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BSI3BKOCTH PACILJIABA KOBAJIBTA: TEOPHSI U MOJAEJIMPOBAHUE

P.M. XycuyrauHos u A.B. MoxkuuH
Kazanckuii (Ilpusonsicckuil) pedepanvhviii ynusepcumen,
420008, Kazanv, yn. Kpemnesckas, 18, Poccus

e-maul: khrm@mail.ru

TpencTasieHbl pe3yIbTaThl TEOPETHYECKOrO M YHCICHHOrO HMCCIICN0BAHMSA BSI3KOCTH pacIllaBa Ko-
Ganbra B TemneparyproM auanasone T=[1400; 2000] K. ITomyueHbl TEOPETHYECKUE BBIPAKCHHUA 1A
CIIEKTPATBHOM TIOTHOCTH BPEMEHHO#H KOPPEIALMOHHON QYHKIMH TeH30pa HaNpsOKEHUH U CIABUTOBOM
B3KOCTH, ONpE/eNseMble 4epe3 YaCTOTHBIC PEJaKCALMOHHBIC [apameTphbl. YCTAaHOBIEHO XOpouIee
COrJIacHe Pe3yIbTaTOB TEOPETHIECKHX PACUETOB /ISl TEMIICPATYPHOH 3aBUCHMOCTH BS3KOCTH pacIlia-
Ba KOBATIbTA C HKCIICPHMEHTANbHBIMU IaHHBIMU M PE3y/IbTaTaMH MOJEIMPOBaHHs aTOMApHOH NUHa-
MHKH.
VISCOSITY OF LIQUID COBALT: THEORY AND SIMULATION

R.M. Khusnutdinoff and A.V. Mokshin
Kazan Federal University,
420008, Kazan Kremlevskaya Str., 18, Russia
e-mail: khrm@mail.ru

The results of a theoretical and numerical investigation of the viscosity of a cobalt melt in the
temperature range T=[1400; 2000] K are presented. Theoretical expressions are obtained for
the spectral density of the time correlation function of the stress tensor and shear viscosity,
determined through the frequency relaxation parameters. Good agreement was found between
the results of theoretical calculations for the temperature dependence of the viscosity of the
cobalt melt with the experimental data and the results of molecular dynamics simulations.

Beeaenne. TpaHCIIOPTHBIE MPOLECCHI HTPAIOT BAKHYKO POIb BO MHOTMX MPHUPOAHBIX M TCXHH-
geckux mporeccax. Tak, Hampumep, KOdQQUIHCHTI camouddy3un ¥ BA3KOCTH ABJIOTCS KIIHOUC-
BBIMH BEJIMYHHAMH IIPU UCCIIE0BaHHHM (a30BbIX MEPEXO/0B, B YaCTHOCTH, MPOLECCOB cTeK1000paso-
panust M Kpucrammsami. [lo cpaBHeHmio ¢ Kodbduimentom camoauddysuu, KOTOPBIH JOCTaTOYHO
TPYIHO SKCTIEPUMEHTAILHO H3MEPHTh TOYHO, KOO HIIHCHT CZIBUTOBOM BSI3KOCTH MOJKET ObITh HEMO-
CPE/ICTBEHHO ONpEENICH B SKCIIEPUMEHTAX 10 BUCKO3MMETPUH. C apyroii CTOPOHBI, BA3KOCTh MOKET
GBITH PACCUMTAHA C MOMOIIBIO MOJICTHPOBAHHS PABHOBECHOM M HEPaBHOBECHOH MONEKYJISAPHON [H-
HAMHKH. BS3KOCTb SBIAETCS OHOMN W3 MPOCTEHIIMX TPAHCIOPTHBIX XapPaKTEPUCTHK, KOTOPasi ¢ OIHOH
CTOPOHBI, CBSI3aHA ¢ MHKPOCKOIMHYECKOH KOJUICKTHBHOM JMHAMMKOM YacTHIl B CHCTEME Yepe3 Bpe-
MEHHYI KOPPEJSILHOHHYIO (DYHKIHIO MONEPEYHOro noToKa, a ¢ JPYTOil CTOPOHBI, CBSA3aHa CO BpeMe-
HEM CTPYKTYPHOM peaKcalii CUCTEMbI Yepe3 H3BECTHOE COOTHOLICHHE Makcsenna.

Jlerain MoneaupoBanusi. MojenmupoBaHue IHHAMUKH aTOMOB paciuiaBa KobasibTa ObLIO BbI-
monHeHo B m3oTepMuyecku-uzobapuueckom (NpT) — ancambie B TeMIepaTypHOM JHANa3oOHE
T=[1400; 2000] K npu naBnenuu p=1.5 6ap. Cuctema cocrosna u3 N=4000 aTOMOB, HaXOAAIIMXCs B
KyGuuecKoi sraeiike ¢ MepHoAMIECKUMHI IPAHUYHBIMH YCIOBHSMH. B3auMozeiicTBUE MEXKIAY aTOMaMu
yuuThIBaJoCh yepe3 EAM-moTeHIHan [1]. IlepeoxnaxkaeHHbIH paciiaB Kobanbra (pH T<T., TIE
T,=1768 K) 6bl1 monydeH OBICTPBIM OXJIAKICHHEM DPaBHOBECHOTO pacIllaBa (mpu Temmeparype

T=2000 K) co CKOPOCTBIO OXJIKICHUSA ) = 10'? K/cex [2]. UnTerpupoBaHne ypaBHEHUH JIBUKCHHH

GBLIO BHIIOJHEHO 110 cXeMe Bepie B CKOPOCTHOM (opMe ¢ BPEMEHHBIM 1IAroM 7 = 107 ¢ [3]. [lnsa
TPHBEICHHS CHCTEMBI B COCTOSIHME TEPMOAMHAMMYCCKOTO PaBHOBECHS M pactera CHCKTPAlbHBIX Xa-
paKTepHCTHK Tiph Kaxaoil temmeparype T=[1400+ 2000] K 6eu10 BBIMOHEHO 100000 1 5000000
BPEMEHHBIX IIAr0B COOTBETCTBEHHO.

Pe3y1bTaThl M BIBOAbL JIJisi IPOBEPKH KOPPEKTHOCTH NOTECHIMANA MEKYACTHYHOrO B3au-
MozeiicTus [1] B BOCIPOU3BEICHUH CTPYKTYPHBIX U TMHAMHYECKUX CBOWMCTB pacruiaBa KobanbTa Obi-
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1M PacCUMTaHbl pajuaibHas (QYHKIMS PAaCHpe/IeNieHHs aTOMOB g(7)M CTATUYECKUI CTpYKTYpHBIii
daxtop S(k). Ha puc. 1 npencraBieHsl pacCYMTaHHBIE ¢ MOMOIIBIO aTOMapHO/MONEKYIISIPHOU 11~
Hamukn Gyskuun g(7) u S(k) B cpaBHEHHH C DKCIIEPHMCHTAIBHBIMU JAHHBIMU MO JU(PAKIHH

PCHTICHOBCKHX Jiyueii [4]. I3 pucyHKa BUIHO, 4TO pe3yIbTaThl MOAEIMPOBAHHS HAXOIATCS B XOPO-
IIEM COIJIACHHU C SKCIECPHUMEHTAIbHBIMU JIaHHBIMH: BEPHO BOCIIPOU3BOISAT KaK MHTEHCHBHOCTH, TaK U
IIOJIOXKEHHUS TTMKOB B (bymcupm pannaJILHoro pacnpeneneHus U CTaTHYeCKOM CprKTypHOM (baKTope
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Puc. 1 - (JIesas kononxa): Panuanbhas GyHKIMS pacpe/iesieHus aToMOB KobabTa npu Temmeparype T=1873
K. (Ilpasas kononxa): Cratnueckuii cTpyKTypHplii hakrop. CIUIOLIHAS IMHHUS IPEICTABIAET PE3Y/IbTAThl MOJIE-
JIMPOBAHMUsI aTOMAPHO/MOJIEKY/IAPHOM JMHAMHUKY; (O O 0) - IKCIIEpPMMEHTAJIbHBIC JaHHbIE
10 nu(PAKINKE PCHTTCHOBCKUX JIydeii [4].

CrBrroBasi B3KOCTh paciiaBa KoOaibTa paCCUMTBIBANACH C OMOLIBIO COOTHOMEHHs Ky6o-
['puna [5]

V o0
s j S(t)dr- (1)

B
3nece S(1) = <O'ap(0)ao'aﬂ(’)> €CTb BpeMeHHast Koppesiimonnas Gynkuus (BK®) renzopa nanpsoke-

uuit, V' u T - cootBeTcTBeHHO 0GBEM M TemmepaTypa chcTeMbl, K p - mocrosnHas bonsumana. Ko-
POTKOBPEMEHHOE pa3ioxkeHue S(t) Moxer 6LITB npe,ucraBneHo B BUJIE

¢
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f @S (w)dw
S = m=12,.. ©)
[S(w)de
cnekTpanbHoi ninoTHocTH BK® Ten3opa HanpspkeHuit
“4)

$(@) == Re [exp(ian)S(r)dt.
x5

C npyroii cTopoHsl, crekTpanbHas mioTHocT BK® TeHsopa HanpsixeHwuit S (w) moxer ObITH Tpes-

CTaBJICHA B BHUJIC
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Puc. 2 - CriekTpanbHas m10THocTs BK® TeH30pa HanpshkeHHii paciiasa Ko0aabTa IpU pa3IHyYHbIX TEMIIe-
paTypax: MapKepbl IPE/ICTABIIAIOT PE3YJIbTAThl MOACIHPOBAHUS; JIMHUH - PE3YJIbTAThl
TEOPETHYECKUX PACUECTOB.

B cootsercTBuu ¢ hopmyoit Ky6o-I'puHa uis CABUIOBOM BS3KOCTH 7] HMEEM

Ve Vo~
T ! S(t)dt=HS(a)=O). ®)

B
Kak 6bU10 TOKa3aHO B pabote [6], 11d TPaHCIOPTHBIX MPOLECCOB B OTHOKOMIIOHCHTHBIX KHAKOCTSX

peanu3yeTcs yCIOBHC BHJa M2 (a)) = M1 (a)), YTO MO3BOJISICT HAWUTHU BBIPAKEHUC T CICKTPaJIbHOH

77:

[UIOTHOCTH § (w):
- 1 2A A AJ4A, - @
S(w)=—— = -
7 A (47, -0 )+ @’ (24, -A)
Otcroz1a, MOTydaeM MPOCTOE BBIPAKEHUE UL C/IBUTOBOH BSI3KOCTH
VS, A,
) e (10)
T A,

KOTOPOE COJIEPKHT YACTOTHBIE MapaMeTpbl A M Ay, ONPEAEIAEMbIC Yepe3 GyHKIMM pacnpeIeIeHus
YACTHII ¥ TIOTEHIMAJ MEKYACTHIHOTO B3aUMOICHCTBHS.
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Puc. 3 - Temneparypnas 3aBHCHMOCTb CIBUTOBOII BSI3KOCTH paciuiaBa kobambTa: Mapkepsl (A A A ) - npej-
CTaBIISIOT PE3yJIbTaThl MOJACIMPOBAHHS ATOMAPHON/MOJIEKY/IAPHOM AuHaMuKK; (000) u (3Be310UKH) - FKCIIe-
PUMEHTAIbHBIE IAHHBIE, B3SThIC COOTBETCTBEHHO U3 [7] 1 [8]; IITPUXOBAS IHHHUS - PE3yIbTATh]
TEOPETHYECKUX pacyeToB [Beipaxkenue (10)].

Ha pric. 3 npencrasieHbl pe3yabTaThi MOJIEIMPOBAHHS H TEOPETHYECKUX PACYECTOB IS TEMICPATyp-
HOM 3aBHCHMOCTH CJBUIOBOi BSI3KOCTH pacIliaBa KOOQlIbTa B CPaBHEHHH C SKCHEPHMEHTAIbHBIMHA
AanHbiMH [7,8]. 3 pucyHka BHIHO, 9TO PE3yNbTaThl MOACIMUPOBAHKS M TEOPHH aJeKBAaTHO OMHUCHIBA-
IOTCSl TEPMOAKTHBAILIMOHHBIM 3aKOHOM Appenuyca. Takske, yCTaHOBIEHO XOpOIUEe COrlacke pe3yib-
TaTOB TCOPETUYCCKUX PACYETOB I BA3KOCTH paciiaBa KobajabTa ¢ SKCIEPUMEHTATLHBIMH JaHHBIMH
[7,8] u pe3ynbTaTamMy MOACTMPOBAHHS aTOMAPHOW/MOJIEKYIAPHOM THHAMHUKH.

Kpynnomacurrabusie MOJIEKY/IIPHO-THHAMHYECKHE PACUETHI OBLIH BBINOTHEHBI HA BHIYHCITH-
TeIbHOM Kiactepe KasaHckoro ¢enepanbHOro yHHBEpCHTETA H CYNEPKOMITbIOTEPE MesKBEIOMCTBEH-
Horo Cynepkommbroreproro Ilentpa Poccuiickoit Axanemun Hayk. PaGota Bemonnena npu puHaH-
coBoil noanepskke rpanta [Ipesunenra PO MJ-5792.2016.2.
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