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[MpuBeneHbl pe3ynbTaTbl OLEHKN BANAHUA MO3AHEr0 rpaduTu3npyiowero MoamduumnpoBaHus Ha GopMupoBaHne
MUKPOCTPYKTYPbl TOHKOCTEHHbIX OT/IMBOK 13 BbICOKOMPOYHOI O YyryHa . [poaHann3npoBaHbl NPeACTaBIEHHbIE B IUTEPATYPE
rMnoTe3bl 0 MexaHn3mMe 06pa3oBaHMs U POCTa BKJIOYEHUI FpaduTa B YyryHe. AHanm3 CyLLIeCTBYIOLLMX TEOPUIA MO3BOJIAET
NPOrHO31pPoBaThb BbICOKYIO 3PDEKTUBHOCTbL rpaduTnampyoLLeii 06padoTkm, MakCUManbHO MPUOVXKEHHON K MOMEHTY
KpucTannndauuu pacnnasa. OTMeyeHo, YTo naes no3aHern 06paboTkm 3akoyaeTcs BO BBEAEHUN rpadUTU3npytoLLero
MoamdurkaTopa B pacnjaB YyryHa B NPeaKPUCTaNIM3aLMOHHBIM NEPUOL, YTO NO3BoNseT obecneynTb akTUBHOE
Moguduumpyiollee BO3AENCTBME HA XUAKMA MEeTann 3a CYET CO34aHNS AOMOIHUTENbHbIX LLEHTPOB KpUcTananadauum
BKJIOYEHWI rpadumTa. [laHHbI B1ug, 06paboTki MO3BONSET NOYY4UTb B MUKPOCTPYKTYPE OTIMBOK 13 BbICOKOMPOYHOr0 YyryHa
Tpebyemyio GopMy U AnamMeTp LIapoBUAHOro rpaduta, paBHOMEPHOE ero pacnpeneneHve, yBenminTb niowanb
rpacduUTOBLIX BKIIIOYEHWI, YMEHBLLIUTbL PUCK MOSIBNIEHNS AeDEKTOB YyCaA04YHOr0 XapakTepa, NpenoTBpaTtuTe 06pasoBaHme
uemeHTuTa. NospgHee moandrUMpoOBaHNE NPOBEAEHO C UCMONIb30BAHNEM INTOW BCTABKN CEPUN INOCSIL® npon3BoACTBa
komMnaHum OO0 HIM «TexHonorns» B IMTHUKOBYIO CUCTEMY INTEAHOM POPMbI Ha AEACTBYIOLLEM IUTEMHOM NPEeanpUaTN.
[MpepcTaBneHbl pe3ynsrarbl MeTamiorpadmyeckoro nccnefoBaHns 06pa3LoB OTIMBOK, MOMYYEHHbIX Kak Mo AEeNCTBYIOLLEN
TEXHOOrMN MOAUPULIMPOBAHWS, TaK 1 MO OMbITHON TEXHOMOMMN C MPUMEHEHMEM MO3AHEN rpaduTU3npyoLLEel 06paboTkun
pacnnaea. AHann3 pes3ynbLTaToB MeTanorpadruyeckoro NccnegoBaHns nokasan BblCOKyo 3d@PEKTUBHOCTb MO3AHEN
rpaduTnsnpytoLLeii 06padoTKM MO CPABHEHWIO C AENCTBYIOLLE TEXHOJIOTEN KOBLLEBOro MoAdULMpoBaHus. MNpumeHeHne
no3gHero MoandULMPOBaHNS MO3BONIIO YYYLLUTL MUKPOCTPYKTYPY MEeTana, a Takke NoBbICUTb OTHOCUTENIbHOE
yonnHeHue 6onee 4yem B 2 pasa.

KnioyeBbie csioBa: BbICOKOMPOYHBIN YYryH, IMTas BCTaBka, MMKPOCTPYKTYPA, LLAPOBUAHBIN rpaduT, OTAnBKA, NO3OHEe
MoanduLMpoBaHne, NO3aHASA rpaduTranpytoLLas o6paboTka, CTPYKTypoobpasoBaHue, MoondurkaTop.

DOI: 10.17580/chm.2022.05.03

Beepenve otmeku. C Lenblo ee obecreyeHrss HeO6X0aUMO yBeIMYEHVEe

Mporpecc MalMHOCTPOEHNIA BbIABMIaeT TPeboBaHMA MO OCBO-
€HVI0 NPOM3BOACTBA TOHKOCTEHHbIX OTJIMBOK U3 BbICOKOMPOY-
HOro vyryHa (BY), KoTopble cnoco6Hbl yCnewwHo KOHKYpPUpoBaTh
C OT/IMBKaMU M3 aNloMVHUEBBIX U CTallbHbIX crnaBoB.. Miccneno-
BaHUA yAenbHOW (OTHECEHHOW K Macce CrnnaBa) 1 JONroBPeMeH-
HOW MPOYHOCTU JINTENHbIX antoOMUHUEBBIX, CTallbHbIX CMaBOB
N YYTYHOB C LUAPOBUAHbBIM rpaduToM, MOATBEPAUN TEXHMYE-
CKYI0 NMepCrneKkTUBHOCTb U SKOHOMUYECKYIO Lielecoobpa3HOCTb
NPYMEHEHNA TOHKOCTEHHbIX OTINBOK U3 BY B3ameH anioMmHume-
BbIX 1 CTaNbHbIX OTANBOK [1-5].

CylecTByeT pAf TEXHONOMMYECKNX OCOH6eHHOCTEN Mpouns-
BOJCTBA TOHKOCTEHHbIX OT/IMBOK M3 BY, KoTOpble OKasbiBaloT
BAUAHVME HAa MUKPOCTPYKTYPY, MEXaHUYeckue u JUTelHble
cBoncTBa uyryHa. OcHOBHas npobnemMa, C KOTOPOW CTankusa-
I0TCA NUTENLLUKMA MPU MPOV3BOACTBE TOHKOCTEHHbIX (acoH-
HbIX M3AeNuil, — OTCYTCTBME KauyeCTBEHHOW MpPOJSIMBAEMOCTU
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TemnepaTypbl 3aVBKY, UTO, B CBOKO OUYepefb, MOXET MPUBECTA
K 00pa3oBaHU0 LEMEHTUTA B CTPYKType roTOBOro M3fenws,
bopMUpoBaHMIO HexXenaTeNbHbIX popm rpaduTa 1, Kak cnem-
CTBME, CHWKEHMIO MEXaHWYeCKMX CBOWCTB, BO3HVWKHOBEHUIO
AedeKToB ycaJlouHOro xapakrepa.

CTabunbHOCTb MUKPOCTPYKTYpPbI 1 BbICOKWIA YPOBEHb TEX-
HOJTIOTMYECKNX, MEXAHUYECKUX U CITY»KeOHbIX CBOWCTB OTNU-
BOK M3 BY pgocTuraetca nprvMeHEHMEM BbICOKOKAYeCTBEH-
HbIX LUMXTOBbIX MaTEPVANoB, MPOrPecCMBHbIX MPOLLECCOB
nnaBKu, MoAMPUKaTOPOB paLMOHaNbHOrO COCTaBa, a Takxke
BbICOKO3DEKTUBHbIX MeTOAO0B MOAUPUULMPOBAHMA MeTan-
na[3,5-10].

CyLwecTByloT pasnnyHble crocobbl BBoAa Mopudumkatopa
npv NpoBefeHUn nosgHen rpadutnsnpytolein o06paboTku:

— B CTPYIO MHXeKTPOBaHMeM B NMOTOKe BO34yxa UK Hell-
TPasibHOTO rasa;



— B 3a/IMBOYHYIO Yallly B BUE 3aKpennaemMblX nTbix 6no-
KOB (AN KPYNHOTOHHAMXHbIX OT/INBOK);

—  BJIMTHMKOBYIO CUCTEMY B BUAE NINTbIX BCTABOK Wy Tabrne-
Tok [11].

AHanu3 TeHAEHUWA pPasBUTUA TEXHONMOTMI NMPOM3BOACTBA
BY cBraeTenbCcTByeT, UTO Hanbonee NepcrneKTMBHbIMY ABNAIOTCA
bonee nosgHme metombl moanouumpoBaHus [10-14], coBme-
LLieHHble C onepaumen 3an1MBKM NUTenHbIX dopm. B pesynbtate
COKpalleHVa A0 MUHVMMYMA MHTEpBana oT MoanduLnpoBaHus
pacrnnaBa jo €ro KpucTauim3aumm no3aHas rpadutmsmpyoLias
ob6paboTka obecneunsaet 6onee BbICOKMIN ypOBEHb MOANDULIM-
pyloLiero BO3AecTBMA Ha CTPYKTYpoobpasoBaHue BY npu 3Ha-
YUTENIbHO MeHbLLEM pacxofe moguoukaTtopa [15, 16].

C yyeToM BbILLEN3NIOKEHHOIO aKTyalNbHbIM ABNAETCA COBEP-
LIeHCTBOBaHWe TeXHONOrnY rpadpuTnsnpytoLero moauduumpo-
BaHWUA NpW NPOU3BOACTBE TOHKOCTEHHbIX OTNIMBOK 13 BY ¢ npu-
MeHeHVeM Hanbonee a3dpdeKTBHOrO MoaudukaTopa.

B HacToslee Bpemsa pa3paboTaHO HECKONbKO Teopuin,
OODBACHAWMNX MEXaHU3Mbl GOPMUPOBAHUS U POCTa BKIIO-
YeHU rpadumTa B npouecce Kpuctannamsaumm yyryHa. bonb-
LWMHCTBO TEOPUN OCHOBaHbI Ha MPeAnonoXeHnn, YTo rpadut
B Mpolecce KpucTanansaumm obpasyetca B pesynbraTe rete-
POreHHOW KpUCTanan3aumm Ha HeMeTalsIMYeCKUX BKITIOUYEHNAX
(nopgnoxkax) [17], u Takme >3nemeHTbl, Kak Kanbuum (Ca),
amomuHuin (Al), 6apwia (Ba) n cTpoHuUwMia (Sr), UrpatoT Npu 3Tom
CYLeCTBEHHYIO POJib.

/13BecTHO, UYTO B NIMTEHbIX YyryHax, 06paboTaHHbIX Mar-
Huncofepawym MoauduKaTopom, GopMUpYyOTCA  BKioUe-
HMA ManblX Pa3mMepoB, cofepalime B OCHOBHOM OKCMAbI Mar-
Hua (MgO), kanbuwa (Ca0), kpemHusa (SiO,) [18]. OHu cocToaT
13 cynbGUOHON cepaLeBUHbl (Aapa) U MHOFOrpaHHOW CUMKaT-
Hol o6onouku. CynbdugHoe AAPO COAePXKMT BKoYeHna MgS
1 CaS, B TO BpeMs Kak BHELLHAA 060104Ka COCTOMT U3 KOMMeKC-
HbIX MarH1eBbIx cMankaTos (Hanpumep, Mgo-Si0,, 2Mg0-2Si0.,)
[19, 20]. MpuHATO cUMTaTb, YTO 3TN Da3bl He ABNAIOTCA NOTEHLMAb-
HbIMM LIEHTPaMUN 3apOXAEHUA W POCTa BKAYEHUA rpaduTa
B NpoLiecce KpUCTanan3auum pacnnasa us-3a pasfinymin TMrnos
KPUCTaNNMYeCcKnX pPeLeToK HeMeTafInyeckoro BKIIOUYeHNA
nrpadwta [17].

Mocne BTOpUYHOro rpaduTrnpyioLero moguounurposa-
HUA Ha MOBEPXHOCTU CYNbOUAHBIX Y OKCUAHbBIX BKIOUYEHWI,
06pa3oBaBLLMXCA B TeUeHUe chepouansmpyioLlein o06paboTku
yyryHa, GOpPMUPYIOTCA LIECTUYTroNbHble CUNIMKaTHble ¢a3bl
tmna CaSiO; u CaAl,Si,Og. VIMEHHO 3TW CrnuKaTtbl Kasbuus
3aTeM MOTYT BbICTYMNaTb B KayecTBe LieHTPoB GpopMmnpoBaHm=
Ha UX MOBEPXHOCTU BKIlOUYeHWI rpaduta B npouecce pasnb-
Helwen KpucTanamsaumm pacniasa. 3To MOXeT NPOUNCXOAUTb
6narogapsa ToMy, UTO KpUCTannmnyeckan CTPYKTypa CUINKaTOB
KanbLMA XOPOLIO COBMafaeT C KPUCTaNINYeCKol peLueTKomn
rpaduta [17].

Ha pmc. 1 npounniocTpnpoBaHO BAMAHME BTOPUYHON rpa-
duTmsmpyiowleli 06paboTKMm Ha GOpPMUPOBaHME BKIIOUYEHUN
B UyryHe, o6pabotaHHOM marHuem [17, 18].

Kak BMAHO 13 pe3ynbraToB MeTannorpadryeckoro uccne-
[IOBaHUsA TpaBJieHbIX 06pa3LoB Ao 1 Nnocsie npoBefeHns rpadu-
TU3Mpyowen o6paboTku, B obpasue (cm. puc. 1, 6) NONHOCTbIO
OTCYTCTBYET LIEMEHTUT.
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06pabotka Mg Tpadutnaupyiowiee mopudumposarme
[maBHble cocTaBAAloLLE
dasbl: X0-Si0, unm
0O6onouka: X0-Al,0,-25i0,
Mg0-Si0,
2Mg0-25i0,
Anpo: Mgs e X = Ca, Srunu Ba

Puc. 1. CxemaTnuyeckoe npepactaBieHne cocTaBa MUKPOBKJIOYEHUA
B BY, o6bpaboTaHHOM marHuem go (a) n nocne (6) nposeaeHws
BTOPVYHOTO rpadpuTM3MpyoLero MoanduLMpoBaHmns

Takvm o6pa3om, Npy NPOM3BOACTBE TOHKOCTEHHBIX OTANBOK
13 BY MOryT BO3HVKHYTb CJIOXKHOCTU C MOyYeHVIEM NPaBUIbHON
waposugHon ¢opmbl rpaduta (LUMD5), paBHOMepHbBIM pacnpe-
LeNneHneM BKIIIUYEHNI rpaduTa v UX KONMMYECTBOM, HaslMunem
LileMEHTUTa B CTPYKTYype OT/IIMBKMW. Pe3ynbTaTtom BbilleonucaH-
HbIX NPo6emM ABNAETCA HECTAaOUNBHOCTb MOJyYaeMbIX MEXaHN-
YeCcKnX CBONCTB.

AHanus nuTepaTypHbIX AaHHbIX MO Teme No3fHen rpadpuTn-
3upytoLlen 06paboTKM YyryHa nokasas, YTo OCHOBHOE BHVMa-
HWe Npu NpPou3BOACTBe OTAMBOK 13 BY yaensioT nposeaeHuto
chepongusmpyioleil 06pabotke, mMetogam BBoga Moandu-
KaTOpOB C MarHueMm, MX AOCTOMHCTBAM U HeJoCTaTKaM U T. A.
YTo KacaeTcs TeXHONOrnm BHyTprudopmMeHHOro moandurLmnposa-
HUA, TO flaHHas TEXHOJIOTUA BBOAA NPEACTaB/IEHA TakKe TONbKO
AnAa npouecca chepoungusmpytouieit obpabotkn [13-15, 19, 20].

CyuiecTByeT TEXHONOI VA BTOPUYHOTO CHEeponan3npyoLLero
n rpaduTMVpylowero MoandULMpPOBaHNA, OCyLiecTBasemasn
O[JHOBPEMEHHO KaK B KOBLUE, Tak U B Gpopme C UCMOMb30Ba-
HUEM KOMMAEKCHOW nuratypbl, coctosAwen ns 70 % OCMr7
1 30 % SIBAR-22. laHHas TexHonorusa obecneurBaeT nonyyeHne
ANCNEPCHbIX rPaduUTOBbIX BKIOYEHUI LWAPOBUAHON GOpMbI
1 MOBbILLEHNE MeXaHNYeCKNX CBONCTB, OfHaKOo TpebyeT npeaBa-
pUTENbHOIO NerMpoBaHNaA pacniaBa Mefblo 1 MPoOBeAEeHNA Nep-
BMYHOTO rpadutrsunpyoLero MoanudrLumpoBaHmua Mmenkoppak-
LoHHbIM dpeppocunmumem OC75, a TakKe NonyyeHna vyryHa
3BTEKTUYECKOro coctasa [21].

Takum ob6pa3zom, BOMpOCbl MO3AHeN rpaduTnsnpytoLen
06paboTKK, a UMeHHO 06PabOTKM YyryHa creLuasnbHbIMU BCTaB-
KaMru-moaudukaTopamy, Ccrnocobbl KX BBOAA, AOCTOMHCTBA
nosgHewn rpaduTsnpytoLen o6paboTKy C TOUKN 3PEHUA CTPYK-
Typoo6pa3oBaHVA Ha CErOAHALIHNI AeHb OCBeLLeHbl U 13yYeHbl
He B NMOSIHOM 06beMe.

Llenb paboTbl — cOBEPLIEHCTBOBaHME TEXHONOMN NPOU3-
BOJCTBA TOHKOCTEHHbIX OT/IMBOK 13 BY 6e3 cTpyKTypHO-CBO6OA-
HOro LieMeHTWTa CO CTabUNbHO BOCMPOU3BOLUMBIMU PE3YIb-
TaTaMy MeXaHWYeCKMX CBOWCTB B YC/IOBMAX [eWCTBYHOLLEro
Npor3BOACTBa.
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Puc. 2. Yknapka rpa¢putusvpytoLLei BCTaBKi Ha CETUYaTbIi GUIILTP B CTOAK INTENHON GOPMbI:
a — obwuii BUA NINTHNKOBOW C1cTeMbl; 6 — yknaaka Bctasky INOCSIL SM120

Tabnuvua 1
Xumuyeckuii coctaB MoandunKaTopos

CopepaHue OCHOBHbIX 311eMeHTOB, % (Mac.)

Mogundrkatop Mg Al
Cdepomar 631-1 6,5-7,5 0,4-1,0
SIBAR'4 - 1-2
INOCSIL'SM120 = 3,2-4,5

MaTepManbl n MmeToabl uccrnenoBaHnsg

[ina oueHkn 3dPeKTNBHOCTM NO3AHEr0 rpaduUTU3NpPYIOLLEro
MoAMPULIMPOBAHUA NPU NONyYeHUn OTAMBOK 13 BY40 Ha npeg-
npuatun OO0 «HyryHCneyCrpoit» (Jlnneuk) 611 npoBeaeHsbl
OMbITHblE MMaBKM NpU Npou3BoAcTBe ¢naHLEeBbIX TPONHNKOB
500150 ¢ MMHMMANbHOW TOJILLMHOWN CTEHKN 7 MM 1 METaNso-
eMKocTblo 207 Kr. MpuunHon Bbibopa ob6beKTa mccnepoBaHmsA
nocnyun ToT GaKT, YTo OCHOBHOW NPo6EMOI NPU NPOU3BOA-
CTBe TaKnX GacoOHHbIX OTIBOK ABMSAETCA CJIOKHOCTb NONyYeHUs
npeumyLLeCcTBEHHO NPaBUbHON WapoBrAHON Gopmbl rpaduTa
(LUM$5) u, Kak cnefcTBre, OTCYTCTBME BOCMPOU3BOAUMOCTU
noslyyaeMbix pe3ynbTaToB MeXaHNYeCKNX CBOMCTB.

B xone npoBefeHnA ONbITHbIX MIABOK MeTann BbIMAaBAANN
no [encTBylolen TEXHONOMMN B WHAYKLMOHHOW MiaBuiibHOM
anekTponeyn UTM3-0,4/0,5 Tl 2-3B c kucnon ¢ytepoBKON.

Cohepoungunsmpytowlyto  06paboTky MeTanna npoBoOAMIM
B MOBOPOTHOM KOBLLE eMKOCTbIo 400 Kr ¢ BBeieHnem moandu-
kaTopa Chepomar®631-1 B peakLMOHHYIO Kamepy Npwu ero pac-
xope 15 Kr/T XXugKkoro metanna.

[elicTBytowan Ha npefnpuaTUnN TexHonorua ¢opmoobpaso-
BaHUA — nUTbe no rasnduumnpyembim mogenam. icnonbsytotca
NONNCTUPOSIbHbIE MOZENN, BCMIEHEHHbIE B aBTOK/aBe, Temrepa-
Typa BbiNycka MeTaana n3 neum B Koslw — 1560 °C, Temnepa-
Typa 3anuBku — 1500 °C. Takaa BbicOKaa Temnepartypa Bbinycka
N 3a7MBKN MeTanna obycsioBfieHa OCOOEHHOCTAMU KOHOUry-
paumm OTIMBKA U MUHVMMANbHOWN TONWUHOW ee CTeHKU (7 Mm),
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Si Ca Ba P3M Fe
44-48 2,9-33 - 0,8-1,2
65-75 0,8-1,5 3,5-5 = OcTanbHoe
70-78 0,3-1,5 - -
Tabnuua 2
Pe3ynbraTbhl ME@XaHUYE€CKUX UCMbITAHUN
BpemeHHoe
TexHonorma OTHOoCKTeNnbHOe
MOANPMLMPOBaHMA COMPOTHBNIEHNE NPy yanviHeHue &, %
pacTsKeHun o, MMa !
[HencTytolas 425 8
OnbITHaA 430 18

MpumeyaHwue. o nprynHe ANUTENBHOTO BPEMeHM SKCTyaTaLum NosyYeHHbIX
OTNVBOK He NpeACTaB/IAETCA BO3MOXHbIM YCTaHOBUTb pe3y/bTaTbl AONTOBPEMEH-
HOW NMPOYHOCTMN U BPYTUX CITYKEOHbIX CBOMNCTB.

npwv NCnonb3oBaHNK 6osee HN3KKX TeMnepaTyp 3anMBKU CyLe-
CTBYIOT CJIOXHOCTV C MPO/MBAEMOCTbIO OTAMBKU. [MpoayKTbl
TEePMOAECTPYKLUY YANATCA BaKyMUPOBaHMEM.

Mo pencreylowel TexHonorun rpadutusmpyollyio obpa-
60TKy npoBogunu mogudukatopom SIBAR®4 ¢ BBefeHMEM €ro
nosepx chepovansvpytowero MognudmukKatopa no TeEXHONOrUn
C3HABMY-NPOLIeCCa C PacXofoM 3 Kr/T XKMAKOro MeTanna.

B xopme npoBepeHMA OMbITHOM paboTbl MeTann obpa-
6aTbiBanM € NpUMeHeHVeM rpaduTM3MpyloLLeil  BCTaBKM
INOCSIL®SM120, KoTopyto BCTpanBanun B INTHUKOBYIO CUCTEMY,
HernocpeACcTBEHHO B CTOAK Ha CeTyaTbii GUILTP C pacxofom
1 Kr/T XunpKoro meTanna, Npv 3Tom rpadpuTmsmpytoLyto obpa-
60TKy B KOBLe He npoBoaunu. Ha puc. 2 npepcrasnieHa
yKknagka rpadutusnpyowien BCTaBKM Ha ceTyaTblii GunbTp
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Puc. 3. PesynbTtathl mMeTannorpapuyeckoro nccnefoBaHua nocne
KOBLUEBOW 06paboTKN CHepPONANINPYIOLMM MOANPHKATOPOM
Coepomar 631-1 1 rpa¢puTM3NPYIOWNMM MOJUGUKATOPOM
SIBAR 4, x100

B CTOAIK INTEIHOW GOPMbl. XMMUUYECKMI COCTaB MCMOJb3yeMblX
MoandMKaTopoB NpeAcTaB/ieH B Tabn. 1.

[na npoBefeHua MeTannorpaduyeckoro mccnefoBaHua
NCNoNb30Bann MOPTAaTUBHbLIN MUKpockon Anbtamu MET Tl
ANA N3yYeHNA MUKPOCTPYKTYPbl HEMOCPEACTBEHHO Ha u3fe-
nuax. ina onpefeneHna MexaHWYecKUX CBOWCTB NMPUMEHANN
YHMBEPCASIbHYI0  3/1eKTPOMEXaHUYECKYI0  UCMbITaTeNbHYIO
MawmHy TPM- 100 1C Toshline. lanee Bbipe3anu uunuHapuye-
cKre obpasubl (TOCT 1497 tun Il [22]) 3 npuAnBHbBIX NPO6.

Mo onucaHHOW Bbille TEXHONOrMW MO3fHeN rpaduTn3u-
pytowenn o6paboTku 6bino npoBefeHo cBbiwe 250 MaBOK,
MOATBEPXKAAIOWMX CTaOUNBbHOCTb  MOJyYEeHUA pe3ynbTaToB
MO MUKPOCTPYKTYpPE 1 MeXaHNYeCKNM CBONCTBAM.

Pe3ynbtaTtbl UCCnenoBaHUs N Ux oﬁcy)xp.el-me

Pesynbtathl mMeTannorpadumyeckoro uccnegoBaHua nocne
06paboTkn mopnduKaTopamy Mo AENCTBYIOLLEN TEXHONOMN
N C NPUMEHEHMEM MO3JHel rpaduTMsaumm npeacTaBieHbl
Ha pmc. 3, 4 COOTBETCTBEHHO.

Ha puvc. 3 npegctaBneHa TUNUYHaA MUKPOCTPYKTypa OTu-
BOK M3 BY, nonyyaemana no pencrtsylowen Ha npeanpuATAv
TEXHOMOrMN KOBLUEBOrO MOANULMPOBaHMA C YKNafKoN Moau-
¢dukaTopoB (chepoumansupytowero un rpadpuTUNpytoLLero)
Ha [OHO KOBLA B peakuMOoHHOM Kamepe. CornmacHo puc. 3,
nosnydyaemble rpaduToBble BKOUYEHMS WMMEKT pPasHblil Ana-
meTp (Wrp45-Wra90), dopmy n pacnpegeneHuve. Ha puc. 4
npuBefeHa MUKPOCTPYKTYypa OTIMBOK M3 BY nocne nosgHen
rpaduTrsupyowen obpaboTkm B nutenHon dopme. Ha nony-
YEHHbIX MO OMbITHOW TexHoNorny obpasuax (cM. puc. 4) MUKPO-
CTPYKTypa MMeeT 6osbliee KONMYeCcTBO BKIOUYeHWI rpaduTa,
n3menbueHHbIn pasvep (LWUMR15-LUrA45), 6onee paBHoMepHoe
1 KOMNakTHoe pacnpegenenue rpaduta (LLUMp1) no FOCT 3443-87
[23] no cpaBHEeHWIO C AeNCTBYIOWEN TEXHONOrMen (cm. puc. 3).
AHanu3 faHHbIX MeTannorpaduyeckoro uccnefoBaHmA nokasan,
4YTO MOAMPULMPOBaHME BCTaBKaMU MO3BOMMIO CyLLECTBEHHO
yBeNMUnTb cTeneHb rpaduTmaumm metanna. Pesynbratbl Mexa-
HMYeCKMX NCMbITaHni 06pa3LoB NpeacTaBneHbl B Tabn. 2.

M3 aHanm3a aaHHbIX Tabn. 2 cnepyerT, YTo NpUMeHeHne No3a-
Heln rpadutusmpyiowwelin obpaboTki no3sonuio 6onee yem
B 2 pa3a NoBbICUTb MOKa3aTeny NAacTUYHOCTY MPU COXPaHEHUN

Puc. 4. Pe3ynbtaTbl MeTaiorpadmyeckoro ucciiefoBaHua nocne
KOBLUEBOW 06paboTKy cheponansnpyownum MognudrkaTtopom
Cdhepomar®631-1 1 NO3aHMM rpadpuTU3MPYIOLLMM MOAUDULNPO-
BaHuem INOCSIL®, x100

NMPOYHOCTHbIX XapaKTepUCTUK. TeXHONOrMA MO3AHEero MOAU-
dULUMpoBaHNA CHUXKAeT BEPOATHOCTb BbiNafjeHUAa CBOOGOAHOrO
LileMeHTNTa, YMeHbLUaeT TBEePAOCTb M XPYNKOCTb MeTasna, NoBbl-
waet gonto deppwTa, UTo, B CBOK OYepeab, NPUBOAUT K 3HaUu-
TeNIbHOMY YBeJIMYEHNIO NMoKasaTensa OTHOCUTENIbHOTO YIIMHEHNS.

Mecto pasmelleHns rpadutusmpyiolein BCTaBKA UMeeT
pewatowiee 3HayeHne. OpUrMHaNbHOCTb NMPUMEHAEMON MeTo-
OVKW no3fHen rpadutmsnpyollen obpaboTkm nytem BBOAA
BCTaBK/-MoandMKaTopa B 3SNEMEHT JINTHUKOBO-MUTAIOLEN
cucTembl (CTOAK) 3aK/oYaeTcsl B TOM, YTo MoanduumMpoBaHme
pacnniaBa B 3TOM Cilyyae NMpOUCXOAUT HEMpPEPbIBHO, B TO BPeMS,
KOrfla MeTasin NpoTeKaeT Yepes ceTyaTblii GUnbTP nepeq nona-
[aHVeM B MONOCTb NNTENHON GOpMbI.

B xope wucnonb3oBaHMA  MOAMGULMPYIOLLMX
Nno TeXHOJIOrMN BBOAA Ha ceTyaTbli GULTP B CTOAK Hanuuune
NPOAYKTOB B3aMMOAENCTBUA aKTUBHbIX 311eMeHTOB Moandu-
KaTopa C NpUMecAMU B BUAE HeMeTalNIMYecKnx BKIOYEHUN
He 0bHapy»KeHo.

OdDEKTMBHOCTb MPUMEHEHNA MO3LHEr0  MOAnPULUNPO-
BaHMA BO MHOrom OO6YycnoBfieHa TeM, YTO [aHHas TeXHOMOo-

BCTaBOK

rMa nos3BosifeT NpubnusnTb npouecc o6paboTKM pacnnasa
K MOMEHTY ero KpucTannmsaumu. B stom cnyvae peliaertcs npo-
6nema 3aTyxaHus moandMUMpYlOLero BO3AENCTBUSA, Xapak-
TepHas AnA TeXHONOrMM MoAMGUUMPOBAHUSA XMUAKOTO YyryHa
B KOBLLUE, TOrJa KaK npoBefeHrie BHYTPUGOPMEHHOTo Moandu-
LMPOBaHs NO3BONAET MUHMMIU3UPOBATb HEraTUBHOE BNUsIHUE
BpemeHHoro ¢pakTopa 1 nofobpaTb ONTUMaNbHOE YKCSIO MOAN-
duumpyowmx maTepranos.

Ha cerogHawHun geHb OO0 «YyrynCneuCrpon» npopon-
XaeT ycnelwHo paboTatb No oTpaboTaHHON TeXHONOrMK C Npu-
MeHeHneMm nosfHen rpadpuTrnsnpytoLlern o6paboTkn MognduLm-
pytowen sctaskor mapku INOCSIL®SM120.

BbiBOAbI

AHann3 pesynbTaToB MPUMEHEHUA MNO3f4Hero rpaduTnsu-
pylowero moanduLMpPoBaHKA MOKa3blBaeT, YTO AaHHbIA STan
TEXHOJOrMYECKOro nNpoLiecca Npoun3BoACTBa OT/IMBOK 13 UyryHa
C WapoBuAHON PpopMoi rpadrita OKasbiBAeT CYLIECTBEHHOE,
a B HEKOTOPbIX CNlyYasx peLuatoLlee BNUsHME Ha Gopmrpyemyio
MUKPOCTPYKTYPY, MEXaHUYECKUE CBOVCTBA 1 KaYeCTBO OT/IMBOK.
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Mpon3BOACTBO TOHKOCTEHHbIX OTNNBOK M3 BY ¢ npumeHe-
HMeMm nosfHen rpadutnsmpytolein 06paboTkn C NCNonb3oBa-
Huem nuTbix BcTaBoK INOCSIL®SM120 siBnsieTca 3pdeKTUBHbIM
METOAOM BAUAHNA Ha MUKPOCTPYKTYpPY MeTansa 1 No3BONsAeT:

- CHU3WUTb pacxof rpadutmsupyowero moandukatTopa
B 3 pasa;

- MONYy4YUTb M3MeNbYEHHble, PAaBHOMEPHO pacrpeaeneH-
Hble BKIloYeHus rpaduta;

- MOBBICUTb MAacTUYeCKNe CBOWCTBa OTIMBOK 6onee yem

B 2 pa3a;
- npepoTBpatUTb 0Opa3oBaHWe LEMEHTUTa B MUKPO-
CTPYKTYpe OT/INBOK. m
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21. Mat.2402317 PO. Cnocob n3menbyeHns rpadrnToBbIX BKOUEHWI B BbICO-
KonpouHom uyryHe / K. B. MakapeHKo ; 3asBn. 10.04.2010 ; ony6n.
27.10.2010, Bton. N 30.

22. TOCT 1497-84. MeTannbl. MeToAbl UCNbITaHMI Ha pacTAXKeHne. — Beep.
01.01.1986. — M. : i3paTenbcTBO CTaHAapTOB, 1984.

23. TOCT 3443-87. OTAMBKM M3 YyryHa € pasnuuHoin opmoi rpaduTa.
MeTtofbl onpepenenna cTpykTtypbl. — Beep. 01.07.1988. — M. :
M3patenbcTBo cTaHAapToB, 1987.

as close as possible to melt crystallization. It is noted that idea of late treatment is in introducing
of inoculants into the iron melt in the pre-crystallization period, what make it s possible to provide
high inoculation impact on the molten metal by creating additional crystallizing nuclei of
graphite. Presented type of inoculation treatment makes it possible to obtain the required shape
and diameter of nodular graphite, its uniform distribution, increase the area of graphite inclusions,
reduce risk of shrinkage defects, and prevent the formation of cementite. In the presented
research work the late inoculation was carried out by integrating of solid inserts of the INOCSIL®
series produced by NPP Technology Company in the gating feeding system of the mould on
the existing foundry factory. It is given the results of metallographical tests of samples from
the castings obtained both by the current inoculation treatment of iron and by late inoculation
treatment technology. The analysis of results of metallographical research showed the high
efficiency of late inoculation compare with the existing technology of ladle treatment on the
foundry. The use of late inoculation treatment technology made it possible to improve the
microstructure of metal and increase the elongation by more than two times.

Key words: ductile iron, solid insert, microstructure, nodular graphite, casting, late inoculation,
inoculation treatment, microstructure formation, inoculants.
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