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MOJEJIb KOHKUYPF‘JJHHIi PA3 TA I[I/IQYE%IEII:II/IX HJIAXIB
IMPU PEAKIIIMHIN NP Y3II B IIOTPIMHIN CUCTEMI

YV pobomi odocniodiceno roukypenyilo ¢gaz i eubip oughysitino2o wnaxy nio uac
peaxyiinoi ougysii 6 moodenvuiti nompitiniu cucmemi A — B — C. Mooeniosanus 6uKOHaHO
080Ma MemMoOamu. CmoxXacmudHuM KiHemudHuM cepeonbonoavosum (Stochastic Kinetic Mean-
Field, SKMF) ma memooom Moume-Kapno. Po3zenanymo 0808uMipHuti MOOeIbHUL ChIA8 HA
ocnosi nrowunu (001) I'IJK-tpamku 3 ypaxysaHusam MIDCAMOMHUX 63AEMOOLI Yy neputill ma
opyeiii koopounayitinux cgpepax. Iloxazano, wo nOEOHAHHS 80 EMHUX eHep2ill 3MIUYBAHHS 8
nepwiti cghepi ma dooamuux — y Opyeiu 0ae 3mo2y 8iomeopumu hazosy diazpamy 3 maudxice
cmexiomempuyHumy  8nopsaokosanumu pasamu muny AB i AC. [Jocnidsceno ennus
CnisgiOHOWeH ST eHepeiil 63aEMo0ii ma nowamkosoeo ckiady cnaagy B(x)|C(1 —x) na
Mopgonozito peakyitinoi 30nu ma eudip oughyzitino2o wnaxy. Becmanoesneno, wo 3a neenux
VMO8 cucmema YHUKAE YMBOPEHH CHPABICHLbOI 060¢ha3HOi 30HU 1 peanizye nociiodogHe
yepeyeanus Gasz, mooi K NoOIU3Y eKGIAMOMHUX CKAA0I8 popmyembes 08ogazna odracme.
Topienanns pezynomamie SKMF-mooenoeanns ma mooenrogants memooom Moume-Kapno
CBIOUUMb NPO 3a2aNbHY SAKICHY Y3200CEHICMb, ale MAKONC 6UABNAE CYMMEBUL BNIUB
JIOKANbHUX KOHYEHMPAayiuHux ¢hrykmyayiti Ha Mopgpono2ito peakyiliHoi 30Hu.

JIOYOBI cjoBa: peakuiHa audysisg, OOTPIHHI cucTeMH, AUGYIIMHAN [UISX
Karoudosi ciaoBa , s ,
koHKypeHuis pa3, SKMF-meron, Mounrte-Kapio, mopdosoris audys3iitHoi 30HU.

1. Beryn

dazoBuil ckiag 30HU audysii mia yac peakiiiiHoi augysii B 0araToOKOMIOHEHTHHUX
CHUCTEMax JIOCUTh CKJIAJHO TepeAdaunTh TOpiBHSHO 3 OiHapHMMHM cucteMamu. [lim dac
peakuiitHol qudy3ii B GiHapHill HeckiHueHHIN audy3iiiHiil napi Oynp-ska ¢asa, nependaueHa
PIBHOB)KHOIO JlarpaMoi0 CTaHIB, Ma€ paHO YH MI3HO 3 SBUTHCS, XO04Y OM SK JJOBrO BOHA HE
IpUrHivyBajgacs pocToM iHmux ¢a3 [1-4]. Y notpiiiniil un 6araToKOMIOHEHTHIN cUCcTeMi caM
BUOIp nudy3iitHOro NuIsaxy (pi3HUN MIIAX — Pi3HI (Pa3n) 4acTo 3aTUIIAECTHCS HEBU3HAYCHUM,
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TOXX MHU 3a3JaJIeTiIb HE MOXXEMO CKa3aTH, ki a3y 3’sBIATbCA, a ki Hi. TouHime Kaxyuw,
dazoBuil CKJaj] 3aJCKHUTh BiJl MOYATKOBOTO CKJIamay audysiiiHol mapw Ta Bijg BHOpaHOTO
cucTeMoro nu(y3iiHOro nuUIAXy. 30UIbIICHHS KUTBKOCTI KOMITOHEHTIB, 110 OepyTh y4yacTb y
nudy3ii, TPU3BOIUTH 0 301IBIICHHS KUIBKOCTI MOKIMBHUX pexuMiB [1, 3, 5—11]. IIpu npomy
cnexTp a3, axi GopMyIOThCS 1 pOCTYTh y AU y3iiiHii 30H1, 3aN€KNUTh BiJ BUOOPY Audy3iiiHOTO
nusixy. A BuOip nudy3iifHOTO NUIAXY BH3HAYAETHCS HE JIMIIE MOYATKOBHMMH YMOBaMH, a U
0COOJMBOCTSIMH 3apO/DKEHHS (a3 1 KOHKYpeHILIi pi3HHX MeXaHi3MiB 3apo/ukeHHs. Taka
HEOJJHO3HAYHICTh  3aJIMINAE€ThCS HEMPOTHO30BaHOK W goci. Hampukman, mig —dac
NPOTHO3YBaHHS peakuiiHoi nudysii B audysiiHiit mapi A — BC cucteMu 3 i30TEpMIYHUM
nepepizoM ¢a3oBoi miarpamu Ha Puc. 1 [1, 5],

Co

= 1250 °C

Mo Fe

A 7T °
Ci €1 Cwr

(@) (b)

Puc. 1. MonenbHa niarpama ctaty (a) Ta ii MoxiuBa peainizauis (b).
Fig. 1. Model phase diagram (a) and its possible realization (b).

TeopetnuHo MOKHa YySBUTH CcOO1 HE MEHILIE HIDXK I 'ATh PI3HUX THUIIB AUPY31HHHX
IUTSAXIB 1 BiAMOBIIHO pi3HKUX Mopdosoriit (Puc. 2):

letIIZ kmtlfﬁ
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Puc. 2. Moxnusi qudy3iiHi IUIsIXu B3aeMHOT 1udy3ii Ta MOpdoaorii
($ha30yTBOpPEHHSI.
Fig. 2. Possible interdiffusion paths and phase formation morphologies.

VY cratTi [5] Oyno mpoaHani3oBaHO BCI MOXKIMBOCTI Ha CTajii mapaboiiyHOTO POCTY
(HeXTyIO0UM KOHKYPEHIIIEIO Ha CTafli 3apokeHHs (a3) 1 0ysio mokazaHo, Mo 001acTi «(Hi3udHO
PO3YMHHUX» peXHUMiB (TOOTO 3 (Hi3MYHO OMYCTUMHUMH 3HAYCHHSIMH KOHIIEHTpalid Ta
HIBUAKOCTSMHU POCTY) NepeTuHaroThes (overlap).
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2. Moaeianb

3a yac, 110 MUHYB IICJIs BUXOAY CTaTTi [5], apceHan MeToiB MOIEIIOBaHHS CKIIQIHUX
CHCTEM 3HAa4yHO 30araTHBCsS. 30KpeMma, CIUIBHO 3 YrOpChKMMH KOJIETAaMH HaM BAAJOCS
PO3BHHYTH HOBHH, Tak 3BaHUH MeTo[ Stochastic Kinetic Mean-Field (SKMF), i 3actocyBatu
fioro, 30kpema, i A0 mporeciB peakuiinoi audysii [12—17]. ¥V uiit po6oTi MU cTaBUMO Tmepen
coboro ocuTh cKkpomHe 3aBrnaHHs — (1) mapanenbHo (Metomamu SKMF Ta Monte Carlo)
3MOJIETIIOBATH MOTPiiiHYy cHcTeMy 3 MOMIOHOI0 (ha30BOIO JiarpaMoro i MOAWBUTHUCS, K BHOIp
KOHIICHTpaIlii, TeMIepaTyp Ta €HEeprii MIKaTOMHOI B3a€MOJii MOK€ BIUIMHYTH Ha BHOIp
Iudy3iifHOro nUIsixy, Mopdosorito audy3iiHoi 30HM Ta KOHKYPEHIIII0 BIOPSAKOBaHUX (a3.
30kpema, 3a7aHHSI B3a€MOJIN HE JIMIIEe B MEPIINi, a ¥ y JIpyrid KOOpAMHAIINHUX cdepax
30araqyye CIEeKTp MOMIJIMBOCTEH ONMUCY pi3HOMaHITHUX (a3oBux miarpam. KpiMm Toro, 3amaHHs
B1JI’€MHUX €HEpriil 3MilTyBaHHs B NepIiil cdepi Ta JOAaTHUX CHEPrid 3MINTyBaHHS Y APYTii
cdepi mae 3Mory onmucyBaTH (as3oBi Jiarpamu 3 yHOPSJIKOBAaHMMHU MPOMIKHUMH (a3amu i
BY3bKMMH KOHIIEHTpaiiHuMU iHTepBasiamMu [15, 17]. Tyt Mu Moaemtoemo, sl 3MEHIIICHHS
BUTPAT MAIIMHHOTO YacCy, JBOBHMIPHUI MOTpiiHMiA cruiaB (¢paxktuuno me miommaa (001)
['IK-rpaTku) 13 TaKUMU €HEPTisIMU B3aEMOJII1 y TepIIii 1 APyrii KoopauHaliiiHux cdepax (B
onuanusx kT) i3 1Boma HabOpaMu mapameTpiB:

Habip 1. (Cumerpuunuii — napamerpu B3aemoii AB 1 AC 30iratotbces).

Eqa1 = Epp1 = Ecc1 = 0, Eqaz = Epp2 = Eccz = 0,
Eup1/kT = —0.5,E,4.1/kT = —0.5,E1 /kT = +0.75,
Eqp2/kT = +0.75,E ;.5 /kT = +0.75, E, ., /kT = +0.75.

Hab6ip 2. (binpma enepreTidHa BHTIAHICTH ymopsakoBaHoi (asu AC mopiBHSHO 3
yIOPAAKOBaHOIO (a3oro AB).

Eqa1 = Epp1 = Eccr = 0, Eqaz = Eppz = Ecca = 0,
Eup1/kT = —0.5,E,4.1/kT = —0.75,Ep1 /kT = +1.5,
Eqp2/kT = +0.75,E ;.5 /kT = +0.75, E, ., /kT = +0.75.

Mu MozenoeMo aTOMHY MIrpaiito (po3naj, YIopsIKyBaHHS Ta B3aEMHY AUPY3ii0) y
takiii cucremi nBoma Metomamu — SKMF [12-15] i Monre-Kapno. B 060x meromax mu
00MeXyeMocCsl TYyT HaOIMKEHHSIM NpSAMUX OOMIHIB aTOMIB pi3HUX copTiB. Lle mo36asisie Hac
HEOOX1THOCTI MOJICNIIOBATH B SIBHOMY BHIJISI/II BaKaHCIMHI MOTOKU, TEHEPAI0 Ta aHITUIALIO
BakaHcii, 3cyB KipkeHnnanna.

VY mexax merony SKMF (Stochastic Kinetic Mean Field) eBonrorisi aromMHOi cucteMu
OTMHUCYETHCSI HE Yepe3 AUCKPETHE MOJIOKEeHHs aToMiB (kK y Meroai Monte-Kapro), a yepes
4acoBY 3aJIEKHICTh IMOBIPHOCTI 3alIOBHEHHSI KOKHOTO BY3Jla KPUCTAJIIYHOI TPATKU aTOMaMu
MeBHOro copTy. st moTpiiHOI cucTeMH, IO CKJIaJaeThbes 3 KOMIOHEHTIB A, B ta C, Mu
BBOJIMIMO JIJIsl KOXKHOTO By3J1a i KpHCTaIiuHOi rpatku criaBy 3minHi C4 (i, t), Cg (i, t) Ta Co (i, t),
K1 BiJJ0OOpaxaroTh IMOBIPHICTb NepeOyBaHHS aTOMa BiANOBIAHOTO COPTY Y BY3Ji i B MOMEHT
yacy t. OCKITBKM B KOXXHOMY BY3Jli OOOB’S3KOBO MICTHUTBCS aTOM OJHOTO 3 COPTIB,
BUKOHYETbCS YMOBA HOPMYBaHHS:

C,)+Cg(D)+Cc(i) =1

(3a3HaunMo, 110 TMO3HAYEHHS By3Ja [ HACMpaBAl BIJNOBIAE TPHOM IHIAEKCAM Y
TPUBHUMIPHIH I'paTIii 1 1BOM iHAEKCaM y JBOBUMIPHIM Ipatiii.)

Jlunamika TIEpepO3MOJUTY KOMIIOHEHTIB (Mirpailisi, BIOPSAKYBaHHS, PO3Maa)
OIUCY€ETHCSI CUCTEMOIO IMOB’SI3aHUX HENIHIHHUX Iu(epeHIiabHUX PIBHAHb. Y HaOJIMXKEeHHI
npsiMUX OOMIHIB 3MiHA KOHLIEHTpalii y By3:i [ BiIOYBa€eThCS 32 PaXyHOK OOMIHY MICISIMU 3
aTomMamMH y cycigHix By3nax in. (KiapkicTh HalOMMK4YMX BY3JIB Z; y HAIIOMY BHIIAAKY
nopiBHioe 4). IlIBuakicTe 3MiHM 1MOBIpHOCTI TnepeOyBaHHS aToma copry B y By3m I
BU3HAYAETHCS 0AJIAaHCOM MOTOKIB BXOJLy Ta BUXOJLY:
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. Z1
dCp (i) _ Z[](B) _](B)
ot - in—i i»in
Po3kprBaroun MOTOKM Yepe3 MapHi 0OMiHM 3 aToMaMH copTiB A Ta C, OTpUMY€EMO:

Z
9Cs (1) _

T Cp(in)Cy(DIpa(in = i) — Cp(i)Cy(in)Ip4(i = in)

in Mpuxig B(06MiH B <A;) Buxizn B(06MiH B;<Ain)

+ Cp(in) Cc (DI (in — i) — Cp(DCe(in) e (i — in)
Mpuxig B(06MiH Bj, <Cj) Buxig B(o6miH B;<Cip)
AHanorque PIBHSIHHS 3aITUCYETHCS JUIsI KOMITOHEHTA C':

aC
o) Z{ccon)cA(z)rman = 1) = Co(DCA el = i) + Celim)Cp (DIep (in = D

— Cc(DCp(in)Iep(i — in)}

Pigustaust aust kommonenTa A (dCy (i) /dt) moxxe Oyt OTpUMaHe 3 YMOBH HOPMYBAHHS
a00 3amucaHe CUMETPUYHO 10 HABEACHUX BUILE, BpaxoBytoun ooMiHn A < BrtaAd < C.

Tyt iHgekc in npobirae Bci HAWOMMOKYl CycimHi By3iu By3na i. KokeH mogaHOK y
birypHux Qykkax € J0OYyTKOM IMOBipHOCTeH mnepeOyBaHHsS BIANOBIIHUX aTOMIB Yy By3Jlax
(HaOJIMKEHHS CEPETHBOTO TOJIS) TA YACTOTH iX 0OMiHYy .

IMOBipHICTh eleMeHTapHOTro aKkTy OOMiHy (4acTrora mepexomy) I” MK aTomMamH B
CYCIIHIX By3/1aX BH3HAYA€ThCS TEPMOAKTHBOBAaHMM 3aKOHOM Appeniyca. s mpsimoro
00MiHy, HaNpHUKIIA, Mi’K aTOMOM B y By311i i Ta arToMOM A y By311i in, 4acToTa Ma€ BUTIIS:

ES —E, ..
Ipa(i = in) = I, exp <_ —lmtlal>

kgT
ae:
o [, — gactoTa crpo0;
. kp — crana bonsimana, T — aOCcoIOTHA TEMITEpaTypa;
o ES — eHepris CUCTEMH Y «Ci/UTOBIH TOUIi» (aKTMBOBAHOMY CTaHi), KOJIU aTOMH

nepedyBaloTh y MPOMIKHOMY TOJIOXKEHH] I yac cTpubka. Y miit moxeni ES BBaxkaeTbcs
MOCTIMHUM MapaMeTpoOM;
. Einitial — cyMapHa KoH(IrypailiiiHa eHepris rnapu aTomiB J0 CTpUOKa.
[TincTaBnsrouu BUpa3u AJis €HEprii, oTpuMyemMo podoui hopMyIu I 4acToT:

Iga(i > in) = L exp <— — (D) + EA(in)))

kgT

s ¢opmyna BinoOpakae QI3UWYHUM NPUHLIMIL YUM BHINA EHEPris aTOMIB Yy
NIOYaTKOBOMY CTaHi (E s(0)) +E A(in)), TUM MEHIIMM € €HepreTHYHHi Oap’ep Iyt cTprOKa i
TUM IMOBIPHILIMM € OOMiH. AHaJIOT14HI BUPA3H 3anucyoThes 1t nap B — C ta C — A.

KitouoBoro ocobmnusictio Merony SKMF € cnoci6 po3paxyHKy KOHQIrypauiiHoi
eneprii atroma E, (i) (ne @ € {4, B, C}). EHeprist po3paxoByeThCsI sIK CyMa MapHUX B3a€MOIiil
aToMa y By3dl [ 3 Horo oroueHHSM. OCKIJIBKM OTOYEHHS OMHCYETHCS HE JUCKPETHUMHU
atoMamH, a TOJIAMU HMOBIPHOCTEHN (KOHIIEHTpAIllH), eHepris 3alexuTh Bix posmoxainy Cg y
nepiii (inl) Ta npyrii (in2) KoopAMHALIHHUX cepax.

Enepris atoma copty A y By3i i:

EA(i)=Z Z CB(in1)¢(1)+z Z Cp(in2) 02

inl B=AB,C in2 f=A,B,C
ae:
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(€Y)] 2 . .. e .
. @, g Ta o, ;5 — TOTCHIIIANN IapHOi B3aEMOIT MiXK aTOMaMH COpTiB A Tta f Ha
BIJICTAHSX IMEPIIMNX 1 APYTUX CYCiiB BIAMOBIIHO;

Zy

z . . ,
o CyMyBaHHS ;' _ Ta )72, HPOBOAMTHCA IO BCiX By3Jax MepHIOi Ta APYroi
KOOpIUHALIIHHUX chep.

AHaNoriyHo aus aroma copty B:

Z
Eg(i) = Z(CA(im)@jy + Cp(in1)Dfy + Ce(in) Dy
inl
Z3
+ Z(CA(inZ)q)j? + Cp(in2) Ly + Cc(in2) 7))
in2
Ta nns aroma copty C:
Z
Ec(i) = z(cA(im)(pj? + C(in1)dSE + Cc(in) D )
inl
Z3
+ Z(CA(inZ)cp&) + Cp(iIn2) ) + Cc(in2)dP)
in2

Bupasu must emepriii cycignix aromiB (Hampukian, E,(in)) MaoTh igeHTHUHY
CTPYKTYpY, ajie LIEHTPYBAaHHS KOOpAUHAIIIIHUX cdep Bi10OyBaeThCs BiIHOCHO By3Ja Iin.

OckibKM pe3yabTaToM IUQy3ii B HAIIUX MOJAENX €, 30KpEMa, YTBOPEHHSI TPOMIKHUX
ynopsinkoBanux ¢a3z AB 1 AC maibke CTEXiOMETPUYHOTO CKJIaAy, MH, KpiM BHU3HAYCHHS
HMOBIpHOCTEH 3alHATTA MEBHUM COPTOM KOXXHOTO BY3Jla, INPUIUCYEMO TaKOX CEPEIHIO
KOHIICHTPALIIF0 KOKHOTO eJIEMEHTa KOXKHOMY BY3JIy 1 BU3HAYAEMO IIF0 CEPEAHIO KOHIICHTPALII0
B pe3yJbTaTi YCEpPEeTHEHHS MO KJacTepy i3 I’ STH By3diB (IIEHTPAIBHOTO 1 YOTUPHOX CYCiIIB y
wronHi (001) I'IK-rparku) 3a hopMyII0r0, HAPHKIIA:

cpemi,j] =
AP APAli+ L+ U+ Pli =1L, j+ 1]+ P[i+1,j — 1] + Py[i — 1, — 1]
- 8

Toni asza B JaHOMY BY3J1i BU3HAYAETHCSA K CHONyKa AB, Ko B mbomy By3ii C, %"
nepebyBae B Mexax 0.4 — 0.6,a Cg*°%" > CM*", 1 sk cnonyka AC, k1o B iboMy By3ii C %"
nepeOyBae B mexkax 0.4 — 0.6, a CFH*°%" < /™,

VY meroai Monrte-Kapio My BUKOPHCTOBYEMO 3BHUHUI anroputm Mertpormosica ams
OOMIHY aTOMIB pI3HMX COPTIB Ha OCHOBI BU3HA4YE€HHsI 3MIHM €HEPTii CUCTEMM y pe3yJIbTaTl
MO>KJIIBOTO OOMIHY.

1. Mu 3HaxoauMo aiarpamu CTaHiB It 000X HaOOpiB mapameTpiB. s 1poro
pO3MIIAIaEMO po3Maj] Maike OJHOPITHMX IOYaTKOBUX CIUIaBIB 13 PpI3HUMH Habopamu
KOHIIEHTpaIid 1 Jo4dikyemocs (OpMyBaHHS OCTATOUYHMX (a3, siKi MepeOyBarOTh «Maiike B
PiBHOBa31» MK CO00I0 (JIUIIIE IPOIIECH KOAJIECIIEHIIIT 111 HE 3aBEPIICHI).

2. VrBoproemo udysiitni mapu tumy A o (B(x)|C(1—x)) i monemoemo
B3a€MHY IU(]y3iro 3a pi3HUX 3HAYCHD X.

ITpu upbomy crutaBu AB 1 AC € maiike CTeXiOMETPUYHMMHU BHCOKOBIOPSIKOBAaHUMU
CIOJTlyKaMU — IIbOMY CIPHUSIIOTh JOJAaTHI 3HaKU eHeprii 3mimyBaHHS AB 1 AC Ha npyrii
KOOpJAMHAIIMHIN cdepi, SKI MIACUITIOITh ePEeKT BiJI'eMHUX €HEepriil 3MilllyBaHHS Ha MepIlii
cdepi [15]. Ha sxanb, HaM MOKH 1110 HE BAajocs MiAidpaTu napaMeTpu B3aeMoii Tak, o0 ¢asu
AB 1 AC cenapyBanucs, a yicti B 1 C yTBOproBaiu TBepAUi po3uuH (ToOTO 1100 Oyina moBHa
BIJIMOBIAHICTh cuTyalisM Ha Puc. 1). 3a Hamux napametpiB po3unH BC Tex po3nagaerhbes.
Ane ne He ayxe OoOMexXye KOMIT'IOTEPHHUH EKCIIEpUMEHT — BCE OJHO Ha peakiiio 3 A
HAJIXOJSTh OJHOYAcCHO atomu 1 B, i1 C, aje HaAXoJATh BOHU HE 3 TBEPAOrO PO3YMHY, a 3
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nBoGa3HOT CyMillli, sIKa IPOJIOBKY€E OrpyOTFOBAaTHCS (KOAJIECIIIIOBATH) Y TIPOIIEC MOCTadYaHHs
atomiB B 1 C nmns peakuii 3 A. HaiironoBHime — sK IIi aTOMH TEPEPO3NOAUIIIOTECS Y
pe3yJIbTaTi peakiii.

3. BcranoBieHHs ¢ga3oBux giarpam

HaGip 1 mae BupomkeHy aiarpamy CTaHiB i3 popMalibHO YOTUPH(}A3HOIO 30HOIO (IO
dopmansHO mopyirye npaBuio ¢a3 ['i60ca), sika Bianosigae tpameuii B < AB < AC < C,
(Puc. 3), ockiibku KOMHOHEHTH B 1 C sIK YKCTI, TaK 1 y CIIOJNyKaX, EHEPreTUYHO iJICHTHYHI.
ToMmy icHye crijibHa AOTHYHA IUIOIIMHA, KA OJIHOYACHO € JOTUYHOIO J0 BKa3aHMX YOTUPHOX
¢a3 (ma ocHoBi unctux B i C, cnonyk AB i AC). 3Bu4aiiHo, 1ieil BUMAZOK € BUPOJKEHUM 1
YUCTO TEOPETUYHUM, OCKUIBKHM B TpPHUPOAI HE OyBa€ TOTOKHHUX KOMIOHEHTIB B 1 C 1o
BIJTHOIICHHIO 10 A, sIKi Ipu I[boMY 1€ 1 (hopMyBanu Ou criaB BC, 110 po3naiaeTbes.

A:100%
BIC: 0%

A 90%
BIC: 10%

A B0%
B|C: 20%

A T0%
BIC: 30%
A B0%
BIC: 40%
A 50%
BIC: 50%

A 40%
B|C: 60%
A 30%
BIC: 70% 1
[ ]
A 20%
B|C: B0%

A 10%
BIC: 90%

A 0%
BIC:100%

B:100% B:90% B: 80% B: 70% B:60% B: 50% B: 40% B:30% B:20% B: 10% B: 0%
C: 0% C:10% C.20% C. 30% C-40% C. 50% C. 60% C. 70% C: 80% C. 90% C.100%

(@) (b)

Puc. 3. Bupompkena ¢a3osa aiarpama Juisi CHMETPUYHOTO MTOTPIHHOTO CIjiaBy 3
€HEePreTUYHO TOTOKHUMU B3aeMolisiMi A & B 1 A & C Ha 000X KOOpauHAIIHHUX chepax.
(a) — miarpama 3 4-¢a3Hor0 00JacTIO HAa OCHOBI Mailke crexiomerpuunux a3 B < AB <

AC & C. (b) — xapakTepHa MOpQOJIOTis CIUTaBY B Pe3yJIbTaTi pO3Majly MOYaTKOBOTO
oxropigaoro cruiay A(0.25) & B(0.375) « C(0.375).

Fig. 3. Degenerate phase diagram for a symmetric ternary alloy with energetically
identical A < B and A < C interactions in both coordination shells. (a) Phase diagram
showing a four-phase region based on nearly stoichiometric B & AB < AC < C phases. (b)
Characteristic morphology resulting from the decomposition of the initial homogeneous
A(0.25) & B(0.375) « €(0.375) alloy.

Habip 2 (y sxomy 3B’si3ku A 3 C MinHimi, HiX 13 B) gae Bke «HOpPMalbHY»,
HEBUPOJDKEHY Jllarpamy CTaHiB, J€ TIONEepeHbO BHUPOKEHa 4YoTHpHUda3zHa o00JacTh
nepeTBopuiiachk Ha J1Bi TpudaszHi odnacti B & AB & AC 1B < AC < C- Puc. 4.
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(b) Touxa 1: (c) Touxa 2:
A =0.35B =0.15,C = 0.50

A =0.35B =0.50,C = 0.15

(d) Touka 3: (e) Touka 4:
A =0.20,B =0.40,C =0.40 A=0.40,B=0.30,C =0.30
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(f) Touxa 5: A = 0.60,B = 0.20,C = 0.20
Puc. 4. ®a3oBa niarpaMa AJisi HECUMETPUYHOTO MOTPIHHOTO CILJIaBY 3 €HEPTeTUYHO
MiIHIIIO B3aemoieto A < C Ha nepiiiii KoopAuHaiilHii cdepi (y nmopiBHsHHI 3 A < B).
(a) — miarpama 3 gBoma 3-(hazHUMH 00JIaCTSIMH Ha OCHOBI MaiyKe CTEXIOMETpUUHUX (a3
B < AB < ACiB < AC < C. (b,c,d,e,f) — xapakrepni mopdosorii cruiaBy B pe3y/bTari
posmaay moyatkoBoro oaHopinxoro cmiasy (A(0.25) < B(0.65) < C(0.10)) (c) —
XapakTepHa MOPQOJIOTis CIUIaBY B pe3yJIbTaTi po3naay MOYaTKOBUX OJHOPIIHUX CIUIABIB
1,2,3,4,5. Ha pucyHkax BUJAHO YTBOPEHHS BIIMOBIAHUX (a3.

Fig. 4. Phase diagram for an asymmetric ternary alloy with a stronger A & C
interaction in the first coordination shell compared to A < B. (a) Phase diagram with two
three-phase regions based on nearly stoichiometric B & AB & ACand B & AC <& C
phases. (b,c,d,e,f) Characteristic alloy morphologies resulting from the decomposition of
the initial homogeneous alloy (A(0.25) < B(0.65) < C(0.10)). (c) Characteristic
morphology resulting from the decomposition of initial homogeneous alloys 1,2,3,4,5. The
formation of the corresponding phases is clearly visible.

4. MopdoJiorisi peakuiiiHoi 30HH i BUOip 1u@y3iHHOr0 NIISIXy IPH MOAETIOBAHHI

meroaom skmf

Hwxue nHaBeneHo pesynbTatu 3actocyBaHHs SKMF 1o ommcy peakuii A4 <
(B (x))c@a - x)) JUTs BUPOKEHOT (ha30Boi miarpamu (HaOip mapamerpis 1) — Puc. 5. 3okpema,
MOKa3aHo MoKa3zyeMo (a30By Mally Ha JOCTaTHbO Jaliekiit craaii peakuii. Takox 300pakeHO
o0OpaHuii cuctemMoro AUQyY31HHUN NUIAX Yy KOHIEHTPaLIHHOMY TPUKYTHUKY. I IIbOTO cepeHl
KOHIIEHTpaLlli CHOYaTKy ycepenHIoeMo Mo Y mpu KOoXHOMY ¢ikcoBaHoMy X, a MOTIM
sanexHocti €} (x), Cg*®**(x) mpeacraBiasiemo y Burismi f(C)*%", Cg**™) =0 mis
mudy31iHOI TpaekTopli y KOHIEHTpalifHOMY TpUKYTHUKY. [lpuBeneHi Hukue AudysiiiHi
HUISXU CKJIAJAI0ThCs 3 ABOX HAOOPIB TOYOK, TOMY III0 B HAIIMX CUMYJIALISX KOXKHA JUQy3iiiHa
napa, BHACJ1I0K MEepIoANYHUX IPAHUYHUX YMOB, MPEACTaBIs€ HACIPaB/i Bl Mapyu — mnepiia 3

1 . 3 3 . . .1 .
ZN <i< ZN’ a apyra 3 ZN <iSNIl1<i< ZN' Opnun HaOlp 300pakeHO KBaJpaTUKaMH,

IHIIMN — KpyXKamu. SIkOM Hamii 3pa3ku OyiaM MakpOCKOMIYHO MIMPOKUMH, TO MOKJIHMBO B
pe3yibTaTi ycepeaHeHHs 1mo Y 1l ABa muisaxu 30iramucs 0, ane B Hammx ymoBax (100 au 200
By3JIiB y OJHOMY CTOBNUYMKY) (uykryamii mpouecy posmnagy cmiaBy B+ C poOnare
CHIBHAiHHS MPAKTHYHO HEMOXKIIUBUM.
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Puc. 5. Mopdouorii audysiiiaux map A < (B(x)|C(1 - x)) mpux =0.1,...,0.5
Juis BUnajiky Habopy 1, orpumani merogom SKMF. JliBopyu Ha TpbOX KapTHHAX
B1J100pakeH1 IMOBIPHOCTI 3aMIILEHHS KO>KHOTO By3J1a BiJIOBIAHO KomnoHeHTamu A, B, C.
Ha yerBepTiil 300paxeHi KOJIbOPU KOYKHOT'O By3Jla B pe3yJIbTaTl HakJIalaHHs KOJIbOPIB:
yepBoHOro (A), 3eneHoro (B) 1 cunboro (C). IIpaBopyd 300pakeH1 Au@y3iitHi LULSIXH, TpU
I[bOMY KOXXHA TOYKA IUISIXY B KOHIIEHTPALIfHOMY TPUKYTHHUKY BiJIIOBIJa€ CKIaLy,
ycepeaHeHOMY 110 cTOBMUUKY. [Ipu 1ipoMy citif mam’ataty, mo audysiiiHa napa
3aJI0BOJIbHSIE MEPIOJMUYHUM IPAaHUYHUM YMOBAM 1 TOMY HaclpaB/i BiIOBIIAE Bipa3y

. . 1 3 . .
JIBOM 00OMEXeHUM AU(Y31IHUM ITapam — B1Jl CTOBIUKKA " N o " N — 1 (xpyrmui TOukH) 1

BiJ %N mo N 1 gam Bix 1 go iN — 1 (kBagpaTuKHM).

Fig. 5. Morphologies of A & (B(x)|C(1 — x)) diffusion couples for x = 0.1, ..., 0.5
(Parameter Set 1) obtained via the SKMF method. Left: three panels showing the site
occupancy probabilities for components A, B, and C, respectively. The fourth panel shows
the composite RGB color mapping of each site (Red: A, Green: B, Blue: C). Right:
corresponding diffusion paths, where each point in the concentration triangle represents a
column-averaged composition. Note that the diffusion couple satisfies periodic boundary
conditions and thus represents two semi-infinite diffusion couples simultaneously: from

column iN to %N — 1 (circles) and from %N to N plus 1 to iN — 1 (squares).
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Puc. 5 cBimunTh, 10 NpH CKIAIil BUXiIHOTO ciyiaBy BC, nagekoMy Bifi €KBIaTOMHOTO,
MOPdOJIOTis peakKIiitHO1 30HH (CyMillli BUHUKAIOUYMX YIOPSAAKOBaHUX croiiyk AB 1 AC) nocuth
YITKO MIOKA3y€ THII «IIOCTIIOBHOTO 3’ €IHAHHS», a MU(Py31iHHMI NUTSIX, BiIMOBIIHO, M€ IUISHKY,
MpUOJIM3HO MapajienbHy KoHoaaM aBodasHoi piBHOBaru AB — AC. (CtpuOok B3I0BXK KOHOIH
AB — AC Biamosimae pizkomy mnepexoy Bin npoimapky AB mo npomapky AC, o Mu 6a4umMo
Ha (asoBux Mamax.) I[Ipu HaOmKEeHHI OO EKBIATOMHOTO CKJMJIY B peakUidHIA 30HI
3’SIBJISIFOTBCS €JIEMEHTH «IapaJIeIbHOTO 3’ €AHaHHs . [Ipy 1boMy MUQyY31HHUN NUIIX MMOKa3ye
CyTTeBY OiypKariito, a KOXKHHUU 13 IBOX «IA-NUISIXIB» MepeTuHae oonacts kKoHoa AB — AC
NPUOJIM3HO MEPIICHAUKYIISIPHO.

[Tpu ananizi HaboOpy 2 €HEPreTHUHUX MapaMeTpiB CUTYaIlisl BXKE HE € CUMETPUYHOIO,
TaK III0 MU JOCIIHKYEMO 3MiHY X Y BuXigHOMY ciuiaBi BxCix ms x Big 0.1 1o 0.9.
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Puc. 6. Mopdosorii audysiiinux map A < (B(x)|C(1 — x)) npux =0.1,...,0.9
JUTst BUMAIKy Habopy 2, orpumani merogoM SKMF. JliBopyd Ha TpbOX KapTUHAX
BiJI0Opa)keHi IMOBIPHOCTI 3aMillIEHHS KOKHOTO BY3JIa BiJIMOBIAHO KomnoHneHTamu A, B, C.
Ha ugeTtBepTiil 300pakeHi KOIbOPH KOKHOTO By3Jia B pe3yJIbTaTi HaKJIaJaHHs KOJIbOPIB:
yepBoHOTO (A), 3eneHoro (B) i cunsoro (C). IlpaBopyu 300pakeni nudys3iiHi IUISXA, TPU
[OMY KOKHa TOYKA [UISIXY B KOHIIEHTPALIHHOMY TPUKYTHHKY BiMOBIAA€ CKIAdY,
yCepeaHECHOMY 10 CTOBIMUUKY. [Ipu 1iboMy citij mam’staty, mo audy3iliHa napa
3aJI0BOJIbHSIE TIEPIOIMYHUM TPAHUYHUM YMOBaM 1 TOMY HaCHpaB/i BiJIOBIIa€ Biapasy

. . 1 3 . .
JIBOM 0OMEKEHUM TU(y31iHHAM TapaM — BiJ] CTOBITYMKA " N o " N — 1 (xpyrii TOukH) 1

. 3 ) .. 1
BT N mo N 1 gam Big 1 1o " N — 1 (kBampaTukm).

Fig. 6. Morphologies of A & (B(x)|C(1 — x)) diffusion couples for x = 0.1, ..., 0.9
(Parameter Set 2) obtained via the SKMF method. Left: site occupancy probabilities for
components A, B, and C. The fourth panel shows the RGB color mapping (Red: A, Green:
B, Blue: C). Right: diffusion paths, where each point in the concentration triangle
corresponds to the column-averaged composition. Due to periodic boundary conditions, the

system corresponds to two distinct diffusion couples: from column iN to %N — 1 (circles)

and from %N to N plus 1 to iN — 1 (squares).

Ha

Puc. 6 mu 6aunmo, 110 OiTbIIa eHEpreTHYHa BUTIAHICTD crIoNyKd AC y TIOpiBHSHHI 31
cnoiykoro AB mpumynrye audy3idHuM mUIsAX BigxuisTHcs 10 cropoHu AC HaBiTh Ui
BUIMAJKIB BEIMKUX 3HAYEHb X, KOJM «IEHTp Mac» Au]y3iifHOro mHuisixy MOBUHEH OyTH
O6mu3pkuM 10 ctopoHu AB. Ilpum mpomy B pa3i BUHMKHEHHs 3pa3y nBox ¢a3z AC i1 AB
30epiraeTbcst TEHCHIIS A0 MOCIIJOBHOTO 3’ €JHAHHS.
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5. MopdoJiorisa peakiiiinoi 3004 i BUOip aAudy3iiHOro NUIAXy Npu MOAeJTI0BAHHI
MEeTO010M MOHTe-KapJio
Hwxue (Puc. 7, Puc. 8) npuBoaumo ($a3oBi Manu peakiiiiHoi 30HU audy31iHOT mapu

Ao (B (|c@a - x)) JUIL  pI3HMX IIOYATKOBUX  CIIIBBIJHOIICHD g = :—x, OTpUMaHi

MojieroBaHHsAM MeTo oM MonTte-Kapio s HabopiB 1 1 2 eHepreTHYHUX HapaMeTpiB.
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Puc. 7. Mopdosorii audysiiinux map A < (B(x)|C(1 — x)) npux =0.1,...,0.5
JUIs BUNIaIKy Habopy 1, orpumani meronom Monte-Kapo.
Fig. 7. Morphologies of A & (B(x)|C(1 — x)) diffusion couples for x = 0.1, ..., 0.5
(Parameter Set 1) obtained by the Monte Carlo method.
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Puc. 8. Mopdosorii audysiiinux map A < (B(x)|C(1 — x)) npux =0.1,...,0.9
JUIs BUNIAJIKY HaOopy 2, orpumMani metogom Monte-Kapo.
Fig. 8. Morphologies of A & (B(x)|C(1 — x)) diffusion couples for x = 0.1, ..., 0.9
(Parameter Set 2) obtained by the Monte Carlo method.

Pesynpratn MonTe-Kapino MonentoBaHHs CXOXKi Ha pe3ylbTaTH CEPEeIHBONOIHLOBOIO
MOJICTFOBAaHHS, aJieé MAalOTh CYTTEBI BiaMiHHOCTI: [lo-Tiepie, MeHIIe BUpakeHa TCHICHITIS 10
MoCJTiIOBHOTO 3’ €AHaHH. L{e moB’s13aH0, MOKIIMBO, 3 TUM, 1110 iHTepdeiic B MK meTo 11 3HaYHO
MEHIII TUIaHApHUN, Tak mo ¢a3u AB 1 AC 4acTO «BIpU3AIOTHCS» OIHA B OJIHY, CTBOPIOIOYH
JIOKaJIbHI €JIEMEHTH HapaJieIbHOTO 3’ €JHAHHS.

6. BucnoBknu

(1) Tokazano, w0 3agaHHS BII'€EMHUX CHEPriil 3MillyBaHHA Yy MepIIii
KOOpJMHAIIMHIA cepl Ta 1omaTHUX eHepriil 3MillyBaHHsS y Jpyrii KoopAuHaLiiHIN cdepi
JT03BOJISI€ BIATBOPUTU MOJIENIBbHY (pa30By niarpaMmy notpiiiHoro cruasy A — B — C, 110 MICTUTh
Maibke uucTi asu B 1 C Ta Maibke cTexioMeTpu4Hi BIOpsAAKOBaHI cioinyku ity AB 1 AC.

(2)  Pesymprar wxomkypeHmii a3 AB i AC Ta BuOip mudysiiiHOro muiixy B
KOHIIGHTPALIHHOMY TPUKYTHHKY BH3HAYalOThCS CIIIBBIIHOIIEHHSIM €Heprii MiXaTOMHOT
B3aemoii E g1 E4c, @ TAKOK MOYATKOBUM CIIBBIIHOIIEHHAM KOHIIEHTpAIliii KOMIIOHEHTIB B 1
C y Buxigaomy crutasi B(x)|C(1 — x).

(3)  MogenroBaHHS CTOXaCTHYHUM KIHETHYHUM CEPEIHBOIOJIBOBHM METOIOM
(SKMF) nokasye Taki xapakTepHi TEHICHITIi.

(4)  Cucrema, K01 1€ MOKJIMBO, YHUKAE (POPMYBAHHS «ICTHHHOI» ABO(a3HOI 30HH
3 BEJHMKOI KIIbKICTIO Mik(a3zHUX MeX. HaromicTh peani3yerbcs peKuUM TMOCIITOBHOTO
3’eaHaHHA (a3, Kooy AU y31HHIHA MIISX Y KOHIEHTpaliiHOMY TPUKYTHHKY 3/11HCHIOE CTPUOOK
Mk obsactsamu ctabipHOCTI ha3 AC 1 AB.

(5) [Tpu KoHLIEHTpAIisIX KOMIIOHEHTIB B 1 €, O1M3bKUX /10 €KBIaTOMHUX, YTBOPEHHS
CIPaBKHBOI 1BO(a3HOI 00JaCTi CTA€E MPAKTUYHO HEMUHYUYHUM.

(6) 31 30uIbLICHHAM eHepreTuuHoi crabinbHOCTI (asu AC nudy3iiHMNA mIIsIx
3MingyeTbest y Oik 1i€i a3y B KOHIEHTpaLIHOMY TPUKYTHUKY HACTIJIbKH, HACKUIBKU 1€
JTO3BOJIAIOTH YMOBH 30€pEXKEHHS Macu KOMIIOHEHTIB.

(7)  MogentoBanHss MmeronqoM Monrte-Kapino mnpu TUX caMHX EHEPreTHYHUX
napameTpax JIEMOHCTPY€ MO10H1 3arajibHi TEHACHIIT, OAHAK €PEeKT MOCTIJOBHOTO 3’ € THAHHS
¢da3 mposBaseTbcs 3HAYHO cnabme. lle moB’s3aHO 3 OUIBIIOID POJUTIO  JIOKATbHUX
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KOHIIGHTPaUIHHNX (PIyKTyamii Ta MEHII IJIaHapHOK MOPQOIOTiel0 MiK(A3HUX MEX, L0
CIIpHsie€ B3aEMHOMY ITPOHUKHEHHIO (a3 AB 1 AC.
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ABTOpH BUCIIOBITIOIOTH BISYHICTH 32 MIATPUMKY MiHICTEPCTBY OCBITH 1 HAYKH Y KpaiHu
(rpant Ne 0125U001491) ta MinictepcTBy Hayku 1 BUIOi OcBiTH Ilombmni (koHTpakT Ne
MEIiN/2023/DIR/3797). Onun i3 aBtopiB (A.I'.) Bucnosmoe mnoasiky Dakynbprery
MaTepiano3HaBCTBa Ta iHkeHepii [3painbebkoro Texnosnorigyaoro iHcTUTYTY “TECHNION™ 32
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Reactive diffusion in multicomponent systems often leads to complex phase formation

scenarios that are significantly more difficult to predict than in binary systems. In binary
diffusion couples any phase predicted by the equilibrium phase diagram will eventually appear
during
ternary and multicomponent systems, however, the situation is fundamentally different: several
diffusion paths are possible, and each path may correspond to a different sequence of phases
and morphologies formed in the diffusion zone. Therefore, the actual phase composition and

interdiffusion, although its formation may be delayed by the growth of other phases. In
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morphology depend not only on the initial compositions but also on the diffusion path selected
by the system during the reaction.

In the present work we investigate the competition between phases and the selection of
diffusion paths during reactive diffusion in a model ternary A-B-C system. The study focuses
on diffusion couples of the type A-(B+C), where the reaction may lead to the formation of two
ordered intermediate phases, AB and AC. The goal of the work is to analyze how the interplay
between thermodynamic interaction parameters and the initial alloy composition influences the
morphology of the reaction zone and the diffusion path in the concentration triangle.

Two simulation approaches were employed. The first is the Stochastic Kinetic Mean-
Field (SKMF) method, which describes the system evolution through time-dependent
probabilities of site occupation by atoms of different types. In this framework, atomic transport
is represented by direct exchanges between neighboring atoms, while the configuration energy
of each atom is calculated as a sum of pair interactions with atoms in the first and second
coordination shells. The second approach is lattice Monte Carlo simulation using the
Metropolis algorithm, where the system evolves through discrete atomic exchanges determined
by the change in configurational energy.

The model system considered in this work represents a two-dimensional section of an
f.c.c. lattice (the (001) plane). Interatomic interactions are introduced for the first and second
coordination shells. Two sets of interaction parameters were analyzed. In the first (symmetric)
set, the interactions between A-B and A-C atoms are identical, resulting in a degenerate phase
diagram where the ordered phases AB and AC are energetically equivalent. In the second
(asymmetric) set, the A-C interaction is stronger than the A-B interaction, which leads to a non-
degenerate phase diagram with two distinct three-phase regions involving the ordered
compounds.

The simulations show that the combination of negative mixing energies in the first
coordination shell and positive mixing energies in the second shell promotes the formation of
nearly stoichiometric ordered phases AB and AC with narrow composition ranges. The
resulting phase diagrams obtained from simulations reproduce the expected equilibrium phase
relations qualitatively.

Reactive diffusion between A and the B-C alloy was simulated for different initial
compositions B(x)|C(1-x). The evolution of the system was analyzed in terms of phase maps and
diffusion paths constructed in the concentration triangle. The results demonstrate that the
morphology of the reaction zone strongly depends on the relative stability of the competing
ordered phases and on the B/C ratio in the initial alloy.

Within the SKMF simulations several characteristic regimes of phase formation were
observed. When possible, the system tends to avoid the formation of a wide two-phase region
containing numerous interfaces. Instead, it often forms a sequential phase arrangement, where
layers of the AB and AC phases appear one after another. In such cases the diffusion path in
the concentration triangle exhibits a segment approximately parallel to the tie lines between
the two ordered phases, followed by a jump from one side of the tie-line region to the other.

However, when the initial B and C concentrations approach the equiatomic
composition, the formation of a genuine two-phase region becomes unavoidable. In this regime
the diffusion path may split into two branches, corresponding to the coexistence of the AB and
AC phases within the reaction zone.

The asymmetry in interaction parameters also significantly influences the diffusion
path. When the ordered AC phase is energetically more stable than AB, the diffusion path tends
to shift toward the AC side of the concentration triangle even for compositions where the
average alloy composition would suggest a trajectory closer to the AB side. This effect reflects
the thermodynamic driving force favoring the formation of the more stable ordered phase.
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Monte Carlo simulations performed with the same interaction parameters reveal
qualitatively similar trends but also important differences. In particular, the tendency toward
a strictly sequential phase arrangement is less pronounced in the Monte Carlo results. This
difference is attributed to stronger local fluctuations and a less planar interface morphology,
which allows the competing phases to interpenetrate and locally form elements of a parallel
phase arrangement.

Overall, the results demonstrate that the morphology of the diffusion zone and the
selected diffusion path in ternary reactive diffusion are governed by a complex interplay
between thermodynamic interaction parameters and the initial composition of the reacting
alloys. The comparison between SKMF and Monte Carlo simulations highlights the role of
concentration fluctuations and local interface roughness in determining the final morphology
of the reaction zone.

The developed modeling approach provides a useful framework for studying phase
competition and diffusion path selection in multicomponent systems and may contribute to a
better understanding of phase formation processes in reactive diffusion.

Keywords: reactive diffusion, ternary systems, diffusion path selection, phase
competition, stochastic kinetic mean-field (SKMF) method, Monte Carlo simulation, diffusion
zone morphology.
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