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Abstract. Six different theoretical equations are compared in the present paper with experimental
data, measured for 28 binary liquid metallic systems. General conclusions are drawn on the ability
of the different theoretical models to describe the concentration and temperature dependence of the
viscosity of liquid alloys. A new equation is derived, being able to predict the viscosity in multi-
components alloy even if the viscosities of the pure components are not known.

Introduction

Viscosity of binary and multi-component liquid alloys is one of their basic physical
properties, being also important for the design of materials technologies. Six different models have
been published so far to describe the concentration dependence of the viscosity of liquid alloys
through their thermodynamic properties [1-7]. In recent years, one, or another model was chosen
(with no explanation of its choice) to estimate the viscosity of some metallic systems [8-15].
However, the six existing models were compared to experimental data systematically only in a few
cases: for the Ag-Sb [16], Ag-Cu [17], Ag-In and In-Sb [18] systems. The aim of this paper is to
collect reliable experimental data for a large number of systems and to compare them with the
existing models. The systems will be grouped and analyzed according to their phase diagrams [19].

Only those literature models are considered here, which can be applied without knowing the
actual value of the viscosity at any composition of the binary alloy. The models are divided into two
groups. First, all models will be considered, which use the known viscosity values of the pure
components as initial parameters. Second, the models without this initial information will be
discussed. A new model will be developed for this latter case.

Models with known viscosities of pure components, as initial parameters

The Moelwyn-Hughes (MH) equation [1] was the first to take into account that the viscous
flow becomes more difficult when the cohesion energy of the alloy is increased:

Q
77=(X1'771+X2'772)'(1_2'X1'X2'R_Tj (1)

where n and n; - dynamic viscosity of the alloy and of pure phase i (i = 1, 2), (Pas), x; — mole
fraction of component i, R = 8.315 J/molK, the universal gas constant, T — absolute temperature
(K), Q - the mixing enthalpy parameter of the alloy (AH = x; x2Q2), (J/mol).

The lida-Ueda-Morita (IUM) equation [2, 3] in addition to excess thermodynamic terms
takes into account the influence of the differences in atomic mass (m;, kg/atom) and size (d;, the
double of Pauling’s ionic radius of the ions, m) of the components:
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A - is the thermodynamic correction, defined in two different ways [2, 3]:

E
A:0.12-£ or A=0.12'AG
R-T R-T

(2.a-b)

where AG® = AH-TASF, i.e. the integral excess Gibbs energy, expressed through the heat of mixing
(AH) and excess entropy of mixing (ASY).

The Kozlov-Romanov-Petrov (KRP) equation [4] is derived in a theoretical way, and finds
the correlation in semi-logarithmic coordinates:

1n77=Z:Xi ‘Inn, — AH

- 3.R-T 3

The Seetharaman-Du Sichen (SDS) equation [6] is based on the Eyring equation, with
describing the activation energy of the alloy by the semi-empirical Eq.(4.a):

P AG*)
~h-N. .~ 4
n Av CXP(R'T “4)

where h — is the Planck constant (6.626 10 % J s), N, — is the Avogadro number (6.022 10%
1/mol), AG - the Gibbs energy of activation of the viscous flow (J/mol) defined as [6]:

2 2
AG* =YX -AG; *+R-T-> X, -InX; +3-R-T-X - X, + AH —T -AS® (4.2)

i=1 i=1

AG;" — the Gibbs energy of activation of the viscous flow in pure component i, calculated from the
measured viscosity of the pure component at the given temperature (see Eq.(4)):

* it M i
AG' =R-T -1n(’7") (4.b)
-N av P
The Kaptay (K) equation [7] is a modification of Eq.(4), taking into account the theoretical
relationship between the cohesion energy of the alloy and the activation energy of viscous flow,
leading to the following value of parameter o = 0.155 + 0.015:

D % -AG; —a-AH

h-N,
= v -exp| — (5
D%V +AVE P R-T

n

where AV* — the excess molar volume upon alloy formation (m’/mol), which can be neglected for
simplicity, when experimental data are not available.
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Models with un-known viscosities of pure components

This group of equations provides a possibility to calculate the viscosity of alloys even in the
case, when the viscosity of one, or more components are not known in their pure state at the
temperature of interest. It is clear, however, that this strength of such models is also their weakness,
as in some cases even the viscosity of the pure metal is predicted with a relatively high uncertainty.

The Hirai (H) equation [5] is a semi-empirical extrapolation of Andrade’s equation, suggested
originally for pure liquid metals:

2/3 1/2 1.27
LoptrTl 265-T)7 (11
7721710 . M”(‘ ‘eXp|: R . ?—ﬁ (6)

where p - density of the alloy (kg/m®), M — average atomic weight of the alloy (kg/mol), Tp, —
melting point, i.e. the liquidus temperature of the alloy (K). Thus, in order to apply the Hirai
equation, the liquidus surface (temperature) should be known as function of composition, what is
not always the case for multi-component alloys. It should also be mentioned that the Hirai equation
leads to unreasonable discontinuities on the viscosity versus composition curve at eutectic and
monotectic compositions. Moreover, it cannot be used above the miscibility gaps in monotectic
systems, as the liquidus temperature is not known.

The combination of the unified equation with any of the equations (1-5). The following
unified equation has been elaborated recently [40], to describe the viscosity of all pure liquid metals
as a function of temperature with an uncertainty of £20 %:

M T .
i :A'V2/3_ 'Tl/z'exp[B'TJ (7)

with 7 (Pas), M; (kg/mol), V; (m*/mol), Ti(K) being the dynamic viscosity, atomic mass, molar
volume and melting point of the given metal i. The above equation was tested on 101 measured
points of 15 selected liquid metals, and the average values of the generally valid parameters were
found as: A = (1.80 + 0.39) - 10°® (J/Kmolm)m, B = 2.34 + 0.20. Parameter B in Eq.(7) has been
theoretically defined as [40]:

BEq7 (73)

where ( is a semi-empirical parameter (q = 25.4 + 2 [41]), AZ is the number of broken bonds during
viscous flow (AZ = 1), Z is the average coordination number in liquid metals (Z = 11). The physical
sense of parameter ( is related to the cohesion energy in pure liquid metals, defined as [41]:

AU, =-q-R-T; (7.b)

If the viscosity of one or more pure components of a multi-component system are not known
at the temperature of interest, Eq.(7) can be used to estimate the un-known values, and the estimated
values can be used in the combination with any of the Eq-s (1-5) to calculate the concentration
dependence.

A new equation has been derived by us (called later as Budai-Benké-Kaptay (BBK)
model), being a binary- and multi-component extension of Eq.(7). The molar mass, the molar
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volume and the cohesion energy of pure liquid metals i in Eq.(7) were extended to multi-component
alloys by the following obvious relationships:

M=>"x M, (8.a)
V=>x%-V,+AVF (8.b)
AU, =—q-R-> % T, +AH (8.c)

where the excess molar volume (AV®) and the integral heat of mixing (AH) are concentration and
temperature dependent quantities, to be found from independent experiments or theories.
Substituting Eq-s (8.a-c) into Eq.(7), the following unified equation for the viscosity of multi-
component liquid alloys can be found:

(3]
(in -V, +AVE]2/3
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Description of the experimental data and the method of comparison

Altogether experimental data for 28 binary liquid alloy systems have been found in the
literature, which describe the concentration dependence of a given liquid alloy in the whole
concentration region. The phase diagrams and thermodynamic properties of the alloys were taken
from [19-20]. The viscosities for pure metals were taken from the same original papers on the
viscosity of the binary alloys. The molar volume (or density) of pure liquid metals were taken from
[25]. The excess molar volumes of all systems were taken as zero, for simplicity. The systems are
grouped according to their phase diagram types in Table 1. In Table 1 the maximum deviation
between experimental and theoretical values are indicated in relative %. At the end of each sub-
table, the average deviation, the average of the absolute deviations, and the ranking of different
methods (based on the average of the absolute deviations) are given. The average absolute
deviations are summarized in Table 2. The final ranking is found using the weight factor, according
to the number of the systems of the same type.

Table 1. Maximum deviation of model calculations from experimental data (%) at given
temperature. Abbreviations: MH = Moelwyn-Hughes model [1], IUM = lida-Ueda-Morita model
[2,3], KRP = Kozlov-Romanov-Petrov model [4], SDS= Seetharaman-Du Sichen model [6], K =
Kaptay model [7], H = Hirai model [5], BBK = Budai-Benkd-Kaptay model (this paper)
Table 1.a. Systems with solid solutions

System T[K]| MH |[IUM | KRP | SDS | K | H |[BBK
Ag-Au[21] | 1373 | +80 -5 -5 -10 | +1 | -5 | +12
Au-Cu [2] 1473 | +67 | +2 0 -37 0 | -24 | +22
Bi-Sb [2] 973 -10 | 2 +2 +15 | +2 | +68 | +87
Co-Fe [33] | 1873 | +29 -6 -5 +3 | +5]-26 | -10

Average 42 -2 -2 -7 2 3 28
Abs. average 47 4 3 16 2 | 31 | 33
Ranking 7 3 2 4 1 5 6
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Table 1.b. Eutectic systems

System T[K]| MH |IUM | KRP | SDS | K | H |BBK
Ag-Cu[22] | 1373 | -75 | +5 +5 +10 | +2 | -32 | +14
Ag-Cu[22] | 1473 | -70 -5 0 +7 | +2 | -33 | +16
Ag-Cu [22] | 1573 | -67 -6 -2 +5 -2 | -32 | +13
Al-Zn [27] 973 -50 | +30 | +25 | +35 | +26| -30 | +55
Bi-Cu [28] 1416 | -72 | +76 | +18 | +23 | +9 | +95 | +61
Bi-Sn [25] 673 -15 | -11 | -13 -10 | -13 | +34 | +50
Cd-Pb [32] | +623 | -100 | +28 | +23 | +35 | +21 | -12 | +30
Pb-Sb [38] 973 +9 -1 +7 +13 | +7 | +73 | +94
Pb-Sn [38] 673 -47 -7 -12 -11 | -11 ] -30 | -10
Pb-Sn [38] 773 -39 -1 -9 -6 -7 128 -7
Pb-Sn [38] 873 -35 -4 -10 -8 -8 |1-25] -6
Sn-Zn [32] 723 | -100 | +70 | 51 +67 | +44 | -35 | +50

Average -55 15 7 13 5 -5 30
Abs. average 57 20 15 19 13 ] 38 | 34
Ranking 7 4 2 3 1 6 5

Table 1.c. Monotectic systems
System T[K] | MH |IUM | KRP | SDS | K | H* |BBK
Bi-Zn [31] 873 | -140 | +60 | +40 | +51 |+34]+120| +40
Bi-Zn [31] 923 | -130 | +48 | +38 | +50 | +30|+112| +37

Average -135 | 54 39 51 32 | 116 | 39
Abs. average 135 54 39 51 32 | 116 | 39
Ranking 7 4 2 3 1 6 5

*the temperature along the miscibility gap was taken into account, as the liquidus T is unknown

Table 1.d. Systems with congruently melting compound(s
System T[K]| MH |IUM | KRP | SDS | K H |BBK
Al-Cu [4] 1473 | +90 | -46 -45 50 | -46 | -47 | -29
Bi-In[29] | 573 | +72 | +5 | +9 | -9 | +5 | +40| +53
Bi-In [29] 623 +72 | +5 | +10 -9 +5 | +36 | +50
Bi-In [29] 673 | +68 | +6 | +11 -9 +6 | +33 | +45
Bi-In [29] 723 | +65 | +7 | +12 9 | +7 | +30 | +42
Bi-Tl1 [30] 623 | +165 | +9 | +18 | +7 | +14|+35 | +54
Bi-T1 [30] 673 | +165 | +8 | +18 +7 | +15| +35 | +51
Bi-Tl1 [30] 723 | 4158 | +9 | +20 | +9 | +16| +30 | +51
Cu-Sb[25] | 1373 | +185 | +78 | +45 | +35 | +31 | +50 | +95
Hg-Na [2] 643 | +200 | -38 -9 -69 | -47 | -19 | -55
Mg-Pb [37] 973 | +230 | +15 | +30 -15 | +17 | +20 | +56
Mg-Pb [37] | 1073 | +205 | +12 | +29 20 | +13 | +20 | +56
Mg-Pb [37] | 1173 | +180 | +14 | +24 26 | -15 | +20 | +54
Average 143 6 13 -12 2 | 22 | 40
Abs. average 143 19 22 21 18 | 32 | 53
Ranking 7 2 4 3 1 5 6
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Table 1.e. Systems with compound(s), dissociating by a peritectic reaction
System T[K]| MH |[IUM | KRP | SDS | K | H |BBK
Ag-In[23] | 1250 | +190 | +31 | +14 +8 | +12 ]| -20 | +4
Ag-Sb[24] | 1273 | +100 | +30 | +50 | +65 | +62 | +68 [+110
Ag-Sb [25] | 1273 | 150 | +60 | +70 | +76 | +67 | +65 |+110
Ag-Sn [26] | 1273 | +130 | +40 | +40 | +45 | +40| -18 | +43
Ag-Sn [26] | 1373 | +110 | +30 | +36 | +40 | +32| -20 | +37
Ag-Sn [26] | 1473 | +100 | -23 | +32 | +35 | +27 | -22 | +34
Cd-Sn [32] 623 -53 | +41 | +40 | +45 | +38 | +9 | +46
Cd-Sn [39] | 623 -60 | +29 | 23 | +36 | +22| -16 | +19
Cu-Sn[34] | 1373 | +86 | +18 | -14 25 | -19 | 41 | -22
Cu-Sn [34] | 1473 | +76 | +30 | -11 -22 | -16 | -40 | -20
Cu-Sn[34] | 1573 | +74 | +28 | +10 | -20 | -15] -40 | -21
In-Pb [35] 623 -31 -4 -4 +5 21 -9 | +10

K-Na [36 4404 | -32 | -28 | -12 +5 0 |-29] -5
K-Na [36 466 -30 | -31 -13 +5 0 |-27] -5
Sn-T1[30] 673 -30 -7 -13 -8 -12 1 -30 | -12
Sn-T1 [30] 623 -32 -7 -10 -7 -10 | -29 | -12
Sn-T1 [30] 723 -28 -9 -10 -8 -10 | -29 | -10

In-Pb[35] | 673 | 31 | +5 | 2 | +5 | 2 | -10] +7
In-Pb[35] | 723 | 29 | +1 | -5 | +2 | -4 | -10] +6
In-Pb[35] | 773 | 28 | +1 | 7 | 4 | -7 |-13] +5
In-Sn[29] | 523 | +38 | +28 | +28 | +30 | +29 | +20 | +47
In-Sn[29] | 573 | +35 | +26 | +26 | +28 | +26| +15| +38
In-Sn[29] | 623 | +33 | 420 | +25 | +27 | +25| +14 | +37
In-Sn[29] | 673 | +32 | 423 | +25 | +29 | +25| +15 | +33
In-Sn[29] | 723 | +31 | 422 | +25 | +28 | +24 | +15| 31
K-Na[36] |3763| -39 | -18 | 8 | +6 | 0 | -37| -9
K-Na[36] |3945| -37 | 20| -10 | +7 | 0 |-34| -8
K-Na[36] |420,1| -3¢ | 25| <11 | +6 | -1 | 31| =5

]

]

Average 25 10 11 16 12 | -10 | 15
Abs. average 60 23 21 22 19 | 26 | 27
Ranking 7 4 2 3 1 5 6

Table 2. Average absolute deviation of different models for predicting the viscosity of binary liquid
alloys of different phase diagram types (abbreviations see above Fig-s 1

System type n MH |IUM | KRP | SDS | K H |BBK
Solid solution 4 47 4 3 16 2 31 | 33
Eutectic 12 57 20 15 19 13 | 38 | 14
Monotectic 2 135 54 39 51 32 1116 | 38

Peritectic compound 28 60 23 21 22 19 | 26 | 27
Congruent compound 13 143 19 22 21 18 | 32 | 53
Weighed average 79 21 19 22 17 | 33 | 31
Ranking 7 3 2 4 1 6 5
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Conclusions

il.

iii.

Among the models with known viscosities of pure components as initial parameters, the MH
model provides unreasonable predictions in most of the cases, so it should not be used. The
models SDS, IUM, KRP and K provide similar results. As the closest agreement between
experiments and predictions for all types of phase diagrams is reached using the K-model, this
model should be preferred when an unknown system is modeled (see Eg-s.(5, 4b)).

Among the models with un-known viscosities of pure components as initial parameters, the H
and BBK models provide similar results. However, the H-model provides unreasonable
discontinuities at eutectic compositions, and cannot be used in principle for monotectic
systems. That is why, the BBK model is suggested by us to be used when the viscosities of
none of the pure components are known. Alternatively, Eq.(7) is suggested to be used to
predict the unknown viscosities of pure components. These predicted values should be
combined with known viscosities of other pure components, and finally the K-model (Eg-s (5,
4.b)) should be used to obtain the concentration dependence of viscosity of binary and multi-
component alloys.

The performance of the most preferred models is the best for systems with relatively simple
phase diagrams, showing a relatively small deviation from ideality (solid solution type and
eutectic type), while the agreement becomes worse when the system deviates more from
ideality both into positive (monotectic systems) and negative (systems with compounds)
directions.

The disagreement in certain cases becomes unacceptable for systems with congruently melting
compound(s) in the phase diagram. This indicates the existence of associates (complexes,
molecules) in the liquid alloy, which change all physical properties of the alloy in a hardly
predictable manner. For systems with congruently melting compounds none of the existing
models can be recommended for reliable predictions. Instead, the following procedure is
suggested. First, the viscosity of the “pure” associate can be estimated using Eq.(7), if the
molar volume and the congruent melting point of the associate is known. Then, the associate
model [42-46] should be used to find the mole fractions of un-associated atoms and that of the
associates. These model mole fractions and the viscosity of the associate from Eq.(7) should
be combined with the viscosities of pure components into Eq.(5). This algorithm is expected
to provide a better estimation for systems with stable associates, usually showing a large
positive deviation from the linear composition dependence of viscosity (see especially the Al-
Cu and Hg-Na systems in Table 1.d).

The next generation of models to predict the viscosity of multi-component liquid alloys as
function of temperature and concentration should take into account: i). the heat of mixing of
the alloy (see Eq.5), ii). the inner segregation of the components into the sliding planes of the
alloy (see [16]), iii). the excess molar volume of the alloy (see Eq.6 and the free volume
theory), iv). and the formation of associates in the liquid alloy.

References

[1] E.A. Moelwyn-Hughes: in "Physikalische Chemie" (1970), pp. 434-437
[2] T. lida, M. Ueda, Z. Morita: Tetsu-to-Hagane Vol. 62 (1976), pp. 1169-1178
[3] Z. Morita, T. lida, M. Ueda: in “Liquid Metals”, Ins. Phys. Conf. Ser. No. 30, Bristol (1977), pp.

600-606

[4] L.Ya. Kozlov, L.M. Romanov, N.N. Petrov: Izv. Vuzov, Chernaya Metall. No. 3 (1983), pp. 7-

11

[5] M. Hirai: Iron Steel Inst. Jpn. Int. Vol. 33 (2) (1993), pp. 251-258

[6] S. Seetharaman, Du Sichen: Metall. Mater. Trans. B Vol. 25B (1994), pp. 589-595

[7] G. Kaptay: Proc. of microCAD 2003 Int. Conf., Section: Metallurgy, Univ. of Miskolc, Hungary
(2003), pp. 23-28



496 Materials Science, Testing and Informatics Il

[8] I. Ohnuma, K.J. Liu, H. Ohtani, K. Ishida: J. Electr. Mater. Vol. 28 (1999), pp. 1164-1171

[9] T. Tanaka, K. Hack, S. Hara: MRS Bulletin Vol. 24 (1999), pp. 45-50

[10] L. Ohnuma, Y. Cui, X.J. Liu, Y. Inohama, S. Ishihara, H. Ohtani, R. Kainuma, K. Ishida: J.
Electron. Mater. Vol. 29 (2000), pp. 1113-1121

[11] J.H. Lee, D.N. Lee: J. Electron. Mater. Vol. 30 (2001), pp. 1112-1119

[12] X.J. Liu, T. Yamaki, I. Ohnuma, R. Kainuma, K. Ishida: Mater. Trans. Vol. 45 (2004), pp.
637-645

[13] L. Onhuma, M. Miyashita, K. Anzai, X.J. Liu, H. Ohtani, R. Kainuma, K. Ishida: J. Electron.
Mater. Vol. 29 (2000), pp. 1137-1144

[14] X. Zhong, K-C. Chou, Y. Gao, X. Guo: Calphad Vol. 25 (2001), pp. 455-460

[15] X. Wang, H. Bao, W. Li: Metal. Mater. Trans. Vol. 33A (2002), pp. 3201-3204

[16] 1. Budai, M.Z. Benkd, G. Kaptay: microCAD 2004 Int. Conf., Section: Materials Science,
Univ. of Miskolc, Hungary (2004), pp. 27-32

[17] I. Budai, M.Z. Benkd, G. Kaptay: Materials Science Forum Vols. 473-474 (2005), pp. 309-314

[18] D. Zivkovic: Z. Metallkunde Vol. 97 (2006) pp. 89-93.

[19] T.B. Massalski (Ed.): Binary alloy phase diagrams (ASM, 3 volumes 1990)

[20] R. Hultgren, P.D. Desai, D.T. Hawkins, M. Gleiser, K.K. Kelley: Selected Values of
Thermodynamic Properties of Binary Alloys (AMS, Materials Park, Ohio 1973)

[21] E. Gebhardt, M. Becker: Z. Metallkunde Vol. 42 (1951), pp. 111-117

[22] E. Gebhardt, G .Woérwag: Z. Metallkunde Vol. 42 (1951), pp. 358-361

[23] H. Nakajima: Trans. JIM Vol. 17 (1976), pp. 403-407

[24] B. Nikolaev, J. Vollman: J. of Non-Cryst. Solids Vol. 208 (1996), pp. 145-150

[25] T. lida, R.I.LL Guthrie: The Physical Properties of Liquid Metals (Clarendon Press, Oxford,
1993 Chapters 6 and 3)

[26] E. Gebhardt, M. Becker, E. Tagner: Z. Metallkde Vol. 44 (1953), pp. 379-382

[27] E. Gebhardt, M. Becker, S. Dorner: Z. Metallkunde Vol. 45 (1954), pp. 83-85

[28] M.G. Frohberg, K. Ozbagi: Z. Metallkde Vol. 72 (1981), pp. 630-636

[29] H. Walsdorfer, I. Arpshofen, B. Predel: Z. Metallkde Vol. 79 (1988), pp. 503-512

[30] H. Walsdorfer, I. Arpshofen, B. Predel: Z. Metallkde Vol. 79 (1988), pp. 654-661

[31]J. Budde, F. Sauerwald: Z. Phys. Chem. Vol. 230 (1965), pp. 42-47

[32] A.F. Crawley: Metall. Trans. Vol. 3 (1972), pp. 971-975

[33] M.G. Frohberg, R. Weber: Z. Metallkunde Vol. 35 (1964), pp. 885-889

[34] E. Gebhardt, M. Becker, S. Schafer: Z. Metallkunde Vol. 43, (1952), pp. 292-296

[35] J.F. Rialland, J.C. Perron: Metall. Trans. Vol. 5 (1974), pp. 2401-2403

[36] C.T. Ewing, J.A. Grand, R.R. Miller: J. Amer. Chem. Soc. Vol.73 (1951), pp. 1168-1170

[37] E. Gebhardt, M. Becker, E.Tragner: Z. Metallkunde Vol. 46 (1955), pp. 90-94

[38] E. Gebhardt, K. Kostlin: Z. Metallkunde Vol. 48 (1957), pp. 636-641

[39] L.I. Gvozdeva, A.P. Liubimov: Izv. Vuzov, Chernaia metallurgia No. 9 (1965), pp. 13-16

[40] G. Kaptay: Z. Metallkunde Vol. 96 (2005), pp. 24-31

[41] G.Kaptay: Materials Science Forum Vols. 473-474 (2005), pp. 1-10

[42]. K.Osamura, B.Predel, Trans JIM, vol. 18 (1977) pp. 765-774

[43]. K.Wasai, K.Mukai, J.Japan Inst. Metals., vol. 45 (1981) pp. 593-602

[44]. F.Sommer, Z. Metallkde, vol. 73 (1982), pp. 72-76 and pp. 77-86

[45]. R.Schmid, Y.A.Chang, Calphad, vol.9 (1985) pp. 363-382

[46]. G.Kaptay, E.Berecz, Chemical Papers, vol. 45 (1991) pp.145-158



