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N3noxxenue conepxanusi pabOThI:

OO0nekT uccaenoBanus. Pacmasel cuctrembl Cu—Ni—HTf.

[Ipeamer uccnenoBanus. TepmoauHaMmuueckre (YHKIMH CMEIICHUS PacCIlIaBOB,
3aKOHOMEPHOCTH HX TEMIIEPAaTyPHO-KOHIICHTPAITMOHHOW 3aBUCHUMOCTH, CBS3b OTHX
3aKOHOMEPHOCTEH C XapakTepoM B3aMMOJICUCTBHUS KOMIIOHEHTOB M CKJIOHHOCTBIO
pacIuiaBoB K aMOp(Hu3allii; paBHOBECHBIE U METACTAOMIIbHBIE MPEBPALLEHUS C Y4aCTUEM
KUJKUX CIIaBOB, TETJIO(PU3NUECKHE CBOMCTBA PACIIJIaBOB.

Lens u 3amaum uccnepoBanuii. [leas paboThl 3akioyanach B YCTaHOBJIECHUU
OCOOEHHOCTEHW TeMIlepaTypHO-KOHIIEHTPAIIMOHHON 3aBHCHMOCTH TEPMOINHAMUYECKHUX
GbyHKIMIA CMeNIeHHs] paciuiaBoB amopdooOpasyroeid CHUCTeMbl, UX B3aUMOCBS3U CO
CIIOCOOHOCTBIO K 00pa30BaHUIO OBICTPO3aKAIIEHHBIX U 00BEMHBIX aMOP(PHBIX CIIIABOB.

JIJTst TOCTYKEHUS TIeNH OBLT PEIICH Psifl 3a7a4, OCHOBHBIMH M3 KOTOPBIX OBLIH:

— KaJJOPUMETPUIECKOE HCCIIeIOBAHNE KOHIIEHTPAITMOHHOW 3aBUCUMOCTH DHTAJIBITUN
cmemenus paciiaBoB cucteMbl Cu—Ni—Hf mpu 1873 K;

—  MOJCIHUPOBAHUE TEPMOJMHAMHYECKHX (YHKIMHA CMEIICHHUS  paciuiaBa
Cu-Ni-Hf wu wux TeMmeparypHO-KOHIICHTPAIIMOHHON  3aBHCHMOCTH B  paMKax
(heHOMEHOJIOTHYECKUX U MaTEMAaTHISCKUX MOJICIICH;

— MOJICIMPOBAHWE METACTAOWUIBHBIX (PAa30BbIX TPEBpAIEHUNA C Yy4acTHEM

nepeoxiaxaeHHbIX pacimiaBoB cucteMbl Cu—Ni—Hf;



— MOJEIUPOBAHUE MTPOIIECCOB OXJIAXKCHUSI PACIIIABOB B METHOM KOKWUJIE.

Mertobl HCCIIEIOBAHMUS. BricokotemnepaTypHas n3onepudoIndYecKas
KaJIOpUMETPUs ISl SKCIIEPUMEHTAILHOTO MCCIIEIOBAHUS SHTAIBIIUU CMEIICHUS KUJIKUX
CIUIAaBOB;, MAaTEMAaTHYECKOE MOJCIUPOBAHUE SHTAJIBINU CMELICHUS; MOJICIUPOBAHUE
TEPMOJMHAMHYECKUX  (QYHKIMI  CMelleHuss B  paMKaX MOJEIU  HUACAIbHOIO
accoruupoBanHoro pactsopa (MAP); monenupoBanre U MeTaCTaOMIIbHBIX MpPEBpaLICHUN
c ywactueM O kuakux cmiaBoB B pamkax CALPHAD-meroma, wuccrnemoBanue
MUKpPOCTPYKTYPbl ~ CIJIABOB  METOJIOM  ONTHYECKOW MHUKPOCKOIIMH, MCCIEI0BaHUE
MukpotBepaoctd (a3, maker LWMFIow mist MonmenvpoBaHUS CKOPOCTH OXJIaXKICHUS
pacIiaBoB.

Pe3ynbTaThl HCCle10BaHUS.

1. BmnepBble KaqOpUMETPUYECKUM METOJIOM HU3YYEHBl TEPMOJUHAMUYECKUE
CBOMiCTBa paciuiaBoB amopdooodpasyroreii cucrembl Cu—Ni—Hf mpu Temneparype 1873 K.

2. BnepBeie mMOdy4YeHbl 3HAYEHUS HWHTETPATILHONM DHTAIBIHM  CMEIICHUS
KOMIIOHEHTOB PacCIlJIaBOB BJI0JIb U3YYEHHBIX pa3pe3oB. JlaHHas (QyHKIMS 3HAKONEpEMEHHA
C IpeolIialaHieM OTPUIIATEIbHBIX 3HAUCHUM.

3. Tloka3aHo, 4TO B paMKax MOJEIU ACCOLUMHUPOBAHHOIO PAcTBOPA, YUUTHIBAIOIICH
obOpasoBanre B pacmiaBe aBoiHbIX acconmatoB CuHf, CuHf;, HfNi; u HfNi,
9KCIICPUMEHTAJIbHBIC 3HAUCHHUS SHTAIBIIUMU CMelieHus paciuiaBoB cuctemMbl Cu—Ni—Hf
MOTYT OBITh OMTUCAHBI C YJIOBJIETBOPUTEIILHOU TOYHOCTHIO.

4. TlonmydeHHbIE SKCHEPUMEHTAIBHBIE PE3YJIbTaThl U PE3YJIbTaThl PACUETOB
YKa3bIBaIOT Ha MpeodsialaHue MapHbIX B3aUMOACUCTBUM Menb—TapHUN U HUKeIb—TadHUM
B TPOMHBIX pacIlIaBax.

5. Pazpaborana 06aza  JaHHBIX, COJEpKamias  MapaMeTpbl  MOJENeH
TEPMOJMHAMUYECKUX CBOWMCTB pPACIIaBOB U TBEPABIX PACTBOPOB HAa OCHOBE YHUCTHIX
KOMITOHEHTOB, JiJisi pacueToB B pamkax CALPHAD-MmeTrona.

6. C ucnonp3oBanuem makera nporpaMmMm LVMFIOW BeimonHeH pacueT CKOpPOCTH
OXJIQXKICHUSI KHUIKOTO cIjiaBa HKBUATOMHOI'O cocTaBa CHUCTEMBI
Cu-Ni—Hf B MeaHom BomooxnaxkaaeMoM Kokuie. [TokazaHo, YTO B 3aJaHHBIX YCIOBHUSX

BO3MOYKHO MOJy4€HHE 00bEMHOr0 aMOP(HOTO CIJIaBa CUCTEMBI.



Obnacte mnpumenenus. [IpakTHueckoe 3HaUYeHHE TIOMYYEHHBIX pPE3YJIbTATOB
MOATBEPKAAETCA MX HCIOJIb30BAaHUEM JJII TEPMOJMHAMUYECKOIO ONHMCAHMS U pacuyera
auarpamMMbl coctostHusl TpexkomroHneHTHOH cucteMbl Cu—Ni—Hf. [Tomyyennsie B pabote
AKCIIEPUMEHTAJIbHbIE JAHHBIE M PEe3yJbTaThl MOJACIUPOBAHUS TEPMOJUHAMUYECKHUX
GyHKIUI cMElIeHUs] JBYXKOMIIOHEHTHBIX UM TPEXKOMIIOHEHTHBIX PACIIaBOB, TAK)KE Kak
paccuMTaHHble B HEW JuarpaMmbl COCTOSIHUSL JIBYXKOMIIOHEHTHBIX CHUCTEM u
tpexkommoHeHTHOW — cucteMbl  Cu—Ni-Hf  Moryr  ObiTh  wcmonb30BaHbl B

TCPMOIUHAMUYICCKUX 0azax JAaHHBIX U B CIIPABOYHBIX U3JdHUAX.

IMyoankamuu: [To Teme AuCCepTaMOHHOTO UCCIENOBaHUs OITyOIMKoBaHa 1 cTaTbs

B HAYYHOM JXYPHAJIC U 1 Te3uckl AOKJIaJJa B MaTCpHuajiax KOH(i)epeH]_II/II/I, a HMCHHO:

1. Agraval, P., Investigation of the components interaction in the liquid glass
forming Cu—Ni-Hf alloys / P. Agraval, M. Turchanin, L. Dreval, A. Solyanova, e.a. //
XVI Intern. Scientific Conf. New techn. achiev. in metallurgy, mat. eng. prod. eng.,
Czestochowa, Poland, 28-29 May, 2015

2. Arpasan, ILI. DkcneprMeHTanbHOE W3yYEHHE TEPMOJAMHAMHUYECKUX CBOWCTB
xunkux craBoB cucteMbl CU—Ni—Hf / Arpasan I1. I'., JIpeBainb JI. A., ConsiHoBa A. A. 1
ap. // llepcrieKTUBHBIE TEXHOJOTHUU, MaTepHaibl W O000pYyIOBaHHWE B JIMTEHHOM
MIPOU3BOJICTBE: MaTepUaNIbl V MEXKIyHapOAHON HAyYHO-TEXHUUYECKON KoHpepeHiuu, 21—

25 centsa6ps 2015 r. — Kpamaropck : JIITMA, 2015. — C. 13-14.

AMOP®HBIIT  CIUIAB, W3OIEPUBOJIMUECKUIT  KAJIOPUMETP,
SHTAJIBIIAS CMEIIEHUS, METACTABWIBHBIE TIPEBPAIIEHMS, CALPHAD-
METO]I.
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Pucynok 1. Pe3ynbTarhl KaJOpUMETPUUECKOTO HCCIEIOBAHUS TMaplUyalbHOW (a) U

Cuy 2sNiy 75

UHTETpaIbHOM (0) PHTaNbNui cMemenus paciiaBoB cucteMbl CU-Ni-Hf mpu 1873 K

Hf 0,2 0.4

Pucynoxk 2. WM3orepmMa wuHTErpagibHOU
saHTtanenuu cMemieans AH Cu-Ni-Hf mpu

1873 K
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Pucynox 3. Bxiiag TpoiHOTO B3aUMOAEHCTBUSA
AH ™ Cu-Ni-Hf B uHTEerpajbHy0 SHTAJIBIIHIO
CMEIIECHUS
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Pucynox 4. DOKcrnepuMEHTaJIbHBIE COCTaBbl U IMPOTHO3UPYEMbIE KOHIICHTPAIMOHHBIC
0o0JacTU MOJy4YeHHUs ObICTpO3aKajJeHHBIX (a) M 00beMHBIX (0) amMop(dHBIX CIJIaBOB B
cucreme Cu—Ni—Hf
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Buxknan 3micty poboTH :

O0'ext nocnimxkenns. Posmuiasu cucremu Cu—Ni—Hf.

[Ipeamer pocmipkeHHs. TepmoauHamiuHi  (GYHKIIT 3MINIyBaHHS PO3ILUIABIB,
3aKOHOMIPHOCTI  iX  TeMIIEpaTypHO-KOHIIEHTPAIIfHOI  3aJie)KHOCTI, 3B'SI30K  LHX
3aKOHOMIPHOCTEH 3 XapaKTepoOM B3a€MOJii KOMIIOHEHTIB 1 CXWJIBHICTIO PO3IUIaBIB /0
amop(izarii; piBHOBa)XHI 1 METacTaOUIbHI TMEPETBOPEHHSI 3a Y4YacCTIO PIIKUX CIUIABIB,
TEMI0(13UYHI BIACTUBOCTI PO3ILIABIB.

Meta 1 3aBgaHHA JOCHKEHb. MeTta poOOTHM mojsArajga y BCTAaHOBJICHHI
0COOJIMBOCTEM TeMITepaTypHO-KOHIIEHTPAIIIHOT 3aJIeKHOCTI TEPMOJAUHAMIYHUX (YHKITIN
3MINIYBaHHS pO3ILIaBiB aMopdooOpa3yrouiell CUCTEMH, iX B3a€EMO3B'A3KY 31 3JaTHICTIO 10
YTBOPEHHSI IIBUIKO3arapTOBaHUX 1 00'€eMHUX aMOP(HUX CIUIABIB.

JI1st nocsirHEHHS! METU OYJI0 BUPILIEHO PAJl 3aBJAaHb, OCHOBHUMMU 3 AKUX OYyJIH:

—  KaJOPUMETPUYHY JIOCHI/DKEHHS KOHIEHTPALIMHOI 3aJIe)KHOCTI  CHTaNbIIIi
3mimnryBanHs po3iuiaBiB cuctemu Cu—Ni—Hf mpu 1873 K;

— MOJICIIOBAHHS TEPMOJMHAMIYHHUX (YHKIIN 3MinryBaHHs po3miaBy Cu-Ni-Hf i ix
TEMIIEpaTypPHO-KOHIIEHTPAIITHOT ~ 3aJeKHOCTI B paMKax  (EHOMEHOJIOTTYHHX 1

MaTeMaTHYHHUX MOJCIICH;



—  MOJETIOBaHHS  MeTacTaOUThHMX  ()a30BHUX  MEPETBOPEHb 3a  Y4acCTIO
NepPeoXosI0pKeHUX po3iuiaBiB cuctemu Cu-Ni-Hf;

— MOJICTIOBaHHS MPOIIECIB OXOJIOKEHHS PO3IUIABIB B MiTHOMY KOKILITI.

Metoau nocnimxenns. BucokoremmneparypHa 1301epruOOIIYHUNA KaTOPUMETPIst IS
€KCIIEpUMEHTAJILHOTO JOCIIKEHHS €HTANbIII1 3MIITYBaHHS PiJIKMX CIUIaBIB; MaTEMaTUYHE
MOJICTIOBAHHSI €HTAJBINI 3MINIyBAHHS; MOJICIIOBAHHS TEPMOJUHAMIYHUX (DYHKIIIH
3MINTyBaHHS B paMKaxX MOJEINI ieanbHoro acoriioBanoro po3unny (IAP); MmoaemroBanHs
Ta METacTaOUIbHUX NEPEeTBOPEHb 3a ydacTio piakux cruiaBiB B pamkax CALPHAD-
METONly, JOCTIDKEHHSI MIKPOCTPYKTYpPH CIUIaBiB METOJOM ONTHYHOI MIKPOCKOMII,
JTOCHIKeHHsT MikpoTBepaocTi (a3, maker LWMFlow ans mopentoBaHHS MIBUAKOCTI
OXOJIOJKEHHS PO3ILIABIB.

Pe3ynbraTi 1OCIIIKEHHS.

1. Bnepiie kamopuMETpUYHUM METOJOM BHBYEHI TEPMOJMHAMIYHI BIIACTHUBOCTI
po3miaBiB  amopdoodpasyromieii cucremu Cu-Ni-Hf npu temmeparypi oguH THCSYI
BiciMcoT cimaecsT Tpu K.

2. Bnepiie oTprMaHi 3HaY€HHS 1HTETPAIbHOI CHTAJIBITIT 3MINTYBAaHHS KOMIIOHEHTIB
pO3IUIaBIB Y3/10BK BUBUEHUX po3pi3iB. Ll (yHKIIIS 3HAKONEPEMEHHOCTD 3 MEPEBAKAHHAM
HETaTUBHUX 3HAYCHD.

3. Ilokazano, 10 B paMKax MOJIeJll acOlliiOBaHOTO PO3YMHY, III0 BPAXOBYE OCBITY B
po3miasi noasiiinux acoriatie CuHf, CuHfs, HfNis i HfNi, ekcmepuMenTalibHI 3HaYCHHS
CHTaJbMii 3MimryBaHHsS posiiaBiB cucremMud Cu-Ni-Hf moxyts Oyrtu ommcani 3a
3aJ0BUILHOIO TOYHICTIO.

4. OTpuMaHi €KCIepUMEHTaIbHI PE3yJbTaTH 1 PE3yNbTaTH PO3PAXYHKIB BKA3YIOTh
Ha TEpEeBAKAaHHS TMApHUX B3aEMOJIA MiAb-TaQHIN 1 HIKeIb-TahHIH B MOTPIAHUX
pO3IIaBax.

5. Po3pobneno 6a3y nmaHux, sika MICTUTh MapaMeTpu MOl TepMOIUHAMIYHUX
BJIACTUBOCTEH PO3IUIABIB 1 TBEPJAUX PO3YMHIB HA OCHOBI YUCTUX KOMIIOHEHTIB, IS
po3paxyHkiB B pamkax CALPHAD-meTony.

6. 3 BukopuctanHsM mnakery mnporpam LVMFlow BukoHanuii po3paxyHOK

IIBUAKOCTI OXOJIOJKCHHS PIJAKOro CIUIaBy ekBiaTOMHOro ckiaay cuctemu Cu-Ni-Hf B



MIJTHOMY BOJOOXOJO)KyBaHOMY KOKLTi. IlokazaHo, 1mo B 3agaHMX YMOBaxX MOJKJIMBE
OTpUMaHHs 00'€éMHOTO aMOP(HOTO CIIaBy CUCTEMHU.

Chepa 3acrocyBanHsa. [IpakTuyHe  3HAYEHHS  OJEPXKAHMX  PE3YJIbTATIB
HIATBEPKYETHCS X BUKOPUCTAHHSAM JII TEPMOJUHAMIYHOTO OMHCY Ta PO3pPaxyHKy
maiarpamMu  craHy  TpukomnoHeHTHOI cuctemu Cu-Ni-Hf. Otpumani B po0oTi
eKCIICPUMEHTAJIbHI JIaHl 1 pe3yJdbTaTH MOJICIIIOBAaHHS TEePMOAMHAMIYHUX (PYHKIIIH
3MINIyBaHHS JBOKOMIIOHEHTHHUX 1 TPUKOMIIOHEHTHUX PO3IUIABIB, TAKOX SIK pO3paxoBaHi B
Hill JiarpamMy CTaHy JBOKOMIIOHEHTHHMX CHUCTeM i TpukommoHeHTHOi cuctemu Cu-Ni-Hf

MOXYTb OyTH BUKOPHCTaHI B TEpPMOAMHAMIYHUX 0a3ax JaHUX 1 B IOBIIKOBUX BUJIAHHSX.

AMOP®HMI1I CIIJIAB, I30HEPUBOJIIYHMM KAJIOPUMETP, EHTAJIBIIII
SMIINYBAHHA, METACTABUIBHE IIEPETBOPEHHA, CALPHAD-METO/.
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Presentation of the contents of the work:

The object of the research. The manufacturing process of iron castings with
differentiated structure and properties of one base melt using the methods of inmold
processing.

The subject of research. Patterns of interaction of different irons in the cavity of
casting form and forming of double-layer and bilateral casting with differentiated structure
and properties.

The purpose and objectives of the research. The aim of the research is to identify
characteristics of the interaction of diverse cast iron foundry in the form of double-layer
formation and bilateral castings with differentiated structure and properties and the
development of the production technology of double-layer and bilateral casting.

To achieve this goal in the work delivered and covers the following main tasks:

- to conduct a critical analysis of existing methods of producing iron castings with
differentiated structure and properties and the current state of technology through inmold
modification of melt cast iron;

- method of computer simulation using the "LVVMFlow™" explore the hydrodynamic
and thermodynamic processes of interaction of different irons in the cavity of the mould



and the main regularities of formation of double-layer and bilateral cast iron castings with
differentiated structure and properties;

- perform a series of laboratory studies on experimental casts to confirm modeling
results in "LVMFlow";

- to undertake experimentally-theoretical studies on influence of basic factors and
parameters of casting on the structure of the double-layer and bilateral castings with the
differentiated properties;

- to work out technological recommendations of receipt of the double-layer and
bilateral castings with the differentiated structure and properties;

-to validate the developed recommendations for model castings with differentiated
structure and properties and to make a study of macro- and microstructure ofadvanced
castings.

Research methods. The research used an integrated method that includes computer
simulation and theoretical analysis and experimental research of melt inoculation inmold
processes and receiving bilateral and double-layer casts with differentiated structure and
properties.

Results of the study.

1. Further understanding of the patterns of processes inmold modification of melt
cast iron, a double-layer and bilateral iron castings with differentiated structure and
properties in different parts or layers of the same base melt.

2. Computer simulation methods investigated hydrodynamic and thermodynamic
processes of double-layer and bilateral cast iron castings. Regularities of influence of the
basic technological parameters on formation processes of double-layer and bilateral cast
iron castings.

3. On the basis of experimental researches possibility of receipt of the double-layer
and bilateral castings from one base melt inmold modification technology of melt.

Field of application. The results of theoretical and experimental research have made
it possible to develop science-based technological recommendations on modes
ofproduction from one base melt cast iron double-sided and dual layer castings with

differentiated structure and properties. Developed technological recommendations about



manufacturing of industrial castings with differentiated structure and properties with a
combination of white iron-gray iron and white cast iron-cast iron with Nodular graphite

(ductile iron) from one base to melt iron.

AMORPHOUS ALLOQOY, ISOPERIBOLIC CALORIMETRY, ENTHALPY OF
MIXING, METASTABLE TRANSFORMATION, CALPHAD-METHOD.



