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Annomayus. Crarbs MOCBAIICHA U3y4YEHHUIO TIpolLiecca BHYTPH(HOPMEHHOTO MOAMGPUIMPOBAHHS OTIMBOK U3 BBICOKOMAPTaHIIEBOH CTain KapOOHHUTPHU-

JIOM TUTaHa. Bo BBeeHHH paccMOTPEHbI OCHOBHbIC TIPUHIMIIBI JIETHPOBAHUS U MOIM(DHIMPOBAHKS JINTEHHBIX CIUIABOB, a TAKXKE MPHUBEICH 0030p
pe3ynbTaToB paboT 10 ATOH TEMaTHKE, BBINIOJIHEHHBIX OTEYECTBEHHBIMU M 3apyOeKHBIMH HccienoBaTensiMu. 110 npeacTaBiIeHHbIM MaTtepuanam
c/ienaHbl BBIBOIBI, CHOPMYITMPOBAHBI LEIN U 3a1a4u Juisl ucciaenoBanuil. O00CHOBaHA aKTyalbHOCTH MPOBOJUMBIX HCCIICIOBAHMIL, a TAKKe Tpa-
KTHYECKasi 3HAYMMOCTb JUIsl JIMTEHHBIX NpeAnpusiTuii. Bo BTopoit 4yacTu onncaHa MeToMKa pOBEACHMS SKCIepUMEHTOB. [10Apo0HO paccMOTpeHsI
MaTepHalbl, KOTOPbIE ObLIN 33/1eiCTBOBAHBI IIPU MPOBEICHUH YKCIIEPUMEHTAIBHBIX PA0OT: IMXTOBBIE MATEPUAJIbl, MOIH(HKATOP, MaTePHAIIBI IS
U3rOTOBIEHUS IUTEIHBIX GopMm. OnucaH cnocod NoayyeHHs! SKCIEPUMEHTAIBHBIX OTIIMBOK, METOJ] ONPEeICHHUs TEIIOBBIX YCIOBHI (hopMUpOBa-
HHSI DKCTICPUMEHTAIbHBIX 00pa3LOB B IUTEHHON (hopMe, pexHM TepMUUuecKoil 00padoTku. Hapsiay ¢ 9TiM, paccMOTpeHa METOIMKA TIPOBEICHHST Me-
TaJuIorpagUuecKUX CCIeIOBaHMi. B TpeTheli yacTu NpuBeAeHbI Pe3yIbTaThbl, HOTYUESHHBIE B XO/I€ TPOBEACHHUS SKCIEPUMEHTAIBHBIX PA0OT 10 BHY-
TpUdGOpMEHHOMY MOAUDULIHPOBAHUIO MEIKOIMCIIEPCHBIM HOPOIIKOM KapOOHUTPH/A TUTaHA OTIMBOK M3 BEICOKOMAapraHIeBoii cranu. PaccMoTpeHo
BIIMSIHUE MOAM(UIMPOBAHKS HAa YPOBEHb JKCILUTyaTAllMOHHBIX CBOKMCTB, BBIPQXKEHHBIX depe3 KoI(PPUIMeHTh abpa3uBHOI M yaapHO-aOpa3uBHOM
H3HOCOCTOMKOCTH, @ TAKKe MPOBEICHA OLCHKA M3MEHEHHUS YKa3aHHBIX CBOWCTB OTHOCHTEIBLHO HEMOAM(UIMPOBAHHOTO cutaBa. [IpuBeneHs pe-
3yJIBTAThl METAIOrPAUUECKUX MCCIIEIOBAHMH, T03BOJIMBIINE 000CHOBATH U3MEHEHHE YPOBHS IKCILTyaTAllMOHHBIX CBOWCTB BEICOKOMApPIaHIEBOi
cranu. PaccMOTpeHO BIIMSIHKE TEIIOBBIX YCIOBHI (POPMUPOBAHUSI IUTHIX M3/ISIIHIl, B YaCTHOCTH CKOPOCTH OXJIXK/ICHHS CILIaBa B JIUTEHHON opme,
Ha YPOBEHb KCIUTYaTAIlMOHHBIX CBOMCTB MOAN(UIIMPOBAHHOKN BBICOKOMApraHIEeBOH cTany. B 3akimounTenbHoi yacTi copMyIMpoBaHbl BBIBOIbI
0 pe3yJbTaTaM MPOBEACHHBIX UCCIEI0BAHHMN, @ TAKKE JAHbI TEXHOJIOTMYECKUE PEKOMEHIAINHN [Tl IIPAKTHYECKON pealin3aliy pe3yabTaToB padboT
C 1IeJIbIO MOBBIICHHUS YPOBHSI IKCILTyaTAllMOHHBIX CBOMCTB JINTBHIX M3EJHUH M3 BBICOKOMApraHieBoi craiu. Kpome Toro, JaHbl peKoMeHIaLHH 110
HauboJiee paloHaIbHOMY PacxXo/y MOpoIka KapOOHUTpUIA THTaHA, 00SCIEUHBAIOIIETO MMOIYYCHHE HEOOXOAUMBIX XapaKTePUCTUK MUKPOCTPYK-
TYpBI U, KaK CJIEICTBUE HTOTO, TIOBBIILIEHHOTO YPOBHSI IKCILTyaTAllHOHHBIX CBOHCTB.
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BBEAEHUE

Crans [andunbaa ob6aagaet CmocCOOHOCTRIO YITPOYHSITh-
Csl TION JICWCTBHEM BHEITHETO (DU3UYECKOTO BO3/ICHCTBUS,
Onmaromapst yeMy W3/eJvsl, U3TOTOBJICHHBIE U3 ATOM CTalH,
UMEIOT BBICOKMH YpPOBEHb 3KCIUTyaTallMOHHBIX CBOWMCTB
B Pa3NMYHBIX YCJIOBHSIX H3HAIIMBaHUA. MUKpPOCTPYKTypa
BBICOKOMApPTaHIIEBOM CTalM, UMEIONIEH KJIACCUUECKUN XH-
MHYECKHUI COCTaB, B 3aKAJICHHOM COCTOSIHUU IMPEACTABIICHA
aycteHuToM. [Ipu ee JOMOTHUTENHHOM JIETHPOBAHUH BO3-
MO>KHO TIPUCYTCTBHE B COCTABE CTAJIH OT/IEIBHBIX KapOUIOB.

C 1enb10 MOBBIIEHUST SKCIUTYaTallHOHHBIX TTOKa3aTenei
W3JICNTIH, M3TOTOBICHHBIX U3 cTaiu ['andunpaa, ee 10mo-

" UccnenoBanue BBIIONHEHO 3a CUET CPEACTB IpaHTa Poccuiickoro
Hay4yHoro ¢onza (rmpoext Ne 15-19-10020).
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HUTENBHO JIETHPYIOT U MOTU(DUIUPYIOT MO OTACIBHOCTU
WIN B KOMIUIEKCEe TaKMMHU JIEMEHTaMH, KaK XpoM, BaHa-
JIUH, TUTaH, PeIKO3eMeNbHbIe MeTaIIbI U 1p. [1 — 6].

Kraccnueckast TeXHOJNIOTHS JIETHPOBAHUS (MOANGHII-
POBaHMs) IPEANIONIAracT BBEICHUE JIUTATyPhl MM MOAU(DU-
Karopa B pacIljiaB, HaXOAIIUICS B MEYH MM KOBIIE. DTO
HEM30EKHO MPUBOAUT K MOBBIIICHHOMY yrapy BBICOKOAK-
THBHBIX 3JIEMEHTOB, HAIIPUMEp THTaHA U BaHA M.

C 1enblo CHIDKEHHS PacXofia MOAU(HUKATOPOB U JIUTa-
TYp Ha TIPAaKTHKE Pean3yloT pPa3IndHble CIOCOObI X BBe-
JICHUS:

— B BUJIE KyCKOB OTIPEZIeIIEHHON ()paKIny B KOBII;

— MU MOMOIIX TOPOIIKOBOH MPOBOJIOKH [7, 8];

— BBICTPENTMBAHUEM TYJISIMH WITK TpaHyinamu [9];

— YTamiauBaeMbIMH OJOKaMHU;
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— METOAOM MPOAYBKHM IMOPOLIKOBBIMHM MaTe€puaa-
mu [9, 10];

— BHYTpU(OPMEHHBIM MOAU(DUIIIPOBAHUEM PA3TUIHbI-
mu Matepuanamu [11 — 13].

C mo3unyM COKpalleHHs yrapa JOpOTOCTOSIINX JIeTH-
PYIOIINX 2JIEMEHTOB W MOBHIMICHUS d3PPEKTHUBHOCTH BCETO
mporecca B 1eloM, Hanbolnee MEepCreKTUBHON SBISETCS
TEXHOJIOTUSI BHYTPHU(POPMEHHOTO MOAU(PHUINPOBAHUS BHI-
COKOMAapTaHIIeBOMH CTalld MEITKOAMUCHEPCHBIM TOPOIIKOM
kapOonutpuna tutana [14 — 17]. CrnenoBatensHO, Ucclie-
JIOBaHUE Tpolecca BHYTPUDOPMEHHOTO MOIUPHUIIMPOBA-
HUSI BEICOKOMApPTaHIIEBOH CTaJIK MTOPOIIKOM KapOOHHUTpHIA
TUTaHa, a TakXKe pa3padoTKa TEXHOIOTHYECKHX PEKO-
MeHIanui st ero 3(h(GeKTHBHOW pean3aliiy SBISIOTCS
AKTYaJIbHBIMU 3aJa4aMu  JIs JIMTEHHOTO Mpoun3BOACTBA.
[oxydeHHbIC pe3ynbTaThl MOTYT OBITH ITOJIC3HBI IPOMBIIII-
JIEHHBIM TPEANPUATHSM, BBIITYCKAIOUIUM IPOAYKIHIO W3
BBICOKOMAPTaHIIEBOH CTalN, KOTOpasi paboTaeT B YCIOBUIX
HNHTCHCUBHOI'O U3HAIIIMBAHU.

Lenp paboThl — McClieOBaHKE Tpoiiecca BHyTpudop-
MECHHOTI'O MOHH(bHHHpOBaHHH OTJIMBOK M3 BbICOKOMapraH-
[EBOH CTaJIM MEIKOIMCIICPCHBIM MOPOIIKOM KapOOHUTPH-
Ja TUTaHa.

Jns OCTYKEHHST TIOCTABICHHOW TSI MTPOBEICHBI J1a-
O0paTopHBIE HKCIEPUMEHTH! 110 BHYTPU(DOPMEHHOMY MO-
TUQHUIIPOBAHUIO OTIMBOK M3 CTalIH [anduiubra Memko-
JUCTICPCHBIM TOPOIIKOM KapOOHUTpHJA TUTAHA, U3yUCHBI
MHUKPOCTPYKTYpa M OKCIUTyaTal[iOHHBIC CBOWCTBA IOINY-
YCHHBIX CIIJIaBOB.

METOAMKA NPOBEAEHUA UCCNELOBAHUN

VccnenoBanus IpOBOIIIIN Ha JTUTHIX SKCTIEPUMEHTAb-
HBIX oOpasuax pazmepoM 35x35x10 mm, umeronux 6a3o-
BBI (10 MOIM(UIIMPOBAHNUS) XUMHUUSCKUN COCTaB, periia-
MeHTupoBanHblii [OCT 977-88.

OKCHEepUMEHTAIBHBIC CTUIABHI BHITUIABIISUIN B HHITYKIIH-
onHoii neun MCT-006 c ocHOBHOM (yTepoBKoil. Xumuyec-
KHId cOCTaB 00pa3IoB ONpeAesIi Ha CIIEKTpoMeTpe (up-
Mbl SPECTRO, mogens MAXX.

C uenbio momydeHusl Pa3IMuHbIX CKOPOCTEH OXJIaxe-
HUS B TEMIIEPATYPHBIX HMHTEpBajiaX KPUCTAIU3ALUU U
BBIJICJICHNST BTOPUYHBIX (ha3 IKCIICPUMEHTAIBHBIC CIUIABBI
3aUBaJIM B JIMTEHbIE (OPMBI C pa3HBIMU TEIUIOAKKYMY-
JUPYIOMIAMH CIIOCOOHOCTSAMH: CyXasi M ChIpas IecuaHo-
DIMHACTBIE  (popMa, KOKMIIb. VI3MeHeHHe Temiieparypsl
3aJIUTOTO METaljIa BO BPEMCHH PETHCTPHUPOBAIN C ITIOMO-
MIBIO BOJIb()paM-peHHeBON TepMOIaphl U aHAIOrO-IIH(po-
Boro mpeoOpasoBarenst LA-50USB. CkopocTs oxmaxmie-
HUSl CIUIaBa B TeMIIEpaTypHBIX HMHTEpBajaX MEPBUYHOM
U BTOPUYHOH KpUCTAJUIM3ALMU OLpPENEIsIM 1O KPHUBOH,
MOCTPOEHHOM B KOOPJMHATAX «TEMIIEPaTypa — BPeMsi».

BazoBblil cocTaB BRICOKOMapraHIICBOM CTald MOTU(H-
UPOBAIH BHYTPU JINTEHHON (POPMBI KApOOHUTPUIOM TH-
TaHa C IPEUMYILECTBEHHBIM pa3MepoM yacTull 6 MkM. ITo-
POIIOK MOAM(HKATOPA, HMEIOIIEr0 ONPE/ICIICHHYI0 MacCy

[0 OTHOUICHUIO K Macce 3aJIMBaeMOro pacijiaBa, pacrosa-
raJId B TIUTATEINSAX JTUTSHHOH (DOPMBI.

Tepmuueckyro 00paOOTKYy OSKCHEPUMEHTATbHBIX OT-
JMBOK OCYIICCTBILIIN B HArpeBaTeIbHON I€YH CONPOTHB-
nenust HAKAJL Tlocne HarpeBa M roMOTE€HU3MpPYIOIIEH
BBIJICP)KKH TIPOBOIMIN 3aKaJKy JKCICPUMEHTAIBHBIX OT-
JIUBOK B Bojie oT Temneparypsl 1100 °C.

VcribITanme Ha M3HOCOCTOHKOCTD BEITIONHSITH Ha J1a00-
paTopHBIX ycTaHoBkax B coorBercTBuu ¢ 'OCT 23.208-79
(aOpasuBHast wm3HOCOCTOMKOCTh) W T'OCT 23.207 — 79
(ynapHo-aOpa3uBHas HU3HOCOCTOUKOCTB).

Omnpenenenne paMepa 3epeH M KOJTHICCTBCHHBIA aHa-
JIN3 MUKPOCTPYKTYPEI IIPOBOJMIIN Ha ONTHYECKOM MHUKPO-
ckorie Axio Observer ¢ momMompi0 nporpaMmMbl Ticsomet
Standart Pro mo I'OCT 5639-82. Jli1s MukpoaHanusa u3
oOpa3ia Mo CTaHJapTHOH METOIUKE OBUTH TPUTOTOBIIC-
HBI MUKPOIITU(BI MyTeM 3alpecCOBKH 00pa3lOB B CMOIY
Transoptic Ha aBTOMarn4eckoM npecce Simplimet 1000 Ha
auHUM npobdonoxarorosku ¢upmel Buechler. [lnst BbIsiBiIC-
HUSI MUKPOCTPYKTYPBI TOBEPXHOCTH NITH(OB MOIBEpPrain
TPaBJICHUIO B CMECH KOHLIEHTPUPOBAHHBIX a30THOH U CO-
nsHOH Kkuenor (65 % HNO;, 35 % HCI) metomom morpy-
JKCHHS MOJIUPOBAHHON MOBEPXHOCTU B BaHHY C PCAKTUBOM
(uccnenoanmst BemonHensl B LIKII HUW Hanocranei
OI'bOY BO «MarHuroropckuil rocy1apcTBEHHbIN TEXHU-
yeckuil yausepcuret uM. [.1. HocoBay).

OBCYXXAEHUE PE3Y/IbTATOB

MoauduumpoBaHie BbICOKOMapTraHLeBON cTaiu Kapoo-
HUTPUJIOM TUTAHA OCYIIECTBISUIA BHYTPH JTUTCHHOU (op-
Mbl. J{J151 3TOro NOopoIIoK KapOOHUTPUIA TUTAHA 3aChITATH
Ha nuTaTe)u B KojaudecTse 10 0,7 % oT Macchl 3aJIMBaeMO-
ro paciuiaBa. [y 3aMBKU 3KCIIEPUMEHTAIbHBIX 00pa3LoB
K OTJIMBKE TIOABOMIIN JIBA MUTATEIs, UMCIOIINX CCUCHHE
Tpaneuud. llopomok pasMmemianu BIOJb HUTATENs, IO
BCEH JNTMHE PAaBHOMEPHBIM CJIOEM. DTO TIO3BOJIHIIO 3aChl-
narek B popMy JOCTATOYHO OONBIIOE KOTUUECTBO MOIUDU-
KaTopa.

B pe3synbrare MCHBITAHUN AKCIIEPUMEHTAIBHBIX OTJIH-
BOK, M3TOTOBJICHHBIX M3 MOAM(DUIIMPOBAHHONW BBICOKOMAp-
TaHLIEBOW CTaJM, YyCTAHOBJIEHO, YTO HAUOOJIBLIETO yBeTuye-
HUS OKCILTYaTallAOHHBIX CBOWCTB, B YaCTHOCTU a0pa3uBHOM
U yIapHO-aOpa3uBHOM N3HOCOCTOMKOCTH OTIIMBOK M3 BBICO-
KOMapraHIeBON CTaJld, yIajJoCh TOCTUYb TPH PACXOE MO-
mudukaropa 0,3 — 0,4 %. Ilpu 3TOM MakcHMaJlbHOE YBEJIH-
YEHHUE SKCIUTYaTaIllMOHHBIX CBOWCTB SKCIEPUMEHTAIBHBIX
CIUIABOB OTHOCHUTENIFHO 0a30BOro, KOJIMYECTBEHHO BbIpa-
JKEHHOE Yepe3 COOTBETCTBYIOMIME KOA(PPHUIIMEHTH H3HO-
cocroiikoctu, cocraBmwio 20,0 —27.5 % nans abpa3uBHON
U B 3 —4 pasa uig ynapHo-aOpa3sMBHON HU3HOCOCTOHKOCTH
(puc. 1). BrusiHue TEIUIOBBIX yCIOBUE (HOPMUPOBAHHS JIU-
TOW JISTAIN, pPEaIN3YIOIIeecsl 4Yepe3 CKOPOCTh OXJIaXICHUS
paciiaBa B JIMTEHHOH (opme U OKa3bIBarollee BIMSIHUE Ha
TIEPBUYHYIO JTUTYHO CTPYKTYPY, TPOSBISETCS CICTYIOUTM
00pa3oM: YeM BBILLIE CKOPOCTh OXJIaXKACHUS pacijiaBa B JId-
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Puc. 1. 'uctorpammbl cpaBHEHUS KOI(DPHUIIMEHTOB M3HOCOCTOMKOCTH OTIIMBOK M3 BEICOKOMAapraHIIEBOW cTaiu 0a30BOro (.) ¥ MOIU(PHUIUPOBAHHOTO
() coctaBos, 3aKpHCTATI3OBABIIIXCS TIPH PA3THYHBIX CKOPOCTSIX OXJAKIIEHHS CIUIABA B THTeiHOH hopMme:
a — kodhGULIHEHT abpa3MBHON H3HOCOCTOMKOCTH; 6 — KOI(DPUIIMECHT yaapHO-a0pa3uBHON W3HOCOCTOUKOCTH

Fig. 1. Comparison histograms of wear resistance coefficients of high manganese steel castings of basic ([ll) and inoculated (i) compositions,
which crystallized at various alloy cooling rates in the foundry mold:
a — coefficient of abrasive wear resistance; 6 — coefficient of abrasive strike wear resistance index

TeiHOW (hopMe B MpoIecce KPHUCTAUTU3AIUK, TEM BBIIIC
K03((HUIIMEHTBI HM3HOCOCTOMKOCTH 3aKaJeHHOIo  CIUIa-
Ba [18 —21]. [Ina aOpa3uBHON M3HOCOCTOMKOCTH pa3HULA
B 3HAYCHHUAX KOI(PPHUIHCHTOB HE HpeBBImacT 5 %, a i
yaapHO-a0pa3uBHOI coctaBuseT 9 — 12 %.
MoaudunmpoBaHue BBICOKOMapPTaHIICBOW CTaIl KapOo-
HUTPHUJIOM TUTAHA B IIEPBYIO 0YEPE/Ib BIHSET HA pa3Mep 3ep-
Ha ayCTEHHUTA, a TAK)KE KOJIMYECTBO BTOpHUHOU (hasbl. J{ist
OLICHKH 3TOTO BIIMSIHUS BBIOJIHEHBI METALIOrpapUICCKIe
HCCIIeIOBAHHS TIOTyYSHHBIX SKCTIEPUMEHTAIBHBIX OTIIMBOK
B 3aKaJICHHOM cocTosinuu (puc. 2). Kpome Toro, nposeneHa
OIICHKA BIIMSHMS TEIUIOBBIX YCIIOBHH (hOpMHpOBAHMS JTH-
TBIX M3IENUI, 2 UIMEHHO, CKOPOCTH OXJIAXKJCHUS PacIliaBa
B JUTEHHOW (hopMe Ha YKa3aHHBIC XapaKTEPUCTUKHU. DTOT
(akTop OKa3bIBACT BIMSHHE HA MAapaMeTPbl MUKPOCTPYK-
Typbl B JINTOM COCTOSTHUM u3aenuid. [locrme mpoBenenus
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TEPMHUUYECKOH 0OpabOTKH KOJMYECTBCHHBIC MapaMeTphI
MHUKpPOCTPYKTYpPBI (HalmpuMep, pa3Mep 3epHa ayCTCHHTA)
U3MCHSIIOTCSI, HO KOHCYHBIC XapaKTEPUCTHKU OyIyT Harpsi-
MYIO OTIPENENATHCS HCXOAHBIMU. VIMEHHO IO TOH mpHyH-
HE Ha pUC. 2 YKa3aHbI CKOPOCTHU OXJIKACHUSI, IIPH KOTOPBIX
(OpPMHUPOBATIIICE MCXOAHBIE MHKPOCTPYKTYpPBI JKCHEPH-
MEHTAJIBHBIX OTIUBOK.

YcTaHOBNIEHO, UTO HAaWMEHBIIUH pa3Mep 3epHa aycTe-
HUTa HAONIONAeTCS B OTIMBKAX, PACIIaB KOTOPBIX MOJIH-
¢dunpoBaH KapOOHUTPHUIIOM THUTaHa B KoiuuecTBe OT 0,3
10 0,4 % OoT Macchl JIUTOTO M3JENHsl. JTa TCHICHIUS TIPO-
SIBJSIETCS] HE3aBHCHUMO OT CKOPOCTH OXJIQXKICHHUS pacIuia-
Ba B nuTeiHO# (opme. [IpeBblilieHe BEPXHETO 3HAUCHHUS
YKa3aHHOTO JHana30Ha MPUBOANT K YBEITHUICHUIO CPEIHETO
pa3Mepa 3epHa ayCTeHUTa. ITO OTUCTIMBO BUIHO HA PHC. 3,
I7Ie TPEACTaBICHB! POTOrpaduil MUKPOCTPYKTYPHI HEMO-
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Puc. 2. Biusinue kapOOHUTpH/IA TUTAHA HA pa3Mep 3epHa ayCTEHUTA () U KOJIMYECTBO KapOUIOB MOCIIe TEPMUUECKOI 00paboTku (6) mpH CKOPOCTH
OXJI@XKJICHHS CIUIaBa B TEMIIEPATypHOM MHTEpBaie Kpucraumsaiuu, °C/c:
1-45,2-89;3-250

Fig. 2. Influence of titanium carbonitride on austenite grain size and quantity of carbides after thermal treatment: alloy cooling rate in the
solidification range at °C/s:
1-45;2-89;3-250
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Puc. 3. MUKpPOCTPYKTYpa BHICOKOMAPTaHIICBOW CTAJIH C PA3IHYHBIM
comepkaHueM KapOOHUTPH/Ia THTAHA:
a — 6e3 mopudukaropa; 6 — 0,4 % (mo macce); 6 — 0,68 % (1o macce). Cropocth oxnaxaenus 4,5 °C/c, x50

Fig. 3. Microstructure of high manganese steel with various quantity of titanium carbonitride:
a — without treating agent; 6 — 0.4 mass. %; 6 — 0.68 mass. %. Cooling speed 4.5 °C/s, magnification x50

TU(GHUIIPOBAHHOTO CIUIABA, & TAKXKE CIUIABA C COEPIKAHU-
em monugukaropa 0,40 — 0,68 %.

Takke ciemyeT OTMETUTh, YTO B IPOIECCe TePMUIEC-
Koii 006paboTKK HabmoaICa pocT 3epHa ayctenuta Ha 20 %
B cITydae OpMHUPOBAHUS JINTOH CTPYKTYPBI IIPH CKOPOCTSIX
OXJIaXICHUS B MHTEpBae kpuctaumsanuu 4,5 u 25,0 °C/c,
a Taroke comepskannu Moaudukaropa 0,3 — 0,4 % ot Macch
pacmuiaBa. [Ipu mpOMEKYTOYHON CKOPOCTH OXJIQXKICHHUSI
(8,9 °C/c) mabmromancst poct 3epHa Ha 50 — 65 %, TIpu ATOM
MUHHUMAJIBHBIN TPUPOCT OBLT JUIS CIUTABOB, MOTU(PHUIIUPO-
BaHHBIX KapOoHUTpuAOM THTaHa B Kommaectse 0,3 — 0,4 %
OT MAaCCHI JTUTOTO H3EITHSL.

KonmuectBo xapOWmHOW (asbl i BCeX DKCIIEPUMEH-
TaJbHBIX OTIIMBOK HaxoauTcs B mpeaenax ot 0,36 mo 1,1 %
B 3aBHCHUMOCTH OT TEIUIOBEIX YCJIOBHH, MTPHU KOTOPBIX MPO-

UCXOIMIO (POPMUPOBAHUE JHUTOH CTPYKTYpHI B IIpoIecce
KpUCTaIM3aluK cruiaBa. CiemayeT OTMETUTb, 4TO €CNU
CpaBHHBATH ¢ 0a30BBIM (HEMOIU(PUIIIPOBAHHEIM) CILIABOM,
HaXOJSIIUMCS B 3aKaJICHHOM COCTOSIHUH, TO TP BBEICHUU
B pacmiaB 6omee 0,2 % kapOOHHUTpHAA THTaHA TIPOUCXO-
JUT CHIDKEHHME KollmyecTBa kapOouaos Ha 58 — 83 % B 3a-
BHCUMOCTH OT COJICPXKAHUS BTOPUIHOHN (a3bl B MEPBUUHOM
autoit ctpykrype. Dotorpaduu BKIHOUEHUI H30BITOYHOM
(ha3bl, BCTpEUAIONINXCS B BRICOKOMAPTaHIIEBON CTAJH ITOC-
Je TepMUYeckoi 00paboTKH, IPeCTaBIEHbI Ha puc. 4.
YMeHBIIICHHE KONIM4YecTBa KapOWJHOW (asbl, cBs3aH-
HOIl ¢ BBEJICHUEM B PACILIaB MEIKOAUCIIEPCHOTO MOPOIIKA
KapOOHWTpHIAa TUTAHA, IPUBOMUT K YBEIMUCHHIO CTETICHU
JIETUPOBAHHOCTU TBEPAOIO PAacTBOpa. DTO CKa3bIBACTCS Ha
M3MEHCHIUH MUKPOTBEPIOCTH aycTeHWTa. B xome mpose-

Fe o
Fe Mn
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Cr
C Mn
Si . Cr
i Fi
Al Dt Y
1 j — | PESN— | 1
0 1 2 3 4 5 6 7 8 9 10 11 B
———| Tlonnas mkana — 716 umn. Kypcop: 12,233 k3B (0 umm.)
2
Fe
C
Mn
Ti Ti Fe
N Mn
Cr|
. Mn
Ti o Cr Fe
| b L . . L
0 1 2 3 4 5 6 7 8 9 10 11 B

[Monnas mxana — 634 umn. Kypcop: 12,171 3B (1 umn.)

Puc. 4. ®ororpadun BKIIOYEHHH (d, 6) ¥ SHEPTOIUCIIEPCHOHHBIE CIIEKTPBI (6, ), MPUCYTCTBYIONIHE B MUKPOCTPYKTYPE BHICOKOMAPIaHIIEBO CTANIH:
a — KapOuI; 6 — KapOOHUTPH T

Fig. 4. Photos of inclusions (a, 6) and energy-dispersive spectra (6, 2) microstructure of high manganese steel:
a — carbide; 6 — carbonitride
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JCHHBIX I/ICCJIGI[OBaHI/II\/‘I YCTAHOBJICHO, YTO MPU YBCINYCHUU
KOJIMYeCTBA BBEICHHOTO Momudukaropa 1o 0,2 % ot mac-
Cbl pacCiuiaBa MpPOUCXOAWUT MOBLINICHUE CPEAHCIO 3HAYCHUSA
MHUKPOTBEPIOCTH aycTeHuTa Ha 12 — 18 % or nepBoHayasib-
HOT'O 3HA4YCHUS, YTO B HATYPAJIbHYIO BCINYNHY COCTABJISACT
2500 —2700 MIla. JlampHeiiee IMOBBIMICHHE KOJIMYCCTBA
BBOIUMOTO MOJM(IUKATOPA MPAKTUUECKH HE TIPHUBOUT K U3-
MEHEHHIO CPEIHETO 3HAYCHUSI MUKPOTBEPIOCTH.

BnusiHue xapOoHUTpHUIA TUTaHA HA TBEPAOCTH JKCIIE-
PUMEHTAIBHBIX OTIIMBOK HE BBIABICHO. CpenHee 3HAYCHUE
TBEPAOCTH TEPMOOOPaOOTaHHOM BEICOKOMAapTaHIeBOil cTa-
T HaxoAwuIIock B ipeaenax 91 — 95 HB He3zaBucumo ot Te-
IIOBBIX YCIOBUM (hOPMUPOBAHUS JIUTON AETAIIH.

BbiBOAbI

YcTaHOBIEHO, YTO MOIU(HUINPOBAHNE BHICOKOMApTaH-
LIEBOH CTaI BHYTPU JTUTCHHON (POPMBI METKOIUCIICPCHBIM
MOPOIIKOM KapOOHUTpHJA THTaHA MPUBOTUT K TIOBBIIIE-
HUI0O Kod(dumenTa abpa3suBHON H3HOCOCTOMKOCTH Ha
20 —25 %, a ymapHo-abpasuBHO# B 3 — 4 pa3a. [l obec-
MEUYEHHUS] BBICOKOTO YPOBHS JKCIUTyaTallMOHHBIX CBOMCTB
HE0OXO0IMMO BBOJIUTH B PACIUIAB BEICOKOMApPTaHIIEBOH CTa-
M nopoiok Monudukaropa B konuuectse 0,3 — 0,4 % ot
MAacChl 32JIMBaeMOro B ()opMy CILIIaBa.

MonudunupoBanue paciuiaBa  BBICOKOMapraHIIEBOU
CTaJIM KapOOHUTPHUIOM TUTaHA CIOCOOCTBYET H3MeIbue-
HUIO pa3Mepa 3epHa aycTeHuTa 10 3HadeHuit 110 — 120 mxm
MIPH OTIPEJICTICHHBIX TEIJIOBBIX YCIOBUAX (POPMUPOBAHUS
mutor neranm. [locnme Tepmudeckord 0OpabOTKH CpeIXHUIA
pasMmep 3epHa yBenuuMBaeTcs He Oonee, yeM Ha 20 % B
cirydae (hOpMHUPOBAHUS MUKPOCTPYKTYPHI B IIPOIecce Tep-
BUYHOH KpUCTAIUIU3ALKU cO ckopocTsimu 4,5 1 25,0 °C/c, u
Ha 50 — 65 % mnst ckopoctr oxnaxaeHus 8,9 °C/e.

B pesynbrare uccnenoBanus KapOumHOI a3kl ycTaHOB-
JICHO, YTO €€ KOJIMUECTBO B OKCIIEPUMEHTAJIbHBIX CIUIaBax He
npesbimaer 1,1 %. ConepkaHne KapOMIOB CHIKAeTCS Ha
58 — 83 % oTtHOCHTENHHO 0A30BOT0 HEMOAU(PHUIIUPOBAHHOTO
CIUIaBa MPH BBEJICHUH B PACIIaB KApOOHUTPHIA B KOJTUYECT-
Be He MeHee 0,2 % oT Macchl 3aIMBaeMOro MeTala.
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INOCULATION OF HIGH MANGANESE STEEL CASTINGS USING TITANIUM CARBONITRIDE

K.N. Vdovin, N.A. Feoktistov, D.A. Gorlenko, O.A. Nikiten-
ko, D.D. Khamidulina

Nosov Magnitogorsk State Technical University, Magnitogorsk, Che-
lyabinsk Region, Russia

Abstract. The article is devoted to study of the process of mold inoculation
of high manganese steel castings using titanium carbonitride. Intro-
duction considers basic principles, alloying and inoculation of casting
alloys. Review of the papers on this topic made by native and foreign
researchers was given. Conclusions were made on the materials pre-
sented in the studied papers, goals and tasks for studies were formed.
Besides, in this part of the article relevance of the conducted research-
es was substantiated as well as practical significance for casters. The
second part of the article describes routine of experiments. Materials
involved when conducting experimental works were considered in de-
tails: charge materials, treatment agent, materials for foundry molds.
Besides, there are also described the way to receive experimental cast
products, methodology to determine thermal conditions for forming
experimental models in foundry mold and regimen of thermal treat-
ment. Herewith, methodology for conducting metallographical test
was considered. The third part of the article mentions the results re-
ceived during carrying out experimental works on mold inoculation
using fine titanium carbonitride powder of high manganese steel cast-
ings. Influence of inoculation on the level of performance properties
expressed via coefficients of abrasive wear and wear striking resistance
was considered as well as change of the indicated peculiarities in rela-
tion to not inoculated alloy was evaluated. Besides, results of metal-
lographical tests were given which allowed to substantiate change of
the performance properties level of high manganese steel. Influence
of thermal conditions of forming cast products was also evaluated, in
particular speed of alloy cooling in foundry mold on the level of per-
formance properties of inoculated high manganese steel. In final part
of the article conclusions on the results of conducted researches were
made as well as manufacturing recommendations were given for prac-
tical implementation of the work results to increase the level of perfor-
mance properties of high manganese steel. Besides, recommendations
on the most reasonable expenditure of titanium carbonitride powder
ensuring receipt of the necessary characteristics of microstructure and
as a consequence, increase of the level of performance properties were
given.

Keywords: high manganese steel, austenite, titanium carbonitride, inocula-

tion, cooling speed, wear resistance, hardening.

DOI: 10.17073/0368-0797-2019-3-188-194
REFERENCES

1. Matti Lindroos, Marian Apostol, Vuokko Heino, Kati Valtonen,
Anssi Laukkanen, Kenneth Holmberg, Veli-Tapani Kuokkala. The
deformation, strain hardening, and wear behavior of chromium-
alloyed Hadfield steel in abrasive and impact conditions. Tribology
Letters. 2015, vol. 57, no. 3, article 24.

2.  Xing Tian, Hong Li, Yansheng Zhang. Effect of Al content on stack-
ing fault energy in austenitic Fe-Mn—Al-C alloys. Journal of Mate-
rials Science. 2008, vol. 43, no. 18, pp. 6214-6222.

3. Majid Abbasi, Shahram Kheirandish, Yosef Kharrazi, Jalal He-
jazi. The fracture and plastic deformation of aluminum alloyed
Hadfield steels. Materials Science and Engineering: A. 2009, July,
vols. 513-514, pp. 72-76.

4.  Megjia L., Bedolla-Jacuinde A., Pablo J.R. Sliding wear behavior of a
high — Mn austenitic twinning induced plasticity (TWIP) steel mic-
roalloyed with Nb. Wear. 2013, vol. 301, Issues 1-2, pp. 590-597.

S.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Nasajpour A., Kokabi A.H., Davami P., Nikzad S. Effect of molyb-
denum on mechanical and abrasive wear properties of coating of as
weld Hadfield steel with flux-cored gas tungsten arc welding. Jour-
nal of Alloys and Compounds. 2016, vol. 659, pp. 262-269.
Qichuan J., Zhenming H., Donghuan C., Shoushi W., Jiulin Y. Abra-
sion-resistant as-cast manganese steel with nodular carbide modified
by calcium. Journal of Materials Science Letters. 1990, May, vol. 9,
no. 5, pp. 616-617.

Kudrin V.A., Shishimirov V.A. Metallurgiya stali: ucheb. posobie
[Steel metallurgy: Tutorial]. Moscow: MGVMI, 2003, 254 p. (In
Russ.).

Zhuchkov V.I., Sheshukov O.Yu., Lozovaya E.Yu. etc. Metody vvo-
da modifikatorov v metallicheskii rasplav [Methods for introducing
treating agents into metallic melt]. IMET UrO RAN, UGTU-UPI,
2008, 6 p. (In Russ.).

Zhuchkov V.I., Sheshukov O.Yu., Lozovaya E.Yu., Marshuk L.A.
Modern methods of treating agent introduction into cast iron and
steel melts. In: Sh. dokladov Liteinogo konsiliuma no. 1 “Modifi-
tsirovanie kak effektivnyi metod povysheniya kachestva chugunov i
stalei” [Coll. of papers of the Foundry Council No. 1 “Inoculation as
an Effective Method for Improving Quality of Cast Iron and Steel”].
Chelyabinsk: Chelyabinskii Dom pechati, 2006, 52 p. (In Russ.).
Sidorenko M.1. Teoriya i praktika produvki metalla poroshkami
[Theory and practice of metal blowing with powders]. Moscow:
Metallurgiya, 1973, 304 p. (In Russ.).

Fesenko M.A., Fesenko A.N. Perspective directions of using the
method of mold inoculation of melt for making castings with speci-
fied performance properties. Lit’e i metallurgiya. 2013, vol. 73,
no. 4, pp. 35-41. (In Russ.).

Chaikovskii A.A., Khasan O.S., Ol’shevskii V.S. Production of two-
layer castings using the method of inoculation. Novye materialy i
tekhnologii v mashinostroenii. 2009, no. 9, pp. 101-104. (In Russ.).
Baranov E.M. Mold inoculation of zirconium of gray cast iron and
cast steel affected by NEMI. Vestnik instituta tyagi i podvizhnogo
sostava. 2015, no. 11, pp. 77-79. (In Russ.).

Anikeev A.N., Bigeev A.V., Gordeev E.N., Chumanov V.I., Chu-
manov 1.V. On possibility of introducing solid refractory particles
in production of tube billets using the method of centrifugal casting.
Vestnik YuUrGU. 2009, no. 36, pp. 24-27. (In Russ.).
Minnekhanov G.N., Shuikin O.A., Minnekhanov R.G. Effect of tita-
nium carbonitride inoculation using nanoparticles and titanium dop-
ing on the structure and properties of pre-eutectic cast irons. Omskii
nauchnyi vestnik. 2009, no. 1, pp. 22-25. (In Russ.).

Chumanov V.I., Pyatygin D.A., Chumanov L.V. Steel hardening
using refractory disperse phase. Vestnik MGTU im. G.I. Nosova.
2007, no. 4, pp. 49-53. (In Russ.).

Anikeev A.N., Chumanov 1.V, Sedukhin V.V., Arsent’eva A.S.,
Ladygin S.Yu. Investigation of influence of annealing on concen-
tration of dispersed particles in volume of dispersed-hardened me-
tallic materials. In: VI Vserossiiskaya konferentsiya po nanoma-
terialam s elementami nauchnoi shkoly dlya molodezhi. Moskva.
22— 25 noyabrya 2016 g.: Sbornik materialov [VI All-Russ. Conf.
on Nanomaterials with Elements of a Sci. School for Young People.
Moscow. November 22-25, 2016: Coll. of materials]. Moscow:
IMET RAN, 2016, pp. 344-346. (In Russ.).

Vdovin K.N., Gorlenko D.A., Feoktistov N.A. Investigation of in-
fluence of cooling rate in interval of excess phases separation on
the cast microstructure of Hadfield steel. In: Shornik trudov XIX
mezhdunarodnoi nauchno-prakticheskoi konferentsii “Metallur-
giya: tekhnologiya, innovatsiya, kachestvo” [Cool. Of papers of
XIX Int. Sci.-Pract. “Metallurgy: technologies, innovations, qua-
lity”’]. Protopopov E.V. ed. Novokuznetsk: Izd. tsentr SibGIU, 2015,
pp- 125-129. (In Russ.).

193



M3BECTHUS BBICIIUX YUYEBHBIX 3ABEAEHUIN. UHEPHAS METAJJIYPrus. 2019. Tom 62. Ne 3

19.

20.

21.

Vdovin K.N., Feoktistov N.A., Gorlenko D.A., Khrenov I.B.,
Deryabin D.A. Study of the influence of cooling rate on the me-
chanical and performance properties of 110G13L steel. Liteishchik
Rossii. 2015, no. 12, pp. 23-24. (In Russ.).

Vdovin K.N., Gorlenko D.A., Feoktistov N.A. Influence of stack-
ing-fault energy on abrasive wear resistance of castings from
Fe-12Mn-1,2C steel cooled with different rates. Izvestiya. Ferrous
Metallurgy. 2016, vol. 59, no. 9, pp. 603—-609. (In Russ.).
Kolokol’tsev V.M., Vdovin K.N., Chernov V.P., Feoktistov N.A.,
Gorlenko D.A. Investigation of mechanical and performance proper-
ties of high manganese steel alloyed with nitrogenous ferrochrome.
Vestnik MGTU im. G.1. Nosova. 2016, no. 3, pp. 46-54. (In Russ.).

Funding. The research was financially supported by the Russian Sci. Foun-

dation (project No. 15-19-10020).

Information about the authors:

K.N. Vdovin, Dr. Sci. (Eng.), Professor, Head of the Chair “Technolo-
gy of Metallurgy and Foundry Processes” (kn.vdovin@gmail.com)
N.A. Feoktistov, Cand. Sci. (Eng.), Assist. Professor of the Chair
“Technology of Metallurgy and Foundry Processes”

D.A. Gorlenko, Cand. Sci. (Eng.), Senior Lecturer of the Chair “Tech-
nology of Metallurgy and Foundry Processes”

O.A. Nikitenko, Cand. Sci. (Eng.), Research Engineer, Research As-
sociate of Scientific Research Sector

D.D. Khamidulina, Cand. Sci. (Eng.), Assist. Professor of the Chair of
Construction Industry

Received June 14,2018
Revised July 26, 2018
Accepted January 29, 2018

194



