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MOJIEJIb KOHKYPEHIIIT ®A3 TA IUOY3IAHIX HIAXIB
IMPU PEAKIIAHINA JA®Y3Ii B IOTPINHII CUCTEML

YV pobomi oocniosiceno roukypenyiro ¢az i eudip Oughysilinoco wiiaxy 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 Monme-Kapno. Poszensanymo 0808UMIPHUL MOOENbHUL CNIAE HA
ocrnosi nrowunu (001) I'IJK-tpamku 3 ypaxyeaHusam MIXCamoMHux 63aemMoO0ril y nepuiiii ma
opyeiii koopounayitinux cgpepax. Iloxazano, wo nOEOHAHHSA 8i0 EMHUX eHep2ill 3MIUYBAHHS 8
nepwiti cghepi ma dooamuux — y Opyeiu 0ae 3moey 8iomeopumu hazosy diazpamy 3 mauxice
cmexiomempuyHumy  enopaoxkosanumu pasamu muny AB i AC. [Jocnidosceno ennus
CnisgioHOwen s enepeiil 63aeMo0ii ma nouamkosoeo ckiady cniagy B(x)|C(1 —x) na
Mopgonozito peakyitinoi 30nu ma eudip ougysitinoeo winaxy. Bemanosneno, wo 3a neenux
VMO8 cucmema YHUKAE YMBOPEHHs. CHPABIHCHbOI 080¢hazHoi 30HU 1 peanizye NOCNIO08He
yepeyeanus (asz, mooi K NoOAU3Y eKGIAMOMHUX CKAAOI8 hopmyembcs 080gazHa obracmo.
Topienanns pezynomamie SKMF-mooenoeanns ma mooenroganns memooom Monme-Kapno
CBIOUUMb NPO 3a2aNbHY AKICHY Y320004CEHICMb, ale MAKONC BUABNAE CYMMEBUL 6NIUB
JIOKANbHUX KOHYEHMPAayiuHux (ykmyayitl Ha MOpghono2ito peakyitiHoi 30Hu.

JI0YOBI cjoBa: peakniiHa audysisg, MOOTPIAHI CUCTEMH, AUQPY3IMHHA IUIIX
Karoudosi ciaoBa , , ,
koHKypeHuis pa3, SKMF-meron, Mounrte-Kapio, mopdosoris audys3iitHoi 30HU.

1. Beryn

dazoBuil ckiag 30HU audysii mija yac peakiiiiHoi naugysii B 6araToOKOMIOHEHTHHUX
CHUCTEMax JIOCUTh CKJIATHO TMepeadadunTu TOpIiBHSAHO 3 OiHapHMMH cuctemamu. Ilim dgac
peakuiitHol qudy3ii B GiHapHi HeckiHUeHHIN Audy3iiHii nmapi Oyab-sika ¢asa, nependaueHa
PIBHOB)XHOIO JlarpaMoi0 CTaHIB, Ma€ PaHO UM Mi3HO 3 SIBUTHCS, X0U OW SIK JIOBO BOHA HE
NpUrHivyBajgacs pocToM iHmux ¢a3 [1-4]. Y notpiiiniii un 6araToKOMIOHEHTHIN cUCTeMi caM
BUOIp nudy3iitHOTO NMUIAXY (PI3HUN MIIAX — Pi3HI (Pa3u) 4acTo 3aTHUIIAETHCS HEBU3HAYCHHM,
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TOXX MH 3a3JaJIETiIb HE MOXEMO CKa3aTH, sKi (a3u 3’sIBIATHCS, a aKi Hi. ToUHIlIe KaxydH,
dazoBuil CKJIaj] 3aJCKHUTh BiJl MOYATKOBOTO CKIany audy3idHOT mapu Ta BiJg BUOpaHOTO
cucTeMoro u(y3idiHOrO NUIAXy. 30UIbIICHHS KUTBKOCTI KOMIIOHEHTIB, IO OepyTh y4acTb Y
nudy3ii, TpU3BOIUTH 0 301IBIICHHS KUTBKOCTI MOXIIMBUX pexkuMiB [1, 3, 5—-11]. IIpu npomy
cnexTp a3, aki GpopMyIOTECS 1 pOCTYTh y AU y3iiiHii 30H1, 3aJ€KUTH BiJ BUOOPY Andy3iiHOTO
nusixy. A BuOip nudy3iifHOTO NUIAXY BH3HAYAETHCS HE JIMIIE MOYATKOBMMH YMOBAaMH, a U
0COOJMBOCTSIMH 3apO/DKEHHS (a3 1 KOHKYpEHINi pi3HUX MeXaHi3MiB 3apojkeHHs. Taka
HEOJJHO3HAYHICTh  3aJIMIIAE€ThCS HEMPOTHO30BaHOK W goci. Hampukman, minm 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 MoxuuBa peainizanis (b).
Fig. 1. Model phase diagram (a) and its possible realization (b).

TeopeTnuHo MOKHa YSBUTH cOO1 HE MEHIIE HDK I 'ATh PI3HUX THUIIB AUQPY3IHHUX
IUTSAXIB 1 BiAMOBIIHO pi3HUX Mopdosoriit (Puc. 2):

letIIZ kmtlfﬁ
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Puc. 2. Moxnusi qudy3iiiHi MIIsXu B3aeMHOT 1udy3ii Ta Mopdoorii
($ha30yTBOpPEHHSI.
Fig. 2. Possible interdiffusion paths and phase formation morphologies.

VY cratTi [5] Oyno mpoaHai30BaHO BCI MOXIJIMBOCTI Ha CTafil mapaboiiiyHOTO POCTY
(HEXTYI0UM KOHKYPEHITIEIO Ha CTafli 3apopKkeHHs (a3) 1 0ysio mokazaHo, 0 001acTi «Hi3udHO
PO3YMHHUX» pEeXHUMIB (TOOTO 3 (i3MYHO JOMYCTUMHUMHU 3HAYCHHSMH KOHIICHTpAIlii Ta
HIBUAKOCTSIMU POCTY) nepeTuHaroThes (overlap).
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2. Moaein

3a yac, 1110 MUHYB IICJIs BUXOY CTaTTi [5], apceHan MeToiB MOJIEIIOBaHHS CKIIQHUX
CHCTEM 3HAa4yHO 30araTHBCsS. 30KpeMma, CIIJIbHO 3 YrOpPCbKMMH KOJIETAaMH HaM BIalocs
PO3BHHYTH HOBHUH, Tak 3Banuii Metoy Stochastic Kinetic Mean-Field (SKMF), i 3acrocyBaTu
fioro, 30kpema, i 10 mporieciB peakuiinoi audysii [12—-17]. ¥V uiit poboTi MU cTaBUMO Tepen
coboro ocuTh cKkpomHe 3aBrnaHHsa — (1) mapanenpHo (Metomamu SKMF Ta Monte Carlo)
3MOJIETIIOBATH MOTPiiiHY cHcTeMy 3 MOJMIOHOI0 (ha30BOIO JiarpaMoro 1 MOAWBUTHUCS, K BHOIp
KOHIICHTpaIlii, TeMIepaTyp Ta €HEeprii MIKaTOMHOI B3a€MOJii MOXK€ BIUIMHYTH Ha BHUOIp
IuQy31HHOT0 NUIIXy, MOpGoJIOoTito MU(yY31iHOT 30HH Ta KOHKYPEHLII0 BIOPAIKOBAHUX (a3.
3o0kpema, 3a7aHHS B3a€MOJIN HE JIMIIE B MEPIIii, a ¥ y Apyrid KoopauHaIiMHUX chepax
30aradyye CIEeKTp MOMIJIMBOCTEH OMHCY pi3HOMaHITHUX (a3oBux aiarpam. KpiMm toro, 3amaHHs
B1JI’€MHUX €HEpriil 3MilTyBaHHs B NepIIiil cepi Ta JoAaTHUX SHEPriid 3MIIIyBaHHS y APYTid
cdepi gae 3Mory onucyBaTH (pa3oBi JiarpaMu 3 yHOPSJIKOBAaHHMMH NMPOMDKHUMH (a3amu i
BY3bKMMH KOHIIEHTpamiiHuMuU iHTepBasiamu [15, 17]. Tyr Mu MoaentoemMo, sl 3MEHIIICHHS
BUTPAT MAIIMHHOTO YacCy, JBOBHMIPHUI MOTpikiHMiA cruiaB (¢paktuuno me miommaa (001)
['IK-rpaTku) i3 TAaKUMU €HEPTisIMU B3aEMOJII1 y TepIii 1 ApYyrii KoopAWHAIIHHUX cdepax (B
onuanusx kT) i3 1Boma HabOpaMu mapameTpiB:

Hab6ip 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,.,/kT = +0.75, Ec,/kT = +0.75.

Hab6ip 2. (binpmia enepreTMdHa BHTIIHICTH ymopsakoBaHoi (asum 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,.,/kT = +0.75, Ec, /kT = +0.75.

Mu MoenoeMo aTOMHY MIrpauito (po3naj, yrnopsiiIKyBaHHs Ta B3a€MHY TUQY31i0) Yy
takiii cucremi nBoma Metomamu — SKMF [12-15] i Monre-Kapno. B 060x meromax mu
00MeXyeMOoCs TYT HaOJIMKEHHSM NPSAMUX OOMIHIB aToMiB pi3HUX copTiB. Lle mo30asisie Hac
HEOOX1THOCTI MOJIENIIOBATH B SIBHOMY BUIJISI/II BaKaHCIHI MOTOKU, TEHEPAIlI0 Ta aHITUIALI0
BakaHcii, 3cyB KipkeHnnanna.

VY mexax meroay SKMF (Stochastic Kinetic Mean Field) esourortist aroMHOi cuctemu
OTUCYETHCSI HE Yepe3 AUCKPETHE MOJIOKEeHHs aToMmiB (sik y Metoai Monte-Kapro), a dyepes
4acoBY 3aJIEKHICTh IMOBIPHOCTI 3alIOBHEHHSI KOXKHOT'O By3Jla KPUCTAJIYHOI IPATKU aTOMaMu
MeBHOro copTy. st moTpiiHOI cucTeMH, IO CKJIaNaeThesl 3 KOMMNOHEHTIB A, B ta C, mu
BBOJIMMO JIJIsl KOXKHOTO By3J1a i KpHCTaIiuHOi rpaTku criaBy 3miHHi C4 (i, t), Cg (i, t) Ta Cp (i, t),
K1 BIZJ0OOpaxaroTh IMOBIPHICTh Nepe0yBaHHS aTOMa BiAMOBIAHOIO COPTY Y BY3Ji i B MOMEHT
yacy t. OCKITBKM B KOXXHOMY BY3J1 OOOB’SI3KOBO MICTUTBCS aTOM OJHOTO 3 COPTIB,
BUKOHYETbCS YMOBA HOPMYBaHHS:

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

(3a3HaunMo, 110 TMO3HAUYEHHS By3Ja [ HACMpaBAl BIJNOBIAE TPHOM IHJEKCAM Yy
TPUBHUMIPHIH I'paTIii 1 1BOM iHAEKCaM y JBOBUMIPHIM Ipatiii.)

JluHamika Tepepo3NOoJuly KOMIIOHEHTIB (Mirpamisi, BHOPSIKYBaHHS, pO3Mai)
OIHCY€ETHCSI CUCTEMOIO IMOB’S3aHUX HENIHIHHUX IU(EepeHIiaIbHUX PIBHSIHb. Y HaONMKEeHHI
npsiMUX OOMIHIB 3MiHA KOHLIEHTpalii y By3:i [ BiIOYBa€eThCS 32 PaXyHOK OOMIHY MICISIMU 3
aTomMamMH y cycigHix Bysnax in. (KiapkicTh HalOMMKYMX BY3JIB Z; y HAIIOMY BHIIAAKY
nopiBHioe 4). IlIBuakicTe 3MiHM IMOBIpPHOCTI mepedyBaHHsS aroma copTy 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 MOTOKK Yepe3 MmapHi 0OMiHM 3 aToMaMu 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 3aITHUCYETHCS JUIsl 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 1yt kommonenTa A (dCy (i) /dt) moxe Oyt OTpUMaHe 3 YMOBH HOPMYBaHHS
a00 3amucaHe CUMETPUYHO IO HABEJACHUX BUILE, BpaxoBytoun oOMiHm A < BrtaAd < C.

Tyt iHgekc in npobirae Bci HAWOMMOKYl CycimHi By3iu By3na i. KokeH mogaHOK y
birypHux Qyxkax € JOoOYyTKOM IMOBipHOCTeH mnepeOyBaHHs BIAIOBIIHHUX aTOMIB Yy BY3Jax
(HaOMMKEHHs CepeHBOTO MOJIs) Ta YaCTOTH X 0OMiHy .

IMOBipHICTh eneMeHTapHOTro akTy OOMiHy (4acrora mepexomy) I” MK aTromMamu B
CYCIIHIX By3/1aX BH3HAYAa€ThCS TEPMOAKTHBOBAHMM 3aKOHOM Appeniyca. [lns mpsmoro
00MiHy, HaNpPHUKIIA, Mi’K aTOMOM B y By311i i Ta aToMOM 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), KO aTOMH

nepedyBaloTh y MPOMIKHOMY TOJIOXKEHH] I yac cTpubka. Y miit moxeni ES BBaxkaeTbcs
MOCTIMHUM MapaMeTpoOM;
. Einitia1 — cyMapHa KoH(IrypairiiiHa eHepris nmapu aToMiB J10 CTpUOKa.
[TincTaBnsroun BUpa3u AJis €HEPTid, OTpUMY€eMO poOoUi (hOpMYIH ISl YACTOT:

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 € €HepreTHYHHui Oap’ep It cTprOKa i
TUM IMOBIPHILIMM € OOMiH. AHAJIOT14HI BUPA3H 3aMuCyoThes At nap B — C ta C — A.

KitouoBoro ocobmnusictio Merony SKMF € cnoci6 po3paxyHKy KOHQIrypauiiHoi
eneprii atroma E, (i) (ne @ € {4, B, C}). Exeprist po3paxoBy€ThCs SIK CyMa MAapHUX B3aEMOJIII
aToMa y By3dl [ 3 Horo oroueHHSM. OCKIJIBKM OTOYEHHS OMHCYETHCS HE JUCKPETHUMHU
atoMamH, a MOJIAMU HMOBIPHOCTEHN (KOHIIEHTpAIllH), eHepris 3alex)uTh Bix posmoxaity Cg y
nepiii (inl) ta apyriii (in2) KoopAUHAIIHHUX cdepax.

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 . .. . .
. @, g Ta o, ;5 — TOTCHIIIANN IapHOi B3aEMOAIi Mi aTOMaMH COpTIB A Tta f Ha
BIJICTAHSIX MEPIIKNX 1 PYTHUX CYCIIIB BIAMOBIAHO;

Zy

z . . .
o CyMyBaHHS ;. _ Ta )2, _ HPOBOAUTHCA IO BCiX By3JIaX MEpUIOi Ta APYToi
KOOpIUHALIIMHUX cep.

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 IIEHTPYBAaHHS KOOpAUHAIIHIX cep BiIOyBaeThCs BiIHOCHO By3Ja in.

OckinbKH pe3yabTaToM Judy3ii B HAIUX MOJAENAX €, 30KpeMa, YTBOPEHHS TPOMIKHUX
ynopsinkoBanux ¢a3z AB 1 AC maibke CTEXiOMETpUYHOTO CKJIaAy, MH, KpiM BHU3HAYCHHS
HMOBIpHOCTEH 3alHATTS MEBHUM COPTOM KOXKHOTO BY3/a, MPUIIUCYEMO TaKOX CEpEIHIO
KOHIICHTPALIIF0 KOKHOTO €JIEMEHTa KOKHOMY BY3JTy 1 BU3HAYAEMO IO CEPEIHIO KOHIICHTPALIif0
B pe3yJIbTaTI YCEpPEeTHEHHS MO KJacTepy 13 I’ATH BY3JiB (LEHTPAIBHOTO 1 YOTUPHOX CYCIIIB Y
wronwHi (001) I'IK-rparku) 3a opMyII0r0, HAIPHKIIA:

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 BU3HAYAEThCA K CHOIyKa AB, Ko B mbomy By3ii C, %"
nepebyBae B Mexax 0.4 — 0.6, a Cg*°%" > CM*", 1 sk cnonyka AC, K10 B iboMy By3iti C %"
nepeOyBae B mexkax 0.4 — 0.6, a CFH*°%" < /™,

VY meroai Monte-Kapino Mu BUKOPHCTOBYEMO 3BHUUYHUI anroputM MeTtpomnosnica s
0OMIHY aTOMIB pI3HMX COPTIB Ha OCHOBI BU3HAYEHHS 3MIHU €HEPTii CUCTEMM y pe3yJbTaTi
MO>KJIIBOTO OOMIHY.

1. Mu 3HaxoauMo jgiarpamu CTaHiB [y 000X HaOopiB mapameTpiB. s 1poro
pPO3MIIAIaEMO po3Maja Maike OJHOPIIHMX MOYaTKOBHUX CIUIABIB 13 pI3HMMHU HaOopamu
KOHIIEHTpaIid 1 Jodikyemocs (OpMyBaHHS OCTaTOUYHMX a3, sKki nmepeOyBalOTh «Maike B
PiBHOBa31» MK cO00I0 (JIMIIEe POIecH KOAJIECIICHIIIT I11e He 3aBEpILeHi).

2. VrBoproemo udysiitai 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 BHCOKOBIOPSIIKOBAaHUMHU
CIOJlyKaMU — I1IbOMY CIPHUSIIOTh JOJAaTHI 3HaKU eHepriil 3mimryBanHs AB 1 AC Ha npyrii
KOOpJMHAIIMHIN cdepi, SKI MIACUIIOITh ePEeKT BiJI’€MHUX €Hepriii 3MilllyBaHHSA Ha MepIii
cdepi [15]. Ha sxanb, HaM MOKH 1110 HE BAaJocs MiAi0OpaTu napaMeTpy B3aeMoii Tak, o0 ¢aszu
AB 1 AC cenapyBanucs, a yicti B 1 C yTBOproBaiu TBepAui po3uuH (TooTo 1100 Oyia nmoBHa
BIJIMOBIAHICTh cuTyalisM Ha Puc. 1). 3a Hamux napametpiB po3unH BC Tex po3nagaerhbes.
Ane ne He ayxe OoOMexye KOMITI'IOTEpHHMH EeKCIEepUMEHT — BCe OJHO Ha peakiiio 3 A
HAJIXOJSTh OJHOYAcHO atomu 1 B, 1 C, aje HaAXoJATh BOHU HE 3 TBEPAOrO PO3YHMHY, a 3
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nBOGa3HOT CyMillli, sIKa MTPOJIOBKYE OTPyOITFOBATHCS (KOAIECIIIOBATH) Y MIPOLIECI MOCTaYaHHS
atomiB B 1 C nmns peakuii 3 A. HaiironoBHime — sK IIi aTOMH TEPEPO3NOAUIIIOTECS Y
pe3yJIbTaTi peakiii.

3. BcranoBJieHHs a30BHX Jiarpam

HaGip 1 mae BupomkeHy aiarpamy cTaHiB i3 GopMaabHO 4OTHPH(DA3HOK 30HOI0 (IO
dopmansHO mopyirye npaBwio ¢a3 [i60ca), sxa Bianosigae tpameuii B < AB < AC < C,
(Puc. 3), ockiibku KOMINOHEHTH B 1 € sIK YKCTi, TaK 1 y CIIOJNyKaX, EHEPreTUYHO iJJCHTHYHI.
ToMmy icHye cnijibHa AOTHYHA IUIOIIMHA, KA OJIHOYACHO € JOTUYHOIO J0 BKa3aHUX YOTHUPHOX
¢a3 (ma ocHoBi unctux B i C, cnonyk AB i AC). 3Bu4aiiHo, 1ieil BUMAZOK € BUPOJKEHUM 1
YUCTO TEOPETUYHUM, OCKUIBKHM B TPHPOII He OyBa€ TOTOXXHHMX KOMIOHEHTIB B 1 C 1o
BIZTHOIICHHIO 10 A, sIKi Ipu I[boMY 1€ 1 hopMyBanu Ou criaB BC, 1110 po3naiaeThes.

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 ¢a3zosa aiarpama Juist CHMETPUYHOTO MOTPIHHOTO CIIjIaBy 3
E€HEePTreTUYHO TOTOXKHUMU B3aemMoiisiMu A <> B 1 A & C Ha 000X KoOpauHAIIHHUX chepax.
(a) — miarpama 3 4-(ha3HOI0 00JIACTIO HAa OCHOBI Maibke cTexioMeTpudyHux a3 B « AB <

AC & C. (b) — xapaxTepra MopdoJIoris CIUIaBy B pe3yJIbTaTi po3Majly Mo4YaTKOBOTO
oxuopigroro cruaBy 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, Ji€ TIONEepeHbO BHUPOKEHAa dYoTHpHUda3zHa o00JacTb
nepeTBopuiiachk Ha JiBi 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
MIIHIIIOK B3aeMoiero A < C Ha mepurii KoopuHalliiHii chepi (y mopiBHsHHI 3 A < B).
(a) — miarpama 3 aBoma 3-(ha3HUMH 00JIACTSIMH Ha OCHOBI MaiyKe CTEXIOMETpUUHUX (a3
B < AB & ACiB & AC & C. (b,c,d,e,f) — xapakrepHi MopdoJIorii CIijIaBy B pe3yJibTaTi
posmnaay moyatkoBoro oanopianoro cmiaBy (A(0.25) < B(0.65) < C(0.10)) (c) —
XapakTepHa MOPQOJIOTis CIUIABY B Pe3yJIbTaTi pO3Maay MOYATKOBUX OAHOPIIHUX CILIABIB
1,2,3,4,5. Ha pucyHkax BUJHO 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. MopdoJtoris peakuiiiHoi 30Hu i BUGIp 1u@y3iliHOr0 MIJISIXy NIPU MOJeTIOBAaHHI

metoaom skmf

Hwxue nHaBeneHo pesynpTatu 3actocyBaHHs SKMF 1o omumcy peaknii 4 <
(B (x))c@a - x)) JUTs BUPOKEHOT (ha30Boi iarpamu (HaOip mapametpis 1) — Puc. 5. 3okpema,
MOKa3aHo MoKa3zyeMo (ha30By Mally Ha JIOCTaTHbO JalieKii crafii peakuii. Takox 300paskeHO
o0OpaHuii cuctemMoro AUQPY31HHUN NUIAX y KOHIEHTPalIHHOMY TPUKYTHUKY. s IbOTO cepeHi
KOHIIEHTpaLlli CHOYaTKy ycepenHIoeMo Mo Y mpu KOoXHOMY ¢ikcoBaHoMy X, a MOTIM
sanexHocti €} (x), Cg*®**(x) mpeacraBiusiemo y Burismi f(C)*%", Cg**™) =0 mis
nudy3iitHOT TpaekTopli y KOHIIGHTpaliiHOMY TpUKYyTHUKY. [lpuBenmeHi Hrkue mudys3iitHi
HUISXU CKJIAJAI0ThCs 3 ABOX HAOOPIB TOYOK, TOMY III0 B HAIIMX CUMYJIALISX KOXKHA JUQy3iiiHa
napa, BHACJ1I0K MEepIOINYHUX IPAHUYHUX YMOB, NMPEACTABIIsi€ HACIPaB/il 1Bl MapHu — mepiia 3
iN <i< %N, a apyra 3 %N <i<Nil<i< %N. Onun Hablp 300paKeHO KBaJpaTUKAMU,

IHIIMH — KpyXKamu. SIkOu Hamii 3pa3ku OyJaM MakpOCKOMIYHO HIMPOKHMMH, TO MOXKIHBO B
pe3yibpTaTi ycepeaHeHHs mo Y 1l ABa nuisaxu 30iranucs 0, ane B Hammx ymoBax (100 gu 200
BY3JIiB Y OJHOMY CTOBNYHMKY) (uykTyalmii mnpouecy posmnagy crmuiaBy B+ C poGnare
CHIBHAiHHS MPAKTHYHO HEMOXKIIUBUM.
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Puc. 5. Mopdororii nudys3iitaux map A < (B(X)|C(1 - X)) npux = 0.1, ...,0.5
Juis BUnasiky Habopy 1, orpumani merogom SKMF. JliBopyu Ha TpboX KapTHHaX
B1JI00pakeH1 IMOBIPHOCTI 3aMIIIEHHS KOXKHOTO By3J1a BIIOBIHO KoMIIOHeHTaMH A, B, C.
Ha yerBepTiii 300pakeHi KOJIbOPU KOXKHOTO By3J1a B pe3yJIbTaTl HaKJaJaHHs KOJIbOPIB:
4yepBoHOro (A), 3eneHoro (B) i cunboro (C). [IpaBopyu 300paxkeHi qudy3iliHi MUISIXH, IPUA
[[bOMY KOXXHA TOYKA IUISIXY B KOHIIEHTPALiHHOMY TPUKYTHHKY BiJTIOBiZa€ CKIALTY,
ycepeaHeHOMY 110 cTOBMUUKY. [Ipu 1ipoMy citif mam’ataty, mo audysiiiHa napa
3aJI0BOJIbHSIE MEPIOJUUYHUM IPAaHUYHUM YMOBaM 1 TOMY HaclpaB/i BiIOBIIA€ Bipas3y

JIBOM OOMEKeHUM IU(y31HHUM MapaM — BiJl CTOBITYMKA i N no %N — 1 (xpyriai TOukH) i
BIJI %N mo N 1 gam Bix 1 mo %N — 1 (xBagpaTHKn).

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,
MOPQOJIOTis peakKIiiHO1 30HH (CyMillli BHHUKAIOUMX YIOPSAIKOBaHUX croiiyk AB 1 AC) nocuth
YITKO MIOKA3y€ THII «IIOCIIOBHOTO 3’ €THAHH», a AU(PY31iHMI NUTSIX, BIIMOBIIHO, M€ AUISHKY,
MpUOJIM3HO MapajienbHy KoHoaaM aBodasHoi piBHOBaru AB — AC. (CtpuOok B3I0BXK KOHOIH
AB — AC Biamosimae pizkomy mnepexoay Bia npomrapky AB mo npomapky AC, 1o Mmu 6a4umo
Ha (asoBux Mamax.) I[lpu HaOmKEHHI OO EKBIATOMHOTO CKJMJIY B peakUidHIA 30HI
3’SIBJSIFOTHCS €IEMEHTHU «IapaJIeIbHOTO 3’ €qHaHH. [Ipu nboMy mudy3iHHAN MUIIX MMOKa3ye
CyTTeBYy OiypKariito, a KOXKHHI 13 TBOX «IiA-NUISIXIB» MepeTuHae oonacts kKoHo AB — AC
NPUOJIM3HO MEPICHIUKYIISIPHO.

[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. Mopdoosorii audysiiaux map A < (B(X)|C(1 — X)) npux = 0.1,...,0.9
JUTst BUMAIKy Habopy 2, orpumani merogoM SKMF. JliBopyd Ha TpbOX KapTUHAX
BiT0OpakeHi IMOBIPHOCTI 3aMillIEHHS KOKHOTO BY3JIa BiJIITOBITHO KoMIoHeHTaMu A, B, C.
Ha deTtBepTiit 300pakeHi KOJIbOPH KOKHOTO BY3J1a B Pe3yJIbTaTl HAKJIAJaHHS KOJIbOPIB!
4yepBoHOTO (A), 3enenoro (B) i cuaporo (C). [IpaBopyu 300paxkeni audy3iiiHi IUIIXH, TpH
HOMY KOKHa TOYKA [UISIXY B KOHIIEHTPALITHOMY TPUKYTHHUKY BiMOBIZA€ CKIIATY,
ycepenHeHOMY 10 CTOBIMYHKY. [Ipu 1ipoMy cimij mam’sitaty, mo audysiiiHa mapa
3aJI0BOJIbHSIE TIEPIOAMYHUM TPAHUYHUM YMOBaM 1 TOMY HacHpaB/i BiJIOBIIa€ Biapaszy

- . 1 3 . .
JIBOM 0OMekeHUM Au]y31iHUM MapaMm — BiJl CTOBITUHKA " N no " N — 1 (kpyrai To4kn) i

. 3 ) .. 1
BN N mo N 1 mami Big 1 mo " 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 audy3idiHUM HUIMX BIIXWUIATHCS 10 cTOpoHM AC HaBiTh Ui
BUIAJKIB BEJIMKHUX 3HAYEHb X, KOJU «UEHTp Mac» audy3iiiHOro mnuisixy MHOBHHEH OyTH
O6mu3pkuM 10 ctopoHu AB. Ilpum mpomy B pa3i BUHHKHEHHs 3pa3y nBox ¢a3z AC i1 AB
30epiraeTbcsl TEHACHIIS A0 MOCIIJOBHOTO 3’ €JHAHHS.
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5. MopdoJiorisi peakiiiinoi 3004 i BUOip aAudy3iiiHoro muisixXy npm MojaeJJl0BaHHi
MEeTO010M MOHTe-KapJio
Hwxue (Puc. 7, Puc. 8) npuBoaumo ¢da3oBi Manu peakifiiHoi 30HU 1udy3iiHOT apu

Ao (B (|c@a - x)) JUIL  PI3HMX IIOYATKOBUX  CIIIBBIJHOIIEHD g = :—x, OTpUMaHi

MojieroBaHHsAM MeTo oM MonTte-Kapio s HabopiB 1 1 2 eHepreTHYHUX napaMeTpiB.
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Puc. 7. Mopdoosorii audysiiaux map A < (B(X)|C(1 — X)) npux = 0.1, ...,0.5
JUTsI BUITAIKy Habopy 1, orpumani merogom Morte-Kapiio.
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. Mopdoosorii qudysiitaux map A < (B(X)|C(1 — X)) npux = 0.1,...,0.9
JUIs BUNIAJIKY Habopy 2, orpumMani metogoM Monte-Kapio.
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 MonentoBaHHSI CXO0Xi Ha pe3yJbTaTH CEPEeIHBOIOIHOBOIO
MOJICTTFOBAaHHS, aJleé MAalOTh CYTTEBI BiMiHHOCTI: [lo-Tiepie, MeHIIe BUpakeHa TCHICHITIS 10
MOCJTiIOBHOTO 3’ eAHaHH. L{e moB’s13aH0, MOXKIIMBO, 3 THM, 1110 iHTepdeiic B MK MeToai 3Ha4HO
MEHIII TUIaHApHUN, Tak mo ¢a3u AB 1 AC 4acTO «BIPU3AIOTHCS» OIHA B OJIHY, CTBOPIOIOYHU
JIOKaJIbHI €JIEMEHTH TapajieIbHOTO 3’ €JHAHHSI.

6. BucHOBKH

(1) Tokazano, w0 3agaHHS BII'€EMHUX CHEPriil 3MillyBaHHA Yy MepIIii
KOOpJAMHAIiMHINA cepl Ta 10AaTHUX e€Hepriil 3MillyBaHHsS y JIpyrii koopAuHaLiiHIi cdepi
JT03BOJISI€ BIATBOPUTU MOJIENIbHY (pa30oBy niarpaMy notpiiiHoro cruiaBsy A — B — C, 1110 MICTUTh
Maibke uucTi pasu B 1 C Ta Maibke cTexioMeTpu4Hi BIOpsAAKOBaHI cionyku ity AB 1 AC.

(2)  Pesymprar wxomkypeHmii a3z AB i AC Ta BuOip mudysiiiHOro muiixy B
KOHIIEHTPALIHHOMY TPHUKYTHUKY BH3HA4alOThCs CIIIBBIIHOIIEHHSIM €HEprii MiXaTOMHOI
B3aemoii E g1 E4c, @ TAKOK MOYATKOBUM CITIBBIAHOIIIEHHSM KOHIIEHTpAIliii KOMIIOHEHTIB B 1
C y Buxigaomy crutasi B(x)|C(1 — x).

(3)  MogenroBaHHS CTOXaCTHYHUM KIHETHYHUM CEPETHBOMOIBOBHM METOIOM
(SKMF) nokasye Taki XxapakTepHi TeH/ICHIIIi.

(4)  Cucrema, K0JH 116 MOKIIUBO, YHUKAE (POPMYBaHHS «ICTUHHODY ABO(A3HOI 30HH
3 BEJHMKOI KIIBKICTIO MiK(pa3zHUX MexX. HaromicTh peani3yeTbcs pEXUM IMOCTITOBHOTO
3’eaHanHA (a3, koau Audy31HHUN MISX Y KOHIEHTPaiiHOMY TPUKYTHHUKY 371 CHIOE CTpHOOK
Mk obsactsamu ctabipHOCTI ha3 AC 1 AB.

(5) [Tpu koHUEHTpalisIX KOMIOHEHTIB B 1 C, OIM3bKHX /IO €KBIaTOMHMX, YTBOPEHHS
CIPaBKHBOI 1BO(a3HOI 00JaCTi CTA€E MPAKTUYHO HEMUHYUYHUM.

(6) 31 30uIbLICHHSAM eHepreTuuHoi crabimbHOCTI (asu AC nudys3iiHMNA mUIIsax
3MingyeTbest y Oik 1i€i a3y B KOHIEHTpaLiIHHOMY TPUKYTHHUKY HACTIJIbKH, HACKUIBKU 1€
JTO3BOJIAIOTH YMOBH 30€pEXKEHHS Macu KOMIIOHEHTIB.

(7)  MogentoBanHss MmeronqoM Monrte-Kapino mnpu TUX caMHX EHEPreTHYHUX
napameTpax JIEeMOHCTPY€ MO/II0H1 3arajibH1 TeHJEHIl1, OJJHaK e€(EeKT MOCIITIOBHOTO 3’ € THAHHS
¢da3 mposBiseTbCs 3HAYHO cinabme. lle moB’s3aHO 3 OUIBIIOI POJUTIO  JIOKAJBHHUX
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KOHIICHTPaUIHHUX (PIyKTyalii Ta MEHII IJIaHapHOI MOpdosorielo MiXk(pazHUX MEX, L0
CIIpHsie€ B3aEMHOMY ITPOHUKHEHHIO (a3 AB 1 AC.
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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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