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MeTom0M MOJEKYJISAPHON AMHAMUKU WMCCJETOBAHBI ITPOIIECCHI IIJIABJIEHUA U
3aTBepJeBaHUA HUKEJS B YCIOBUAX OBICTPOrO OXJaKIeHuA. B mepeoxia-
JKIEHHOM JKUAKOM HUKeJe UIAeHTUMUIIMPOBAHBI KJAcTepPHbIe 00pa3oBaHUA
KPUCTAJLINYECKUX ¥ HEKPUCTAJJINYECKUX THUIIOB C IIOBBIIMIEHHON IIJIOTHO-
ctpio. IlokasaHo, UTO OOBEMHAA [MOJISI KJACTEPOB PACTET C IMOHUIKEHUEM
TeMIIepaTyphbl ¥ JOCTUTAET IIOPOTa MPOTeKAHUSI B MOMEHT CTEKJIOBAHUA.

MeTo1010 MOJIEKYJIAPHOI AMHAMIKK MOCJiIKeHO IPOIleCH TOIJIeHHS i TBep-
OiHHSA HIKJII0 B yMOBaX MIBHUAKOTO OXOJIOMKEHHSA. Y IIePeoXO0JOIKEeHOMY
pizxkoMy HikgiL imeHTmdiKoBaHO KJaCTepHi YTBOPEHHS KPHUCTAJIUHHX 1 He-
KPHUCTAJIUHNX THUIIB 3 IiABUINEHOI I'ycTHHOMI. IlokaszaHo, 1[0 00 €MHA I0-
JIs KJIacTepiB 3pocTae 31 3HMIKEHHAM TeMIIepaTypH i JocArae MOpOory IIPOTi-
KaHHA B MOMEHT CKJIYBaHHS.

The melting and solidification processes in nickel are investigated by
means of the molecular dynamics method. Compacted clusters of crystal-
line and non-crystalline types are identified in supercooled liquid nickel.
The volume fraction of clusters is increasing with temperature decreasing
and reaches the percolation threshold at the glass transition.

Karouessie cioBa: *KUIKOCTb, aMOP(HOE COCTOAHNE, CTEKJIOBAaHNE, KJIACTep,
MOJIEKYJIAPHAA JUHAMUKA.

Karouori ciaora: piguHa, amopdHUI cTaH, CKJIYBaHHA, KJIACTEDP, MOJIEKYJI-
PHaA nuHaAMiKa.

Key words: liquid, amorphous state, glass transition, cluster, molecular
dynamics.
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(ITonyueno 6 aseycma 2015 2.)

1. BBEAEHUE

AToMHAA CTPYKTypa MeTaLIMUYECKUX CTEKOJI CBA3aHA CO CTPOEHUEM
pacmiaBa, M3 KOTOPOTO METAJLIMYECKHE CTeKJa IIOJydYaioT MEeTOHOM
OBICTPOTO OXJIAMKIECHMSI.

BaskocTh mepeoxJakAEHHON KUIAKOCTH OBICTPO YBEJIMUYHUBAETCA C
HOHM)KEeHMEeM TeMIepaTyphbl M IepexoJ B TBEPAOE COCTOAHME IIPOMC-
xoauT 0e3 KpucTtaaamsanuu. TakuMm o0pa3oM, MeTaJJInvecKue CTeKJa
HacJeAYyIOT OTCYTCTBHE TOIIOJOTMUECKOr0 MHOPSAAKAa, HEOLHOPOLHOCTH
CTPOEHUS IIEPEOXJIAIKIEHHON JKHUAKOCTM W MHOYKECTBEHHOCTL THUIIOB
JIOKAJBHOTO yHopAmoueHus atomosB [1, 2].

OcobeHHOCTH M3MEHEHUS CTPYKTYPHI MePeoXJIaKIEHHON KUIKOCTU
¥ METAJJIMYEeCKOro CTeKJia BOJMM3M TeMIIepaTyphbl CTEKJIOBAHUSA ObIIN
HCCJIEJOBAHBI METOAOM MoJieKyJApHoit muuamMuiku (MJl) Ha mpumepe
HUKeJd.

2. METOOUKA MOJAEJUPOBAHUSA

Jlia onmcaHuUA MeKaTOMHOTO B3auMojeicTBusa B mpoiiecce Ml mome-
JUPOBAHUSA MCIIOJb30BAJICA METOH IIOTrpyKeHHoro aroma [3], B KOTO-
poM TIoJHAd IOTEHIIMAJIbHAS DYHEPrus CHUCTEMEBI, cocTodAlleilr ms N
aTOMOB, IIPEACTABIAETCA B BUAE CYMMbLI SHEPTUH HOTPY:KEHUSI U IIap-
HOT'O B3aMMOJEMCTBUS.

N N

U= Fp)+Y.

i=1

M=

(Pij(r;j); p; = Zﬁ(’;])'

i= >i J#i

~

dueprua wnorpy:xenusa F(p;) aroma i oupezpesnsgerca Kak (QOYHKIUA
CYMMAapHO¥ 3JIEKTPOHHOM IIJIOTHOCTH p;, KOTOpPAas HABOAUTCA COCE.-
HUMU aToMaMu j B ToukKe r;. IlapHoe B3amMozeiicTBUe i-r0 U j-TO aTo-
MOB 3aJla€TCA MOTEeHOUAJIOM ¢,(r;), The r; — PACCTOSHWE MEXXIy HU-
mu. 3HaveHuA QyHKUUN F, f, ¢ Oaa HUKeasa B3ATH us [4].
PaccmarpuBanacek cucrema, comep:xamias 4000 aromoB B KyOumue-
CKOIl sAYelike, HA KOTOPYIO HAKJAALIBAJINCDH IIEPUOAUUYECKHE I'PAHUNU-
Hble ycaoBusA. CucreMa HaxXOOWJgach MIPU IMIOCTOSAHHOM [IaBJIEHUU
p=1000 ITa. IlocTosiHHOe maBJeHWE O00ECIIEUYMBAJIOCH WN3MEHEHUEM
o0béMa SYEHKU COTJIACHO ajaroputmy [5]. B mauanbHBII MOMEHT IIpHU
T =0 K atomsr pasmemnianuchk B Buae I'IIK-pemérku. 3arem mpomsBo-
auiochk Harpesanue cucteMbl 10 4000 K u mocienyrolee oxJjaskaeHie
mo 0 K. [Iina naMeHeHUA TeMIIEPATYPHI MCIIOJIb30BAJIOCH MACIITAOMPO-
Bamme cKopocTeii aromoB. MozaenupoBaHue IIPOBOAUJIOCH C IIIArOM IIO
Bpemeru 5107 ¢. Ckopoctu macmrabupoBamuch kKakgble 200 1ma-
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roB. IlapameTpnl cucTeMbl aHAIM3UPOBaINCh ¢ mHTepBasoM 800 1ia-
roB. HarpeB m oxjaskIeHUe OCYIIECTBIAINCH CO CKopocThio 4-10™
K/c.

3. PE3YJIBTATDHI U OBCYRKIEHUE

CienyeT OTMETUTH, UTO CTPYKTYPHBIE IEPEXOJbl, ITPOUCXOAAIINE B
cucTeMe, 3aBUCAT OT CKOPOCTH HArpeBa/OXJIaiKAEHUA W KOJIMUYecTBa
aToMOB B Mojenu. Tem He MeHee, MJI-MomennpoBaHUEe II03BOJIAET
YCTAHOBUTL HEKOTOpbIE O0IMe 3aKOHOMEPHOCTU CTPYKTYPHBIX IIpe-
BpAIlleHnii, MPOUCXOAAIINX B METALIAX.

Ha pucynkax 1, 2 mpuBeeHbI cpefHNe 3HAUYEHUA MJIOTHOCTU U TIO-
TeHIIUATbHOI dHepruu (Ha aToOM) B 3aBUCUMOCTU OT TEeMIIepaTypHhI.

B mporecce HarpeBa cuCTEMBI B MCXOQHOM, KPUCTAJIIMYECKOM, CO-
CTOAHUU TJOTHOCTH MOHOTOHHO YMEHBIIIAeTCA, a 9HePTUsA yBeJIUUnBa-
erca (yuactoxk A—B). Ha yuactke B—C Habamomaercsa pe3Koe M3MeHe-
HUe XapaKTepuCTUK, Bbi3BaHHOe MiaaBienmem. WutepBan C—D oTBe-
YaeT pacIliaBy.

Ha xpuBbIX oxJyaKAeHUs HabOsomaeTcAd TouKa meperuba FE, Koro-
pad COOTBETCTBYET IIEPEXOJY CHUCTEMBI B CTEKJ000pasHOE COCTOSHUE.
Temneparypa mnepexoza T, omnpezgensjach IyTEéM JUHEWHOH AaIIIPOK-
cuManuy rpagruKoB, CO CTOPOHBI BBICOKMX WM HHU3KHUX TeMIIepaTyp.
3uauenue T,, onpesenénHoe no rpadpury p(T), cocraBuio 2154 K, a
no rpapury E (T) — 2233 K.

TakuM o0OpasoM, Ha BeTBU OXJaKJeHUA ydacToK D—E cooTBert-
CTBYET JKHUIKOMY COCTOAHNIO, a E—F — cTeKJay.
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Puc. 1. 3aBuCUMOCTh aTOMHOI IJIOTHOCTH p OT TeMIepaTyphkl 1T B mpoliecce
HarpeBa U OXJAMKAeHUS HUKeJsd.'
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Puc. 3. 3aBucuMOCTh O0BEMHON HOJIM TBEPAOMOAOOHBIX KJIACTEPOB OT TEMIIe-
parypsl T B IIpoliecce HarpeBa M OXJAMKAEHUSA HUKeJd.’

PaccMoTpuM 9BOJIIONHUIO CTPYKTYPHBIX COCTOSHUM CHCTEMBI B IIPO-
mecce oxJaxkmenus Ha BerBu D—E-F. Cucrema HeOmZHOpPOIHA IIO
miroTHocTu. OTMeuaroTCeA KOMIIAKTHBIE TPYIIIIBEI aTOMOB (TBEPIOIIOL00-
HbIe KJACTepbl), IJOTHOCTh KOTOPBIX CPaBHMMA C IIJIOTHOCTBHIO KPIU-
CTAJIJINYECKOr0 TBEPAOro Teja. Eciu ompeneiuTb 00beM, HPUXOM-
Iuiicad Ha aTOM B cuUCTeMe, KaK 00beM MHOTorpaHHuUKa Boponoro [6],
TO KPHUTEpHEeM OTHEeCEHHS aToMa K TBEPAOMOZOOHOMY KJIACTEePy CJIy-
JKUJIO He IIPEeBBIIIIeHNe ero aTOMHBIM O0BEMOM IIOPOTOBOTO 3HAUYEHUS
V,=0,012285 um®?, paBHOTO 06BEMY, IPUXOAANIEMycA Ha aToOM B
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Puc. 4. AtomMHBIe KOHGUTypaIliy B TBEPAOIOJOOHBIX KJACTepaxX CHUCTEMBI U
B I'lTK-kpucramne: a — (T =300 K, kpucrann); 6 — (T =3000 K, pacmias);
6 — (T =2000 K, crekio).!

I'TIK-pemméTke.

Ha pucyuke 3 mpuBeieHa TeMIepaTypHas 3aBUCHMOCTL O00HEMHOI
IOJII TBEPIOMONOOHBEIX KJiacTepoB B cucrteme. C MOHMMKEHMEM TeMIIe-
paTypsl 00BEMHASA MOJA TBEPIAOIONOOHBIX KJIACTEPOB YBEIWUYNBAETCH,
M B MOMEHT cTeKJioBauusa (Touka E Ha puc. 3) cyMMapHBLIN o0beM
TBEPJOIMONOOHBIX KJACTEPOB HaumHaeT IpeBbimiats 0,26 o0bEMa cu-
CTeMBI. TO COOTBETCTBYET IIOPOrYy IIPOTEKAHUS HJIA CIAYUYANHON ILIOT-
HOI yIaKOBKU TBEPABIX cdep [7].

Ha pucyuke 4, 6, 8 mpuBeleHbl KOHPUI'YpaIlluy aTOMOB, OTHOCSH-
IMUXCS K TBEPAOMOMOOHBIM KJIaCTepaM, KOTOPbIe COOTBETCTBYIOT pPac-
miaaBy (3000 K) u crekany (2000 K), a Takke cucreMa B KPHUCTAJJIU-
yeckoMm cocrosauuu npu 300 K (puc. 4, a). Buguo, uTo B cTeKJie KJa-
CTep IepeceKaeT IPaHUIlbI AUEHKN U 3aMBIKAaeTcsA caMm Ha cedd.

B mporiecce HarpeBa M oxXJiasKAeHWs HaOJ0LaI0Ch M3MeHeHU’e JIo-
KaJIbHOTO TOPAIKA, KOTOPHIM aHaIM3WpoBaJicA II0 BUIY MHOTOr'DaH-
HuKOoB Boponoro (MB). MB omnuceiBatorca mumexkcamu (N;, Ny, ...),
KOTOPBIE OTBEUAIOT KOJWUYECTBY TPEYrOJbLHBIX, YETHIPEXYTOJBHBIX U
T.I. TPaHeil MHOTOTPAHHUKA.

KpucranauueckomMy cocTogumuio (y4acTok A—B) COOTBETCTBOBAJIH
KJacTepbl € MKCKaKEHHOI TemaoBeIMu Qaykryanmuamu I['TIK-
crpyrrypoit (MB (3, 6, 4); (3, 6, 5); (4, 4, 6); (4, 4, 7); (2, 8, 4); (2,
8, 2);(4, 4, 6); (4, 4, 7).

B xmumgxkom cocrosuuu gouas 'IIK-momobHBIX KJaacTepoB yMeHbIIIA-
Jach C HArpeBOM, IPW 9TOM BO3pacTaja M0Jsd HEKPUCTALINYECKUX
ukocasapuyeckux (MB (0, 0, 12)) u ukocasapomogoousix (MB (0, 1,
10, 2); (0, 0, 12, 2)) kaacTepoB.

B crekje aTombl, BXOAAIME B COCTAB TBEPHOMOAOOHBIX KJIACTEPOB,
UMeN KaK KPUCTAJLIMYecKOoe, TaK U HEKPUCTAJIJINYECKOEe OKpYyiKe-
HUe, MPUYEM J0Js aTOMOB C HKOCA3IPUUECKOH KOoopIuHallueill yBe-
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JU4YUBaJach C MIOHUKEHNEM TeMIlepaTyphl.

CiaenyeT OTMETHTBh, UTO HMKOCasApHUUecKas CHUMMETPHUS B PACIIOJIO-
JKeHUMW aTOMOB HaOJiomaeTcsd, Kak B paciiaBax [8—12], Tak u B CTEK-
aax [13—15]. Ina xmacrepoB HebGoabIitoro pasmepa (N < 300 aTomoB)
HKOCapApUUecKass KOOPAMHAIINA SABJAETCA DHEPTeTHUeCKM IIPeIIIo-
YTHUTEJIbHOW II0 CPABHEHMIO C IIJIOTHOYIIAKOBAHHOW KPHCTAJLINYECKON
[2]. OgHako ¢ yBenmueHHMEM pPasMeEpPOB KJIACTEPOB C MKOCA3IPUUECKON
KoopAwHaIeil dSHEPreTUUYeCKUN BBIUTPHINIT yMEHbIIaeTcsa U3-3a
dpycTpanu, 1 KPUCTAINUYECKUI KJacTep MOKET CTATh 3apOJAbIIIeM
KPUCTAJLIN3AIIH].

Hannume aToMOB ¢ MKOCasApPUUECKONl KOOpAMHAIMEHX B TBEPAOIO-
IOOHOM KJacTepe yMEeHbIIIaeT BEePOATHOCTHL 00pasoBaHUA KPUCTAJLIH-
YEeCKOr'0 3apPOALIIIAa C Pa3MepoM OOJIbIlle KPUTUUECKOrO0 M TeM CAMBIM
O0JIOKMPYeT KPUCTAJIN3AIINIO.

dopMupoBaHMe KJACTEPOB C MKOCA3APUUECKUM OJMKHUM IIOPSL-
KOM HaOJI0JAJoch IIPU CTeKJoBaHuHU Kejesa [14]. B mamem ciayuae
MIPOTEeKAaIoMINil TBEPAOMOAOOHBIN KJIaCTep B CTEKJEe COIEp:KUT Kak
KpHCTAJIINUYeCKNe, TaK M HEeKPUCTAJINUYECKNe YUYACTKHU, YTO OTpasKa-
eT MUKPOTeTepPOTeHHBI! XapaKTep CTpoeHUA aMop(HOIl (a3bl HUKe-
Jd.

4. BBIBOAbI

C IOMOIIBI0O METOZA MOJIEKYJIAPHOM TMHAMUKK HCCJELOBAHBI IIPOIEC-
ChI IIJIABJICHUS Y aMOP(PU3AIUYN HUKEJI.

B :xugxom 1 aMOp(HOM COCTOAHUU HUACHTU(MUIMPOBAHBI KJIACTEPHI
moBEITIIeHHOI maoTHOCTH ¢ I'T[K-mmomo0Hol 1 MKocasgpuuecKoil KOoop-
OUHAIEeH.

ITokasaHo, 4TO B MOMEHT CTEKJIOBAHUSA B CHCTEME JOCTUTaeTCA IIO-
por mpoTekaHuA NIyTEM (POPMHUPOBAHUA OOBEIUHEHHOrO KJacTepa,
BKJIIOUAIOIEr0 KPUCTAINUYECKNE M HEKPUCTAJINYECKHE YUACTKH.

ODUTUPOBAHHASA JIJUTEPATYPA

1. A. C. Baxkaii, Iloaukaacmepnvie amoppruvie mena (Xapbkon: Cunrexc: 2013).
A. II. IlTmak, A. B. Measauk, MukporneoOHopoOHOe cmpoeHue
HeynopsdouenHblx memanauieckux cucmem (Kues: Axagemnepuoguka:
2005).

\S]

3. M. S. Daw and M. I. Baskes, Phys. Rev. Lett., 50: 1285 (1983).

4. A. F. Voter and S. P. Chen, Mat. Res. Soc. Symp. Proc., 82: 175 (1987).

5. H. C. Andersen, J. Chem. Phys., 72: 2384 (1980).

6. B. A. Ilonyxuu, H. A. BatonmuH, Modeauposanue amoppHbuiX Memannos
(Mocksa: Hayka: 1985).

7. M. J. Powell, Phys. Rev. B, 21: 3725 (1980).

8. H. Reichert, O. Klein, H. Dosch, M. Denk, V. Honkimaiki, T. Lippmann, and



VICCJIENOBAHUE CTPYKTYPHBIX ITPEBPAITTEHU ITPY CTEKJIOBAHI HUKEJIS 509

G. Reiter, Nature, 408: 839 (2000).

9. T. Schenk, D. Holland-Moritz, V. Simonet, R. Bellissent, and D. M. Herlach,
Phys. Rev. Lett., 89: 075507 (2002).

10. D. Holland-Moritz, T. Schenk, R. Bellissent, V. Simonet, K. Funakoshi,
J. M. Merino, T. Buslaps, and S. Reutzel, J. Non-Cryst. Sol., 47: 312 (2002).

11. A. Di Cicco, A. Trapananti, S. Faggioni, and A. Filipponi, Phys. Rev. Lett.,
91: 135505 (2003).

12. M. Celino, Eur. Phys. J., 196: 35 (2011).

13. A. Hirata, L. J. Kang, T. Fujita, B. Klumov, K. Matsue, M. Kotani,
A. R. Yavari, and M. W. Chen, Science, 341: 376 (2013).

14. A. B. Esrees, A. T. Kocuinos, E. B. Jlesueuko, JKITP, 126: 600 (2004).

15. E. Ma, Nature Materials, 14: 547 (2015).

REFERENCES

1. A. S. Bakai, Poliklasternyye Amorfnyye Tela (Kharkov: Sinteks: 2013) (in
Russian).

2. A. P. Shpak and A. B. Melnnik, Mikroneodnorodnoe Stroenie
Neuporyadochennykh Metallicheskikh Sistem (Kiev: Akademperiodika: 2005)
(in Russian).

3. M. S. Daw and M. I. Baskes, Phys. Rev. Lett., 50: 1285 (1983).

4. A. F. Voter and S. P. Chen, Mat. Res. Soc. Symp. Proc., 82: 175 (1987).

5. H. C. Andersen, J. Chem. Phys., 72: 2384 (1980).

6. V. A. Polukhin and N. A. Vatolin, Modelirovanie Amorfnykh Metallov
(Moscow: Nauka: 1985) (in Russian).

7. M. J. Powell, Phys. Rev. B, 21: 3725 (1980).

8. H. Reichert, O. Klein, H. Dosch, M. Denk, V. Honkimiki, T. Lippmann, and
G. Reiter, Nature, 408: 839 (2000).

9. T. Schenk, D. Holland-Moritz, V. Simonet, R. Bellissent, and D. M. Herlach,
Phys. Rev. Lett., 89: 075507 (2002).

10. D. Holland-Moritz, T. Schenk, R. Bellissent, V. Simonet, K. Funakoshi,
J. M. Merino, T. Buslaps, and S. Reutzel, J. Non-Cryst. Sol., 47: 312 (2002).

11. A. Di Cicco, A. Trapananti, S. Faggioni, and A. Filipponi, Phys. Rev. Lett.,
91: 135505 (2003).

12. M. Celino, Eur. Phys. J., 196: 35 (2011).

13. A. Hirata, L. J. Kang, T. Fujita, B. Klumov, K. Matsue, M. Kotani,
A. R. Yavari, and M. W. Chen, Science, 341: 376 (2013).

14. A. V. Evteev, A. T. Kosilov, and E. V. Levchenko, Zh. Eksp. Teor. Fiz., 126:
600 (2004) (in Russian).

15. E. Ma, Nature Materials, 14: 547 (2015).

*G. V. Kurdyumov Institute for Metal Physics,
National Academy of Sciences of Ukraine,
36 Academician Vernadsky Blud,
UA-03680 Kyyiv-142, Ukraine
“*Berdyansk State Pedagogical University,
4 Schmidt Str.,
UA-71100 Berdyansk, Zaporizhzhya Oblast’, Ukraine

1 Fig. 1. Temperature dependence of atomic density, p, of Ni atoms at heating and cooling.
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2 Fig. 2. Temperature dependence of specific potential energy, E,, of Ni atoms at heating and
cooling.

8 Fig. 3. Temperature dependence of volume fraction of solid-like atomic clusters at heating
and cooling.

4 Fig. 4. Atomic configurations in solid-like clusters and f.c.c. crystal: a—(T =300 K, crys-
tal); 6—(T =3000 K, melt); 6—(T = 2000 K, glass).



