynamic
modeling tool was TERRA software package created at the Bauman Moscow State Technical University. TERRA complex is designed to calculate the
thermodynamic properties and composition of the phases of equilibrium state of arbitrary systems with chemical and phase transformations. Using
this software package, studies of the processes of iron recovery by various reducing agents (carbon, manganese, and silicon) in model thermodynamic
systems were carried out, and optimal conditions for temperature and consumption of reducing agents were determined. The paper presents the
results of a study of processes in the metal-slag system in equilibrium. The analysis of the metal-slag system equilibrium state was carried out for the
temperature range of 1773 — 1973 K with different amounts of slag. Boundaries of the areas of redox processes were determined and the influence of
metal components on conditions for iron oxides recovery from slag to metal was evaluated. The dependences of the system equilibrium composition
on temperature at different ratios of metal and slag were obtained, as well as the optimal conditions for iron recovery.

Keywords: thermodynamic modeling, instrumental system, iron recovery, metal — slag system, thermodynamic equilibrium
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- BBEAEHUE

OfHMM U3 TEPCHEeKTUBHBIX HaNpaBICHUH pPa3BUTHU
COBPEMEHHOTO METaJUTypIHIEeCKOTO TPOU3BOJCTBA SBIIS-
€TCs UCTI0JIb30BAHNUE Kelle30coaepxKalux orxonos [1 — 3].
B xauecTBe TaKMX MaTepUaNoOB MOXKHO UCTIOJIB30BATH IIIJIa-
Mbl KOHBEPTEPHOTO IPOU3BOJCTBA, KEIE30COAEPHKALIME
KOHIICHTPATHI, TPOKATHYIO OKaJINMHY, OTXOHIBI oOorarie-
HUS KeJIe3HbIX pya U T.0. [4 — 7]. B cuily KOHBIOHKTYp-
HBIX COOOpaKCHUH UMEIONIAsACs 3apyOekHas TEXHUIECKas
uHpopMarys [8 — 10] Mo MPOMBIIIICHHOH IKCILTyaTaIiu
HOBBIX BapHaHTOB BOCCTAaHOBUTEIBHBIX TEXHOJIOTHH HO-
CUT OOIIMI M 3a4acTyl0 pekjaMHbIi Xxapakrep. IlonbITku
HCTIOJIB30BATh OIMYOJIMKOBAHHBIC B TIEYATH PEKOMCHIAINH
HWHOCTpPaHHBIX (PUPM HE AIOT CTaOUIIBHBIX U YIIOBJIETBOPH-
TEJIBHBIX PE3YABTATOB U TPEOYIOT MPOBEPKU B KOHKPETHBIX
ycioBusX. Pa3pa0oTka HOBBIX TEXHOJOTHM, B KOTOPBIX
HCTIONB3YIOTCSl TIPU MPOM3BOACTBE CTATM OKCHIHBIC Ma-
Tepuasbl, Bcerna TpeOyeT MpeaBapUTEeIbHBIX HCCIIEA0Ba-
HUH 1 HakomieHns MH(opManuu B 00JaCTH TEOPHH BOC-
CTaHOBJICHHA JKeJie3a U3 OKCHUIHBIX CHUCTEM PazIUYHbIMU
BoccTaHoBuTessiMu [11 — 14]. Ilockonbky mnpakTHueckue
U JKCIIEPUMEHTAJbHBIE HUCCIEOBAaHUS, KaK MPaBUIIO, SIB-
JSIFOTCSL JOCTATOYHO JOPOTOCTOSAIIMMH, a 3a4acTyl0 M He-
OCYILECTBUMBIMU, TO OOJBIIOE 3HAaUEHHE NpUOOpeTacT
BBIYHCIUTENBHBI  OKCIEPHUMEHT, KOTOPBIH ITO3BOJISICT
aHAJIN3UPOBATh COCTOSIHUE CHCTEM, NpOTeKaronue (Qusm-
KO-XHMHYECKHUE MPOIIECCHI U ICNaTh BEIBOJIBI O TIOBEACHUH
M3y4aeMbIX OOBEKTOB HAa OCHOBAHHMU MOJAEIBHBIX Mpe.-
CTaBJICHUH.

B Hacrosmiel paboTe mpeacTaBIeHbI Pe3yIbTaThl HCCIe-
JIOBaHMS MpOIIEccCa BOCCTAHOBJICHUS JKelie3a M3 OKCHOB
MpU PA3IUYHBIX YCIOBUSAX. VICIONB30BaH METOX TEPMO-
JUHAMHYECKOTO MOJICIIUPOBAHUS, OCHOBAHHBIM Ha MONCKE
JKCTpEMyMa TePMOAMHAMUYECKOrO MOTEHIIMAJa, 8 UMEHHO
MakcuMmyMa sHTponuu [15 — 17].

- METO4 U UHCTPYMEHT TEPMOAUHAMMYECKOIO
MOLE/NTUPOBAHUA

MeTon TepMOIMHAMHYECKOTO MOJECIUPOBAHUS IIpe-
JIOCTABJISICT YHUKAJIBHYK) BO3MOXKHOCTH OO0OOIIEHHOTO
OIMUCAHUSl JIFOOOTO BBICOKOTEMIICPATYPHOTO COCTOSHUS
C TTIOMOIIBIO (PyHTAMEHTAIBHBIX 3aKOHOB TCPMOIMHAMUKH,
HE3aBUCHMO OT YCJIOBHM M CIIOCOOOB MOCTIKCHHUS PABHO-
BECHSI, TP MUHUMAJIbHON HH(OPMAIIH O CaMOil CHCTEMeE.
TepmognHamMHudeckas cucreMa B JaHHOM Cllydae paccMa-
TPUBACTCS KaK COBOKYITHOCTh OTIECNBHBIX MOACHCTEM: (a3
U WHAWBUAYaTbHBIX KOHICHCHPOBAHHBIX BEIIECTB. B pe-
3yIbTaTe IS CIIOKHOM cucTeMbl (pabouero Tena) hopmyIu-
pyeTcs 3a/1aua HaxOXKJeHUsI PaBHOBECHOT'O COCTaBa KOMIIO-
HEHTOB JUIS 33/IaHHBIX TEPMOJMHAMHYCCKUX YCIOBHH, IPH
KOTOPBIX TEPMOAWHAMUYECKHN KPUTEPHUH, a UMEHHO, JH-
TPOTIHS CUCTEMBI, TIPE/ICTaBICHHAs (DYHKIHEH MapaMeTpoB
COCTOSIHHSI, TIPHHUMAET JKCTPEMajbHOE 3HaucHWe. Takas
(hopMyITMpOBKa TPUBOJNUT K CIOXKHON OMTUMH3AIMOHHON
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3ajade, JUI PELICHUs] KOTOPOil HCIONIB3YIOTCSI COOTBETCT-
BYIOIIME METOJIbI U MporpaMMHbIe cpecTia [15, 16]. Me-
TO MaKCUMyMa SHTPOIIUU MO3BOJISICT OUCHUTL COCTAaB CU-
CTEMBI B YCIIOBHSX PaBHOBECHS HE3aBHCHMO OT CIIOCOOOB
€r0 NOCTUIKCHUSA U BBIACHUTL NPUHIUNHNAJIBHYIO BO3MOXK-
HOCTB TIOJTyYCHHUS TEX TN MHBIX BEUICCTB, BBIACICHUE KO-
TOPBIX ABJIACTCS OCHOBHBIM MNPU PCHICHUHN 3aJ1a4M OLCHKH
MIPEICITBHOTO KOHEYHOTO COCTOSTHUSL.

B kauecTBe HWHCTPYMCHTA IPU BBINTOJIHECHUU BBIYUCIIN-
TEJFHBIX IKCIICPUMEHTOB C UCIIOIB30BAaHIEM METONIOB Tep-
MOAMHAMHUYECKOTO MOJICIMPOBAHUS BEIOPAH MPOTPAMMHBIN
komiuieke «Teppay, co3maHHbIl B MOCKOBCKOM TOCYIapCT-
BEHHOM TeXHMUYecKoM YyHuBepcutere um. H.O. baymana.
DTOT MPOrpaMMHBIH KOMIUTEKC TIPEIHA3HAUCH IS pacdeTa
TEPMOANHAMUYECKUX XapaKTEpPUCTHK M cocTaBa (a3 pas-
HOBECHOTO COCTOSIHHS IIPOU3BOJIBHBIX CHCTEM C XUMHUEC-
KUMHU U (a30BBIMH IIpeBpalieHusmu [17].

C wucnons3oBanneM cucteMbl «Teppa» OBUT TpoBe-
JICH psii UCCIICIOBAHUH 10 BOCCTAHOBICHUIO METAJJIOB B
MOZETHHBIX TEPMOAMHAMHYCCKHX CHCTeMax. Pesyibra-
Tl MOKA3aJIHM XOPOIIYI0 CXOAMMOCTh M COIVIACOBAHHOCTD
¢ nmureparypHbiMu faHHbIMU [ 18 — 20]. B cBsi3u ¢ aTuM Hc-
[I0JIb30BAHUE JAHHOM IIPOrPaMMBI SBJIIETCS IPaBOMEPHBIM
U JTOITy CTUMBIM.

B mporpaMme ocymiecTBISeTCSI MOACTUPOBAHHUE IIpe-
JETFHO PAaBHOBECHBIX COCTOSIHHI C HCIIOJB30BAaHUEM MO-
Jenu uaeansHoro rasa. KonpeHcupoBaHHbIE (a3bl MOTYT
OBITH OIMMCAHBI B MPHUOIIKCHUN HECMEIIHBAIOIINXCS O
HOKOMITOHEHTHBIX (a3, UJeaIbHBIX WU PEryIspHbIX PacT-
BOpoB. JlJI 3agaHusl cOCTaBa U CBOMCTB PacTBOPOB MpeE.-
YCMOTpEHa JOMOJHUTeNnbHas onmus. [loka He Ha3HaueH
CIIFICOK BEIIECTB O)KUIAEMBIX KOHICHCHPOBAHHBIX PAaCTBO-
POB U HE OMPCACICHBI MapluajlbHbIC M30BITOYHBIE DHTAJIb-
UM WX KOMITOHEHTOB, B IIPOTPaMMHOI cHCTEME BCe MHIH-
BUAYyaJIbHbIC BCHICCTBA B KOHACHCHUPOBAHHOM COCTOSHUU
MIOJTarafoTCsl OHOKOMIIOHCHTHBIMH HECMEITHBAIOIINMICS
¢azamu. [l Gonee CIIOKHBIX MOJENEH KOHAECHCHPOBAH-
HBIX PAaCTBOPOB (CTPOTOPETYJSIpHBIC, KBa3HPETYSpHBIC,
cyOperyinsipHble U APYrre MOCTH) B KaUECTBE U30BITOYHOM
SHTAJBIUN MOTYT Ha3HAUATHCS BBIPAKCHHS, 3aBUCSIIHEC
OT MOJIBHOW [OJIM KOMIIOHEHTa B pacTBOPE U TeMIepaTy-
pet [17].

Takum 00pa3oMm, paBHOBECHOE COCTOSHHE JHO00H 3a-
KpPBITOM ¥ U30JIMPOBAHHOW TEPMOJIUHAMUYECKON CUCTEMBI
OJTHO3HAYHO OMPEAEIAETCS 3HAYCHUSIMU IBYX NapaMeTpPOB
cocTosHUA. B KauecTBe TakMX XapaKTEPUCTHK JOCTaTOUHO
paccmarpuBarh JIOOBIE BE U3 CIEAYIOIUX IIECTH Tep-
MOAMHAMHYECKHUX IapaMeTpOB: MaBICHHE, TeMIIeparypa,
yﬂeHbHLIﬁ 06T)CM, OHTpOINMA, NOJIHAA SHTAJIbIINA, IMOJHAA
BHYTPEHHSISI SHEPTHUSL.

B nporpamme npenycMOTpeHB! 1Ba BapHaHTa MOAETIH-
POBaHHS HEPABHOBECHOTO COCTOSIHUS:

— HEMOCPEeACTBeHHOE 3afanue ((hukcaus) KOHIEHTpa-
WM psila BEILIECTB;

— 3aJIJaHKe COJCP KAHUS «MHEPTHOW» (Hepearupyroeil)
YacTH BEIIECTB B KOHICHCHPOBAHHOM COCTOSTHHU.
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B mnporpamme cymiecTByeT BO3MOXXHOCTH MHOTOBa-
PHAHTHBIX PacyeToB KaK B MHANa30HE KOHICHTPAIMHA HC-
XOJHBIX BCHIECTB, TAK U B AUAIIA30HE TCPMOJAUHAMUNYCCKUX
MapaMeTpoB, ONPEICILIIONINX PAaBHOBECHE, a TAKKe BO3-
MOYKHOCTh 3allCH Pe3yNbTaToB pacueTa B (aiin dopmara
MS Excel ¢ pacmmpenuem «xls», 94To obierdaer mocie-
JYIOIIYI0 CHEHUAIbHYI0 00pa0OTKy JaHHBIX M MO3BOJSET
cTpouTh rpadukn. KoHIeHTpaIiu KOMIIOHEHTOB PacCUUTHI-
BaIOTCsI B JIFOOOW YIOOHOH TS TIOJIb30BATENS Pa3MEPHOCTH.

OnemeHTapHas cucreMa (opMHpyeTcst IMyTeM 3aTaHusI
YHCIia MOJIEH COCTABISIOLIMX €€ KOMIIOHEHTOB, IIPU 3TOM
B cily4yae HEoOXOIMMOCTH (HOPMHUPYIOTCS COCTaBBI KOH-
JIEHCUPOBAaHHBIX PaCTBOPOB. B ganpHeHIeM Ipy IBYX BbI-
OpaHHBIX TEPMOAMHAMUYECKUX MapaMeTpax peau3yroTcs
MHOTOBAPpUAHTHBIC pACY€Thl PABHOBECHBIX COCTABOB B 3a-
BHUCHIMOCTH OT THX IapaMeTPOB U PACXOIOB MCXOIHBIX Ma-
TepuanoB. HaGop BemiecTB, KOTOpbIe MOTYT 00pa30BaThCs
TP 33JJaHHOM 3JIEMEHTHOM COCTaBE CHCTEMEI, OIPEISIISITH
B pe3ysibTare YMCICHHOTO MOJIEIMPOBAHUS Ul BBIOpaH-
HOTO [JHana3oHa TeMIIEpaTyp W pPa3IMYHBIX TEPMOAMHA-
MHUYECKHX COCTOSIHMM. W3 MoJHOTrO nepedHss BO3MOKHBIX
BEIIECTB BHIOMpAIN TOJHKO TE BEIIECTBA, KOHIICHTpPAIHH
KOTOpBIX TpeBbimany 3Hadenue 10~ mons/kr cmecu. Tpo-
BE/ICHHBIC B MOJEIBHBIX TEPMOAMHAMHYECKHX CHCTEMaX
MCCIIEIOBaHMS 110 BOCCTAHOBJICHHIO METAJJIOB IOKa3aiu
XOPOIIYI0 CXOAMMOCTh M COINIACOBAHHOCTBH C JIUTEPATyp-
HbIMU AaHHbIMH [18 — 20].
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Puc. 1. 3aBucumocTn paBHOBeCHOTO cocTasa cucteMbl Fe,0,—C
OT pacxojia yriepoja npu temmneparype 1873 K:
a: @ - C;l-Fe; @ - FeO; A - Fe,0,; ¥ —Fe,C;

6:07CO;.7CO2

Fig. 1. Dependences of equilibrium composition of Fe,0,—C system
on carbon flow at 1873 K:
a: 9 —C;[l—Fe; @ —FeO; A — Fe,0,; ¥ —Fe,C;
6: Q- CO; @-CO,

- TEPMOAWHAMMUYECKOE MOAENUPOBAHUE NMPOLLECCOB
BOCCTAHOB/IEHUA XXENE3A HA MOAE/IbHbIX CUCTEMAX

HccnenoBanue mpoiiecca BOCCTaHOBJICHHUS Kelesa
YIJIEpOJIOM MTPOBOAMIIN HA MOJEIIBHON CHCTEME FeZO3—C.
3alaHHOE KOJIMYECTBO OKCH/IA JKeJie3a COCTABISIO | MOJIb.
Pacxon yrmepona BapsupoBanu ot 0 10 4 MoJeit, ot Heo-
CTaTKa /10 U30bITKa KOJIMYEeCTBa, HEOOXOAMMOTO MO CTEXHO-
MeTpuu. Pe3ynsraTsl pacueToB paBHOBECHOI'O COCTaBa CHC-
Temsl npu Temneparype 1873 K npezacrasiensl Ha puc. 1,
Ha KOTOPOM MOYKHO BBIJICJIUTh HECKOJIbKO oOnactei. [lep-
Basi 00JIaCTh COOTBETCTBYET U3MEHEHHUIO Pacxo/ia yriiepoaa
ot 0 10 0,75 Moneil: MpOouCXonuT CHIKEHUE KOHIICHTPAITUN
Fe,O, ¢ OnHOBpEMEHHBIM YBEIMYEHHEM KOHIEHTPALUM
FeO B cucreme; razoBast (paza MOJTHOCTBIO MpEICTaBICHA
OKCHJIOM COZ, MaKCHMaJlbHasi KOHLIEHTpAIsl KOTOPOTO
B CHCTEME COOTBETCTBYeT pacxoay ymiepona 0,75 monei
u cocrasisger 10 %. Jlanee npu yBeanueHUH pacxoaa yrie-
poZa mpoucxoaut BoccraHosieHue FeO u B cucreme Hauu-
HAeT BO3pacTaTh KOJIMYECTBO BOCCTAHOBJICHHOTO Keje3a,
MaKCUMajibHasi KOHLIEHTpPALUsi KOTOPOIO COOTBETCTBYET
pacxony yniepoza 3 MoJsl.

[Ipu U30BITOYHOM COAEPIKAHUU YyIIepoJa B CMECH KO-
JUYECTBO YHCTOTO JKeJie3a YMEHBIIACTCS U B CHCTEME Ha-
YMHAET HaKarmBaThes kapoun Fe,C. B razosoii ase mpo-
MCXO/IUT OHOBPEeMEHHBIH pocT koHuenTpauuid CO u CO,.
IIpu pacxone ymiepona 3 Mo HAUMHAET CHUXKATbCs CO-
nepxkanure CO, J10 €ro TOJHOTO MCYE3HOBEHHUS [IPU PACXOJIE
yrepona 3,5 mMosi.

PeSyJ'II)TaTI)I HCCICJO0BaHUA B3aPIMOIlCI710TBPIﬂ OKCHIaa
JKelle3a ¢ MapraHLeM I0Ka3aju, YTO MapraHel IOJIHOCTbIO
BOCCTAaHABJIMBACT JKEJIE30 M3 OKCHJIA BO BCEM JHAaIlla30HE
TeMIeparyp, pu KOTOPBIX MPOTEKAIOT METAITyprUdecKue
MPOLECCHI.

Ha puc. 2 npencraBieHnsl pe3ylbTaTbl pacdeTa pas-
HOBECHBIX COCTAaBOB B CHCTEME Fe203—Mn B JUalia3oHe
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Puc. 2. 3aBucuMocTH paBHOBECHOTO COCTaBa cucTeMbl Fe,O,—Mn
OT pacxojia Mapraua npu remneparype 1873 K:
- Fe,O,; - MnO; @ - FeO; A —Mn; ¥ —Fe

Fig. 2. Dependences of equilibrium composition of Fe,O,~Mn system
on manganese consumption at 1873 K:
- Fe,O,; - MnO; @ - FeO; A —Mn; ¥ —Fe
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pacxona MapraHna ot 0 no 4 moseil mpu Temmeparype
1873 K.

KonmnuectBo mapranma 1 Mojib COOTBETCTBYET Mak-
cuMaibHOU KoHIeHTpanuu FeO B cucreme, KoTtopas Ha-
YUHACT CHUIKATHCA HpI/I yBeJII/I‘IeHI/II/I paconLa MapraHua.
[Tpu xonmuaectse 3 monst maprania okcusl FeO momHoCThIo
ucueszaer. Takoil pacxoi COOTBETCTBYET MaKCUMAaJIbHOMY
COJIEpKaHuIo Keneza B cucrteMe 65 % W okcuaa MapraH-
na 35 %. JlanbHeilmee yBennueHHE KOJIMYECTBA MapraH-
[1a MPUBOJMT K €0 HAKOIJICHHIO B CMECH U pa30aBIICHHIO
OCTAJIbBHBIX KOMITIOHCHTOB.

Pesynpratel wWccienoBaHus B3aWMOIECHCTBHS OKCHAA
Keleza ¢ KPeMHHEM TMOKa3alld, 4TO JKeJIe30 IMOJHOCTHIO
BOCCTaHABIIMBAETCSl TIPH pacxojne KpeMHus 1,5 Mons BO
BCEM JMarna3oHe temmeparyp (puc. 3).

- TEPMOAUHAMMUYECKOE MOAE/IUPOBAHUE
OKUC/TUTE/IbHO-BOCCTAHOBMUTEJ/IbHbIX MPOLECCOB
B CUCTEME META/I/1 — WWNAK

B paboTe mpoBeJeHBI HCCACIOBAHUS OKHCIHTEIBHO-
BOCCTaHOBUTEIILHBIX TPOILIECCOB, MPOTEKAIOIINX B CHC-
TeMe METaJUI—IIJIaK, KOTOPhIE HAaXOASTCS B PAaBHOBECHH.
Mertann conepxur 4,0 % C; 0,7 % Mn; 0,7 % Si; 0,3 % P.
Xumuueckuit cocras muaka: 10,0 % MnO; 0,3 % P,O;
20,0 % Si0,; 50,0 % CaO; 17,0 % FeO.

beimu ipoBenienst pacuetst aist 100 kr meranna B gua-
nazone Temneparyp 1773 — 1973 K npu pacxonax nuiaka §,
10, 12, 14 u 16 xr. Ha puc. 4, 5 npuBesieHbl 3aBUCUMOCTH
PaBHOBECHBIX COJICPKAHUW COCTABISIONIMX B METAJIE OT
TEeMITepaTyphl MPU Pa3IMIHBIX pacxojax nuiaka. C yBenu-
YEHHEM TEeMIIEPaTyphbl MPOUCXOIUT CHUKCHUE KOHIICHTpA-
uuu yniepoaa B Meramie (puc. 4, a), npudeM npu Oomnee
BBICOKHX PacXojax IljlaKka CHUKEHHE KOHIICHTPAINH yTIie-
polla HauMHaeTcs Mpu Oojiee HU3KUX TeMmIiieparypax. Tak,
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Puc. 3. 3aBucUMOCTH paBHOBECHOIO cocTaBa cuctembl Fe,0,—Si

OT pacxojia kKpeMHus pu temneparype 1873 K:
- Fe,0,; M- FeO; @ - Fe,0;; A —SiO,; ¥ —Fe; X - Si

Fig. 3. Dependences of equilibrium composition of Fe,O,—Si system
on silicon consumption at 1873 K:
- Fe,0,; - FeO; @ - Fe,0;; A —SiO,; ¥ —Fe; X - Si
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Puc. 4. BaBucumoctu paBHoBecHoro coaepskanus C (a), Mn (6), Si (8)
u P (2) B MeTaiie Ot TeMIiepaTyphl IpH pa3inyHOM KOJIUYECTBE
O1aBAEMOT0 B CHCTEMY IITAKa:

Q- 8%M-10%@-12%; A—-14%; ¥ -16%

Fig. 4. Dependences of equilibrium content of C (a), Mn (6), Si () and
P (2) in the metal on temperature at different quantity of supplied slag:
Q- 8%M-10%@-12%; A—-14%; ¥ -16%
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CHID)KEHHUE COJIEpKaHMA yIiepo/a MpH pacxonax nuiaka &,
10,12, 14 u 16 kr na 100 Kr MeTasia HAUMHACTCS TTPU TEM-
neparypax 1853, 1842, 1836, 1824 u 1803 K coorsercr-
BeHHO. JIJi1 o{MHAKOBOM TemImepaTypsl IpH 0oJiee BBICO-
KHX Pacxo/ax Ijaka B IeJIOM KOHIIEHTpalus yriepoja
menblie. Hanpumep, npu Temmneparype 1873 K konmeHn-
Tpanuu yriepoaa 3,84, 3,73, 3,62, 3,50 u 3,39 % coort-
BETCTBYIOT pacxoaam miaka 8, 10, 12, 14 u 16 xr/100 xr
Merauia. KoHleHTpauus Mapradia B MeTajule ¢ H3Me-
HEHHEM TeMIepaTypbl MEHSETCS HEe3HAUYUTEIHHO, HO Cy-
LIECTBEHHO 3aBUCHUT OT KOJMYECTBA MO/JaBa€MOT0 B CHUC-
TeMy nuiaka (puc. 4, 6). MakcumanbHoe (1,82 — 1,86 %)
CONIep’)KaHHWE MapraHiia COOTBETCTBYET pAacxoay IuIaKa
16 kr/100 kr meramra, muanMansHoe (1,28 — 1,30 %) —
pacxony 8 kr/100 xr merania.

KoHreHTpamust KpeMHUST B MeTajlle, HA000pOT, CyIIe-
CTBCHHO 3aBHUCUT OT TEMIICPATypbl U HE3HAYUTCIIBHO OT
konmyecTBa 1wiaka (puc. 4, 6). Ilpu Temmeparypax Hike
1853 K conepkaHne KpeMHHsI B METajule HE MEHseTcs
u cocrapister 0,05 —0,11 %. Ilpu yBennyenuu temnepa-
Typbl HQYMHAETCS PE3KUM POCT KOHLEHTpALUU KPEMHUS,
kotopast nocrturaer 3HadeHuil 1,30 —1,45 % npu 1973 K
B 3aBHUCHMOCTH OT pacxoja muiaka. MHUHHUMalbHbIE KOH-
HEHTPALUHN KPEMHHSI COOTBETCTBYIOT MaKCHMAIBHBIM pac-
X0JIaM IIUTaKa.

Ha puc. 4, 2 npuBeneHbl 3aBUCHMOCTH COJIEPIKAHUS
¢docdopa B MeTange OT TeMIEpaTypsl IPU PA3IUIHOM KO-
JMIYECTBE IITaka B cUcTeMe. [Ipm HU3KUX TeMmmeparypax
KOHIIEHTpalust (ocdopa MOCTOSIHHA U 3aBUCHUT TOJIBKO OT
pacxona nuraka. MakcumalbHas KoHIeHTparus docdopa
0,4 % coOTBETCTBYET KONMYECTBY IIJaKa B CHUCTEME § KT,
MuHuMmanbHas 0,14 % — 16 kr. Ilpu yBenuueHun Ttemiie-
paTypbl HauMHAETCs pe3Kuil poct comepxkanus ¢ocdopa,
[pUYeM JWala3oH TeMIlepaTyp HM3MCEHEHHS KOHIICHTpa-
it gochopa CymecTBEHHO 3aBUCUT OT PacXoja MIIaKa:
1803 — 1873, 1823 — 1868, 1835-1863, 1843 - 1853 K
u 0 mpu pacxoxne maka 16, 14, 12, 10 u 8 kr muaka Ha
100 xr meranna. [Tocie mepexomHoro eprosa coepskanme
docdopa crabunusupyercs U NPSIMO MPONOPIHMOHAIBEHO
3aBUCHT OT KOJIMYECTBA IIJIaKa B CHCTEME: KOHIICHTpPAIHH
docdopa 0,40, 0,42, 0,45, 0,48 u 0,50 % COOTBETCTBYIOT
pacxomam 1iaka 8, 10, 12, 14 u 16 kr/100 kr merasia.

Ha puc. 5, a npuBeneHbl 3aBUCUMOCTH PaBHOBECHOIO
congepxanus MnO B murake oT TeMIepaTyphl IpH pas-
JIMYHBIX pacxojax Iwiaka. [Ipu HU3KHX TeMmeparypax
KoHIeHTpanuss MnO TMOCTOSHHAa W 3aBHCHUT TOJIBKO OT
pacxona uutaka. IIpy nmoBbIIEHUU TeMIIEpaTypbl COAEP-
JKaHWE OKCHJa MapraHIla HAYMHACT CHIDKATHCS, IPUIEeM
TeMIiepaTypa Hauajla U3MECHEHHS KOHIICHTPAllUd OKCHJA
MapraHiia TeM HIDKE, YeM BBIIIC PAacXOl MCXOJHOTO KO-
JIUYecTBa HUIaka: /i pacxonaa nuiaka 16 xr/100 xr me-
Tajula TeMIleparypa Hadalla CHIKCHUS KOHIICHTPAIHH
okcuaa Mapranua coctasisier 1793 K, a ansa 8 kr/100 xr
meramia — 1853 K. Huzkue 3HaueHUsT KOHIIEHTPAINI OK-
cyuaa MapraHia COOTBETCTBYIOT MUHUMAJIbHBIM pacXoaamM
[Iaka B UCXOAHOHM cucTeMe. AHAJIOTHYHBIE 3aBHCHMOC-
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Puc. 5. 3aBucumoctu paBHOBecHOrO conepkanus MnO (a), SiO, (6),
FeO (6) n P,O; (2) B mu1ake 0T TeMIIEpPaTypbl IPH Pa3INIHOM
KOJIMYECTBE 110/1aBAEMOT0 B CHCTEMY IIITaKa:

Q@ 8%M-10%@-12% A-14%; ¥ -16%

Fig. 5. Dependences of equilibrium content of MnO (a), SiO, (6),
FeO (6) and P,O; (2) in the slag on temperature at different quantity
of supplied slag:
Q-8%M-10%@-12% A—-14%; ¥ -16%
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TH MOJYYCHBI JIs1 COACPIKAHUA OKCUAA KPEMHHA B HLJia-
ke (puc. 5, 6), TOIBKO TEMIEPaTyphl Hauaja CHUKCHUS
KoHUeHTpauui SiO, CABUHYTHI BIIPABO M COOTBETCTBYIOT
npumepro 1853 K.

3aBHCHMOCTh PABHOBECHOIO COJIEP)KAHUS OKCHIA JKe-
Je3a OT TeMrieparypsl (puc. 5, ) UMeeT SKCTpeMyMbl. Tak,
MakcumanbsHas koHueHTpaius FeO 0,09 % cooTBeTrcTByeT
temreparype 1853 K u pacxomy nuraka 10 kr/100 kr me-
tanmna. Konuenrpauuss FeO 0,078 % coorBercTByeT TeMm-
nieparype 1873 K u pacxony nuaka 16 kr/100 kr MeTaiuia,
0,072 % — 1835 Kn 14 xr/100 kr meramnna, 0,070 % — 1835 K
u 12 kr/100 xr metamia, 0,071 % — 1853 K u 8 xr/100 kr
MeTa/ula. B IenoM jke KOHILEHTpaluu OKCHAa XKeJe3a
B IIJTAKE HU3KHUE, XKEJIe30 MPAKTHICCKH ITOTHOCTHIO BOC-
CTaHABIIMBACTCA PACTBOPEHHBIMH B METAJUIE YIVIEPOIOM,
MapranmeM u kpemaueM. docdop Takke BoccTaHaBIMBa-
€TCsl B METaJUl C MOBBIICHUEM TeMIeparypsl (puc. S, 2).
AHaM3 paBHOBECHOTO COCTaBa I'a30BOH (ha3bl B 3aBUCHMO-
CTH OT TeMIepaTypbl U pacxoja IUIaKa MoKas3all, 4To MpH
HU3KHX TeMIleparypax B cucreme npucytctytor 40 % CO
1 60 % CO,, a Ipu BBICOKMX TeMIEpaTypax rasosas (asa
cocrout u3 100 % CO.

- BbiBOAbI

[IpoBeneHs! HccIe0BaHUS POIIECCOB BOCCTAHOBIICHUS
Kelleza PasTUYHBIMA BOCCTAHOBHTEISIME B MOJCIHHBIX
TEPMOJIMHAMUYECKUX CHCTEMaX, ONpPEAEICHbl ONTUMAllb-
HBIC YCJIOBHS TI0 TEMIIEPAType M pacxogaM BOCCTAHOBUTE-
neil. MakcuMalbHOMY COJIep KaHuIo skene3a 65 % B cuc-
teme Fe,O,—Mn cOOTBETCTBYET pacxojl Maprauia 3 MoJs,
B cucteme Fe,O;—Si *kese30 MOMHOCTBI0 BOCCTaHABINBA-
eTCcsl IIpU pacxofe KpeMHus 1,5 MoJs BO BCeM Juara3oHe
temneparyp. Takxe MpoBeleH aHajIu3 PaBHOBECHOIO CO-
CTOSTHUSI CHCTEMbl METaUI—IIUIaK B JMara3oHe TemIiepa-
Typ 1773 - 1973 K mpu pazauyHOM KOJMYECTBE LIIaKa
B cucreme. OmnpeneneHbl TPaHUIlbl 00JacTeld MPOTEKaAHHS
OKHUCIIUTENIbHO-BOCCTAHOBUTEIBHBIX MPOLECCOB U MPOBE-
JIeHa OIICHKA BJIMSHUS KOMIIOHCHTOB METaJljla Ha YCIOBUS
BOCCTAHOBJIGHUSI OKCHJIOB JKelle3a W3 IUIaka B MeTall.
Konnenrpanus FeO 0,09 % cooTBercTByeT Temmeparype
1853 K u pacxony nutaka 10 kr/100 xr meramia, 0,078 % —
1873 K u 16 xr/100 kr meramma, 0,072 % — 1835 K
u 14 xr/100 xr metamia, 0,070 % — 1835 K u 12 kr/100 kr
meramia, 0,071 % — 1853 K u 8 kr/100 kr meTasia.
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MPOYHOCTb U MEXAHU3M PA3PYLUEHUA
NPU KPYYEHWUMU YIbTPAMENIKO3EPHUCTOMU AYCTEHUTHOMU CTANU
MEAULUUNHCKOTIO HASHAYEHUA

I. B. KneBuosl, P. 3. Basues?, M. B. ®eceniok?, H. A.Knesnosal,
M. H. TiopbkoB !, M. M. AGpamoBa?, I. U. Paa6?

TonbsiTTHHCKNI rocynaperBenubiii yuusepeurer (Poccust, 445667, Camapckast 0611., Tonbsitri, Benopycckas yi., 14)

2Y pumcKuii rocy1apcTBEeHHbIN aBHANIMOHHBII TexHMYecKknii yuusepeuter (Poceus, 450000, Pecriy6nuka Bamkoprocran, Y da,
yi. K. Mapkca, 12)

3 AO «I1O «Crpena» (Poccus, 460005, Opendypr, yi. [llepuenko, 26)

AHHOmayus. V3yyeHsl IPOYHOCTh U MEXAHU3M pa3pyLICHUs IPH KPyUEHUHU ayCTEeHUTHOM KOppo3noHHOCTOHKOM cramu 08X 18H9 ¢ ynerpamenkosep-
nucroit (YM3) u kpynrozepauctoit (K3) cTpyKTypoil, IIHPOKO MPUMEHSIEMO B MEAUIIMHE TS IPOU3BOJICTBA [UIACTHH, IIyPYIIOB, CTPIKHEH IS
KOCTHOTO OCTE€OCHHTE3a U APYrHX MeIULHUHCKUX u3aenuil. Ctpykrypa K3 cramu uccienoBaHa ¢ HOMOIIBIO METaUIOrpadMueckoro MHKpOCKOa
Axiovert 40 MAT, a Tonkast cTpykrypa YM3 cTajm — ¢ OMOIIbIO TPOCBEYHUBAIOIIETO 31eKTpoHHOTO Mukpockomna JEM-2100. [TpoBeneHs! uctibi-
TaHUs Ha KpyueHHe LIIHHApUIeckux o0pasios auamerpoM 10 mm ripu Temneparype 20 °C Ha ycranoske MK-50. MccnenoBana noBepXHOCTb U3-
JIOMOB C TIOMOIIBIO PACTPOBOTO 31eKTpoHHOT0 MUKpockona JEOL JCM-6000. Ananu3 quarpaMm «KpyTSIUH MOMEHT — yToJl KPYUYeHHUsD» TTOKa3all,
4TO 110 cpaBHeHMIO ¢ K3 cranbio mpeen npodHoCTH (T,) U Ipesien TeKyyecTH (T, ;) YM3 cranu Bospacraior B 1,3 — 3,8 pasa, a OTHOCHTENBHBII
caBur (g) cHmketcs B 2,4 pa3a. Beicokre 3HaYeHUs POYHOCTHBIX CBOMCTB MpH KpydeHun Y M3 cranu mo3BOJSIFOT 00€CIIeUHTh BBICOKUHN KPYTs-
i MoMeHT Oe3 paspyureHus usnenus. CienoBarenbHo, 1o cpaBHeHuio ¢ K3 crampio YM3 crans 08X 18H9 sBisiercst 6onee mepcrieKTHBHBIM
MaTepHaIOM JUIsl H3TOTOBICHHSI MEIMIIMHCKUX LIYPYIIOB M IPYTUX MEJUIMHCKHUX M3/IENUi, HCIIBITHIBAIOLINX B TPOLIECCE CKPYUYMBAHMS 3HAYUTEIIb-
Hble Harpy3ku. Ha moBepXHOCTH BCEX M3JIOMOB BBISBIEHO TPU 00J1aCTH: BOJOKHUCTAs LIGHTPaIbHASL YacCTh, I€peXoHas (CpeiHsisl) YacTb U OTHO-
CHUTENBHO TNajiKast nepudepuitnas yacts. PazpyiiieHne HauMHAETCS ¢ 00pPa30BaHUs SIMOK CIBUTA B Cpe/iHEH U nepudepuitHoil 001acTsix, KOTOpbIe
IIpU JlaJibHelIIeM BpallleHu o0pasiia MoJIHOCTbIO 3aThpatorcs (B ciydae K3 cranm), mim coxpanstores (B ciydae YM3 crann). OkoHYaTeNbHOE
paspyLIeHHe IPOUCXOAUT MO/ JeHCTBHEM HOPMAJIbHBIX HANPSDKEHHUH B IGHTPAIbHOM 4acTH oOpasua.

Kawouesble cnoea: aycteHuTHas CTallb, MEIULIMHCKUE H3/ICIHs, yIbTpaMenkosepuucTas (YM3) cTpykTypa, HCIIbITAaHHE HA KPYyYEHHE, TIPOYHOCT, Pas-
pyLIeHHE, H3JI0M

DuHaHcuposaHue: Pabora BhinonHeHa pu GpuHaHCOBOM noiepkke Poccuiickoro HaydHOro poHaa (MeXAUCIUILIMHAPHBIE TPoeKThl Ne 20-69-47059
n gactuaHo Ne 20-63-47027).

Jast yumuposanus: Knesnos I'B., Baimues P.3., ®ecentok M.B., Knesnosa H.A., TropskoB M.H., A6pamosa M.M., Paa6 I'U. [Ipounocts u mMexa-
HU3M pa3pyLICHHs PU KPYUCHUH YIBTPAMEIKO3EPHUCTOM ayCTEHUTHOM CTall MEIMIIMHCKOTO Ha3HadeHus // VI3Bectus By30B. UepHas MeTamyp-
rust. 2021. T. 64. Ne 11. C. 832-838. https://doi.org/10.17073/0368-0797-2021-11-832-838

Original article STRENGTH AND FRACTURE MECHANISM
DURING TORSION OF ULTRAFINE-GRAINED AUSTENITIC STEEL
FOR MEDICAL APPLICATIONS
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Abstract. The article considers evaluation of torsional strength and fracture of austenitic corrosion-resistant steel 08Kh18N9 with an ultrafine-grained
(UFG) and coarse-grained (CG) structure, widely used in medicine for the production of plates, screws, rods for bone osteosynthesis and other medical
products. The structure of the CG steel was studied using an Axiovert 40 MAT metallographic microscope, and the fine structure of the UFG steel was
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investigated with a JEM-2100 transmission electron microscope. Torsion tests of the cylindrical samples with a diameter of 10 mm were carried out at
a temperature of 20 °C on MK-50 installation. JEOL JCM-6000 scanning electron microscope was used for the microfractographic studies of fracture
surfaces. The analysis of the “Torque — torsion angle” diagrams showed that the torsional ultimate strength (t,) and yield strength (t, ) of UFG steel
increase by 1.3 — 3.8 times, and the relative shear (g) decreases by 2.4 times in comparison with CG steel. High values of torsional strength properties
of UFG steel make it possible to provide high torque without destroying the product. Consequently UFG steel 08Kh18N9 in comparison with CG steel
is a more promising material for the manufacture of medical screws and other medical products that experience significant loads during the torsion
process. Three areas were identified on the surface of all fractures: fibrous central part, transitional (middle) part, and a relatively smooth peripheral
part. Fracture begins with the formation of shear pits in the middle and peripheral parts, which, with further rotation of the sample, are completely
rubbed out (in case CG steel), or remain (in case of UFG steel). Final failure occurs under the action of normal stresses in the central part of the sample.

Keywords: austenitic steel, medical devices, ultrafine-grained (UFG) structure, torsion test, strength, destruction, fracture
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B BBEAEHME

U_II/IpOKOC HCIOJIb30BAHUC «IIAAAIINX» OIICPALUOHHBIX
TEXHOJIOTUI B MEIMLIMHE NPEATNOoIaraeT MUHUATIOPU3ALIII0
MCIUIIMHCKHUX HUMIIJIAHTATOB, I''TaBHBIM o6pa30M IJIaCTHH,
LIypYIOB, CTEPYKHEH /JIs1 KOCTHOIO OCTEOCHHTE3a, a Tak-
KE ApYyrux MEAUIMNHCKUX I/IS,ZLCHI/Iﬁ B TPaBMAaTOJIOI'UU U YC-
JIFOCTHO-JIMLIEBOM XUpypruu. JlaHHas 3ajada HE MOXKET
OBbITH perieHa 0e3 MCIOIB30BaHHsI MaTepUalloB, 00Iagat0-
[IUX, TOMAMO XOPOIIeH OHOCOBMECTUMOCTH, KOMIICKCOM
BBICOKUX MEXQHUYECKHX CBOWUCTB npu pas3jnvHbIX BU-
nax HarpyxeHus [1 —3]. DTuM TpeOOBaHUSIM TIOJTHOCTHIO
VAOBJIETBOPSET HOBBIN KIACC OOBEMHBIX METAITHYECKUX
MaTepuanoB ¢ yinbTpamenko3depHucton (YM3) cTpykry-
PO, MOJTyYEHHBIX METOIAMHU UHTEHCUBHOM IIACTUYECKOU
nedopmarmu [4 —6]. MHOTOYHMCICHHBIC —HCCIIEOBAHUS
yOeIUTENbHO CBUACTEIBCTBYIOT O TOM, 4TO (hOPMHPOBa-
HUe YM3 CTpyKTyp NHO3BOJIA€T 3HAUUTENBHO IOBBICUTD
TBEPAOCTb, HNPOYHOCTh U YCTAJOCTHYIO JOJTOBCUYHOCTD
martepuanoB [4 — 10]. B momHON Mepe 3TO OTHOCHTCS
K KOPPO3MOHHOCTOHKHUM ayCTEHUTHBIM CTaJsIM, HIMPOKO
TpUMeHsIeMbIM B TpaBMmarosioruw [11, 12]. MHorue u3ne-
Ul U3 TaKuX CTalled, HallpuMep, LIypyIbl, CTEPKHU, UC-
MIBITHIBAIOT 3HAYUTEIbHBIE KPYTUIIbHbBIE HANpPSDKEHUS MPU
ycTaHoBKe W dkcrryatanuu [13 — 18]. Tloatomy BrnusiHME
YM3 cTpyKTyphl Ha CONPOTUBIICHUE ayCTEHUTHBIX CTalleh
PaspyLICHUIO NP KPYYEHUH OCTAeTCs aKTyaJbHOM 3aa-
yei.

Ilenpto HacTosmeill pabOTHI SIBIASETCS OLIEHKA MPOd-
HOCTH M MEXaHU3Ma pa3pyLIeHHs IpU KPyUEeHUH ayCTEHUT-
HOMl YM3 cTanu METUIMHCKOrO Ha3HAa4Y€HUs IO CpaBHE-
Huto ¢ kpynHozepuuctoi (K3) cramsio.

- MATEPUANT U METOAUKU UCCNEAOBAHMUA

B kauecTBe Marepuana aJisl HCCIICIOBAaHUs BBHIOpaHA
HIMPOKO MPHUMEHsEeMasi B MEIUIIMHE ayCTCHUTHAsE KOPpPO-
3uoHHOCTOMKast ctanb 08X 18H9 (0,023 % C; 17,95 % Cr;
7,95 % Ni; 1,85 % Mn; 0,6 % Cu; 0,38 % Si; 0,35 % Mo;
0,15 % Co). Cranb uccnenonanack B ucxoqHom K3 cocros-
HUY, [IOJlyYEeHHOM IIyTeM 3aKajku ¢ Temneparypsl 1050 °C

C TIpe/IBapUTENbHON BeIepkKo# | 4, 1 B YM3 cocTosHun.
Mg cozmanus YM3 coCTOSIHHMSL 3arOTOBKM TOABEpraiin
paBHOKaHaJIbHOMY yrioBomy Tpeccoanuto (PKVII) npu
temneparype 350 °C (mapuipyt Be, n =4, ¢ = 120°) [4, 6].

Crpykrypy K3 cTanu uccnemoBany ¢ moMOIIbIO MeTall-
norpaguueckoro mukpockona Axiovert 40 MA, a TOHKyIO
CTPYKTypy YM3 cTanm — ¢ moMOIIbI0 MPOCBEUYNBAIOIIETO
aneKTpoHHOro Mukpockorna JEM-2100. Hcneitanusi Ha
pactsbkeHue BbIToHEHb! Ha Mamube Instron 8801 ¢ wuc-
MOJIb30BaHUEM O0PAa3I0B JUAMETPOM 3 MM IPU CKOPOCTH
nepopmarmu 5-107% ¢! VicnbiTanus Ha KpyYeHUEe IUIMHI-
puueckux obpasnos auamerpoMm 10 Mm u amuHOK 100 MM
npoBoauiu 1pu temmeparype 20 °C na ycranoBke MK-50
cornacHo 'OCT 3565—-80. Mexanuueckue CBOMCTBA CTaIH
IpU KPYUIECHHH OICHUBAIH 110 JUarpaMMe «KpYTSIIHH MO-
MEHT — yroJl kpyueHus» [17]. Muxpodpakrorpaduyeckue
MCCIICIOBAaHNS MOBEPXHOCTEH H3JIIOMOB NPOBOAWIH C TI0-
MOILIBIO PAcCTPOBOTO AJIEKTPOHHOrO MHUKpockorna (POM)
JEOL JCM-6000.

[l PE3YNLTATBI MCCIEAOBAHMIA M UX OBCYXAEHVE

Cranp 08X 18H9 B ncxomHOM COCTOSIHUU TIPEICTABIISIET
co0oit onHO(Da3HBIN PACTBOP Y-KeJe3a CO CPETHUM pa3Me-
pom 3epra 30 mxm. [Tocie PKVII B ctanu HabnronaeTcst BbI-
TsHyTas nonocosas YM3 crpykrypa. Ha ¢one pa3susato-
IICHCS STYCHCTON CTPYKTYPBI 00pa3yIOTCsS MUKPOIIOIOCH H
noJniockl cnsura (puc. 1, a, 6). [lomocel ciBura TOMMIMHON
10 100 HM 00pa3yroTcs BHYTPU YETKO BBIPAKEHHBIX ME30-
110J10C, TOJIIMHA KOTOpbIX fnocturaer 700 HMm. B cTtpykType
HaAOTIONAIOTCS TAaK)Ke TBOWHUKY KaK OTXKHTa, TaK U edop-
ManuoHHble (puc. 1, ). B Tene mesomnonoc mMeer MecTo
BBICOKASI ITIOTHOCTD TUCIIOKAITHH, UX CKOTUICHUS U KITyOKH.
Cpennuii pazMep 3epHa U MEXaHUYECKHE CBOMCTBA CTalU
IIPH PACTSHKEHUH NPEICTABICHBI B Ta0M. 1.

AHanu3 quarpaMM «KpyTAIIUMM MOMEHT — Yroil Kpyde-
Hus» 111 ctanu 08X 18H9 nokazan (puc. 2), 4To KpyTSIIHiA
MOMEHT y 00pasuoB u3 YM3 cranmu npumepHo B 1,4 pasza
BhIIIIE, YeM y oOpa3ioB u3 K3 cramm, a uucio o00poToB
U yToJI 3aKpy4YUBaHUs y 00pa3noB u3 ctanu YM3 B 2,4 paza
MeHbIIIe, yeM y oOpasioB u3 K3 cramm (tadm. 2). Pacuer
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Puc. 1. Tonkas crpykrypa aycrerutHoit ctamu 08X 18H9, o6padorannoit myrem PKYII

Fig. 1. Fine structure of the ECAP-processed austenitic steel 08Kh18N9

Taonuma 1

Cpennuii pa3mep 3epHa H MeXaHH4YeCKHe CBOHcTBA npH pactskeHun craau 08X18H9

Table 1. Average grain size and tensile mechanical properties of the steel 08Kh18N9

Cocrosinue dcp, MKM HB c,, MIla Oy MlIla 0, %
K3 (ucxonnoe) 30 159 624 £ 6 283+2 80+0,7
YM3 (PKVYII) 0,55 363 1112 +15 | 1065+15 | 20+0,5

npejiena MpoYHOCTH (T, ), TIPEJIENA TEKYUECTH (1:0,3) U OTHO-
CUTEIILHOTO C/BHTa (g) CTalld NPU KPYyUYCHUH TaKKE CBH-
JETEeIbCTBYET, YTO MPOYHOCTHBIE XapaKTEpPUCTHKH YM3
CTaJIA BO3PACTAIOT, @ OTHOCUTEILHBIN CIIBUT CHIIKACTCS 110
cpaBHenuto ¢ K3 craneio (cM. Tadm. 2).

200

= ;
3L 190 5
T
25 100
83 1
kg 50 Lk

1 1 1 1 1 1 1

0 140 280 420 560 700 840 980 1140
Veon kpyuenusa, epao
Puc. 2. IlnarpamMma «KpyTSIIUii MOMEHT — YTOJI KPYICHUSD,

MOJTyYEeHHAs! IPH UCIIBITAHUH Ha Kpy4eHue oopasuos u3 K3 (/)
u YM3 (2) cramu 08X 18H9

Fig. 2. “Torque — torsion angle” diagram derived from torsion
testing of the samples of CG (/) and UFG (2) steel 08Kh18N9

Ha mnoBepxHOCTH BceX MOJYYEHHBIX M3JIOMOB MOXK-
HO BBIICTHUTH TPH OOJIACTH: BOJOKHHCTYIO IICHTPAIBHYIO
4acTh, MEPEXOAHYIO (CPENHIO) YacTh M OTHOCHUTENIBHO
IJIaJIKyI0 Tepu(epuitHyr0 4acTh. B ILEHTpaabHOH YacTH
M3JIOMOB, HE3aBHCHUMO OT COCTOSIHUS CTaJId, MUKPOpEIbed
COCTOHUT W3 PaBHOOCHBIX SMOK (puc. 3, a,2) u OeccTpyk-
TYPHBIX YYaCTKOB, 00pa30BaHHbIX, MO-BUAUMOMY, OT KOH-
TaKTa OTBETHBIX MOBEPXHOCTEH m3noma. B cpenneit gactu
U3JI0Ma JOMHHHUPYIOT SIMKH CJBUTa, IPUYEM B H3JIOME
YM3 cranu onu HabnroaroTCs Ooree yetko (puc. 3, 6, 0).
B nepudepuiinoii yactu HM3I0MOB MHUKpopenbed Mao-
CTPYKTYpHBIH (puc. 3, 6, €), 00pa30BaBIIUIICS B pe3yabTaTe
B3aMMHOTI'O TPEHHUS OTBETHBIX OBEPXHOCTEU U3JIOMA.

Takoe cTpoeHNE MUKpOpeTheda MOTyIeHHBIX H3IOMOB
OTpaXkaeT MPOLECC Pa3pyLICHUs 00pa3LoB MPH KPYUECHUH.
Paspymienne HaumHaeTcs ¢ nepudepuiiHoi o0OnacTH, Tie
00pa3yloTcsi IMKM CJBMra IOJ JeHCTBUEM KacaTelabHOTO
HanpspkeHus. [Ipu manmpHEHIIEM KpydYeHHH SIMKH C/IBHTA
CTAHOBSTCS TIOJIHOCTBIO 3aTEPTHIMU B TIepu(epuitHOil yac-
TH W3JI0Ma W YaCTHYHO 3aTCPTHIMH B CPEIHEH €ro YacTH
U3-32 KOHTAKTa C OTBCTHBIMU IMOBEPXHOCTSIMHU HU3JIOMOB.

Tabnuma 2

834

Mexannyeckue cBoiicrBa ctaau 08X18H9 npu kpyyenuun

Table 2. Mechanical properties of the steel 08Kh18n9 during torsion

Cocrosiane e O60poTHL, 1 f e t,,MIla |t ,,MIla| g, %
MomeHT, Hm rpaj i 03
K3 (ucxommoe) 133+1,30 | 2,.83+0,014 1020 + 5,0 688 194 89
YM3 (PKVYII) 181+ 1,80 1,67 £0,019 420+ 7,0 917 740 37
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Puc. 3. Muxpopensed uzinomoB Ha kpyuenue o6pasuos u3 K3 (a — 6) u YM3 (2 — e) cranu 08X 18H9.
Mukpopenbed ToIydYeH ¢ eHTpalIbHOH (a, 2), cpeaHeit (6, 0) u nepudepuueckoii (6, €) yacTi u3noMa

Fig. 3. Microrelief of the fractures from torsion of the samples of CG (a — ) and UFG (2 — e) steel 08Kh18N9.
Microreliefs were taken from the central (a, 2), middle (6, 0) and peripheral (s, e) parts of the fracture

B nenTpanbHOl 4acTu N3710MOB IOMUHUPYIOT HOPMaJlbHbIE
HaTpsOKEHUs. OTPbIBA, O YEM CBHUAETENbCTBYIOT MPEHMY-
LIECTBEHHO PaBHOOCHBIE SIMKH.

Kak yxxe ormeuanoch, B TpaBMaTOJIOTUU U JPYTrux 00-
JacTAX MEIULUHBI KOPPO3UOHHOCTOMKHE ayCTEHUTHbIE
CTaJId NIMPOKO HCHOJB3YIOTCS AJIS U3TOTOBICHUS pa3iny-
HBIX THUIOB HMMIUIAHTAaTOB (TJIACTHH, BHUHTOB, CTEP’KHEH
U JIp.), @ TAaKXKe HMHCTPYMEHTOB M MPUCTIOCOOIECHUH 11 UX
YCTaHOBKU. MEQUIMHCKHE U3AEIUs B IPOLIECCE IKCILTya-
TalUU TOJBEPraloTcsl 3HAYUTEIBHBIM U Pa3sHOOOPa3HBIM
Harpy3kaMm. AHaJIW3 HKCIUTyaTallMOHHBIX TTOBPEXICHUN
MEAULUMHCKUX u3aenuil mokasan [13, 18 —20], uro Oomb-
10} TIPOLICHT pa3pylICHUsI BUHTOB IS (PUKCAIIMU IUIAC-
THH U KOCTHBIX OTJIOMKOB B TPaBMaTOJIOTHH MPOUCXOAUT
B OOJIBITMHCTBE CITydaeB IyTeM cpe3a B IVIaJIKOW 00JIaCTH
rypyna Mexry pe3p00Boii 4HacThIO M TOJIOBKO#. Yartie Bce-
I'0 3TO IIPOUCXOJUT B NPOLIECCE OTKPYUUBAHUS CPOCLIMXCS
C KOCTBIO IIYPYIIOB, MOCJIE BHI3OPOBJICHHUS MAIUEHTA UITH
o apyruMm npudmHam [13, 18, 19]. Tlpu kpyueHn#n Kod3d-
(DUIMEHT KECTKOCTH HANPSKEHHOTO COCTOSHHS MaTepua-
J1a paBeH 1, T. . KacaTesbHble U HOPMaJIbHbIE HalPSDKEHUS
paBHBI MEXKIy C€O000H (T =G ), YTO CBHUJETEILCTBYET
0 HU3KOM 4YyBCTBUTEIBHOCTH JAaHHOIO BUJA HArPY>KEHUSI
K HaJJMYUIO KOHIEHTpaTopa HarpspKeHUs B 0Opaslax HiH
n3genusax. [103ToMy olLieHKa CONPOTUBIIEHUS Pa3pyLIEHUIO
MEAMLMHCKUX IIypYyNOB MO pPe3yJabTaTaM HCHBITAaHUS Ha
Kpy4eHHE DIAJKUX OOpasIoB SIBISETCS B OOJBIIMHCTBE
CJIy4aeB MPaBOMEPHOM.

B pabore mpencraBiieHbl pe3yabTaThl HCIBITAHUH Ha
kpyuenue aycteHutHoi YM3 cranu 08X18H9 B cpaBHe-
Huu ¢ K3 craneto. VMcnblTaHus npoBelieHbl Ha 00pasiax

OIIMHAKOBOTO pa3Mepa M B OJMHAKOBBIX YCIOBHSIX Harpy-
JKEHHUS.

Pe3ynmpraTel HCHIBITAHUI TIOKA3aITH, YTO MPEIEIBI IIPOU-
HOCTHU M TEKYy4YeCTH Ha ckpyuuBanue Y M3 ctanu 08X 18H9
yBenuuuBatorcss B 1,3—3,8paza, a OTHOCUTENHHBIN
CABUT CHMXaeTcs B 2,4 pa3a mo cpaBHeHuto ¢ K3 cranbio
(cm. Tabim. 2). JInsg mpakTHKH OKCIUTyaTallid MEIUIIUH-
CKUX M3IENUN 3TO SBIAETCS ONMaronpuaTHbIM (hakTopom,
CHIDKAIOIINM, HAIPUMEP, BEPOITHOCTH PAa3pyIICHHS IIyPY-
MIOB, CPOCIINUXCS C KOCTBHIO MPHU MX OTKPY4YHBaHUH. Brico-
KM€ 3HAUEHUS POYHOCTHBIX CBOWCTB MpHU KpydeHun Y M3
CTaJIM MO3BOJISIFOT 00ECTICUUTh BEICOKUH KPYTSIIUI MOMEHT
0e3 paspymrenus m3nenus. CienosarenbHo, YM3 cranb
08X 18H9 o cpaBHenuto ¢ K3 cranbto sBisiercs 6onee nep-
CTICKTUBHBIM MaTEPUAJIOM IS U3TOTOBICHHS MEIUIHHC-
KHUX LIypYHOB M JPYTUX METUIMHCKUX U3JEJIUH, UCTIBITHI-
BAIOIIHX B IIPOIIECCE HKCIUTyaTallny HAarPy3KH KPYICHHEM.

[ BuiBOAbI

IIpenenst npounocTr n Tekydectrn YM3 cram 08X 18H9
IpU KPY4YEHUH BO3PACTAIOT, a 3HAYCHHUE OTHOCUTEIHHO-
TO CIBHTa CHIDKAaeTcs mo cpaBHeHmio ¢ K3 crampro, 4to
SBJISIETCSl OMArONPHUATHBIM (DAKTOPOM, CHIDKAIOIUM Be-
POSITHOCTD Pa3pyIICHUs] MPH OTKPYUYUBAHUU CPOCIINXCS
C KOCTBIO IIYPYHOB NpH ocTeocuHTesze. CrenoBaTenabHo,
1o cpaBHeHuto ¢ K3 cransio YM3 crans 08X 18H9 sBnsiet-
cs1 6osiee EPCTIEKTUBHBIM MaTE€PUANIOM IS U3TOTOBICHHUS
MEIUIMHCKUX IIyPYIIOB U APYTUX METUIIMHCKUX M3IEIUH,
UCTIBITHIBAIOIINX B MPOIECCE CKPYUMBAHUS 3HAUUTEIbHBIC
HaTpy3KH.
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Ha noBepxHOCTH BCex M3JI0MOB 00pa3LioB, HE3ABUCUMO
OT COCTOSIHHS CTaJli, MOYKHO BBIICITUTE TPU OOJIACTH, OTIIH-
YaIoIecs MUKPOPEIbe(oM MOBEPXHOCTU U OTPaKaroIie
porece pa3pymeHust 00pa3noB mpu KpyueHun. Paspyte-
HUE HAYMHAETCSl ¢ 0Opa30BaHUS IMOK CIBUTA B CpeIHEH

u nepudepuiiHol 001acTH, KOTOpbIe NpH JanbHEHIIeM
BpallleHUH 00pasiia MOJHOCThIO 3aTuparoTes (B cinydae K3
CTaNu), UK coxpastoTcs (B ciayyae YM3 cramu). OkoH-
YaTeNpHOe pa3pylIeHNe TPOUCXOIUT IO IeHCTBHEM HOp-
MaJIbHBIX HAIIPSKEHUH B IICHTPAIbHON 4acTu oOpasia.
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OUEHKA BO34EMCTBUA XMMUYECKUX 3ATPA3SHEHUN
NPEANPUATUN YEPHOWN METANNYPITUU HA NECHBIE MACCUBbI
C UCMONb30OBAHUEM CNYTHUKOBbIX ®OTOU3OBEPAXKEHUMN

B. II. Memasikuu 2, 0. B. ByrycoB?, B. /lk. lloBu 4,

A. 10. Besnosepckuii !, B. B. YestHOKOB

1 Poccuiickuii XUMHKO-TeXHOI0rnYeckuii ynuepcuter umenn JI.A. Menaeneesa (Poccus, 125047, Mocksa, Muycckas ., 9)
MuctatyT obureii u Heopranmdeckoii xuvun umenn H.C. Kyprakosa PAH (Poccus, 119991, Mocksa, Jlennnckwii mp., 31)

3 MesxBy30Bckuii necaenopareabekuii uentp High Tech Recycling (HTR) (Mramus, 00185, Pum, m. Ansno Mopo, 5)
4Tenyascknii yunsepcurter (UniGE) (Mramust, 16126, JTurypus, Tenys, yi. ban6u, 5)

AHHOmal{uﬂ. PaCCMOTpeHO I[eﬁCTBy}OH.Iee TNpeaAnpusaTue LIepHOI‘/'I METaJUTypruu, KOTOPOE IPU BBIIJIABKE CTAJIM UCIIOJIB3YET TPU Pa3JIMUHBIX TEXHO-
JIOTHYCCKUX pEKUMa, Ka)KHLIﬁ 13 KOTOPBIX XAPAKTCPU3YCTCSA MHAUBHUAYAJIbHBIM COCTABOM HMHI'PEANCHTOB BI)I6pOCOB XUMHUYCCKHX SanHBHeHHﬁ
B aTMOC(l)epy, BJIMAIOIINX HAa COCTOSIHUC JIECHBIX MAaCCHUBOB BOKPYI' IPEANIPUATHUS. Ha ocHoBe pacmmi)pomm CITYTHUKOBBIX IHUKCEJIIbHBIX (I)OTO-
H306pa)KCHI/Iﬁ JIECHBIX MaCCUBOB OIIPEACIICH TEXHOJOTUYCCKUN PEXKNUM C HAUMCHBIINM BOSHeﬁCTBHCM Ha JICCHBIC MAaCCUBBEI. Z[aHHLIﬁ PEXKUM COOT-
BCTCTBYCT yCJIOBHUIO MUHUMAaJIbHOW TUIOHIAIN SKOJIOTMYCCKUX 30H BOKPYT NPEATIPUATU qepHoﬁ METaJUTYypruu. Hpennoxcel—la OIICHKa BO3JICHCTBHS
XUMHYECKUX Sal"pﬂBHeHI/Iﬁ HpeHHpI/I}ITI/Iﬁ qepHoﬁ MCETAJUTYpPruy Ha JICCHBIC MAaCCUBBI B BUJIC HHOHIa,Heﬁ 3KOJIOTHUECKHUX 30H COCTOSHUS JICCHOU
PacTUTCIIBHOCTH U 00BeMOB OMOMACCHI Ha Ppa3IMYHBIX YUacTKax JICCHOI'O MacCHUBa. Mo3anka 3KOJIOrM4eCKUX 30H JIECHBIX MAaCCUBOB onpenciseTcs
TI0 CIIYTHUKOBBLIM ITHUKCCJIbHBIM (1)0TOPI306pa)KeHI/I$IM JICCHBIX MACCHUBOB C HCIIOJIB30BAHUCM OPHUI'MHAJIBHOI'O aJITOPUTMaA YyIIPABISICMOTO KJIaCTep-
HOT'0 aHajik3a.

Karuesvle cao06a: npeanpustie YepHON METaJUTypriu, KOHTPOJIBHbBIC MTUKCEIH, JIECHBIC MACCHBBI, KJIAaCTEpPbl, SKOJIOTMYECKUE 30Hbl, XUMUYECKHE 3a-
TpsI3HEHHMs1, bnomacca

Jns yumuposanus: Memankua B.I1., Byrycos O.B., loBu B.[lx., benosepckuii A.1O., Uennokos B.B. Ouenka Bo3neHCTBIS XMMHUYECKUX 3arpsi3-
HEHUH MPENPHUATHI YePHON METaIUTypri Ha JIECHbIE MAaCCUBBI C UCIIOIb30BAHUEM CITyTHUKOBBIX (hoTon3o0pakeHuit // U3Bectus By30B. YepHast
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I'D. Mendeleev University of Chemical Technology of Russia (9 Miusskaya Sqr., Moscow 125047, Russian Federation)
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3 Interuniversity Research Centre High Tech Recycling (HTR) (5 Piazzale Aldo Moro, Roma 00185, Ttalia)

4 University of Genoa (5 Via Balbi, Genova, Liguria 16126, Italia)

Abstract. The considered operating ferrous metallurgy enterprise uses three different technological modes of steel smelting, each of which is characterized
by an individual composition of the ingredients of chemical pollutant emissions into the atmosphere affecting the state of the forest areas around this
enterprise. Based on the decoding of satellite pixel photographs of forest areas, the technological mode with the least impact on forest areas was
determined. It corresponds to the condition of the minimum area of ecological zones around the ferrous metallurgy enterprise. The authors propose
an assessment of the impact of chemical pollution of ferrous metallurgy enterprises on forests in the form of areas of ecological zones of the state
of forest vegetation and the volume of biomass in its various parts. The mosaic of ecological zones of forest areas is determined from their satellite
pixel photographs using an original algorithm of “controlled cluster analysis”. The main recommendation for ferrous metallurgy enterprises to choose
one of several alternative technological modes is as follows: the choice of technological mode should be based on a comparison of sizes of the areas
of ecological zones. In this case, the technological mode with the smallest dimensions of the area is selected. Assessment of the damage caused by
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the chemical pollution of the plant to forest areas was determined by the area of ecological zones and the volume of biomass loss in forest areas in
comparison with the background areas. The boundaries of ecological zones can be determined according to the “dose-effect” dependencies typical for

the considered region.

Keywords: ferrous metallurgy enterprise, control pixels, forests, clusters, ecological zones, chemical pollution, biomass

For citation: Meshalkin V.P., Butusov O.B., Dovi V.G., Belozerskii A.Yu., Chelnokov V.V. Assessment of the impact of chemical pollution of ferrous
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) BBEAEHME

Jlecubie maccuBbl (JIM) — yHUBepcabHblE HHAUKATOPBI
COCTOSIHUSI OMOC(Ephl, TOITOMY YIPaBJICHUE U PEryIUpPO-
BaHUE BO3JICMCTBHEM HA HUX MPEANPUATHI YepHOU MeTall-
nypruu (ITYM) siBiisieTcst BaXKHOH SKOIOT0-3KOHOMUYECKOM
3aja4eil, KOTopas MO3BOJIAET MOBBICUTh YPOBEHb DKOJIOTH-
YEeCKOW 0€30IMacHOCTH.

PaccmoTpuM clienyromyo 3KOI0r0-TeXHOJIOTHUECKYIO
3asaqy oOecredeHust SKoIorndeckoit 6ezomacHoctu [TUM
Ha npumepe [TAO «MarHuToropckuii MeTamTyprudecKuit
koMOuHaTY (MMK), KOTOpOE 1O pa3IMYHBIM TEXHOJIOTH-
YECKUM PEKUMaM MPOU3BOAUT CTaJIb C Pa3HbIM KOJIUYECT-
BEHHBIM COCTaBOM XHMHYECKHX 3arpsi3HEHUH, BBIOpACHI-
BaeMbIX B arMocdepy. TpeOyeTcsi BbIOpaTh ONTHMaJIbHBII
TEXHOJIOTHUECKUH PEKUM C MHUHHMAJIBHBIM BO3IICHCTBU-
€M Ha JiecHble MaccuBbl, okpy:xaromue [TYM. B kauecte
OIICHKH YPOBHS SKOJIOTHYECKOM 0€30MacCHOCTH IIPU BHIOOPE
TEXHOJOTHYECKOr0 PeXrMMa BbIOpaHbI TUIOIMIAIN HKOJIOTH-
YECKHX 30H COCTOSHHS PACTHTEIEHOCTH M 00BhEMBI OroMac-
CBI pa3JIMYHBIX 30H JIECHBIX MaccuBOB. B padore [1] moka-
3aHO, YTO METOJ| «J103a-3PPEKT» 3aBUCUMOCTEH IMO3BOJISET
OCYIIECTBJISITh KOJIMYECTBEHHBIC OLEHKHU yIIEepOOB, HaHe-
ceHHbIX JIM xumuueckumu 3arpsizaenusmu [TYM. [l on-
penesneHus 3TuX nokasarenei B padorax [1 — 3] npeanoxe-
HO UCTIOJIB30BaTh (YHKIINH «/1032-3()(HEKT» 3aBUCUMOCTEH,
HUHTErpajbHble  KOA(PPULUUEHTHl COXPAHHOCTU JIECHBIX
MacCHBOB KaK YHHBEPCAJIbHBIC KOMIUICKCHBIC MOKa3aTeIH
«ahdekray, a Takke CpeIHEro0BbIe CyMMapHble KOHIICH-
TPalMi XUMHUYECKUX 3arpsA3HCHUN KaK YHHBEPCAJIbHBIC
KOMIUIEKCHBIE TTOKA3aTeNH «JI03bD».

B pabote [4] Bo3aciicTBHE XUMHYECKUX 3arpss3He-
HUIi Ha JIECHBIE MACCUBBI MIPEAJIOKEHO Pa3JeisTh HA TPU
KJlacca:

— cnaboe BO3JEHCTBHE MPU MaJblX KOHLEHTPALUIX
XUMUYECKUX 3arpsa3HeHui, mpu kotopom JIM BrICTyIaioT
B poiti 3(h(HEKTUBHOTO OYUCTUTENS aTMOC(eEphl OT XUMH-
YECKHX 3arpsi3HEHUI;

— CpeHUH YPOBEHb BO3/EHCTBUS 3arpsa3HeHuil Ha JIM,
MIPU KOTOPOM TIPOUCXONAT (PU3UOIOTHUECKUE HAPYIICHHS
PacTUTENBHOCTH, UMEIoIIHEe (HU3MOHOMUUECKUN XapakTep
1 YMEHBIIICHNE TAKWX BAKHBIX IMTOKa3aTeJeH HKOJIIOTHYEC-
KOro coctosiHusi pactutensHoctd JIM, kak Ouomacca,
MIPOEKTHBHOE MOKPBITHE, BUIOBOE pazHooOpasne u mip. [Ipu
9TOM B pe3ylibTare ociabiaeHus 3amuTHbIX QyHkuii JIM
IO BO3JCHCTBHEM XMMHUYCCKUX 3arpsi3HEHUH BO3MOYKHBI
3a00JeBaHUs OTAEIBHBIX IPYII AEPEBHEB U PA3MHOKEHHUE
HaCEKOMBIX BPEIUTEINCH;
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— BBICOKHI ypOBEHb BO3/EICTBUSI, KOTOPBII XapaKTepu-
3yeTcsi 3a00JIeBaHUEM U CMEPTHOCTBIO JIEPEBLEB, B PE3YJIb-
TaTe 4ero MPOUCXOIUT U3PEKUBAHUE IPEBOCTOS U 00e3Ie-
CUBaHUE TEPPUTOPUIL.

IlepeuncneHHble KJIACChl COCTOSHUSI PACTUTENBHOCTU
COOTBETCTBYIOT TPEM 3KOJIOrMYeCKUM 30HaM JIM: uMmnakT-
Hoii, OydhepHoii u ponosoii [1 — 3].

JJ14 mpakTU4YeCcKOi OLIEHKH IUIOIIAIeH SKOJIOTHYECKUX
30H JIM mpennokeHo UCIOJIb30BaTh KIACTEPHBIH aHaIu3
CIyTHHUKOBBIX HHKCEIBHBIX (poTom3oOpakeHui [5 — §].
Metoapl KJIACTEPHOIO aHalM3a MIMPOKO MPUMEHSIOTCS
B 33JjayaX MOUCKA CKPBITOM MH(OPMAIUKU U paclO3HaBa-
HUS 00pa3zoB. B paborax [9 — 12] MeTombl Ki1acTepHOTO
aHalM3a CIyTHUKOBBIX IMHUKCEIBHBIX (HOTOM300paKeHHH
UCIONb30BaHbl B QJIrOPUTMAaX OLEHKH aAerpagauuu JIM
I0J] BO3JCHCTBHEM XHUMUYECKHUX 3arpsS3HEHUH, 4TO UMEET
Ba)XHOE 3HAYEHHE INPH pa3padoTKe HaydHO-00OCHOBAH-
HBIX MEPONPUATUI MO MOBBIIICHUIO 3KOJIOTMUECKON 0e3-
onacHoctu ITYM.

JUi mpoBeneHHs MPOLEAypbl KIACTEPHOIO aHAIN3a
UCXOJHBIX CIyTHHKOBBIX MUKCEIBHBIX (POTOM300paKkeHUH
UCTIONB30BAaH OPUTHHAIBHBIA aJTOPHTM  YIPaBISIEMOTO
KJIACTEPHOIO0 aHallu3a, OTIMYAOIIMICS HCIOJIb30BAHUEM
KOHTPOJBHBIX NMUKCeNIeH Ha (hoTOn300pakeHUsIX, KOTOpbIe
UACHTH(UIUPYIOT MUKCEIbHBIE KIAacTepsl cocTosHus JIM
U UX OPUHAJUIEKHOCTb K KOHKPETHBIM 3KOJIOIMYECKHM 30-
Ham JIM.

[ NOCTAHOBKA 3AJAYM OLIEHKU BO3AENCTBUSA
HA OKPYKAIOLLYIO CPEAY MPEAMPUATUA
YEPHOMW METANNYPIUU

PaccMoTpuM 3a/1aqy OLICHKH BRIOOPA TEXHOIOTHYECKIX
pexumoB st [TUM MMK. OcHOBHBIMU UCTOYHUKAMU aT-
MocdepHoro 3arpsisHeHus: JIM SBISIFOTCS JIBE 3aBOJCKHE
TPYOBI OOJBIION BBICOTHI (pHC. 1).

W3BecTHO, 4TO BBICOKHE TPYOBI IPEAHA3HAYEHBI 17151 TI0-
BBIIIICHUS DPPEKTUBHOCTH PACCESTHUS XUMUYECKHUX 3arpsi3-
HEHUH 710 MaJbIX KOHIeHTpaluii. Ha puc. 2 mpencrasieHo
CIYTHUKOBOE MHUKCeTbHOE (hoTon300paxeHue JanamadToB
B paitone MMK. Kak cinenyer u3 puc. 2, XumMuueckue 3a-
TPSI3HEHUS U3 BBICOKHX TPYO B 3aBHCUMOCTH OT TTOTOIHBIX
YCIIOBUI MOTYT 3arps3HATh JIM, pacrnosnoxeHHble MproIn-
3UTENIBHO Ha paccTosiHuM 12 kM Kk BocToky oT MMK.

OneHKa TEXHOJOTMYECKUX PEeXHUMOB IPOU3BOACTBA
cranu Ha [TYM pomxHa BKIIOYATh BEIOPOCH! M3 OCHOBHBIX
UCTOYHUKOB armoc¢epHoro 3arpszHenus MMK: armo-
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MEpAaIMOHHOTO 1I€Xa, JOMEHHOTO II€Xa, 3JIEKTPOCTAaHIUN
U KOKCOXMMHYECKOr0 Npou3BoAcTBa. OCHOBHBIMU 3arpss-
HSIOIIMMHU BEUIECTBaMH, BHIOPAChIBAEMBIMU B aTMocdepy
B pe3yibTaTe MPOU3BOICTBEHHOM nestenbHocTn MMK, sB-
JSIOTCS TBepAble BemiecTBa (IbLIb), TUOKCHJ a30Ta, AUOK-
CHI CepBI, OKCH]I yIIepoaa, peHo.

B Tabn. 1 nmpuBeneHs! 1aHHBIE O MOIIHOCTH BBEIOPOCOB
XMMHYECKHX 3arpsa3Hennii B atmocdepy 3a 2019 n 2020 rr. !

Crnemyer OTMETUTh, YTO B HMCIIOIb3yeMOM OPHUTHHAJb-
HOM aJIrOpUTME YNPaBIIEMOro KJIAcTEpHOro aHaju3a
YUMUTHIBAJICS HEUETKUH XapaKTep MO3auKH MHUKCENIeH CITyT-
HUKOBBIX THKCENBHBIX (DOTOM300paKEHUH, MPHU KOTOPOM
BO3MOKHA IMPUHA/JIEKHOCTh MHUKCEJIEH HECKOJIBKUM 3KO-
JIOTMYECKUM 30HAaM C Pa3HOM CTENeHbI0 MPHHAJIEKHOC-
™ [11 - 19].

Hcnonp30BaHHBIN aganTUBHBIA aJrOPUTM yIpaBIIse-
MOTO KJIACTEPHOTO aHaju3a MUKCENTbHBIX (OTOM300pake-
Huii [11, 12] JIM oTnuvaercs mpUMEHEHHEM TIpU Kilac-
TepU3alMM  CHEIMAIbHBIX  KOHTPOJBHBIX  IHUKCEJEH,
MPUHAJUIEKHOCTh KOTOPBIX KOHKPETHBIM KJlacTepam H3-
BECTHa 3apaHee, YTO IO3BOJSET BHIOPATh ONTHMANIbHBIN
Fig. 1. Factory pipes of the Magnitogorsk Iron and Steel Works TEXHOJIOTHYECKUH peXUM NIpon3BozicTBa ctainn Ha MMK.

Puc. 1. 3aBoxckue TpyObl MarHUTOropcKOro METaLTyprud4ecKoro
KoMOHHATa

YCKHOMA NYHKT

"‘}.l‘mu NAQ "MMK:

Puc. 2. CnyTHUKOBOE H300pakeHHE JaHAUIA(GTOB B paifoHe MarHUTOropcKOro METauTypruieckoro KoMOuHaTa

Fig. 2. Satellite image of landscapes in the area of the Magnitogorsk Iron and Steel Works

Tabnumna 1

MomHocTh BLIﬁpOCOB OCHOBHBIX 3arpfi3HAIONINX BEIECTB 3a 1BA rojia

Table 1. Mass of emissions of the main pollutants for two years

MOIIHOCTH BBIOPOCOB 3arps3HSIONINX BEIIECTB B aTMOC(EpY, T/TOT
3arpssHsronee BEMEeCTBO
322019 322020 .
TBep/bie B3BEIICHHBIE YACTUIIBI 22171,0 16031,2
Jlnokcun cepul 9549,6 5645,5
OKcHIpl a30Ta 13727 16335
BasnoBble BHIGPOCHI MAPHUKOBBIX T'a30B 27,2-10° 26,8-10°

! MarHuToropcKuii MeTamnypruueckuii KOMOUHAT. YCTOMYMBOE pa3BUTHE, dKoornueckuil Menemkment. URL: https://mmk.ru/ru/sustainability/
ecology/environmental-management/
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[ PE3YNLTATBI BbIBOPA TEXHO/IOTMYECKOTO
PEXXMMA MMK C nOMOLLbIO N/IOLWALHOMN
OLLEHKU 3KONIOTMYECKUX 30H

Ha puc. 3 nmokazano mncxoqHOe CIyTHUKOBOE IHKCENb-
HOe (hoToM300paKeHUE JICCHOTO MACCHBA, PACIIONOKEHHO-
ro Ha paccrossHuu 12 kM k Boctoky or MMK.

Ha puc. 4 npencraBieHbl pe3yabTaThl KIacTEPU3AIHU
HCXOJIHOTO CIYTHHUKOBOTO (pOTOM300paskeHust (cM. puc. 3)
C UCIIOJIb30BaHHEM KOHTPOJBHBIX MHUKCEIEH IS TpeX pas-
JIMIHBIX TCXHOJIOTMYCCKUX PECIKHUMOB q)yHK]_II/IOHI/IpOBaHI/IH
npeanpustist. OLeHKa pacIoNOKEHHsI KOHTPOIBHBIX MTHK-
cesiel OCyIIECTBISIACH C TIOMOIIBI0 (QPYHKIMH «103a-3¢-
(eKT» 3aBHCUMOCTH, IIPEICTABICHHON Ha puC. 5.

I'paduk QyHKIMKM «7103a-3PPEKT», ONMUCHIBAIOIIUNA 3a-
BHUCHMOCTb HHTETPaJbHOTO KOI((GHUIKNEHTa COXPAHHOC-
1 (UKC) pacturensHoctu JIM («oddekran) ot cpenHe-
TOIOBOTO CPEIHEB3BEIICHHOTO XUMHUYECKOTO 3arps3HECHHS
JIM («103b1»), IpeCTaBIICH HA pHC. 5.

Puc. 3. cxoqHoe CIyTHUKOBOE IUKCENIbHOE (POTON300paKeHUE JIECHO-
ro MaccuBa Ha paccTosHuM 12 kM K BocToky oT MMK

Fig. 3. Initial satellite pixel photograph of a forest at a distance of 12 km
to the east from the Magnitogorsk Iron and Steel Works

a o 8

Puc. 4. Pe3ynbrarsl KJIacTepU3aLMy CILyTHUKOBOT'O IIUKCENIBLHOTo (oTo-
N300paXKEHHUsI C yUeTOM KOHTPOJIBHBIX MTUKCEIEeH VIS TPeX Pa3iIndHbIX
TEXHOJIOTHYECKHUX PeKUMOB (yHKIMOoHUpoBanus MMK:

a— pexuM 1; 6 — pexuM 2; 6 — pexum 3

Fig. 4. Results of clustering of satellite pixel photograph taking into
account control pixels for three different technological modes of the
Magnitogorsk Iron and Steel Works functioning:
a—mode /; 6 —mode 2; 6 — mode 3
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I'padux dyHxIMH «103a-3dexT» 3aBucUMOCTEN Mo-
3BOJISICT BBIICIUTH TPU DKOJOTHYCCKHE 30HBL (DOHOBYIO,
OytdepHyo M uMmakTHyI0. TeppuTOpHalbHO HMIIAKTHAS
30Ha pacnosnoxeHa ommwke Bcero kK MMK. [lanee pacrona-
rarorcsa OydepHasi, a 3aTeM (GOHOBASI 30HBIL.

J1st BBIZETIEHUST DKOJIOTHYECKUX 30H cocTossHust JIM
UCIIOJB3YIOTCS CIEYIONHe IPaHUYHbIE 3HAYCHHUS HHTET-
paybHOrO K03((dHUIMEHTa COXPAaHHOCTH PACTHUTEIHHOCTH
JIM (KOHTpOJBHBIEC TTUKCENN): AJIsl TPAHUIBI MEXK Ty Oydep-
HOW M uMInakTHOU 30HaMu (20 %) u 11 TpaHULIBl MEXIY
OydepHoii u ¢donosoii 3oHamu (50 %). T'opusoHTaNbHBIE
JMHUY, TPOBEICHHBIC M3 JTHX 3HAYCHUH WHTErPATLHOTO
KO3 PUIHEHTA COXPAHHOCTH A0 NMEPECeUeHUs C rpahuKoM
byHKIMN «103a-3Q ek 3aBUCUMOCTEH, TTO3BOJISIOT BbI-
JIETIUTh UHTEPBAJIbI J03bI, COOTBETCTBYIOIIHE YKOJIIOIHYEC-
KHAM 30HaM.

Jlnst onpesiesieHnst MPOCTPAHCTBEHHOI'O PACIIOIOKEHHS
JKOJIOTUYECKHUX 30H cocTossHUA JIM HEoO0XOAUMO MCHOJIb-
30BaTh KOMIIBIOTEPHYIO MPOTPaMMy, KOTOpasi ONpeAesseT
3aBUCHMOCTD BEJIMYNHBI «JJO3bD» OT PACCTOSHHS O UCTOU-
HUKa, T. €. GyHKUIU0 D(X), Tae X — pacCTOSHHUE 10 3aBOJIC-
Kot TpyObr [TUYM.

B kagectBe HamOonee MpoOCTOro MPUOIMKEHUS pac-
CMOTPUM MAaTEMaTHUCCKYI0 MOJAETH ASKCIIOHCHITHATBHON
3aBHCUMOCTH OT PACCTOSIHUS JI0 3aBOJICKON TPYOBI CpejiHe-
B3BEIICHHOH CpPEIHETOOBON KOHIIEHTPAIIMHA XMMHIECKUX
3arpsizHenuit [TYM crnenyromniero Buna:

D(x)=D,, exp| —— |;

. D

=P _op[ - |mexpier, (1)
Dmax xmax

rae Dmaxl =1 mMr/m® — MaciITa0 3arpA3HEHHs TEXHOIOTMYEC-

koro pexuma /; D =15D  wmr/m> — macmiral 3arpss-

max2 max 1

100

80

60

HKC, %

40

20

0 20 40 60 80 100

3 3
Cpeonesssewennoe sazpsisnenue, 10~ melu

Puc. 5. I'paduk dyHKImH «1032-3HEKT» B BUAE 3aBUCHMOCTH HHTET-
pasipHOTO Kod(durmenra coxpannoctu JIM («3ddexrar) ot cpenHe-
TOIOBOTO CPEJHEB3BEIIEHHOTO XUMUYECKOTO 3arPSI3HEHHUS JIECHBIX
MaCCHBOB («J103bI»)

Fig. 5. Graph of the “dose-effect” function of dependencies in the form
of dependence of the integral coefficient of forest safety (“effect”)
on the average annual weighted chemical pollution (“dose”)
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Tabnuma 2

Pe3lel>TaTl>I pacuera paccn)smnﬁ OT 3aBOJACKHX prﬁ A0 'PAHUL IKOJOIrNY€CKUX 30H
AJIS PA3JIMYHBIX TEXHOJOTHYECKHUX PE’KUMOB

Table 2. Results of calculating the distances from the factory pipes to the boundaries of ecological zones
for various technological modes

. Paccrosinue 10 rpaHuIl MEXy SKOJIOTHYECKUMH 30HAMU
TexHOMOrMueCKuit » —
pPeKIM rpaHuia Mexay OyhepHon rpaHuIa Mexay OygepHoi
1 pOHOBOI 30HOM, KM Y UMIIAKTHOU 30HOH, KM
1 39 3,00
43 3,40
3,5 2,59

— Dmaxl MF/M3 _
L5

macurad 3arpsA3HCHUA TEXHOJOTUYCCKOI0 pPEeKUMa 3,

D(x)

HEHMsI TEXHOJIOTMUYECKOro pexuma 2; D
max3

Xiax 1 kM — MaciTad PaCCTOSAHUS; D= — MacuiTta-

ma:
max

61/IpOBaHHa${ OTHOCHUTCJIbHAA KOHLCHTpalud CpEAHCIroa0-

~ X
BOI'0 CpEAHCB3BCHICHHOI'O 3arpsA3HCHUA; X = —— — Mac-
X,

max
MITaOUPOBAaHHOE OTHOCUTEIBHOE PACCTOSIHUE.

[Mapamerpet D\, D, », D, .., ACIOIb30BaHHBIC
IpHu pacueTe B ypaBHeHUHU (1), ONMMCHIBAIOT MMHUTAIUIO
Bo3aeiicTBus Ha JIM XUMHYECKHX 3arpA3HEHHN Tpex
PA3JIMYHBIX TEXHOJIOTHYECKUX PEKUMOB (PYHKIIHOHUPO-
Banuss MMK.

IIpeuMy11ecTBO HKCIIOHEHIIMAIBHON MOAEIM 3aKIII04a-
€TCsl B BO3MOYKHOCTH MPOCTOr0 aHAJIUTHYECKOTO PELICHUS
oOpaTHOM 3amauu ompeneneHus (yHKIMOHAILHONW 3aBH-
CHUMOCTH PaCCTOSHHS IO 3aBOICKOH TPYOBI OT BEIHIHHBI
KOHIIEHTPALMU CPEAHETOJJOBBIX XUMUUECKUX 3arpsi3HEHNN

.

Pe3ynbraThl OIEHOK PAcCTOSHHUN OT TPaHHIl DKOJIOTH-
YECKUX 30H JI0 3aBOJICKON TPYOBI MPEJICTaBICHBI B Ta0. 2.
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Kak cienyer u3 Tabmn. 2, HaUMEHbIIME TUIOIAAN DKOJIOTH-
YyeCKUX 30H JIM nomny4aroTcs 1uisi TEXHOJIOTHYECKOTO PEXKHU-
Ma 3. CieoBaTebHO METAILTYPrUYeCKOMY TPEANPHUATHIO
IUIT pabOTHI CIIEyeT PEKOMEHIOBATh TEXHOJOTHUYCCKHUMA
pexuM 3, 9TO MO3BOJSIET MUHMMHU3HPOBATH HKOJIOTO-IKO-
HOMHYECKHE YIIepObl, HAHECEHHBIC XUMHICCKIMH 3aTpsi3-
Henusimu [TYM necHbIM MaccuBaM.

[ BuiBOAbI

[IpeanpuarusiM  4epHOl MeTalUTypruu Ajisi BBIOOpA
Pa3IMYHBIX TEXHOJOTMUECKHUX PEXKUMOB PEKOMEHIOBAHO
UCIIO0JIb30BaTh ONPEIEIEHUE Pa3MEPOB II0IALEH IKOJIOTU-
YECKHX 30H cocTostHUs JIM.

s onpenenenust KOHGUTyparuy SKOJOTHYECKUX 30H
npeularaerTcss NMPUMEHATh KJIACTepHBIA aHajau3 CIyTHH-
KOBBIX THKCEIBHBIX (hoTOM300paskeHuit cocTtostHust JIM.
W nenTuduKauro SKOIOTHISCKUX 30H CIIEITYET BBITIOIHATH
C UCIOJIb30BAHUEM KOHTPOJIBHBIX IIMKCENEH, OnpeeneHe
KOTOPBIX OCYIICCTBIISICTCSI Ha OCHOBE aHAIN3a (YHKIHA
«1103a-3(h(HeKT» 3aBUCUMOCTH.

OntuManbHBIA TexHONIOTHYeCKH pexkum [TUM peko-
MCH/JIOBAaHO BBIOMPATH MO0 HAMMEHBIIMM pa3MepaM ILIo-
najeil 3KOJIOrH4ecKuX 30H U MaKCHMAaJbHbIM 3HAYEHHUSIM
BEJINYMHBI OMOMACCHI OKPYKAIOLIUX MPEAIPHUITHC JICCHBIX
MacCHBOB.
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CTPYKTYPHO-®A30BbIE USMEHEHUA
BbICOKO3HTPOMNUMUHOIO CNABA NPU OBNIYYEHUM
MMNYNbCHbLIM NNIEKTPOHHbIM NMY4YKOM

10. ®. UBanoB?, B. E. 'pomoB?, C. B. KonoBaJios?,
10. A. lllnsipoBa?, C. B. Bopo6beB?

"Aucruryr cunbnoTounoii saexrponnku CO PAH (Poccus, 634055, Tomck, np. Akagemudeckuit 2/3)

2 Cubupckuii rocyiapcTBeHHbIH HHYCTpHAALHBIH yHuBepeuter (Poccus, 654007, Kemeposckas 061. — Kys6ace, HoBokysHenk,
yi. Kupoga, 42)

3 Camapckuii HAMOHAIBLHBIIN MCCIEI0BATENLCKHI yHUBepeuTeT nMenn akagemuka C.I1. Kopoaesa (Poccus, 443086, Camapa,
MockoBckoe miocce, 34)

AHHomayus. 1o TEXHOJIOTUH IPOBOJIOYHO-AYTOBOTO aaquTUBHOTO npou3BoacTea (WAAM) B atMocdepe 4MCTOro a30Ta MoaydeH BBICOKOIHPO-
nuiinblit crutaB (BOC) cucremsr Al—Co—Cr—Fe—Ni HeskBHAaTOMHOrO coctaBa. MeTosiaMu COBPEMEHHOTO (hM3MYECKOro MaTepHaioBeIeHHs
MOKa3aHo, YTO B MCXOJHOM COCTOSIHUM CILIAB MMEET JEHAPHTHOE CTPOCHHE, YTO YKa3bIBaeT HA HEOJHOPOIHOE PACIPENSIICHNUE JCTHPYIOLIIHNX
sneMenTtoB. Cruias ABjIseTCs MHOro(asHbIM MaTepuasioM, ocHoBHbIe asbl: ALNi, Cr,C,, (Ni, Co),Al,. Hanopasmepusie wactuusl (Ni, Co),Al,
KyOuueckoit popMbI pacionokeHb! BO0JIb IpanuIl pasjena cyoMukponnbix Gpas ALNi u Cr,C,. O6nyuenue BOC uMIy/IbCHBIMU 3]IEKTPOHHBIMH
Iy4YKaMH C IIOTHOCTBIO 9Hepruu E, = 10 + 30 J[/cM?, JUTHTEIEHOCTBIO HMITY/Ibca 50 MKC, 4acTOoTOH 3 Tl M 4MCIIOM UMITYIbCOB 3 IPHBOIHT
K BBICOKOCKOPOCTHOMY IUTABJIEHHIO U MOCIENYIONIEH KPUCTAIITM3AMHE NOBEPXHOCTHOTO cnost. [Ipu £ = 10 Jlx/cM? He TIPOUCXOIMT paspylie-
HUSI CTPYKTYPBI ACHAPUTHOM KpUCTAIIM3AMN. MEXAESHAPUTHBIE IPOCTPAHCTBA 00OTaIEHbl AIIOMUHUEM, HUKEJIEM U XKeJIe30M, a CaMu JIeH-
JpUTHI aTOMaMH Xpoma. HauGosiee TMKBUPYIONIMM 5JIEMEHTOM SIBIISIETCS AMFOMUHUI, Hanmenee — kobansT. [pu £ = 20 JIx/cm? B 00beME 3epeH
(hopmHpyeTCst HAHOKPHCTATNYECKasi CTPYKTYpa B clloe TONIMHOM 15 MkM. Pazmep stueek kpuctamnuzanuu coctasisier 100 — 200 HM, pasmep
BKJIFOUEHUIT B CThIKAX stueek 20 — 25 HM, a Bousb rpanuir siueek — 10 — 15 am. Slueiiku BRICOKOCKOPOCTHOW KPHCTALTU3AIMHA 00OTAIEHBI aTlfo-
MHUHHEM M HHUKeJIeM. ATOMBI KOOAJIbTa pacrpeeneHbl 1o 00beMy MOBEPXHOCTHOIO ClIosi paBHOMEpHO. Haunbosee TMKBUPYIOIUM 31€MEHTOM
SIBIISIETCSL XPOM, HAUMEHEE — KOOANBT. YBeIMUeHHe TIOTHOCTH YHEPTHHU MyYKa dIeKTpOoHOB 10 30 J[/cM? He TPUBOIUT K CYIIECTBEHHBIM (110
cpaBHeHHIO ¢ 20 JIk/cM?) H3MEHEHHSM CTPYKTYPbI IOBEPXHOCTHOTO cJ10s1. BrisiBien pexum obnydenns (E, = 20 ix/cM?, 50 Mkc, 3 nminyibca,
0,3 I'n), KOTOPBIH MO3BOMISIET CHOPMUPOBATH MOBEPXHOCTHBIN CIIOW ¢ HanOoJee BBICOKOW OXHOPOIHOCTHIO PACIIPEICICHHS XUMHUUECKUX dIie-
MEHTOB B CIUIaBE.

Karoueasvle c108a: BEICOKOAHTPONMIHBIN CIUIAB, TIPOBOJIOYHO-YTOBOE A JUTHBHOE ITPOU3BOJICTBO, UMITYJILCHBIN ANIEKTPOHHBIH ITy4OK, CTPYKTYypa, ha-
30BBIH ¥ SJIEMEHTHBII COCTaB

duHaHcuposaHue: PadoTa BbIoNHEHA pH GHHAHCOBOM Hoxnepxkke rpanta PHO Ne 20-19-00452.

s yumupoeanus: Visanos 10.®., I'pomos B.E., Konosanos C.B., Illnsiposa F0.A., Bopo6ses C.B. CrpykrypHO-(ha30Bble H3MEHEHUS BHICOKOIH-
TPOMUIHHOTO CIUTaBa MPH 00TYUYECHUN UMITYIbCHBIM 3JIEKTPOHHBIM my4dKoM // 3Bectust By30B. UepHas metaiunyprus. 2021. T. 64. Ne 11. C. 846-854.
https://doi.org/10.17073/0368-0797-2021-11-846-854

Original article STRUCTURAL PHASE VARIATIONS
IN HIGH-ENTROPY ALLOY AT IRRADIATION BY PULSED ELECTRON BEAM
Yu. F. Ivanov?, V. E. Gromov?, S. V. Konovalov?,
Yu. A. Shlyarova?, S. V. Vorob’ev?

nstitute of High-Current Electronics SB RAS (2/3 Akademicheskii Ave., Tomsk 634055, Russian Federation)
2Siberian State Industrial University (42 Kirova Str., Novokuznetsk, Kemerovo Region — Kuzbass 654007, Russian Federation)
3Samara National Research University (34 Moskovskoe Route, Samara 443086, Russian Federation)

Abstract. The high-entropy alloy (HEA) of Al-Co—Cr—Fe—Ni system of nonequiatomic composition is obtained by the technology of wire-arc additive
manufacturing (WAAM) in atmosphere of pure nitrogen. By the methods of modern physical materials science it is shown that in the initial state the
alloy has dendritic structure indicating nonhomogeneous distribution of alloying elements. It is a multiphase material whose main phases are AL,Ni,
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Cr,C,, (Ni, Co),Al,. Nonadimensional particles (Ni, Co),Al, of cubic shape are located along interfaces of submicron phases AL,Ni and Cr,C,. The
HEA irradiation by pulsed electron beams with energy density £, = 10 + 30 J/cm?, pulse duration of 50 ps, frequency of 3 Hz and pulse number
of 3 leads to high-velocity melting and subsequent crystalllzatlon of surface layer. If E_= 10 J/cm?, no failure of dendritic crystallization structure
happens. Interdendritic spaces are enriched in chemical elements Al, Ni and Fe, and dendrites themselves — in chromium atoms. The most liquating
element of the alloy is Al, the least one is Co. If E, = 20 J/em?, a nanocrystalline structure is formed in the layer 15 pm thick in bulk of grains. Size
of crystallization cells amounts to 100 — 200 nm, size of inclusions in cell junctions is 20 — 25 nm, and along cell boundaries it is 10 — 15 nm. Cells
of high-velocity crystallization are enriched in Al and Ni. The Co atoms are homogeneously distributed along the surface layer volume. The most
liquating element is Cr, the least liquating one is Co. The increase in energy density of electron beam to 30 J/cm? doesn’t lead to substantial (as
compared to E, =20 J/cm?) variations in surface layer structure. The irradiation mode (E, = 20 J/cm?, 50 ps, 3 pulses, 0.3 Hz) is detected that allows
formation of the surface layer with the highest level of homogeneity of chemical element distribution in the alloy.

Keywords: high-entropy alloy, wire-arc additive manufacturing, pulsed electron beam, structure, phase and elemental composition

Funding: The work was supported by the grant of the Russian Science Foundation (project No. 20-19-00452).
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- BBEAEHUE

B mocnennee necartuieTne BHUMaHNUE MCCIIEA0BATEIIEN
B 00nacTu (hU3MYECKOro MaTepruajJoBeACHUsI COCPEa0ToUE-
HO Ha M3YYCHHUHU CTPYKTYpHI, (Pa30BOTO cOCTaBa, CTA0MIIb-
HOCTH, CIIOCOOOB TMOJy4YeHHUs M oOnacTeidl MmMpUMEHEHHs
HOBOTO KJacca METANTMYCCKUX MaTepPHajoB — BBICOKO-
SHTPONUUHBIX CIIJIABOB, O0JIAAAIONIUX LEJIBIM KOMILJIEKCOM
CBOMCTB, 3aMETHO MPEBBIMIAIONINX CBONCTBA TPATUIIHOH-
HBIX METaJUIOB U CIUIaBOB [1 —4]. ABTOpBI MHOTOUYHUCIICH-
HBIX MyONHWKaIii pa3pabaThIBalOT METOABl ¥ ITOIAXOIBI
MOBBIIICHHUS MTapaMeTpoB U cBoiicTB BOC [5]. Vayumenue
cBorictB BOC n, B mepByto ouepens mexannaeckux [6 — 117,
MOXET OBITh JOCTUTHYTO 32 CYET CO3AaHUsI OMMOATBHOTO
pacnpenesieHus 3epeH 1o pasmepam [12], popmupoBaHus
HAHOCTPYKTYPHOTO JBYX(a3HOTO amMop¢HO-KpHCTaIITU-
gyeckoro coctostaus [13], addekra mmacTUIHOCTH, WHITY-
UMpOBaHHOH mpeBpameHueM [14] 3epHorpanunytnoro [15],
TBEPAOPACTBOPHOTO yrpoyHeHus [16] n MHOTMMH IpyTH-
MU Metofamu [5, 17 —23].

[ToBbIIeHHBIE CBOMCTBA MOTYT OBITH JOCTHTHYTHI IPH
00paboTKe MOBEPXHOCTH KOHIICHTPUPOBAHHBIMU MTOTOKaAMH
SHepruu. B pesynpraTe B 3HAYMTENBHON CTEIEHH CHUXKa-
€TCsl BEPOSATHOCTh 3apOKICHHS B MOBEPXHOCTHBIX CIOSX
MHUKpPOTPEIINH, MPUBOIIINX K Pa3pyIICHHIO, TPH ITOM
pacTyT MPOYHOCTh U TIACTHYHOCTH [24].

OmuH W3 METOIOB, TO3BOJLIONINX OCYIIECTBUTH TO-
MOTEHHM3AIMI0 CIUIaBa B YCJIOBHUSAX BBICOKOCKOPOCTHOTO
TUTABJICHUS M TTOCTIEAYIOMIEH BRICOKOCKOPOCTHOM KpHCTa-
TU3aUH, — 00Iy4YeHHEe TOBEPXHOCTH 00pa3LiOB HU3KOIHEP-
TeTHYCCKUM WHTEHCHBHBIM HMITYJIbCHBIM 3JIEKTPOHHBIM
nyukom [25]. Ceepxsbicokue (n0 10° K/c) ckopoctu Ha-
rpeBa CPaBHUTEIHHO TOHKOTO (IECATKH — COTHH MHKpPOME-
TPOB) MOBEPXHOCTHOTO CJIOS 10 TeMIIEPaTyphl IUIaBICHUS
1 TIOCIIETyToIIast BBICOKOCKOPOCTHASI KPUCTAIUTH3AIIHS pac-
IIaBa MO3BOJSIOT (POPMHUPOBATH CYOMHUKPO- U HaHOKpHC-
TaJUTMYECKYIO0 CTPYKTYPY, XapaKTepPH3YIOUIYIOCS BBICOKOM
CTETNEHbIO OIHOPOAHOCTH PaCHpeAeTeHUS XUMHUYECKUX
3JIEMEHTOB [26].

B MHOroumcneHHbIX paboTaxX, MOCBSILIEHHBIX aHAJU-
3y CTPYKTYpHI 1 (ha30BOTO COCTaBa METAIUIOB U CILIABOB,

METAJIOKEPAMUYECKUX M KEePaMHUYECKHX MaTepHaJIoB,
00pabOTaHHBIX HUMITYIIBCHBIMH JJIEKTPOHHBIMH ITyYKaMH,
MOKa3aHO, YTO CTPYKTYpHO-(a30BOE COCTOSIHUE MOAU(DU-
IIIPOBAHHOTO CJIOS 3aBHCUT KaK OT TETIO(U3UICCKUX Xa-
PaKTepUCTUK O0Jy4aeMoro marepuania, Tak U OT mapame-
TPOB ITyuKa 3JIEKTPOHOB [25 — 27].

Lenbro HacToOsIIICH PAOOTHI SIBISCTCS MOTYICHIE HOBBIX
3HAHHUH 0 CTPYKTYpe U (Pa30BOM COCTABE BEICOKOIHTPOINIA-
Horo cmaBa cocraBa Al—Co—Cr—Fe—Ni, obixydeHHOro
HUMITYJIbCHBIM 3JICKTPOHHBIM ITyYKOM.

[l MATEPUMAN U METOAMKA UCCNEAOBAHUA

Hsrotosienne o6pas3no BOC ocymiecTBIsm MOCIoU-
HBIM HaHECEHHEM Ha IMOJUIOKKY U3 Hep)KaBelollel CTaiu
C TIOMOIIBI0 TEXHOJOTHH MPOBOJIOYHO-IYTOBOTO AT~
tuBHOTO TNpom3BojcTBa (WAAM) B arMocdepe MHEpTHO-
ro raza (99,99 % Ar). B kauecTBe MCXOTHOTO Marepua-
Jla WCTIONB30BAIM TPEX)KWIbHBINA Kabenb, COCTOSMIMNA M3
AITFOMHHNEBOU MPoBOIOKH (99,95 % Al, nmametp 0,5 Mm),
xpomonukesieBol rposonoku X20H80 (20 % Cr, 80 % Ni,
muametp 0,4 MmM) 1 ipoBosiokr u3 cruraBa 29HK (17 % Co,
54 % Fe, 29 % Ni, auamerp 0,4 mm). Mcnons3oBaH clie-
IOYIOMAN pekKUM HAHECCHHUs CIIOEB: CKOPOCTH ITOAAYN Ka-
Oenst 8§ m/mMuH, HampspkeHue 17 B, ckopocTh JABMKEHHS
ropenku 0,3 m/MuH, Temmneparypa nomioxkkn 523 K. Ilo-
JYYEHHBIH CIUTOK B (opMe mapajuleNienuneaa pasMepom
60x140%20 MM cocrtostm u3 20 HarUIaBIEHHBIX CJIOEB IO
BbicOoTe M 4 cyioeB 1o mupuHe. CIuTOK OBLI Mope3aH Ha
o0pasipl pazmepoMm 15x15%x5 mm. OOpasipl moaBepraiu
00JIy4EeHHUI0 UMITYJIbCHBIM 3JIEKTPOHHBIM IyYKOM Ha yCTa-
HoBKe «COJIO» [25,26]. Pexxum oOmydeHHs: SHEPTHs
YCKOPEHHBIX AJIEKTPOHOB 18 k3B, MII0THOCTH HEPruu Mmyy-
Ka 251eKTpoHoB 10 — 30 [IK/cM?, JUIMTENBHOCTh UMITYJIbCA
nyyka 50 MKc, yactora ciefoBaHus ummyiabcoB 0,3 I,
KOJIMYECTBO MUMITYTECOB 00mydenus 3. O0mydenne mpoBo-
JIAIIM TIPU OCTaTOYHOM JaBIICHHMHM MHEPTHOTO Ta3a (aproH) B
paboueii kamepe ycranoeku 2-1072 I1a.

CTpyKTypy W DIEMEHTHBIH COCTaB 0Opa3loB H3yya-
JI1 METOJAMHU CKaHHUPYIOLIEN 3JIEKTPOHHON MHUKPOCKOIUU
(mpubopsr «LEO EVO 50» u «TESCAN VEGA», ocHa-
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[ICHHBIE JHEPTrOAUCICPCHOHHBIM aHanu3atopoM INCA
Energy). JledekTHyto cyOCTpYyKTypYy W pacrpeelicHue Xu-
MHUUYECKHUX DJICMEHTOB H3ydYalld METOAaMH MPOCBEUHBAIO-
1eit neKkTpoHHOH MuKpockormun (pubdop JEOL JEM-2100,
Japan) [28 — 30]. O0bekThI uccrneaoBanus (OIbru TOIIIH-
HOl 150 — 200 HM) UTSI POCBEUMBAFOIIETO AIEKTPOHHOTO
MHUKPOCKOIIa U3rOTABIMBAIA METOIOM HOHHOTO TPABJICHHS
(ycranoBka lon Slicer (EM-09100IS), aproH) rmiacTHHOK,
BBIPE3aHHBIX U3 00beMHOTrO ciuTka BOC.

- PE3VYNLTATbI UCCNEAOBAHUA U OBCYXXAEHUE

CrpykTypa BbICOKOdHTponuiiHOTO cruiaBa (BOC)
AlCoCrFeNi, H3roToBJICHHOTO METOAMH ITPOBOJIOYHO-]TY-
TOBOTO aJITUTHBHOTO MPOM3BOACTBA B aTMOc(hepe HHEpT-
HOro Ta3a, MOAPOOHO pPAcCMOTPEHA aBTOPAaMH MOHO-
rpadum [1]. MeTogamu MHKPOPEHTTEHOCTIEKTPAIBLHOTO
aHaJM3a YCTAHOBJICHO, YTO CILJIAB COACPXKHUT 36,5 % Al,
33,7 % Ni, 16,4 % Fe, 8,6 % Cr, 4,9 % Co (ar.); momyueH-
HBII MaTepHal cieayeT oTHecTd K BOC HeaKBHATOMHOTO
cocraBa. CiiaB MMeET SIPKO BBIPAXEHHOE ACHIPUTHOE
CTPOCHHE, YTO YKa3bIBaeT HAa HEOMHOPOAHOE pacIpeiese-
HUE JITUPYIOIINX 3JIEMEHTOB B 00beMe cliuTKa (puc. 1, a).
Metonamu KapTHPOBAHUSI YCTAHOBICHO, YTO TPAHHIBI H
MIPUTPAHUYHBIE 00JIACTH 3epeH 000TaIleHBl aTOMaMH XPO-
Ma | Kelie3a, 00beM 3epeH o0OoraiieH aroMaMH HUKEIs
1 aMIOMUHUS, KOOAJIBT pachperesicH B CIUIaBe KBa3HOI-
HOPOJHO.

MeTonamu MpoCBEYHUBAIOIICH AIIEKTPOHHOHN U paKIIH-
OHHOU MHKPOCKOITUH IMOKa3aHo, uro BOC sBiusiercss MHO-

rodasHbIM MaTepHaloM, OCHOBHBIMH (hazaMH KOTOPOTO
spisores ALNi, Cr,C, u (Ni, Co),A,. ®aza AL;Ni umeer
kybuueckywo ¢opmy, Cr,C, — nenrounyro, (Ni, Co),A, -
chepuueckyro. Yactuubr (Ni, Co),A,, pasMepbl KOTOPBIX
coctapnstoT 7 — 10 HM, pacmonoXeHbl BIOIb TPaHMIL pa3-
nena pasz ALLNi n Cr,C,, umerommux CyOMUKPOHHBIE pas-
Mmepsl [1].

O6yaenre BOC UMIyITBCHBIM AIIEKTPOHHBIM ITYYIKOM
C IJIOTHOCTBIO SHEPTHH ITydKa TeKTPOoHOB £ = 10 Jlx/cm?
HE TIPUBOIUT K Pa3pyIICHHIO CTPYKTYpPHl ICHIPUTHOU
Kpuctaumsanuu (puc. 1, 6, 8), XapakTepHOU ISl CIijiaBa
B ICXOJJTHOM COCTOSIHUH (pHC. 1, @). DTOT PaKT CBUICTEIb-
CTBYeT 00 OTCYTCTBHM IUIABJICHHS MMOBEPXHOCTHOTO CIIOS
oOmy4eHHBIX 00pa3noB. JKujakodaszHoe mpeoOpa3oBaHHE
CTPYKTYpPBI MOBEPXHOCTHOTO cinost BOC obOnapyxuBaercs
JMINb B TPUTPAHUYHBIX OONACTSAX 3€PEHHOW (JICHIPHT-
HOI) CTPYKTYypbl. BbICOKOCKOpOCTHOE TIpeoOpa3oBaHHe
CTPYKTYPBI CONPOBOXKIACTCS (POPMHEPOBAHHEM IPOCIOCK,
UMEIOIINX CYOMHKPOHAHOKPUCTAINIMYECKYIO CTPYKTYpY
¢ pazmepom kpuctaumtoB 100 — 200 am (puc. 1, 6). Uc-
CJIeJIOBAHUE CTPYKTYPBI N3JIOMOB BEChbMa YacTO TO3BOJISIET
BBISIBUTH TPE0Opa30BaHUE IOBEPXHOCTHOTO CIIOS Mare-
puaina, moJBeprHyToro o0padoTke KOHIEHTPUPOBAHHBIMHU
noTokamu dHeprun. OTHAKO B UCCIEAYEMOM Cilydae Mpo-
TUIABJICHHBIE CJION BECbMa TOHKHE M METO/IaMH CKaHHPYIO-
IIeH 2ITeKTPOHHON MUKPOCKOIIUHU XPYITKOTO U3JI0Ma HE BEI-
SIBIISIOTCS.

AHanu3 W300paKEHUH CTPYKTYpPhI MOBEPXHOCTHOTO
CJIOS MarepHaia, MOJyYeHHbIX B XapaKTePUCTHYECKOM
PCHTIEHOBCKOM H3IYYECHHH Pa3IUYHBIX AJIEMEHTOB, ITOI-

Puc. 1. DneKTpOHHO-MUKPOCKOIIUYECKOe n300pakeHne cTpykrypsl BOC:
a — VICXOJTHOE COCTOSIHUE; O, 6 — OCIIE 00TyUCHHUsI UMITY/IbCHBIM JICKTPOHHBIM ITy4YKOM C ITapaMeTpamMu
E_ =10 ix/em?, =50 mxc, f= 3 nmm., n = 0,3 T

Fig. 1. Electron microscopic image of the HEA:
a — initial state; 6, ¢ — after irradiation with a pulsed electron beam with parameters £ = 10 J/em?, 1 =50 ms, /=3 pulses, n=0.3 Hz
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Puc. 2. DneKTpOHHO-MHUKPOCKOMUYECKOe N300paXkeHrne yaacTka Gposbru, noiaydeHnoe merogom STEM
(Ha 1103. 6 0003HAYCHBI YYACTKH MUKPOPEHTICHOCIIEKTPAIEHOTO aHaJIM3a (hOJIBIH)

Fig. 2. Electron microscopic image of the foil section obtained by the STEM method
(in pos. 6 the sections of the microrentgenospectral analysis of the foil are indicated)

TBEPXKIACT CTPYKTYpPY, XapakTepPHYIO Ui ICHIPUTHOM
KPHUCTAUTM3ALMH pacIliaBa.

MeTtogaMi  MHKPOPEHTTCHOCIIEKTPATBHOTO — aHAIN3a
(OJIBTH IO TOYKaM» MPOBEACHBI UCCIIEJOBAHUS JIEMEHT-
HOTO COCTaBa JICHIPHUTOB M MEXKICHIPUTHBIX IIPOCTPAHCTB
MOBEPXHOCTHOTO ciost BOC, 00mydyeHHOro UMIYJbC-
HBIM DJICKTPOHHBIM ITyYKOM C IUIOTHOCTBIO DHEPIHH ITyd-
ka snextponos E =10 Jix/cm?. Ha puc. 2 npuBeneHsl
STEM wuzo0pakeHHs] CTPYKTYpbl (DOIBIH, HA KOTOPBIX
yKa3zaHbl MECTa aHaJli3a JJIEMEHTHOTO COCTaBa CILIaBa.
B KonnuecTBEHHOM OTHOIICHHWU pE3yNbTaThl JAaHHOTO
aHaJln3a TpuUBeAeHbl B Tabnuue. [IpencraBiieHHbIE pe-
3yJbTaThl (puc. 2, TabiuIa) Jal0T OCHOBaHHUE 3aKJIIO-
YUTh, YTO MEXJCHJIPHUTHBIE NPOCTpaHCTBa (00JacTH
aHanmuza 5 — 7, 10) oboranieHbl allOMHHHEM, HHUKEJIEM,
xene3zoMm. Jlenaputel (obnactu ananusa /, 2, 9) obora-
[ICHBI NPEUMYIIECTBEHHO aTOMaMH XpoMa. ATOMBI KO-
Oanbra pacrpejelieHbl pABHOMEPHO 110 00bEeMy CIHTKA.
Haubornee MUKBUPYIOMIUM 3JIEMEHTOM CILIaBa SBISCTCS
amoMuHuH (ko3¢ ¢unueHT nukBanuu O = 9,2), HauMe-
Hee JTUKBUPYIOIHUM — KoOatbT (& = 2,1).

O6mydenne BOC UMIyIbCHBIM 3MIEKTPOHHBIM ITy4KOM
C IIOTHOCTBIO SHEPTHH T1y4Ka JIEKTPOHOB £ = 20 Tlx/cm?
MPUBOAUT K YACTUYHOMY Pa3pyLICHUIO CTPYKTYPHI ICH-
PUTHON KpHCTAJUIM3ALUN, XapaKTEpHOU JJid CIUIaBa B HC-
XOZIHOM COCTOSIHUHM. DTOT (paKT CBUETEIBCTBYET O IUIAB-
JICHUH TIOBEPXHOCTHOTO CJIOS OOJIydeHHBIX 00pa3IioB.
KuaxodazHoe npeodOpazoBaHHE CTPYKTYPbl TOBEPXHOCT-
Horo ciost BOC conpoBokaaercs opMUpOBaHUEM B 00be-
Me 3epeH HaHOKPHCTAJUTMYECKOH CTPYKTYPBI.

OmnpeneneHne TONIIMHBI PACIUIABICHHOTO CIIOS U HC-
CJICJIOBAHUE €r0 CTPYKTYPBI OCYIIECTBIISUIN MyTeM aHaJIHU-
3a XpYMNKUX U3JI0MOB (puc. 3). AHaiu3 MukpodoTorpaduii
CBUJICTETILCTBYET O TOM, 4To oOmydeHune BOC ummynbc-
HBIM JIIEKTPOHHBIM TTydkoM (E, =20 Jlx/cm?, 1= 50 MKc,

f=3wnmm., n = 0,3 ') npuBOIUT K (HOPMHUPOBAHHUIO TIO-
BEPXHOCTHOTO CJIOf, UMEIOIIET0 CyOMHUKPO- HAHOKPUCTATI-
JUYECKYI0 CTPYKTYpy (pHc. 3, 6). TonmmHa JaHHOTO CII0s
MOJKET JI0CTUraTh 15 MKM.

HccnenoBanus ¢hoiwT, BeIMOHEHHBIE MeTonaMu STEM,
nokasanu, 4to obmyueHne BOC MMIymbCHBIM 3IEKTPOH-
HBIM ITyYKOM C IDIOTHOCTBIO DHEPTUHU ITydKa HICKTPOHOB
20 JIx/cm? comnpoBoxkaaeTcst (OPMUPOBAHHEM B TIOBEPX-
HOCTHOM CJIO€ CTPYKTYpPBI BBICOKOCKOPOCTHOM SYEHUCTOMN
kpuctammzanun (puc. 4, a). O0beM siUeeK KPUCTAIUIH-
3auy 00OTaIlleH aTOMaMH ATIOMHHUS, HUKEIS U JKene3a.
B cThIKax M BAONB TPaHUIl SYEEK PACIIONATAIOTCS BKIIIO-

Pe3yIbTaThl 2J1EMEHTHOTO AHAJIN3A YIACTKOB (OIBIH

Results of elemental analysis of foil sections

Conepxanue, % (at.).

Crektp -

Al Cr Ee Co Ni
Cnexrp / 3,01 59,28 |13,05| 2,82 | 13,43
Criektp 2 2,08 48,27 17,36 | 2,96 | 13,56
Crextp 3 2,42 131,90 | 40,50 | 5,50 | 13,82
Criextp 4 2,84 28,51 38,35| 5,17 | 13,68
Criextp 5 18,15 (11,50 | 21,49 | 5,00 | 27,29
Criextp 6 9,79 119,31 130,09 | 5,35 | 22,17
Criextp 7 4,15 | 24,16 | 34,36 | 5,46 | 17,49
Criextp 8 3,11 | 35,56 2535 4,24 | 14,51
Criextp 9 1,97 159,66 | 15,11 | 3,02 | 13,50
Cnextp 10 16,26 | 13,70 | 23,19 | 5,84 | 29,63
Cpennee 6,38 33,18 25,88 | 4,54 | 17,91
MakcumansHoe 3HaueHue | 18,15 [ 59,66 | 40,50 | 5,84 | 29,63
MunumansHoe 3Hadenue | 1,97 | 11,50 | 13,05 | 2,82 | 13,43
d (Makc./MuH.) 9,20 | 5,20 | 3,10 | 2,10 | 2,20
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Puc. 3. DneKTpOHHO-MHKPOCKOIIMUECKOE H300paskeHne MoBepXHOCTH H3iioMa BOC, 00i1y4eHHOTO NMITYIbCHBIM JICKTPOHHBIM ITYYKOM
E =20 JIx/cm2, 1 =50 Mkc, f=3 um., n = 0,3 T'n) (cTpenkoii Ha 103. @ yKa3aHa TOBEPXHOCTh OOTyUEHUS
s

Fig. 3. Electron microscopic image of the surface of the HEA fracture irradiated by a pulsed electron beam
(E,=20 J/em?, © =50 ms, /= 3 pulses, n = 0.3 Hz) (arrow on pos. a indicates the irradiation surface )

YeHUsI BTOPOH (ha3bl, KOTOpBIE 0OOTaIEHbI, TPEUMYIIECT-
BEHHO, aToMaMM Xpoma. Pa3mep sueek KpucTain3aluu
coctanisier 100 — 200 HM; pa3Mmep BKIIIOYEHMH, pacrosio-
JKEHHBIX B CTBIKax staeek — 20 — 25 HM; pacronoKeHHbBIX
BJI0JIb TpaHuIl stueek — 10 — 15 Hm.

HccnenoBanus 2J1€MEHTHOIO COCTaBa S4YE€EK BBICOKO-
CKOPOCTHOW KPUCTAJUIM3AIMU M YaCTHI[ BTOPOH (ha3bl Me-
TOAaMH MHKPOPEHTICHOCIIEKTPAILHOTO aHau3a (OJbT
«TI0 TOYKaM» MOKA3alH, YTO SUCHKH BBICOKOCKOPOCTHOM

KPUCTAIIM3ALUN O0OTAIEHBl AJTIOMHHUEM M HUKEIIEM.
Yacruipl BTopoi (hasbl, pacroioKeHHbIE Ha TPAHHUIIAX U B
CTBIKaX SYEEK KPUCTAITU3ALNHU, 000TAIEHBI TPEUMYILECT-
BEHHO aTOMaMHM XpOMa U eJie3a. ATOMBI KoOaIbTa pacipe-
JICNICHBI PAaBHOMEPHO MO 00BEMY MOBEPXHOCTHOTO CIIOSI.
Hanbonee NHKBHPYIOIIAM 3JEMEHTOM ITOBEPXHOCTHOTO
ClI0s CIIaBa, 0OPabOTAHHOTO UMITYJIBCHBIM 3IE€KTPOHHBIM
ny4kom (E =20 Iox/cm?, ©= 50 mkc, /=3 umm., n=0,3
I'm), sBnsercst xpoM (xo3¢¢unueHt auxsauu O =5,4),

Puc. 4. DeKTpOHHO-MHUKPOCKOITMYECKOE H300paskeHne yyactka (Goibru, noiydenHoe metonom STEM (a),
1 M300paeHUs! JAHHOTO y4acTKa (hOJIbIU, MOMYUYeHHBIE B XapaKTePUCTHYECKOM PEHTTeHOBCKOM n3nydeHnu aromoB Al, Cr, Fe, Co, Ni (6 — ¢)

Fig. 4. Electron microscopic image of the foil section obtained by the STEM method (a)
and images of this foil section obtained in the characteristic X-ray radiation of Al, Cr, Fe, Co, Ni (6 — e) atoms
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HaMMeHee JTUKBUPYIOMUM — kobaisT (8 = 1,9). Conocras-
TSIsT Pe3yABTATHl MUKPOPEHTICHOCIIEKTPAIFHOTO aHalN3a
BOC nocne obmyueHHs UMITYIbCHBIM 3JIEKTPOHHBIM ITyd-
KOM C pa3HO#l IUIOTHOCTBIO DHEPTHH, MOXKHO OTMETHTH,
YTO BBICOKOCKOPOCTHOE IUIABJICHHE M MOCICAYIOIIAsl BbI-
COKOCKOPOCTHASI KPUCTAIUTA3AIHS IPUBEITN K YBEITHUCHHIO
CTENEHH OIHOPOTHOCTH PACTIPEIACTICHUS XUMHUSCKUX dJIe-
MeHTOB, popmupyronmx BOC.

VBennueHue mI0THOCTH OHCPI'MU ITyYKa SJICKTPOHOB 10
30 /x/cM? He TIPUBOIUT K CYIIECTBEHHBIM HM3MEHEHHUSIM
CTPYKTYPBI TOBEPXHOCTHOTO ¢J10s1. ToNIMHa TaHHOTO CJIOS
nocturaer ~20 MkM. B gaHHOM ciydae MOBEpPXHOCTHBIN
CJIOI TaKKe HMMEET CTPYKTYPY BBICOKOCKOPOCTHOHN KpH-
CTAJUIM3AIMH STICUCTOTO THUMA. S[YelKH KpHUCTaUTH3aIliH
HUMEIOT OKpyIIyIo hopmy. Pa3zmep siueek U3MEHsETCS B TIpe-
nenax ot 100 mo 150 M. Sdeiiku oxaitMIIEHBI TTPOCIIOKa-
MU BTOpOil (hazel. TommuHa MpocIoek M3MEHseTCs B Tpe-
nenax 15 —30 am. O0ObeM sueek oOoraiieH ajJroMUHAEM
U HUKEJIEM. ATOMBI XpoMa M JKejie3a MPEUMYIIECCTBECHHO
(OPMUPYIOT YaCTHUIIBI BTOPOH (ha3bl. ATOMBI KoOabTa paB-
HOMEPHO pacHpesieNieHbl Mo 00beMy MOAU(DUITIPOBAHHOTO
CITOS.

Haubosnee TUKBUPYIOUIMM JIEMEHTOM MTOBEPXHOCTHO-
TO CJI0s CIIaBa, 00pabOTaHHOTO UMITYJIBCHBIM JJIEKTPOH-
HeM myukoM (E, =30 Jix/em?, T =350 mkc, f=3 umi,,
n=0,3Tm), seasercs XpoMm (KOIPPHUITUCHT JIMKBAIHH
6 =10,5), HaumeHee TUKBUPYIOMIKUM — KoOanbT (6 = 1,6).
O6o06maromue pe3yabTaThl, HOJTYICHHBIC TP MUKPOPCH-
TreHocneKkTpanbHoM aHanu3e BOC B HCXOIHOM COCTO-
SHAW ¥ TI0CIIe OONyYCHHs] WMIYIBCHBIM DJICKTPOHHBIM
My4YKOM, XapaKTEPHU3YIOIIUE CTCIEeHb HEOJHOPOIHOCTH
pacrpeneneHus JerHpyoNX MIEMEHTOB B IIOBEPXHOCT-
HOM cJloe, IPUBEAEHBI Ha puc. 5. MOXHO OTMETHUTBH, YTO
B3C Al-Co-Cr—Fe—Ni, mony4eHHBIH C MOMOIILIO
TEXHOJIOTUU MNPOBOJIOYHO-AYTOBOTO aAJAUTUBHOIO IIPO-
W3BOJCTBA, XapaKTEPU3YETCs] BBICOKOH CTEICHBIO HE-
OTHOPOIHOCTH PACIPEICIICHUS XUMUYCCKHUX IJICMCH-
TOB cCIUTaBa. Hambomnee JEKBHUPYIONIMMH 3JIEMEHTaMH
CIUIaBa ABISIOTCS XpoM U amoMuHuU. Ob6mxyuenune BOC
UMITYJTBCHBIM DJIEKTPOHHBIM ITYYKOM CIIOCOOCTBYET TO-
MOTeHu3anuu cmiaBa. HauGomee BBICOKHIT YpOBEHb
OTHOPOTHOCTH pACIpENeIeHUs] XUMHUYECKHX DIIEMCH-
TOB B CIUIaBE JOCTHUTACTCs MPU OOIYyUYCHUH HUMITYIbCHBIM
ANIEKTPOHHBIM ITYYKOM C IDIOTHOCTBIO DHEPTUH ITyYKa
sekTpoHoB 20 Jx/cm?,

1. Ipomos B.E., KonoBanos C.B., BanoB 0.®., Ocunnes K.A., Py-
6annmnkoBa [0.A., Tleperynos O.A., Cemun A.Il. BeicokosHTpo-
nuitHeie crutaBel. HoBokysuenk: [Tonmurpaduct, 2021. 179 c.

2. Zhang Y. High-Entropy Materials. A Brief Introduction. Springer
Nature Singapore Pte Ltd., 2019. 152 p.

3.  Murty B.S,, Yeh J.-W., Ranganathan S., Bhattacharjee P.P. High-
Entropy Alloys. 2" Edition. Amsterdam: Elsevier, 2019. 388 p.

4. Poraues A.C. CtpykTypa, CTAOMIBHOCTh M CBOMCTBA BBICOKOIHTPO-
MUHAHBIX crulaBoB // dusuka metamioB u meramioBeneHue. 2020.
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Puc. 5. 3aBucumocTts k03 uineHTa HEOAHOPOAHOCTU PACTIPENEIICHUS
XHUMHYECKHUX EMEHTOB, (hopmupyronmx BOC, OT MI0THOCTH SHEPrUn
Iy4Ka IEKTPOHOB!
1—-Cr; 2—Al;3—Ni;4—Fe; 5—-Co

Puc. 5. Dependence of the distribution inhomogeneity
coefficient of chemical elements forming the HEA on energy density
of the electron beam:
1—Cr;2—-Al;3—Ni; 4-Fe; 5-Co

[ BuiBOAb!

BrinosnHeHHbIe B HacTod1IeH paboTe uccuenoBaHus mo-
Ka3bIBarOT, 4To 00MydeHrne BOC UMITyJIbCHBIM AJIEKTPOH-
HeIM myukoM (18 k9B, 10 —30 dx/cm?, 50 Mkc, 3 umiL,
0,3 T') mpuBOAUT K (OPMHUPOBAHUIO CTPYKTYPHI BHICOKO-
CKOPOCTHOW SYeMCTOW KpUCTaJuM3auuu. Pasmep sueek
n3mensiercst B mpenenax or 100 mo 200 um. Bmons rpa-
HUI sYeeK pacroiaratoTcs HaHopazMmepHbie (15 —30 Hm)
BKITIOUYCHUST BTOPOU (a3bl, oOoraiieHHble aToMaMH Xpoma
u xkene3a. [Tokazano, uro BOC, nmony4eHHbIH ¢ TOMOMIBIO
TEXHOJIOTHH TPOBOJIOYHO-AYTOBOTO AIJIUTHBHOTO IIPOH3-
BOJICTBA, XapaKTEPU3yeTCsl BICOKOW CTENEHbIO HEOAHOPO/I-
HOCTH pAaCHpeNeNieHusT XUMHICCKUX DJIEMEHTOB, (OPMH-
pytomux cruiaB. Hanbonee MHKBUPYIOIIUME 3JIEMEHTAMU
CIUTaBa SBJSIFOTCS XPOM | anmtoMuHuid. Oomyuerne BOC nm-
MYJIbCHBIM 3JIEKTPOHHBIM ITyYKOM CIOCOOCTBYET TOMOTe-
HM3alUK CIUIaBa. Beisasien pexum oomydenns (20 x/cm?,
50 mxc, 3 um., 0,3 I't), no3Bossiomuii GopMupoBarh mno-
BEPXHOCTHBIN CJIOH, KOTOPBIN XapaKTepu3yeTcs HanboJee
BBICOKUM YPOBHEM OJHOPOJHOCTH PACIpenesieHUs] XUMH-
YECKHX JJIEMEHTOB B CIUIABE.
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