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AHHomayus. B 0630pe U310KeHbl METO/bI HCIBITAHUH HA KOPPO3UOHHOE PACTPECKUBAHUE, KOTOPBIE PEATHU3YIOT PA3IMUHBIE YCIOBHS HArpy>KEHUs
00pas3110B: PH OCTOSIHHON CTaTHUECKOM HArpy3Ke WK Ae(OpMaLMH; IPU ITOCTOSIHHOM MIIM BO3pacTalolliei Harpy3ke 00pasiioB ¢ IpeaBapUTEIbHO
BBIPAIICHHOH yCTAIIOCTHOM TPEIIUHOIL; ¢ IIOCTOSHHOH Majoll CKOpOCThIO Ne(hOpMHPOBAHUS OOpA3IOB B YCIOBHSAX pacTsxeHHs. [IpoBenenue
MOI00HBIX MCIBITAHUH HEOOXOMMMO JUIsl ONPEISNICHHUs CONPOTUBIIECHUS CYJOCTPOUTEIbHBIX MaTepPHAJIOB, KOTOPbIE JIOJKHBI IKCIUTYyaTHPOBATHCS
B COCTaBE HArpy:KEHHBIX CyHOBBIX KOHCTPYKIMH, CONpPUKACAIOUIMXCS C MOPCKOH Bonoil. IIpuBeneHbl KpaTkue HpecTaBIeHHS O MEXaHH3Me
KOPPO3HOHHOTO PACTPECKHBAHMS CTAJIed M CIUIaBOB. YKa3aHa HEOOXOIMMOCTH IMPOBEJICHHUsI CTEH/IOBBIX MCIIBITAHUH CTajell M MX CBapHBIX
COCIMHCHNUH, a TakKe Mojeleil, UMUTHPYIOIUX OTACIbHBIC y3IbI M JIEMEHTH KOHCTpyKimil. Ha naHHOM sTame 00eCIICUHMBAIOTCSA YCIIOBUS,
MaKCHMaJIbHO NPUOJIMIKEHHBIE K YCIOBHSM DKCILTYaTAIMHU 32 CUET SKCHO3ULUH B PA3IMYHBIX KIIMMAaTHYECKUX 30HaX MUpOBOro okeaHa (BapHaluu
TEMIICpPATyPbl, KOHIICHTPAIUH XJIOPUIOB, KOIMYECTBA PACTBOPEHHOIO KHUCIOPOa, CTEIICHN OHO0OpacTaHMs U UX OJHOBPEMEHHOE BO3IeiiCTBHUE).
IToka3ano, 4To B XO/1€ HATYPHBIX MCIBITAHWH (3aBEpPIIAIONIMI ITAl KOMIUIEKCHBIX 00S3aTeIbHbIX CHATOYHBIX MCIIBITAHWI) HOBBIE MaTepuabl,
MEPCIIEKTUBHBIE Ul MCIIONb30BAHUSI B MOPCKHX YCIIOBHSX, ITPOXOAAT OKOHYATENIbHYIO OLIEHKY KOPPO3MOHHOW CTOMKOCTH B BUJE DIEMEHTOB
CYJIOBBIX KOHCTPYKIMIA M CHCTEM B YCJIOBUSAX 3KCIUTyaTal[u1 Cy/Ha.
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Abstract. The review describes methods of stress corrosion cracking (SCC) tests that implement various conditions for samples loading: at a constant
static load or deformation, at a constant or increasing load of samples with a previously grown fatigue crack, with a slow strain rate. Such tests shall
be carried out to determine the resistance of shipbuilding materials to be used in loaded ship structures in contact with seawater. Brief descriptions of
the mechanism of stress corrosion cracking of steels and alloys are given. The necessity to carry out bench tests of steels and their welded joints, as
well as models simulating individual units and elements of structures, is indicated. At this stage, conditions are ensured as close to operating conditions
as possible due to exposure in various climatic zones of the world’s oceans (variations in temperature, chloride concentration, amount of dissolved
oxygen, degree of biofouling, and their simultaneous impact). It is shown that during verification field tests (final stage) new materials promising for
operation in marine conditions pass the final evaluation of corrosion resistance in the form of elements of ship structures and systems in the conditions

of ship operation.
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) BBEAEHME

Kopposzuonnoe pacrpeckuBanue (KP) siBisercs onHum
U3 HamOollee OIACHBIX BHIOB KOPPO3HOHHBIX MOBPEXK-
JICHUH, KOTOpBIE TPUBOIAT K CEPhE3HBIM pa3pyLICHUSM
Harpy>eHHBIX KOHCTPYKLHH HE TOJBKO B CYIOCTPOEHHH,
HO TaKXe B aBHAIMM, TEIUIOBOM M aTOMHOM 3HEpreTHKe,
CTPOUTENBCTBE, XHMHUYECKOH, He]Terazoqo0nIBarome
u He(TenepepadaThIBAIONICH, MUIECBONH U APYTHX OTpa-
cnsix nipombiuieHHOCTH [ 1]. Ha BhI3bIBacmbie KP paspy-
meHus: npuxoautcs okoio 30 % marepuanbHOTO yiepOa
oT koppo3ui [2]. Koppo3rnoHHOMY pacTpeCKHUBAaHUIO MOTYT
MOJIBEPraThCsl METAIMYECKHUE MaTepuabl B KOPPO3UOH-
HOM cpejie TOJBbKO MPH BO3ACHCTBUU PACTATMBAIOILUX Me-
XAHUYECKUX HalpsDKEHUI.

B cynmocrpourensHoii mpombinuienHocTH KPP MoryT
TOJIBEPraThCsl KOPIYCHBbIE KOHCTPYKIIUH, COMPUKACAIOIIN-
€Csl ¢ MOPCKOM BOJIOHM, B MECTax COCPEIOTOYCHUS HAauOo-
Jiee BBICOKMX MEXaHUYECKHUX Harpy30kK, KOTOPbIMHU CITyXKar,
Kak MpaBWJIo, CBapHble coeAuHeHus. s rryGoKoBOAHOM
MOPCKOH TEXHUKH HAMPSDKEHHS B KOHCTPYKIIMU BO3HUKAIOT
3a CyUeT T'MIPABIMYECKOrO JIABJIEHHUS, CO3/1aBa€MOIo IpH
norpyxenut [3 — 8].

[Ipu BHenpeHHH B MPOEKTUPOBAHHME U CTPOHUTEIHCTBO
Kopabieid, CyZIoB 1 MOPCKUX COOPYKEHUH HOBBIX KOPITYC-
HBIX CTaJICH ¥ CILIABOB 00S3aTEIbHBIM SIBJISICTCS OIIEHKA UX
cxonHoctH Kk KP [3, 8]. B TeueHne MHOTHX JECSITHICTHI
JUISL 9TOM LIeJM MPUMEHSUIMCh MCIBITaHUS C IVIaJKOW MO-
BEPXHOCTBIO TIPH MOCTOSIHHOM Harpyske uin jaedopMaruu
[1, 9—13]. [Ipu wucronp3oBaHUKM METOJA C TOCTOSHHOU
Harpy3koil B 00pasnax co3JaroT HalpsHKCHUS! ONpeesICH-
HOM BEJIMYMHBI U BBIIEPKUBAIOT B CHUHTETHYECKOH MOp-
ckoil Bozie min 3,5 %-HOM pacTBOpe XJIOpUAa HaTpus A0
paspylieHus] WIK 10 3aJaHHOW BpeMeHHOW 0Oa3bl. [1o pe-
3yJabTaTaM MCIBITAHUN CepUr 00pa3lOB CTPOUTCS KPHUBAS
JUIMTENBHON KOPPO3MOHHOM MPOYHOCTH B KOOpAMHATAX
«HaMpsHKEHUE — BpeMst 0 paspylieHus». Meton ucneita-
HUH C IIOCTOSIHHOH AepopManueii 3aKI09aeTcst B CO3IaHIH
HaNPsHKEHHOTO COCTOSIHUSL C IMOMOIIBI0 (DUKCUPOBAHHOM
nedopMaIi U KOHTPOJIE MOSBICHUS TPEIIMH B IpOLEcCe
ucnbiTaHuid. CuyuTaercs, 4To NMpyu TAKOM METO/E MCIIbITa-

HUN UMUTUPYIOTCS HAIIPSDKEHUSI, BOZHUKAIOIINE IPU U3TO-
TOBJICHUH KOHCTPYKIUI (OCTaTOYHbIE CBapOYHBIE, COOPOU-
ueie) [12].

Henocrarkamu ucnbITaHUN TIPU TOCTOSHHOW Harpyske
win geopManyim SIBISETCS HEOOXOIMUMOCTh B OOIBIIIOM
KOJIMYECTBE OOpaslloB M HCIBITATENbHBIX MAIIUH, [PH
9TOM JJIMTEIbHOCTh UCHBITAHUNH COCTaBISE€T THICAYM Ya-
coB. Ilepexos Ha Ooree YCKOpEHHbIE UCTIBITAaHHSI O3BOJIII
OJTy4Yarb OOJBIIHNI 00beM HHPOPMAITUH MPH 3HAYUTEITHHO
MEHBIIINX 3aTpaTax MeTalljia U BpeMEHH.

Tem ne menee, ucnpitanust Ha KP ipu mocrostHHON Ha-
rpy3ke uiau aedopMalyy BBITOTHSIIOTCS HA CTaIuH IMPO-
BEPKU KOPPO3UOHHBIX CBOMCTB CYIOCTPOMUTEIbHBIX Mare-
puaioB B IPUPOJHOM MOpCKOW Bozie. MopcKHe CTEHI0BBIE
WCTIBITAHUST CTAJIA TIPOBOAUTHCS ¢ 1946 1. Mo MHUIMATHBE
I'B. AkuMoBa, Korja MOJ €ro PyKOBOJCTBOM OBLIM IIO-
CTPOEHBI ClielnalbHble KOPPO3UOHHBIE CTaHIMU B bapen-
ueBoM mope ([Janbuue 3enenusr) u Yepnom mope (I'enenn-
KUK). B cremyromme necsiTuineT s ObIUTH CO3AaHBl MOPCKHE
Koppo3uoHHbIe cTanuuu B CeBacronone, Onecce u Branu-
BOCTOKE.

Mopckue HCHBITaHUS MAaTE€pPUAIOB  BBIMOIHIIOTCS
C IEJBI0 OTPEJICIICHNUS UX CTOMKOCTH K OOIIeH WiH Jio-
KaJbHONH KOPPO3UU (SI3BEHHOM, IIEIeBOM, KOHTAKTHOIL).
Hampsiokenuss B o0pasnax s MpOBEACHUS HCIBITAaHUN
Ha KP co3nator 3a cuet 00pa30BaHuUs CBAPHBIX IIBOB MIIN
HaIlJIaBOK.

3aBepUIAIONIUM ATANOM OICHKU KOPPO3UOHHON CTOM-
KOCTH HOBBIX MaT€pHaJIOB Ul CYJOCTPOEHHUS SABISIOTCS
HaTypHBIC UCIBITAHUS, KOTOPbIE MPOBOIATCS HA DKCILTya-
THpPyeMBIX cynax. Hampumep, 1isi OEHKH KOPPO3UOHHOM
CTOHKOCTH HOBBIX KOPITYCHBIX CTajel BO BpeMs MOCTPOM-
KU WM JOKOBOTO PEMOHTA Cy[JHA 00pasIlbl 3aKPEIUIIOT Ha
MOJIBOZHOM YacTH KopIyca Tak, 4TOObl OHM ObUIM MOJHO-
CTBIO IEKTPUUECKU H30JIUPOBAHbI OT KOPILyca JIsl HCKIIIO-
YEeHHUs1 KOHTAKTHOM Kopposuu [14].

- UCNbITAHUA HA KOPPO3UOHHOE PACTPECKUBAHUE

SIBnennto KP KOHCTPYKIMOHHBIX cTajedl U CILJIaBOB
yzaensercs: 00JbpIIoe BHIMaHWE MHOTUMH HCCIIEIOBATEIIs-
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mu [1, 2, 8 —19]. Ilpennoxen mexanusm KP B mMopckoit
BOJIE, NPEACTaBJISIOIIMN MOCIeI0BaTeIbHOE NPOTEKaHUE
MOBTOPSIOLINXCST TPOIECCOB B BEPIIMHE KOPPO3HOHHOMN
TPELLUHbI, a UMEHHO:

— JIOKAJIbHOTO aHOJHOTO PACTBOPEHMS METANIa;

— THIPOIH3a MPOIYKTOB KOPPO3HUH, BBHI3BIBAIOIIETO 00-
pa3oBaHue JIOMOIHUTELHBIX HOHOB BOJIOPOAA;

— BOZIOPOJHOI0 OXPYIUUBAHU METAJLIA MO/ IEHCTBUEM
pacTAruBaOLUX HANPSKEHUN ¥ BO3HUKAIOUIMX Y BEpILU-
HBI TPEIIUHBI JJOKAIBHBIX 30H IIACTUYECKOH Je(opMannu.

YcraHoBieHb! (DAKTOPBI, BIUSIONIME HA COMPOTHUBIISC-
MocTb KP, K KOTOpBIM OTHOCATCA MeETaJIypruiueckoe
Ka4eCTBO CTaJM, YPOBEHb KATOAHON MOISPU3ALUU TMPHU
MPUMEHEHUH DJIEKTPOXUMHUYECKOW 3allWThl, BEJIMYMHA
BHCHIHUX W BHYTPCHHHUX HaHpHH(CHHﬁ, B TOM 4YHCJIC CBa-
pounbIX. IToka3aHo, 4TO NEPBOCTENIEHHOE 3HAYEHUE B CO-
npotusieHun marepuanoB KP nmMeer ypoBeHb NpodyHOC-
™ [20 — 28].

B HacTosi1ee BpeMsi B CyA0CTPOCHUH IS OTIPEIeIeHUs
CTOWKOCTH cTajneil u craBoB k KP mmpokoe pacripoctpa-
HCHUEC MOJYYWIN PA3JTNYHBbIC BAPHUAHTBL I/ICHbIT&HI/Iﬁ, OCHO-
BaHHbIE Ha JIBYX METOAAX:

— METOJ HCIBITaHUN 00pa3IoB ¢ MPEABAPUTEIHHO BbI-
paleHHONW YCTaJOCTHOM TpPEIWHOW (OCHOBAaHHBIM Ha
MPUHIMIAX MEXaHUKU Pa3pyILICHUs) IPU Pa3INYHBIX CIIO-
cobax Harpyxenwus [29 — 36];

— METOJ MCHBITAHWI 00pa3IoB MpU MOCTOSHHOW Ma-
nou ckopoctu nedopmaru (SSRT — Slow strain rate tes-
ting) [13, 29, 37 —41].

OcHoOBaHUEM UTS TIPAMEHEHUST 00pasloB C yCTalOCT-
HOM TpEUIMHON SIBJISIETCSl MPEANOIOKEHHE O HaJUduu
TPEIIMHOIIOTOOHBIX Ie(PEeKTOB B PeallbHBIX KOHCTPYKIIMSIX
B BHJIC JIUTEHHBIX TOP, AC(PEKTOB NMPOKATKM, KOBKU WU
TIpH CBapKe M COOpKe M3JIeNINH, a TaKKe BCIISICTBHE 00pa-
30BaHUsA MMOBCPXHOCTHBIX JIOKAJIBbHBIX KOPPO3UMOHHBIX I10-
BPEXJICHUN IPU SKCIUTyaTallMH. DTO MOXKET COKPATUTh MU
HUCKIIOYUTh CTaIUIO O6p330BaHI/IH TPCUINHBI. CKJIOHHOCTh
k KP ycranaBnmBaeTcsi ¢ MOMOINIBIO ammapara JTUHEHHON
MexaHuku pazpyumenus (JIMP) mo cunoBoMmy Kputepuro
KI (ko3 uiinenTy MHTEHCUBHOCTH HATIPSYKSHUH WITH BSI3-
KOCTH pPa3pylIeHHs), KOTOPBIA OIMpeeNseT HaNpsKEHHOE
COCTOSIHHE y BEPLIMHBI TPELIMHbI. POCT TpeuuHsl B Kop-
pO3HOHHOU cpele HaynHaeTcs npu K| = K scc, Ha BO3/y-
xe mpu K, .. Yem Oonbime pasnnune mexay K scc u K.,
TeM Bbile CKIOHHOCTh K KP [42 —46]. [Ins ucneiranuit
Ha KP wncmomesyrorcss o0Opasmbl, KOTOpBIE TPUBEICHBI
B ['OCT 25.506, T'OCT 9.903, ASTM E 1681. IIpumene-
Hue metonoB JIMP no3BossieT olleHuBaTh CKOPOCTh POCTa
TPELIUHBI, YTO BIEPBBIC AKCIEPUMEHTAIBHO OINPENeIUI
bpayn [47].

11 cOBpeMEHHBIX KOHCTPYKLMOHHBIX MAaT€pUasoB,
oOJIaJIAFOINUX TIPU BBICOKOH MPOYHOCTH 3HAYUTEIILHOM
IJIAaCTUYHOCTBIO, peanu3auus ycioBuil JIMP npu ucnsl-
tanusx Ha KP cranoBuTcs HETOCTHXKUMOUN. DTO MPUBEIO
K Pa3BUTHIO METOJIOB HEIMHEHHOW MEXaHUKH paszpylie-
Hus [30 — 32], mpu NPUMEHEHWH KOTOPBIX OTPEACIISIOT
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J-unTerpan (aHanor K), pacKphITHE y BEPIIMHBI TPEIIUHBI
ee OeperoB & mwiu CTOD (Crack tip open displacement).
Jnsa ompeneneHus 3TUX BEITUYUH CTPOSATCS R-KpUBBIC Ty-
TE€M MHOTOKpPAaTHOTO Harpy>K€HHs U pasrpyxeHus odpasua
Y U3MEPEHHS C MOMOIIBIO SKCTEH30METPa PaCKPBITHS Tpe-
uHb (puc. 1).

OmnsIT npoBeeHus ucnbsitTanuii Ha KP o6pasios ¢ Tpe-
LIMHOM B CYJOCTPOEHUU BBIBUI UX CYIIECTBEHHBIE Orpa-
HU4eHus. K HUM MOXHO OTHECTH:

— TPYAOEMKOCTb H3TOTOBJICHHSI 00PA3IOB CIOKHOH reo-
METPHUECKOH (hOPMBI;

— HEOOXOIMMOCTh HAaHECCHHUS TPEIIUMHEI HA CIICIHAIIh-
HOM 00OPYIIOBAHUU;

— BBIXOJI U3 CTPOSI JaTYMKOB PACKPBITHS TPELIUHbI U3-32
BO3JIEHCTBUSI KOPPO3HUOHHOM Cpeibl;

— HCKa)XXCHUE Pe3yJIbTaToOB pacyera MapaMeTpoB paspy-
IICHHUs TIPU BETBJIICHUH TPEIIMHBI WK €€ IPOXOKICHUHU 10
OIpENEICHHBIM CTPYKTYPHBIM COCTABIISAIOLUIMM MeTaJlja.

O BO3MOXHOCTU IpoBeneHust ucnbitanuil Ha KP npu
pacTsbkeHuu oOpasia uccieyeMoro Marepuaia ¢ HOCTOSH-
HOU Majoil CKOpOCThIO AedopManiuy BIIEpBbIC TOSBHINCH
myOnuKanuu okoiio monyBeka Hazan [14, 33]. Hesnauwm-
TEJbHBIE 10 CPAaBHEHUIO CO CTATUYECKUMH HCIIBITAHUSIMHU
CPOKU UX IPOBEACHUS, a TAKKE YCTAHOBJIEHHOE COOTBET-
CTBHUE TIOTy4aeMbIX 000MMHU METOJaMHU JAHHBIX 110 CKJIOH-
HOCTH CTajiell K BO3/ICWCTBHIO KOPPO3MOHHOM cpenbl [48]
nenaroT npuMenenue merona SSRT Hanbonee mpeanodTH-
TEJIbHBIM TP CPAaBHUTENIBHBIX HCIBITAHUAX Pa3IMUHBIX
MaTepuaoB.

PexomeH10BaHHBIE CyII€CTBYIOLIUMH CTaHIapTaMU CKO-
poctu AedopMaliu Npy MPOBEICHUM HCIBITAHUN CTanei
U CINIAaBOB Haxomarcs B mpemenax 107 — 107 ¢! [49, 50].
B padore [40] ycTaHOBIEHO, YTO CYIOCTPOHUTEIBHbIE KOP-
MyCHBIC CTAJH B HANOOIBIICH CTENICHN MPOSIBILIIOT YYBCT-
BUTENBHOCTh K KP B MOpcKkoii Bojie npu ckopocTu aedop-
manuu £ =10 ¢!, VMenbmenne ckopoctu aepopManuu
1o 107 ¢! mpakTHYecKd He BIMSIO HA XapaKTEePHCTHUKU

u nocneoyrowel Hazpy3Ku
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Puc. 1. Onpezenenue 8 METOIOM yIIPYToi MOJATIHBOCTH
ITyTEM IOCTPOEHUS R-KPUBOH

Fig. 1. Determination of § with elastic compliance
method by R-curve construction
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Puc. 2. Jlnarpamma «HanpspkeHHE G — OTHOCHTENbHAS AehopMaliys £»,
MoJTy4eHHas 1pu uctbsitanny cranu D40S Ha koppo3noHHOE pacTpe-
CKHBAHHE METOJIOM PACTSDKEHHS C MAJIOH MOCTOSHHON CKOPOCTBIO
nedopManiy py pa3IHIHbIX YCIOBHSIX HCIBITAHUIH:

1 - 3.5 % NaCl, karognas nomsipuzanusi; 2 — 3,5 % NaCl; 3 — Bozayx

Fig. 2. Stress ¢ — strain & diagram obtained at corrosion
cracking test of D40S steel by low constant strain rate stretching
under different test conditions:

1-3.5 % NaCl, cathodic polarization; 2 — 3.5 % NaCl; 3 — air

cxionHocTu ctanu k KP, HO yBenmuuuBamo UIMTEIbHOCTD
skcriepumenTa B 10 pa3. [lpu ucneiTannm ¢ Mayioil cko-
poOCThIO NedopMaliy HArpyKEHHE HAYMHAIOT OT HYJCBOIl
Harpy3Kd 110 pa3pyIIeHHs oOpasla ¢ ITOCTPOCHHEM JIha-
rpaMMbl PACTSDKCHUSI B KOOPAWHATAX «HAMPSDKCHUE — JIe-
dopmarmss». UToOBI ONpeeTuTh BIUSHUE KOPPO3HOHHOM
cpelsl, i1 CPaBHEHUs aHAJIOTHYHYIO JMarpammy Hcclie-
JlyeMOTro MaTrepHala CTpOsIT B MHEPTHOU cpene (puc. 2).

[To OKOHYaHMM HCIBITAHUN H3MEPSIOTCS OTHOCHTENb-
HOE YIUTMHEHUE O M OTHOCUTEIILHOE CY)KEHHE |y 00pasIioB,
ocMarpuBaeTcs IMOBEPXHOCTh o0Opasia (Ha Haludhe Kop-
PO3HOHHBIX TPEUINH) M MPOBOASTCS (pakTrorpaduyueckue
MCCIIEI0BaHMS 3JIOMOB C TIOMOIIBIO ONITHYECKOTO M DJIEKT-
POHHOTO MHKPOCKOTIA.

ComocTaBieHHEe AUArpaMM PACTSDKCHUS M 3HAUCHUI
€p> Oma> 0, , IOJTYYEHHBIX Ha BO3AYXE U B UCIIBITATEIb-
HOU cpezie, I03BOJIIET ONPEAEIUTh CKJIOHHOCTh MaTepuaia
k KP.

Bonee TouHbIM KpuTEpueM, NMOIYYaeMbIM U3 JUarpam-
MBI, KOTOPBII ONpeseNnsieT cTeneHb CKIOHHOCTH MaTepuaia
k KP, siBnsieTcst oTHOCUTEnbHast aedopmalins, pu KOTOPO
HaYMHACTCS pa3pylieHne odpasia B KOPPO3HMOHHOH cpeze
(st). Hdpyrum KpurepueM MOXKET CILy>)KUTh HallpsDKEHUE,
MIpU KOTOPOM HAUWHAETCS POCT TPEIIMHBI (ka) [40, 41].
OTO HampspKEHHE OMNPEACTSIETCS MO TOYKE PACXOXKJICHHUS
KPUBBIX ISl MHEPTHOW M KOPPO3UOHHOM cpenbl. Taxxe
MOXXHO HCIIOJb30BAaTh OTHOILICHUEC SKP u GKP K OTHOCH-
TENFHON NeOpMaIlMid M pa3pylIaloieMy HalpsHKEHHIO,
MOTy4EHHBIM NIPH HCIBITAHUN B MHEPTHOI cperne. Jedop-
MAallMOHHBIA KPUTEPUH, 3aBUCSIIMI OT Cpeabl, Temiepa-
TYpBI U CBOWCTB MaTepHana, MOXKET XapaKTEepU30BaTh €ro
COCTOSIHHE B YCJIOBUSIX CTaTH4ECKOIo, KBa3UCTaTUYECKOTO
U LUKIUYECKOro HarpyxkeHus. 11o cpaBHEHHIO C CUIOBBIM
KPUTEpUEM OH JIydllle OTpakaeT (HU3UUECKYI0 HPUPOLY
KOPPO3MOHHO-MEXaHUUECKOTO PaspyILICHUS U BIMSHUC HA
HEro BHEUTHUX W BHYTPEHHUX (DaKTOPOB, a CHIIOBOM KpH-
Tepuil ynoOeH B KadecTBE HEMOCPEACTBEHHBIX XapaKTe-
PUCTHK TIpHU pacyeTax pabOTOCIOCOOHOCTH —H3IEHN
U KOHCTpyKuuit [2, 25 — 26, 51 — 54].

BaxxnbiM 3Tanom omnpeneneHuss KOPPO3UOHHOW CTOM-
KOCTU CYAOCTPOUTECIIbHBIX MAaTCPpHUAJIOB ABJIAKOTCSA CTCHIO-
BbI€ UCIIBITAHUS B IPUPOAHON MOPCKOM BOJIE MIIA MOPCKOM
arMocdepe, MAKCUMAJIbHO NPHOMIKCHHBIE K PEalbHBIM
yCcImoBUSAM  dKcruTyararud. OOpasmbl  ycTaHABIMBAIOTCS
Ha JUTUTENBHBIA CPOK (HE MEHEee OHOTO rofia), B TEUCHHE
KOTOPOTO TIPOBOZSTCSI TPOMEXYTOUHBIE OCMOTPHI C (BHIK-
canueil KOPpPO3UOHHBIX IOPAKEHUM € y4€TOM CTaHAapTa
ASTM [55]. Okcro3unus MeTaJUTMYECKUX 00pa3IoB B pas-
JUYHBIX palioHaXx MHpPOBOro okeaHa MO3BOJISIET OLIEHUTH
UX KOPPO3UOHHYIO CTOMKOCTh B 3aBUCUMOCTHU OT U3MEHSIIO-
IMIUXCST TApaMETPOB: TEMIEPaTypbl MOPCKOH BOJBI, COJIe-
HOCTH, KOJINUECTBA PACTBOPEHHOI'O KHUCIOPOAA U CTEHNEHU
O6uooOpacranus [56, 57].

o e

Puc. 3. HatypHble UCIIBITaHUS TP TOTPY>KEHUH 00pa3IioB B MOPCKYIO BOJLY C UCIIOJIb30BAaHUEM KaCCEThI

Fig. 3. Field tests for immersing samples in seawater using a cassette
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Ha puc. 3 mpeacrapnen cTeH B BUJIE KaCCETHI C 3aKpe-
IUTCHHBIMH B Hell 00pa3naMu pa3iInyHbIX CYIOCTPOUTEIh-
HBIX CcTajiel, B TOM YHCJI€ CO CBAPHBIMU IIBaMH, pa3MEPOM
350%250%(4 + 20) MM Tiepesi Ha9aJaIoM UCTIBITAHWH U B MO-
MEHT HorpyxeHus [49].

B xagectBe mpuMepa KpYIMHOTa0apHTHBIX CBAapHBIX
00pa31oB KOPIYCHBIX CTajlel Ha puc. 4 mokazaHa MOJIENb
CBapHOIO COEJUHEHHUS C JIOTOJHUTENIBHO HaIUIaBIEHHBIM
KOHTYypoM. Ha Takux oOpasuax, TIOMUMO CTOMKOCTH K 00-
el Koppo3uu, OlleHnBaeTcs CKIIoHHOCTh K KP mox aeiict-
BHEM OCTaTOYHBIX CBAPOUYHBIX HAMpPSKEHUH.

Kak mnpaBuio, 3akmounTeNbHOW CTaauel TPOBEPKHU
KOPPO3MOHHON CTOMKOCTH MarepHalla sBJIsI0TCS HaTypHbIE
HCIBITAaHUs,, KOTOPBIE MPOBOIAT Ha DJIEMEHTaxX CYIOBBIX
KOHCTPYKUMH U CHUCTEM, BBITIOJHEHHBIX U3 HUCCIIENYEMOTO
MaTepuala, B YCIOBUAX AKCIUTyaTauuu cyiaHa. Haryphble
WCTIBITAHUS UISITCSL OT OHOIO T0J1a 10 HECKOJIBKUX JieT. 1o
HUM OKOHYAaTeJIbHO OLIEHUBAETCSl KOPPO3HMOHHAS CTOMKOCTD
CTaJIM UJIU CILJIaBa.

Ilocne nmpoBeneHUss HATYPHBIX HCHBITAHUN NpPUHHMA-
€TCsl OKOHYATEJIbHOE PEIIEHHUE O BO3MOXXHOCTH HCIIOJIb-
30BaHMsl HOBOTO MaTepuajia B CYIOCTPOEHMH B COCTaBe
KOHCTPYKLHUH, paboTaloIMX B MOPCKOM BOJE, U, TPH HEOO-
XOIIMMOCTH, O IPUMEHEHNHU CPEACTB 3alUThl OT KOPPO3UH,
a TaKOKe OIPENENAETCsl CPOK  IKCIULyaTaluu 10 OUEPEqHO-
'O IJIAHOBOTO PEMOHTA.

[l BbiBOAbI

CBapHble KOPIYCHBIE KOHCTPYKIMHM MOPCKHX CYIOB
U CTaLlUOHAPHBIX COOPYKEHUH OJHOBPEMEHHO UCIIbIThIBA-
0T BO3JEWCTBUE MOPCKOIM BOJBI U MEXaHUYECKHX Harps-
KCHUH, YTO MPUBOIAUT K HEOOXOAMMOCTH OLIEHKH HX CO-
MIPOTHUBIICHUS] KOPPOZUOHHOMY PacTPECKUBAHUIO.

B HacTos11ee BpeMs B CyAOCTPOEHUM Ul ONIPEEIEeHUs
cToiiKkocTH cTtanei u craBoB k KP mupokoe pacnpocrtpa-

Puc. 4. MoznenbHble cBapHBIC KOHCTPYKIUH JUTS UCIIBITAHNH IIPU T10JI-
HOM IIOIPY’>KEHHHU B MOPCKYIO BOZY

Fig. 4. Model welded structures for tests at full immersion in seawater

HEHME NOIY4YUIN pa3IuyHble BApUAHThI UCIIBITAHUM, OCHO-
BaHHbBIC Ha IBYX METO/IaX:

— METOJ WCIBITAaHWH 00pa3loB C TPEABAPHTEIHEHO
BBIPAIIEHHON YCTAJOCTHOW TPENIMHON, OCHOBAHHBIA Ha
IIPUHLMIIAX MEXAHUKU pa3pyLIeHUs, IPU PA3JINUHbIX CIIO-
co0ax HarpyKCHUS,;

— METOJT UCTIBITAaHHI 00Pa3IOB MPH MOCTOSHHON MaJIOH
ckopoctu aedopmaruu (SSRT).

Mopckue CTEHAOBBIC HCIBITAHUS CBAPHBIX 00pas3IoB
Y KOHCTPYKIMIA M HaTypHBIC UCIIBITAHUS B COCTaBe JACUCT-
BYIOIIUX CYJOBBIX CHCTEM IO3BOJISIIOT IPUHATH OKOHYA-
TEJIbHOE PElIEHHE O BO3MOKHOCTH HMCIIOIb30BAHUS HOBBIX
MaTepHualioB B CYIOCTPOECHUU.
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UCCNEQOBAHUE TENJIOBOIO COCTOAHMUA
ONNHHDBIX ONMPABOK TPEXBAJZIKOBOTO
PACKATHOTO CTAHA

H. M. BaBuikuH, A. C. byAHUKOB
| HaumnonanbHublii neeienoBaTesibekuii TexHosoruyeckuii yausepeurer « MUCuC» (Poccus, 119049, Mocksa, Jlenunckuii np., 4)

AnHomayus. Pa3paGoTaHa MeTOJMKA UHMCJIEHHOTO AaHAJN3a TEIUIOBOTO COCTOSHMS JUIMHHBIX OIIPABOK TPEXBAJIKOBOIO PACKaTHOIO CTaHa
C MCTIOIB30BAaHUEM COBPEMEHHBIX MPOrPAMMHBIX CPEICTB KOMIBIOTEPHOrO MozenupoBaHus. OmpeeseHbl HauyalbHble M TPAHUYHbIC yCIOBUS,
YUHUTBIBAIOIIME OCOOCHHOCTU PAcKaTKU B TPEXBAJIKOBOM CTaHE BHHTOBOM NPOKATKU Ha JUIMHHOM ompaBke. IIpoBeeHa kauecTBeHHas OLCHKA
TEIJIOBOTO COCTOSIHUS JUTMHHO ONPaBKHM, MOCPEICTBOM BH3YAIM3HPOBAHHOTO TPEACTABICHNUS YCTAHOBIICHA €r0 CYIIECTBEHHAs! HEOTHOPOIHOCTb.
BbIsiBIICHO BIMSIHUE TEMIIEpaTypbl PacKaTKu M JUaMerpa JAIMHHOW ompaBku. ONpaBKM MaJloro JiamMeTpa pa3orpeBaloTcst 10 0osee BBICOKHX
temmeparyp (577 °C) npu cyiecTBeHHO MEHbBIIIEM IPAJUEHTE MKy OCEBOU 30HO 1 TOBEPXHOCTHIO. YBEIHUCHUE UAMETPa OMPaBKH 10 154 Mm
CHIKAET TeMIlepaTypy HapykHoH nosepxHocTH 10 530 °C u yBeNnuuMBaeT TeMIIepaTypHbIil rpaIMeHT B IPUIIOBEPXHOCTHBIX cI0sX 10 18 °C/MM.
Temmeparypa B MPUIIOBEPXHOCTHBIX CIOSIX s ompaBku 154 mm Ha paccrostaun 10 — 15 MM oT moBepxHocTH cHIbkaetcs ¢ 530 mo 315 °C.
YcTaHOBIIGHBI 0OCOOGHHOCTH TEMIIEPATYPHOTO IOJIsl B MOMEPEYHOM CEUSHHM C YYeTOM TEIIOBOrO B3aMMOAEHCTBUS THIIB3bI C ONPABKOIl B 30HE
KOHTaKTa C TOPSIYMM METaJIOM U B 3a30paxX MEXKIy BalkaMu. Temrmeparypa MPHUIIOBEPXHOCTHBIX CIOEB B 30HE KoHTakTa Ha 30 °C BhIme, yem
B 3a3zopax. Onpe/eneHbl 3aBUCUMOCTH TEMIEpaTypbl XapaKTEPHBIX TOUEK ITONEPEYHOr0 CEYEHHs OT BPEMEHH pAacKaTKH. YCTAHOBIEHO, YTO
B IIEPBBIE JIBE CEKYH/IbI HAOIIOIAETCSl MHTEHCUBHBIN POCT MO apaboInuecKoMy, a ajee 10 JIMHEHHOMY 3akoHy. Temmeparypa HeHTPaIbHBIX CII0EB
paarycom 50 MM yBEJIMUMBAETCS C TOPA3/10 MEHbIIEeH HHTEHCUBHOCTBIO, IpruMepHo Ha 100 °C 3a Bech NepHojl pacKaTKH, TOT/A KaK 3a TOXKe BpeMst
TIPUIIOBEPXHOCTHBIE clou pazorpesatorcs Ha 300 — 400 °C.

Katouegble c108a: BuuTOBas IPOKATKa, TEMIIEparypa, JUTMHHAS OLPABKa, packaTka, OeciIoBHas TPy0a, TPEXBAIKOBBIH CTaH, TEILIOBOE COCTOSIHHE, TeM-
HepaTypHoe roie

Jnst yumupoeanus: Basunkun H.M., Bynaukos A.C. VccrienoBanue TEIIOBOrO COCTOSIHUS JUTMHHBIX OMPABOK TPEXBAJIKOBOTO PACKAaTHOTO CcTaHa //
W3sectus By30B. Yepnas metasuryprus. 2022. T. 65. Ne 3. C. 163—-169. https://doi.org/10.17073/0368-0797-2022-3-163-169

Original article INVESTIGATION OF THERMAL STATE
OF LONG MANDRELS ON THREE-ROLL ROLLING MILL

N. M. Vavilkin, A. S. Budnikov
| National University of Science and Technology “MISIS” (4 Leninskii Ave., Moscow 119049, Russian Federation)

Abstract. A technique was developed for the numerical analysis of the thermal state of long mandrels of a three-roll rolling mill using modern computer
simulation software. The initial and boundary conditions were determined taking into account the peculiarities of rolling in a three-roll screw rolling
mill on a long mandrel. The authors carried out a qualitative assessment of the thermal state of a long mandrel by means of visualized representation
and established its significant inhomogeneity. Influence of the rolling temperature and diameter of the long mandrel were revealed. Small diameter
mandrels are heated to higher temperatures (577 °C) with a significantly lower gradient between the axial zone and the surface. An increase in the
mandrel diameter to 154 mm lowers the temperature of the outer surface to 530 °C and increases temperature gradient in the near-surface layers up
to 18 °C/mm. So the temperature in the near-surface layers for a mandrel of 154 mm at a distance of 10 — 15 mm from the surface decreases from
530 °C to 315 °C. Features of the temperature field in the cross section were established taking into account thermal interaction of the sleeve with the
mandrel in the zone of contact with hot metal and in gaps between the rolls. Temperature of the near-surface layers in the contact zone is 30 °C higher
than in the gaps. Dependences of temperature of the cross-section characteristic points on the rolling time were determined, it has been established that
in the first two seconds there is an intense growth according to the parabolic, and then according to the linear laws. Temperature of the central layers
with a radius of 50 mm increases with a much lower intensity, by about 100 °C during the entire period of rolling, while during the same time, the
near-surface layers are heated by 300 — 400 °C.

Keywords: screw rolling, temperature, long mandrel, rolling, seamless pipe three-roll rolling mill, thermal state, temperature field
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CTOAHUWSA NJIMHHBIX OITPABOK TPEXBAJIKOBOI'O PACKATHOT'O CTaHa

- BBEAEHUE

Tpybompokarusie arperatsl (TIIA) ¢ TpexBaaKOBBIM
pacKaTHBIM CTaHOM SIBJISIFOTCSI 3HAYMMOMN COCTaBJISIOIICH
TPYOOIPOKaTHOrO MPOU3BOACTBA, O0ECIIEUMBAIOIIETO H3-
TOTOBJICHHUE TOYHBIX OCCHIOBHBIX TPYO M3 YIJIEPOIUCTHIX
U CpeAHEJIeTUPOBaHHbIX CTaJIEH.

JITMHHBIE ONIPAaBKU PACKATHBIX CTAHOB SIBIISIOTCS BaXK-
HEHIIKUM 3JeMeHTOM pabouero uHctpymenta TIIA, B 3Ha-
YUTETHHON Mepe BIUSIONINM Ha U3ICPKKH MPOU3BOJICTBA
u cebecTouMOCTh OeclIOBHBIX Tpy0. OHU MOIBEpraroTcs
IUKIMYECKOMY TETUIOBOMY BO3JICHCTBHIO IPH HarpeBe
B [IEPUOJ B3aUMOJEHCTBHS C TOPSAYUM IPOKATHIBAEMbBIM
METAJJIOM M OXJIQXKJECHUH TI0CTIe PACKATKH U TPAHCIIOPTH-
poBku [1 — 3]. Ilpu 3TOM BenMUMHA U XapakTep pacnpene-
JICHHUS TEMIIEpaTyphbl B ONpaBKaX, BIMAIONICH Ha MEXaHH-
YEeCKHe CBOMCTBA UX MaTepuala U BEIUYUHY TEPMHUUECKUX
HarpsDKeHUW, B 3HAUUTENBHOW CTENEHU 3aBHUCST OT TEX-
HOJIOTUYECKHUX (HaKTOPOB M, B KOHEYHOM CUETE, CYIIECT-
BEHHO BJIMSIOT HA M3HOCOCTOWKOCTh. [locTosiHHOE yBenu-
YeHUE TPeOOBAHMI K Ka4e€CTBY BHYTPCHHEH IMOBEPXHOCTH
TpyO, HEOOXOAMMOCTh PACHIMPEHHsI COPTAMEHTA W3JICITUi
00yCJIaBIMBAIOT MOBBIILIEHHOE BHUMAHUE K UX TEIIOBOMY
COCTOSTHMIO M JICJIAIOT €T0 HCCIICIOBAaHIE BECbMa aKTyallb-
HBIM [4, 5].

- MOCTAHOBKA 3A0A4YU U METOAUKA UCCNEQOBAHUA

MHOro4YHCcIeHHbIE U CHCTEMaTHYECKHE HCCIEI0BaHUS
TETJIOBOTO COCTOSTHHS PACKAaTHBIX OMPABOK, PE3YJIBTAaThI
KOTOPBIX MPHUBEJCHBI B padoTax [6 — 9], CBHIETENBCTBYIOT
0 BBICOKOW A(PEKTHBHOCTH METOJa KOHECUYHBIX Pa3HOCTEH
(MKP) [10]. BropeiM u3 Haubozee pacHpoCTpaHEHHBIX
YHCIEHHBIX CIIOCOOOB HCCIICITOBAHMS TEPMUUCCKUX 3a7ad
SIBIISICTCSL METOJ KOHeuHbIX snemeHtoB (MKD) [11 — 14],
peanu3yeMblii OONBIIMHCTBOM COBPEMEHHBIX IIPOTPaMM-

HbIX CPCACTB KOMIIBIOTEPHOTO MOACIUPOBAHUSA, TaKUX
kak QForm, DEFORM, SolidWorks, COSMOSWorks
n Opyrue, aBjIsACTCA BECbMaA IMPUBJICKATCIIBHBIM JI pEIIC-
HUSI 337a9 UCCJICOBAaHMS TEIUIOBOTO COCTOSHHS HHCTPY-
MeHTa [15 — 19]. B cBs3u ¢ TUM, A7 OLUEHKH TEMJIOBOTO
COCTOSTHHS JITMHHON IMIMHAPHYECKON ONIPaBKH, padoTaro-
mei B masarolieM pexxume Ha TIIA ¢ TpexBaIKOBBIM
packaTtHeIM cTaHoM, ObUT BeIOpaH MKD. IlpoBepka ajnex-
BaTHOCTHU U BCpI/I(l)I/IKaLlI/IH MOACIN METOJOM KOHCYHBIX 3JIC-
MEHTOB JJIS TIPOIecca PACKaTKU TPYO TP PEHICHUH TEM-
MepaTypHOTo MOJsI ONMpaBKH IpejCTaBleHa B padote [6],
a Takoke [20], rae npuBeIeHBI CpaBHEHUS SKCIIEPUMEHTAITb-
HbIX U PACYCTHBIX JaHHbIX.

HccnenoBanue TEIIOBOTO OIS OCYIIECTBILIIOCH B Ye-
THIPEX TMOMNEPCUHBIX CCYCHHUAX, PACIIOJOXKCHHBIX Ha pac-
crossann 2, 4, 6 1 9 M OT HAKOHEYHUKA OIMPABKH, a TaK JKe
Ha 33/JIHEM KOHIIE U JJIs TpeX TodyeK Ha pacctosHuu 50, 60
1 70 MM 10 pagHycCy OT OCH OIPABKH.

JIs OLleHKH TeTIOBOTO COCTOSTHUSI AJTMHHBIX OMPABOK,
paboTarIUX B «IJIABAIOIIEM» PEKUME, ObUT BHIOpAH pac-
katHo#t cran TIIA 160 AO «IlepBoypasibckuii HOBOTPYO-
HBIH 3aBO», TEXHUUECKASI XapaKTEPUCTHKA KOTOPOTO H MC-
XOJIHbIE IaHHBIC TIPE/ICTABJICHBI B TA0JIHIIE.

IIpy wuccrnenoBaHWM TEIJIOBOTO COCTOSHUSA JJIMHOU
OIIPaBKHU B IIPOLECCE TOPsAYEH BUHTOBOM MPOKATKU I'MIIb3bI
B UCPHOBYIO TPYOy YUMTHIBAIOTCS CIICAYIONINE XapakKTep-
HbIE 0COOCHHOCTH:

— nedopManus THIb36I IPOU3BOIUTCS HA TPEXBAIKOBOM
CTaHe BUHTOBOM NMPOKATKU C MPUMEHEHHEM JJTUHHOW M-
JHIPUYECKOH OTIPaBKH;

— OIpaBKa MepeMenaeTcs BAoJIb oyara aedopMaiiu co
CKOPOCTBIO THIIB3HI,

— B 30HE ovara JeopMaliu 1 3a Hell TerI000MeH ocy-
IECTBISICTCS Yepe3 CII0H OKAJIMHBI U CMa3KH;

— KOHTaKT OMpaBKU C TOPSAYMM METaJIOM B odare Je-
(dopMaIy OCYIIECTBISIETCS C YYETOM 3a30pOB MEKIY

YeaoBus MoneIMpOBaHUs

Simulation conditions

TexHn4eckas XapakTepUCTHKA PAaCKaTHOTO CTaHa Hcxonnbie nanHbe
JuameTp pabouux BaJIKOB, MM 440, 360, 490 | Marepuain onpaBku 35XH2D
KosruecTBoBO 000pOTOB, 00/MUH 75 -300 Temneparypa ruiib3bl, °C 1100 — 1150
Yron nogaun MakcUMasabHBIN, Tpal. 12 MammHHOe BpeMsl packaTku, ¢ 8
Yron packatku, Tpaji. -7 CkopocTh, M/C 4,6
[uameTp onpaBku, MM 42— 154 Hauanbenas temneparypa onpask, °C 100
JniHa oripaBKU, M 9,5-10,5 - 10,5
JnameTp ruib3bl, MM 105 - 231 — 40; 140; 154
Tonmmua CTEHKYU THIIB3BI, MM 20,535 - 20,5; 31; 35
JuameTp uepHOBOH TPyOBI, MM 78 — 207 - 78,9; 198,3; 207
TonmmuHa CTEHKU Y€PHOBOM TPYOBI, MM 18 -25 - 18;21; 25
- - Cmaska I'paduroBas
- — Koo puuuent rennonepenaun cmaszku [21]| 3000 Br/m?K
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BHYTPEHHEH IIOBEPXHOCTBHIO TUJIb3bl U HAPY’KHOU IOBEPX-
HOCTBIO OIPAaBKU B MEXBAJIKOBOM IPOCTPAHCTBE.

[Ipn pemeHun 3a1auil MPHHUMAIOTCS CIIEAYIOLINE JI0-
Ty LLEHUS:

— BHYTPCHHSISI TEILIOTA [UIACTUMECKOM Aeopmaruu g, "
PABHOMEPHO BBIIEISICTCS TI0 BCEMY 00BEMY C MTOCTOSHHOIM
MOIIHOCTBHIO;

— TCIUIOTA TPCHHS ¢, BBIICIACTCA HEIPEPBIBHO M MOC-
TOSIHHO [0 BPEMEHH Ha CEPEUHE CII0S CMA3KU KOHTAKTHBIX
TIOBEPXHOCTEH ¢ ompaBkoi [22 — 23].

Takum 00pa3oM MOXHO CHOPMYIUPOBATH CIETYIOUIYIO
3ajady: JABa LWIMHAPUYECKHUX Teja, ONpaBKa M T'MJIb3a,
C HayaJIbHOW Temneparypoii 7y u T B HayaJbHbIA MOMEHT
BPEMEHH BCTYIAIOT B TEILIOBOE B3auMMoAeHcTBHE. B mpo-
[[ECCe PACKATKU MPOMUCXOAUT 00XaTHe TWIb3Bl 1O Jua-
METpY ¥ TOJIIMHE CTEHKH. TerurooOMeH Mex Iy TeJIaMu Ha
HezneopMupyromeMcs yaacTke (B 3a30pe MEXIy BaJIKaMH )
OCYILECTBILICTCS Uepe3 BO3AYIIHEIHN 3a30p, a Ha JeGopMu-
pyromMMest — uepe3 cjaoi okanuHbl U cMma3ku. [locie ox-
JIaXKJIEHUS ONPAaBKU BOJOM TEMJIOBOE BO3ICHCTBHE Ha HEe
HUKIIMYECKU MMOBTOPACTCA.

Maremaruyeckoe ONnucaHue TEIUIONPOBOAHOCTH Mpe-
craisgercs nuddepeHanIbHbIM YPaBHEHUEM HECTAIHO-
HapHOH TEIUIONPOBOAHOCTH B BUJIE:

o'T T o'T or
— Tt +qBH+qJ:[T :pcaﬂ (1)

o’ 8y_2 oz*

e k — koaddunment remnonposoanoctu, Br/(m>K); T—
TEMIIEPATYPHOE TOJIE; ¢, — MOUIHOCTh BHEIIHETO HCTOY-
HUKa TeIlIa, KOTOpasi XapaKTepU3yeTcsl TEIUIOBbIM B3aUMO-
JIEUCTBUEM MEXKy THIIb30M U OIIPaBKOM Yyepe3 BO3AYIIHbIN
CIIOM TEXHOJOTHYECKOTO 3a30pa, Br/m?; q,, — IIOTHOCTH
TEIUIOBOTO [TOTOKA, 00YCIOBIEHHOTO BBIJEIEHUEM TEILIOThI
TIPH IUIACTHYECKOH Aeopmarun g, ( ¥ 32 CUeT paboTHI cuit

Temnepamypa,
“C

530
494
458
422
386
351
315
279
243
208
172
136
100

a

TpeHus q, ., BT/M?; p — IIIOTHOCTB, KI/M>; ¢ — y/IelbHast Te-
1oeMKocTsh, Jlx/(kr-K); T — Bpemst nnkia B3anMoaeHCTBU
OTIPABKH C THJIB30H. B KauecTBe 00beKTa HCCICIOBAaHNS HUC-
[10J1b30BAJIACh JUIMHHAS ONpaBka auameTrpoMm 140 MM, Kak
Hanbonee MaccoBo mpumensiemas Ha TIIA paccmarpuBa-
eMoro Tumna. Pelenne TemnuoBoi 3a1a4u OCyIECTBISIIOCH
B niporpamme SolidWorks. Cravana 6b11a OCTpOCHA TPeX-
MepHasi MOZIENb JUIMHHOHM ONPaBKH, a Jaliee yCTaHaB/INBa-
auch TpeOyeMble TPAHUYHBIC U HaualbHBIC YCIOBHUS 3aj1a-
YH, KOTOpBIE OBUTH ITPE/ICTABIICHBI PaHee.

- PE3YNbLTATbI UCCIEAOBAHUIA U UX OBCYKOAEHUE

B Hauane Oblna mpoBeJeHA KaueCTBEHHAs OLEHKA IO
CpPE/ICTBAM BH3YaJIH3HMPOBAHHOTO MPEICTABICHIS TEMIIepa-
TYpHOTO TOJIst onpaBku fuamerpoM 140 MM, kak Hanbosee
MaccoBo npumensiemoi Ha TITA-160.

KauecTBeHHasl OLleHKa TEMIEPaTypHOro HOJs B MOIe-
PCYHOM CEUCHHHU CEPEIMHBI ONPABKH (HAa PACCTOSHUH 6 M
OT HAKOHEUHMKA) JAJsl Mpolecca PacKaTKu TUIb3bl C UC-
xonHoi temneparypoil 1150 u 1100 °C npencraBnena Ha
puc. 1. BeiOpanHble TeMmeparypsl COOTBETCTBYIOT OOJIb-
IIMHCTBY PEXHMMOB PACKaTKH TpyO M3 MIapHUKOIOIIINII-
HHUKOBOH U yriepoAaucToil Mapok crtanu. TemnoBble mouist
MOTICPEYHBIX CEUCHHWH ONpaBKH (CM. puC. 1) oTaHyaroTcs
TOJIBKO 3HAUEHMSIMHU TEMIIEpaTyp B HauOojee pa3orperhix
MPUTIOBEPXHOCTHBIX cilogx. Ha mmybune 5 — 6 MM ot mo-
BEPXHOCTHU HAOIIOaeTCsl MAKCUMalbHAs TEMIeparypa, Ko-
TOpas B 3aBUCHMOCTH OT YCIIOBHUS TETJIOBOTO B3aNMOCHCT-
BUs ¢ ruib30i cocrasisger 480 — 530 °C. Ha paccrosHun
10 — 15 MM OT IOBEPXHOCTH ONpaBKU TeMIleparypa CHU-
xkaercs 10 315 °C, a Ha 20 — 25 MM U B cepeHE COCTaB-
asiet 210 — 100 °C coorBercTBeHHO. TemmeparypHbiii rpa-
JUEHT 10 Pajnycy ONpPaBKH B NMPUIOBEPXHOCTHBIX CIIOSX
Ha Tiyomeae 10 MM HamOonpmmii m paen 18 °C/mm, Ha

Temnepamypa,
“C

511
476
442
408
374
340
305
271
237
203
169

134
100

o

Puc. 1. BuzyanusupoBaHHOE IIPEACTaBICHUE TEMIIEPATYPHOTO MOJISt PACKATHOMN IIaBAIOILEH ONPABKU P HCXOIHOM Temreparype ruib3sl, °C:
a—1100; 6 — 1150

Fig. 1. Visualized representation of temperature field of rolled floating mandrel at sleeve initial temperature of:
a—1100°C; 61150 °C
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paccrosgHuu or 10 1o 20 MM OT IIOBEPXHOCTU OIPABKH —
15 °C/mmM, a Ha 50 MM — 3,3 °C/mMMm. B oceBoii 30He paauy-
coM 20 MM TemImepaTrypa OINpaBKU IPAKTUUYECKH HE H3-
mensiercst u cocraBmsier okoio 100 °C. Takum oOpazom,
HaOmomaeTcs KBAa3UCTALMOHAPHOE COCTOSIHHE TeMIepa-
TYPHOTO IOJS B OCEBOM 30HE. ECM CpaBHUTH MOITy4YEHHBIE
pe3yNbTaThl ¢ JaHHBIMHU, TIPEACTaBICHHBIMU B padore [22],
rJe MakcuMallbHas TeMmIleparypa Ha IOBEPXHOCTH OIpaB-
ku cocrasisieT okosio 700 °C ¢ MakcHMalbHBIM T'PagUEH-
ToM 40 °C/MM, TO YCTaHOBJICHHBIC 3HAUCHHS TEMIICPATYPhI
" rpau€HTa B JaHHOM Cjiyda€ CYHICCTBCHHO HMHIKEC U HC
CO3JAI0T 3HAUUTENIbHBIX TEPMUUECKUX HaNpsKeHUH, KOTo-
pbIe MOIIIN ObI IPUBECTH K Pa3pyLICHUIO HHCTPYMEHTA, 4TO
MOATBEPAKAAETCS U [UIMTEJIbHOM MPAaKTUKOM MPUMEHEHUs
PACCMOTPEHHBIX OMPABOK.

3HaYMTENbHBIM MHTEPEC MPEICTaBIsAeT OLIEHKA TeMIle-
paTypHOTO TONS B 3aBUCHUMOCTH OT YCJIOBHUI TEIUIOBOTO
B3aMMOJEHCTBHS C THJIB30M B 30HE KOHTaKTa C pa3orpe-
TBIM METAJUIOM M B 3a30pax MEXIy paOOYMMHU BaJKaMH.
Haubonpmas pa3HOCTh TeMIeparyp OIPaBKH B ITHUX 30-
Hax HaOirofaeTcs Ha TIyOMHE 5 — 6 MM OT MOBEPXHOCTH
ompaBku U coctasisieT okojio 30 °C, uro cnemxyer u3 puc. 2.
Ha paccrossauu 10 — 15 MM 0T OBEpXHOCTH 3Ta Pa3HOCTD
ymenbmaercs 0 10 °C, a Ha 20 MM 1 OoJiee CTAaHOBUTCS
HE3HAUUTEJIbHOW. B Tpex ocCTalbHBIX IONEPEYHBbIX ceue-
HUSX IEHTPATGHON YaCTH ITMHHON OIPaBKU HAOIIOHAETCS
noAo0Has KapTHHA TeMIepaTypHOro nomis. Pa3HocTh Mex-
[y 3HAQYEHUSIMH TEMIIEPaTyp 30HbI KOHTAKTa C METAJIOM
1 B 3a30p€ MCXKAY BaJIKAMHU B MOIMNCPCUYHBIX CCUCHUAX HEC-
3HAYHUTENbHA (CM. pHC. 2), OJHAKO HaOJIOJaeTCsi TCHJICH-
1yl K €€ YBCIIMYCHHNIO Ha KOHIEBBIX YUaCTKaxX OIIPaBKU Ha
pPaccTOsIHUU 2 M OT IIEpeAHEro U 3aaHero Topuos. Tak, pas-
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Puc. 2. Pacnipesienenue remneparypsl 10 JUIMHE ONPaBKH
B XapaKTEPHBIX TOUKAX:
1 — Ha paccrosgHuu 70 MM OT OCH ONpPaBKH; 2 — HA PacCTOSIHUM 60 MM
OT OCH ONPaBKH; 3 — HA pacCTOSTHUU 50 MM OT OCH OTIPABKH;
= — B 30HE KOHTAKTA C METAJLIOM; === — B 3a30paX MEXy BaJIKaMH

Fig. 2. Temperature distribution along the length of mandrel
at characteristic points:

1 — at a distance of 70 mm from the mandrel axis; 2 — at a distance
of 60 mm from the mandrel axis; 3 — at a distance of 50 mm
from the mandrel axis; = — in the zone of contact with metal;
===—in gaps between the rolls
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HOCTh MEX]ly TeMIIepaTypaMy Ha 3aJJHEM KOHIIE COCTABIIsI-
et 50 °C.

Ha puc. 3 npezncraBiaeHbl KpUBbIE pa30rpeBa ONpPAaBKU
B Ipoliecce packarku B TeueHue § c. Ha nepBeIx aByX ce-
KyHJaX 3aKOHOMEPHOCTb M3MEHCHMS TEMIIEPATyphbl MpH-
MIOBEPXHOCTHBIX CIIOCB UMEET MapaboIMUeCKUi XapakTep,
a janee — nuHelHbld. Temneparypa LEHTpalbHBIX CIOEB
pamrycom 50 MM yBeTHUMBAETCS C TOPa3/l0 MEHbBIICH WH-
TEHCUBHOCTHIO, puMepHo Ha 100 °C 3a Beck nmepuox pac-
KaTKH, TOTJIa KaK 3a TO K€ BpeMs PUIIOBEPXHOCTHBIE CIIOU
paszorpesatorcs Ha 300 — 400 °C.

Ha puc. 4 npencraenensl TemneparypHble HOJsS s
onpaBku AuaMeTpoM 42 u 154 mm.

Kak BumnHO U3 puc. 4, a, Temneparypa HapyXHBIX CIIO-
€B OIpaBKU MeHblIero auamerpa cocrasuster 577 °C, a
BHYTPEHHUX Ha paccTostHuH 10 — 15 MM OT TOBEpXHOCTH —
275 °C. 3a BpeMs pacKaTKU LIEHTpalbHAas 4acTb OIPABKU
ycneBaer rporpetbes Ha 175 °C, 3To cymecTBeHHO CHHXKa-
€T TeMIIEpaTypHbII TPaJUEHT B IIONEPEUHOM ceueHuu. Pas-
HOCTb MEXJly MAaKCUMAJIbHOM TEMIIEPaTypOil Ha MMOBEPXHO-
CTU ONPABKU U MHUHUMAJBHOW B OCEBOM 30HE COCTaBISET
302 °C. Kak BuiHO, onipaBKa tuameTpom 157 MM nmeeT TeM-
nepaTypHoe Tose, moJo0Hoe onpaBke nuamerpom 140 mm.
Ha nmoBepxHOCTH HM3-3a BO3AEHCTBUSI BHYTPEHHHUX HEIPOT-
PETBIX CIIOCB €€ TeMIIEparypa 4yTh MEHBIIE U COCTABIISACT
525 °C, a B 0CeBOil 30HE OCTAETCS MPAKTHUYECKH TTOCTOSTH-
HOU. B 1enoMm, pa3HOCTb MeXx1y MaKCUMaJbHOW U MHHU-
MaJbHOU Temmeparypoii cocrasisier 425 °C.

- BbiBOAbI

C npumenenuneM MKD npoBeneH YuCIIEHHBIH aHaIU3
TEMIIEPATYPHOTO TOJsI JUIMHHBIX OIMPABOK, PaOOTAIOMIMX
B ycnoBusix TIIA ¢ TpexBaJKOBBIM pPAacKaTHBIM CTaHOM,
KOTOpOE SIBJISIETCSl CYHIECTBEHHO HEOJHOPOIHBIM. Mak-
CHMAaJIbHOE 3HAYE€HHE TEMIIEpaTyphbl sl OIMPABOK Majoro
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Puc. 3. 3aBUCHMOCTB TeMIIepaTyphI ONPABKU OT BPEMEHH PacKaTKU:
I —na paccrostuuu 70 MM OT OCH IPOKATKH; 2 — Ha paccTosHUU 60 MM
OT OCH IIPOKAaTKH; 3 — Ha pacCTOSHUU 50 MM OT OCH IIPOKATKH

Fig. 3. Dependence of mandrel temperature on rolling time:
1 — at a distance of 70 mm from the rolling axis; 2 — at a distance of
60 mm from the rolling axis; 3 — at a distance of 50 mm
from the rolling axis



IZVESTIYA. FERROUS METALLURGY. 2022, vol. 65, no. 3, pp. 163-169.
Vavilkin N.M., Budnikov A.S. Investigation of thermal state of long mandrels on three-roll rolling mill

Temnepamypa,

577
552
- 527
502
476
- 451
- 426
- 401
- 376
- 350

325
300
275

a

Temnepamypa,

525
[ 490
L 455
L 419
L 384
L 348
L 313
L 277
| 242
L 206

171
136
100

o

Puc. 4. TemneparypHoe I0JI€ B TIONEPEIHOM CEUCHUH OIIPABOK THAMETPOM:
a—42 mM; 6 — 154 mm

Fig. 4. Temperature field in cross-section of mandrels with a diameter of:
a—42 mm; 6 — 154 mm

nuamerpa (577 °C) u 6ompmioro (530 °C) naOmromaercs
B IIPUITOBEPXHOCTHBIX CIIOSAX HA mIyOnHe 5 — 6 MM. B oce-
BOI 30HE OMPaBOK OOJIBIIOTO JHaMeTpa Ha PaCcCTOSHUH
10 MM OT ocu TeMmrieparypHOE IMOJie UMEET KBa3HUCTAIHO-
HapHBI XapakTep.
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TEPMOAUHAMMUYECKOE MOAE/NIMPOBAHUE

BOCCTAHOBJ/IEHUA UUHKA U3 LULNAMOB YEPHOWU METANNYPTUM

M. B. KneonoBckuiil, 0. 10. lllemykoB 2, M. A. MUxeeHKOB?,
E. 10. Jlo3oBasa?

'Ypanbcekuii perepanbubiii ynusepeuter umenu nepsoro Ipesuaenta Poccnu B.H. Easuuna (Poccus, 620002, Exarepuno6ypr,
yi1. Mupa, 19)
Mucruryt metamryprun YpO PAH (Poccust, 620016, ExarepunOypr, yi. Amynzcena, 101)

AnHomayus. IIpeanpusaTus 4epHOU METaJLIyprUy HEIPEPHIBHO HAIOIHSIOT OTBANBI CTAJICIUIABHIGHBIMU U JIOMEHHBIMH IIIAMAMH C TOBBIILICHHBIM
cozlepkaHneM LUHKA. lllnambl, 3aHMMalOIIUE 3HAUMTEIbHBIE TEPPUTOPHU IPENNPUATHI, HE BOBJIEUEHBI B IPOM3BOACTBO M HAHOCIT BPEH
okpyxaromei cpezne. IlockonpKy IMHK DPUBOIUT K OOPa30BAaHMIO HACTHUICH B JIOMEHHOW IEYH, IPOM3BOIUTEIN HE MOTYT BOBIICYb ITaHHBIC
LIJaMbl B arIoOMeHHbIH nepenen. Kpome toro, paboTa co HITaMaMHu MOKET HPHBECTH K TaKUM NpoOJIeMaM, KaK yMEHBIIEHHE COIEpIKaHUs
Kelle3a B anioMepaTe, CHIKCHHE IPOM3BOAUTEIPHOCTH AarIOMAlllMH, yBEJIMYeHHE KoleOaHHsd XHMHYECKOro cocTaBa ariomepara. Ilpu
9TOM IMHKOCOJEPIKAIle IUIAMBI MOTYT CTaTh LICHHBIM BTOPHYHBIM IPOXYKTOM. L[MHK ocTaercs NeUIUTHBIM METAUIOM, YTO HOOYkKIaeT
pazpabaTeIBaTh TEXHOJIOTHH IEPEPabOTKU IIMHKOCOAEPKAIUX MaTeprasoB. M3BnedeHne IUHKA U3 IIUIAMOB 3aTPyAHEHO, HOCKOJIBKY OH HAXOIHUTCS
HE B OKCHJIHOI1, a B Cynb(aTHON min cynbhuaHoi popme. B padoTe naHa oljeHKa BO3ZMOXHOCTH U3BJICUCHHS [IMHKA U3 ITAMOB C HCIOJIb30BAHHEM
mnporpammHoro nakera FactSage. [IpencraBieHs! pe3yabTaTsl TEPMOAUHAMHYECKHUX PACIETOB BO3MOKHOCTH U3BJICUCHHUS IIMHKA U3 YETHIPEX TUIIOB
nramMoB IByx Poccuiickux komOunaroB uepHoii metamtypruu — AO «k EBPA3 HTMK» u ITAO « MEYEJI». IIpencraBiens! JaHHbIE XUMUYECKOTO
1 (a30BOro aHAIU30B 3THX IIUIAMOB, a TAKKE CMOIEIHPOBAHHbIE IpadUKH 3aBUCHMOCTEH M3BIICUCHHs LIUHKA M3 HUX. I'paduxu cTpomnucs Ha
OCHOBE I0JTy4aeMbIX JaHHBIX M3 makera FactSage. Bappupoanach no6aBka BOCCTAHOBHUTENS B IIIaM, a TAKKe TEMIEpaTypa IPOMCXOISIIEro
mporecca. Kpome Toro, 6bl1a olieHEeHa BO3MOKHOCTb OTKa3a OT yIVIEpOa B POJIU BOCCTAHOBUTEIS. JIIs 5KOHOMUH BOCCTaHOBHUTEIIS IIOAOUPAIach
ONTHMaJbHas CMECh IIIAMOB MPEANPHUATHS, IPU KOTOPOH MOXKHO MUHUMH3UPOBATH PACXOM KOKCa.

Kaouesule c108a: 1yHK, II1aMbl, METAJUTH3ALKS, U3BJI€UeHHE LIMHKA, FactSage, cynbdupl, (ha3oBbli cOCTaB, TEPMOANHAMUUECKUN aHAIIN3, BTOPUYHbIE
pecypchl, mepepaboTKa OTXOL0B

Jas yumupoeanus: Kneonosckuiit M.B., lllenrykos O.10., MuxeenkoB M.A., Jlozosas E.1O. Tepmonumaamudeckoe MOAETUPOBAHNE BOCCTAHOBICHHS
[MHKA U3 IJIAMOB YepHOi Metautypruu // V3Bectus By3oB. Uepnas meramuryprus. 2022. T. 65. Ne 3. C. 170-178.
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Original article THERMODYNAMIC MODELING
OF ZINC RECOVERY FROM FERROUS METALLURGY SLUDGE

M. V. Kleonovskii?l, 0. Yu. Sheshukov?! 2, M. A. Mikheenkov?,

E. Yu. Lozovaya’

1'Ural Federal University named after the first President of Russia B.N. Yeltsin (19 Mira Str., Yekaterinburg 620002, Russian
Federation)

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

Abstract. Ferrous metallurgy enterprises continuously fill dumps with steelmaking and blast furnace sludge with high zinc content. Sludge occupying
significant territories of enterprises is not involved in production and harms the environment. Since zinc leads to the formation of deposits in the blast
furnace, manufacturers cannot involve this sludge in sinter processing. In addition, working with sludge can lead to problems such as decrease in iron
content in the sinter, decrease in productivity of sintering machines, and increase in fluctuations in the sinter chemical composition. At the same time,
zinc-containing sludge can become a valuable secondary product. Zinc remains a scarce metal, which encourages the development of technologies for
processing zinc-containing materials. Extraction of zinc from sludge is difficult because it is not in oxide, but in sulfate or sulfide forms. In this paper,
the possibilities of zinc extraction from sludge using the FactSage software package are evaluated. The authors present results of thermodynamic
calculations of the possibility of zinc extraction from four types of sludge from two Russian ferrous metallurgical plants - EVRAZ NTMK and
MECHEL. The data of chemical and phase analyses of this sludge are considered, as well as simulated graphs of zinc extraction dependencies from
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them. The graphs were built on basis of the received data from FactSage package. Addition of the reducing agent to the sludge varied, as well as
temperature of the process. In addition, the possibility of abandoning carbon as a reducing agent was evaluated. To save the reducing agent, an optimal
mixture of the company’s sludge was selected, in which coke consumption can be minimized.

Keywords: zinc, sludge, metallization, zinc extraction, FactSage, sulfides, phase composition, thermodynamic analysis, secondary resources, waste

processing
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B BBEAEHME

B HacTosimee BpeMsi Ha TEPPUTOPUH Psiia MPEANPHUSITAR
YePHOH METAJUTYPTHH HAKOIJICHO OOJNBIIOE KOIHUYECTBO
JIOMEHHBIX M CTaJCIUIABHIBHBIX IIUIAMOB C MOBBIIICHHBIM
comepkaHueM IUHKA. llmaMpl, 3aHIMAIONNE 3HAYUTEIH-
HBIC TCPPUTOPHH MPEIIPUITHH, HE BOBJICUCHBI B TPOU3-
BOJICTBO M HAHOCST Bpel OKpyskaromen cpeze. [Iponsso-
MUTEIH HEe MOTYT BOBJICYb MAHHBIC NUIAMBI B JIOMCHHBII
nepeses, MOCKOIbKY OHH COAEpKaT OOJNBIIOE KOJIHMUCCT-
BO LIMHKA, KOTOPBIA MPUBOJUT K 00Pa30BAHUIO HACTBLICH
B KOJIOIITHUKOBOM 30HE noMmeHHOM meun [1 — 2]. Coemxmne-
HUSI [IMHKA BCTPEYAIOTCS B IIBUIA JYTOBBIX CTaJICIIIIABHIIb-
HeIx miededt (JICIT) W B KOJONTHMKOBOW IBUTH JOMEHHBIX
nedeit [3 —5]. B naHHBIX BHAAX MBUTM IMHK HaXOIUTCH,
B OCHOBHOM, B OKCHIHOH Gopme (ZnO) [6 — 8] u s ero
U3BJICUCHUS HCIIOIB3YETCS BEINBI-IIPOIECC, PeaTn3yeMblil
BO Bpamaromuxcs neyax [9 — 11]. B ycnoBusix Benbii-mpo-
[ecca B CHIPhEBYIO CMECh JOOABISICTCS YITIECONEPIKATIHIA
Marepuai, KOTOPhIi 00eCTIednBacT BOCCTAHOBICHNE OKCH-
Jla IIMHKa ¥ ero BO3rOH npu temmeparype okoso 1100 °C.
B pabotax [12 — 13] moka3aHo, 4TO IMHK B MBI METa-
JMYPTUYECKHUX arperatoB MOXKET HaXOIUThCS HE B YUCTOM
OKCHIHOH (opMe, a B BUJE TBEPIBIX PACTBOPOB CIOKHBIX
JKENE30CHIINKATHBIX COSNUHEHNH. B MemHBIX IIITakax
IIUHK MOYKET HAXOJUTHCS B BUJIE TPOYHON IITTMHEIN QpaH-
kmHuTa (ZnO-Fe)0,) [14]. B HEKOTOPBIX TEXHOTEHHBIX
00pa30BaHMAX, TAKUX KaK IUIAKH OT KOHBEPTAILIUH METHBIX
PYI, U IIJJaMax OT MPOM3BOACTBA CHHTETUYCCKUX BOJIOKOH
[IUHK HaXomuTcs B cynbduaHoi dopme (ZnS) [15 —16].
W3BnedyeHne nyuHKa W3 TaKUX TEXHOTCHHBIX 00pa30BaHHI
MIPY TIOMOIIM BENBI-TIPOIIecca 3aTpyAHeHO. 11 yCIenHo-
TO M3BJICUCHISI [IMHKA U3 CYIbGUIHONU HOPMBI HEOOXOIHM
aHaIN3 (PU3UKO-XMMHUYECKUX OCOOCHHOCTEH WM3BICUCHHS
IUHKA U3 00enx (opM U pa3paboTKa TEXHOIOTUH U3BIIC-
YEeHMsI IUHKA U3 CYITbQUIHON (OPMBI, a TAKXKe Mpeodpaso-
BaHUsI IPOIYKTOB O0XKHTa B [ICHHBIC TOBAPHBIC ITPOTYKTHI.

Tak B padorax [17 — 18] cyap(puaHbIil THHK TpeodpasyroT
B OKCHIHBIN ITPH OKHCIHTENLHOM oOxure. Takxke omeHe-
Ha BO3MOXHOCTh KapOOTEPMHUUYECKOTO BOCCTAHOBJIICHHUS
Cynb(uIa MHKA U3BECTHAKOM ¢ 00pa3oBaHUEM CyIbduaa
kanbitusa CaS [19].

[l TEPMOAVHAMUYECKAA OLLEHKA

Benbi-poriecc 0CHOBaH Ha BOCCTAaHOBICHHU OKCHIIA
[UHKA /10 METAJUTMYECKOTO IIMHKA C MIOMOIIbIO YITIEPOICO-
nepskamiero marepuana [20 — 21] mo peakunu

27n0 + C =2Znt + CO,1. (1)

B mnramax mMHK MOXKET HaXOIUTHCS Kak B CYNb(aTHOH,
Tak u B cynbhunHon Gopme. B mpucyTcTBum yruepoaa npu
Harpese Cynbar nuaka ZnSO, npeobOpasyercsi B Cyilb-
¢bun [22 — 25] no peakuuu

ZnSO, + 2C = Zn$ + 2CO,1 )
201058
ZnSO, + 4C = Zn$ + 4CO1. 3)

OneHka TepMOJUHAMUYECKOH BO3MOYKHOCTH MpOTEKa-
HUS PEaKIMidi OCYIIECTRISIACH IIyTEM pacdeTa CBOOOIHOM
sHepruu [ub6ca. TepMonnHAMUUYECKUN aHAINM3 peakUuil
(2) u (3) nmpuBeneH B Tab. 1.

[JanHble, npencTaBiieHHbIE B Ta0I. 1, CBUAETENbCTBYIOT,
4TO peaknus (2) MOXKET POTEKaTh MPH KOMHATHOH TeMITe-
parype, a peakus (3) IpoTeKaeT MpH TeMIepaType BbILIE
200 °C. B n1r060M cityvae, Mpu HarpeBe B BOCCTAHOBUTEIb-
HBIX yCIoBHsX Bbilie Temneparypsl 200 °C B mamax Oy-
JeT TPHUCYTCTBOBATH TONBKO CYNb(GUIHAS (GopMa IMHKA.
BoccranosieHnue nuHkKa u3 cyabQuIHOM GOPMbI BOSMOXKHO
10 peaKLu

27nS + C =2Zn1+ CS,. (4)

Ta6numa 1

Pe3ynbTaThl TEPMOAMHAMUYECKOI0 AHAJIN3A PeaKlMii npeodpa3oBaHus cyjb(aTHoi GopMbI HUHKA B CYIbOUIHYIO

Table 1. Results of thermodynamic analysis of reactions of zinc sulfate form conversion to sulfide

CoOoaHas sueprusi [m66ca AG, k/Ix/Moib, ipu Temneparype, °C
Peaxmust
0 50 100 150 200
ZnSO,+2C=ZnS +2CO,1 -109.4 —-127.,6 —145,7 —-163,7 -181,7
ZnSO,+4C = ZnS +4CO? 139.4 103,6 67,7 31,8 -39
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OrneHKa TEPMOJMHAMUYECKOW BO3MOXKHOCTH W3BIie-
YeHMs IMHKAa MO peaknuu (4) OCyIIeCTBISUIACh IyTEeM
pacuera cBoOomHOU »Hepruu ['mOOca. Pesynbrarhr pac-
YEeTOB NMPHUBEACHBI B Ta0d. 2. OHU CBUACTEIHCTBYIOT, UTO
sHeprus ['nd0ca peakiuu (4) CTAHOBHTCS OTPUIIATEILHOM
Tonbko npu Temmneparype Boime 2000 °C. Jlnsg peanusa-
LMW Ha IPAaKTHKe MOJ00HOH TeXHOJIOrHH oTpedyeTcs uc-
MOJIb30BaHKE CHEIHAIbHBIX BBICOKOTEMIIEpATYpPHBIX ar-
peraroB (Hampumep, AYTOBBIX MeYeil), 4YTO YKOHOMHYECKH
He 1enecoodpasHo. OcyiiecTBIeHne OOMEHHBIX PeaKITuii
¢ IpeoOpazoBaHueM CyIbQUIHON (OPMBI IIMHKA B OKCH/I-
HYI0 BO3MOYKHO C METaJlJlaMH, HaXOJAIIMMHUCS B psily Ha-
NpsSOKEHUH METaJlIOB JieBee LIMHKa (METaUIbl, UMEIoLIne
OoJbiiee cpoacTBO K AmekTpoHy: Li, K, Ba, Sr, Ca, Na,
Mg, Al, Mn).

Haubonee npuBiekaTenbHbIMU 7151 Ipe0Opa3oBaHuUs
cyabhuaHoi (HopMbl LIMHKA B OKCHIHYI C KOHOMHU-
YyecKoi TOUKM 3peHus spistorcs conu Ca u Mg, BcTpe-
Yaromuecs: B MPUPOAEC B BHUJC HM3BECTHSIKA, MarHe3WTa
u nosiomuta. [Ipu ucnosb30BaHUU M3BECTHSIKA ISl pas-
JOXCHHS cyab(ua IIHKA ¥ BO3TOHA IIMHKA ITPOTEKACT
peaxkuus

27nS + 2CaCO, + C=2Zn1 + 2CaS +3CO,1.  (5)

JlaHHas peakius pu HArPEeBaHUU MTPOXOAUT B HECKOJIb-
Ko ctaaunil. Pa3znokenne u3BecTHsSKA HaYMHAETCS NIPU Ha-
rpese 110 Temreparypsl 720 °C

CaCO, = CaO + CO, (6)
1 3aBepiiaercs npu remmneparype 920 °C. Beiiie 3T10i TeM-
nepaTypbl IPOTEKaeT OOMEHHas peaKius

[Tpu mosiBNIeHNM OKCHMJA IIMHKA C HUM HAauyWHAET B3au-
MOZEHCTBOBATH YITIEPO/ U 3aBEPIIACT PA3IOKEHHE OKCHAA
1uHKa 1o peakiuu (1).

OrneHka TepMOJMHAMHUYECKOH BO3MOJKHOCTH HM3BIIEUE-
HUSI IIMHKA 10 peaknuu (5) OCyIIecTBISIIACH MYyTEM pac-
gera dHepruu ['m0O6ca. PesynbraTsl pacueToB NMPHBEICHBI
B Tab. 3.

PesynbraThl pacdyeToB CBUIETEIBCTBYIOT, YTO TEPMO-
JUHAMHUYCCKU TPOTEKaHUE Peakiuu (5) BO3MOXKHO BBIIIE
temmeparypel 1100 °C, mpu xotopoit sneprus [nb6ca
CTAHOBUTCSl OTpHIaTeIbHONW. Takke pe3ynbTarbl pacue-
TOB IIOKa3bIBAIOT, YTO TEPMOJMHAMUYECKOE IPENIouTe-
Hue AaHHou peaknuu npu temreparype 1100 °C B 3 paza
BhIIIIe, YeM peakmmu (1).

[l MATEPMAN N METOAMKA UCCNELOBAHUA

HccnenoBanus npoBOOMINCH C HUCIIOJIB30BAHUEM IIa-
kera FactSage — mporpammbl, 3aciyXHUBIIEH MHPOBOE
MpU3HAHUE B MOJCIUPOBAHUM TEPMOJUHAMUYECKUX
METALTYyprHYecKuX IporeccoB. Tak, B Oojee paHHUX
myOnuKalusaX KOJUIET, ¢ €ro MOMOIIBI0 YK€ H3y4ajloch
MOBEJICHNE COeJAUMHEHUN nuHKa [26] u wmemu [27 — 28].
B paborax [29 —30] MonmenupoBaioch TpeBpalicHHE
(a3 npu TerIoBoi 00paboTKe, a TaKKe OBLIN IOITyYEHBI
JaHHbIe O (ha3oBBIX paBHOBecusix [31 —33]. Apropamu
HacTosIIeil paboThl MPOBEACHBI MCCIIEAOBAHHS BO3MOXK-
HOCTH TIepepabOTKH MHUHKOCOICPKAIIUX IIJIAMOB Yep-
HOM MeTaulypruu. B uyacTHOCTH, JJii pacyeToB B3SThHI
JlaHHBIE XUMHU4Yeckoro (tabm. 4) um dasooro (Tabdm. 5)
aHanu3oB uuiamoB npeanpustuii AO «EBPA3 HTMK»
u [TIAO « MEYEJI».

C IOMOILIBIO UCCIIEN0BAaHUS COBOKYIHBIX JAHHBIX XH-
MHUYECKOTO W (ha30BOTO aHAJIHM30B, IONYYCHHBIX B JIa00-

ZnS + CaO = CaS + ZnO. (7) partopuH, ImpoBeiEHa OIEHKAa MOJIHOTO (pa30BOT0 COCTaBa
Tabnuna 2
Pe3yjbTaThl TEPMOAMHAMHYECKOI0 AHAJIM3A2 BO3MOKHOCTH H3BJIeYeHHUs IMHKA 110 peakuuu (4)
Table 2. Results of thermodynamic analysis of the possibility of zinc extraction by reaction (4)
Oueprust [u66ca AG, kJ[)x/Moinb, pu Temmeparype, °C
Peakuus
0 500 1000 1500 2000
2ZnS + C=2Znt + CS, 660,5 483.,0 306,5 133,1 -32,1
Tabnuua 3

Pe3yJ'Il>TaTI)l TEPMOAMHAMHUYECKOI0 aHAJIM3a BO3MOKHOCTH U3BJICUCHHUS NUHKA M0 PEaKIUU (5)

Table 3. Results of thermodynamic analysis of the possibility of zinc extraction by reaction (5)

Oneprust ['u66ca AG, x/lx/Moinb, npu Temmeparype, °C

Peaxkius

0 800

900 1000 1100

27nS +2CaCO, + C = 2Zn1 + 2CaS + 3CO,1

742

152 82 12 —56
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Tabnuma 4
XuMHYeCKHi COCTaB LIJIaMOB, % (110 Macce)
Table 4. Chemical composition of sludge (mass. %)
nam CaO | SiO, | ALO; | MgO | MnO | V,0; | Fe Zn S C
JIOMEHHBIIH 6,9 6,2 0,30 2,20 0,37 | 0,700 | 55,2 5,10 1,10 9,8
MaptrenoBckuii | 0,9 0,7 0,45 1,10 1,40 | 0,100 | 73,9 5,50 0,40 0
KonseprepHbiit 14,9 1,6 0,10 2,24 0,70 | 0,054 | 522 0,35 0,18 1,2
IBC 6,5 11,4 4,30 1,90 0,40 | 0,050 | 36,0 2,55 0,74 17,7
Tabnuma 5
®a30Bblii cOCTaB NIJIAMOB, % (10 Macce)
Table 5. Phase composition of sludge (mass. %)
XuMudeckast Hlmam
daza
hopmyna JIOMEHHBIH | MapTeHOBCKHH | KoHBepTepHbli | L[[BC
T'emarut Fe,O, 53,6 332 42,84 21,56
Maruetur Fe.O, 17,5 17,9 29,03 36,08
Kanbuus kapooHar CaCoO, 8,8 - 13,50 42.36
VYriepon CaCoO, 9,6 - - -
Cynbgar nuHka Zn,0(S0,), 10,5 11,0 - -
Maruesnohepput ngFeOy — 37,9 - -
Ksaprg SiO, - - 14,63 -
HUroro: 100,0 100,0 100,00 100,00
Tabnuma 6
IlosHblii pa30BbIi cOCTAB HIIAMOB
Table 6. Complete phase composition of sludge
[am Ca0 | CaCO, | SiO, | ALO, | MgO | MnO | V,0; | Fe,0, | Fe,0, | Zn,(SO,), | ZnO @
MaprenoBckuii | 1,03 - 0,80 | 0,52 | 1,26 | 1,60 | 0,11 | 55,00 | 29,66 2,78 7,23 0
JloMeHHBbIN - 12,38 | 6,23 | 0,30 | 2,21 | 0,37 | 0,70 | 41,80 | 13,65 6,70 5,82 | 9,84
Kouseprepusiii | 20,29 - 2,18 | 0,14 | 3,05 | 095 | 0,07 | 42,37 | 28,71 - 0,59 1,63
1IBC 7,98 - 14,00 | 5,28 | 2,33 | 0,49 | 0,06 | 16,54 | 27,68 - 3,90 | 21,74

[JJAMOB, HCIOJNB3yEMBIX B MOJCIHUPOBAHUH IIpOIecca
(Tabm. 6). XWMUYECKHi aHalu3 [UIAMOB TIOJIYYEeH Ha
peHTtreHouryopecieHTHOM crekrpomerpe «S4 Explorer
(Bruker AXS GmbH, I'epmanust), KOTHIECTBEHHBIH PEHT-
renodazoBelii aHamu3 — Ha mudpaxromerpe STADI-P
(STOE, TI'epmanust). Cremka npousBoamnack B Cu Ka-u3-
nydennn (40 kB, 30 MA), rpadUTOBBII MOHOXPOMATOP,
B AnamasoHe yroB paccestaus 20 = 10 — 70 rpag., ¢ marom
0,02 rpan. v BeIACPKKOM 2 ¢. AHANIH3 PE3YIIBTATOB BBITIOI-
HEH ¢ UCnojb3oBaHueM 0a3bl JaHHbIX PDF-2 (Release 2008
RDB 2.0804).

[l PE3YNLTATBI M MX OBCYKAEHUE

[TpoBeneHHBIC pacdeThl MOKa3ald, YTO B CIyJasx
C KOHBEpTepHbIM IiamMmoM U uutamom LIBC mpu Harpe-
Be 10 1300 °C muMHK ITOJHOCTBIO BOCCTAHABJIWBAETCSI U
yaansiercsi B ra3oByto ¢azy. B muame LIBC Bricokoe co-
JepXXaHHuEe yTIEpoa, MOITOMY J00aBOK BOCCTAHOBHTEIIS
He TpedyeTcs. B cBoio odepeb, B KOHBEPTEPHOM IILIAME
BbICOKOE cozepkanne CaO, KOTOPHIH YaCTUYHO CHUKAET
pacxojl BOCCTaHOBUTEJS MIPH U3BIedYeHUU 1uHKa. Coxep-
JKaHWE IIMHKA B JAHHOM IIUTaMe HU3KOE, YTO TaKKe MPUBO-
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JUT K TIOTHOMY BOCCTaHOBJICHUIO. Takum oOpazom, miia-
Mol «[TAO MEYEJD» noctarouno Harpets 10 1300 °C nns
MOJIHOTO y/laJICHHS I[IHKA.

[Iporiecc MOXHO caenarh 0ojiee IKOHOMHUYECKH BbI-
TOJHBIM, CHU3HMB pabouyio temmeparypy no 1100 °C.
IIpn nmamno# Temmeparype muHk u3 nuiama [[BC mo-
MpEeXKHEMY MOJTHOCTHIO BOCCTAHABIMBACTCS, OJJHAKO JUJIsSI
JIOCTHXKCHHUSI TAKOro K€ pe3yiabTaTa ¢ KOHBEPTEPHBIM
mutamMmoM Heobxonmma jgo0OaBka yrimepoga. Ha puc. 1
MpejCTaBlIeHa 3aBUCHMOCTh BOCCTAHOBJICHHS IIMHKA W3
mutama KKI[ ot mo6aBku yraepoga. Tak, mjsi moaHOTO
BOCCTAHOBJICHHMSI IIMHKA, HeobOxomuMmo BBectu 0,15 kr
yrnepoaa cBepx Maccel 100 kr nutama. JloGaBku yrie-
polla MOXHO H30eKaTh, CMEIIaB KOHBEPTCPHBIN IIJIaM
co uamoM IIBC, B KOTOpOM yIiiepon COAep:KUTCS B U3-
OwiTKe. Ha puc. 2 mpencraBieHa 3aBUCHMOCTh KOJTHYECT-
Ba BOCCTAHOBJICHHOTO ITMHKa OT COOTHOIICHUS IIIAMOB
KKII u IIBC B cmecu. [I71s1 ycrienmrHoro BOCCTaHOBICHUS
nuHKa goctaroyHo BBectH B mutam KKII 6omee 0,8 %
(mo macce) murama [[BC.
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Puc. 1. 3aBUCHMOCTE KOJIMYECTBA BOCCTAHOBIEHHOIO IIMHKA
u3 koHBeprepHoro nuiama rpu 1100 °C ot nobaBku yriepoaa

Fig. 1. Dependence of the amount of reduced zinc from converter
sludge at 1100 °C on carbon addition
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Puc. 2. 3aBUCHMOCTb KOJHYECTBA BOCCTAHOBICHHOTO
nuHKa oT cooTHomeHus mamoB KKII u [IBC B cmecn
npu 1100 °C

Fig. 2. Dependence of the amount of reduced zinc
on the ratio of converter and water supply shops sludge
in the mixture at 1100 °C
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Kapruna Heckonbko uHas B citydae co nulamamu «EB-
PA3 HTMK». JIoMeHHBIH 1I1aM COAEPIKUT BHICOKOE KOJIH-
YeCTBO yIepoJa U LWHK MOJHOCTHIO BOCCTaHABIMBACTCS
nipu Harpese J1o 1300 °C 6e3 kakux-m1bo 100aBok. OHAKO
B MapTEHOBCKOM IIJIaMe YIJIepoj OTCyTcTByeT. COOTBETCT-
BEHHO TpeOyeTcs J100aBKka BOCCTAHOBUTEIS, YTO MMPHBOIUT
K ynopoxxanuto mnporecca. Ha puc. 3 npeacrasineHa 3aBu-
CHMOCTH KOJIMYECTBA BOCCTAHOBJIEHHOIO IIMHKA OT J100aB-
KH yriiepona. Jlist 5JKOHOMUH yriiepojia U CHHKECHHUS 3aTpaT
OyzeT 1enecooOpa3Ho CMENINBATh JIOMEHHBINH U MapTCHOB-
ckuit nutambel AO «kEBPA3 HTMK». Ha puc. 4 npencrasie-
Ha 3aBUCHMOCTH KOJIMYECTBA BOCCTAHOBJIIEHHOIO IIMHKA OT
COOTHOIIIEHHUS JOMEHHOTO ¥ MApTEHOBCKOTO IIIJJaMa B CMECH.
TakuM 00pa3oMm, JUTs TOCTHXKEHHUS ITOTHOTO YIaICHHS [IMHKA
M3 CMECH IIJIAMOB HEOOXOAMMO [00aBUTh HE MeHee 55 %
JIOMEHHOTO IIIJJTaMa K MapTEHOBCKOMY. B Takux mporopim-
SIX MOJKHO yCIICITHO nepepabarsiBath mmamsl AO «EBPA3
HTMK». OnmHako, mpr HEOOXOAUMOCTH COOTHOIIICHHE MOYK-
HO CMECTUTb, 100aBuB 2 Kr yriepoaa Ha 100 kr cmecu muta-
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Puc. 3. 3aBuCHMOCTB KOTMYECTBA BOCCTAHOBICHHOTO IIHKA
n3 MapreHoBckoro nuiama rnpu 1300 °C ot no6aBku yriepoaa

Fig. 3. Dependence of the amount of reduced zinc from open-hearth
furnace sludge at 1300 °C on carbon addition
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Puc. 4. 3aBUCUMOCTH KOJTMUYECTBA BOCCTAHOBJIEHHOIO IIMHKA
OT COOTHOIIEHHS JOMEHHOT'O ¥ MAPTEHOBCKOI'O IIJIAMA B CMECH:
1 —6e3 C; 2 — ¢ nobaskoii 2 xkr C

Fig. 4. Dependence of the amount of reduced zinc on the ratio of blast
and open-hearth furnaces sludge in the mixture:
1 — without carbon; 2 — with addition of 2 kg of carbon
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Puc. 5. 3aBUCHMOCTH KOJTMUYECTBA BOCCTAHOBJICHHOTO IIMHKA
n3 MapreroBckoro mutama mpu 1100 °C ot gobaBku yriepona

Fig. 5. Dependence of the amount of reduced zinc from open-hearth
furnace sludge at 1100 °C on carbon addition

MOB. B 3TOM cityuae [1s MOJIHOTO BOCCTAHOBJICHUS LIMHKA
JIOJTIO IOMEHHOTO ITTaMa MOYKHO COKpaTuTh 110 35 %.

Kpome Toro, mns mmamoB AO «kEBPA3 HTMK» Tak-
e TIOCTPOCHBI Tpa(uKN 3aBUCHMOCTEH BOCCTAaHOBIICHHS
uuHKa ot nobaBku yriepoaa npu 1100 °C (puc. 5, 6). [ns
TIOJTHOTO YIAJICHHS IIIHKA M3 MapTEHOBCKOTO IILTaMa Heo0-
X0IUMO BBecTH 18 kr yrepona cBepx maccbl 100 kr nuia-
Ma, B CITyyae C JJOMCHHBIM 3Ta BEIMYMNHA COCTABISIET 7 KT
B oboux ciydasx u3-3a BBICOKOH CTOMMOCTH KOKCa Mpo-
IIeCC He SABISETCA Ienecoo0pa3usiM. CTOUT OTMETHTD, UTO
Ha THUX JBYX IpaduKax sSPKO BBIPAKCHBI 30HBI, B KOTOPHIX
CTETICHb BOCCTAHOBJICHUS IIMHKA HE MOBBIIIACTCS C YBEIH-
YeHueM J00aBKH yriiepoaa. Takue 1miaro MOKHO 3aMETHUTh
Ha BCceX rpadiKax 3aBUCUMOCTH CTETICHH BOCCTAHOBIICHHS
LMHKa OT KOJIMYECTBa BBEACHHOIO yrieposa. [Ipoucxoaut
3TO U3-32 OUEPEAHOCTH BOCCTAHOBIICHUS COCTMHEHHH, Ha-
XOJSIIIUXCS B I1aMax. J{Jist Toro, 4To0bl U3BJIE€Yb HIUHK U3
MIPOYHOTO COCMHEHUS CyIb(uia MUHKA (ZnS), He0OX0Iu-
MO TIOJIHOCTBIO BOCCTaHOBUTH BIoCcTHUT (FeO) no merannu-
YECKOTO JKerne3a.
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- BbiBOAbI

C momomsio makera FactSage cMomenmpoBaHBI ycio-
BUSI BOCCTAHOBJICHMS LIMHKA W3 IIJIAMOB JBYX MpEIIpus-
tuit — [IAO «MEYEJI» u AO «<EBPA3 HTMK». Cornacuo
MOTyYEHHBIM JIAHHBIM, IMPOIECCHl YCIEUIHO MPOTEKAaroT
B quana3one temneparyp 1100 — 1300 °C. B 3aBucumoctu
OT XMMUYECKOTO0 U ()a30BOTO COCTABOB IINIaMa HEOOXOIMMA
COOTBETCTBYIOIIAsI TEMIIEpaTypa U J0OaBKa BOCCTAHOBHTE-
1s1. [IpoBenieHHBIE pacyeThl TOKa3aIl BO3MOKHOCTH S ek-
THUBHOH TMepepaboTKH IIIaMOB C BBICOKHM CONIEPKaHHUEM
1HKa. OTHaKO MOCTPOCHHBIE 3aBUCUMOCTH MOTYT 3HAuH-
TENFHO OTIIMYATHCS OT PEabHBIX TporieccoB. [loaTomy nx
CJIElyeT pacCcMaTpUBaTh KaK IPEIBAPUTEIBHBIC PacuyeThl
mepe HavdajaoM MPOBEHCHUS AdKCIepuMEeHTOB. Omupasich
Ha IOJTy4EHHbIC TaHHBIC, IUIAHUPYETCS MPOBECTH CEPHUI0
IKCIIEPUMEHTOB 110 BOCCTAHOBJIICHUIO ITUHKA U CHPOCKTH-
pOBaTh MaKCHUMAaNbHO 3(P(EeKTHBHYIO TEXHOJIOTHIO Mepe-
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IPEIPUATHH.
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THERMODYNAMIC STABILITY
OF MICROHETEROGENOUS STATES IN Fe — Mn — C MELTS

N. L Sinitsin?, O. A. Chikova ' 2

1Ural Federal University named after the first President of Russia B.N. Yeltsin (19 Mira Str., Yekaterinburg 620002, Russian
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Abstract. The probability of the existence of microheterogeneous states in Fe—Mn—C melts has been analyzed in accordance with the concepts of
chemical thermodynamics. The microheterogeneous state of a chemically heterogeneous Fe—Mn—C melt was understood as the presence of dispersed
Fe—C particles in it. These are suspended in the Mn—C medium and separated from it by an interface. The microheterogeneous state in Fe—Mn—C
melts is destroyed as a result of heating to a temperature specific for each composition. The hypothesis of the microheterogeneous state of Fe—Mn—C
melts is supported by a wide range of numerous experimental data on their thermodynamic and physical properties. The identification of anomalies in
temperature dependences of physical properties of Fe—Mn—C melts has allowed for temperature values above which the melt superheating treatment
(MST) causes destruction of microheterogeneity to be determined, i.e., liquid — liquid structure transition (LLT) in the melt. LLT is understood by the
authors as a structural transition “microheterogeneous melt — homogeneous solution”. This is expressed as the destruction of the microheterogeneous
state when the Fe—Mn—C melt is heated to a temperature specific for each composition (MST). The authors have previously analyzed the effect of
LLT in Fe—Mn—C melts on the microstructure, crystal structure and mechanical properties of solid metal in submicrovolumes. This paper describes a
method of theoretical determination of the temperature range where the microheterogeneous state of the Fe—Mn—C melt is thermodynamically stable.
The thermodynamic stability of dispersed Fe—C particles in the Mn—C medium has been estimated according to the equations proposed by G. Kaptay
for a regular solution. It was assumed that the interface between the dispersed particle (Fe—C) and the dispersion medium (Mn—C) is enriched with
carbon. The paper demonstrates the possibility of existence in the Fe—Mn—C melt of dispersed Fe—C particles with sizes from 2 to 34 nm, distributed
in the Mn—C dispersion medium and separated from it by an interface with increased carbon content. The estimated result is consistent with the data
on the size of structural units of a viscous flow, obtained earlier within the framework of the theory of absolute reaction rates.

Keywords: Fe—Mn—C, melts, liquid — liquid structure transition, melt superheating treatment, microheterogenity, thermodynamic stability
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Opucunaswhas cmames  TEpMOAUHAMUYECKAA YCTOMYUBOCTb
MWUKPOTETEPOTEHHbIX COCTOAAHWUIA B PACNNABAX Fe —Mn - C

H. U. Cuannun !, 0. A. Ynkosa 2

lYpanbcekuii penepanbubiii ynusepeuter umenn nepsoro Ipesugenta Poccnu B.H. Eabuuna (Poceus, 620002, Exarepunoypr,
yi. Mupa, 19)
2 Vpaabckuii rocyiapcTBeHHbIl nmegarorundeckuii ynusepeurter (Poceus, 620017, Exarepun6ypr, mp. KocMonasToB, 26)

AnHomayus. I1pose/ieH aHanu3 BO3MOKHOCTH CYILIECTBOBAHUS MUKPOTETEPOreHHBIX COCTOSIHUMI B paciuiaBax Fe—Mn—C contacHo npeacraBieHusIM
XUMHYECKON TepMOAWHAMUKHU. [lol MHUKPOTeTEepOTeHHBIM COCTOSHHEM XHUMHUYECKA HEOZHOpomHoro paciuaBa Fe—Mn—C moHuMamoch
HaJIM4YKe B HeM aucnepcHbIX yactll Fe—C, koTopele B3BelIEHbI B OKpyxatomieit cpene Mn—C u oT/eseHbl 0T Hee Mexk(pazHOH MOBEPXHOCTBIO.
MuxkporereporeHHoe cocTosiHue B paciutaBax Fe—Mn—C paspyaercs B pe3yisraTe Harpea 70 OIpeIeIeHHOM IS KaKJ0r0 COCTaBa TEMIIEPaTyphl.
B monp3y rumoressl 0 MHKPOreTEpOr€HHOM COCTOSHMM paciuiaBoB Fe—Mn—C CBHIETEIbCTBYIOT MHOTOYHMCICHHBIE SKCIIEPUMEHTAJbHbIC
JIaHHbIe 00 MX TEPMOAMHAMUYECKHX M (DU3MYECKUX CBOMCTBaX. BhusBieHHE aHOMAaNMil TeMIepaTypHbIX 3aBUCHMOCTEHl (M3MUECKUX CBOICTB
pacrutaBoB Fe—Mn—C 1o3BoiiIo OIpe/ienTh 3HAYCHUS TeMIIepaTyp, reperpes paciuiasa (Melt Superheating Treatment, MST) cBblIlIe KOTOPBIX
MPUBOJMT K Pa3pyIICHUI0 MHUKPOTETEPOreHHOCTH, T. €. CTPYKTYPHOMY HMEPEXONy «KHIKOCTb — KUAKOCTbY (Liquid — liquid structure transition,
LLT) B pacrutaBe. Tepmun LLT noHumaercst aBTopaMu Kak CTPYKTYPHBIH I€peXoj «MHKPOI€TepPOTreHHbIH pacIIaB — OAHOPOIHBIH pacTBOpP»
1 BBIPAXKACTCSA B Pa3pyIlICHUN MHUKPOTETEPOTCHHOTO COCTOSHMA NpH Harpese pacmiaBa Fe—Mn—C 1o ompeneneHHOH Ui KaKIOTo cocTaBa
temneparypsl (MST). ABropamu panee nposeneH ananus ausiaust LLT B pacruiaBax Fe—Mn—C Ha MUKPOCTPYKTYPY, KPHCTAIUTMYECKOE CTPOSHUE
U MEXaHHYECKHEe CBOMCTBA TBEPAOTO MeTalia B CyOMUKpooObeMax. B nanHoil paboTe onmucaH METO/ TEOPETHYECKOTO ONPE/IeNICH s JHara3oHa
TeMIIepaTyp, e MUKpOreTeporeHHoe cocrosinue paciiasa Fe—Mn—C repmoauHamudecky ycroitunso. [IpoBeieHa oleHka TepMOIMHaMHUYECKOI
ycroitunBoctH aucnepcHbix yactull Fe—C B cpene Mn—C B popmanuszme ['n66ca no ypaBHeHusm, npeuioxkernsv . Kanraem s perynsipaoro
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pactBopa. CienaHo MpeAroIoKeHne, 4To rpaHnia pasuena aucrepcHas yactuna (Fe—C) u qucnepenonnast cpena (Mn—C) oborarieHa yriiepoaoMm.
[ToxazaHa BO3MOXKHOCTB CymiecTBoBaHHsA B paciiaBe Fe—Mn—C nucnepcHbix gactun Fe—C, mMeromux pa3Mepst oT 2 10 34 HM, pacipeiesIeHHbIX
B qucriepcHoHHON cpene Mn—C u OTHECHHBIX OT Hee MeK(a3HOW I'paHMICH C IOBBILICHHBIM COACP)KaHHMEM yriepona. Pe3ynsraT OLEHKH
COIIIACYETCsI C JAHHBIMH O pa3Mepe CTPYKTYPHBIX €IHHUIL BI3KOTO TEUCHUSI, TOTyYSHHBIMH paHee B paMKax MpeJCTaBICHHI TEOPHH adCOMIOTHBIX

CKOpOCTEH peaxiuii.

Katoyesvle cnoea: Fe—Mn—C, pacmassl, CTPYKTYPHBIH IEPEXOJT «KHIKOCTb — KHAKOCTBY, 00paboTKa paciuiaBa MeperpeBoM, MHKPOTreTepOreHHOCTb,

TEPpMOAMHaAMHYCCKas yCTOI‘/lI‘H/IBOCTB

Ansa yumupoeanus: Cunvnns H.1., Ynkoa O.A. TepMonuHamMudeckas yCTOHYNBOCTE MUKPOTETEPOICHHBIX COCTOSHHUIT B paciuiaBax Fe—Mn—C //
W3Bectus By30B. YepHas metammyprust. 2022. T. 65. Ne 3. C. 180-187. https://doi.org/10.17073/0368-0797-2022-3-179-187

- INTRODUCTION

The Fe—Mn—C melts are used widely in the indus-
try as structural materials with high strength. However,
almost all studies aimed at improving the strength pro-
perties of Fe—Mn—C melts are reduced to the tempera-
ture effect on the crystallized metal. The actual objective
is to study the structural state of Fe—Mn—C melts for
their preparation for casting and crystallization, in order
to ensure a consistently high level of strength properties
of finished products. The key factor for the implementa-
tion of this method of melt preparation is the informa-
tion relating to structure transitions in the superliquid
part (the “liquid” zone) of the Fe—Mn—C system state
diagram [1].

The concepts of physical chemistry relating to the lig-
uid-liquid structure transition (LLT) in multicomponent
melts are consistent with the concept of the microhetero-
geneous state, formulated and developed by P.S. Popel.
The microheterogeneous state of a chemically hetero-
geneous Fe—Mn—C melt is understood as the presence
of dispersed particles rich in one of the components in
it, suspended in a medium of another composition and
separated from it by an interface [2]. The microhetero-
geneous state is destroyed as a result of energetic impact
on the melt, such as heating to a temperature specific for
each composition. After the irreversible destruction of
the microheterogeneous state, the melt transforms into
a molecular solution state and its crystallization con-
ditions change. This is reflected in the microstructure,
crystal structure and mechanical properties of the crys-
tallized metal. The concept of the microheterogeneous
state of liquid multicomponent melts has been substanti-
ated experimentally. P.S. Popel, U. Dahlborg and M. Cal-
vo-Dahlborg, using the method of small-angle neutron
scattering in Pb—Sn and Al-Si eutectic melts, detected
regions enriched in one of the elements and separated
from the rest of the liquid melt by a transition layer. Two
families of particles have been identified: small particles
sized 10 — 40 A; and large particles sized up to 90 A. As
the temperature increases, the particles dissolve and re-
combine into smaller ones [3]. The use of LLT as a stra-
tegy for creating materials with predetermined properties
has proven to be practical and effective. LLT appeared
not only to control the nucleation rate of crystals, but
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also to control the structure of crystallites, determin-
ing the mechanical and thermal properties of the mate-
rial [4, 5].

The concept of microheterogeneity of liquid multi-
component melts also agrees with the concepts of Melt
Superheating Treatment (MST) as a method of improv-
ing the mechanical properties of castings. The effect of
MST of the Fe — 12 % wt. Mn — 1 % wt. C melt on the
ingot microstructure has been studied in detail. It was
established that the MST of this melt causes an increase
in austenite grains (solid solution of carbon in iron) and
decrease in the number of precipitating carbides during
subsequent cooling and crystallization. This can be ex-
plained by a decrease in the number of crystallization
centers with increasing temperature [6].

Previously, the authors have found anomalies of tem-
perature dependences of kinematic viscosity and specific
electrical resistivity of Fe — (5.0 — 25.0) % wt. Mn —
(0.4 — 2.2) % wt. C melts, interpreted as an evidence of
irreversible destruction of microheterogeneity. The va-
lues of temperatures 7" at which the microheterogeneous
state of the Fe—Mn—C melt of specific chemical com-
position is destroyed have also been determined [7, 8].

This article discusses the theoretical justification of
the possibility of existence of thermodynamically stable
microheterogeneous states in Fe—Mn—C melts at tem-
peratures close to liquidus in the framework of the che-
mical thermodynamics concepts. The identification of
anomalies in temperature dependences of melts physical
properties allowed for temperature values above which
MST causes destruction of microheterogeneity to be de-
termined, i.e., LLT in the melt. The effect of LLT in the
Fe—Mn—C melt on the microstructure, crystal structure
and mechanical properties of a solid metal in submicro-
volumes has been analyzed. Theoretical determination
of the temperature range where the microheterogeneous
state of the Fe—Mn—C melt is thermodynamically stable
is the purpose of this work.

[ EXPERIMENTAL EVIDENCE OF
MICROHETEROGENEITY OF Fe — Mn — C MELTS

The hypothesis of the possibility of microheteroge-
neous states in Fe—Mn—C melts is supported by the data
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of the diagram of states and the results of measurements
of thermodynamic properties. The diagram of states of the
system, including isothermal and polythermal sections,
has been studied in detail [9 — 11]. According to expe-
rimental data of thermodynamic properties of Fe—Mn,
Fe—C, Mn—C melts on the distribution of Mn and bet-
ween liquid ferrite and austenite, isothermal sections of
the diagram of the Fe—Mn—C state at temperatures of
1760 and 1750 K have been built by calculation [9]. The
polythermal sections of the diagram of the Fe—Mn—-C
system states appeared to have zones with the g-phase:
four-phase eutectic-peritectic y+ L + C + ¢ at 1430 K;
and eutectoid-peritectoid a+vy+ C+¢e at 840 [10].
The possibility of the existence of manganese carbide
Mn.C; in the system has been demonstrated by means
of calculation. The weak dependence of the chemical
composition of carbide phases (cementite and g-phase)
on temperature has been established. Taking this into
account, the cementite contains ~30 % Mn and 25 % C,
and the e-phase contains ~37.5 % Mn and 30 % C. It
has been demonstrated that the manganese distribution
coefficient between the melt and austenite (K, 7 = 1.32)

and between the melt and ferrite (Ki.“=1.36) in the
temperature range of 1470 — 1500 °C depends on tem-
perature weakly [9].

The results of analysis of the calculated isothermal [9]
and polythermal [10] sections of the Fe—Mn—C states
diagram allow the structure formation in manganese- and
high-manganese steels to be judged. In the process of
cooling, a specific component from a mixture of austen-
ite and carbides with laminar morphology is formed in
the structure of high-manganese steels. It has been dem-
onstrated that during very slow cooling dense clusters
of carbide plates are formed in some isolated areas, re-
sembling a pearlitic structure. A transition to thin-plate
pearlite occurs at the edges of these areas bordering the
unconverted austenite [11]. A study of regularities in the
formation of the Fe—Mn—C melts microstructure and
the morphology of austenitic dendrites showed that the
introduction of carbon into the Fe—Mn melt causes an
increase in the lateral dimension of primary branches of
dendrites. It also changes the size of secondary branches
by increasing the interphase energy at the crystallization
front [12]. It can be assumed that destruction of the mi-
croheterogeneous state during subsequent cooling and
crystallization will cause a decrease in the interphase en-
ergy at the crystallization front. This is due to destruc-
tion of tthe dispersed particles in turn being destroyed
and transition of the melt to the molecular solution state.
This will eventually change the microstructure and the
crystal structure of the ingot significantly.

The hypothesis about the possibility of a microhetero-
geneous state of Fe—Mn—C melts is supported by a sig-
nificant deviation of the system from the ideal: enthalpy
of the Fe—Mn—C liquid melt is negative and decreases

with the increasing Mn and C content [13]. Evaluation
of the thermodynamic properties of Fe—C and Fe—Mn
melts showed the presence of strong interparticle inter-
action, causing short-range ordering [14, 15]. Fe—Mn
melts have a negative enthalpy of mixing, confirming
strong interparticle interaction [16]. The Mn—C melts are
also characterized by a negative enthalpy of mixing [15].
In the process of crystallization, the Mn,C compound
precipitates together with cementite Fe,C at the austen-
ite grains boundaries [17]. Carbon dissolves well (up to
~17 % (at.)) in liquid iron [18]. In Fe—Mn —C melts, the
solubility of carbon increases with increasing manganese
content [19]. On the basis of this it can be assumed that
in Fe—Mn—C melts all carbon will be either dissolved in
iron or bound by manganese compounds.

The hypothesis of the possibility of microheteroge-
neous states in Fe—Mn—C melts is supported by ex-
perimental data on their physical properties. Anoma-
lies of temperature dependences of kinematic viscosity
and specific electrical resistance of Fe — (5.0 — 25.0) %
Mn — (0.4 — 2.2) % C melts observed at temperatures 7
specific for each composition have also been interpreted
by the authors as indirect evidence of destruction of the
Fe—Mn—C melts microheterogeneity during heating to
T"[7,8].

A.A. Wertman and A.M. Samarin were the first to
develop a hypothesis of colloidal microheterogeneity of
Fe—C melts on the basis of sedimentation experiment
data. Experiments by A.A. Wertman, A.M. Samarin
and A.M. Jacobson on the centrifugation of liquid cast
iron show that the radius of carbon atoms groupings is
close to 10 nm [20]. In their papers, A.A. Wertman and
A.M. Samarin linked colloidal microheterogeneity of
the melt with the presence of a nonequilibrium dispersed
phase which gradually dissolves in the dispersion me-
dium [21]. Such dynamic (fluctuational) microheteroge-
neity has an inherited short-range order of solid eutectic
phase structure. Its lifetime is commensurate with the
relaxation time in the atomic arrangement. According to
the ideas of A.A. Wertman and A.M. Samarin, colloidal
microheterogeneity is attained only in the limit case of
solutions with strong covalent interaction of atoms of
one of the components. In other eutectic systems, mi-
croheterogeneity is of a fluctuational nature. The study
of the microheterogeneous (colloidal) state of liquid cast
irons leads A.A. Wertman and A.M. Samarin to consider
the nonequilibrium nature of such a state. This would
explain the branching of temperature dependences of
their physical properties obtained in the modes of heat-
ing and subsequent cooling of the melt [22]. The iron-
carbon melt was also considered as a nonequilibrium
system with a particular temporal colloidal heterogenei-
ty, in which all the carbon is in the form of disperse
graphite particles [23]. Subsequently, the concepts of
the microheterogeneous state of iron—carbon melts were
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developed. They were considered a temporary, nonequi-
librium state gradually passing into the equilibrium state
of a molecular solution. V.M. Zalkin understood eutec-
tic Fe—C melts in a liquid state as a thermodynamically
stable two-phase state (microemulsion) preconditioned
by the delayed dissolution of one of the components and
gradually passing to a molecular (homogeneous) solu-
tion state. In other words the Fe—C melts were under-
stood as lyophilic two-phase systems [24]. Transition
from the microemulsion state in this case is reversible.
When a homogeneous solution cools, the initial micro-
heterogeneity is restored. The existence of a stable two-
phase region leads to objections by A.A. Wertman due to
the violation of the phase rule in the eutectic point [21].
However, the invalidity of this assertion was pointed out
even by J.I. Fraenkel [25]. If dispersion of one of the
phases to the colloidal scale occurs, an additional de-
gree of freedom, such as pressure inside disperse par-
ticles or their radius appears [26]. With regard to the
structure of the iron—carbon system melt, V.M. Zalkin
assumes a limited solubility of carbon in liquid iron, not
exceeding 6.5 — 8.5 % (at.) [24]. At higher concentra-
tions of carbon in the melt, the spontaneous formation of
carbon-enriched ordered groupings of dissimilar atoms,
similar in structure to cementite and separate phases,
occurs. The formation of disperse cementite particles
in liquid alloys at this temperature range occurs dur-
ing melting of alloys with both cementite and graphite
in the initial structure, as well as during dissolution of
graphite in liquid iron. An increase in the carbon content
in the melt to more than 12.4 — 14.2 % (at.) results in
the appearance of submicrogroups of carbon atoms or-
dered by the graphite type [23]. P.S. Popel formulated
the hypothesis of metastability of the melts microhetero-
geneous state in systems with eutectics and monotectics.
The issue of metastability of the microheterogencous
state caused a heated dispute between V.M. Zalkin, who
rejected the idea of metastability of microheterogeneous
states, and P.S. Popel on the pages of scientific jour-
nals [27 — 30]. In order to substantiate this hypothesis,
P.S. Popel analyzed the stability of a disperse particle in
the surrounding melt in the framework of the gradient
approximation of the thermodynamics of heterogeneous
systems thermodynamics [31]. This paper presents the
result of evaluation of the thermodynamic stability for
microheterogeneous states in Fe—Mn—C melts, i.e., the
fundamental probability of such states in these melts was
evaluated and the corresponding temperature and com-
position range was determined. The authors performed
calculations for the different models of the Fe—Mn—-C
microheterogeneous melt: Mn—C particles in the Fe—C
medium and Fe—C particles in the Mn—C medium. In
both cases it was assumed that the “particle — medium”
interface is represented by a saturated solution of car-
bon in iron. As a result of the calculation, the possibility
of thermodynamically stable microheterogeneous states
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in Fe—Mn—C melts was demonstrated only for the case
when disperse particles (Fe—C) were in the dispersion
medium (Mn—C) and the “particle — medium” interface
was represented by a saturated solution of carbon in iron.

[ RESULT OF EVALUATION OF THERMODYNAMIC
STABILITY FOR MICROHETEROGENEOUS STATES
IN FE — MN — C MELTS

Considering Fe—Mn—C melt as a microheteroge-
neous system, let us then denote the amounts (mol) of
iron, manganese, and carbon as n;_, n,, , n. and assume
that n,, > n,, > n.. Then considering liquid Fe and Mn
as mutually insoluble phases at fixed temperature T and
fixed standard pressure p_ = 1 bar, let carbon have limited
solubility in both liquid iron and liquid manganese. The
mutual exchange energy (€, J/mol) between dissimilar
iron, carbon, and manganese atoms is positive which is
essential in the regular solution model. Thus supposing
suppose there are disperse Fe—C particles in the Mn—C
melt medium, we can express the volume equilibrium
condition for carbon in such a heterogeneous system as

G:: + RTln(XC(Fe, b)) + Q]:e -C (1 - XC(Fe, b))2 =

=G + Tln(XC(Mn, b)) + Q- c (1 =X v, b))2 , (D

where G (J/mol) is the standard Gibbs energy of pure
carbon; Xe (Fe. by (dimensionless) is the volume mole frac-
tion of carbon in the Fe—C solution; and Xeon, by (di-
mensionless) is the volume mole fraction of carbon in

the Mn—C solution.

In general, equation (1) is solved numerically relative
t0 X (g, 5 @S @ function of x. (Mn, p) AL @ fixed value of T
and taking into account the parameters of the model —
interchange energy of Q.. .and Q,, .. If carbon forms
dilute solutions in both iron and manganese, the solution
of equation (1) can be written approximately as

Xere. n) =KX, b)» 2

where K — is the coefficient of carbon distribution bet-
ween the Mn—C medium and disperse Fe—C particles:

KEeXp(QMnC_QFEC), (3)

RT

Let us assume that liquid iron and manganese are
mutually insoluble. The free surface energy at the melt
interface (op,,,,) Will be much greater than the free sur-
face energy at the interface of carbon and manganese (.,
vn) and pure carbon and iron (o, ). Therefore, the fol-
lowing ratio is met: ¢ >0 Consequently,

C/Fe

Fe/Mn c/Mn> Oc/per
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carbon will be a surface-active component at the inter-
face of a disperse particle (Fe—C) and dispersion medium
(Mn-C). Let us assume that the interface between a dis-
perse particle (Fe—C) and dispersion medium (Mn—C) is
enriched in carbon, then we find the mole fraction of car-

bon in the dispersion medium X, (Mn, b) using formula [32]

3a 24 Vm, Fe
e — ” e O\)O
~ Fe - C
Xcvn, p) = Kn —, )
Mn Fe

where 7, is the number of moles of the I- -th component;
Vm Fe IS the molar volume of i iron; and oy, . is the area
of the molar surface of the ‘particle — medium” transi-

tion layer.

During the dispersion of particles their radius » de-
creases, thus according to equation (4) X ,, -, decreases
as well. However, the mole fraction of XC (Mn, 5 CANNOt
be a negative value. Consequently, the minimum particle
size at which X =0 can be obtained from equa-

C(Mn, b)
tion (4) is

FeVm Fe ] (5)
nCO‘)Fe e

L =324

The Gibbs energy of a dispersed system is calculated
using the following formulas [32]:

X,
B C(Fe, b)
G, = Ny 1+—1 G, pre—c ™t
= XC(Fe, b)
C(Mn, b)

X,
+ My 1+1_

G, pre-c=RT |:XC(Fe, b) ln(XC(Fe, b))+

(1= Xee, ) (1= X, b))] 4

Gppvn-ct 47cr2Nc5; (6a)
C(Mn, b)

+Qp, X Fcb(l Xe Fcb) (6b)
Gy pvn-c = RT|:XC(Mn, b) ln(XC(Mn, b)) +
+ (1= X, )0 (1= Xeom, b))] +
+ Oy - X, v (1 = Xcovm, b)); (6¢)
. RT Qp, _
G =0k ¢ s ln(XC(Fe b)) TeC
Ope _ ¢ Ope — ¢
o RT Oy -
=Of. ¢ s 1n(XC(Mn, b)) n-C, (6d)
Fe - C Fe - C
where G, is the Gibbs energy of a dispersed system;
G, » re_c 18 the contribution to the Gibbs energy of a dis-

persed system of G, disperse particles; G is the

m, b, Mn — C

contribution to the Gibbs energy of a dispersed system of
G, dispersion medium; o is excess free energy of the tran-
sition layer at the disperse particle and medium interface.

The total number of disperse particles per unit vol-
ume N is calculated by the formula

XC(Fe b) . (7)
1- X C(Fe, b)

N =

3n. V.
Fe m3, Fe [1+

4nr

Let us determine the Gibbs energy of a dispersed
system with a particle size of > r_. (calculation by
formula (5)), consisting of three macroscopic phases (a
phase with high manganese content, a phase with high
iron content, and a phase with high carbon content with
a negligibly small interface area between them):

X, n
_ C(Fe, b, eq) C(C — Mn - Fe)
Gn()em_nFe 1+1 X (1_ ] x
T A C(Fe, b, eq) P

Xe
(Mn, b, eq)
%G,y pFe—C eg T Min {HTX
x[l —
where X @) is the mole fraction of substance i in
(J/mol)

C(Mn, b, eq)
the saturated solution in substance j; G, , .. ¢ o
is the molar Gibbs energy of the saturated Fe—C solu-

n
C(C — Mn - Fe)
j:le, b, Mn - C, eq + nC — Mn — FeGm, b» (8)

nMn

tion calculated by substituting X ) into equa-
tion (6b) for Gm, b Fo—C instead of XC(F 5> G b

(J/mol) is the molar Gibbs energy of the Mn —C saturated
solution, calculated by substituting X COMn. b, <q) into equa-
tion (6¢) for G, , \, . instead of XC(Mn 5 G, 1s the
molar Gibbs energy for the carbon-enriched reglon; and
ng, and ny, are the number of iron and manganese moles,

respectively.

In the carbon-enriched regions of the dispersed sys-
tem (the transition layer between a disperse particle and
dispersion medium), we calculated the following quanti-
ties:

— the number of carbon moles

XC(Fe, b, eq) _
1-X

C(Fe, b, eq)

Ac(c - Mn - Fe) = e — Ppe

XC(Mn, b,eq) .
Ty )
A C(Mn, b, eq)

— the total number of moles

Ac M- Fe = Mc(C - Mn - Fe) ¥

X X, ,
« 1 + C(Fe, b, eq) + C(Mn, b, eq) : (10)
1- XC(Fe, b, eq) 1- XC(Mn, b, eq)
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— the mole fractions of carbon, manganese and iron

1
Xee = ’
© 1+ XC(Fe, b, eq) XC(Mn, b, eq)
1_‘XVC(FC, b, eq) 1_‘XVC(Mn, b, eq)
XC(Mn, b, eq)
X _ 1_‘X'C(Mn, b, eq)
Mn(C) —
" 1+ XC(Fe, b, eq) XC(Mn,h, eq) (1)
1- XC(Fe, b, eq) 1- XC(Mn, b, eq)
XC(Fe, b, eq)
X _ 1- XC(Fe, b, eq) .
Fe(C) — X X H
1+ C(Fe, b, eq) C(Mn, b, eq)
1- XC(Fe, b, eq) 1- XC(Mn, b, eq)
— the molar Gibbs energy
G, = RT[XC(C) (X)) + Xy (Xymey) +
+ Xpe(oy In (XFe(C))] + X Xre) e - ¢ +
+ X)Xy v - c-
The values of parameters n,, =9, n, =0.95,

ne=0.04,V, . =7.92:10°V, =5.2-10°7T=1900 K,
Q.. ==90,000 J/mol, Q,, = 65,000 J/mol were de-
termined according to the authors [33]. The dependence
of excess free energy of the transition layer at the inter-
face of a disperse particle and medium on the disperse
particle radius o(r) for the Fe — 10 % Mn — 0.9 % C melt,
calculated by formula (6d) at 7= 1900 K, is presented
in Figure 1. It is worth noting that at » > 7-10~ m the
excess free energy of the transition layer at the interface
of a disperse particle and medium is ¢ < 0, According to
[32] this is a condition of spontaneous dispersion of the
system, i.e. disperse particles with radius » > 7-10° m
are thermodynamically unstable.

Figure 2 shows the dependence of the Gibbs free en-
ergy of a dispersed system on the disperse particle radius
G(r) for the Fe — 10 % Mn — 0.9 % C melt, calculated
at 7= 1900 K with formula (8), with due regard to the
transition layer at the disperse particle and medium inter-
face, and with no regard to it.

The Gibbs free energy of a dispersed system G(r),
calculated with due regard to the transition layer at the
disperse particle and medium interface (saturated solu-
tion of carbon in iron) appeared to be less than the Gibbs
energy of a dispersed system G(r), calculated with no re-
gard to the transition layer, if the disperse particle radius is
(7.1 — 13.6)-10° m (Figure 2).

Thus, the Fe — 10 % Mn — 0.9 % C melt at 7= 1900 K
can be represented as a dispersed system consisting of
disperse particles (Fe—C) (7.1 — 13.6)-10~° m in size and
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dispersion medium (Mn—C), where the “particle — me-
dium” interface is represented by the saturated solution
of carbon in iron. The critical radius of a disperse par-
ticle is 6.7-10~° m.

Previously, when studying the temperature dependenc-
es of kinematic viscosity and specific electrical resistance
of Fe — (5.0 — 25.0) % Mn — (0.4 -2.2) % C melts, indi-
rect evidence of their microheterogeneity at temperatures
close to liquidus was found [7, 8]. Analysis of tempera-
ture dependences of kinematic viscosity in the framework
of the theory of absolute reaction rates gave an estimate

o, Jim’
T

1 | |
0.5-10°° 1.0-10° 1.5:10°

r,m

2.0-10°°

Figure 1. Dependence of excess free energy
of the transition layer at the interface of a disperse particle
and medium on the disperse particle radius o(r)
for the Fe — 10 % Mn — 0.9 % C melt at 7= 1900 K

Puc. 1. 3aBucumMocTb U30bITOUHOI CBOOOHOI SHEPrUM
HEePEeXOAHOTO CI0A Ha TPAHHULC AUCIEPCHOI YaCTHIIBI
U Cpesibl OT pajidyca AUCIEPCHOM YacTHIb! G(7) Ul paciaBa
Fe—10% Mn—0,9 % C npu 7= 1900 K

10-10°

G, Jimol
)

-5-10°

~10-10° ! !
0.5-10° 1.0-10° 1.5-10°°

2.0-10°

r, nm

Figure 2. Dependence of Gibbs free energy in a dispersed
system on the disperse particle radius G(r)
for the Fe — 10 % Mn — 0.9 % C melt, calculated at 7= 1900 K
with due regard to the transition layer at the disperse particle
and medium interface (/) and with no regard
to the transition layer (2)

Puc. 2. 3aBucumocTs cBOOOAHO# HEprin ['160ca
JIMCIIEPCHOM CHCTEMBI OT pajJiyca JUcnepcHoi yactuisl G(r)
quis pacmiaBa Fe — 10 % Mn — 0,9 % C, paccuntannast
rpu 7= 1900 K ¢ yyeToM 1nepexoaHoro ciiost Ha rpaHuLe
JIUCTIEPCHO# YacTHIIbl U cpesibl (/)

n 0e3 ydeTa HaJlm4ust HepexoJHOro cios (2)
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of the size of structural units of the Fe—Mn—C micro-
heterogeneous melts viscous flow as 34 — 5 nm [7]. This
agrees with the estimate of the size of thermodynamically
stable disperse particles in this paper.

- CONCLUSION

The study evaluated thermodynamic stability of mi-
croheterogeneous states in Fe—Mn—C melts at tempera-
tures close to the liquidus. The Fe—Mn—C melt was con-
sidered as a microheterogeneous system. This assumed
the existence of disperse particles (Fe—C) in dispersion
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UCCNEQOBAHUE ®A30BbIX NPEBPALLEHUN
U TEPMOAUHAMMYECKMX CBOUCTB OKCUAHbIX CUCTEM

M. C. lepeBsHKo, A. B. KonapaTtbeB
| HaumonanbHblii ncenenoparebekuii Texnosorndecknii ynusepeurer « MUCuC» (119049, Poccust, Mocksa, Jlenunckuii nip., 4)

AnHomayus. HoBblil TIOIXO0/] K MOJIYYEHUIO aMOP(HBIX OKCH/IOB HCCIICOBAH KaK TEOPETUYECKH, TAK M IKCIICPUMEHTAIBLHO C HCIOJIb30BAHHEM Me-
TOMOB peHTreHoBcKo# mudpakunu (XRD) u snekrpoHHO-30HI0BOr0 Mukpoananuza (EPMA). B pabore TpaguiinOHHbIH 30/1b-Telb METOI MO-
IUGUIMPOBaH JI0OaBIeHHEM AOIOUHOM KMCIIOTB B KAUeCTBE OKMCIIMTENIS M YCTIEIIHO MPUMEHEH Jls monydeHus aByx okcunos ALO; u Fe,O,
¢ aMopGbHO# cTpykTypoii. CpaBHEHHE PE3yIbTaTOB, MOIYYCHHBIX MOANDUIIPOBAHHBIM 30J1b-T€lIb METOIOM, C Pe3yJIbTaTaMH, MOIYICHHBIMH TIPH
TEPMHUUYECCKOM PA3JIOKEHHH COOTBETCTBYIOIIMX COJIECH, MOKA3aJI0 MPEHMYILECTBO YCOBEPIICHCTBOBAHHON METOMKH. TepMuieckasi CTabHUIbHOCTD
amMOpP(HBIX OKCHIOB HCCIIEI0BaHA METONIOM (P DepeHIIMAILHOM CKkaHupyolei kKaopumeTpuu. OOHapyxeHo, uTo amop@HbIil Al,O, cTabuien 10
790 — 810 °C, B T0 Bpems kak amopdubiii Fe,O, pexpucranusyercs npumepto npu 160 — 180 °C B 3aBUCMMOCTH OT CKOPOCTH Harpesa.

Kawuesvle caosa: 3onb-rens nporecc, okcun antomunus (111), okenn xenesa (1), amopguas crpykrypa
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Short report

PHASE TRANSFORMATIONS
AND THERMODYNAMIC PROPERTIES OF OXIDE SYSTEMS

M. S. Derevyanko, A. V. Kondrat'ev
| National University of Science and Technology “MISIS” (4 Leninskii Ave., Moscow 119049, Russian Federation)

Abstract. A new approach to obtain amorphous oxides was investigated both theoretically and experimentally using X-ray diffraction (XRD) and electron
probe microanalysis (EPMA) techniques. In this work, the conventional sol-gel method was modified by the addition of malic acid as an oxidizing
agent and successfully applied to obtain two oxides Al,O, & Fe,0, with the amorphous structure. The results of the modified sol-gel method were
compared to those obtained by thermal decomposition of corresponding salts, and the advantage of new technique was clearly demonstrated. Thermal
stability of the obtained amorphous oxides was examined by the differential scanning calorimetry (DSC). It was found that amorphous Al O, is stable
up to 790 - 810 °C, while amorphous Fe,O; recrystallises at about 160 — 180 °C, depending on the heating rate.

Keywords: sol-gel process, aluminum oxide (I11), iron oxide (III), amorphous structure
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Xopo1mIo U3BECTHO, UTO 30JIb-TeIb METOJI UCTIONB3YeTCs
BO MHOT'UX 06J'[aCT$[X COBpCMCHHOﬁ XUMUH IJI TOJTYYCHU A
MaTepuanoB M3 PacTBOPOB, BAKHBIM JIEMEHTOM KOTOPBIX
sIBIsieTCsE 0Opa3oBaHKe Teilsl Ha OHOW M3 CTauii mpoliec-
ca[1]. Yacro anst momydeHUs] COSTUMHEHUN TUM METOAOM
HEOOXOIMMO HCTOJIb30BaTh OTHOCHUTENLHO JOpOTHe pea-
TeHTHI (HApUMep, aKoToIsThl MeTauioB [2]). OmHako cy-
IIECTBYIOT YHUBEPCAJIbHBIC METOABI MMOJYYCHUS PA3JIMIHBIX
COCIMHCHUI C WCIONB30BaHUEM Oojiee MEemIeBBIX H JA0C-
TYIHBIX PEareHTOB, KOTOPhIC JA0T OXKUAaeMble Pe3yJbTa-
ThI, HO O0JIee MPOCTHIM M MEHEE 3aTPATHBIM CITIOCOOOM.

188

B pabote mpemiokeHO yCOBEPUIICHCTBOBAHHE 30JIb-
rejib METO/AA, 3aKJIFOYAroIeecs B J00aBIEHUH SIOIOYHOMN
KHUCJIOTHI I TIOJNIyYEHUS OKCHIIOB A1203 n FeZO3 [3]
aMOpGHON CTPYKTYphI, KOTOpBIC Jaliee HCCIACIYIOTCS
METOaMHU KaJIOPUMETPUU Ui TMOJMYUYCHHS TEeMIepaTryp
q)aSOBLIX Mepexoa0B U U3MEPCHUSA TEPMOAUHAMUYCCKUX
CBONCTB.

Bricokoremneparypubiii 0-Al, O, nnu kopynn [4] sBis-
€TCs €/IMHCTBEHHON TePMOIMHAMHYECKH CTA0MIIbHOU (op-
Mo Al,O,. Okeun xenesa (I11) umeer oxHy Kpuctammyec-
Ky MOIM(HKAIIIO, UMEIONTYI0 TeMIIepaTypy IUIaBICHHUS
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nopsiaka 1600 °C!, uro ynpomuaer paGoty ¢ HUM Ha 0060-
PYIOBAaHHH C PA3IHMYHBIM TEMIIEPATYPHBIM THANIA30HOM.
B HacTosiemM ucciieoBaHUM TONYyYeHBI peHTTeHoaMopd-
HBIe MOAM(UKAIINK OKCHUIOB ATIOMUHHS W JKelle3a, KOTOo-
PbIC MPAKTUYICCKU HC U3YUCHBI.

COOTBETCTBYIOIIHE OKCHIBI ITOTYIEHBI KaK YCOBEPIICH-
CTBOBAHHBIM 30JIb-TCJIb METOJOM, TaK U TCPMHUUICCKUM pas-
JIO)KEHUEM HUTPATOB aIFOMHHUS U JKeJe3a IUIS CPAaBHEHHSI
U BBIABICHUS PA3IUYUN, UMEIOLIUXCS y MPOAYKTOB 3TUX
JIBYX peakiuii. PeHTreHodha3oBblii aHAU3 TOKa3aj, 4YTO
JaHHBIC COCAMHCHUA HUMCIOT ﬂeﬁCTBHTCHLHO PEHTICHOA-
MOpQHYIO CTPYKTYpY. [lyTeM MHKpOPEHTTEHOCTPYKTYPHO-
r0 aHaJK3a J0Ka3aHa YUCTOTa COCAUHCHUI U TPOBEPCH UX
XUMHUYECKHHI COCTAB.

®da3oBEIC MpeBpanicHus B UCCICAYCMbBIX OKCHUIAX U3Yy-
YeHBI € MOMOINBI JU((HEepPeHIMATBHON CKaHUPYIOMICH
KaJJIOpUMETPUH. 21.]'[5[ OKCHJa aJJIOMUHUS MOJTydCeHa TEMIIC-
parypa mepexona U3 aMOp(QHOTO COCTOSIHUS B KPUCTAJUIU-
yeckoe (Temreparypa Aesutrpudukanmu) nopsaka 800 °C.
AHaIOTHYHBIE WCCICIOBAHMS TIPOBENCHBI W U OKCHIA
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JKeJes3a, ero Temmeparypa (ha3zoBoro mepexofa COCpeno-
toyeHa B padone 170 °C. Takke oOHapy»XeHO, YTO MPH
OoJsiee BBICOKOI TeMIepaType CHHTE3a MOXHO TOJNYYHTh
y-momudukarmio Al,O,, a pentrenoamoppnas CTpyKTypa
Fe,O, MOxeT ObITh MOJTy4eHa NMPU HU3KOTEMIIEPATYPHOM
criekannu nopsiaka 80 °C.

Janpueiimue ucciaenoBaHus OyAyT CBSI3aHBI C U3Y-
YeHHEM TEPMOIMHAMHUYECKHX CBOWCTB NaHHBIX COCIH-
HCHMI, B YACTHOCTH, U3MEPEHHEM TEIJIOEMKOCTU PEHT-
reHoaMop(HBIX MOJAU(GUKAIUN OKCHJIOB  aFOMHHHS
u xenesa (III) metogom nuddepenumanbHOro TepMUYeC-
Koro aHammza. Taxke OymeT McclieoBaHa TeMIepaTypa
JIEBUTPUGHUKAINY NTEPEXo/ia U3 aMOp(HOTO B KPUCTAIIIH-
YEeCKOe COCTOSIHHE B 3aBHCHMOCTH OT CKOPOCTH Harpena
oOpasia.

- BbiBOAbI

YcraHOBIEHO, 9TO aMOp(HBIE CTPYKTYPBI aM(pOTEPHBIX
okcuyioB Al,O, u Fe,O, MOryT ObITh CHHTE3UPOBAHBI MO-
JTU(GUITIPOBAHHBIM 30JIb-TEJIb METOJIOM C HCHONb30BAHUEM
s0JI0UHON KUCIIOTHI B KauecTBe okuciaurens. Paspaboran-
HBIH ITOJIXOJT TIO3BOJISIET TIOJTyYaTh YUCTHIE IPOAYKTHI peaK-
LIUY TIPU HEOOJBIUX KOJIUUECTBAX CTaUi, UTO TakxkKe 3Ha-
YUTENHHO COKPAIIAET BPeMsl CHHTE3a.
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XNAAOCTOMKOCTb HOBOM NUTEUHOMN
Cr=Mn -=Ni-Mo - N CTANU. YACTb 2.
UCCNEAOBAHUE GAKTOPA YACTUL, HEMETANTUMECKUX
BKOYEHUWA NPU CTATUMECKOM U YAAPHOM HATPYXEHUU
NPU NOHUMKEHHbIX TEMMNEPATYPAX

M. B. Koctuna ' 2, A. 3. Kyapsimos !, JI.I. Puruna -3, C. 0. Mypaasan?,
0. C. AuToHoBal, B. C. Koctuna!

MHCTHTYT MeTa/UIyprui U MaTepuajoBeaenust uM. A.A. Baiikosa PAH (Poccus, 119991, Mocksa, Jlerunckuii mp., 49)

2 MocKOBCKHIi ABHAIIMOHHBIN HHCTUTYT (HAIIMOHAJILHBIH HCc/Ien0BaTebekuil yausepeurer) (Poccust, 125993, Mocksa, Boso-
KOJIaMCKoe 1mocce, 4)

3IeHTpaNbLHBIN HAYIHO-HCCIEI0BATENLCKHIT HHCTHTYT TEXHOJIOrHH MammnHocTpoernsi, OAO HITO « {THUUTMAII»
(Poccus, 115088, Mocksa, IlIaprkonoaMmHUKOBCKas yiI., 4)

AnHomayus. Hoast nureitnas aycrenutHas Cr—Ni—Mn crans ¢ 0,5 % N (mapka 05X21AT'15SH8M®JT) Bo BceM nHTEpBae KIMMATHYECKUX TEMIIEpaTyp
MIPEBOCXOUT T10 YIAPHOH BSI3KOCTH JIUTYIO cTanb cpaBHeHus Thiia 18Cr — 10 Ni. B crarbe yzeneHo BHUMaHUe YacTULIAM HEMETAJUTMYECKUX BKIIOUESHUH
(HB) B nutoM MeTanie a30TUCTON CTalM Kak (pakTopy, CllOCOOHOMY BJIMSTH HA MEXaHHYECKHUE CBOMCTBA MPH CTATHYECKOM U YAApPHOM HArpy)KEHHU
IPH TIOHIKEHHBIX TemIeparypax. Hemerammueckue BKIIOYEHUsI B Ja0OpaTOPHOM MeTalule MPEICTABISIIOT COOOW MI0OYIApHbIE OKCHUCYIIb(HIbI
c okcusiamu SiO, B EHTPAIbHON YacTH U HAPYXKHBIM CJ10eM, c(pOPMUPOBAHHBIM CYNb(UIOM MapraHia MnS, co cpeHuM pasmepom ~75 % dacTuil
110 4 MKM. YCTaHOBJICHO, YTO IPH UCIIBITAHUSIX JIMTOM cTany Ha ynapHbiid u3rud npu —160 °C stu HB He citykar HCTOUHHMKOM 3apOXKJICHHS TPELUH
¥ HE CIOCOOCTBYIOT MX PacHpOCTPAHEHHIO, HAXOACh B M3JI0OME B M30IMPOBAHHBIX sIMKax. B ycnoBumsx pactsoxerns npu —110 °C npenen Tekydecti
a30THCTOH cranu Bospacraer Oonee, yeM B 1,7 pasa mo cpaBHeHHIO co cBoiicTBamu mnpu +20 °C, ruacTUYHOCTh HpH oxJaxzaeHuu ao —110 °C
He cHikaercst. [1pu atom yactuipl HB cuitbHO geopMHpPyYIOTCS 3a CHET pa3BUTHS B MX OKCHAHOM YaCTH TPELIMH U JAXKe IIPH BBIXOE Ha MOBEPXHOCTD
oOpasiia B paboueii yacTH B 30He LIEHKU OHM HE CITyXKaT MCTOYHUKOM 3apoyk/ieHus TperuuH. Tpemunbl Ha rpanuue HB — nedopmupyromuiicss merann
He o0pasyrores. Jlaxe npu ciiydaliHOM pacroNOKEHUH YacTHIl B BUJIE LIETIOYEK BJIOJIb OCH MPHJIOKEHHS PACTATUBAOIICH HArPY3KH HA PACCTOSHUH
5 — 20 MKM Jpyr OT Jpyra He IPOHMCXOAUT (OPMUPOBAHMS IOP BOKPYI YACTHIl U UX CIHMSHHS B 3apOJBIII TPEIIMHBI. [loydeHHbIC pe3yabTarsl
KOPPEJUPYIOT C JINTEPATyPHBIMHU JAHHBIMU O TOM, YTO B INTACTHYHBIX cTasix HB MoryT neficTBoBaTh Kak penakcaTopbl HAPsHKSHHI.
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Kostina M.V, Kudryashov A.E., Rigina L.G., Muradyan S.0., Antonova 0.S., Kostina V.S. Cold resistance of new casting Cr-Mn-Ni-Mo-N ...

Abstract. New cast austenitic Cr—Ni—Mn steel with 0.5 % N (grade 05Kh21AG15N8MF) surpasses cast steel of 18 Cr — 10 Ni type used for
comparison in terms of the impact strength in the entire range of climatic temperatures. This part of the paper will pay attention to particles of non-
metallic inclusions (NMI) in cast nitrogen-containing steel as a factor which affects mechanical properties under static and impact loading at low
temperatures. NMI in laboratory metal consist of globular oxysulfides, with SiO, oxides in the central part and an outer layer formed by manganese
sulfide MinS, with an average particle size of ~75 % up to 4 um. During the steel impact bend test at —160 °C, these NMI do not initiate cracking and
do not contribute to crack propagation as a fracture in isolated pits. Under tensile conditions at —110 °C, the yield strength of nitrogen-containing
steel increases by more than 1.7 times in comparison with the properties at +20 °C. Ductility does not decrease when cooled to —110 °C. In this
case, NMI particles are strongly deformed due to the development of cracks in their oxide part. Even when NMI reach the surface of a sample in
the working part in the neck zone, they do not initiate cracking. Cracks at the “NMI/deforming metal” interface are not formed. Even with a random
arrangement of particles in the form of chains along the axis of application of the tensile load, at a distance of 5 — 20 um from each other, pores
do not form around the particles or merge into a crack nucleus. The results obtained correlate with the literature data that NMI can act as stress

relaxers in ductile steels.

Keywords: cast austenitic steel, cold resistance, nitrogen, non-metallic inclusions, fracture, cracks, deformation
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) BBEAEHME

B nepBoit wactu gaHHON cTarhbu OBLIO TIOKa3aHo [1],
4YTO HOBas nuTeiiHass aycreHutHas Cr—Ni—Mn crans
¢ 0,5%N (mapka O05X21AT'1SH8M®JI) mnpeBocxo-
JUT TI0 yAapHOU BA3KOCTH JIUTYIO CTajlb CPAaBHEHMs THIIA
18Cr — 10Ni Bo BceM MHTepBaje KIMMaTHYEeCKUX TeMIlepa-
Typ U IEPCHEKTUBHA KaK KOPPO3UMOHHOCTOMKUIN JIUTEHHBIN
Marepuan s KOHCTPYKIHMH, paboTalomuX B YCIOBHSX
Apxruku 1 Cubupu. Tam xe ObUI0 TPOJEMOHCTPUPOBAHO,
YTO HAJM4YWE IEHAPUTHBIX KPUCTAIUIOB O-(heppuTa B cTaIH
05X21AT'15SHSM®JI HeraruBHO CKa3blBaeTcs Ha €€
ynapaou Bsizkoctu nipu —160 °C. B mannHO#l uWactu cra-
ThU paccMaTpUBaeTCs Takod (hakTop, CIIOCOOHBIN BIUATH
Ha MEXaHMYECKHE CBOWCTBA CTajell MpH MOHMKEHHBIX
TeMIepaTypax, Kak 4acTUIbl HEMETAJUIMYECKUX BKIIIOYE-
Huii (HB) B iutom Mmeraie.

TeopeTudeckMM M 3KCIIEPUMEHTAIBHBIM HCCIIEI0Ba-
HusiM BiusaHus HB Ha paspymenue mpu ymapHoM u3runte
U IpYTUX BHMJAX MCIBITAHUN YJEJIEHO BHUMAaHHUE, B TOM
yncie, B MoHorpadusx [2 — 4], o63opax [5 — 8], pabo-
Tax [9 — 12]. Otmeuanoch, 4TO BO BpeMs yJapHOro Ha-
Ipy’KeHHs IIPU HU3KUX Temreparypax yactuubsl HB moryT
WHUIIMUPOBATh TPELIMHBI CKOJIa JINOO M3-3a CBOETO pa3py-
1IeHus1, MO0 M3-3a JIEKOTE3UH TPAHMIBI pasliena 4acTHl]
¢ marpunieid. Bimsane HB Ha Mmexanndeckue cBoWicTBa cTa-
JIM 3aBUCHT OT HX COCTaBa, MOP(HOJIOTHH, pazMepa, KoJInde-
CTBa W pacrpesesieHus: B MeTale, a Takke (hU3nKo-Mexa-
HUYECKHUX CBOMCTB MarepHajla METAJTMYECKON MaTpHIIbL.
3avacTtyro Oosee BaXKHYIO posib urpaet T HB, yem ux 06-
uiee konuyecTBo [13]. Hanpumep, ynapHas sHeprus pa3pu-
TUS TPEIUH B METajule HU3KOJIETUPOBAaHHOM 3aKaJICHHOMN
cranu Juist BUHTOB 35B2+Cr He 3aBUCHT OT 00IIIero cozep-
xanus HB. Ilpu aTOM OKCHIBI Ha HEe HE BIHAIOT, CYIIb-
(uabl B BOJIOKHUCTOH (hopMe € OChIO, EPIIEHAUKYIIPHOM
HaJpe3y, a TakKe HUTPHUJbI YBEITMUUBAIOT €€, a KPYITHbIC
sk3orennsle HB! camxaror [14].

'K HMM OTHOCAT 4aCTHIBI MIMXTHI, SK30TEPMUYECKHX CMECEH, IIIa-
KOB, MOBPEXJICHHOW (PyTEpOBKM arperatoB JUIsi BHIIUIABKUA U Pa3IHBKH
CTalu.

C yd4eToM H3JI0KEHHOTO, B JaHHOI paboTe mpeacTas-
JSUT0 MHTEpeC HACHTU(QHIUPOBATh yacTuill HB B HOBOIA
JUTENHON a30TOCOAepIKaIIeH CTali U MPOAHAIUZUPOBATH
UX BO3MOXKHOE BJIMSHUE Ha 3apOXKJeHHe, MO0 pacripocT-
paHEHHE TPEUIMH MPH HCIBITAHUAX TNPH TOHMUKCHHBIX
Temieparypax Ha yJapHbId WM3rM0 M OpU PaCTKEHUU.
Panee [15] wmeTogoM mpocBeuMBarOIIEl AIEKTPOHHOU
MHUKpPOCKOIIUU OBLIO TTOKa3aHO, YTO B AyCTEHHTE CTaJA
05X21AT'15SHSM®JI  npucyTCIBYIOT  HaHOpPa3MEpHBIE
(~4 um) yactuel HUTpUAOB CrN, 00pa3oBaHHBIX JICTH-
pytomumu snemeHTamMu. OHM HE PAacCMaTpPUBAIOTCS B Ka-
yectBe HB, B tanHO# paboTe peub uaeT UMEHHO O BbIsBIIsie-
MBIX Ha IIIH(axX ¥ B M3JI0MaX YacCTUIIAX, 00yCIOBICHHBIX
HaJIMYMEeM NpUMeced M XapaKTepU3YIOLUIMX MeTaJlIypru-
YEeCKOE KaueCTBO CTaJICH.

[l MATEPUAN U METOAMKA UCCNEAOBAHUA

UccnenoBanust cramu 05X21AT1SHSM®JI nposonu-
I Ha MeTaiie JabopaTOpHON OTIMBKH, OTOXKKEHHOM
npu 1100 °C u 3arem oxmnaxkaeHHOM B Boje. CTanb BbI-
TUTABJIASIA B OTKPBITOW MHAYKIHOHHOW TEYM Ha YHCTHIX
NIMXTOBBIX Marepuaiax W 3aIuBaA B (HOpPMY M3 XOJOMI-
HOTBEpAEIoIIeN cMecH. Macca IUTUTBI ¢ IMTHUKOBOM CHUC-
TeMoil cocraBisna ~70 kr. XUMHUYECKUI cocTaB cTalu
npencrTasieH B Tabm. 1.

Ucnbrranns Ha pactsbkenne nposomy o F'OCT 1497-84
u 'OCT 11150-84 na 10-1 ycranoBke Instron 3382. Cxo-
POCTB PaCTSDKEHHUSI BO BCEX CIIy4asix COCTaBIsuia 1 MM/MHH.

WcnbiTanuss Ha yaapHbId M3ru0 MPOBOJUIUCH IO
I'OCT 9454-78 u TOCT 22848-77 Ha ycraHoBke Amsler
RKP 450 Zwick/Roell ¢ sneprueii ynapa xorpa 450 k.

MUKpOCTYPYKTYpPY BBISIBISUIA C MCTIONB30BAHUEM Tpa-
sutenst: 3 yactu HCl + 1 wacte HNO, + 1 wacTs mnuepuna.
HccrienoBanre MHKPOCTPYKTYPbl HNUIM(OB OCYIISCTBIIS-
a1 Ha cBetoBoM Mukpockorne Olympus GXS51 u ckanu-
pyromieM snekTpoHHOM MuKpockone Tescan Vega 11 SBU
C IIPUCTABKOH I DHEPTOJUCIIEPCUOHHOTO MUKPOAHAIN3a
INCA Energy 300. DTOT ke MUKPOCKOT UCIIOJIb30BAIHN JIJIsI
(hpaxrorpaduueckoro aHaau3a.
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Taonuma 1

Xumuueckuii coctaB crajeid 05X21AT'1SH8M®JL, % (mo macce), Fe — ocnoBa

Table 1. Chemical composition of 05Kh21AG15N8MFL steels (mass. %), Fe — base

Crann C Mn Si Cr

Ni Mo Ti \% S P N

05X21AT15HSM®JT | 0,04 | 14,40 | 0,24 | 22,00

7,60 | 1,12 - 0,22 | 0,010 | 0,011 | 0,47

Jlns OLeHKHM KOMMuecTBa, pasmepa, mopgonornu HB
1 UX pacIpeieieHus B IUTOH cTanu OBUT IPOBEICH aHAIN3
HeTpaBleHbIX HUTMGoB (60 mMaHOpaMHBIX H300pakeHUI
pasmepom 700x530 MM, ¢ 00meit mwiomanpo 22,26 Mm?).

[l PE3YNLTATBI UCCNEAOBAHUM

HccnenoBanusi MaHOPaMHBIX HW300pakKeHHH HETpaB-
neHbplX nuMdoB mokazanu, yto HB B snmrom merase
pacnpenesneHbl  HepaBHOMEpHO. MMeETcsi 10CTaToYHO
OOIIMPHBIE YYACTKH, MPAKTHYSCKH CBOOOIHBIC OT BhIJE-
nenu#t (puc. 1, a), ¥ y9aCTKH 3HAYUTEIBHO 3arPSI3HEHHOTO
Mertama (puc. 1, ). OCHOBHas 4acThb MeTajia COJICPKUT
HB B ymepennom xomuuectBe (puc. 1,6). KommdectBo
YYacTKOB THIA d, O, 6 HA PUC. | MOXKHO OITUCATh HOPMAJIh-
HBIM pacrpeeiicHdeM Mo layccy, e y4YacTKd Tuma
a ¥ 6 — B HACTIQJAIONIMX YacTAX 3TOM KpuBou. Pacmpene-
JICHWE BKJIIOYCHHUH MO pa3MepaM: MUHHMAIIBHBIH pa3mep
~0,8 MKM, MakCHMaJbHBIH (Y OTIENBHBIX PEIKUX BKIIFO-
yenuit) 20 —40 mxm. [jis yTOUHEHHUS JOMHUHHUPYIOLIETO
pasmepa gactuil HB ucnonb3oBanuck n300paxeHus: n3io-
MOB, IOJyYEHHbIE METOAOM CKAaHUPYIOLIEH 3JIEKTPOHHOM
MHUKPOCKOIIHH.

Ha puc. 2 npencrapieHsl pe3ylbTaThl aHAIH3a pacipe-
JIETICHNS YaCTHI] TI0 pa3MepaM Ha CIeIHaNbHO BEIOPAHHOM
y4acTKe W3JIOMa yIapHOro oOpasia, MOJIYYEHHOTO B pe-

3ynprare ucnbsitanuil mpu —70 °C, B KOTOPOM MPHUCYTCTBY-
et mHoro yactuil HB (puc. 3). s kaxmoi rpymisl yKa-
3aH CPEAHUIl pa3Mep 4acTHll, CTPEIKaMH OTMEYEHA OIS
YaCTHUI] MAJIOTO pa3Mepa OT OOIMIET0 KOJMYECTBA YAaCTHII
B uznome. Kak BUIHO U3 pHC. 2, T0JIS YaCTHIL CO CPETHUM
pasMepoM 10 2 MKM BKITIOUUTENBHO coctaBisieT 50 %; mo
4 MM — 75 %.

Panee ¢pakrorpaduueckuii aHamu3 oOpasIoB CTalU
05X21AT'1SHEM®JI, uchBITAaHHBIX HA YHApHBIA HM3THO
npu temmeparype —70 °C, OIH3KOH K TeMIIepaType BS3KO-
xpynkoro nepexoma (T, = Tpp. =—75 °C), mokasan, 4To
W3JIOMBI 3TOW CTaJIM COXPAHSIOT BA3KHH XapakTep, HaOIro-
JAeTCsl MX 3HAYMTENbHAs yTArHBaromas aehopMaiis o
cpaBHeHnto ¢ u3nomoM Cr—Ni cramm [1]. Kak BugHo u3
puc. 3, a, HB B TakoM n3nome UMEIOT OBaNbHYI0, THOO0 I710-
OyJIIpHYIO (OpPMY U HAXOAATCS B M30JUPOBAHHBIX SIMKAX,
pa3lesieHHbIX I'PEOHSMH OTpPBIBA, HE CIUBAIOLIUXCS IMPH
YOapHOM pa3pylICHHH B eIUHEIC TIOPEL. Bee He TmoGysip-
HBIE BKIIFOYCHUS PACKOJIOIUCH TIOJ BO3ACHCTBUEM YIApPHOU
paspylaone Harpy3KH, 4To JOKHO OBIJIO CIIOCOOCTBO-
BaTh pellakcaluy HanpspkeHui. 110 JaHHBIM MHUKPOPEHT-
TCHOCIIEKTPAIBHOTO aHaJM3a COCTaBa YaCTHI[ B H3JIOME
(puc. 3, a) u Ha HeTpaBieHOM 1wude (puc. 3, 6), B UX co-
CTaB BXOAAT MapraHell, cepa, KpeMHUH, HeOOIbIIOe KOJIH-
YEeCTBO AJTFOMHMHHUS W KHUCIOpox (Tabm. 2). AHallOTUYHBIC
JMAHHBIE O XMMHYECKOM COCTaBE YACTHUI] ITONYUYCHBI U IIPH

Puc. 1. Xapakrepusie st autoit ctanu 05X21 AT SHEM®JT yyacTku ¢ pa3HbIM THUIIOM 3arpsiI3HEHHOCTH HEMETAITHYECKIUMHU BKITFOUCHUSIMHU:
a — YUCTBIA METaJlT; 6 U 6 — yMEPEHHAsI U BBICOKAsl CTENeHb 3arpsi3sHeHHOCTH HB cooTBeTCTBEHHO

Fig. 1. Typical for casting steel 05Kh21AG15N8MFL areas with different types of contamination with NMI:
a — pure metal; 6 and 6 — moderate and high degree of NMI contamination, respectively
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Puc. 2. Pactipenenenue yacTu, BUIUMBIX B U3J0Me Ha puc. 3, a,
10 pa3Mepam, MKM:
1-<1;2-10-15,3-1,5-25,;4-25-3,5,5-3,5-4,5;
6-45-55,7-55-6,5,8-6,5-8,5;9-8,5-12,0;

N — KOTMYEeCTBO YaCTHUI[ B KQ)KIOI 13 IEBSATU TPy pa3MepoB

Fig. 2. Distribution of particles visible in the fracture in Fig. 3, a, by size:
1-<1;2-10-15;3-15-25;4-25-3.5,5-35-4.5;
6-45-55,7-55-6.5;8-6.5-8.5;9-8.5-12.0;

N —number of particles in each of the nine size groups

ananmu3e HB B mpyrux monsx 3peHust Ha nutndax u u3Jio-
Max. MerogoM CBETOBOM MMKPOCKOTHHM HETPABICHOIO
nutrda ObUIO HOATBEPIKICHO IPEIIIONIOKESHUE O MHOTO(Aa3-
HOM cocTtaBe yactull HB (puc. 3, 6, Ha KOTOpOM COOpaHBbI
Hanbosee KPYIMHBIC YaCTHIBI C HECKOJIBKIX M300paKeHHI

MHUKPOCTPYKTYPBI).

Y ot :
Crexrp 2

@A
Cnexrp 2

CTpoeHue YacTHIl ¥ MX XHUMHYECKUH COCTaB IMO3BO-
JITFOT 3aKITIOYUTH, MCIIONB3YSI N3BECTHBIC JaHHBIC O BHAAX
u tunax HB [4], uto 510 okcucynbdupt ¢ okcunamu SiO,
B IICHTPAJBHON YaCTH U HAPY>KHBIM CIIOeM, COPMHUPOBAH-
HBIM cyibpuaom maprania MnS (puc. 3, 6).

Panee Obwio ycraHoBieHo [1], 4To KpUTepHalbHBIC
sHaueHuss KCV s cramu 05X21AT1SHEM®JI, coxep-
xarieit 10 ~8 % S-deppura, cocraBusor 39 — 49 hx/cm?.
OmnpeneneHnas KPUTEPUATLHBIM METOJIOM JJIsl 3TOH CTau
KpUTHYECKas TeMIIepaTypa XpymKOCTH, HIKE KOTOPOit T1aH-
HbIl MaTepuaj He PEKOMEHJYeTCs K HMCIOJb30BaHuIo, T
cocrasuia —110 °C. Ilpu 3T0l1 Temmneparype cTajib UMEET
yposenb KCV = 68 — 83 JIx/cm?, a ipu —160 °C o6pasist
CTalll XapaKTepU30BAINCH yIApPHOW BSI3KOCTHIO HE BBIIIC
0,39 Jlx/cm? (puc. 4). B 3HaUMTENBHON Mepe OXpyM4YnBa-
HUIO MeTajyla CIIOCOOCTBOBAIM CTOJIOYATHIC KPUCTAIUIBI
d-deppura, Haxozgsmierocs npu —160 °C 3a moporom xmias-
HOJOMKOCTH [1].

Creayer TakKe yYUTHIBATh BBIBOJ, CIIC/IAHHBIN B pabo-
Te [16]HaocHoBe uccienoBanuii cranu Fe — 18Cr — 15Mn —
—2Mo — 66 % N MeTrooM NpPOCBEYMBAIOIIEH 3JIEKTPOH-
HOM Mukpockonuu. CormnacHo [16], yMeHblLIeHHE SHEPruu
nedekra YIakoBKH BBICOKOA30THUCTOW ayCTEHUTHOM He-
pyKaBeroleil CTaau C MOHIDKCHHEM TEeMIIepaTyphl MOXKET
CIOCOOCTBOBATh JIBOMHUKOBAHUIO U IUIOCKOCTHOMY IIPO-
CKaJIb3BIBAaHUIO M, TAKUM 00pPa3oM, MIPUBECTH K XPYIKOMY
pa3pyIICHUIO MPH KPUOTSHHBIX Temreparypax. Mccieno-
BaHHUE U3JIOMa nociie ucnbiTanuit npu —160 °C (Huxke kpu-
THUYECKOH TeMIIEpaTypbl XPyMKOCTH) MOKA3aJl0, YTO U MPH
Ooylee XPYIKOM COCTOSIHUH ayCTCHUTHOH MaTpPHUIIBI OKCH-
CYMb(GUIHBIC YaCTHUIIBI HE CITY)KAT MCTOUHHKOM 3apOXKIie-

Puc. 3. Brxmouenns B cranu 05X2 1A' SHSMDJT:
a — y4acTok u3soma ¢ 6ospimM koarmdectsom HB nocne ucnbitanuii npu —70 °C; 6 — vactuipt HB Ha HeTpasieHoM nutude 3Toi xe crasm;
6 — ctpoenue yactul HB (HerpaBnensil numd, x 1000, mondopka KpyIHEIX YacTHIL)

Fig. 3. Inclusions in steel 05Kh21 AG15NSMFL:
a — fracture site with large amount of NMI after testing at —70 °C; 6 — NMI particles on non-etched section of the same steel;
6 — structure of NMI particles (non-etched section, x1000, selection of large particles)
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Tabnuma 2

Konuenrpanus 31eMeHTOB, % (aT.) B cOCTaBe YacTHIl B H3JI0Me U Ha e
auroii ctaan 05X21AT15SHSM®JI

Table 2. Concentration of elements (at. %) in composition of particles in the fracture
and on the thin section of casting steel 05Kh21AG15NSMFL

Pucynok Crekrp S (0) Si Mn Fe Cr Jpyrue snemMeHTsI
3. a (waom) 1 - 61.28 | 13.82 | 24.90 - - -
2 2,27 | 59,53 | 14,2 | 2398 - - -
1 1,44 | 63,54 | 9,98 | 2324 - - 0,77 (Ce); 1,04 (Mo)
2 2,93 | 56,86 | 896 | 24,97 | 3,30 2,14 0,84 (Ce)
3 3,52 | 58,17 | 7,80 | 23,93 | 3,37 1,73 1,48 (Al
3, 6 (o) 4 2,81 | 64,10 | 8,63 | 24,46 - - -
5 3,88 | 50,49 | 12,64 | 32,03 - - 0,96 (Ce)
6 2,41 | 41,37 | 585 | 24,77 | 12,77 | 11,02 1,81 (Al)
7 2,60 | 51,03 | 6,44 | 20,81 | 12,82 | 6,30 -

HUSl TPEIIUH W HE CIIOCOOCTBYIOT MX PacCHpOCTPAHCHHIO
(puc. 5). YdacTok uznomMa ¢ MUKPOTPEUIMHON Ha puc. 5, 6
(oOBelieH paMKOii) — €TUHCTBEHHBIN BBISIBICHHBIN [T 3TOM
CTaJIU IIPUMEP MUKPOTPELIUHBI, CBS3aHHON C YaCTHULIEH.

ITpoBenennnie ucnbrtanus cranu 05X21 AT 1SHEM®DJT
Ha pacTsHKEHHE MPU MOHMKECHHBIX TEeMIIepaTypax TO3BO-
JIUJIM OLEHUTh BO3MOXHOE BiusAHue yactul HB, uaenrtu-
(PUIMPOBAHHBIX KaK OKCUCYIb(UIBI, Ha TOBEACHHUE JINTOTO
MeTaJula B YCIOBHSIX CTaTUYECKOH OJHOOCHOU nedopma-
mun. Kak BugHO M3 Tabm. 3, cTtanb mpu Temreparype uc-
neiTanus —110 °C 3aMeTHO ynpodHsieTCs [0 CPaBHEHMIO
¢ coiictBamu 1ipu +20 °C: mpenen TeKy4ecTH BO3pacTaeT
Oonee, uem B 1,7 pa3a; mpenen npodyHocTH — Ooiee, 4eM
B 1,6 paza; muractuyHocTh npu oxyaxaeHuu 10 —110 °C ne
CHIDKAeTCsl.

280
ot0 L Hnrepsan KCV,
¢ yuetom pas3bpoca |
200 | 3HATCHHiT Mpesiena |
i TEKY4YeCTH CTaJIN 1
S 160 |- 05X21AT15HSM®T |
g |
ISt I
> 120
@]
M
80 -
40 /774
’ 7-'](
0 1 1 1 1
—-180 —-140 —-100 -60 -20 20
t,°C

Puc. 4. Temneparypa Bs3ko-xpymnkoro nepexosa (7y,,,) 1 KpuTHuecKas
temneparypa xpynkoctu (7, ) cramu 05X21ATTSHSM®JL, conepxaneit
1o ~8 % d-eppura

Fig. 4. Ductile-brittle transition temperature (7,,) and critical
brittleness temperature (7, ) of steel 05SKh21AG15N8MFL
containing up to ~8% of §-ferrite
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HccnenoBanuss MUKPOCTPYKTYPBI IPOJOIBHOTO IUTH(bA
paboueil yacTu pa3pbIBHOrO 00pasiid, UCIBITAHHOTO MPHU
T =-110 °C (puc. 6), BBIABHII CIIEAYIOIIME OCOOCHHOCTH.

* BrirroueHus, BBIXOAAIIME Ha TOBEPXHOCTH 0Opasia
B pabodeil yacTu psiIoM C 30HOW IIEHKH, a TAaK)Ke B 30HE
HICHKH, HE CIIy>)KaT HCTOYHUKOM 3apOXKIEHHS TPEUINH
(CM. yUacTKH IMOBEPXHOCTH pabodell 4acTH pa3pbIBHOTO
o0pa3sia, 00BeIcHHBIC KPY)KKOM Ha puc. 6, a, 0).

* YacTtuisl HB B 30He nokanu3anuy HarpsHKeHwH (1ei-
Ke) cubHO Aedopmupyrotcs. Ecin B oTCyTCTBUE pacTsTu-
BAIOUIMX HaNpsUKEHUH YacTULbl, BUAMMBIE Ha JTHE SIMOK
B M3JIOMax U Ha nuiMge, UMeld B OCHOBHOM (GopMmy, Ou3-
Ky10 K chepounanbHoi (puc. 3, a, 5), TO B 30HE ICHKH pa3-
PBIBHOTO 00pa3iia OTHOIICHHE IUPHUHBI YACTHIL K X JUTHHE
cocrasisuio ~1:2 (puc. 6, a — 9).

* BriTsruBanue OKCUCYIb(UIHBIX YaCTHUI] TIPOUCXOTUT
3a CYET TOr0, YTO B OKCHJIHOW YaCTH OTHOCHUTEJIBHO KpYyI-
HeIXx HB mpu MakcuManbHBIX HaNpsHKEHUSX Pa3BUBAIOTCS
TPEUIHHBI (pHC. 6, 2 ¢ N300pKESHUSIMHA YACTHUI] U3 PA3HBIX
YYacTKOB 30HBI IIEHKM), a OKPY)KAIOIIasi OKCHJL 000I0UKa
cymedpuna MnS nedhopmupyercs. [Ipu 3TOM TpeIuHbI Ha
rpanuie HB — nedopmupyromuiics metain He 00pa3yroT-
Cs1, 4TO, OUEBUHO, CBSI3aHO KaK C BBICOKOH IIACTUYHOCTBIO
MaTPUYHOTO ayCTEHHUTA, TaK U C HAJTMYUEM BOKPYT OKCHJA
TUTACTUYHOM CyNb()HUIHON 000TOUKH.

e Jlasxke B TOM ciydae, €ciH Ipymma OIM3Kopacoio-
skeHHBIX HB 00pasyer BHyTpH MeTainia LENOYKy BIOJb
OCH PACTATUBAIONIMX HANPSHKCHUH, OHU HE CIIy)KaT UCTOY-
HUKOM 3apOKJIEHHsI TPELIMHBI 0 W3BECTHOMY MEXaHH3-
MY, OITUCAHHOMY, B TOM YHCIe, B padoTe [4]: «IIpOHCXOIST
JoKanu3anys aeopMaIii BO BKIIOUCHUSX H B MaTpPUIIE
BONM3M BKIIIOUCHNH, 3apOXKICHUE TOJIOCTEH (TIOp) BOKPYT
4acTUl — IMOJOCTU (TOPbI) BBITATMBAIOTCA 1O OIpese-
JICHHOTO KPUTHUYECKOTO pazMepa — MOpPbl OOBEAUHSIIOTCS
B OJIHY JJIMHHYIO MOJIOCTb — 3apOABILI TPELIUHBI, TPOUCXO-
JIUT pacrlpoCTpaHEHUE TPEHIMHBI OT BKITIOYCHUSI B MaTpHU-
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Puc. 5. Okcucynbpuaubie yacTuipbl B u3ioMe cranu 05X21 AT 1SH8MOJI nociie ucrnbiTanuii Ha ynapHeiid u3ru6 npu —160 °C

Fig. 5. Oxysulfide particles in the fracture of steel 05Kh21AG15N8MFL after impact bending tests at —160 °C

Iy ¢ 00pa30BaHUEM MAaruCTPATBbHON TPEIIUHBD (pHC. 6, 6,
YBEITHUCHHOE H300pa)kKEHNE BBIACICHHOTO IPSMOYTOIBHOM
paMKoil yJacTka Ha puc. 6, 0).

* Ha cragun momoma o0pasna OTphIB MOXKET HPOUCXO-
JIUTh U 4epe3 TPECHYBIINE YacTHLbI (puc. 6, d), 1 o rpa-
Hunam HB — metamnn (puc. 6, e).

U3 puc. 6, a Takxke BUAHO, UTO IPAHULIBI 3€PEH ayCTEHU-
Ta 4acTo MPOXOAAT M0 MeK(pa3HBIM TPaHUIAM ayCTCHUT —
¢depput u uro wactunel HB urparoT ompeneneHHy0 poib
B C/ICPXKMBAHUH ATUX TPAHUIL.

[l O5CY)XAEHME NONYYEHHDBIX PE3Y/ILTATOB MO
B/IMAHMIO HB HA XIAAOCTOMKOCTb B CPABHEHUM C
NTEPATYPHbIMM [AHHBIMU ANA APYTUX MATEPUANOB

B dbepputo-nepnuTHBIX TPYOHBIX CTAJSIX HOBBIIICHHON
MIPOYHOCTH (MaTepualie JIPyroro CTPYKTYpHOTO Kiacca)
HB oxka3biBaloT CyIeCTBEHHOE BIIMSHHUE Ha XJaJ0CTOM-
KOCTb. VICTIBITaHUS 9THX CTaiel Py MOHMKEHHBIX KITHMa-

Tabauma 3

Mexanndeckne CBOMCTBA JTUTEHHON cTaIN
05X21AT'1SHSM®JI npu pactsizkeHun npu +20 ... 110 °C

Table 3. Mechanical properties of casting steel
05Kh21AG15N8MFL under tension at +20 ... —110 °C

Mexanndeckue | lemreparypa ucnbitanui, °C
cBoicTBa | —110| 90 | —70 | —40 | +20
G,,> MIla 716 | — | 558 | 533 | 402
c,, Mlla 1011 — | 871 | 862 | 684

3, % 46 - - 53 | 41

TUYECKUX TeMIIepaTypax MokasbiBaiotT, uro HB B HUX MoO-
TYT CIYKHTh OUaraMy 3apOXICHHS XPYNKAX TPCIIUH, KaK
[0Ka3aHo Ha pHC. 5, @, [Jie ICTOYHUKOM CKOJIa MTOCITY>KHIIO
BiuroueHue TiN [17].

MNMerommecss B ayCTCHUTHOM MAaTpHIE JIUTOM CTaIN
05X21AT'15H8M®JI okcucynbhuaHbIe BKIOYCHUS HE BbI-
3BIBAIOT IMMOOOHBIX ITOCIIEICTBHIA TP UCIBITAHHUSIX BILIOThH
o —160 °C. B ToM umciie He HaOIIOLAIOTCS O4arh CKO-
7a, MTHHLIUUPOBaHHbIC yactuliamu HB, momoOuble mpen-
CTaBJICHHOMY Ha puc. 5, a. Hu ogHo u3 ucnbplTanuil Ha
yaapHblii u3ru6 B unrepsaie ot +20 no —160 °C (puc. 4)
HE IIOKA3alo OTKIOHeHu# Oonee, yem Ha 30 Jx/cm?
B 3HAUEHUSAX YAAPHOM BSI3KOCTH OT CPEIHEro 3HaYeHHs
(omuchIBaEMOTO KPUBOW yAapHOW BS3KOCTH HAa JTaHHOM
PHUCYHKE), KOTOpPBIE OOBSICHSINCH OBl HETaTHBHBIM BIHS-
nueM vyactur HB.

K 00CyXIeHUIO TTOyYeHHBIX PE3YJIBTATOB MOXKHO TIPH-
BJIEUb JIaHHBIE, TIOJYyYEHHBIC JJIsl JIUTEHHOW ayCTEHUTHOM
crann 07X131'28H3JI ¢ BBICOKO yapHOH BSA3KOCTBIO MIPH
HU3KHUX Temrieparypax [12]. Mccaenys 3Ty craib, aBTOPHI
3aKJIIOYMITN, YTO MEJKUE SMKHM B M3JIOMaX CHUXKAIOT Bs3-
KOCTh ¥ TIACTUYHOCTH, KPYIIHBIC SIMKH OTBETCTBEHHBI 32
MOBBILICHUE IJIACTUYECKUX CBOUCTB. BBICOKYIO ymapHyro
BSI3KOCTh CTAJIM JEMOHCTPUPYIOT B TOM CIIydae, €Clu Mpu
HAJINYAU OOJIBIIOTO YUCIIA IMOK HEOOIBIIOro pa3mMepa Ha-
HOOJIBIYIO TUTIOIIAAb B U3JIOME 3aHIMAIOT SIMKH Pa3MEpoM
He MmeHee 10— 15 MKM ¢ DIOOYISAPHBIMH BKIFOYCHUSMHE
He 6oisee 8 MkM. OTMEUATIOCHh TAKXKE, YTO ITOMHMO HaJIH-
9usi TOAOOHOTO SMOYHOTO penbeda B H3IOME YHAPHBIX
00pa3IoB MPU3HAKOM BBICOKOH BS3KOCTH METAJUIA SBIISCT-
Csl IJIACTUYHOCTh CaMHUX SIMOK (CepHnaHTHHHBIA Xapakrep
CKOJIB)KEHHSI Ha MX CTCHKAX, JOCTaTOYHAs IIyOWHa SMOK
U OTCYTCTBHUE UX TpelunHoBaTocTH) [18]. Yka3anusle npu-
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Puc. 6. Hemerasninueckue BKIOUCHHS B pabodeil 4acT pa3pbIBHOTO 00pasiia
(ucnbitanust npu —110 °C) psiioM ¢ 30HOM mIeliky (@) U B 30He IIEHKH (O — e), B TOM YHCIIe BBIXOASIINE HA IOBEPXHOCTh 30HBI 1o10Ma (0, e)

Fig. 6. NMI in working part of the tensile samples (tests at —110 °C) near the neck area () and in the neck area (6 — e),
incl. near failure zones coming to the surface (0, e)

3HAKM BSI3KOTO pa3pyLICHUs MPUCYLIU M3YUSHHOM JUTOM
cramu 05X21AI'1SHEM®JI, B ToM uncie TiryOOKHe sIMKH
CO clielaMd CEPIIAHTHMHHOIO CKOJBKEHUS U YacTULaMU
<8 MKM (CM. XapakTepHbIC M300paKCHUS SIMOK, OTMEUCH-
HBIE CTpenKoW Ha puc. 5, 6). Kpome TOro, momydeHHBIC
pe3yabTaThl MOATBEPXKAAIOT 3akioueHus [18] Ha ocHoBe
aHaJIn3a U3JI0MOB:

— HE BBISBJICHO «IPAKTUYECKH HU OJHOTO CIIydas, KOT-
na OBl XpyIKasi TPEIIUHA HaYMHAIIACh UCKITIOYUTEIHHO OT
BKJIFOUCHUI HITH PACIPOCTPAHSIIACh OT BKITIOUCHUS U 1ajee
OBl ITepeXoInIIa B BI3KOE TCUCHUEY;

— «...B IIJTACTHYHBIX CTAJISAX, B OTIIMYHNE OT BBICOKOMIPOY-
HBIX, HB criocoOHBI OBITE penakcaTtopaMyl HapsKEHUH 3a
CUCT pealn3alliy IIACTHIECKON ae(opMannu 33010 10
noaxona TpemuHsl. Takum 06pazom, HB He criocobeTBytoT
00pa30BaHUIO XPYIIKOTO U3IIOMAY).

196

Bropoe 3akitoueHne KoppesnupyeT ¢ IpeAcTaBIeHUsIMH,
W3IIOKEHHBIMU B pabote [4] o ToM, 4TO pa3pylieHHue Mart-
pULbl BOJM3U BKIIIOUEHUS €CTh PE3yJIbTaT JBYX KOHKYpPHU-
PYIOLUX [POLECCOB: HAKOIUIEHUS B XOZE IIACTHUYECKOIO
ne(pOpPMUPOBAHUS BHYTPEHHHUX HAIIPSHKEHUH M3-32 TOPMO-
KCHUS JABIKEHHS Je(PEKTOB KPUCTATMIECKOTO CTPOCHHS
U MX IJIACTUYECKON pesaKcalny.

B monoTpaduu [4] u3noxxeHbl pa3IMyHbIe BADHAHTHI pa3-
pymeHns Mex(ha3HbIX TPAHMI] BKIFOYCHHE — MaTPHUIA TIPH
nedopmaruu craneit, paspyuienust HB npu nmactudeckoit
nedopMaIiy CTalk ¥ €ro BO3MOXKHOTO BIIMSTHHS Ha MIEPEXO
TPELIMHBI B MATPHILY ISl PA3HBIX THUIIOB CIOKHBIX T€TEPO-
¢asupix HB. J{ist BKITFOUEHHIA, COCTOSIIMX U3 TYTOTJIABKOH
dasbl «h2», OKpyKeHHOU Ccynb(uaHOM 0005104K0MH «(h-01»,
Kak B IIPEACTABICHHON aBTOpaMHy padoTe, B KAUECTBE Xapak-
TEPHOW 0COOEHHOCTH OTMEYAJIOCh 00pa30BaHKE TPEIIMH 110
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Puc. 7. Biusane HeMeTaIMIeCKUX BKITFOYEHHUH HA XJIaJ0CTOHKOCTh
TPYOHBIX CTaJell MPH UCTIBITAaHUSX HA ynapHbIil n3rud. CTpenku yKasbl-
BAIOT Ha U3JI0M 00pa31oB TpyOHoi cTamu K60-A mocie ucnsltanus
nipu —20 °C ¢ ouarom ckona, copepxammm HB [17]

Fig. 7. Effect of NMI on cold resistance of pipe steels
during impact bending tests. Arrows indicate fracture fracture
of K60-A pipe steel samples after testing at —20 °C,
with a cleavage center containing NMI [17]

MexdazHbM rpanuam G-ol — 2, TOCKOIBKY 3TH TPaHHIIBI
CHOCOOCTBYIOT JIOKAJIM3aLUUK JAe(opMalii BO BKIIIOUEHHH.

O6cyxnas Bkiaan HB B MexaHW4eckoe TOBEJCHUE W3-
YYEHHOH CTaiH, CIIEAyeT YYUTHIBaTh, YTO rpaHunbl HB —
MaTpHIIa, TaKKe, Kak ¥ rpaHuibl 3eped [ 19, 20], npencras-
JISI0T cO00I HCTOYHUKH PELIETOYHBIX TUCITOKALIUH.

[TpuHIMUATBHEIM TTOJIOKUTEIBHBIM OTIIMYHEM  Me-
Tajula U3y4eHHOH JUTEeWHOW CTalu OT MOAO0OHOro ei mo
COCTaBy, HO TopsYeneHOPMUPOBAHHOTO, SBISIOTCA (hopma
6onpmHcTBa HB, On13Kas k roOynspHOW, U OTCYTCTBHE
CTpouedHbIX ckorieHnid HB, mockoibky BOIHM3M TI0OY-
JSIPHBIX BKJIFOYCHUH KOHICHTpAaIus Ae(opMalui HUXKE,
9YeM y IUTACTHHYATHIX, W ONPEIeIseTCs pa3MepoM BKIIIO-
yenus [4]. B pabore [21] oTMeyasnocs, 4To s ropsueKa-
TaHOTO MeTallla ONU3KOW K U3yYEHHOH 0 COCTaBy CTalld
04X20HOI'I IM2A®B ¢ 0,47 u 0,50 % N OTHOCHUTEIHLHO
HM3Kas (110 CPABHEHMIO C JIPYTUMHU CTaJIsIMH ayCTEHUTHOIO
KJacca) IUIACTUYHOCTD B Z-HANPaBJICHUH MIPOKATA:

— MOXET OBITh OOYCIIOBIIEHA BBICOKOW IPOYHOCTHIO
MAaTpHIIBI B COYETAHUU ¢ HanMn4ueM ckoruieHuii HB neGna-
TONPHUATHON (POPMBI;

— 3aBHCUT KakK OT OOUIeH 3arps3HEHHOCTH YaCTUIIAMU
HB, Tax 1 ot cTpouedHoi MOP(HOIOTHH UX CKOTIIICHHH.

[Ipu sTOM U3 Tpex BUAOB BbIsABIeHHbIX HB (cioxHble
HUTPUIIBL, copeprkaiue Nb; OKCHJIbI aTFOMHHUS; CYIb(HIBI )
HanOojee 3aMETHO YXYyALIAld CBOMCTBAa MeTalula IUIOCKHUE
CKOIIJICHHS OKCHIOB AIOMHUHUSI M YKa3aHHBIX HUTPHUJIOB.

1. Kocruna M.B., ITonomommnos [LIO., bimros B.M., Mypamsa C.O.,
Koctuna B.C. XnagocToitkocts HOBOM juTeitHON Cr—Mn—Ni—Mo—N
cranu ¢ 0,5 % N. Yacrs 1 // U3BecTust By30oB. UepHas MeTatyprusi.
2019. T. 62. Ne 11. C. 894-906.
https://doi.org/10.17073/0368-0797-2019-11-894-906

[l BbiBOAbI

B maGopatopHoM MeTasuie JUTEHHON BBICOKOIPOYHON
ayctenutHoU ctanu 05X21AT'1SHEM®JI, conepxariei 10
~8 % (eppuTa, YIPOUHEHHOI 32 CUET JETUPOBAHHUS a30TOM,
HEMETAJUTMYECKIE BKIIIOYCHHS TPECTABILIIOT COO0H OKCH-
cynb(up! ¢ okcunamu SiO, B LIEHTPAIbHON YacTH U HAPYK-
HBIM CJI0eM, ¢(hOPMUPOBAHHBIM CyIb(umaoM Mapranna MnS.
YacTuIl HUTPHUAOB, BUIUMBIX B H3JIOME M Ha mutde, cyo-
MHUKPOHHOTO, JTHOO MHKPOHHOTO pa3Mepa, HE BBISIBIICHO.

dopma okcucynbhunasix HB miobymspHas wimu oBab-
Hast. JloJs yacTHIl CO CPEAHUM Pa3MEPOM J0 2 MKM BKJIIO-
guteabHO ~50 %; 1m0 4 MkM ~75 %. OTHenbHBIC YaCTUIIBI
MOTYT jaocturatbh pasmepoB o ~20 mxMm. Yactuusr HB
B JIUTOM METAJIJIE pacIpeieiIeHbl HEPABHOMEPHO, UMEIOTCS
JIOCTaTOYHO OONIMPHBIE YIACTKH, MPAKTHICCKH CBOOOTHBIE
OT BBIJICJICHHI, M yYaCTKH 3HAUNTEIBHO 3aTPSI3HEHHOTO Me-
tajuia. OcHOBHasl yacTh MeTana copepxkuT HB B ymepen-
HOM KOJINYECTBE.

[Ipu ncpITaHUSIX TUTOM CTaNIM Ha YAApHBIH M3THO Mpu
—160 °C okcucynb(uIHbIC YACTHIIBL:

— HE CIIy’)KaT MCTOYHUKOM 3apOXACHUSI TPEIIUH U HE
CIOCOOCTBYIOT UX PACIPOCTPAHEHHIO;

— HaXoJsATCSl B U3JI0OME B M30JIMPOBAHHBIX SIMKaX, pas3zie-
JICHHBIX TPEOHSIMU OTPHIBA, HE CITUBAIOIIIXCS IIPH YIaPHOM
pa3pylIEHUH B €IUHBIE TOPHI.

Bce He T1oOynspHBIC BKIIOUCHHS PACKAIBIBAIOTCS IO
BO3JICHICTBUEM Y/IapHOW pa3pyliaronieil Harpy3Ku.

B ycnoBusx cTarmyeckoil OMHOOCHOW Jedopmaruu
npu temmneparype —110 °C mpenen TeKydecTH BO3pacTaeT
Oonee, yem B 1,7 pa3a 1o CpaBHEHHUIO CO CBOMCTBaMU IMpH
+20 °C, mimacTU4HOCTh TpH oxyaxzaeHuu 1o —110 °C ne
cHmxaetcs. [Ipu aTtom vactuier HB:

— BBIXOJISIIIME HA MOBEPXHOCTH 0Opasiia B pabouei yac-
TH B 30HE MICHKN HE CITy’KaT HCTOYHUKOM 3apOXKICHUS Tpe-
IIMH;

— HaxoJsIMecs B leKe CUIIbHO 1e(hOpMUpPYIOTCS C OT-
HOIIIEHHWEM IIUPHUHBI YaCTHI] K UX JUTHHE ~1:2 3a cuer pas-
BUTHS B UX OKCHIHOM YacTH TpeIIMH, He HaXOAALIUX Mpo-
JIOJKEHHSI B METAJIJIE ayCTEHUTHON MaTPHIIbI.

Tpeumnusr Ha Tpanune HB — nedopmupyromuiics me-
Tajul He oOpasyrorcs. Jlaxke mpu caydaifHOM pacrooxke-
HHHW 4YaCTHUIl B BUJIE LIETIOYEK BJOJb OCH MPUIIOKEHHS pac-
TATUBAIOLIEHN HArpy3KH, Ha paccToAHUU S5 — 20 MKM JIpyr OT
Ipyra, He MPOUCXOIUT (POPMUPOBAHUS ITOP BOKPYT YACTHIL
U UX CIUSTHUS B 3aPOJIBIII TPEUTUHBI.

ITony4yennsle pe3ynbTaTsl KOPPEIUPYIOT C JUTEpaTyp-
HBIMH JIaHHBIMH O TOM, YTO B IUIACTUYHBIX cTasax HB mo-
TYT AEHCTBOBATh KaK PEIaKCaTOPbl HAIPSHKEHUH.

1. Kostina M.V., Polomoshnov P.Yu., Blinov V.M., Muradyan S.O.,
Kostina V.S. Cold resistance of new casting Cr — Mn — Ni—Mo - N
steel with 0.5 % of N. Part. 1. Izvestiya. Ferrous Metallurgy. 2019,
vol. 62, no. 11, pp. 894-906. (In Russ.).
https://doi.org/10.17073/0368-0797-2019-11-894-906
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AnHomayus. J1nst pOU3BOJICTBA XJIAJOCTOMKHX U CTOMKHX K CYIb()UIHOMY KOPPO3HMOHHOMY PAaCTPECKMBAHUIO MO/ HANPSDKEHUEM HIIEKTPOCBAPHBIX
HacocHo-komIpeccopHbIx Tpy0 (HKT) mepcriekTnBHO HCHONIb30BaHIE HU3KOYIIIEPOUCTHIX CTael ¢ OCHHUTHON 3aKaIBaeMOCTBIO, JISTHPOBAHHBIX
XpOMOM, MOJMOAEGHOM U APYTHMH KapOOHHUTPHIOOOPA3yIOIMMH dJeMeHTaMu. HacocHO-KoMIpeccopHble TPyObl 4acTO OSKCIUTYyaTHPYHOTCS
B CO,-coziepKalux KOPPO3MOHHO-aKTHBHBIX CPE/aX, MOITOMY ONpPEIEIEHHE CTOMKOCTH CTald K 3TOMY BHJy KOPPO3MH SBJIAETCS aKTyalbHOM
3agaueil. Mi3BecTHO, 4yTO 006aBKa XpoMa B CTalb MOBBIIIACT HE TOJIBKO €€ 3aKAIMBAEMOCTh, HO M CTOWKOCTH K YIIIEKUCIOTHOM KOoppo3un. BiusiHue
JPYTHX JICTUPYIOMINX 3JIEMEHTOB HEO4YeBUIHO. [ mpoBeaeHus 1ab0paTopHOro SKCIEPUMEHTa pa3paboTaHo JEBSITH BApHAHTOB XUMHYECKOTO
cocraBa crajneil ms npoussoactBa cBapHbix HKT. IlpoBenens! nccnenoBaHus MpoKaTra OMBITHRIX CTajel. BBHIMOTHEHBI CpaBHEHUE PE3YIbTaTOB
WCTBITAHUHA KOPPO3MOHHON CTOWKOCTH MCCIIEyeMbIX CTajleld, a TAaKk)Ke OIIEHKAa BIHMSHUS OCHOBHBIX JICTHPYIOIIUX AJIEMEHTOB HAa CTOMKOCTH
k CO,-xopposun. Hccnenosansr cramu ¢ pasnuunbeiM conepxannem Cr, Mo, V, Mn, Zr Ha CTOHKOCTb K YIIEKHCIOTHOH KOPPO3HHU IIPU Pa3HBIX
TeMIIEpaTypax. YCTaHOBJIEHO, YTO XUMHUYECKUH COCTAB CTAIM U yCJIOBUS IPOBEICHHUS UCTIBITAHUI OTIPENENSIOT cocTas nponykros CO,-koppo3un,
BJIMSIIOT HA Mpolece (OPMUPOBAHUS U POCTA HPOIYKTOB KOPPO3HH, U, COOTBETCTBEHHO, HA KOPPOZHOHHYIO CTOMKOCTB. [10BBIIICHNE CONlepIKaHus
XpomMa B ctany B quanazone 0 — 1 % mpuBOANT K CHIKEHHIO CKOPOCTH KOPPO3UH. YMEHBIICHUE CKOPOCTH KOPPO3HH JIETHPOBAHHBIX XPOMOM CTaJIeH
MOXXHO CBSI3aTh C 3aI[UTHBIMH CBOWCTBAMH (hOPMHUPYIOIIUXCS PH MCIIBITAHUH MPOAYKTOB KOppo3uu. [IpoBeneHHbIe 1ab0paTopHbIe HCIIBITAHUS
Ha croikocTh K CO,-KOppo3uu NpH MOBBILIEHHON Temniepatype 65 °C 1 IocienyIome HeciIen0Banus C(hOPMUPOBABIIMXCS IPOTYKTOB KOPPO3HH
BBISIBUJIM TOJIOKUTEIILHOE BIMSHHE XpOMa M MOIMOJEHa Ha CKOPOCTh OOLICH KOPPO3HM MO MEXaHU3My 0Opa30BaHMs IUIOTHBIX MPOTYKTOB
KOPPO3HH, BHIIOJTHSIOMINX 3AIUTHYIO (DYHKIIHIO.

Katouessle ci0ea: nacocno-komnpeccopnbie Tpyow, HKT, ceapubie Tpy6bl, CO, Koppo3us, JJOKaubHas KOPPO3HUsl, TPOIYKTE KOPPO3HH, KOPPO3HOHHAS
CTOMKOCTB
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Abstract. In previous publications, it was shown that the use of low-carbon steels with bainite hardenability alloyed with chromium, molybdenum and
other carbonitride-forming elements is promising for the production of cold-resistant and SCC (sulfide stress corrosion cracking)-resistant electric-
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welded tubing (tubing). Tubing is often operated in CO,-containing corrosive environments, therefore, determining the steel resistance to this type
of corrosion is an urgent task. It is known that the addition of chromium to steel increases not only its hardenability, but also its resistance to CO,
corrosion. Influence of other alloying elements is not obvious. For the laboratory experiment, nine variants of the chemical composition of steels
for the production of welded tubing were developed. The rolled test steels were investigated. Results of the studies of corrosion resistance of these
steels are shown and compared. The authors made an assessment of influence of the main alloying elements on resistance to CO, corrosion. The
steels with different contents of Cr, Mo, V, Mn, Zr were studied for resistance CO, corrosion at different temperatures. It has been established that
the steel chemical composition and the test conditions determine the composition of CO, corrosion products, affect the process of formation and
growth of corrosion products, thereby affecting corrosion resistance. Decrease in the corrosion rate of chromium-alloyed steels can be associated with
the protective properties of the corrosion products formed during testing. Laboratory corrosion tests for resistance to CO, corrosion at an elevated
temperature of 65 °C and subsequent studies of the formed corrosion products revealed a positive effect of chromium and molybdenum on the rate of
general corrosion by mechanism of formation of dense corrosion products that perform a protective function.

Keywords: tubing, welded pipes, CO, corrosion, localized corrosion, corrosion products, corrosion resistance
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B BBEAEHME

Hacocno-kommnpeccopusie Tpyosl (HKT) siBnsitores Bo-
CTpeOOBaHHBIM TOBApOM Ha PBIHKE TPYOHOW MPOMYKIIHH.
KHKT npeassiBnsitorcsi cepbe3Hble TpeOOBaHUS BBUAY YC-
JIOBUI WX DKCIUTyaTtaru. Mertan TpyO JODKeH o0aiarh
JAOCTATOYHbBIM YPOBHEM TMPOYHOCTHBIX U MJIACTUYCCKUX
CBONCTB, XJIAIOCTOMKOCTBIO, CTOMKOCTBIO K PACTPECKUBAHUIO
B CEPOBOIOPOACOACPKAMNX Cpelax, YAOBIECTBOPSIOLINX
neiictByromeit orpacneBoii nokymentarmu (API Spec 5CT,
I'OCT 633 u ap.). Yacto k MeTayTy NPEIbsBISAIOT JOMON-
HUTEJBHBIC TPEOOBAHUS CTOMKOCTH K YIJICKHCIOTHON KOP-
posum.

VIIIeKUCTIOTHAST KOPPO3Hs pa3BHBAaeTCS B HedTempo-
MBICJIOBBIX CpeJaX, COAEPKalIUX PaCTBOPEHHBIN B BOAHOM
(aze yrnekucinelii Ta3. CKOpOCTh TaKOW KOPPO3UH BEChMa
3Ha4uTeNbHA. Hampumep, IUIsi MECTOPOXKACHUH 3anaaHoi
Cubupu oHa Moxer jgocrturarb 7 — 8 mm/roa [1 —3]. Ha
CKOpPOCTb YINIEKUCJIOTHOM KOPPO3UU BIMSET LENbIA psf
(aKTOpOB, CBS3aHHBIX KaK C XapaKTEPHCTHKAMHU CPEIIbI
(remneparypa, mapumanbHeie gasnenus CO, u H,S, co-
Jiep)KaHue u cocTaB BOgHOW (asbl, ee pH mpu peasbHbIX
TEPMOOAPHUECKUX YCIIOBUSX, CBOWCTBA YINIEBOAOPOIHOI
(ba3pl 1 1p.), Tak U co cBoMcTBaMU ctaiu [4 — 6]. s Hus-
KO- M CPE/IHEIETUPOBAHHBIX CTajel, KOTOphIe OOBIYHO HC-
nonb3ytor it HKT, na croiikocts k CO,-koppo3un OyayT
BIIMATH:

— XMMHYECKHUI COCTaB;

— CTPYKTYpPHOE COCTOSTHME U BHJ| TEpMHUECKOH 00pa-
00TKH;

— BHYTPEHHHE HANPSIKEHNS,

— 3arpsA3HEHHOCTb HEMETAJUIMYECKUMH BKJIIOYEHUSIMHU
U Jp.

BnusiHue nepeuncieHHbIX CBOMCTB HAa KMHETUKY YyIvle-
KHUCJIOTHON KOPPO3UH BO MHOTOM OTPEJIENISACTCS COCTABOM,
CTPYKTYPOH M CBOWCTBAMH MPOAYKTOB KOPPO3WH, (HOpMHU-
PYIOIINXCSl Ha MOBEpXHOCTU cTanmu. Hampumep, noGaBka
B CTaJIb HEOOJIBIIOTO KOJMYecTBa Xpoma [4, 7] mpuBOIUT
K €ro HaKOIIJICHUIO B MIPOAYKTAaX KOPPO3UHU, YTO MCHACT UX
CTPYKTYpPY U IOBBIIIAET 3alUTHbIE CBOMCTBA. [I0 JaHHBIM
paboTh! [6], HA CKOPOCTH YITIEKUCIOTHON KOPPO3UU MOTYT

BIIMATH M JIPYTHE DJICMEHTHI: BaHAIWN, KPEMHHHA, MOJIHO-
JIeH, MeJIb U JIp.

Haubomnbnrass omnmacHOCTh YIVIEKHCIOTHOW KOPPO3WUH
3aKJII0YAETCs B PA3BUTUU JIOKAJIBHBIX MMOBPEXKACHUN — 513~
BeHHasl (MMMTTUHIOBas) U Mei3a-Kopposus. MakcuMaabHast
CKOPOCTh JIOKaJIbHOM Koppo3uu 00opynoBaHus HedTemo-
OBIBAIONINX CKBAXXHH MOXKET JOCTHUTATh JAECATKOB MHJLUTH-
MeTpoB B rof [1, 8]. IMeHHO JOKajbHAsA YIIEKHCIOTHAs
KOPPO3Hsl SABJSIETCSI OCHOBHBIM BHJIOM MOBPEKICHUS JTU(-
TOBBIX KOJIOHH [4, 9].

MexaHu3M BO3HUKHOBEHUS JIOKAILHOW (POPMBI TaKKe
CBSI3aH C MPOJYKTaMU KOPPO3UHU U SIBJIAETCS CIEICTBHEM
MEPUONIECKOTO BOSHUKHOBEHUS M YHAJICHUS MPOTYKTOB
KOPPO3UHU Ha OTIEJBHBIX y4acTKax KOPPOAMPYIOLIETro Me-
tayma [10, 11].

Yyactku MeTasia, CBOOOJAHBIE OT MPOAYKTOB KOPPO3HH,
CTAHOBATCSI aHOJIAMHM, A KaTOIAMH SIBIISIOTCSI OOBEMBI CO-
XpaHUBIIUXCA MPOAYKTOB KOppo3uu. Ha moBepxHocTH Me-
TanIa 00pa3yroTCsl aKTHBHBIE KOPPO3HOHHBIC MaKpOIIapEI,
MIPUBOAALINE K PACTBOPEHUIO aHOJOB C BHICOKMMH CKOPO-
crsamu [12].

OcHOBHBIE (PaKTOPBI, ONPENESISIONIUE IEPEX0] OT 00-
el K JIOKAJIbHOW (hopMe KOPPO3UH U CKOPOCTh Pa3BUTHS
Mel3a-Koppo3uH, NPUBEACHHBIE W OIMCAaHHBIE B pado-
Tax [2, 8, 13]:

— XUMHYECKUH COCTaB cpelibl U MOP(OIOTHS MUHEPATb-
HBIX 0CaJIKOB, 00pa3yroNINXcs HA MOBEPXHOCTH METalia B
pe3ynbTare KOppo3uH;

— CKOPOCTH Ta30’KUAKOCTHOTO MTOTOKA;

— XUMHYECKUI cOCTaB BOAHOU (ha3bl;

— XUMHYECKHHA COCTaB CTallM, MUKPOCTPYKTYpa U BHUI
TEPMOOOPabOTKH.

[epeurciennbie GhakToOpbl, BIUSIONUE HA GOpPMY PO-
SIBIICHUSI KOPPO3UH, KPOME CBOWCTB MeTajia, XapaKTepH-
3yIOT MECTOPOXXKJCHNE M TEXHOIOTHIO 10O0brdH. IloBmmsaTh
Ha yKaszaHHbIe (aKTOpbl JOcTaTouHo TpyaHo. Hambomee
JOCTYIHBIMH JUISI U3MECHEHHS SIBILSIIOTCS XMUMHUYECKHUI CO-
CTaB U MUKPOCTPYKTypa craiei [14].

B Hactosimeit paboTe TpHBEJCHBI pe3yibTaThl OIpe-
JIEJIEHUS] CTOMKOCTH K YIJIEKUCIOTHOM KOPpO3MM MeTajia
psina mabopaTOpHBIX IUIABOK, W3TOTOBICHHOTO B paMKax
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HUP no nox6opy nepcreKTUBHBIX COCTABOB CTAJICH, Mpe-
Ha3HAUEHHBIX [yl W3rOTOBJIEHHUs »nekTpocBapHblx HKT
Ha MPOU3BOACTBEHHBIX MOLTHOCTIX AO «BbIKCyHCKUN Me-
TAJLTY pTHYECKHA 3aBOI». 3a 6a30ByI0 ObLIa MPUHSTA CTAb
05XT'b, pa3paboTtanHas AJsi MPOU3BOACTBA IEKTPOCBAP-
HbIX HedTerazonpoBoAHbIX TPyO [15, 16] KiaccoB mpou-
noctu K48-K56. Jlnsa uzrorosnenns HKT HeoOxoaumo 1o-
BBICUTH MTPOYHOCTH CTANH, YTO OBLIO JTOCTUTHYTO 33 CUET
JIOTIOTHUTEILHOTO JIETUPOBAHUS OIHUM WIJIM HECKOJIbKUMH
anemenTamu (Mn, Cr, Nb, Mo, N u Zr), a Takxe npoBee-
HUS 3aKaJKU ¥ OTIyCKa MeTallia. B pesynbrare BHISBICHBI
HauboJiee MEPCIEKTUBHbIE KOMIIO3ULIMU C TOYKU 3PEHUS
nonyueHus rpynmsl npounoctu L80, obnanaroniyie xyiano-
CTOMKOCTBIO M CTOHKOCTBIO K CYIB(MHIHOMY KOPO3HOHHO-
MY PacCTPECKHBAHUIO 110]] HAMpsbKeHueM [17].

[ MATEPMAN U METOAUKA NCCNEAQOBAHUIA

Koppo3nonHyo CTOWKOCTh OLIEHUBAIH LT psifa Jado-
PaTOPHBIX U MPOMBILIIIEHHBIX JIABOK CTAJIU C Pa3IMYHbIM
COJICp)KaHHWEM OCHOBHBIX A1eMeHTOB: Mn, Cr, Nb, Mo, N
u Zr. B kauecTBe 0a30B0ii B3sTa BhIIIJIaBIECHHAs B 1Tab0opaTo-
pun HE3KOoyTIepoaucTas ctanb cucteMsl C—Cr—Mn—Nb,
coctaB KOoTopoii BeiOpan Ha ocHoBe ctanu 05XI'b (ycnos-
Hoe oOo3HaueHne — Cranp A). JIabopaTopHyIO BBIIABKY
CTaJIell MPOBOAMIM METOAOM BaKyyMHO-MHIYKIIHOHHOTO
neperiasa B BakyyMHo# neun BAM 100 B maboparop-
HbIx ycnoBusx OAO «HITO « HTHUMTMALI» [17].

DakTHYeCKN XUMUYECKHH COCTaB BCEX MCCIIETYEMBIX
CTaJiell IpUBENIEH B Ta0IuIIe.

B kauectBe 6a3pl cpaBHeHHs BbIOpaHa ctams 0912C.
JanHas cranp Halula HIMPOKOE NPUMEHEHUE B HEPTIHON
MPOMBIIIJICHHOCTH, XOPOIIIO M3y4eHa 1 HE COJCP)KUT B CBO-
€M COCTaBe HIEMEHTOB, OKAa3bIBAIOUIUX CYIIECTBEHHOE
BO3JCHCTBIE HAa TPOTCKAHWE YIJIEKHUCIOTHOH KOPPO3HUH.
Conepxanue yrepona B ctanu 0912C 6113K0 K ero KoH-
[ICHTPAINH B HCCIECAYEMBIX MaTepraax.

C 1enbio UCKIIIOYEHHUS BIIUSHUS CTPYKTYPHOTO (hakropa
Ha CTOMKOCTH K YITIEKMCIIOTHOW KOPPO3WH, TEpea MpoBe-
JE€HUEM MCIIBITaHuH 00pa3lbl BCEX UCCIEAYEeMbIX cTaleil
OBUTH TIOIBEPTHYTHI TEPMHUUECKOIl 06padoTke. Pexxnm Tep-
MU4ecKoil 00padoTku BKIOUal 3akajiky oT 920 °C, oxmnax-

JICHHE B PACTBOP MOJUMEPA U MOCIEAYIOMNI OTIYCK MPH
400 °C. Ilpu nanHOW TeMmmeparype B CTPYKType CTalH HE
JIOJDKHBI BBIJICJIUTHCS CHIEIKAPOUIbI OCHOBHBIX JIETUPYIO-
mMx eMeHToB. [IpumeHeHue pactBopa mosumepa B Ka-
YeCTBE 3aKaJIOYHOM cpejibl 00YyCIOBICHO HEOOXOIUMOCTBIO
MPUOTIKEHUS TA00PATOPHBIX YCIOBHI 3aKaJIKH 00pa3IoB
K MIpOMBIIIIEHHBIM [17].

JlaGopaTopHble WCHBITAaHWSI HA CTOMKOCTH CTayel
k CO,-KOppo3uy MPOBOAMIKMCEH TI0 JByM MeToaukam. O6e
METOJHMKH TMOAPAa3yMEBAIOT BEIIEPKKY OOpa3IoB B MUHE-
paM30BaHHON BOIAHOW cpene, Hackimennon CO, B cra-
THYEeCKUX YcioBusAX. CKOpPOCTh KOPPO3UU  OIpenesis-
nach rpaBumerpuuecku. [lepsas meroauka 3A0 «HUIIL]
«Hedrel'azCepBucy» Obla paspaboTaHa Uil BOCIPOH3-
BE/ICHUS B Ja0OPAaTOPUU YCIOBUH, OMU3KUX K YCIOBHSIM
9KCIUTyaTallK TPyOOTIPOBOIOB MECTOPOXKIACHUM 3amaHOM
Cubupu. Cpenbl 3THX MECTOPOXKACHHUH 00BIYHO UMEIOT He-
BBICOKYIO TeMIIEpaTypy, HOITOMY JUIsl YIIPOLIEHUSI METOIU-
KH TeMIlepaTypa UCIbITaHUH mpuHsITa koMHaTHOIT (20 °C).
Monenbnas cpena conepxana, r/m: 17 NaCl, 2 CaCl,
1 0,2 MgCl,, 4T0 COOTBETCTBYET MUHEPAIM3AIMU THIHY-
HOM JUIsl JaHHBIX YCJIOBUHM moaTOBapHOM Boabl. IIpomon-
KUTEJIBHOCTh 3KCHO3UINH 00pa3loB B CPEAE COCTABISIA
100 4. [Ipu OTHOCHTENBHON MPOCTOTE peaTu3aluy JTaHHAS
METOAMKA HMMECT CyIHeCTBCHHbIﬁ HCOOCTATOK: HU3-3a HU3-
KOM TeMIepaTypbl 3a BpeMs UCIIBITAHUM CIOW MPOAYKTOB
KOPPO3WHU Ha MOBEPXHOCTH OOpasllOB HE ycreBaeT cdop-
mupoBarkes [18]. Takum oOpazom, maHHass METOAMKA HE
MO3BOJISICT CMOJICNINPOBATH OJUH U3 OCHOBHBIX (DAaKTOPOB,
ONpeNeSIOIUX CTOHKOCTh JaHHOM CTalM K YIVIEKHCIIOT-
HOU KOPPO3HUH, & UMEHHO, CTPYKTYpY M COCTaB CJOSI IPO-
JIyKTOB KOPPO3HH.

Bropass mMeroanka 1a0OpaTOpHBIX HCHBITAaHHN pa3pa-
oorana B OO0 «UT-CepBuc» U 3aKITIOUACTCS B BBIICPKKE
CTaJIbHBIX 00pa3lOB B EMKOCTU C UCHBITATEIBHOM Cperon
TIpH TIOBBIIEHHOH Temreparype (65 °C). YBennueHue Tem-
nepaTypbl IPUBOAMT K TOMY, YTO Ha TIOBEPXHOCTH 00pa3IOB
(bopMupyeTCs CIIOH MPOTYKTOB KOPPO3UH, COCTaB M CTPYK-
Typa KOTOPOTO 3aBUCSIT OT COCTaBa CTaiu. bomee jerkoe
(opMHupOBaHHE CIIOS MOKHO OOBSICHUTH TEM, YTO ITOBEIIIIE-
HUE TEMIICPATyPbL HCIIBITAHUM CHIDKACT 3HAUCHUE Mpoun3Be-
JICHHSI PACTBOPUMOCTH JJIsl KapOoHara kenesa. Panee Obu10

XHUMHYeCKHIi cOCTaB JIaGOPATOPHBIX MJIABOK, Y% (110 Macce)

Chemical composition of laboratory heats (% mass.)

Cucrema JIerupoBaHHs C Mn Si S P Nb Vv Mo Zr N Fe
Crans A 0,07 0,600 0,02510,005 0,010 - |0,0014
Crams A + Cr 0,04 0,940 0,024 10,011 10,016 | — |0,0020
Crams A + Cr + Mo 0,05 | 0,66 —0,71 0,950 0,026 10,012 0,270 | — | 0,0030
Crane A + Cr+ Mo + N+ Zr | 0,06 0,24 =031 0,930 <0.004/ <0003 0,026 | 0,011 | 0,290 | 0,012 | 0,0096 | OcH.
Crams A+C+Cr+V 0,08 0,980 0,034 10,090 | 0,020 | - -

Crams A + Mn 0,06 0,98 0,620 0,023 0,009 | 0,020 | - -
0912C 0,08 1,48 0,59 0,003 | 0,004 | 0,013 | 0,003 |0,001 0,030 - -
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nokasaHo [19], 4To mpoayKThI KOppo3un, (hopMUpyIOIIHECS
pu 1a00PaTOPHBIX UCIBITAHUSIX, IIOTOOHBI TEM, YTO 00pa-
3YIOTCs B p€aJIbHBIX MPOMBICJIIOBBIX YCJIIOBUAX.

Cpena B TeYeHHE BCETO HMCIBITAHHUS MOCTOSHHO HACHI-
maercs CO,, 4T0 00ECNEUnBAET €10 KOHIEHTPALUIO B UH-
tepBaie 1,1 — 1,3 r/n. Ha BceM npoTsbkeHHH 1a00paTOPHBIX
WCTIBITAaHUH TOAJIEpKUBANIaCh Temreparypa cpensl 65 °C,
nasnenue 1,1 arMm., mapruanbHOE JaBIEHUE CO2 1,1 arm.
[IponomxutenpbHOCTh UCTIBITAHMI cocTaBisia 210 u. Cxe-
MaTHIeckoe N300pakeHHe SKCIECPHIMEHTAIHHON YCTaHOB-
KM MPUBENEHO Ha puc. |, moapoOHee ycTaHOBKa OMMCaHa
B pabore [19].

Ilocne oxoHYaHUS UCHBITAHUI O0OPA3Lbl U3BIEKAIH U3
UCTIBITAaTeIILHBIX EMKOCTEH, POMBIBAIM W B3BEIIMBAIH Ha
AHAJIMTHYCCKUX BECax. HOBCpXHOCTL HUCIBITAHHBIX 06p33—
IIOB HICCJICIOBAIIM TIPH TIOMOIIN OTITUYECKOTO M 3JIEKTPOH-
HOT'O MHUKPOCKOIIOB IJid IOATBCPIKACHUSA OAHOPOAHOCTU
U PaBHOMEPHOCTH KOPPO3HOHHBIX MPOIECCOB BO BpeMs
HUCIIBITaHUS.

Janee onuH 13 Tpex 00pa3IoB UCTIONB30BAIHN IS H3T0-
TOBJICHUS MI/IKPOIHJ]I/Iq)a, MPpECAHA3HAYCHHOTO AJIsI U3YUCHUS
MOPQOIIOTHH €IS TPOAYKTOB KOPPO3UH, OIICHKU TONIIIHHBI
CJIOA U FJ'Iy6I/IHI>I JIOKAJIBHBIX HOBpe)KI[eHHﬁ.

Ocrapmmecss 00pa3sIbl MOABEPTrald OYUCTKE OT IMpPO-
JTYKTOB KOPPO3HUHM MAJSMIUMU METOJaMH, YTOOBI UCKIIIO-
9UTH BO3MOYKHOCTB YaJICHHUS METalIa C MX TOBEPXHOCTH.
[Tocne o4MCTKU OT MPOJYKTOB KOPPO3UH 0Opaslibl B3Be-
[IMBAJIK U PACCUYUTHIBAIN CKOPOCTh KOPPO3UH IO TOTEPE
MAacCCHI.

Takum o06pazom, gocronHcTBoM Metoaukun OO0 «UT-
CepBucy» mo cpaBHeHH0 ¢ wmetoaukoil 3A0 «HUIIL]
«Hegtel'azCepBucy» sBIAETCS BO3MOXKXHOCTH BBIPACTHTH
B 1a00OpaTOPHBIX YCJIOBHUAX CIIOW MPOAYKTOB KOPPO3UH,
ONM3KUH 1O COCTaBy M CBOMCTBaM K peajbHBIM. DTO IM03-
BOJISICT OLICHUTD BJIMSAHUC JICTUPYIOIIUX 2JIEMCHTOB HaA CKO-
pocTth koppo3un. HerocTaTkoM TaHHONW METOJIUKU SIBISIOT-
Csl aHOMaJIbHO BBICOKHE TOKa3aTelld CKOPOCTEH KOPPO3HH,
KOTOpBIE TPEBHIMIAIOT | MM/TOI Ja)e T XpOMCOAEpIKa-
LIMX CTaJei, 4TO CBA3aHO C BHICOKOM TEMIIEpaTypOH UCIIbI-
TaTeJIbHOW CPEebl.

Brixon
Brixon
Ilonaua CO, IpoGo-
0TOOpHUK Ionauya CO,
[ood
DN DN
| T RN f RN <
[ J| / A/ \
==t W] \
' AN ) Jlepxkarenb
~__- ~__- 00pas31oB
Ob6pazen

Tepmocmam Yempoticmeo konbwi

Puc. 1. Cxemarnueckoe U300pakeHHEe IKCIIEPUMEHTAIBHOH YCTaHOBKH

Fig. 1. Schematic representation of the experimental installation

[ PE3YNLTATBI U MX OBCYXAEHUE

Ha puc. 2 npuBeneHbl pe3yibTaTbl MCIBITAHUN paz-
JUYHBIX BapUAHTOB JICTUPOBAHUS CTAlld A Ha CTOMKOCTh
x CO,-kopposun no meroauke OO0 «HUT-Cepsuc» mpu
MOBBIIIICHHOW TeMITepaType HCIIbITaHuUSI.

Bunno, uto HanbonblIas CKOPOCTh KOPPO3UMU HAOIIO-
naetcst nust cranu cpaBHeHust 0912C. CkopocTh Koppo-
sun craau 05XI'B 3amerHo (wa 0,5 — 0,6 MM/ron) HIKE,
Kak Uil 00pa3IiloB, M3TOTOBJICHHBIX B YCIOBHUSX I€Xa, TaK
U U1 00pa3loB, BHIIUIABICHHBIX B Jaboparopuu. /lob6aBka
B ctasib 05XI'B xpoma, momnubieHa u BaHAUS JTOTIOJHH-
TENIFHO CHI)KAeT CKOpOCTh Kopposuu Ha 0,4 — 0,7 mM/Tom.
O’xnmaeMo, XpoM B HAWOONBINEH CTEIICHW CHIKACT CKO-
POCTh YIIIEKUCIOTHOM Koppo3uu cranmu. Creayer oTMe-
THUTh, YTO HU OJIUH U3 JICTUPYIOIIUX U MUKPOJIETUPYIOIINX
3JIEMEHTOB, JOOABJIEHHBIX B CTaJb Ul MOBBIILIECHHUS MPOY-
HOCTH, HE YXY/IIINUI €€ CTOMKOCTh K KOPPO3HHU.

Pasznuune B KOpPO3MOHHON CTOHKOCTH MCCIIEIOBAHHBIX
CTaJiel MOJKHO CBSI3aTh C COCTABOM M CTPYKTYpOil popMu-
PYIOLIMXCS TPU HCHBITAaHUAX IMPOAYKTOB Kopposuu. Ha
ctramu 09I'2C (puc. 3, @) chOopMHUPOBATHUCH KPYTIHBIC KPUC-
Tajuiel kKapOonara xenesza FeCO, . Cioi npogyKToB KOppo-
3UM C TIOJOOHOM CTPYKTYpOH XapaKTepHu3yeTcs TUIOXUMHU
3alUTHBIMHE CBOMCTBaMHU. JloOaBKa B CTallb XpoOMa MEHS-
€T CTPYKTYpY INPOAYKTOB KOPPO3WH (TUITUYHBIA UX BUJI
npuBeZieH Ha puc. 3, 6). KpynHble KpuCTaJIbl HCYE3aloT,
YTO CBSI3aHO C O0OTalIEHHEM MPOAYKTOB KOPPO3HHU JIETH-
PYIOLIMMHU AJIEMEHTaMHU, 00Pa3yIOIIMMHU NPU UCTIBITAHUAX
TUIOXO PACTBOPHMEIE B HCIIBITATEIILHOM Cpeie COCAMHEHUS.
Hambosnee 3ameTHO oOoramieHHe MPOAYKTOB KOPPO3UH
XPOMOM U MOJTHOICHOM.

[MonpoOHee CTPYKTYpy U COCTAaB MPOAYKTOB KOPPO3HU
MOYKHO HCCJIEIOBaTh Ha MeTaiorpaguueckux nundax.
TunuuHelii BUJ CEUEHHUs CIIOS OTIOKEHUH Ha Hccheaye-
MBIX CTaJsIX MpuBeAeH Ha puc. 4. [lokazano, uto obOpas-
Il XPOMCOJEPKALINX CTajiell MOKPHITHl TOHKUM (He 00-

3,3

Cropocmo koppo3sui,
MMI200

1 2 3 4 5 6 7 8
Tun cpedw

Puc. 2. Cxopoctsb k 00111€it KOPPO3UH B MOJICIIBHOI
CO,-coneprxamei cpene npu 65 °C:
1—-09I2C; 2-05XI'b; 3—A;4—A+Mn; 5—-A+Cr;
6-A+Cr+Mo;7-A+Cr+Mo+N+Zr;§—A+Cr+Mo+V

Fig. 2. General corrosion rate in a model CO,-containing
environment at 65 °C :
1-09G2S; 2—-05KhGB; 3 —A; 4— A +Mn; 5—A+Cr;
6-A+Cr+Mo; 7-A+Cr+Mo+N+Zr;8—A+Cr+Mo+V
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Xumudeckuit cocras, %
Mecro 3amepa
@ (0] Si Al Nb Mo Cr Fe
Oobmactsb / 11,36 | 36,09 - - - - — Oct.
OCHOBHO# MeTaT 0,08 - 0,59 - - 0,03 0,09 Oct.
O6macts 2 2,74 | 32,17 - 2,18 0,81 5,10 | 36,65 | Oct.
OCHOBHOIi MeTalT 0,06 - 0,32 - 0,026 | 0,29 0,93 Ocr.

Puc. 3. Bun nosepxnoctu o6pasuos u3 crajieit 0912C (a) u A + Cr + Mo + N + Zr (6) nocie 210 4 Beiiepxku 8 CO, HacbleHHo# cpeie npu 65 °C

Fig. 3. Surface of 09G2S (@) and Cr + Mo + N + Zr (6) samples after 210 hours of exposure in a CO,-saturated environment at 65 °C

10 mxm 25 mxm

XuMudeckuii cocras, %

Mecro 3amepa

O Cr Mo A% Nb Mn Fe
Ob6mnacrs / 1536 | 1,77 - - 0,78 | 0,13 | Ocr.
O6macts 2 10,43 | 10,49 | 4,76 - - - Ocr.
O6nactp 3 17,23 | 01,80 - 01,27 - - Ocr.
O6nactb 4 29,88 - - - 1,56 Ocr.

Puc. 4. Ceuenne obpasuos u3 craiueii: A (a); A+ Cr+ Mo+ N+ Zr (6); A+ C+ Cr+V (8); 091'2C (2) mocne 210 4 BbIASPIKKH
B CO, Hacpuuennoit cpeze npu 65 °C

Fig. 4. Cross-section of A (a), A+ Cr+ Mo + N+ Zr (6), A+ C+ Cr+ V (8) and 09G2S (e) samples after 210 hours of exposure
in a CO,-saturated environment at 65 °C
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Puc. 5. CropocTs 00uiel kopposuu B MozienbHol CO,-coneprkameit
cpeze (rpaBUMETPHsI):
I-A+Mn;2-A+C+Cr;3-A+C+Cr+V;
4-A+C+Cr+Mo+N+Zr; 5—09I2C

Fig. 5. General corrosion rate in a model CO,-containing environment
(gravimetry):
I-A+Mn;2-A+C+Cr;3-A+C+Cr+V;
4-A+C+Cr+Mo+N+Zr;, 5-09G2S

nee 50 MKM) OIHOPOAHBIM CIIOEM IMPOAYKTOB KOPPO3HUHU.
C11o#l 0T10KEHUI paBHOMEPHBIH 110 TOJIIMHE, TIOKATIbHBIX
SI3BEHHBIX MOPaXEHUWH He BBISBICHO. ['paHuIa paszmena
«MEeTaJlJ1 — IPOAYKTbI KOPPO3UM» HEPOBHAs AJIsl BCEX UC-
CJeyeMbIX CTajlei, OJHaKO BJIHMSHUE CTPYKTYpPHBIX CO-
CTABISIIONINX CTalWd Ha pa3BUTHE (PPOHTA KOPPO3UH HE
BBISIBJICHO.

B pesynbrare Boinepxku B CO,-comepixaiien cpene
00pa31oB U3 cTajneH, JerHPOBAHHBIX XPOMOM, TPOHU30ILIO
oOorarmenne ciost mpoayKToB Koppo3uu a0 35 % Cr. Ecin
B COCTaBe CTalld MPHUCYTCTBYET MOJIMOJICH, TO MPOIYKTHI
KOppo3uu oboramarotcs 10 5 % Mo.

[IponyxTs! koppo3uu Ha ctanu 091 2C cocTosT U3 KpyIi-
HBIX KPHUCTAJUIOB KapOOHATOB, CPEIHUH THAMETpP KOTOPBIX
cocrapnsieT okono 20 MxkM. ToJmuHa cios OTIOKEHUN Ha
cramu 091" 2C npesbimraer 100 MM, Takue mpoyKThI KOp-
pOo3uM 00JIaAAI0T XYALIMMH 3alIUTHBIME CBOWCTBAMH, YeM

HIPOAYKTHl KOPPO3UH HA XPOMHUCTBIX CTaNsX. DTO MOXKHO
CBsI3aTh C HAJMYUEM IIOp M TPEIIMH Ha TPaHMIAX OTICIhb-
HBIX KPUCTAJUIOB, YTO OOJIETYAET AOCTYII CPE/Ibl K KOPPOIH-
pYyIOLLEN TOBEPXHOCTHU CTaJIH.

Cnenyer oTMeTHTh, 4To Kak Ha ctamu 09I'2C, tax
M Ha XPOMHUCTHIX CTaIIX B 00BEME MPOIYKTOB KOPPO-
3UM XOpOIIO TNPOCMATPUBAETCA KapOHAHAS CTPYKTypa
(IeMeHTHT), yHacjemoBaHHAas OT OCHOBHOTO MeETallia.
MO>KHO TIPEANOI0KUTh, YTO CTPOCHHUE KapOUAHOU (a3bl
TaK)Ke MOKET BJIHSITH Ha 3alIUTHBIC CBOHCTBA IIPOTyKTOB
KOPPO3HH.

Takum 00pa3oM, TPOBEJICHHBIC JTa0OpaTOpHBIE KOPPO-
3MOHHBIE MCIIBITAHUS Ha CTOHKOCTh K CO,-Koppo3uu mpu
TIOBBIIIEHHOW Temriepatrype 65 °C u mocnenyronme uccie-
JIOBaHMS C(POPMHPOBABIINXCS MPOAYKTOB KOPPO3HUU BBIS-
BIJIN TIOJIOKUTEIBHOE BIISIHAE XpOMa M MONHMOIEHa Ha
CKOpOCTh OOIIIel KOPPO3UH MO MEXaHHU3MY O0pa3oBaHHSA
TUTOTHBIX TIPOTYKTOB KOPPO3UH, BBITIONHSIOIINX 3alIHTHYIO
(yHKIMIO. AHAJOTHYHBIC 3aKOHOMEPHOCTH Mopdomorun
MPOIYKTOB KOPPO3HUH B 3aBHCUMOCTH OT XHMHUYECKOTO CO-
CTaBa CTaJM OTMEYeHBI B padorax [20, 21].

Ha puc. 5 npencraBnensl pe3yabTaTbl UCIBITAHUN Ha
croiikocTh K CO,-KOppO3uH NPU KOMHATHOM TeMIeparype
no meromuke 3A0 «HUIIL[ «Hedtel'azCeppucy. Ilomy-
YEHHBIC 3HAUCHHS CKOPOCTU KOPPO3UH 3HAUUTENBHO HIKE,
yeM rocie ucneitannii o meroauke OO0 «UT-CepBucy.
Hccnenyemble XpoMcoOAepsKallde CTalId HMEIOT OuYCHb
Onmu3kue 3HaueHus, He npesbimaronme 0,25 mm/ron. Cko-
poctb kKopposuu ctamu 0912C 3HAUNTETBHO BBIIIE U CO-
crasisteT 0,45 MMm/Toz.

Ha puc. 6 npuBeneH cpaBHUTENbHbBII BUJI IOBEPXHOCTU
00pasIoB MOCIIE UCTIBITAHUS IPU KOMHATHOI TeMIieparype.
BunHo, 4To cioit MpoxyKTOB KOPPO3UH HE CHOPMUPOBATI-
csi. C 9THM MOYKHO CBSI3aTh OTCYTCTBHE B3aMMOCBSI3H CKO-

POCTHU KOPPO3UU C XUMUYCCKUM COCTABOM UCCICAOBAHHBIX
XPOMMCTBIX CTaJICH.

Puc. 6. Bun nosepxnoctu o6pasiios u3 craneit 09T2C (@) u A + Cr + Mo + N + Zr (6) nocsie 100 u sbiiepsxku B CO, HachlimenHoi cpene npu 20 °C

Fig. 6. Surface of 09G2S (@) and Cr + Mo + N + Zr (6) samples after 100 hours of exposure in a CO,-saturated environment at 20 °C
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- BbiBOAbI

Cropoctb koppos3uu B CO,-cozmepiKallent cpesie Makcu-
marnpHa U1t ctaiau 0912C. TloBeienue conepskanus Xpo-
Ma B cTayid B auanazone 0 — 1 % npuBOIUT K CHIXKEHHIO
CKOPOCTH KOPPO3HH. BiMsiHuEe Ha CKOPOCTh OCTALHBIX HC-
MOJIb30BAHHBIX JIJIs1 YIPOYHEHHUS JIETHPYIOIIUX AJIEMEHTOB
(Mo, Mn, V, Nb, Zr) He3HaYUTEIILHO.

CocraB U CTPYKTypa MPOAYKTOB KOPPO3UU Ha CTajl
09I'2C u Ha XpoMcozepKalUX CTAIAX CYIIECTBEHHO pas-
mnyarores. Ha cranu 0912C obpasyercst KpymHOKpUCTaI-
JINYECKHUI FeCOS, Ha XPOMHUCTBIX CTAJISAX — 000TaIeHHBIH
XPOMOM IUIOTHBIH, BEPOITHO, aMOP(QHBIA CIOW HPOTYK-
TOB KOPPO3UH 0€3 SPKO BBIPAKCHHOW KPHCTATTHIECKOM

cTpyKTypbl. Croif Taxke odoraimieH MOIHOIEHOM U BaHa-
IUEeM B clydae, eCIIi TaHHBIE DJIEMEHTHI IPHCYTCTBYIOT B
CTaJH.

CHIKEHHE CKOPOCTH KOPPO3UH JIETHPOBAHHBIX XPOMOM
CTaJIeif MOXKHO CBSI3aTh C 3AIUTHBIMU CBOMCTBAMU (OPMHU-
PYIOIINXCS MTPH UCTIBITAHUN TIPOTYKTOB KOPPO3HH.

CHIDKEHHME TeMIIepaTyphl Ja0OPATOPHBIX HMCHBITAHUI
¢ 65 1o 20 °C npuBOANUT K YMEHBIIIEHUIO CKOPOCTH KOPPO-
3un. [Ipy moHm>XKeHHOM Temmeparype 3a CTaHAapTHOE Bpe-
Ms UCTIBITAHUN CJIOH MPOAYKTOB KOPPO3UH Ha 00pa3Iiax He
ycneBaeT chopMupoBarbesa. OTCYTCTBHE 3aIUTHOTO CIIOS
MPOIYKTOB KOPPO3UH MPUBOIUT K TOMY, YTO 3aBUCHMOCTh
CKOPOCTH KOPPO3MM OT XHMMYECKOTO COCTaBa CTaIM HE
yCIIEBaeT MPOSBUTHCSI.
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TPAHCOOPMALUA CTPYKTYPHO-®A3OBbIX
COCTOAHUMN B rO/IOBKE PEJIbCOB
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AHHOmMayus. Ha Makpo-, MHKPO- U HAaHOMACIITAOHOM YPOBHE METOJaMH ONTHYCCKOW, CKAHUPYIOIICH M MPOCBEUMBAOIICH 3IEKTPOHHON Tudpak-
LIMOHHOM MHKPOCKOITHH BISBIICHbI KOJIMYECTBEHHBIE ITPe00pa3oBaHus CTPYKTYpbl Ha IityOune 0, 2, 5, 10 MM IO LIEHTpaJIbHON OCH 1 OCH CUMMETPUH
BBIKPY’KKH TOJIOBKH JUIHHHOMEPHBIX IU(depeHIIIPOBAHHO 3aKaICHHBIX PEJIbCOB MOCIIE SKCTPEMAIIBHO ATUTEIbHON SKCILTYaTanH (IO IIeHHBIH
ToHHaX 1770 MuH T OpyTTO). Ha MakpomaciuTaGHOM ypoBHE Ha IIOBEPXHOCTH paboueil BBIKPYKKH HAOMIONAI0TCS MHOTOUYHCIIEHHbIE HENTyOOKHe
HapaJuleIbHble TPEIIMHBI KOHTAKTHOH YCTalIOCTH, a Ha HOBEPXHOCTH Hepabouell BBIKPYKKU — MEJIKHE BBIKpAIIMBaHHA. bokoBo# m3HOC penbca
COCTaBUII 2,5 MM, a BEPTHKAJIbHBIN — 2 MM. MUKPOCTPYKTypa MeTaJlla TOJIOBKH pejibca COOTBETCTBYET TPeOOBAaHUSAM CTaHIApTa U TEXHHYECKUM
yenoBusam PXJI. Ha mukpomacmTabHOM ypoBHE YCTaHOBIEHA TpaHC(OPMAIMS IUIACTUH LEMEHTUTA IyTeM €ro Pa3spe3aHus IBIKYIIHMMHCS
JIICIIOKAIMSIMUA M PACTBOPEHMS C YXOJOM YIVIEpojia Ha JIMHUM JMCIOKALMH, Mallo- U OOJblICYIIOBble IpaHuibl. OTMeYaeTcsi yMEHbIICHUE
JIACTIEPCHOCTH MHKPOCTPYKTYPBI II0 Mepe yaleHHUs OT HOBEpXHOCTH KaTaHus. Ha HaHOMacmTabHOM ypoBHE (hOPMHPYIONIAsCS B TOBEPXHOCTHBIX
ci10sixX cy03epeHHast cTpykrypa (pa3mep cyo3eper 110 — 200 MkM) comepKUT HaHOpa3MEpHbIE YaCTUIIBI [IeMeHTUTa (25 — 60 HM), JIOKaIM30BaHHbBIE
B CTBIKAaX U BIOJNb TPaHUI] CyO3epeH. BrIcka3aHO MpennoioKeHue, 4TO0 TaHHBIA TUI CTPYKTYphl (GOpMHUpYETCs KaK pe3ylbTaT JUHAMUYECKOH
PEKPUCTAIIM3ALMK 1P MEraljiacTHueckol JedopMaluy, pealn3yeMoil B IpoLecce KCTPEMalbHO IIMTEIBbHOH SKCIUTyaTallud PebCoB.
Conepxanue Cy03epeHHON CTPYKTYPHI B CJIO€ BBIKPYXKKHU B IIATh Pa3 MPEBHIIACT COACP)KAHHE B IIOBEPXHOCTHOM CIIO€ MOBEPXHOCTH KAaTaHUSL.
VYCTaHOBIICHO, UTO B IIPOLECCE IKCILTyaTalluH IPeoOdpa3oBaHue MIIACTHHYATOrO MEPIINTA [0 LIEHTPAIbHON OCH TOJIOBKH IIPOTEKAET MEUICHHEE, YeM
0 OCH CHMMETPHHU BBIKPYKKH.

Kntouesule cn106a: maciiTabHbIC YPOBHH, CTPYKTYpPA, BOIOLHSA, PEIbCHL, IOBEPXHOCTh KaTAHHs, BEIKPYKKa
DuHaHcuposaHue: Pabora BbIIONHEHA IpH GHHAHCOBOIT Ioznepxkke rpanta PODU Ne 19-32-60001.
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Aaa yumuposanus: Kysnenos P.B., Kopmbimes B.E., I'pomos B.E., MBanos 10.®., llnsaposa FO.A. Tpanchopmanus crpykrypHO-(a30BbIX COCTOSI-
HUI1 B TOJIOBKE PENIBCOB MPH IKCTPEMATBHO UTUTEIbHON 3KcIutyaratmu // U3Bectus By3oB. Uepnast meramutyprus. 2022. T. 65. Ne 3. C. 209-215.
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Original article TRANSFORMATION OF STRUCTURAL-PHASE STATES
IN RAIL HEAD AT EXTREMELY LONG-TERM OPERATION

R. V. Kuznetsov?, V. E. Kormyshev?!, V. E. Gromov,
Yu. F. Ivanov?, Yu. A. Shlyarova?

!Siberian State Industrial University (42 Kirova Str., Novokuznetsk, Kemerovo Region — Kuzbass 654007, Russian Federation)
2 Institute of High Current Electronics, Siberian Branch of the Russian Academy of Sciences (2/3 Akademicheskii Ave., Tomsk
634055, Russian Federation)

Abstract. Quantitative transformations of the structure at a depth of 0, 2, 5, 10 mm along the central and symmetry axis of the fillet of long differentially
quenched rails head after extremely long-term operation (passed tonnage of 1770 mln. gross tons) were identified at macro-, micro- and nanoscale
levels by methods of optical, scanning and transmission electron diffraction microscopy. At a macroscale level, the numerous shallow parallel cracks
of contact fatigue are detected on the surface of working fillet, and on the surface of inoperative fillet there are only small spallings. The lateral
wear of the rail was 2.5 mm and the vertical wear was 2 mm. Microstructure of the rail head metal corresponds to the requirements of standards
and specifications of the Russian Railways. At microscale level, the transformation of cementite plates was established by cutting it with moving
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dislocations and dissolving with the escape of carbon to the dislocation lines, low- and high-angle boundaries. A decrease in microstructure dispersion
is noted with a distance from the tread surface. At the nanoscale level, subgrain structure formed in the surface layers (subgrain size 110 — 200 um)
contains nanosized cementite particles (25 — 60 nm) localized at the joints and along the subgrain boundaries. It is supposed that this type of structure
is formed as a result of dynamic recrystallization under megaplastic deformation in the process of extremely long-term operation of rails. The content
of subgrain structure in the fillet layer is five-fold higher than that in surface layer of the tread surface. It was established that during operation, the
transformation of lamellar perlite along the central axis of the head proceeds more slowly than along the symmetry axis of the fillet.

Keywords: scale levels, structure, evolution, rails, tread surface, fillet
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- BBEAEHUE

CpoK cITyKOBI peITECOB OMPEACIICTCSI MHOTHMH (hakTo-
paMH: 9YUCTOTON METalIa, CTPYKTYpOH, (pa30BBIM COCTABOM,
YCIIOBUSIMH SKCIUTyaTalllH, TEXHOJIOTHEH TepMOOOpabOTKI
U T.J. B penbcax nmpu COBPEMEHHBIX CKOPOCTSAX JBHKEHUS
JKEJIE3HOJOPOKHBIX COCTABOB M BBICOKMX KOHTAKTHBIX
JIABJICHUSX YK€ TPU CPAaBHUTEIHHO HEOOJBIIOM TPOITy-
[ICHHOM TOHHAQ)KE B ITOBEPXHOCTHBIX CIIOSIX HAONIOHAeTCS
CHJIBHOC M3MCHCHHUE CTPYKTYPHI, OTMEUACTCs aHOMAJIbHO
BBICOKasi MUKPOTBEPJOCTh U SIBJICHUE PAclafa LIEMEHTHTA.
B mpouiecce anuTenbHON 3KCIUTyaTalliy B pesibcax Haka-
IUTMBAIOTCST MHOTOYHUCIICHHBIC NE(PEKThI, HHIYLHPYIOTCS
CerperanuoHHbIe, PeJaKCallOHHbIe, TOMOTCHU3AIIMOHHBIC
U PEKPUCTAILTU3AIMOHHBIC IPOIIECCHL; (ha30BbIC IEPEXOMIbI,
YTO MOXET COTPOBOXKIATHCS YXy/IIEHUEM (DHU3HKO-MeXa-
HUYECKUX CBOWCTB M SIBIATHCS NMPUUYMHAMM BBIXOAA PEllb-
coB u3 cTpos [1].

AHamu3 uccienoBaHUU Mo mpodieMe (HOPMHUPOBAHHUS
CTPYKTYPHO-(Da30BBIX COCTOSTHUI B PEIbCAX MPH JUINTEIIb-
HOM AKCIUTyaTallud IO3BOJIAET KOHCTATHPOBATh, YTO 3Ta
npobemMa sBJsIeTCs OJJTHON M3 KIIFOYEBBIX ISl (PU3UKU KOH-
JICHCUPOBAHHOTO COCTOSTHUSA [2].

B pabotax [1, 2] copmupoBan 6aHK TaHHBIX O 3aKOHO-
MEpPHOCTIX (HOPMHPOBAHHS CTPYKTYpPHO-(PA30BBIX COCTO-
SHUM M TUCIOKAIIMOHHOW CYyOCTPYKTYPBI, PACIpeIeICHHS
aTOMOB yTJIEpOAa B TOJOBKE JITHHHOMEPHBIX AudhepeH-
[UPOBAHHO 3aKAJCHHBIX PEIbCOB IO IICHTPATLHOW OCH
Y 10 BBIKPY)KKE IOCJe JUIMTENIbHOM 3KCIutyatauuu (Ipo-
nmymeHHbIH TonHaxk 691 u 1411 muH T OpyTTo). K HacTos-
memMy BpemeHH mnaptus penbcoB JIT350, BwIMTyIIeHHBIX
B 2013 rogy Ha AO «EBPA3 3CMK», nocturna decrnperie-
JICHTHOW B POCCHUWCKOW TpakThke HapadoTku 1770 MuH T
OpYTTO MPOIMYNICHHOTO TOHHAXKAa Ha DKCIIEPUMEHTATHHOM
koibite AO « BHUMXKT».

B 3apyOexxHoii muTeparype uccieoBaTeNld OrpaHudH-
BAIOTCS U3YYEHHEM CTPYKTYPbI U CBOWCTB PEIbCOB IHOCIE
HE3HAYUTENILHOTO 00beMa MPOITyIIEHHOT0 TOHHAXA [3, 4],
aHATM3HUPYIOT (popMupoBaHue Oesoro cios [5 — 8], mexa-
HU3MBI (JOPMUPOBAHUS HAHOCTPYKTYPHI B IOBEPXHOCTHOM
cioe peinbea [9], KOHTaKTHO-YCTaJIOCTHOM TPELUHbI U pac-
TpesiesieHust HepOBHOCTEHN moBepxHocTr Katanus [10 — 117.
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Lenbto HacTosAIEH PabOTHI SABIISETCS UCCIEIOBAHNUE HA
Pa3IUIHBIX MACIITAOHBIX YPOBHIX W3MCHEHUS CTPYKTYPBI
u (hazoBoro coctasa B rosoBke 100-meTpoBbIxX quddepeH-
LUPOBAaHHO 3aKaJICHHBIX PEJIbCOB IOCIE IKCTPEMaJIbHOM
SKCILTyaTalluu Ha KeJIe3HOH Jopore (MpOMyIICHHBIH TOH-
Hax 1770 mutH T OpyTTO).

- MATEPUAN U METOAUKU UCCNEAOBAHUA

B xauectBe marepualia McciaeI0BaHUS OBLIM HCIIOb-
30BaHbBI IPOOBI, 0TOOpaHHBIEC OT penbca Tuna P65 karero-
puu AT350 u3 cranu mMapku D76XD, UIBATOrO U3 MyTH
Ha DKcrepruMeHTanbHOM mojnurone T. Illepbunka. Penbe
U3BAT U3 MyTH nocie nponycka 1770 miuH T OpyTTo MO
nedekry, kKnaccupUIMpPOBaHHOMY B COOTBETCTBUHU C WH-
crpyknueii [12] mo komy 11.2 (TpemmHBI W BBIKpAIIU-
BaHHWs MeTalljla Ha OOKOBOM pabodeil BBIKPY)KKE WIH Ha
CpelHel YacTH TOJOBKHM, BO3HMKIIME U3HYTPU OT MECT-
HBIX CKOIUICHHH HEMETaJNIMYECKHX BKIIOUCHHUH, BBITS-
HYTBIX BJOJIb HAlpaBieHMs MMPOKATKH B BHJE JOPOXKEK-
CTPOYCK WJIM BO3HMKIIHE OT HApyKHOW IOBEPXHOCTH
penbca M3-3a HEAOCTATOYHOHW KOHTAKTHO-YCTaJOCTHOMN
MPOYHOCTH PEIBCOBOTO MeTamja). XUMHUCCKUH COCTaB
MeTajula HCCIIEeIyeMOro peibca, ONpeleJeHHbIH CIeKT-
PAJBHBIM U XUMHUECKUM METOJaMH, a TAKKe TPEOOBAHIS
TY 0921-276-01124323 — 2012 nnst ctanu mapku D76 XD
MIPUBE/ICHBI B TAOJIHIIC.

MaxkpocTpyKTypy MeTajjla BBIABISUIA METOAOM IJIy-
6okoro TpapneHusi B 50 %-HOM BOZHOM pPacTBOpE COJIS-
HOW KHUCIJIOTBI Ha PAacCTOSHUM NpuOIu3uTensHo 40 MM OT
30HBI BBIKpaImIuBaHus. VccaenoBaHMS MHKPOCTPYKTY-
pBI MeTallla PeNbCOB MPOBOJMWIN METOJAMH ONTHYECKOH
U CKaHHUpPYIOIIeH 3MeKTpoHHONH Mukpockormu (COM) Ha
nutidax, BBIPE3aHHBIX BHE NE(EKTHOW 30HBI B COOTBET-
ctBun ¢ TpebopanmsiMu TV 0921-276-01124323 —2012.
JedextHyro cyOCTpYKTYpy MeTallla H3ydYald METOJaMH
MIPOCBEUMBAIONICH MEKTPOHHOU TUPPAKIIMOHHON MHUKPO-
cxoruu (ITOM) [13 — 17]. Kak u B pabotax [1, 2], 00beKThI
WCCIICOBAHMS IS TIPOCBEUUBAIONIECTO 3JICKTPOHHOTO MH-
KpPOCKONa TOTOBMUJIM IIyTE€M YTOHEHHs IUIACTHHOK, BbIpe-
3aHHBIX U3 00BEMHOH 3aroTOBKHU Ha paccTossHuU 2 1 10 MM
OT MOBEPXHOCTH pelibca (IIOBEPXHOCTh KaTaHUs U padodast
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Xumnueckuii coctaB MeTaJa pesibca kareropuu [T350

Chemical composition of metal of the rail of DT350 category

Copneprxanue, % (1o macce)
Marepuan - ; ;
C Mn Si P S Cr Ni Cu Al Ti Mo A%
TIpob6a 0,73 0,75 0,58 10,0120,007| 0,42 0,07 0,13 0,002 0,003 | 0,006 | 0,04
IIpY CyMMapHOU He
Tpe6osanus | 0,71 - | 0,75— | 0,25— He Oornee 0,20 — nore e Gomee 0,27 | omee | B€ Oonee B 0,03 —
TY 0,82 1,25 0,60 0,80 0,010 0,15
0,020 | 0,020 <020 | <020 | 0,004

BBIKPYKKa), @ TAK)KE U3 IIACTUHKH, IPUMBIKAIONICH K I110-
BEPXHOCTH PeJibCa.

- PE3YNILTATbI UCCNEAOBAHUA U UX OBCYXXOEHUE

MakpocTpykTypa MeTajlla HCCIIeIyeMON MpoObl 1O
OCEBOHM JIMKBAllMK, TOYEYHOW HEOAHOPOIHOCTH, JUKBA-
[IMOHHBIM TIOJIOCKAM M TpEIIMHAM HW3ydadd Ha MaKpo-
Temriete. B pesynbrare BBIMOIHEHHBIX HCCIEIOBAHUM
KaKHX-THO0O0 BHYTPEHHUX AC(PEKTOB, a TAK)KE HAPYIICHHH
CIJIOLTHOCTH HE BBIsIBJIEHO. BOKOBOI M3HOC pelibca cocTa-
BUJ 2,5 MM, BepTUKaJIbHBIA — 2 MM. Ha noBepxHocTH pa-
0odell BBIKPYKKH TOJIOBKH BBISIBJICHBI MHOTOYHCJICHHBIC
napajuieibHble TPENIMHbBl KOHTAKTHOM YCTaJOCTH, HA TI0-
BEPXHOCTU Hepabovel BBIKPY>KKU BBISBICHBI MEJIKHE BbI-
KpallluBaHUsl, MPOXOASAIIUE OJIOCOM IIUPUHOMN 10 5 MM 1O
TOHKHM M3BWJIMCTHIM TpeuuHam. [lo Mmecty MHOTOUHCIIEH-
HBIX MapaJuIeNIbHBIX MOBEPXHOCTHBIX TPEUIMH KOHTAKTHOU
YCTaJOCTH, a TAaK)KE 10 MECTY MEJKUX BBIKpAITUBAaHUIN Ha
MaKpOTEMILJIETE C TOBEPXHOCTH TOJIOBKH HAOIHOIAOTCS
HECIUIONIHOCTH TITyOUHOM pUOIu3uTeNbHO 710 0,5 MM.

UccnenoBanusi MUKPOCTPYKTYphl METasla PeElIbCOB
BBISIBWIM 3€pHA TUIACTHHYATOTO MEPIUTa U B HEOOIBIIOM
KOJIMUECTBE YYacTKH (eppuTa; OCHHUT B MUKPOCTPYKTYpE

orcyTcTByeT (puc. 1). TakuM 00pa3oM, MHUKPOCTPYKTypa
OCHOBHOI'O M€TaJjljla B TOJIOBKE HCCIIEyEMOT0 pesibca COOT-
BETCTBYET TPEOOBAHUSAM CTaHIAPTA.

AHaJIn3 MUKPOCTPYKTYpbI MeTaljla UCCIEYyEMOIO Peilb-
ca Ha TryouHe 2, 5 u 10 MM OT MOBEPXHOCTH KaTaHWs MO
BEPTUKAJILHOI OCH M BIOJIb palyca CKpPyIJIEHUS TI0BEPXHO-
CTHU BBIKPYXKKH [TOKA3aJl, YTO 110 Mepe yAaJIeHHs OT TOBEPX-
HOCTHU JTUCTIEPCHOCTb MUKPOCTPYKTYPBl YMEHBIIIAETCS.

Bonee neranbHbIe UCCIEAOBAHNS MUKPOCTPYKTYPBI Me-
TaJjula roJIOBKH pejibca METOJaMH CKaHUPYIOLIEeH JIeKTPOH-
HOI MUKPOCKOIHH IOKa3ali, YTO MUKPOCTPYKTypa METaj-
7a c(OpMUpPOBaHA 3ePHAMHU BBICOKOIHMCIIEPCHOTO MEPIINTA
C HE3HAYUTEIBHBIMHU YYAaCTKAMU CTPYKTYypHO-CBOOOIHOTO
(eppura (puc. 2). OcHOBHas OIS MEPIUTA — PETYISIPHBIC
KOJIOHUU C MpPAaBWIBHBIM YEPEIOBAaHUEM I[EMEHTHUTHBIX
" (EppUTHBIX IJIACTUHOK. B 30HE BBIKPYXKKH W CpenHei
YaCcTH TOJIOBKH pElIbCa B MUKPOCTPYKType HAOIIOHAeTCs
3HAYUTEJILHOE KOJIMYECTBO MEPJIMTHBIX KOJIOHUH C U30THY-
TBIMH (BOJIHUCTBIMH) U pa3pyLIIHBITNMUCS TUIACTUHAMU Iie-
MEHTHTA, a TAK)KE YUaCTKU BBIPOXKIEHHOTO IEepJInTa.

HccnenoBanust CTPYKTYpbI METaJlIa TOJIOBKH METOaMU
[IOM mo3BoNMIIM JIETATM3UPOBATh CTPYKTYPHO-(Pa30BoOE
COCTOSTHME NIEPIINTA B HCCIeayeMoii mpobde. bbuto ycTaHoBs-
JICHO, UTO HE3aBHCHUMO OT HATIPaBICHHS UCCICIOBAHUS (110

Puc. 1. MukpocTpyKTypa MeTasuia B TOJIOBKE UCCIIEAYeMOro penbca Ha iryoune 2 (a), 5 (6) n 10 MM (8) OT TOBEpXHOCTH KaTaHUs
110 BEPTUKAJIBHOH OCH

Fig. 1. Microstructure of metal in the head of investigated rail at a depth of 2 (a), 5 (6) and 10 mm (8) from tread surface along vertical axis
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Puc. 2. MukpocTpyKTypa MeTajIa B FOJOBKE HCCIIENAYyEMOT0 pebca
Ha ryoune 2 MM. CKaHUpYOIIas IEKTPOHHAS MUKPOCKOIIMS
TPaBJICHOTO IUIH(a

Fig. 2. Microstructure of metal in the head of investigated rail at a depth
of 2 mm. Scanning electron microscopy of etched strip

pamuycy CKPYIJICHHUS BBIKPYXKKH WM BIOJb LEHTPAIBHOMN
OCH TOJIOBKH) B CTAJIU MIPUCYTCTBYET HECKOJBKO CTPYKTYP-
HBIX COCTOSTHHI TePIIUTa, KOTOPBIE 0 MOP(OIOrHICCKOMY
MPU3HAKY KJIacCH(UITUPOBAHBI CICIYFOIIAM 00pa30oM:

— BO-TIEPBBIX, 3TO CTPYKTypa MEpJuTa IUIACTUHYATOU
MOp(oIOrUH ¢ YepeJOBAHHEM MAPALICIIbHO PACTIONI0KEH-
HBIX TJIACTHH LeMeHTuTa u (hepputa (puc. 3, a);

— BO-BTOPBIX, MEPIUT PAa3PyLICHHbIH, B KOTOPOM OTCYT-
CTBYIOT TPOTSDKCHHBIC TUIACTUHBI LeMeHTHTa. OHU pas-

JIpOOJICHBI U CABHHYTHI OTHOCHUTEIBHO HCXOMHON OCEBOI
muaun (puc. 3, 6). Takas cTpykTypa (opmupyercs B pe-
3y/bTaTe cpe3a M CIABUra IUIACTUH IIEMEHTUTA JIBUKYIIH-
Mucs quciokanusmu [ 18, 19];

— B-TPETBhUX, (eppUTO-KapOuaHasi cMeCh (BBIPOXKICH-
HBIW TIEPJINT), B KOTOPOH B 3epHaX (eppUTa YacTHUIIBI Iie-
MEHTUTA PA3IHYHON (POPMBI M Pa3sMEpPOB PACIIOIOKEHBI
Xao0THYHO (pHc. 3, ).

— B-4YCTBEPTHIX, 3epHa (eppura, B 00bEMe KOTOPHIX
HaOJroaeTcs MOJ0CoBasi CyOCTPYKTypa, OpraHW30BaHHAS
MaJIOyIJIOBBIMU TpaHuliaMu (puc. 3, 2). LileMeHTuT B Takux
3epHaxX INPHCYTCTBYET B BHUJE YACTHI[ OKPYIIOH (HOPMEI,
PACIIOJIOKEHHBIX BJIOJIb MaJOYIJIOBBIX TPAHHUIL.

Ha moBepXHOCTSIX KaTaHUs W paboyeil BBIKPYKKH Ha-
OmonatoTcs 3epHa Qeppura ¢ GpparMeHTHPOBaHHOMN (CyO-
3epeHHOMN) CTPYKTYypoit (puc. 4). B cThIKax W BIIOJb TPAHUI]
cy03epen pasmepamu 110 — 200 HM pacrionararoTcs 4acTu-
bl IIEMEHTUTA OKpYyIIon (Gopmbl pazmepamu 25 — 60 HM.
MO’KHO TIPEAOIOKUTD, YTO TAHHBIN THIT CTPYKTYPBI CHOp-
MHUPOBAJCS B PE3yIbTaTe ANHAMUYECKOW PEKpUCTaILTH3a-
UK CTAJIM [IPU UHTCHCUBHOMW IJIACTHUYCCKOH nedopMaryu
U OUKJINYeCKOM Harpy>KeHUH METajlla peJIbCoB B IpoIecce
JUTMTENBHOM dKcTuTyatanuu [20].

OTHOCHTENFHOE COZEpKaHWE BBIIBICHHBIX MOpdoo-
TMYECKHUX PAa3HOBUIHOCTEH CTPYKTYpBI METAJLIA C UCTIONb-
30BaHMEM METOIOB CTEPEOJIOTHHY IIPUBEICHO Ha PHC. 5.

Buano, uto mnpeoOpa3oBaHue CTPYKTYPHI MEpIUTa
MJIACTHHYATOH MOP(OIIOTHH OTHOCUTENLHO IICHTPATLHOM
OCH B HPOLECCE IKCIUIyaTal[i MPOTEKaeT CYIIECTBEHHO
MeJJICHHEE [0 CPAaBHEHHIO C H3MEHEHUEM CTPYKTYPBI OT-
HOCHTEJIBHO pajuyca CKpyIIeHHs padoueil BBIKPYIKKH.
Cy03epeHHas CTpyKTypa (QOpMHpYeTCS MNTPEenMyIIecT-
BEHHO B IIOBEPXHOCTHOM clioe peisibca. OTHOCHTENbHOE

Puc. 3. DIeKTPOHHO-MHUKPOCKONNYECKOE H300pKEHHE CTPYKTYPBI METaJlIa FOJIOBKHU peibca

Fig. 3. Electron microscopic image of metal structure of the rail head
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Puc. 4. dparmentupoBanHas (cy03epeHHast) CTPYKTypa,
(dopMupyIOIIasAcs B HOBEPXHOCTHOM CJIO€ METajlIa FOJOBKHU pelbca

Fig. 4. Fragmented (subgrain) structure formed in surface layer
of the rail head metal

coiepKaHne CyO3epeHHOH CTPYKTYPHI B TIOBEPXHOCTHOM
cjo0e paboyeil BRIKPYKKH B IIATh pa3 BbIILIE, YEM B TOBEPX-
HOCTHOM CJIO€ TTOBEPXHOCTH KaTaHHs. BrImen3noxxeHHoe
CBUJICTENIBCTBYET O 3HAYUTEIHHO O0Jiee BHICOKOM YPOBHE
mpeoOpa3oBaHus CTPYKTYPHI METallIa BIOIb paguyca pa-
00ueil BEIKPY)KKH 10 CPAaBHEHUIO C METAJJIOM BAOJb LIEHT-
paibHOM OCH.

[l BoiBOAbI

MeronaMu ONTUYECKOH, CKAHUPYIOIIEH U MpOCBEYHBa-
IOLIEH IEKTPOHHON MUKPOCKOIIUY IIPOBEEHBI Ha pa3Iuy-
HBIX CTPYKTYpHO-MacIUTaOHBIX YPOBHSAX HCCIIEAOBAaHUS
CTPYKTYPHI U (ha30BOTO COCTABA B TOJIOBKE ATMHHOMEPHBIX
muddepeHIIPOBAaHHO 3aKAICHHBIX PEIHCOB MOCIE MPOITY-
meHHoro ToHHaxa 1770 muH T. Ha MakpoypoBHE BbIsIBIIE-
HO (OPMHUpPOBAaHUE W3HOCA peibca (OOKOBOTO B CIOE TOJ-
IIMHOM 2,5 MM, BepTHKalbHOTO — 2 MM). Ha moBepxHOCTH
paboueli BEIKPYKKH TOJIOBKH BBISBIICHBI MHOTOYHCIICHHEIC
napajulebHble TPEUIMHb KOHTAKTHOM yCTaJIOCTH, Ha I10-
BEPXHOCTH Hepabodell BBIKPY)KKH BBIIBICHBI MEIKHE BEI-
KpallluBaHUsl, IPOXOASIIUE [10JIOCOU IIUPUHOMI 10 5 MM IO
TOHKHUM M3BWJIMCTBIM TpelinHaMm. [1o Mecty MHOro4HCIIeH-
HBIX MapaJuIeIbHBIX MOBEPXHOCTHBIX TPEUIUH KOHTAKTHON
YCTaJIOCTH, a TAK)Ke 110 MECTY MEJIKUX BBIKpAllMBaHUI Ha
MaKpOTEMIIJIETe C TOBEPXHOCTU TOJOBKU HaONIONAOTCS
HECIUTONIHOCTH TTyOHHOM 110 0,5 MM.

Ha MukpoypoBHE BBISBICHO CyIIECTBEHHOE Mpeodpa-
30BaHHE CTPYKTYpHO-()a30BOTO COCTOSHHUS 3€peH IuIa-
CTHUHYATOIO MEPIINTA, COIPOBOXKAAIOLIEEC pa3pyLIEHUEM
IJIACTHH LIEMEHTHUTA MyTEeM UX pa3pe3aHus JIBUKYLIUMU-
Cs1 AMCIOKALMSAMU U PaCTBOPEHUS C YXOIOM yIlIepoa U3
pEelIeTKH LEMEHTUTa Ha JIMHUU JUCIOKALMHA, MaJloyIyo-
Bble M OoublIeyrIoBble TpaHunbl. Ha HanopasmepHOM
YpOBHE BBISIBICHO (popMUpOBaHHE CyO3epeHHON CTpPYK-
Typbl, coAeprKallel HaHOpa3MEpHbIE YaCTHUILbl LIEMEHTHU-
Ta, PacIoIOKCHHBIC B CTHIKAX U BIOJb TPAHUI] CYyO3epeH.
Pasmepsl cy0O3epeH m3MeHsIOTCs B mpeaenax ot 110 mo

0,8

0,6

0,4

Omuocumenvhoe
cooepoicanue, %

Omuocumenvhoe
cooepoicanue, %

Tun cmpyxmypol

Puc. 5. OTHOCHTENBHOE CONMEPIKAHHUE PA3TUIHBIX TUIIOB CTPYKTYPBI
MeTaJlia FOJIOBKH PelibCa, BBISIBICHHBIX BIOJIb LICHTPAIBHON OCH
(OTHOCHTENIFHO MMOBEPXHOCTH KaTaHus) (a) U BIOJIb pajnyca CKpyTiie-
HUs paboueid BLIKPYKKH (0).

Kpussbie: / — OTHOCHTENIBHOE COAEPIKAHUE THIIOB CTPYKTYPBI B CIIOE,
pacrionokeHHOM Ha rryoune 10 mm; 2 — B ci1oe, pacrosioyKeHHOM Ha
ryOuHe 2 MM; 3 — B IOBEPXHOCTHOM CJIO€.

Tunbl CTPYKTYpBI: [ — MEPIUT IIACTHHYATOH MOP(OIOTrUH;

2 — mepuT pa3pyIICHHBIH; 3 — BRIPOXKICHHBIN MepiuT ((heppuTo-Kap-
OuHas cMech); 4 — 3epHa (eppuTa, B 00beMe KOTOPBIX HaOIo1aeTcs
MOJI0COBast CyOCTpyKTypa; 5 — 3epHa (hepputa ¢ pparMeHTHPOBAHHON
(cy63epeHHOI) cTpyKTYpOit

Fig. 5. Relative content of various types of structure of the rail head
metal identified along the central axis (relative to the tread surface) (a)
and along the radius of rounding of the working fillet (0).

Curve [ —relative content of structure types in the layer located at a
depth of 10 mm; 2 — in the layer located at a depth of 2 mm;

3 — in the surface layer.

Types of structure: / — perlite of lamellar morphology; 2 — destroyed
perlite; 3 — degenerate perlite (ferrite-carbide mixture); 4 — ferrite grains,
in the volume of which a strip sub-structure is observed; 5 — ferrite
grains with fragmented (subgrain) structure

200 HM, pa3Mepbl YacTULl LIeMEeHTUTa — oT 25 10 60 HM.
BrickazaHo penoNoKeHHE, YTO JAHHBIA THII CTPYKTYPbI
(dbopmupyeTcs B pe3ylibTare TUHAMUYICCKON PEKPUCTAILIHU-
3alK CTAIM NPU IUKINYECKOM HArpy>KeHUH B TpOIlec-
Ce IJIMUTENIbHON SKCIUTyaTalMd PEJIbCOB. YCTaHOBIICHO,
YTO MPEe0Opa30BaHUE CTPYKTYPHI MEPIIUTa TUIACTUHYATON
MOP(OJIOTHH OTHOCHTEIBHO IIEHTPAIbHOW OCH TOJIOB-
KH TPOTEKAeT MEJJICHHEE 110 CPAaBHEHHUIO C M3MCHCHHEM
CTPYKTYpPbl OTHOCUTEIILHO pajnyca CKpyIJIeHusl paboueit
BBIKPY’KKH. OTHOCHTEIIEHOE COAEp)KaHHe CyO3epeHHOU
CTPYKTYPBI, (POPMHPYIOLICHCS B MOBEPXHOCTHOM CJIOE pa-
0o4Yell BBIKPYXKKH, B ISITh Pa3 BBIINIE, YEM B MIOBEPXHOCT-
HOM CJIO€ ITOBEPXHOCTH KaTaHHUs.
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rT’MAPAB/IUMECKOIO PEAYKTOPHO-MY/IbTUNNTUKATOPHOIO NPUBOAA

METANNYPIUYECKUX NMPECCOB
C. C. Mnnunenko !, A. I1. lloranenkoB !, A. U. Bakynenko !, {. 10. fluko 2

Hopuabckuii rocyrapcTBeHHbIH HHAYCTpAANbHBIH HHCTHTYT (Poccus, 663310, KpacHosipekuii kpait, Hopruisck, yir. 50 ner
OkTs6ps1, 7)
2000 «<HOPUWJIbCKHUKEJBPEMOHT» (Poccus, 663319, Kpacunosipekuii kpait, Hopruiscek, yi. OpmkoHuKuz3e, 6-a)

AnHomayus. B pabore npeacraBieHa pa3paboTka OJHOTO U3 PELICHUH CHIDKCHUSI YCTAHOBOYHOM MOIIHOCTH U MOBBILICHUs Ko3(duimeHTa mnomies-
HOTO JICHCTBUSI THIPABIMYECKOTO HACOCHOTO MPHBOJA MTPECCOBOr0 000PYAOBaHHS OOJIBIION MOIIHOCTH, HCIOIb3YEMOI0 Ha METaTypPru4ecKuX
3aBoziax. PazpaboTaH 1 nccie10BaH MHOTOCTYIIEHUYATBIH PElyKTOPHO-MYIBTUILIMKATOPHBIH HACOCHBIH THAPONIPUBO/ HA 0a3e OJI0YHOTO peayKTOpa-
MYJIBTHILTHKATOPA. [y HKepbl BCeX IMHIPOB 00pa3yIoT HOABHKHBII OJIOK, IIMIHHIPHI — HEMOABIKHEIN. Pexxnm GyHKInOHHpOBaHUS (PeLy KU,
MYJIBTHIUTKALMS ) 00€CIIeUMBACTCSI COUETAHUEM BBIXOAHBIX IMIIMHIPOB, TTOAAIOIIMX )KUIAKOCT B CHIIOBOW LIMITUHAD, Iy TEM IIEPEKIIIOYESHHS YACTH U3
HUX Ha cluB. [IpeicTaBieH aHaIn3 4eThIPEXCTYIIEHYATOr0 IPHBOJIA C TPEXCTYIIEHUATHIM PEAYKTOPOM-MYJIBTUILIMKATOPOM B CPABHEHHH C TPOCTHIM
HACOCHBIM NPUBOJIOM. YEThIPEXCTYEHUATbIH PUBOJL C ABYMS BBIXOAHBIMH LIMIIMHAPAMU 00ECIEUNBACT PEAYKTOPHYIO U JBE MYJIbTUILIMKATOPHbBIE
CTYIEHH, C KOTOPBIMH COYETACTCs CTYNEHb IMOJAYM JKUIKOCTH B CHJIOBOW IIMJIMHJP HANpPSIMYIO OT HACOCOB (HAacoCHas cryneHb). CHIIOBBIC
U KMHEMaTH4YeCKHe MapaMeTpbl MPUBO/A ONPEACIISIOTCS CUIIOBBIM HArPy)KEHHEM MPU padoueM X0/ U CKOPOCTHBIM PEKMMOM B TEUSHHH Padodero
LUKJIA: TIPSIMOH (XOJIOCTON 1 paboumii) U 0OpaTHbIH X0, MHOroCTyneHYaThIi MPUBOJ LIeJIeCO0OPa3HO UCIIONB30BATh IPH IIABHO BO3PACTAIOIICH
Harpyske Ha Bcell BeJInurHe pabouero xoza (onepaiun 0Caaku, BHITSHKKH). BbinonHeH aHanu3 6a30BOro U A0MOIHUTEIBHOIO COYETAHHS CTYNCHEH
JUIsl JIMHEHHO BO3pACTAIOIIEH CUJIOBOH HArpy3kH, KOTOPYHO ONPEJIENSIOT JIaBlIeHHE B Hayane Py U MaKCMMAlbHOE JIaBlIeHHE B KOHIE pabouero
xoma P . ITpu 6a30B0M BapuaHTe MOCIIEN0BATENLHO COUETAIOTCS PEYKTOPHAs CTYNIEHb (XOIOCTOH XO/1), HACOCHAs U JIBE MYJIBTHILIMKATOPHbIE
(pabouwnii xom). Ilpu JOMONHUTEILHOM COYCTAHUH PEAYKTOPHAsl CTYNEHb MEPEKPHIBACT XOJNIOCTOM XOI M HAYalbHYIO 4acTh pabodero Xosa.
AHanun3 BBINOJIHEH NPH yCIOBUSIX PABEHCTBA JABJICHHUS M MOIIHOCTH HACOCOB I10 CTYIEHSIM U PaBEHCTBA BPEMEHH MPSIMOTO X0Ja CPAaBHUBAEMBIX
puBooB. [IpoBesieHa Ol[eHKa COOTHOLICHHSI MOITHOCTEH HAcOCOB. [10TyueHbl 3aBHCHMOCTH OCHOBHBIX ITapaMeTpPOB pa3pabOTaHHOTO MPHUBOJA,
KOO OUIMEHTBl PEAYKIUH W MYJIBTUILIMKALUM. [IpH NPUHATBIX MCXOIAHBIX JAHHBIX BO3MOXKHO CHIDKEHHME JABICHHS U MOIIHOCTH HAcOCOB
pa3paboTaHHOTO NMPHUBO/A (TT0 CPABHEHUIO C ITPOCTHIM) Ha 28 — 37 % NpH TOMOTHUTEILHOM COYETAaHUN CTYICHEH (YBEIMUNBACTCS C yBEITNICHHEM
xos1octoro xoza). [t 6a3oBoro coueranus — Ha S — 9 % Hike (CHUKeHHE OOJIbLIe TIPU MEHBLIMX BEIMYMHAX XOJIOCTOTO Xo1a). Mcrnons3oBanue
JIOTIOJIHUTENLHOTO COYETAHMS OrPAHUYUBACTCS COOTHOWEHUeM Py /P < 0/4.

max —
Kaiouesble ca108a: ruiponpuBoL, peayKTOP-MYIbTUIIIUKATOP, AaBICHHE, MOIIHOCTD, PELYKIIMS, MYIbTUTTHKALIASL
s yumuposanus: ITumunenko C.C., [Toranenkos A.I1., Bakynenko A.H., fluko S1.10. Pa3paborka u ucciiejoBaHie MHOTOCTYIIEHYATOTO I'H/paB-

JIMYECKOTO PeIyKTOPHO-MYJIBTHIUIMKATOPHOTO MPUBOJIA METAILTyprudeckux npeccos // Mzsectus By3oB. Uepnas meramtyprus. 2022. T. 65. Ne 3.
C. 216-223. https://doi.org/10.17073/0368-0797-2022-3-216-223

Original article DEVELOPMENT AND RESEARCH
OF A MULTISTAGE HYDRAULIC GEAR-MULTIPLIER DRIVE
FOR METALLURGICAL PRESSES

S.S. Pilipenko?, A. P. Potapenkov?, A. I. Vakulenko !, Ya. Yu. Yanko 2

!'Norilsk State Industrial Institute (7 50 Let Oktyabrya Str., Norilsk, Krasnoyarsk Territory 663310, Russian Federation)
2LLC “NORILSKNIKEL’REMONT? (6-a Ordzhonikidze Str., Norilsk, Krasnoyarsk Territory 663319, Russian Federation)

Abstract. The paper presents one of the solutions to reduce the installed power and increase efficiency of hydraulic pump drive of high power pressing
equipment used in metallurgical plants. The authors have developed a multistage hydraulic drive based on a block gear-multiplier. Plungers of all
cylinders form a movable block, the cylinders — a stationary one. The mode of operation (reduction, multiplication) is provided by a combination of
output cylinders supplying fluid to the power cylinder by switching some of them to drain. Analysis of a four-stage drive with a three-stage multiplier
gearbox is presented in comparison with a simple pump drive. A four-stage drive with two output cylinders provides a reduction gear and two multiplier
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Pilipenko S.S., Potapenkov A.P, Vakulenko A.L, Yanko Ya.Yu. Development and research of a multistage hydraulic gear-multiplier drive for metallurgical ...

stages, with which a stage of fluid supply to the power cylinder directly from the pumps (pump stage) is combined. Power and kinematic parameters
of the drive were determined by the power loading during the working stroke and speed mode during the working cycle (forward (idle and working
stroke) and reverse stroke). It is advisable to use a multi-stage drive with a smoothly increasing load over the entire length of the working stroke
(upsetting, drawing operations). Analysis of the basic and additional combination of stages for linearly increasing power load, which was determined
by the pressure at the beginning of P, and the maximum pressure at the end of the working stroke P_ _was carried out. In the basic version, a gear
stage (idle stroke), pump stage and two multiplier stages (working stroke) are sequentially combined. With an additional combination, the reduction
stage covers idle stroke and initial part of the working stroke. Analysis was carried out under the condition of equality of pressure and power of the
pumps in stages and the condition of equality of direct stroke time of the compared drives. The ratio of pump capacities was estimated. Dependences of
the main parameters of the developed drive, reduction and multiplication factors were obtained. With the accepted initial data, it is possible to reduce
the pressure and power of the developed drive pumps (in comparison with the simple one) by 28 — 37 % with an additional combination of stages
(increases with an increase of an idle stroke). It is lower for the basic combination by 5 — 9 % (reduction is greater at lower idle stroke values). The

use of an additional combination is limited by the ratio P)/P < 0/4.

Keywords: hydraulic drive, gear-multiplier, pressure, power, reduction, multiplication

For citation: Pilipenko S.S., Potapenkov A.P., Vakulenko A.I., Yanko Ya.Yu. Development and research of a multistage hydraulic gear-multiplier drive
for metallurgical presses. Izvestiya. Ferrous Metallurgy. 2022, vol. 65, no. 3, pp. 216-223. (In Russ.).
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B Hacrosimee BpeMs Ha METAJUTypTHYEeCKHUX 3aBOIAX,
HanpuMep, Mpu MPEecCOBaHUU Hpoduiaei u TpyOd UCIOb-
3yIOTCSl TIpecChl OONBIION MOIIHOCTH C THAPABIHYCCKIM
HacocHbIM mpuBOAOM [1 — 6].  CyliecTBEHHbIM  HEo-
CTaTKOM TaKOTO TPHUBOJAA SBISETCS 3HAYUTENBHAS yCTa-
HOBOYHAsi MOIIHOCTh HacocoB [7 — 10]. OcHoBHOE Ha-
MIpaBJICHIE COBEPIICHCTBOBAHUS IPUBONOB — CHIDKCHHE
JIAHHOTO MoKazaTens. Jlocturaercs 3To, B YaCTHOCTH, TIPHU-
OMIKEHUEM peXrMa HarpyKeHHs Hacoca K XapaKTepHc-
THKE TaK Ha3bIBAEMOTO «HJICAIbHOTO» HACOCa, ISl KOTOPO-
ro PHQH = const, rae P, — JaBICHUE HACOCOB; QH — mojaya
Hacoca [7, 11 — 15]. [Ipu cTyneHuaroM mpuOIMKEHUH d-
(EKTHBHOCTh pemIeHnsT dTOH 3amaun OymeT Bo3pacTarb
C YBEIMUYEHHUEM YKCila CTYIIEHEH.

V3BecTeH BapHaHT UCHOIH30BAHUS IUIS CTYIIEHIATOTO
pEerylupoBaHUs JAaBICHUS HACOCOB IMPH HX MOCTOSHHOMN
mojade pPeKMMOB MYNBTHILIHKAIIMA W PEIyHHPOBAHUS,
YTO JieNaeT MPOCTON MPHUBOJ PEAYyKTOPHO-MYIbTUILIHKA-
TopHBIM [9, 16, 17]. PesxuM MynbTHUIIIUKAIIMN HA y4acT-
Kax BBICOKOM Harpy3kd CHHYXKAeT JaBlieHHE HACOCOB
U CKOPOCTH, @ PEKUM PEAYLUPOBAHMS HA YIacCTKaX HH3-
KOW Harpys3Ku yBEIWYMBaeT O3TH IoKazaTtenu [16, 17].
B HacTosmee Bpems pa3paboTaHBl M UCCIICTOBAHEI IBYX-
U TPEXCTYMEHYAThI pPeAyKTOPHO-MYJIBTUIUIMKATOPHBIC
npuBoasl [18, 19].

Jist oBbImeHns 3¢ GEeKTUBHOCTH PabOTHI PEAYKTOPHO-
MYJIBTAIUINKAaTOPHBIX MPUBOAOB pa3paboTaHa KOHCTPYK-
Us MHOTOCTYIEHYaroro OJOYHOro pPEeAyKTOpa-MyJIbTH-
TUTMKATOpa U Ha €T0 OCHOBE — CXEMBI MHOTOCTYIECHYATHIX
PEIYKTOPHO-MYJIBTUIUINKAaTOPHBIX MpHBOIOB [19, 20].

Ha puc. 1 mpuBeneHa cxema 4eTBHIPEXCTYIIEHIATOTO TH-
JIpONpUBOJA Ha 0a3e TPEXCTYNMEHYAToro ONIOYHOTO PeayK-
TOpa-MyJIBTUILTHKATOpa. [IpuBON BKIFOYAET CHIIOBOH LH-
JUHAP /; HACOCHYIO CTAHIIMIO 2; PEBEPCUBHBIN 30JI0THUK J;
PEINYKTOPHO-MYJIBTHIUIMKATOPHBIA OJOK 4, COCTOSIINA 13
PERYKTOpa-MYJIBTHILIMKATOPA 5 U JBYX MEPEKIIOYaOIINX
3010THUKOB 9 1 /(); 30JI0THUK 6 TEPEKIIOYCHUS CTYTICHEH
JaBJICHUS; JIBA OTCCYHBIX 30JIOTHUKA 7, §.

Bce cryneHn naBneHHs OCYIIECTBILIIOTCS IIPH TIepe-
KITIFOYEHUH 30JI0THUKA 3 B MO3UIHIO 4 (IPSAMOK XOJ).

Ha mnepBoit ctynenu naBieHus (peayKTopHas) >Kui-
KOCTb OT Hacoca yepes 30J0THHK 6 (B TIO3ULIMU A) TOCTYyIIa-
€T BO BXOOHOW HHAP D peayKTopa-MyJIbTUILIMKATOpa 5
M BBITECHSIETCS U3 €T0 BBIXOIHBIX MIMHIPOB d| U d, 4epe3

I1—_|

10

11

Puc. 1. Cxema YETBIPEXCTYNEHYATOTO TUAPABINYCCKOTO IIPUBOJIA

Fig. 1. Scheme of four-stage hydraulic drive
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30510THUKH 7, 9 1 10 (B O3UIINHU A) B TOPIIHEBYIO MOIOCTh
cuoBoro mmHApa /. Kosdduuuent pexykmmu K| npu
9TOM OIpefeNsaeTcs Kak
2
D
K,=——<1 (1)
d; +d;
CKOpOCTh [BIKEHHs MOPIIHS CHIOBOrO LWIMHIpa V|
¥ JIaBJICHHE Hacoca P, P 5TOM COCTABIISIOT

v, P
‘Vp — QH — H , ])HP — X ,
S.K, K, K,

H

rac VH = — HAaCOCHas CKOPOCTbh, Px — JaBJICHUEC B CHUJIO-

n
BOM LIWJIMHAPE TPU XOJIOCTOM XOJIE.

Ha Bropoif crymeHu (HacocHas) >KHAKOCTh OT HACO-
ca depes 30JIOTHHK 6 (B mo3uniuu B) mo TpyoOorposoay 1/
nocrynaer B uunmunap /. Ilpu sTom ckopocts nopuins V,
U 1aBjieHue Hacoca P, .

[locnenyromue nBe (TPeThsl U YETBEPTAast) MYIBTHILIH-
KaTOpHbIE CTYNEHU OCYLIECTBISIOTCS C HCIOJIb30BAHUEM
30JIOTHUKA 6 (B mo3uiuu A). JKUJIKOCTh OT Hacoca MocTy-
MaeT BO BXOIHOW LMIMHAP D U BBITECHSAETCS CHadajla U3
uunuHapa d, (d, > d,), a 3aTem U3 UMIMHIpPA d, B CUJIIOBOM
uiiHap. COOTBETCTBEHHO CHaYala UUIMHID d, a 3aTeM
LUIIMHAD d, OTKJIFOYAIOTCS Iy TEM TIEPEKITFOYEHHUS 30I0THH-
koB 9 u /0 B mo3unmio B W 10CienoBareiibHO 00ecneyn-
BACTCSl MYJBTHILIMKATOPHBINA PeXUM ¢ Kodddurpentamn
MyssTHILIMKaIEd (K 1 K, ):

_d

L
D2

K —E.

wl 2

M2

COOTBETCTBEHHO H3MEHSIOTCSI CKOPOCTH Vm R VMz M J1aB-

jenue Hacoca P, P :
M1 HM2

V V P P
VM1=_H’ VM2=_H’ I)Hmlzl’ PHM2: v >
KMI KM2 KMI KM2

e P, P, — MakCUMaJbHOE JABJIECHHE B CUIIOBOM IIH-
JUHJIpPE IPU OCYLIECTBICHUU COOTBETCTBYIOILIEH MYJIbTHU-
IJIMKATOPHOMU CTYIICHH.

bnouHas KOMIIOHOBKA LMJIMHAPOB PENYKTOpa-MyJbTHU-
IUTMKATOpa OIpeselieT B3aUMO3aBUCHMOCTD KO (HIIEH-

TOB Kp uK . Cyuerom (1) u (2)

— KMIKM2 . (3)
b KMI + KM2
OOpaTHBI X0 OCYIICCTBISICTCS TPH IEPEKIIOUCHUN
PEBEPCUBHOTO 30JI0THHKA B no3unuio B. JKuakocts oT Ha-
coca NOCTYMAaeT B LITOKOBYIO MOJIOCTh CUIIOBOTO LIMIIMHIIPA
1o TpyOoIpoBoay /2 ¥ MEpeTeKaeT U3 MOPIIHEBON MOIOC-
TH B BBIXOJHBIE UWIMHIAPHI d, U d, PEAyKTOPa-MyIbTUILIH-
katopa. JKHIKOCTh M3 BXOAHOTO IWJIMHApAa D ciauBaeTcs
4yepe3 30JI0THHK 6 (B TIO3UINH A).
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O0BbeM KUAKOCTH B IOPIITHEBOH MOJIOCTH CHUIIOBOTO LU~
JUHJIpa B KOHIIE MTPSIMOTO X0J1a (B Havyalsie 00paTHOTO X0J1a)
MOXKET MPEBBIMIATh 00BEM BBIXOAHBIX ITMIMHAPOB PEIyK-
TOPa-MyJIBTUILUTUKATOPA WIIA MOXKET OBITh MEHBIIE JTOTO
obbema. IIpy mepBOM COOTHONIEHWH OOBEMOB TEPBHIM
B MCXOIHOE TIOJIO’KEHHE BBIXOIUT OJIOK IUTYH)KEPOB pelyK-
TOpa-MyJIbTUINIMKATOPA, IIPY BTOPOM COOTHOLIEHHUH — I10P-
[IeHb CHJIOBOTO HIIHHIIpa. C yIEeTOM 3TOTO 0OPATHBIN X0
3aKaHYUBACTCs MO OAHOMY M3 JIBYX BApHUAHTOB!

— IpU NEpBOM BapHaHTE 30JO0THHUK 6 MEPEKIIOYaeTCs
B MO3UIIMIO B ¥ OCTAaTOK KUAKOCTH U3 CHIIOBOTO IHIIUHAPA
CJIMBAETCS 10 TPYOOIIPOBOIY // yepe3 30J0THUKH 6 1 3;

— IIpY BTOPOM BapUaHTE OTCEYHbIE 30JI0THUKH 7 U § me-
PEKITIOYArOTCs B TMO3UIINAIO B, 30JI0THUK 6 — B TIO3UIIHIO A,
JKHJIKOCTh OT HAcOCa uepe3 30JI0THUK & 3aroHseT MoI0c-
TH BBIXOJIHBIX LUJIMHIPOB PEAyKTOpa-MYJIbTUILIUKATOPA,
30JIOTHUK 7 OTCEKaeT MOPIIHEBYIO TIOJIOCTh CUIIOBOTO IH-
JIMHIpa OT HAIlOPHOM MarucTpaiu.

CHJIOBBIC M KHMHEMATHYECKHE napaMeTpbl MPUBOAA
OTIPEICIISIIOTCSL TPAPHUKOM CHIIOBOTO HArpy»XEHUsI TIPH pa-
6oueM Xozie U CKOPOCTHBIM PEXHUMOM B TECUCHUE PabOUero
LMKJIA, KOTOPBI COCTOUT M3 MPSIMOTO (XOJIOCTOW M pado-
Yuid X0J) U 00paTHOTO X0/a. MHOrOCTYIIEHYaThIi PUBOJ
1enecoo0pa3Ho WCMONh30BaTh IPH IUIABHO BO3PACTAro-
mei Harpyske Ha Bceil BemmuuHe pabouero xopa. Ilpu-
MepaMH TaKOW Harpy3KH MOTYT OBITh OIEpaliyl OCAIKH,
BBITSDKKH [7]. CHIIOBYIO Harpy3ky B ATOM Cilydae MOXKHO
TIPE/ICTAaBUTh JIMHEWHOHN 3aBUCUMOCTBIO (pHC. 2) TaBIEeHUS
B MIOPIIIHEBOM MOJOCTH CHIIOBOTO LIMJIMHJPA OT TepeMelte-
Hus nopHs P = f(s). KpuBasi nmpoxoJuT yepe3 TOUKH Ha-
YaIIbHOTO JIABJICHHs P; 1 MakCUMaJIbHOIO jasjienus P
pabouero xona.

Uccnenyem 0a30BbIii BapHaHT MCIOJIB30BAaHHS CTyIIe-
HEll JaBJeHHs paccMaTpUBAEMOIo NPUBOJA: PEAYKTOPHAs
CTYIICHb — MPU XOJIOCTOM XOJ€; HACOCHAsA U MYJIbTUILIIN-
KaTOpHasl CTYNEHHU — NOCIel0BaTeNIbHO NpU paboyeM Xoze
(puc. 2).

VcXomHpIME  yCTIOBHSIMH aHalm3a pabOoTHl TPHBOIA
IIPUHUMAEM pPaBEHCTBO MOILMHOCTEM Ha BCEX CTYIEHAX
JIaBJIEHUS M PaBEHCTBO BPEMEHH IMPSAMOIr0O Xoa IpH HC-
TOJI30BaHKH JJAHHOTO MPUBO/A (Z,) ¥ POCTOTO HACOCHOTO
npusosa (7,). Ilpu 5ToM oLeHMBaEM COOTHOIIEHHE MOILI-
HocTel (1) mpoctoro (N,) u paccmarpusaemoro (N, ) npu-
BOJIOB. DTH YCJIOBUS UMEIOT CIICAYIOLIMNA BU:

Ny=N,=N, =N, =Ny t; =ty nz%. (4)
1

Jlns yHUBEpCaNbHOCTU PE3y/bTaToOB aHAIN3a BBEIEM

a=2%_

S

I

mapamMeTpbl OTHOCHUTEIBHOIO IMEPEMEUICHUA

CTYIIEHb XOJIOCTOT'O XO/a, €=S—H— HaCcoCHas CTYICHb,

i

S, S
d, = S¢1,d2 = Siz — MYJIBTUILIMKATOPHBIE CTYNEHU | U OT-
n

n
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P(b) PMZ: Pmax(l)
PMl(bl) /
Pup Pn(bn) PHM] PnMZ
- = A
P(b,) 7 L7 L7
7
g 7
Pyby)| £ P,
P T T
1 2
5.() 5,(€) Sa | S ’
d) | (d) _
Su S0~ Sn
4
e v,
v, | | ===
—————— A I/MZ
Ml [
N

Puc. 2. I'padux nasnenus P = f(s) u ckopoctr V' = f(s) npu 6a30BOM COUYETaHUU CTYIICHEH JaBICHHS:

— MPOCTOIl IPUBOJ; = = = — PELyKTOPHO-MYJIBTUILIMKATOPHBII IPUBOJ

Fig. 2. Graph of pressure P = f(s) and speed V' = f(s) at basic combination of pressure stages:
—— — simple drive; = == — gear-multiplier drive

P
b =—— — naBieHUE XOJOCTOIO

max

HOCHUTEJIBHON Harpy3ku

P
xona; by, =—"— — HauanbHOE JaBIEHME PabOYEro Xosa;
max
A .
b, = — MaKCHMaJbHOE JaBJICHHE HACOCHOH CTYIICHH;
max
P P
b= PMI u b, =2 — MaKCUMaJIbLHOE JIABIEHUE MEPBOii

max max

U BTOPOM MyJIBTUILUINKATOPHOM CTYIIEHU COOTBETCTBEHHO |.

JJis TpocTOro HAaCOCHOTO MPUBOJIA JIaBJICHHE HACOCOB
(P.), MOIHOCTL HAcOCOB (), CKOPOCTb NPSMOro Xoja
(V) v Bpemst IpAMOTO X014 (¢, ) OTIPENENSAIOTCS 3aBUCUMOC-
M [1, 2]

R 0
P :_p;Nl=PmaxQH; V =FH

; 6))

H r H ;t1=

R

e R — pabouee ycunue; F| — miomans nopwns; P —
MaKCHMalbHOE JaBjienHue; O — 1mojada HaCoCOB; S — BEIH-
YHHA MPSIMOTO XOJIa.

[Tpn ncmonp30BaHIM paccMaTpPUBACMOTO IPUBOAA TIPS-
MOM XOI MPOUCXOAUT C YETHIPbMSI CTYNEHSMHU CKOPOCTH
W JIaBJICHUS: PEAYKTOpPHAsl CTYICHb (Vp; PHp); HACOCHast
crynenb (V5 P ); Mynstumivkaropusie crynenu (V3
PV ;P

M1’ © m2° HMZ)'

V V. V. P
= Ma= s Ne = By =2
K, K, K, K, ©
P P
R—l:Pp;RiMIZLI’ 2 ud
KMI KM2

C y4eToM HCXOJHBIX YCIOBHU (4) W TPUBEACHHBIX
BBIIIIE COOTHOIICHHH (6) MOKHO 3aITUCaTh:

P P P
N, ==X =P — ~wl — M2
2 Kp QH HQH KMI QH KM2 QH
HWJIN B OTHOCHUTCIbHBIX BCIMYMHAX
b b
—=b,=—0, =
K, K.,
= LK =K Ky =b Ky b =——|. ()
KM2 p M2 Ml 17*M2> YH KM2 .

B cooTBercTBUU ¢ rpadukoM CKOpocTH (puc. 2)

S N
e e
v, Vi

Sul + Sw2 .
VMI VZ

M

C yuetom 3aBUCUMOCTEH (6) B OTHOCHUTENBHBIX BETHUYH-
HaX MOKHO 3aITHCaTh:

SH
t =7(aKp +c+d K, +d2KM2).

H
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Takum 00pa3oMm, C yueToM 3aBUCUMOCTH (5) U3 YCIOBUS
PaBEHCTBA ¢, = t, 3alUIIEM:

ak + dK +dK, =1-c. (8)

Ucnonw3ys cootHomienuss (7) mpeoOpasyeM JaHHOE
YpPaBHEHHE IIPHU CIEAYIONIEM JIONYIIEHUH: IPUHUMAEM pa-
BEHCTBO MYJIBTHILIMKATOPHBIX CTyNEHeH, T.e. d, =d,=d.
Torna npu yciioBuu

d1+d2=(l—a—c);d=1_aT_C (9)
U MIPU YCIOBUH
1 1+K 1+ K
p=tl ey g e )
2 2K, 2
B UTOI'e MOJIy4acM
l-a- l-a-0)K
4K, +dK,, =171 c’”i a9k gy
ITpunumas Bo BauManwue (3) u (10)
1+K
K =—"2FK.. 12
P14+3K, ™ (12)

C yderom nomydeHHbIX cooTHomenuit (11) u (12) ypas-
HeHue (8) mpuMeT BUJI:

Pﬂ

a +3(1—-a)—-3c |K
1+3K,,

M

,=(3+a)-3c.

g nanpHeiero aHanusa ynpouaeMm 3T0 ypaBHEHHE

[4ab +3(1-a)-3c]K,,=(3+a)-3c,  (13)
1+K,
e =K,

Penienue ypaBHeHUs UMEET BUJ:

_ (3+a)-3c
4ab +3(1-a)-3c’

(14)

M2

npustom K  =b K , K = prMz.

BennuuHy ¢, BXOOMIIYIO B pacueTHBIC 3aBUCHMOCTH,
ompenensier pabounit mpouecc. Bennmuuny bp Ha3Ha4YaeM
OPUEHTHPOBOYHO (IIOBTOPHO YyTouHseM). llepBoHauasnb-
HOE 3HauYCHUE bp ~ (0,455 (ucxons U3 CPETHETO BO3MOXKHO-
ro 3HaueHus Benuunnbl K , < 1,5). Bo3sMoxHbIE mpenens!
0,45 < bp <0,47 mpu 0,3 >a >0,1.

Benn4nny ¢, pu M3BECTHBIX 3HAYEHUSX @ U b, onperie-
JSIeM U3 paBEeHCTBA HOMUHAIBFHOTO TABICHHS HACOCA, COOT-
BETCTBYIOIIETO JIBYyM yCIIOBHSIM:

—TOUKa IaBJICHUS HAXOAUTCS Ha TUHUU Tpaduka P = f(s)
(puc. 2, kpuBas mpoxoauT uepes Touku Py(b)u P (1));

— onmaBieHMe P, ompenenseT MyIbTUIUTMKATOpHAs

crynenb ¢ koddduuuentom K ,, 3aBucuMocth (6), Te.
1 1-5

—=b, + 0

KM2

[IpeoOpasys ¢ yuerom (14), monyyaem ypaBHEHUE BUIA
c*—2A4c + B =0, pemenue kotoporo ¢ = A —+/ 4> — B, t71e

c.
1-a

3-a l-a
A== ,B:3(1_b0)[4abp+3(1—a)—(3+a)b0]

000011IeHHbIE TApaMETPBI.

B Tabn. 1 nmpuBeneHsl pesyibTaTbl pacdeToB OCHOB-
HBIX IapaMETPOB PacCMaTPUBAEMOIO YeThIPEeXCTyIleHYa-
TOTO MPHUBOAA ¢ OA30BBIM COUCTAHHEM CTyIeHel. PacueTsl
MOKA3bIBAIOT, YTO B MPHUBEJCHHOM COYETAHHHM HMCXOTHBIX
JIAHHBIX BO3MOXHO CHIDKEHHE JaBJICHUS M YCTAHOBOYHOMN
MOIIIHOCTU HacocoB Ha 19 —32 % mo cpaBHEHHIO C HpO-
CTBIM HACOCHBIM MPHUBOIOM. CTETICHb CHU)KCHUS YBEITMYH-
BaeTCsl C POCTOM BEIMYMHBI XOJIOCTOTO Xoja (yBEeIHuMBa-
€TCSl @) U He3HAYUTEJIbHO — C YMEHbIIEHHEM HauyaJlbHOTO
napjieHus pabodero xona (BeanyuuHa by).

Tabnuma 1

Pe3yabTaThl pacueToB OCHOBHBIX IAPAMETPOB YeThIPEXCTYIEHYATOI0 NPUBOJA ¢ 0230BbIM COYeTAHUEM CTyIeHel

Table 1. Calculation results of the main parameters of a four-stage drive with basic stages combination

Wcxoanaple qaHHBIE Pacuernsie mapameTpsl

b, b a c K, K, K, bp b, n P v,

0,3 0,47 0,1 0,657 | 1,231 | 1,115 | 0,584 | 0,475 | 0,906 | 0,812 | 0,81P | 1,71V,
0,46 0,2 0,506 | 1,346 | 1,173 | 0,626 | 0,465 | 0,871 | 0,743 | 0,74P_. | 1,60V
0,45 0,3 0,389 | 1,448 | 1,204 | 0,663 | 0,458 | 0,845 | 0,691 | 0,69P . | 1,51V,

0,2 0,47 0,1 0,69 | 1,259 | 1,129 | 0,595 | 0,473 | 0,897 | 0,794 | 0,79P_ | 1,68V,
0,46 0,2 0,535 | 1,371 | 1,185 | 0,636 | 0,464 | 0,864 | 0,729 | 0,73P ., | 1,57V,
0,45 0,3 0,418 | 1,476 | 1,238 | 0,673 | 0,456 | 0,539 | 0,677 | 0,68P | 1,46V
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Pacuernas BennunHa bp, OTIPENeNSIONIasi OTHOCHTEb-
HYIO BEITUYUHY IABICHHS PEIyKTOPHOH CTYNCHH, 3HAUH-
TEJIBHO MPEBBINIACT PEATbHOE OTHOCHTEIBHOE JABICHUS
xonoctoro xoxa (b= 0,1+0,2[9]), a Takke OTHOCUTEIb-
HO€ HavalubHOE JaBleHue pabouero xona (b,). C ydyerom
9TOTO, 30HY PEIYKTOPHOH CTYIIEHH, HUCIOJIB3YyEMYIO IpH
XOJIOCTOM X0Ai€ (PHUC. 2), MOXKHO PACIIUPUTH Ha HAUAIBHYIO
9acTh pabouyero xoaa (IOMONMHUTEIFHOE COUCTaHNE CTYIIC-
Hell naBienus) (puc. 3).

[Ipyu npuHATON NMHEHHON 3aBUCHMOCTH HArpy3KH pa-
0odero xoJa OTHOCHUTENIbHAs BEIMYUHA PACIIMPEHHOM
30HEI PEJlyKTOPHOI CTyNeHH @ (pHC. 3) PH H3BECTHOI Be-
JTUYHHE bp OTpeneNsieTcs CIeAYOIIM 00pa3oM:

_bp_bO

a. =
P 1-b,

(I—a)+a.

[Ipu n3BecTHOM BeMMUMHE a, 3aBHCHMOCT JUIsl pacyera
OTHOCHUTEJIbHOM BEIUYMHBI MYJIBTHITTUKATOPHBIX CTYyIIe-
Heit umeer Bua (d, +d,) =2d = (1 - a,— ¢), T. e. obmamaeT
OJIMHAKOBOW CTPYKTYpOIi ¢ 0a30BBIM BAPUAHTOM C 3aMEHOM
BE/IMYMHDI @ HA BETMYUHY d (8). C yueTom 3aMeH, ypaBHe-
Hue (12) u ero pemienue (13) cipaBeyIMBbI U 11 JAHHOTO
coueTaHus CTyIleHeH aaBnenus. B ntore

(B+a,)—-3c
K= :
[4a,b, +3(1-a,) -3¢

Coxpansiercst u cootHoutenue K, ¢ koappuunenramu
Kp uk .

BenuuuHy ¢, BXOAAIIYIO B pacyeTHbIE 3aBHCUMOCTH,
TPH M3BECTHOM @ TAKKE ONPECIISEM M3 PaBEHCTBA HO-
MHHAJIBHOTO JAABJIECHUSI HACOCOB, COOTBETCTBYIOIIETO ABYM
YCIOBUSIM:

— TOYKa JIABJICHUS HAXOAMTCS Ha JIMHUU Tpaduka
P =f(s) (puc. 3);

— JaBleHHE P onpejenser MylbTHILIMKATOpHAs CTy-
nenb ¢ kodppuuuentom K, (6):

1 1-5,

——=bhy +
K, ° 1-

(a,—a+c).

IIpu mpeoOpa3oBaHWM NAHHOTO PaBEHCTBA MOIy4aeM
ypaBHenme Buga ¢>—24c+B=0 ¢ pemenuem c=A4—
—A* - B, rtne

A=1-22,
3
o [4a,b, ~3(1-a,) |(1-a) )
3(1-by)
_[bo(l—a) +(1-by)(a, - a) | (3+ay)
3(1-b,)

000011IeHHBIE TApaMETPHI.

P =P 1
P(b) M2 max( )
Pub) /
PHp PH(bH) Hml PHM2
=TT A A
- 7 7 7
Pp(bp) 7 z
[ == — 7
7
Pby| 7 P,
roY | | [T T T
1 2
s,(a) 5O | s | Sw :
sp(ap) (dl) (dz)
Sy S0~ Sy
V I E ] v,
v, | | ———————
I VMZ
Va ==

N

Puc. 3. I'paduk naBnenus P = f(s) u ckopoct V' = f(s) npy JONOJIHUTEIHHOM COUSTAHUH CTYIICHEH JTaBICHHMS:

- HpOCTOﬁ TNIPUBOJ; = == — peI[yKTOpHO-MyJ'[BTI/Il'[J'II/IKaTOpHLII‘/'I IIpUBOJ

Fig. 3. Graph of pressure P = f{(s) and speed V' = f(s) at basic combination of pressure stages:

— simple drive; = == — gear-multiplier drive
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Tabnuma 2

Pe3yJILTaT]>I pac4ueToB OCHOBHBIX IIAPaMETPOB Y€THIPEXCTYNIEHYATOI0 IIPUBOAA
C JOMOJTHUTEJIBbHBIM COYECTAHUEM CTyHel—leﬁ JAAaBJICHUS

Table 2. Calculation results of the main parameters of a four-stage drive with additional pressure stages combination

VicxoHble TaHHbIC PacueTHbIe TapamMeTpbl

b, b a a, c K, K, Kp bp b, n P, Vp
0,470 | 0,1 0,319 | 0,313 | 1,396 | 1,198 | 0,644 | 0,462 | 0,858 | 0,716 | 0,72P | 1,55V,

0,3 0,460 | 02 | 0,383 | 0,255 | 1,460 | 1,230 | 0,668 | 0,457 | 0,842 | 0,685 | 0,68P | 1,50V,
0,450 | 0,3 0,45 | 0,202 | 1,530 | 1,265 | 0,692 | 0,452 | 0,827 | 0,654 | 0,65P | 1,45V,
0,460 | 0,1 0,414 | 0,241 | 1,469 | 1,235 | 0,67 | 0,457 | 0,84 | 0,68 | 0,68P | 1,49V,

0,2 0,455 0,2 | 0455 | 0,198 | 1,531 | 1,265 | 0,693 | 0,453 | 0,827 | 0,653 | 0,65P | 1,44V,
0,450 | 0,3 0,519 | 0,154 | 1,595 | 1,295 | 0,715 | 0,449 | 0,813 | 0,627 | 0,63P_ | 1,40V,

B Tabmn. 2 npusenensl pe3ynbrarhl pacieToB ocHOBHEIX [ BoiBOAbI

[1apaMeTpOB YEThIPEXCTYIIEHYaToro IpUBOJA C JIOIOJIHU-
TEJIbHBIM COYETAHUEM CTYINEHEH aBICHHUS.

Pacuersl oKa3bIBAIOT, YTO B NIPUBEJCHHOM COYETAHUU
HCXOJHBIX JIaHHBIX BOBMOXKHO CHUKEHHE JIaBICHUS U yCTa-
HOBOYHOM MOIIHOCTH HacocoB Ha 28 —37 % mo cpaBHe-
HUIO C IPOCTHIM HACOCHBIM NMPUBOJOM. CTENEHb CHUKEHHS
pacTer ¢ yBEJIUYEHUEM XOJIOCTOrO X0Ja U ¢ YMEHBUIEHUEM
HavaJIbHOTO JIaBICHUS pabodero Xoza.

B cpaBHUMBIX COUETAHUSIX HUCXOTHBIX AAHHBIX dPdek-
TUBHOCTb JIONOJHUTENILHOIO COYETAHUs CTYIEHEH JaBiie-
HUst Ha 5 — 9 % BBIIIe 6230BOTO M YBETHMUHBACTCS C YMEHB-
HIEHUEM BEJIMUUHBI XOJIOCTOTO XO/1a.

[lepeBonl mpocTOro HACOCHOTO TPHUBOAA B pa3psij
PENYKTOPHO-MYJIbTUIUIMKATOPHOTO 00ECIIEYNBAET CHHU-
XKeHre pabovero JaBlIeHHS U yCTAHOBOYHOW MOITHOCTH
HacocoB. Mcrmonb3oBaHME OJIOYHBIX MHOTOCTYIIEHYA-
TBIX PEAYKTOPOB-MYJIbTHUILNIMKATOPOB IO3BOJSET pas-
pabaTeiBaTh MHOTOCTYIEHUYATHIE (YEThIpE U Oojee CTy-
MeHel) peayKTOPHO-MYJIBTHIUIMKATOPHBIC TPUBOIBI.
AHanu3 4eThIPeXCTYNEHYATOr0 MPUBOJIA MOKA3al BO3-
MOYKHOCTh CHI)KEHHS IaBJIEHUS M MOIHOCTH HACOCOB
Ha 30 % u GoJiee MO CPAaBHEHUIO C MTPOCTHIM HACOCHBIM
MIPUBOJIOM.
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K 90-netuto Anexkcess BapnaBbeBruva Eroposa

L ANNIVERSARY

Ucnonaunoce 90 ser mpodeccopy HUTY «MUCuC»
EropoBy Anekcero BapnaBbeBuuy.

[Tociie oxonuanust B 1950 1. ¢ cepeOpsiHON Memanbio
MOCKOBCKOH mmkoibl Ne 12, Anekceit BapnaBbeBuu mnocry-
mun B Unctutyt cramm um. M.B. Cranuna. Yuutensmu
Anexces BapHaBbeBHYa ObUIM BBIJAIOIIMECS YUYEHbIE-Me-
tamutypru — B.C. EmenssinoB, A.M. Camapun, H.B. Oxko-
pokoB u MHoOrue napyrue. llocie OkOHYaHHS C OTIIMYHEM
uHCTHTYTa B 1955T, AUekcelt BapHaBbeBuu paboran
B CBepAJIOBCKE Ha MAIIMHOCTPOMTEIBHOM 3aBOJE MacTe-
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K 90-neTUIO
ANEKCEAA BAPHABbEBUYA ETOPOBA

POM IUIABHIIBHOTO OTIIEJICHHS TUTEHHOTO 11eXa U OBLI IIPHT-
JallleH B acmUpaHTypy MOCKOBCKOTO WHCTHTYTa CTalld
k mpodeccopy H.B. OxopoxoBy. B 1964 1. Anekceii Bap-
HABBEBUY 3alIMTHI KaHAMJATCKYIO TMCCEPTAIHIO MO MpPO-
onemam TerioBoit padotel JICII, k yeMy TpOSIBHII MHTE-
pec, emé padoras Ha 3aBoze. [locie 3amumTh! AUCCepTaUK
Anekceri BapnasreBnu npenogasain B HUTY «MUCuCy»
U mepeaBall CBOM 3HAHUA CTYACHTaM, acliUpaHTaM, Hayd-
HBIM COTPYAHUKAM H TIPETIOaBaTeISIM KaK B CTCHAX HHCTH-
TyTa, TaK M HA MPEATPUATHUSAX.

Crynentst HUTY «MUCuC» Bceraa ¢ 60IbIIAM HHTE-
pEecoM M BIOXHOBEHHEM MOCeIain 3aHATus npodeccopa
A.B. EropoBa, KOTOpbIif Ha CBOMX JICKIIHSIX OYSHb NHTEPEC-
HO ¥ JIOCTYITHO JOHOCHJI JI0 ayIMTOPHH CIIOKHBIE BOTPOCHI,
CBSI3aHHBIC C METAJUTYPTUIECKUM 000pYI0BAaHHEM, YHEPTe-
TUYECKUMH PEXKUMaMHU M TEXHOJIOTUYECKUMH O0COOEHHO-
CTSIMHU TIPOU3BOZICTBA.

Iox pyxoBoxacTBoM mpod. A.B. Eroposa nmoaroroineHo
oonee 170 wHXEHEPOB M 4 KaHAMATa TEXHHYCCKUX HayK.
Hanncano nu4HO U B COaBTOPCTBE MOpsiika 25 y4ueOHBIX
BHYTPUBY30BCKHUX TOCOOMH, 14 y4eOHMKOB W Y4EOHBIX
MOCOOMIA MO TEIUIOPHEPTETHUKE METATyprHYeCKuX IedeH.
DTO O0OBSACHSCT IUPOKYHO U3BECTHOCTh U aBTOPHUTET FOOU-
Jsipa B HAYYHBIX KPYTrax U Cpeu CIIEIUATUCTOB METaJLTyp-
TUYECKOM OTpaciii MPOMBINUIEHHOCTH B Poccuu u 3a pyoe-
koM (I'epmanus, Uunus, JlarBus).

OmneiT Tipodpeccopa A.B. EropoBa u ceromHs BocTpe-
0OBaH BEAYIIMMHU METAITyPTHYCCKUMH TPEANPHUITUIMH,
TJIe PEemIaroT BOPOCH! PEKOHCTPYKIUH H MIEPEBOOPYIKECHISI
MIPOU3BOJICTBA, s MOBbIIeHNs kBanudukanuud UTP u pe-
IICHUS TEXHHYESCKUX BOTIPOCOB.

Peoaxyus scyprana, xonnexkmus xagheopvr M3M, cmy-
oenmvt HUTY «MUCuCy» 6cex binyckos uckpemme, ¢ -
006610 U O1a200apHOCMbIO NO30pasiam Anexces BapHa-
svesuua Ecoposa c obuneem, sicenarom Kpenkozo 300poau;l,
MBOPUECKUX YCNEX08 U OON2UX J1eNt HCUZHU.
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