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AnHoTanusi: B nanHOl paboTe MCCIEAyIOTCsS 3aKOHOMEPHOCTH CTPYKTYpOOOpa3oBaHHS Ha
npuMepe onMmeraummueckux Hanodactunl Au — Ag,Ti— Al,Ti —V . JlaHHbIe OUMETaNTnIeCKue
HAHOYACTHIIBI O0JAMAIOT Pa3IUYHBIM PAa3MEPHBIM HECOOTBETCTBHEM H  Pa3ITUYHON
TeMIepaTypoil  kpuctamnuizauuu. [IpoBeneHbl  cepud  MOJEKYISIPHO-TUHAMUYECKHX
OKCIIEPUMEHTOB, TIO PE3yJIbTaTaM KOTOPBIX MPOAHATH3UPOBAHBI KOHCYHBIC KOH(HUTYpaIuu C
HAaUMEHbBIIIECH SHEPTUeH U MOTY4YeHbl KOHIICHTPAI[MOHHbIE 3aBUCUMOCTU YHEPTUH CMEIICHUSI.
AHanM3 KOHIIEHTPAIIMOHHBIX 3aBUCUMOCTEH YHEPTUU CMEIICHUS TTO3BOJISIET MPOTrHO3UPOBATh
COCTaBbl M pa3Mepbl OWMETANIMYECKHMX HAHOYACTHIl, KOTOpPbIE MOTYT HPOSBIATH
HECTAOMJIBHOCTh, KaK  HampuMmep JUid  OMMETaJUIMYeCKMX  HaHovactun  [i—V .
ACHMMETPUYHOCTh OTJEIBHBIX KOHIIEHTPAIIMOHHBIX 3aBUCHMOCTEH DHEPIUU CMEIICHHS
CBUJICTEIHCTBYIOT O CHEIU(PUICCKUX CTPYKTYPHBIX MPEBPANICHHUSIX, XapPAKTEPHBIX HMECHHO
JUIS TaHHOTO COCTaBa M pa3Mepa. YCTaHOBJICHO, YTO I OMMETaUIMYEeCKUX HAHOYACTHI]
Au— Ag,Ti— Al XapakTepHa CTPYKTypHasi cerperaiusi, 1 OHa aKTUBHO HPOSBISETCS IMPHU
MaJIbIX KOHIIEHTpalusax Ooliee JIETKOIUIaBKOoro kommoHeHTa. Konkypupyrommmu (asamu B
nanHoM ciydae Beictymaror LK w TTIY ¢asel. Kpome Toro, mnst cpeaHux u3
paccMaTpuBaeMbBIX B CTaTb€ pa3MEpOB  HCCIEAOBaHA 3aBUCUMOCTb  TEMIIEPATyphl
KPUCTAJUTH3AIIMN OT COCTaBa OMMETAUIMUYECKUX HAHOYACTHII.
Knwouesvie cnosa: memoo MoOneKyIApHOU  OUHAMUKU, NOMEHYUAL CUTbHOU  CBs3U,
bumemaniuyeckue HAHOYACMUYbL, CmpyKmypooobpazosanue, memnepamypa
KPUCALIU3AYUL, IHEPLUSL CMeUleHUs, CMAOUTbHOCD.

1. BBenenue

B Hacrtosimee Bpemss mpoOiieMa MPOTHO3UPOBAaHUA  CTaOMIIbBHON
IPOCTPAHCTBEHHOM CTPYKTYPhl METANIMYECKUX KJIACTEPOB, B TOM YHUCIE
OMMETaUIMYECKUX HAHOCILJIABOB SIBJISICTCSl  aKTyaJbHOM 3ajadei, Kak ¢
dbyHIaMEHTAIBHON, TaK W MPUKIATHOW Touek 3peHus. [Ipu 3ToM ¢ pa3BuTHEM
KOMIIBIOTEPHOM TEXHUKH OTKPBIBAIOTCSI BCE OOJbIIME BO3MOXKHOCTH TSt
KOMITBIOTEPHOI'O MOJIEJIMPOBaHUSI HE TOJIBKO CBOMCTB HAHOYACTUL, HO H
TEXHOJIOTUYECKUX TMPOLIECCOB UX TNOJYYEHHUs, a TaK)K€ HMUTALUU YCIOBUM
AKCILTyaTaluu HaHOPa3MEPHBIX pabouux AJIEMEHTOB "
HAaHOCTPYKTYPUPOBAHHBIX MaTepHAIIOB. bUMeTaUNIMYEeCKUE YacTULBI IIpH
OTPEJETICHHBIX YCIOBHUSIX MOYKHO PacCMaTpuBaTh M KaK MPEACNbHBIA CIydaid
MOHOMETAJTTIMYECKUX HAHOYACTHLI, JJIETUPOBAHHBIX MAJIBIMU JOOABKaMU JIPYroro
MeTtauia. OHU SBJISIOTCS MEPCHEKTUBHBIMU TEXHOJOTHUYECKUMHU MaTepuaiaMu,
MOCKOJIBKY TO3BOJISIIOT «HACJIEIOBATh» OIpPEACIICHHbIE (U3UKO-XUMHUYECKHE
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XapaKTEPUCTUKU HCXOJHBIX MeTaIOB. KOMIUIEKCHBIN TOAXO0J, COYETAIOIHid
HKCIIEPUMEHTAJIbHBIE METOJIbl CUHTE3a, a TaKKe MPUMEHEHHE KOMITbIOTEPHBIX
HKCIIEPUMEHTOB MOTYT 0o0jiee TOYHO MPOTHO3UPOBATH pa3MEpHbIE W
TEeMIIepaTypHbIE UHTEPBAJbI, B KOTOPHIX HAHOCTPYKTYPUPOBAHHBIE MaTEPHUAIIBI
CTaOMJIBHBI M 00J1a7aI0T TpeOyeMbIM HA00OPOM (PUBHUECKUX XapPAKTEPHUCTHUK.

Hamm npenpiaynme pesyastaThl [1-3] W pe3yapTaThl IpYrux aBTOPOB
(4, 5] ITO3BOJIWIIN YCTAHOBHTH HEKOTOpBIE 3aKOHOMEPHOCTH
CTPYKTYpOOOpa30BaHus, B YAaCTHOCTH I Ha4daJIbHBIX KOHpUTryparuil sapo-
000JI0UKa WM JJI PAaBHOMEPHOTO pacIpenesieHus KOMIOHEHTOB. MHTepec
TaKXe MPEACTaBISAIOT 3aKOHOMEPHOCTH M MEXaHW3MbI MOBEPXHOCTHOU [6] u
CTPYKTYypHOU cerperaiuu [7, 8] (T.e. pasjaelieHMe aTOMOB MO JIOKAJIbHOMU
CTPYKTYpE BHYTPH HAHOUYACTHUI[bI) HA HAHOMETPOBBIX MaciiTabax. /s ananuza
CBOMCTB OMHApHBIX HAHOCIUIAaBOB II€JIECOO0PA3HO HCIHOJIBb30BaTh (ha30BbIC
JUarpaMMbl, IOCKOJBKY OHM MOTYT CIIY’)KUTh BaXXHbIM DPYKOBOJCTBOM JUJIS
HAaCTPOWKH OIPEIECICHHBIX CBOMCTB, B YAaCTHOCTH TEPMOJMHAMUYECKHX, IS
JOCTUKEHUS CTA0OMIIBHOCTH HaHOCILIIABOB [5].

B [9] otmeuaeTcst HeCKONBbKO (PAKTOPOB, ONPEIEISAIONIMX TOBEPXHOCTHYIO
cerperauuio B OMHapHBIX METAIMUYECKUX HaHocliaBax. Ha Ham B3risg
[JIABHBIMH KPUTEPUAMH OYAYT SBISATHCS CIETYIOIIHE:

- O0COOCHHOCTM TOTEHLMAJIa MEXAaTOMHOTO B3aMMOJACHCTBUS U B
YAaCTHOCTH COOTHOIICHHSI MEXKIY 3HAYECHUAMH «IPSIMBIX» U «IEPEKPECTHBIX)»
MEXKAaTOMHBIX CBSI3EH;

- COOTHOUIEHUS! aTOMHBIX Pa3MEpOB KOMIIOHEHTOB M HMX IOBEPXHOCTHAs
SHEPTHUs.

Lenpto Hactosmend padOThl SBIASETCS HW3YyYEHUE 3aKOHOMEPHOCTEH
CTPYKTYypoOOpa3oBaHHs B OHMMETaVIMYECKUX HAHOYACTHIIAX C  pa3HOM
TEMIIEpaTypoOll  KPUCTAUIM3ALMM HA  NOPHUMEPE  CIEAYIOIIUX  CUCTEM:
Au—Ag,Ti— ALTi -V .

B nanHoM ciiyuae, HampuMep, CUCTEMA Au— Ag WHTEPECHA TE€M, YTO OHA
NPaKTUYECKH  MACATIbHO  OTBEYAeT  CIy4yalr  OTCYTCTBUS  Pa3MEpPHOro
HECOOTBETCTBUSI aTOMOB. B TO e Bpemsl COIJIaCHO JaHHBIM KOMIBIOTEPHOTO
MozenupoBaHus [1] TepHapHbId HaHOCIUIaB, OOpPa30BaHHbIN U3 Ti, ALV , MOXKET
IPOSIBISITE CTPYKTYPHYIO CErPEranuro, 3KCIIEPUMEHTAIBHO IPEICKA3aHHYI0 B
[10].

CymecTByrOT  ABOMHBIE  METAIMYECKUE  CHCTEMBI, pPaBHOBECHAs
CMEIIIMBAEMOCTh KOTOPBIX B OOBEMHBIX KpHUCTaslax O4YeHb orpanuueHa. [Ipu
TOM B HAaHOPA3MEPHOM JMarna3oHe TaKue CHUCTEMbl MOTYT JIEMOHCTPHPOBATH
OoJibllIoe pa3zHOOOpa3ue KOH(PUTYypalMii HAHOYACTHI[ KaK pa3JeieHHBIX Ha
¢da3pl, Tak U cMemaHHbIX. M HA00OpOT, Hampumep, ISl MaKpOCKOMHMYECKOM
CUCTEMBbI Ag—Cu B IIMPOKOM JHAIa30HE COCTABOB BIUIOTH IO TEMIICPATyphI

TJIaBJICHUS XapakTepHo (a3zoBoe pazaenenue. [lpm stom B pabore [§]
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YCTaHOBJICHA YCTOWYMBAs pa3MepHasi 3aBUCUMOCTb TEMIIEPATYpPbl, IPU KOTOPOM
BO3MOXHO paszfeneHue (a3. Takoro poja HaHopazMepHble 3((EKTHI MOTYT
ObITh OOYCIIOBJIEHBI CYIIECTBOBAHMEM WM OTCYTCTBUEM MPEANOYTUTEIIbHBIX
LEHTPOB 3apO/JIbIIICO0PA30BaHUsI B HAHOYACTHUIAX, KOTOPHIE CHIKAIOT 3aTPaThl
CBOOOJHOW »Hepruv Ha paszfeneHue @a3 MO0 CPaBHEHUIO C OOBEMHBIMU
CUCTEMaMHU.

Takum o06pa3oM, MbI HaJEeMCS YCTaHOBUTH, OMUCAaTh WM CPABHUTH
cnenuduueckue 3aKOHOMEPHOCTH CTPYKTYpOOOpa30BaHUs B
BBIIIENIEPEYMCIEHHBIX OMMETAININYECKUX HAHOYACTUIAX.

2. ITocTtaHoBKa 3a1a4U M METOAUKA IKCIIEPUMEHTA

B kadecTBe OOBEKTOB HCCIEAOBAHUS BBICTYIATH OWMETALTUYCCKUC
HaHOYACTULIBl Au— Ag,Ti— Al Ti—V , couepxammue N =200,400,800,1520 u 3000
atomoB. [Ipu 3TOM JeTaNbHO MpOIECC KPUCTALIU3AUUU ObLT HU3y4YeH s
pasMepoB 400 u 800 aromoB. PaccmarpuBanuch CIEAYIOLIUE IPOLICHTHBIE
COOTHOIIICHUSI KOMIIOHEHTOB B COCTaBe OWMETA/UIMYECKUX HAHOYACTHIL:
0-100,25-75,50-50,75-25,100 =0 . KOMIOBIOTEPHBIA 3KCIEPUMEHT MPOBOIAUICS
METOJIOM MOJIeKyJispHOH nuHamMuku (MJI), ¢ ucnonab3oBaHUEM aBTOPCKOIO
nporpammHoro  obecneuenuss  ClusterEvolution  [11].  Hccnenyemsie
OMMeTaINTNYECKMe HAHOYACTHUIBI HAarPEeBAJIMCh /10 TeMIiepaTyphl, Ha 50 K BbIie
TEeMIIepaTyphl IUIABJIEHUs 0oJiee TYrOIIaBKOTO METajlla B CHUCTEME (C y4eTOM
pa3mepHoil 3aBucumoctH [12-14]), a 3arem oxumaxnamuch a0 0,1 K co
ckopocthio 0,6 K/mc. lllar mo Bpemenu B M/] skcniepumente coctaBiisii 1 ¢c.
Jnsg  MomenupoBaHHUST  MEXKATOMHOIO  B3aUMOJICMCTBHUS  MCIOJB30BAJICS
MHOT'OYAaCTUYHBIA MOTEHUIHAN CUIBHOU cBs3M [15]. IlepexkpecTHbie mapamerpsl
OBLIM pacCUMTaHbl C UCTIOJIb30BaHUEM MOUdUIImpoBaHHOrO npasuia Jlopexia-
beptio [16]. Temmneparypa KpucCTaUIM3allMU OMNpEAEsAiIach IO CKAayKy Ha
KaJIOPUYECKUX 3aBUCHUMOCTSX ITOTCHIMAJIbHOW YaCTH YACIbHOW BHYTPEHHEU
sHeprun. Kpome Toro, ¢ menpto 0ojiee TOYHOTO OMpENETICHUS TeMIepaTyphl
KpUcTaJun3auuu ¢ nomoulpto mporpamMmmbl OVITO [17] nonoaHUTENBHO
MpOBOJWIICS aHainu3 Hamuuus kpuctaumueckux ¢a3z (UK, T'TIY, OLK)
METOJ/IOM COTIOCTABJICHUSI TTOTUDIPUIECKUX 11a0JTOHOB.

3. O0cyxaeHue pe3yjibTaToB

Ha puc. 1 B kauecTBe mpumepa npeacTaBiIeHbl KOHEYHbIE KOH(PUTYpALTUT
(B ceueHUM) OMMETAINIMUECKUX HAHOYACTULl Au— Ag,Ti— AL Ti—V , COAEpKaIINe
N =400,800. Jljsi OuMETAJNTMYECKUX HaHOYACTUIl Au—Ag ¢ yBEIUYCHUEM
coJiep KaHusl aTOMOB 30JI0Ta, OHHM 0OJiee aKTUBHO 3aMEIIAl0T aTOMbI cepebpa Ha
noBepxHoctu. C yBenmnueHueM pasmepa cuctembl mnpeooOnananue [TIY dassr
cmensierca nipeodnamganriem ['IIK dasel. [Ipu sTom mpu N =800 u cocraBax
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25-75 U 75-25 HabmogaeTcs (pazoBas cerperaius, T.c. GOPMUPYIOTCS 30HBI, B
KOTOPBIX UJICHTU(PUIIMPYIOTCS aTOMBI OJJTHOU (pa3bl.

Jlist OuMeTayuIMuecKuX HaHodacTHll 7i—V XapaKTepHa IMOBEPXHOCTHAas
cerperanusi aroMOB THUTaHa JaXke TMPU YMEHBIICHUM HX COJICpKaHUS B
HaHO4YacTUIle. ATOMBI TUTaHa (OPMUPYIOT HEKPUCTAIIMYECKHE (Pa3bl, BKIOYAS
UK, B TO BpeMs kak aTOMBI BaHaius B OCHOBHOM (opmupytoT ['TIY cTpykTypy.

Kak u jgng Ommerammmueckux HaHodacTull Au—Ag B cucreme Ti— Al
HaOroMaeTcsi, HO OoJiee IPKO BhIpakeHo, ¢azoBas cerperamus LK u I'TTY ¢das.
Bmecre ¢ TeM aToMbl allOMMHUS CKJIOHHBI K IIOBEPXHOCTHOM cerperanuu. llpu
JOMUHUPYIOIIEH JI0J€ aTOMOB allOMHHHS, aTOMbl THUTaHa (QOPMHUPYIOT
OT/IeNbHbIE OOJACTH/BKIIIOUEHUS] BHYTPU HaHOYACTHUIIBI, 0e3 (hopMHUpOBaHUS
3aMKHYTBIX 000JIOYEK.

CocraB

Au—Ag
N =400

Au—Ag
N =800

Ti-V
N =400

Ti-V
N =800

Ti— Al
N =400

Ti— Al
N =800

Puc. 1. bumerammueckue HaHouacTuibl Au—Ag (KeNTble aToMbl — 30J0TO, CEpble —

cepebpo), 7i—V (TeMHO-cepple aTOMBI — THTaH, TEMHO-3€JCHbIe — BaHamawi) u 71i— Al
(TemMHO-cepple aTOMBI — THTaH, CEPO-TONYOble — QIIOMHUHHKA), TOJTYYEHHBIE TyTEM
KpUCTAITM3auu U3 paciuiaBa. CreBa As KaXI0M Mmapbl MPECTaBICHO paclpesesieHue Mo
COCTaBy KOMIIOHEHT, CIIpaBa — pacmpeseneHue no cocrapy a3 (3enensie — ['TIK, kpacHbie —
I'TIY, cunue — OLIK, xenteie — UK siapa, Genble — Hepacno3HaHHBIE).
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JUi1 OLIEHKH CTaOWUIIBHOCTU OMMETAJUIMYECKUX HAHOYACTHULl Pa3IMYHOTrO
pa3Mepa u cocTaBa MOYKHO HaXOJIUTh SHEPTUI0 cMeleHus £, [18]
Emix = Etot _XEA _(l_x)EB ’ (1)
EA’EB
MOJIHBIE 3HEPIMH COOTBETCTBYIOIIMX 3JIEMEHTOB (Bce B pacuere Ha aroMm). Ha
puc. 2-4 mpencraBieHbl TpadUKH 3aBUCUMOCTH SHEPTUU CMeIlleHus E,, OT

rae E, — MOJIHAs SHEpPrus OMMETAJUIMYECKON HaHOYacTULbl A B

X2

cocTaBa OMMETAIIMYECKUX HAHOYACTHUI] Au— Ag,Ti— AL Ti—V .

Hcxons w3 paHHBIX puc. 2 BUIHO, YTO C YBEIWYEHUEM pa3Mmepa
HAHOYACTHUIl PHEPrUsl CMEIICHUS YBEIUYMBAETCS, U BOTHYTOCTh €€ rpaduka
CYIIIECTBEHHO yMEHBIAeTCs. ACUMMETpHs TpaduKa JJIT CUCTEMbl Au— Ag TIPH
pazmepe N =800 MOXKET TOBOPUTH 00 OCOOEHHOCTSIX CTPYKTYPHBIX
MpEeBpaIlEHU, NPUCYIIUX TaHHOMY pa3MepHOMY auara3zoHy. OgHako npu 3TOM
U3 PACCMOTPEHHBIX OWMMETAUIMYECKUX HAHOCUCTeM  Au— Ag,Ti— ALTi—V
cucteMa Au—Ag (32 HCKIIOYEHHUEM OTMEUYEHHOIO BBINIE) JAEMOHCTPUPYET
HauOoJiee BBICOKYIO CHUMMETpHUIO TpadukoB. Takas 0COOEHHOCTH MOXKET
ABJIATBCSL CJIEJCTBUEM TOTO, YTO 30JI0TO M Cepedpo MPUHAIEKAT OIHON
NOATPYNIE SJEMEHTOB W MPU MHUHUMAIBHOM Pa3MEPHOM HECOOTBETCTBUU
00pa3yloT HEMPEPHIBHYIO CEPUI0 KyOMUYECKUX TBEPABIX pacTBOpoB. Kpome Toro,
C YBEJIIMUCHHEM pa3Mepa HaHOYACTHUIl KPUBBIE BCE OJIMKE paCIONOKEHBI IPYT K
JPYTy, YTO MOXET ObITh TaK)K€ KPUTEPUEM TEpPEX0/ia OT CBOMCTB HAHOYACTHIL K
CBOMCTBaM, IPUCYIITUM MAaCCUBHOM (haze.

Cucrema Ti—Al (cM. puc. 3) U3HAYAIBHO JEMOHCTPUPYET ACUMMETPHIO
KOHIICHTPAIIMOHHBIX ~ 3aBUCUMOCTEW »Heprun cMmemenus. [lo-Buaumomy,
OMMeTaUTMIeCKUe CHUCTeMBbI C KOHIeHTparen 75% Al u 25%Ti B JaHHOM
pa3MepHOM HWHTEpBajie O0JaJAr0T MPAKTUYECKU PABHOW SHEPTHEH CMEIICHWS,
T.€. OJTMHAKOBOMW CTENEHBIO CTAOUIILHOCTH.

Jlns OuMeTainueckoil cucteMbl Ti—V yxKe JJIsi CUCTEMBbI ¢ N =400
HaOII0/1aeTCsl TEPEeX0Jl BEIMYMHBI DHEPTUM CMEUICHUS] B TMOJIOXKUTEIBHYIO
obnacte (cMm. puc. 4 pu 75%7Ti) U C YBEIMUYECHUEM pa3Mepa CUCTEMBI BCE
OombIIE paccMaTpuBaEeMbIX COCTaBOB COOTBETCTBYIOT MMEHHO
MOJIOKUTEJIbHOMY 3HAau€HUIO0 E,. . DTO MOXKET TOBOPUTh O HECTAOMJIHLHOCTH

cucteMmbl Ti—V , U TIpU ONPEAEICHHBIX YCIOBUSX OXJIaXKIACHUS CHCTEMA MOKET
ObITh MOJBepKeHa pacnaay. KoCcBEeHHBIM MOATBEPKIECHUEM TAKOTO MOBEICHUS
MOTYT CJIYKHTh pE€3yJIbTaThl PACYETOB KOHLEHTPALIMOHHBIX 3aBUCHUMOCTEN
SHTAJIBLIIUKA CMEIICHUsI JIsl TuTaHcoaep kanux criaBoB (s ['TIY u OLK da3),
a UIMEHHO OCOOEHHOCTH IIOBEACHHS TAHHOW 3aBUCHUMOCTH i1 CUCTEMBI 7i—V
[19]: suranenus cmemenus OLIK ¢a3bl HE MMeeT JTOKaJIbHOIO MUHUMYMa (B
Uana3oHe KOHLEHTpauuil V e[25,75] ar.% NpakTUYEeCKHM HE MEHSAETCs);
sHTaneius cmemenus ['TIY ¢a3pl umeer cmabo HeauHelWHBIH xapakTep. Kpome
Toro, B pabore [20] oTMewaeTrcs JAWMHAMUYECKas  HECTAOMIBLHOCTH
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TUTAHOOOTAIIeHHBIX HAHOCIUIaBOB 7i—/ HMMEHHO Ha OCHOBE aHaJlu3a
KOHIIEHTPAIMOHHBIX 3aBUCUMOCTEH SHTalNbNUU cMmelieHus. [lpudyem naHHBIM
sabdexT HabmOIaeTCs UMEHHO MPU HU3KUX TEeMIlepaTypax M MOATBEpXKIaeTcs

TaKke JaHHBIMU padort [21, 22].
E ,9B/aTom

0,000 -
-0,005 4
-0,010+
-0.015- —=— N=200
—e— N=400
-0,020+ —a— N=800
0,025 ] —v— N=1520
’ —— N=3000
-0,030

00 02 04 06 08 1,0
Puc. 2. 3aBucuMOCTb 3Hepruu cMmeueHus £, 0T cocraBa OMMETaUIMYECKUX HAHOYACTHUI]

Au— Ag (neBast Touka — MOHOMETAJZIMYECKAs HAHOYACTHUIIA cepebpa, mpaBasi — 30J10Ta).
Emix ,5B/aTom

0,00

0,011

-0,021

0,031

-0,04 —=— N=200

0,05 —e— N=400
—a— N=

0,061 iy

-0,071 —— N=3000

-0,08

00 02 04 06 08 1.0
Puc. 3. To xe nns Ti— Al (neBas Touka — MOHOMETAIIMYECKAsS HAHOYACTHIIA ATFOMUHMS,

npaBasi — TUTAHA).
E ,5B/atom

0,03 -
0,02 -
0,01 -
0,00 -
-0,01 —=— N=200
-0,02 —e— N=400
—— N=800
-0,03 1
’ —v— N=1520
-0,04 —+— N=3000
-0,05

00 02 04 06 08 1,0
Puc. 4. To xe nns 7i—V (neBast TOUKa — MOHOMETATHYEeCKass HAHOYACTUIIA BaHAMS, TpaBas
— TUTaHA).
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OngHuM #3 BaXHBIX [MApaMETPOB, OMPENEISAIONIUX, KaK M BO3MOXKHbIE
TEXHOJIOTUYECKHE TPUMEHEHUs, TaK W 3aKOHOMEPHOCTH CTPYKTYPHBIX
IpeBpalleHuii B OMMETaUNIMYECKHX HAHOYACTHIAX, SBJSETCS TeMIlepaTypa
kpuctaumzanuu. Ha puc. 5-7 mnpencraBieHbl 3aBUCHUMOCTH TEMIIEPATYyphI
Kpucraumszanuu T OT cocTaBa  OWMMETAJUIMYECKUX  HAHOYACTHII

¢
Au—Ag,Ti— Al Ti—V . Hamu ObUIM paccMOTpEHBI OJIU3KKHE pa3Mephl N = 400,800 .
B nmanHoM ciydae Hac B MEHbIIEH CTENEHM UWHTEpEcOBalla pa3MepHas
3aBUCUMOCTh TeMIEepaTyphl Kpuctamuzanuu [13, 23, 24], T.K. 3Ta 3aBUCUMOCTh
ropaszio 6osee cinabo BbIpaKE€Ha, YEM pa3MepHasi 3aBUCUMOCTH TEMIIEpPaTyphl
IIaBiaeHUsl. XOTS €€ BEeJIMYMHA MOXXET OKa3blBaTh BJIMSHUE Ha TMPOIECCHI
CTPYKTYpOOOpa3oBaHUsl, U3YYCHUE BIMSHUS COCTaBa OUMETAJUIMYECKUX
HAaHOYACTHUI HA MPOLECChl  CTPYKTYpooOpa3oBaHHA U  TEMIEPATypy
KpUCTaJUIM3alMU IPEICTABIIAET ropas3io O0JapIIMil HHTEpeC [25].

T.K
5001

475

450+

425 -
—=— N=400
4004 —— N=800

OT

0-100 25-75 50-50 75-25 100-0

Puc. 5. 3aBucumocTs Temmeparypbl KpucTamau3auud I, OT cocTaBa OMMETaNIMUECKHX
HaHouacTul] Au— Ag (1eBas ToOuka — MOHOMETAJUTMYECKash HaHOYACTHIIA cepedpa, mpaBas —
30J10Ta).

T,K

700+
—=— N=400

—— N=800

600 -

500

400 -

3004

0-100 25-75 50-50 75-25 100-0
Puc. 6. To xe must 7i— Al (neBas Touka — MOHOMETA/TMISCKAss HAHOYACTHUIIA AJTFOMUHUS,
npaBasi — TUTaHA).
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T.K

700 41 —=— N:4OO
—— N=800

650

600

0-100 25-75 50-50 75-25 100-0
Puc. 7. To xe nna Ti—V (neBas Touka — MOHOMETA/UIMUECKash HAHOYACTHUIIA BaHAIMS, TIPpaBast
— TUTaHA).

Ha mnpumepe Oumeramindyeckod HAHOCUCTEMbI Ag—Au (CM. puC. 5)
MOKHO  YBUJETh JIB€ TUIHUYHBIE  KOHIIEHTPAIMOHHBbIE  3aBUCHUMOCTHU
TeMIIEpaTypbl  KPHUCTAJUIM3AllMU: 3aBUCUMOCTb C  SIPKO  BBIPAYKCHHBIM
MHHUMYMOM W MOHOTOHHO M3MEHSIONIASACS 3aBUCUMOCTh. KpoMe TOTo, TOJBKO
y OMMETaTNIECKOM HaHOCHUCTEMBI Ag— Au T (Au)~T,(Ag) TS

paccMaTpMBacMoOro Juana3oHa pa3MepoB. BaxHO OTMETUTh, 4YTO TIpHU
JIETUPOBAHUN BTOPBIM KOMIIOHEHTOM OCTaJIbHBIE IIOJIYYEHHBIE 3aBUCHMOCTHU
(cMm. puc. 6, 7) masa TeMmmepaTypbl KpUCTALIM3AIMA OCTAIOTCS MOHOTOHHBIMU,
T.., HampuMmep, He YyaaeTcs s JaHHBIX OMMETAUIMYECKHUX HAHOYACTHII
MOJIYYUTh COCTaBbI C OO0Jiee BBICOKOH TEMIIEpAaTypor KPHUCTAUITHM3AMH TI0
CPaBHECHUIO C TEMIIEPATYPAMU KPUCTALUIM3AIUN KOMIIOHEHTOB. TakKe OTMETHUM,
YTO TEMIIEPATYpHBIM uHTEpBAI AT =T (N =800)—-T7.(N=400) i1 Bcex
PAacCCMOTPEHHBIX OMMETANIMUYECKUX HAHOCUCTEM COCTaBJsieT He Ooiee 40 K.

4. 3aks04eHnune

B cepunm MOJEKYJISIpHO-AMHAMUYECKUX SKCIEPUMEHTOB Ha IpUMEpe
OMMETaNINYECKUX  HAHOCUCTEM  Au—Ag,Ti— AL Ti—V ~ TPOaHaJIU3UPOBAHBI
KOHILICHTPAIMOHHBIE 3aBUCUMOCTH JHEPTMHA CMEIICHHS HA OCHOBE JHEPTUMU
KOHEYHBIX KOH(pUTYypanuuil ¢ HAaMMEHbLIEH SHEPrUei Mo COCTaBy, MOJYYEHHBIX
Py KpUCTAUIM3alMU. BuJ KOHUEHTPAUIMOHHBIX 3aBUCUMOCTEH JHEPTUH
CMEIIEHUS MO3BOJISIET MPOrHO3UPOBATh COCTABBI U pa3Mepbl OMMETAITMYECKUX
HAHOYACTHIl, KOTOPbIE MOTYT TpPOSIBIATH HecTabmiIbHOCTh. B uacTtHOCTH,
HECTAOWJIBHOCTh XapakTepHa [JIsi OMMEeTauIMuecKuX HaHoyacTull Ti—V cC
BBICOKMM  COJAEPKAHUEM THUTAHA, YTO IOATBEPKIAACTCA JaHHBIMH  JJIA
Makpockonuyeckux cmiaBoB [19-21]. Kpome Toro, s OMMeETaIMYEeCKUX
HAaHOCHUCTEM C pPa3sMEpPHBIM HECOOTBETCTBUEM KOMIIOHEHTOB XapaKTEepHa
ACUMMETPUYHOCTh OTAEJIbHBIX KOHLEHTPALMOHHBIX 3aBUCUMOCTEN SHEPruu
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CMCIICHMA, qTo CBUIACTCIIbCTBYIOT 0) CHCHI/I(I)I/I‘{eCKI/IX CTPYKTYPHBIX
MNPCBpAICHUAX, XAPAKTCPHBIX HMCHHO X1 AAHHOI'O COCTABAa M pa3Mcpa. B
YaCTHOCTHU OJHHMM H3 MAPKCPOB TAKOI'O IMOBCACHHA MOXKCT OBITH CTPYKTYpPHAasi1
cerperanusa, AaKTHBHO IIPOABIIAIOMIAACA IIPU MaJIbIX KOHIOCHTPAIMUAX Oonee
JICTKOIIJIABKOT'O KOMIIOHCHTA. KpOMC TOrO, AJI1 pa3MepoB N =400,800 HaMu

OBLIN IMOJIYYCHBI KOHOCHTPAINMOHHBIC 3aBUCHUMOCTHU TCMIICPATYPhI
KpuUCTaJlJIN3al1H. HOKa?)aHO, qTO AJI1 UCCIICA0OBAHHBIX HAMH OMMeTaNTMYSCKUX
HAaHOCHUCTEM XapaKTCPHbI JBa THIIA KOHICHTPAIIMOHHBIX 3aBUCUMOCTEH
TEMIICPATYPhbI KpuCTaJlJIn3alun: 3aBUCHUMOCTD C SIPKO BBIpa’KCHHBIM
MUHUMYMOM HW MOHOTOHHO H3MCHAKOIIAACA 3aBHUCUMOCTD. Hpeo6J1azLaeT
MOHOTOHHAsA 3aBUCUMOCTDL TCMIICPATYPbI KPUCTAJUIM3allUU OT COCTaBa.

Hccneoosanus evinonnenvl npu noodepicke Munobpuayku P® 6 pamkax evinonmnenus
20cyoapcmeenHo2o 3adanus 6 cghepe nayunou deamenvnocmu (npoexm Ne 0817-2020-0007).
Hccnedosanue evinonneno npu @Qunancosoi noodepicke PODPU 6 pamkax HayuHbix
npoexkmosg Ne 20-37-70007 u Ne 20-33-90192.
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REGULARITIES OF STRUCTURE FORMATION IN BIMETALLIC NANOPARTICLES
WITH DIFFERENT CRYSTALLIZATION TEMPERATURES
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Abstract: In this work, of the structure formation was investigated using Au — Ag,Ti — Al,Ti—V

bimetallic nanoparticles as the patterns. These bimetallic nanoparticles have different atomic size
mismatches and different crystallization temperatures. A series of molecular dynamics experiments
was carried out. Based on their results, the final configurations with the lowest energy were analyzed
and the concentration dependences of the mixing energy were obtained. An analysis of the
concentration dependences of the mixing energy makes it possible to predict the compositions and
sizes of bimetallic nanoparticles, which can exhibit instability, such as for 7i—JV bimetallic
nanoparticles. The asymmetry of individual concentration dependences of the mixing energy is
evidence of specific structural transformations characteristic for the given composition and size. It has
been established that structural segregation is characteristic for Au—Ag,7i— Al bimetallic

nanoparticles and it is actively manifested at low concentrations of a more low-melting component.
The competing phases in this case are fcc and hep phases. In addition, for the average sizes considered
in the article, the dependence of the crystallization temperature on the composition of bimetallic
nanoparticles was investigated.

Keywords: molecular dynamics method, tight-binding potential, bimetallic nanoparticles, structure
formation, crystallization temperature, mixing energy, stability.
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