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Efficiency of applying cluster-associated model of viscosity of liquid metals

To describe the viscosity up to the temperature transcendental polynomials with four or five adjustable pa-
rameters is often used, which devoid of physical meaning. As it is known, the extrapolation of these approxi-
mating dependencies is impossible more than for 25 % of the investigated interval in view unavoidable ap-
pearance, it is main characteristic of such polynomials, which are completely contrary to the monotonously
decreasing character of the temperature dependence of viscosity. Usually, the experimental points are for the
low-temperature region adjacent to the melting point, and especially for high-refractory metals. Meanwhile,
the viscosity of each metal strongly depends on the temperature and when it get changed from the melting
point to the boiling point decreases about four times. The aim of our research is to develop a generalized clus-
ter-associated model of viscosity of liquid metals based on the concept of chaotized particles according to the
degree of clusters association. In this work temperature dependence of viscosity according to the concept of
the randomized particles is considered. Models of viscosity dependence on temperature taking into account
various maintenance of particles are analysed: crystal-moving, fluid and steam-moving particles. The new
cluster model of viscosity temperature dependence allowing to reveal behavior of viscosity in the wide range
of temperatures is offered. Applicability of this model on the example of indium fusion is shown.

Keywords: viscosity, chaotized particles, the degree of clusters association, cluster-associated model, liquid
metals, reference point, crystal-moving particles, the temperature dependences of the viscosity.

Introduction

In recent years, due to the changing conjunction on the market of non-ferrous and rare earth metals is
increasing interest in the study of their physico-chemical properties such as viscosity, plasticity and fusibility
and others. In this connection, measurement of physical properties should be considered as a priority of ex-
perimental study the structure of real metallic melts.

The melt viscosity is of great practical importance in metal industry. At the same time, the study of the
viscosity of molten metal is of great scientific interest, since the viscosity is the most structure-sensitive
characteristics of the melt, which gives an idea of the internal forces of interaction of particles.

Expanding the use of liquid metals as working fluids and coolants in nuclear power engineering, chem-
istry, space technology and other industries, for the needs of metallurgical production and new materials
technology make the task of research of their thermal properties, particularly viscosity, urgent. Previous stud-
ies found that the temperature dependence of the viscosity is determined by the structure of metals, inter par-
ticle connections and interactions between particles [1-3]. This relationship is based on the following theo-
ries: theory with effective inter-ion potential; electron theory to the calculation of the generalized pseudo po-
tential; theory based on the methods of quantum chemistry; the theory of quasi-crystalline liquid (Fraenkel
equation); semi-empirical model containing two or more adjustable parameters.

Disadvantages of the above theory is that they work in a very narrow temperature range, contain adjust-
able parameters, which are often no physical meaning. Thus, the main reason for the error correlation tem-
perature dependence of viscosity is that all models of the main studied characteristics (pseudo- or pair poten-
tial) either are not changed by increasing temperature, or the models are valid only within a narrow tempera-
ture range, thereby not allowing to describe the behavior liquid generally range from melting point to the
boiling point, or even to a critical point, ie in the full range of liquid on the basis of continuous change of the
status of quasi-crystalline to quasi-gaseous.

The methodology of the research

Employees of the Chemical and Metallurgical Institute J. Abisheva, Doctor of technical sciences, Pro-
fessor V.P. Malyshev and Doctor of technical sciences A.M. Turdukozhaeva proposed a new approach based
on the Boltzmann distribution. According to this approach, all three aggregate states can be viewed from the
perspective of subordination Boltzmann distribution and to connect virtually every state with important char-
acteristics of matter on the basis of excess or excess energy barriers melting and boiling. As in all cases con-
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sidered particles, differing only in the amount of energy of chaotic motion, then their union and differential
display can be described as the concept of chaotized particles [4, 5].

According to the concept of chaotized particles, crystal sliding and steam sliding, liquid sliding particles
are present in each of the states of aggregation of matter. However, by increasing temperature, and overcom-
ing various barriers of energy chaotization of ratio of the particles shares changes. Virtual education and the
statistical presence of each of the three types of chaotized particles in each aggregate state allows by their
balance to determine the role of each species in a particular state of various processes. The authors of the
concept of chaotized particles proposed three formulas of temperature dependence of viscosity with the in-
fluence of the three classes of chaotized particles. The temperature dependence of the viscosity under the
influence of crystal-sliding particle is given by:

v,=v.T/T, )]
and formula crystal-sliding and liquid-sliding particles taken into consideration:
v,T,[exp(-T,, /T,)—exp(-T,/T,)]
T[exp(-T, /T)—exp(-T,/T)]

Under the influence of all the three types of the temperature dependence of the viscosity of the particle

is described by the formula:
v, (T, T,
v, T exp( T ] 3)

In formulas (1)—(3): T — temperature; 7,, — temperature of melting; 7, — temperature of boiling and
v,, T, — viscosity and temperature in the reference point.

The proposed equations should be considered as an alternative to existing models of metals viscosity.
Extensive testing of these models on the available reference of materials on the viscosity of metal melts al-
lowed to establish the adequacy of the reference data of any of the three species of the proposed models. But
the testing necessity of each three models and selecting of the most appropriate complicates the data pro-
cessing procedure. This made more detailed consider the nature of the liquid state, while remaining within
the concept of chaotized particles.

In each of the three states of matter particles chaotized, named crystal, liquid and steam sliding, general-
ly create a more or less orderly set. The concept of chaotized particles based on the virtual presence of each
of the three classes of particles in the solid, liquid and gaseous states of matter. Thus, in the solid state, alt-
hough the crystalsliding particle as a whole and provide along-range order of Communications and stability
of the crystal, their presence in the lattice is the exchange with more energy particles—liquid sliding and
steam sliding -and there foreshort-lived, the virtual, with ever-changing mosaic of units and vacancies in
each cluster formation.

Each individual particle according to the Boltzmann distribution for a short period of time that depends
on extremely high frequency vibrations and binary collisions, the order of 10'*s™, has time to visit all three of
its guises. We can say that in the solid state virtually continuously it contains liquid and gaseous state. This
virtuality is also characteristic of the liquid and gaseous states, i.e. we can talk about the virtual presence of a
solid and gas in the liquid, solid and liquid in gaseous one.

According to the concept of randomized cluster of particles-this is a form of a probability of the existence
of various low-energy complexes of the crystal-sliding particles. Calculations of equity and quantitative content
of clusters to moles substance at the melting point and boiling point indicate that the concept of randomized
particles allows to quantify the formation of clusters with their distribution by number of particles in the fluid at
any temperature. The yield on the correlation of viscosity with an average number of particles in a cluster is
crucial because it points directly to the lack of considering only the elementary clusters in the case of significant
discrepancies with the experimental data on the viscosity. Probably a strong dependence on the temperature, in
addition to the diluting effect of liquid sliding and steam sliding particles can be explained by the formation of
associated or aggregated elementary clusters, the destruction of which with the temperature rising occur in par-
allel with the destruction of elementary clusters, which creates the effect of a stronger influence of temperature
on the viscosity in the case of the formation of such associations or aggregates.

Therefore, we believe it is necessary to strengthen the fragment (7,/7) the basic model (1) by raising the
probability of an elementary event equal to the number of colliding particles:

v=v (T./T)". 4

2

v,
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Here indicator a association degree It makes sense to measure a degree n—particle clusters.
A detailed theoretical study of the temperature dependence of viscosity model of liquid metal according
to the degree of association of clusters is given in works [4, 5].

The results of research

To pre-test of the applicability for justifying the generalized semi-empirical model of the viscosity of
liquid metals on the concept of randomized particles we used well-known experimental and approximation
data.

Recieved more generalized form of the temperature dependence of the viscosity can be used to calculate
the activation energy of the viscous flow of the melt in combination with Fraenkel equation which is derived
for the dynamic viscosity:

RT
Here 4 and U are respectively constant pre-exponential factor and the activation energy of viscous flow,
the meaning of which is interpreted by different authors, depending on the intended nature of the interparticle
interaction and quasi-crystalline structure of a liquid [6].
As the kinematic viscosity is related to the dynamic viscosity of the formula v=m/p (p — melt densi-
ty), then, because of the very weak dependence of density on temperature, can be directly replaced in the
equation (5) n to v, respectively, adjusting the parameters 4 and Uby 4" and E, :

E
v=Aex a |
p[RT)

It should be noted that although the selection of the reference point is not critical, it expedient to fix
near (but not at) crystallization, as at lower temperatures, the viscosity is determined more reliably and has
the highest value. In the crystallization point itself because of the possible presence of an unspecified number
of the equilibrium solid phase viscosity of the emulsion will be inflated against viscosity of the pure liquid
state.

Here is the applicability of the proposed model by calculating the viscosity of indium. Indium [6] shows
the values of 7, =429,56K and T, =2273-2373K (average 2323 K). It also contains data on the kinematic
viscosity, which compared with calculated by model v(1)-v(4) (see Table 1, Fig.). The reference point is a

point with 7. =443K and v, =2,433-107 m’/s .

n:Aexp[ij. (%)

Table 1
Comparison of experimental [6] and calculated by models v(1)-v(4) data
by the kinematic viscosity of indium, v-107, m*/s

T v(exp) v(1) v(2) v(3) a v(4)
T,,=429.6 — 2.509 2.582 2.586 — 2.506
443 2.433 2.433 2.433 2.433 — 2.433
573 1.809 1.881 1.545 1.510 1.152 1.901
673 1.542 1.602 1.206 1.150 1.091 1.629
773 1.392 1.394 0.995 0.922 1.003 1.427
873 1.288 1.235 0.853 0.766 0.938 1.270
973 1.203 1.108 0.751 0.653 0.895 1.144
1073 1.142 1.004 0.676 0.568 0.855 1.042
1273 1.069 0.847 0.573 0.450 0.779 0.884
T,=12323 — 0.464 0.374 0.212 — 0.497
R — 0.981 0.143 <0 — 0.986

The average value of @ =0,96. Although India has a sufficient amount of experimental data, @ <1 due
to the fact that it is a chemical analog of gallium and has good fluidity. The homogeneity of the received set
for a followed by Nalimov criterion: S(x)=0,405; ., =0,514<r, =2,004.
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v — the kinematic viscosity; 7 — temperature; points — experimental data [6];
1 — model (1); 2 — according to (2); 3 —to (3); 4 —to (4)

Figure. Dependence of kinematic viscosity of indium on temperature

Given the degree of association with the cluster reference point in the model (4) can be used as a gener-
alized model indium melt viscosity in the complete range of temperatures near the melting temperature of

T. =443K on the kinematic viscosity
v=8,389-10"/T** £3,06-10°, m?s.
In this temperature range is calculated activation energy £, =4681 J/mol, and a generalized model for

the activation energy E, =5629 J/mol .

By the results of comparing the most appropriate are the first and fourth models. The correlation coeffi-
cients are respectively 0,981 and 0,986. As can be seen, for the calculation of indium viscosity it is enough to
apply the model of general form (4).

Thus, the analysis of these models showed that the generalized model which took into account the de-
gree of association of clusters viscosity molten metal is comparable with the temperature dependence of vis-
cosity based on different content crystal sliding, liquid sliding and steam sliding particles has a high correla-
tion coefficient, and is sufficient to describe the full range from the melting point to boiling point.

The discussion of the results

The new semi-empirical model of viscosity was tested for 28 common metals for which there are refer-
ence data about viscosity. With given the degree of association of clusters as the melt viscosity of the gener-

alized model in a full range of temperatures from the melting point 7 till the boiling temperature 7, is pos-

sible to use the model (4) from the reference point v, and 7, by kinematic viscosity of metal with finding a
confidence interval and rounding. These equations are shown in Table 2.

Table 2
The equations of kinematic viscosity of metals
Metal T. K T.K v, 107’ m*/s Equation of kinematic viscosity
1 2 3 4 5

Lithium 453.7 500 10.285 v=(0561-10"/T"")+3.14-10”
Sodium 371 400 6.603 v=(0.216-107/T"*")+2.74-107"
Kalium 336.71 350 6.175 v=(0.792-10"/T"*)+2.78-10"°
Cuprum 1356 1438 4.85 v=(0.080/T"")+8.02-10"°
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Continuation of Table 2

1 2 3 4 5
Rubidium 312.7 350 3.675 v=(0.479-10"/T"'*)%1.66-10"
Argentum 1235 1293 3.98 v=(0.183/T"*)£1.57-10”
Caesium 301.6 350 2913 v=(0305-10"/7"")%1.95-10"
Aurum 1337.59 1336 3.11 v= (0.963-10’2 /T1'44)iz.65~10’9
Beryllium 1560 1570 3.494 v=(0.864-10*/T°"")+0.2
Magnesium 923 973 7.01 v=(0.337-10*/ T*") £ 4.47-10”
Calcium 1125 1173 10.81 v=(0.152/T"")+137-10""
Strontium 1043 1073 8.149 v= (1.010/T2'°1)J_r3.62-10’9
Barium 983 1073 4.564 v= (0.025 /T1'56)i1.68~10’9

Zinc 692.7 698 4.5 v=(0.117/T"")+3.59-10”
Cadmium 594 603 1.374 v=(1.360-107/T"*)£1.21-107
Mercury 234.27 273 1.239 v=(0.192-10°/T**)+1.59-10”°
Aluminium 933.4 973 4.75 v=(5.845-10"/T"")+1.82-10™"
Gallium 302.92 326 3.11 v=(6.091-10"/T*")£3.56-10"
Indium 429.56 443 2.433 v=(8.389-10"° /T"*)+3.06-10”
Thallium 576 579.2 2328 v=(1.001/7"")+2.63-10”
Germanium 1211.41 1218 1.35 v=(62.4/T*")£7.09-10"

Tin 505 573 2.23 v=(0.102-10"/T"")£1.56-10”’
Lead 600.6 648 2.05 v=(0.341-10"/7°7)£5.75-10™"°
Bismuth 544.2 548 1.95 v=(1.005-107/7"*)£1.21-10”
Tellrium 723.11 733 3.57 v=(31.17/T*")%0.18-107
Ferrum 1811 1838 4.56 v=(1.586-10°/T**)+1.86-10”"
Cobalt 1767 1777 7.39 v=(5.962-10°/T°%)+3.55-10"
Nickel 1728 1803 6.09 v=(1.070/T"*)£5.98-107"°

5 metals (gallium, indium, tin, lead and mercury) have a mean value @ <1, when the main cause of it is
the capability in supercooling at lower crystallization remain liquid. So gallium is able to remain liquid till
—40 °C (233 K), indium is a chemical analogue of gallium and has good fluidity, tin and lead, also remain
liquid at supercooling and mercury — only metal which is liquid in the standard state, has a melting point
-38.9 °C.

Conclusions

1. A new semi-empirical model of viscosity tested on 28 common metals for which there are reference
data on the temperature dependence of viscosity. In most cases, generalized model describes the temperature
dependence of the viscosity more adequately comparing with the experimental data than previously proposed
three alternative models.

2. Obtained high values of correlation coefficients for the proposed model points to its functional char-
acteristics. On this basis there were recommended calculated dependence for each metal.

3. For 5 metals (gallium, indium, tin, lead and mercury) received average meaning @ <1, which explains
their tendency to remain in the supercooling in the liquid state.
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A.III. Kaxukenona, /I.b. Onidues, 3.C. opaena

TYTKBIp CYHBIK MeTAJIFa KJIACTEPJIi-acCOUMATUBTI
MOJeJIbi KOJAAHYAbIH THIMIIJIIri

CyiiblK MeTannapibl SOPONBIK SHEPreTHKa, XUMHUs, KOCMOCTBIK TEXHHKa JKOHE eHJipicTiH Oacka nxa
cajajapblHa METaJUTyprHsIIbIK ©HEPKACINTIH KaKETTUIr >KoHEe 3aTTapiAblH JKaHA TEXHOJIOTHSUIAPHI YIIIH
JKYMBIC JICHENEepi MEH JKbUTYy TACHIFBIIITAPBI PETiHAC KOJNIaHY ailMaKTapbIHBIH KEHEIOl OJapJblH IKbLTY
(U3UKaNBIK KacCHUETTEpiH, OHBIH IMIIHJIE TYTKBIPJIBIFBIH 3€PTTEY MOCENIECIHIH ©3eKTUIriH aWKbIHAAHIBI.
Temmepatypara GaillaHbICTBI TYTKBIPJIBIKTBI CUMATTAY YIIiH (HU3UKAIBIK MaFbIHACHIH JKOFAIITAThIH TOPT-Oec
JKYBIKTay IapameTpiiepi 6ap TpaHCLEHICHTTI IMOJMHOMAApABl KoigaHaabl. OChIHIAH anmpoKCHMALUSIIBIK
TOYENAUTIKTEPAl 3ePTTEreH apajiblKTaH OHbIH 25 % apThIK LIaMara SKCTPAIOJLMsIAY MYMKIH eMec eKeHi
6enrini. Cebebi oHmall MOMMHOMAAPFa TOH IKCTPEMAJIbUIBIKTAP/ABIH LIBIFYBl MYMKIH OONajpl, aja oiap
TYTKBIPJIBIKTBIH TEMIIEPATypasIbIK TOYESNAUTIriHIH OIpKaIbIIThl KEMiMell CHUIaThiHa KaHIlbl Kenedi. OJeTTe,
TOKIpUOEITiK HYKTeNep, acipece KUbIH OalIKUTHIH JKOHE JKOFaphl TeMIlepaTypaga KalHaWThIH MeTaaap YIIiH,
OayKy HYKTeciHe TYHiceTiH TOMEHIi TeMmreparypaiblK aifiMakrapra KarbicThl. OFaH Koca 9p METaIblH
TYTKBIPJIBIFBI TEMIIEpaTypara eTe TOyell, COHIBIKTAaH OHBIH OaJIKy HYKTECIHEH KaifHay HYKTeCiHe AeHiHri
apajbplkTa e3repy OapbIChIHIA OJKYBIKTall ajfaHna TepT ecere asasjabl. basHnamana GailibIHBICKaH
KJIacTepliepJiH CYHbIK OalKpIMajapra dcep €Ty JCHICHiH eCKEpeTiH, CYHbIK MeTajJapblH TYTKBIPJIBIFbIH
€CeNTEeHTIiH Kamel MojeNb KenripiireH. Kpucrtanganran OesekTepiH OipKenki MOAENIHIH CYHbIK
KYHIHZET] /IeMEeHTapIIBIK KIACTePiHiH OaJIKbIFaH METal/IbIH TEMIICPATYPAJIBIK TYTKBIPJIBIFBIHBIH TYEJALIIr
aHpIKTaFaH. TYTKBIPIBIKTHIH TEMIIEpaTypagaH ToYeNAUTriHIH KaablIaHFaH (opMackl MeTall epiTiHAICIHIH
aFbIH DHEPTHSCHIHBIH KYJIIIBIHBICHIH caHayra DpeHKenb TeHaeyiMeH Oipre koinaHbuiraH. JKaHa skapTbuiaid
SMITUPHKAJIBIK YITici TYTKBIPJIBIK MEH TeMIIepaTypa apachlHa TOYeJIUIIri aHbIKTaMalblK HHAUH epiTiHmici
apKBUIBI KOPCETUIreH. Y ChIHBUIBIIT OTHIPFAaH MO/ICNb GOMBIHINIA €CENTeNreH CYHbIK HHANH TYTKBIPJIBIFBIHBIH
CaJIBICTBIPMaIIbl HOTIIKEC OepinreH.

Kinm ce30ep: TYTKBIPIIBIK, PETCi3[eireH OeJIIeKTep, acCOLMPICHIeH KIACTepIiH AOPEekKeci, KiacTepi-
acCOLMATHBTI MOZENI, CYMBIK METanfap, penepiiik HYKTe, KPHCTaIKO3FANIBICTEl GOILIEKTEP, TYTKBIPIBIKTHIH
TeMIiepaTypara TOyeIAiiri.

A.II. Kaxxukenona, /I.b. Anubues, 3.C. U6paesa

a(l)(l)eKTl/IBHOCTb NMPUMECHCHU S KJ'IaCTepHO-aCCOIIl/IaTHOﬁ MOae/In
KHHEMAaTH4YeCKOH BSI3KOCTH AKUAKHX METAJJI0OB

Pacimpenue obnactell MCHOJIB30BAHMS KUAKHX METAIOB B KayeCTBE pabOuMX TeN M TEIUIOHOCUTENICH B
SZICPHON DHEPTeTHKE, XMMHUH, KOCMIIECKOH TeXHHUKE U APYTUX OTPACILIX MPOMBIIUICHHOCTH, VIS IOTPEOHO-
CTH METaJUTypIrHIeCKOro IPOU3BOACTBA U HOBBIX TEXHOJOTHI MaTEepUaJOB JENAIOT 3a1aqy HCCIESJOBAHUS HX
TEINIO(HU3NIECKUX CBOWCTB, U B YACTHOCTH BSI3KOCTH, aKTyaJIbHOH. [IJIs1 ONMCaHUS BSI3KOCTH B 3aBUCHMOCTHU
OT TEMIIepaTyphsl YacTO UCIIOIB3YIOT TPAHCIEHICHTHBIE ITOJMHOMBI C YSTHIPbMS-IISTHIO MTOJTOHOYHBIMH I1a-
pameTpamH, JHIICHHBIMH (U3MYEecKoro cMbicia. Kak H3BECTHO, 3KCTPANOJALMSA IOJOOHBIX alNpOKCUMH-
PYIOLIMX 3aBHCHMOCTEN HEBO3MOXKHa Ooiee deM Ha 25 % OT M3ydeHHOTO HHTEpBaia BBUIY HEH30€XKHBIX
HPOSIBICHUIT SKCTPEMAIBHOCTEH, XapaKTEePHbIX I TaKMX MOJMHOMOB, KOTOPBIE MOJHOCTBIO IIPOTHBOPEYAT
MOHOTOHHO YOBIBAIOILIEMY XapaKTepy TeMIIEpaTypHOH 3aBUCHMOCTH Bs3KOCTH. Kak mpaBmio, SKCIepHMeEH-
TaJIbHBIE TOYKH OTHOCSATCSI K HU3KOTEMIIEpaTypHOH 00JIaCTH, MPUMBIKAIOMIEH K TOUKE IUIaBICHUsI, 0COOCHHO
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JUISL TYTOIUIABKUX UM BBICOKOKHUITAIIMX METAIOB. MeX Iy TeM BSA3KOCTh K)KA0T0 MeTallla CHIIbHO 3aBUCHT OT
TEMIIEpaTypbl U NPU €€ U3MEHEHHUH OT TOYKH IUIABJICHUS O TOUKH KUIICHUS YMEHBIIACTCS MPUOIM3UTENIBLHO
B yeThIpe pasa. Llenbplo Halero ncciieoBaHus SABIACTCA pa3padoTKa KIaCTePHO-aCCOLMATHOI MOJICIIH BSI3KO-
CTH XKUJKHX METAJUIOB Ha OCHOBE KOHLCIIMH XaOTH3HMPOBAHHBIX YACTHUIl B 3aBUCHMOCTH OT CTENCHH acco-
LHalUK KJIAacTepoB. B crarhe paccMOTpeHa TeMIepaTypHas 3aBHCHMOCTB BS3KOCTH COTJIACHO KOHLEIIIUH
Xa0TH3UPOBAHHBIX YacTull. [IpoaHaIn3MpOBaHbl MOJEIH 3aBUCHUMOCTH BS3KOCTH OT TEMIICPATYpPhI C YYETOM
PAa3NIUYHOrO COJEPIKAHUS YACTHI[: KPUCTAUIONOABIKHBIX, YKUIKOMOABIKHBIX U MapOIOJBHXHBIX YaCTHII.
[IpennoskeHa HOBas KJIAcTepPHAs MOJENb TEMIIEPATYPHOHW 3aBHCHUMOCTH BSI3KOCTH, NO3BOJIAIONIAS BBIIBUTH
HOBEICHUE BSA3KOCTH B IIMPOKOM JHAaIa3oHe Temreparyp. [loka3aHa NMpUMEHMMOCTb JAHHOH MOjenu Ha
HpUMepe paciulaBa HHIMS.

Kniouesvie cnosa: BA3KOCTbH, XaOTU3UPOBAHHBIC YaCTULIbI, CTEIIEHb AaCCOUMHUPOBAHHOCTU KJIACTEPOB, KIACTEP-
HO-acconuaTHass MOJACIIb, XKUAKUE MCTAJLJIbI, pEIIEpHAsA TOYKa, KpUCTAJUIONOABHUKHBIC YaCTULbL, TEMIIEPATYP-
Has 3aBUCUMOCTB BA3KOCTH.
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