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Annomayus. CornacHo paBHOBECHBIM AHArpaMMaM COCTOSTHUS IIPH OXJIAXKICHUH PACILIaBa J0 TEMIICPaTyphl HIKE TEMIIEPATYPbl IMKBULYCa COCTABBI
JKMAKOHM M TBEp/OH (a3 0THO3HAYHO ONPEAEIISIOTCS COOTBETCTBYIOIMMH KPUBBIMH Ha Anarpamme. YToObl HACTYIMIIO paBHOBECHE, HEOOX0UMO,
4TOOBI PACILIaB BBIICPIKMBAIICS OECKOHEYHO J0JIT0 MPU KaXKIA0H Temreparype Wwin K03 OUIUESHThI TeIUIONPOBOIHOCTH XKUAKOM U TBepaoi (a3,
a Takke kodhpuuueHTs AUPPy3ur UX KOMIOHEHTOB ObUIM OECKOHEYHO BEIMKHU. Bblla MpeAnpuHsTa MOMBITKA BBISCHHTH, KaK 3TH MPOLEC-
ChI MPOUCXOAAT B PEallbHOCTH. PaccMarpuBaeTcsi pocT OTIAEIBHOTO KPUCTALIA PH OXJIAXKICHUU J[BYyXKOMIIOHEHTHOTO paciuiaBa. [loctpoeHa
MaTeMaTH4ecKas MOAENb, 0a3uPyYIOIIAsACs Ha CIEIYIONIMX MOJOKEHHUX: BbICJICHA 00JIacTh paciuiaBa ¢ 00beMOM, NPUXOAAIIMMCS Ha OJHO 3ep-
HO, TIepUQepust KOTOPOTO OXJIAKAAETCS 110 ONPEACICHHOMY 3aKOHY; B HA4YaJIbHBIH MOMEHT BPEMEHH B JKHKOCTH HAXOJMUTCS 3apOJIbILI KPHCTAIIA
HEKOTOPOTO0 MHHMMAJIBHOTO pa3Mepa; y MOBEPXHOCTH KPUCTAIIA COCTABBI XKUAKOH M TBEpIOH (a3 COOTBETCTBYIOT AMArpaMMe COCTOSHMS AJIs
paccMarpuBaeMoil TEMIIEPaTyphbl Ha €ro MOBEPXHOCTH; H3MEHEHHE TEMIIEPATyphl M COCTaBa B XKUJKOH M TBEpIOil (azax MPOUCXOAAT 110 3aKO-
HaM TEIIONPOBOAHOCTH U (D Py3un cooTBETCTBEHHO. [0 Mepe oxnakaeHus paciiiaBa U pocta KpUcTaia xuakas dasza odoramaercst OqHUM
KOMIIOHEHTOM M 00€HsIeTCs APYyruM, TBepaas (asa — Haodopot. Koapduuuments! nuddy3un KOMIOHEHTOB B TBEPAOH (aze MaJibl, I0ITOMY He
HPOUCXO/UT MOJHOTO BEIPABHUBAHKS COCTABA 10 €ro ceueHuio. [Ipepnaraemas B HacTosiel paboTe MOZEIb O3BOJISIET UCCIIEA0BATh ITO sBIIE-
HHE, PACCYUTATH JUISl KOXKJIOT0 PeXKMUMa OXJIXKICHHSI COCTAaB KPUCTAILIA 10 MEpPe YAaJIeHHs OT ero LEeHTpa. PacueTsl mokasaiu, 4To BbIpaBHUBAHUE
TEeMIEpaTypbl MPOUCXOAUT MPAKTHYECKN MIHOBEHHO, BHIDABHUBAHUE COCTABA XKUAKOH (ha3bl 3HAYMTENLHO MeUIeHHee. BbipaBHUBaHUS cocTaBa
TBepOil (a3bl B 0003puMOe BpeMs MPAKTUYECKH HE MPOUCXOAUT. Pe3ynbrarel pabOThl TIOMOTYT YIyUIIHTh TEXHOJOTHIO MOJTYYECHHS CIUIABOB
C ONTUMAJIBHON CTPYKTYPOM.
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- BBEAEHUE

JIMKBaMOHHBIE MPOLIECCH OKA3bIBAIOT OOJIBIIOE BIUS-
HUE Ha CTPYKTYpPY M Kau€CTBO 3aKPHUCTAJJIM30BABIIETOCS
Metaina [1 — 12]. IlepcieKTUBHBIM METOAOM UX U3yUYECHHUS
SIBIIIETCS] MAaTeMaTUYeCKOEe MOJECITUPOBAHHUE U3YUaeMbIX 5B-
JICHUH.

Lenpio HacTosmel pabOTHI SBISETCS NETABHOE U3Y-
YeHHE MEXaHU3Ma JIMKBaluu. PaccMaTpuBaeTcss MHOro-
KOMITOHEHTHBIN JKUIKUN pacIuiaB, KOTOPbIA MMOABEPraeTcs
OXJIKICHUIO ¢ nepudepun. [Ipu oxgaxaeHUN HUXE TEeM-
nepaTypbl JIMKBUyca B paciljlaBe IMOSIBISAIOTCS M PacTyT
3aposIy TBepaoH (asbl. Ilo Mepe oxmaxaeHus paciiasa
B COOTBETCTBHH C IUArpaMMOM COCTOSIHUSI CUCTEMBI PABHO-
BECHBIN COCTaB KaXkJI0M TBEPJOM YaCTULIBI U OKpPYKaroIlle-
ro €e JKUJIKOIO paciiiaBa JOJKEH HENPEephIBHO MEHATHCS.
OpHako paBHOBECUE B PEAJIbHBIX METAJLIypru4eCcKUX Ipo-
neccax He jgocruraercs. [103ToMy MHTEpECHO BBISICHUTH,
KaKuM OyZIeT COCTaB «BBIPOCIINX» YACTHI] TBEPAOH (a3l —
3epeH OCTBIBLIETO MeTaJlIa.

* PaGoTa BBINOIHEHA NPHU TOEpkKKe MUHMCTEPCTBA HAYKH U BBIC-

nrero obpaszoBanusi PD B pamkax 6a30Boii 4acTH roCyJapCTBEHHOTO 3a/1a-
nus T3 8.9692.2017/8.9 or 17.02.2017 .

[ NocTAHOBKA 3AAA4YM

PaccmoTpumM MozenbHbII IPUMED IIPOLIECCA OCThIBAHUS
JIBYXKOMIIOHEHTHOI'O pacillaBa KOMIOHEHTOB A U B ¢ He-
KOTOpPOH JuarpaMMoil coctosiHus. Bwigenum u3 pacninasa
PACTYIIYIO YaCTHUILy TBEpAOH (a3l U paccMOTpUM (puc. 1)
CHCTEMY, COCTOSIIIIYIO U3 3TOH YaCTHIIBI M OKPY>KAIOILETO e
pacmuiaBa (4acTu BCEro paciuiaBa, IPUXOISIIErocs Ha 3Ty
YaCTHUILY).

Ilo mMepe ocTBIBaHHMS BCETO paciuiaBa OymeT OCTHIBaTh
u nepudepus paccmarpuBaeMoil cuctems! (puc. 1). Tem-
neparypa ee usmensercs no sakony I, =T (f). bynem
TaKXXe CUUTATh, YTO, XOTSI HACTOSIIIETO PABHOBECHUS B pac-
CMaTpUBaeMOil cHUCTEME HeT, OIHAKO HeNOoCPEICTBEHHO
Ha TOBEPXHOCTH pa3aena (a3 BCerna yCTaHABIMBACTCS
JOKaTbHOE paBHOBecHe. [109TOMy KOHLGHTDALWMH Cpjp H
ch KOMIIOHEHTA B JUIst *KUIKOH U U1 TBeproi a3 s Ka-
JKAO0M TeMIiepaTypbl MOXKHO ONPENENsITh 110 PaBHOBECHOM
JrarpaMMe COCTOSIHUSI.

Maremaruyeckass MOAEIb, ONMCHIBAIOIIAs IPOLECCH
B CHCTEME, Oy/IeT COCTOSITh 3 yPaBHEHHUH TETLIONPOBOIHOC-
™ U auddysun B obenx (Bazax, GopMys, OMUCHIBAIOIINX
MPOLIECCH, TPOUCXOIAIINE HA TOBEPXHOCTH pa3ziena Kuj-
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cy(t, 1)

Puc. 1. Cxema monemnu:
S — TBepnas paza; L —xuakas dasa; J, 05, JO, JOF — noroku
s 2YA4 >YB >4 >YB

KOMITOHEHTOB A4, B B (azax S, L; r — pacCTOSIHUE OT TEKYIIEH TOYKH J10

LIEHTpa pacTyllel yacTulibl, 7 — Temreparypa B TeKyIeil ToUKe;
¢, — KOHLIEHTPALKS (J10J151) KOMIIOHEHTA B B TeKyllel TouKe; £ — BpeMmsl;
R — panunyc pactymieii yactuisl TBepaioi daswl; R, — papuyc nepude-

pHH pacTBOpa

Fig. 1. Model’s scheme:
S — solid phase; L — liquid phase; J%°, J3°, JOF, J5F — flows of
components 4, B in phases S, L; r — distance from the current point to
the center of the growing particle; 7' — temperature at the current point;
— concentration (the mass fraction) of the component B at each point;
¢ —time; R —radius of the growing solid particle; R — radius of the
periphery of the solution

koii L u TBepaoit S ¢a3, a Takke U3 TPAaHUYHBIX ¥ HaYalb-
HBIX YCIIOBUM.

[ MATEMATMYECKAA MOAE/Nb CUCTEMbI

B cooTtBeTcTBUE € 001IICH TEOpHUEH pOCTa YaCTHIIBI TIPO-
IYKTOB reTepo(a3HbIX XUMHUECKUX PEAKIIUH, N3T0KCHHOM
B pabote [13], ypaBHEHUS TEIIONPOBOAHOCTH U AuDdy3un
KOMITOHEHTa B MMEIOT CJIely O BUI:
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ot pScy r*or or

2) ypaBHeHue An¢y3un KOMIOHEHTOB (a3bl:

(M

oc® _D° 1 0 , 5o

= ; 2
ot pr@rrp or @

— JIIs1 SKUAKOH (hasbr L
1) ypaBHEHHE TEIIONIPOBOAHOCTH:

L_ 2

1 0
= ——|r
ot ptehr? 6}( or pL 2 or
2) ypaBHeHHE UPPYy3UN KOMIIOHEHTOB:

P R_ZdR ac*
2 odt or’

L L
ot oot propy

- 4
ot ¥* or or p" @)

130

IJ€ ¢ — MaccoBas J0Js KOMIIOHEHTa B B paccMaTrpuBaeMoi
TOYKE; P — INIOTHOCTB; A — KO3 (PUIIHEHT TeIIOPOBOTHOC-
TH; C, — YIENbHAS TEIIOEMKOCTD; D — k0o puuurent nud-
¢by3un; WHACKC ¥ YKa3bIBACT, UTO BEIMIMHA OTHOCHUTCS
K ITOBEPXHOCTH paszena (has.

Broprie crmaraeMble B MpaBBIX YacTsaX ypaBHeHHUH (3),
(4) BO3HUKAIOT U3-3a TOTO, YTO PACTYIas YACTULA TBEPIOH
(a3bl «pacTaIKuBaeT KUAKYIO (a3y, BEI3EIBAs €€ MEXaHH-
gyeckoe JBIKeHne. OCHOBHBIC YPABHEHHMS ISl TOBEPXHOC-
TH pasnena a3 UMEIoT BHI:

1) ypaBHEHHE TeTIONEpeIayun:

x;}%r £, R(t) - 0] - xggr 7. R(t) + 0] +
+1,AH , +1,AH, =0; (5)
2) ypaBHEHHs] MacCONIEPEHOCAa KOMIOHEHTOB (has3:
pS D’ %ci [t, R(t) - 0] + c;;[t, R(t)] x
x (I +15)—1;=0; (©)
p,DLaicﬁ It R(0) + 0] + L [1, R(1)] x
x(I+15)—1y=0; (N
3) ycrioBusi paBHOBECHSI:
¢z =0 [T(t. R0)]: ©
¢y =0 [T, R())];
4) ypaBHEHHE POCTA YAaCTHIIBI TBEPAOH (a3bl:
o) ©)

rne AH,, AH, — ynenbHble SHTANBIUH TIEPEX0ia KOMIIO-
HEHTOB A, B w3 TBepaol (asbl B kuakyw; /,, I, — macco-
BbIE CKOPOCTH IEPEXOJ0B KOMIIOHEHTOB W3 UAKON (ha3bl
B TBEP/YIO B pacuere Ha €AWHHMILY [UIOLIAAN TOBEPXHOCTH
pasnena as.

OTH BEMYMHBI OMPEEISFOT POCT YACTHIIBI U 3apaHee
HensBeCTHBI. OHU JIOJKHBI OMPE/ISISITHCS PEIICHUEM JTOM
cucremsl ypapaeruit. @yukuuu ¢5(7), ¢F(T) onpenensror-
s U3 TUarpaMMbl COCTOSIHUSI PACCMATPUBAEMOMN CHCTEMBI.

[ MeTOA PELIEHUSA

I'pannma paszgena a3 L u S sBasiercst IBIKYIIEHCS, 4TO
JIETIaeT PEeIICHNE CUCTEMbl YPaBHCHHU KpaifHe TSHKEIION 3a-
naueit. UtoObI mM30€KaTh HTOro, OBLI MCIOJB30BAH METOI
BhINpsimiieHust ppoHToB [14]. [lanee ObUT MPUMEHEH METOJ
KOHEYHBIX pa3HocTel [15 — 17]: mocTpoeHa nBymepHas cet-
Ka ¥ BCC YpaBHEHUSI 3aITUCHIBAJIN B Pa3HOCTHOH (hopme. brur
pa3paboTaH alrOpUTM PELICHUS MOITYYCHHOH Pa3sHOCTHOMN
3a7aud W COCTaBJIICHAa KOMITBIOTEPHAs MpOrpamMma, MO3BO-
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JISOIIAsi PACCUUTHIBATH COCTOSTHHE CHUCTEMBI B JIFOOOW MO-
MEHT BPEMEHH U BBIBOJISIIAST COOTBETCTBYIOLIHE TPAPHKH.

I NPUMEP PACHETA

IIpuBeneM HCXOAHbIE JTaHHbIE U PE3yabTaThl pacyera
pocTa yacTunbl TBepAoi ¢a3sl B cucteme Sn—Bi. Mcxon-
HbI€ AJIsl pacyeTa AaHHbIC MOAOUPANIM CIEAYOIUM 00pa-
30M.

[To muarpamme (puc. 2) HAIIH KOOPJMHATHI TOYEK A ,
A,, E, A,, E_ , NEpeBen MOIbHbBIE TIPOLEHTBI B MACCOBBIE
JIOJIH, alMpOKCUMHUPOBAIN ITU IUHUM KBAPAaTUYHbIMU 3a-
BHUCHMOCTSIMH U TIOJTYUHJIH CIIEAYIOIIee:

¢S =8,86967-107 7% —2,623-10°T +0,560578:;
ct=-5,63874-10°T% +1,47735-107T — 0,39361.

Pacuer npoBonunm asis pacriaBa ¢ MaccoBOW Jloyied
Bucmyta 20 % (c, = 0,2). Temneparypsl nuksuayca I, u
conupayca T, S TaKO! CHCTEMbI paBHBI COOTBETCTBEHHO 212.4
u 144,5 °C.

Ucnonp3oBanu crnenyromue (HU3NISCKUE XapaKTEepHC-
TUKH (Yepe3 KOCYIO 3aliCaHbl 3HAYCHUS JIJIsl OJI0BA M BHC-
MyTa; AH — yaenbHasi TeIUIOTa IJIABJICHUS) KOMIIOHEHTOB
cucrtemsr [ 18 — 22]:

AH, lx/kr =59 000/-11 300
s, Jlx/(xr-K) 243/127
cp, Jlx/(xkr-K) 240/140
pS, xkr/m? 7280/9800
pt, kr/m? 6850/10 300
A5, Br/(m-K) 65,80/8,37
AL, Br/(m-K) 31,60/14,65
Kospduuuenter auddy3un KOMIOHEHTHI BHCMYTa

B xuakon D" u tBepaoit DS dazax Gbutr npuHATH [23, 24]
1-10° 1 1-107% m%/c.

300
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&
g
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)
1 1 1 1 1 1 1 1 1
0 10 20
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Sn Bi, % (Moub) Bi

Puc. 2. [lnarpamma paBHOBecus cuctembl Sn — Bi

Fig. 2. Equilibrium state diagram of Sn — Bi system

Paguyc Bceil cucTembl IPUHSUIM, MCXOIS U3 IpUMEP-
HOTO O0BEMa pacIuiaBa, MPHUXOMAIIICIOCS Ha ONHO 3ep-
HO R =10 MKM, MCXOIHBIA pa3Mep TBEPHOW YaCTHIIbI
R, =10 aM. CyuTany, 4To B HayaJbHLIA MOMEHT BCS CHC-
TeMa HAaXOJIUTCsI [IPH OJIHOM U TOi xe Temrnieparype 7, =T,
COCTaB XHJIKOW M TBEpAOH (pa3 Besie OIMHAKOB M PaBEH Co-

IIpuBenem pesynbrarsl pacyera AJis Cllydasi, Korna Ie-
pUbEpHIo CUCTEMBI OXJIAX AT cO ckopocThio 10 °C/MuH.

[ PE3YNLTATbI PACHETA

Ha puc. 3 npuBeneHsl pe3yabraTbl pacyeTa U3MEHEHUs
paamnyca pacTyiei 4acTHIIbI TBEPIOW (a3bl CO BpEMEHEM.

PocT yacTuLbl TPOUCXOAUT OUYEHBb OBICTPO. Yke uepe3
0,02 ¢ obvem TBepaoit daszer cocraBmser 50,3 % wmacchl
Bceil cucteMsl. Jlanee ee poCcT HECKOJIBKO 3aMEAJIIeTCs, HO
gepe3 5 MHUH OH cocTaBisIeT yxe 84,6 % oT oObema BbIie-
JICHHOM JUIsl Hee STYEHKH.

PesynbraThl pacueToB Moka3aiu, 4To TeMIIEpaTyphl pac-
TyLIEH 4acTULBl U €€ KUJIKOTO OKPY)KEHHs! MPAKTUYECKU
MOMEHTAJIEHO BBIPABHUBAIOTCS 110 CCUYCHHIO U JaJiee COB-
Ma/Ial0T ¢ BHELIHEH TeMnepaTypoil cuctemsl. Takxke ObICT-
PO MPOUCXOAUT BhIPABHUBAHUE COCTABA KUAKOH (asbl.

B T0 € Bpems BRIpaBHUBAHUSI COCTaBa TBEPHOH (a3bl
3a 0003puMoOe BpeMsl He npoucxoaut. Ha puc. 4 npusene-
HBbl pe3y/lbTaTbl pacyera paclpenesieHus] KOHUEHTpaLUH
BHCMYTa IO CEYCHHIO PACTYIICH YaCTUIBL. DTO OOBSCHS-

1 E

10

10 F

R, mxm

2 1 1 1 1
10° =5 6 —4 2 0 2 4

10 10 10 10 10 10 10

Puc. 3. Pocr paauyca qacTuibl TBepao ¢assl

Fig. 3. Growth of radius of the solid phase particle

11,0
10,5
10,0 -
9,6 -
9,0 -
85 -
8,0 -
7,5
7’0 T T T T 1 1 1 1

c, %

7, MKM

Puc. 4. PacnipenienieHre KOHIEHTPAMK BHCMYTA 10 CEYCHUIO TBEPIOH
(asbr uepe3 100 ¢

Fig. 4. Distribution of Bi concentration over the solid phase cross
section after 100 s
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eTcs TeM, uTo KoddduuueHt nuddysun B TBepaoi dase Ha
HECKOJIbKO TIOPSIIKOB MeHbIe Kodd¢unuenra auddysuu
B )KHJIKOH (ase.

- BbiBOAbI

[IpoBeneHsl pacueTsl Al MHKPOOOBEMOB pacCILIaBa,
OKPY’KalOIIMX pacTyIlne 4acTUIbl TBepaoil ¢asbl. Llensio
pacdeToB ObUIO BBISBICHHE BO3MOXHBIX HEOTHOPOAHOCTEH
B PACHpE/ICNIEHUH TEMIIEPaTypbl U COCTABA B MPOLECCE OX-
JaXACHUS MeTaia. BelpaBHUBaHIE TeMIepaTyphl TIPONC-
XOJUT NPAaKTUYECKH MTHOBEHHO, a BHIPABHUBAHKE COCTaBa
KHUIKOH (ha3pl 3HAYUTENBFHO MemieHHee. OTHaKO BBIPaBHU-
BaHHUS cocTaBa TBep/iod (asbl B 0003prMOe BpeMsi IpaKTH-
YeCKH He poncxonuT. st 6osee TOUHOTO N3YUICHHUS ITOTO
mpoiecca HeoOXoauMo Oosiee TOUYHOE 3HAHWE KOIPQHIHU-
eHTOB TU((y3HH KOMIIOHEHTOB CHCTEMBI B KHJKOH 1 0CO-
OeHHO B TBEp/bIX (a3ax. 3HAYUTEIHHO YIYUIIHIO OBl TOU-
HOCTB 3HaHHE 3aBHCUMOCTH KodddurpentoB nuddysmun ot
TemmnepaTypbl. OfHAKO TaKUe JaHHbIE B UMEIOLIEHCs Ha ce-
TOMHSIIHUN I€Hb JIUTEpaType MPaKTHICCKH OTCYTCTBYIOT.

PacueTsl nokasanu, 4To ONpeelsiollee 3HaUeHUE B Xa-
paxTepe MPOTEKaHHsI IMPOIIECCOB TEIIO- M MACCOMEepeHoca
urpaer Temreparypa OKpy:Karolleil cucteMy cpefbl U 3a-
KOH ee m3MeHeHus. [Ipu KpucTamm3aliy peasbHOTro CINT-
Ka B M3JI0KHUIIE WU B yCTAHOBKE HENPEPBIBHOM PA3IUBKHY,
B PA3MUYHBIX MUKPOOOBEMAX, HA PA3THMYHOM YAAJICHUU OT
KpacB CJIMTKA XapaKTep CHIDKCHUS TeMIeparypsl Oyner
pasnmuuneM. [lo paznuunomy OyaeT mpoTekaTh W paccMa-
TPUBAaEMBIH TPOIECC B COOTBETCTBYIOIIMX MHKPOOObe-
Max. B panpHeiiemM niaaHupyeTcsl pacCMOTPETh CUCTEMBL
¢ OOMBILIMM YHCIIOM KOMIOHEHTOB U YUYE€CTbh Cllydau Orpa-
HUYEHHOM pacTBOPUMOCTH WM ITOJHON HEPACTBOPUMOCTH
HEKOTOPBIX KOMIIOHEHTOB B TBEpZOH (ase.
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APPLICATION OF EQUILIBRIUM PHASE DIAGRAMS FOR CALCULATION
OF SEGREGATION KINETICS DURING TWO-COMPONENT MELT COOLING

A.D. Drozin, E.Yu. Kurkina
South Ural State University, Chelyabinsk, Russia

Abstract. According to the equilibrium state diagrams, when the melt is
cooled to a certain temperature below liquidus, compositions of liquid
and solid phases are uniquely determined by corresponding curves in
the diagram. However, it does not happen in reality. For equilibrium
(which the diagram describes), it is necessary that the melt is main-
tained indefinitely at each temperature, or thermal conductivity of liqu-
id and solid phases, and the diffusion coefficients of their components,
are infinitely large. We made an attempt to find out how these process-
es occur in reality. In this work, we consider the growth of individual
crystal during cooling of a two-component melt. Mathematical model
is constructed based on the following. 1. The melt area with volume
corresponding to one grain, the periphery of which is cooled according
to a certain law, is considered. 2. At the initial instant of time, a crystal
nucleus of a certain minimum size is in the liquid. 3. At the surface of
crystal, compositions of liquid and solid phases correspond to equilib-
rium state diagram at a given temperature on its surface. 4. Changes
in temperature and composition in liquid and solid phases occur ac-
cording to the laws of heat conduction and diffusion, respectively. As
the melt gets cold and the crystal grows, the liquid phase is enriched
in one component and depleted in another, the solid phase — on the
contrary. Since the diffusion coefficients of the components in the solid
phase are small, the composition of the crystal does not have time to
completely equalize its cross section. The model proposed in the work
allows us to study this phenomenon, to calculate for each cooling mode
how the composition of the crystal will vary over its cross section.
The calculations have shown that the temperature equalization occurs
almost instantly, and composition of the liquid phase equalizes much
slower. Equalization of the solid phase composition does not occur in
the foreseeable time. The results of the work will help to improve tech-
nology of generation of alloys with an optimal structure.

Keywords: state diagram, local equilibrium, segregation, crystal growth,

phase transition, mathematical model, diffusion, thermal conducti-
vity.

DOI: 10.17073/0368-0797-2020-2-129-134
REFERENCES

1.  Tourret D., Gandin Ch. A generalized segregation model for concur-
rent dendritic, peritectic and eutectic solidification. Acta Materialia.
2009, vol. 57, no. 7, pp. 2066-2079.

2. Ferrandini P.L., Rios C.T., Dutra A.T., Jaime M.A., Mei P.R., Ca-
ram R. Solute segregation and microstructure of directionally solidi-
fied austenitic stainless steel. Materials Science and Engineering A.
2006, vol. 435-436, pp. 139-144.

3. Bellmann M.P,, Meese E.A., Arnberg L. Impurity segregation in
directional solidified multi-crystalline silicon. Journal of Crystal
Growth. 2010, vol. 312, no. 21, pp. 3091-3095.

4.  Steiner M.A., Garlea E., Agnew S.R. Modeling solute segregation
during the solidification of g-phase U-Mo. Journal of Nuclear Ma-
terials. 2016, vol. 474, pp. 105-112.

5. Gong L., Chen B., Du Zh., Zhang M., Liu R., Liu K. Investigation
of solidification and segregation characteristics of cast Ni-base su-
peralloy K417G. Journal of Materials Science & Technology. 2018,
vol. 34, no. 3, pp. 541-550.

6.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Gao Zh., Jie W., Liu Yo, Luo H. Solidification modelling for cou-
pling prediction of porosity and segregation. Acta Materialia. 2017,
vol. 127, pp. 277-286.

Chatelain M., Botton V., Albaric M., Pelletier D., Cariteau B.,
Abdo D., Borrelli M. Mechanical stirring influence on solute seg-
regation during plane front directional solidification. /nternational
Journal of Thermal Sciences. 2018, vol. 126, pp. 252-262.

Hou Z., Guo D., Cao J., Chang Yi. A method based on the centroid
of segregation points: A Voronoi polygon application to solidifica-
tion of alloys. Journal of Alloys and Compounds. 2018, vol. 762,
pp- 508-519.

Lianga J., Zhaoa Zh., Tanga D., Yeb N., Yangc Sh. Improved mi-
crostructural homogeneity and mechanical property of medium
manganese steel with Mn segregation banding by alternating lath.
Materials Science & Engineering A. 2018, vol. 711, pp. 175-181.
Martinsen F.A. Purification of melt-spun metallurgical grade silicon
micro-flakes through a multi-step segregation procedure. Journal of
Crystal Growth. 2013, vol. 363, pp. 33-39.

Robson J.D. Analytical electron microscopy of grain boundary seg-
regation: Application to Al-Zn-Mg—Cu (7xxx) alloys. Materials
Characterization. 2019, vol. 154, pp. 325-334.

Li J., Guo Zh. Thermodynamic evaluation of segregation behaviors
of metallic impurities in metallurgical grade silicon during Al-Si
solvent refining process. Journal of Crystal Growth. 2014, vol. 394,
pp. 18-23.

Drozin A.D. Rost mikrochastits produktov khimicheskikh reaktsii v
zhidkom rastvore [Growth of chemical reaction products micropar-
ticles in a liquid solution]. Chelyabinsk: izd. YuUrGU, 2007, 57 p.
(In Russ.).

Budak B.M., Gol’dman N.L., Uspenskii A.B. Difference scheme
with front straightening for solving multi-front problems of the Ste-
fan’s type. Doklady AN SSSR. 1966, vol. 167, no. 4, pp. 735-738.
(In Russ.).

Tikhonov A.N., Samarskii A.A. Uravneniya matematicheskoi fiziki
[Equations of mathematical physics]. Moscow: Nauka, 1972, 736 p.
(In Russ.).

Samarskii A.A. Teoriya raznostnykh skhem [Theory of difference
schemes]. Moscow: Nauka, 1977, 656 p. (In Russ.).

Samarskii A.A., Nikolaev E.S. Metody resheniya setochnykh
uravnenii [Methods for grid equations solving]. Moscow: Nauka,
1978, 592 p. (In Russ.).

Lyakishev N.P. ed. Diagrammy sostoyaniya dvoinykh metalli-
cheskikh sistem: Spravochnik [State diagrams of double metal sys-
tems: Reference book. Vol. 1]. Lyakishev N.P. ed. Moscow: Mashi-
nostroenie, 1996, 992 p. (In Russ.).

Zakharov A.M. Diagrammy sostoyaniya dvoinykh i troinykh sistem
[State diagrams of binary and ternary systems]. Moscow: Metallur-
giya, 1990, 250 p. (In Russ.).

Petrunin LE. ed. Spravochnik po paike [Soldering reference]. Pe-
trunin [LE. ed. Moscow: Mashinostroenie, 2003, 480 p. (In Russ.).
Fizicheskie velichiny. Spravochnik [Physical quantities. Reference
book]. Grigor’ev I.S., Meilikhov E.Z. eds. Moscow: Energoatomiz-
dat, 1991, 1250 p. (In Russ.).

Rabinovich V.A., Khavin Z.Ya. Kratkii khimicheskii spravochnik
[Brief chemical reference]. Leningrad: Khimiya, 1978, 392 p. (In
Russ.).

Khairulin R.A., Stankus S.V., Abdullaev R.N., Sklyarchuk V.M.
The density and interdiffusion coefficients of bismuth-tin melts of

133



M3BECTHUS BBICIIUX YUYEBHBIX 3ABEAEHUIN. YEPHASL METAJJIYPrus. 2020. Tom 63. Ne 2

eutectic and near-eutectic composition. High Temperature. 2010,  Information about the authors:
vol. 48, no. 2, pp. 188-191.

A.D. Drozin, Dr. Sci. (Eng.), P, the Chair of P tallurgi-
24. Makhniy V.P., Protopopov E.V., Skripnik N.V. Mechanism of tin rozin, Dr: Sci. (Eng.), Professor of the Chair of Pyrometallurgi

cal Processes (drozinad@gmail.com)

diffusion in ZnTe single crystals. Inorganic Materials. 2011, vol. 47, E.Yu. Kurkina, Deputy Director of the Honor Education Center
no. 9, pp. 945-946. (eykurkina@mail.ru)
Funding. The work was financially supported by the Ministry of Science Received October 23, 2019
and Higher Education of the Russian Federation according to basic Revised November 21, 2019
part of the state assignment TDA 8.9692.2017 / 8.9 dated 02.17.2017. Accepted November 22, 2019

134



