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Abstract

The temperature dependency of the viscosity of molten pure metals has been thermody-
namically discussed as a function of the change of the liquid-state enthalpy. The following
equation has been derived:

§=Crnr ”OTO/T exp (_ k(H-H,) )

RT
where n and H are the viscosity (mPa-s) and liquid-state enthalpy (J/mol) at a given tem-

perature T (K). n, and H are the viscosity (mPa-s) and liquid-state enthalpy (J/mol) at the
melting point or at any other temperature T, (K), higher than the melting point. C is a pro-
portionality constant with a value of 0.984 (mPa-s), which relates the estimated viscosity
and the measured viscosity. K is the constant coefficient with a value of 1/4 (-) for pure met-
als, which is derived from the closed-packing structure and atom moves caused by melt flow.
R is the gas constant (J/mol/K). It has been found that the temperature dependency of vari-
ous pure metals can be predicted using this equation.

1. Introduction

The viscosities of molten metals are important physical proper-
ties in the fields of steelmaking and continuous casting of steel. Both
experimental and theoretical studies of viscosities have been per-
formed for many years. The viscosities of molten metals have been
estimated for an extended period of time. The first attempt to carry
out a molecular theoretical study on the viscosities of molten metals
was conducted by Andrade.” Afterwards, Eyring et al.,>* Hirai,*
and Waseda et al.> proposed equations for the temperature depen-
dency of the viscosities of pure metals. Ganesan® reported an em-
pirical equation for the viscosities by performing parametric fittings
of the temperature and concentration on Al-Cu alloys. Zivkovic” re-
ported an empirical equation by performing parametric fittings of
the concentration of an Au-Ag-Cu system based on the Budai-Ben-
ko-Kaptay (BBK)® equation.

Several (semi-)theoretical equations have been derived for the
excess viscosities of molten alloys. lida et al.” estimated excess vis-
cosities using heat of mixing and activity coefficient. Seetharaman
et al.!>!" developed a semi-theoretical equation by adding an excess
viscosity term derived from the Gibbs energy of activation based on
the absolute reaction rate theory of Eyring et al.>3 Kucharski'? pro-

posed a semi-theoretical equation by calculating the excess viscosity
term from grain size (molar volume) and shear coefficients.

Regarding the viscosities of molten oxides, Urbain'*'® and lida
et al.'® have also reported equations that reproduce the viscosities of
various types of components relatively well. The former equation
has a form similar to the Weymann’s empirical equation that has a
temperature term and viscosity coefficient of the Arrhenius equation.
The equation also has a coefficient for the composition depending
on components. The latter is an empirical equation with a network
parameter and basicity index. Mills'” also proposed an equation that
focuses on optical basicity. Seetharaman et al.'® ! established a
semi-theoretical equation by adding an excess viscosity term calcu-
lated from the Gibbs energy of activation based on the absolute re-
action rate theory as is the case with alloys.

Regarding the viscosities of molten oxides, Nakamoto et al.,?”
Kondratiev et al.,?'?® and Shu et al.>*?% proposed equations that fo-
cus on the bonding state of molten melts, especially the network
structure of SiO,. These equations suggest that the viscosities may
be estimated from the bonding state between the atoms in molten
metals and thermodynamic quantities.

When a bond between atoms in molten metals is cut, viscous
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flow occurs. The author considers that the bonding state is related to
enthalpy, which is one of the thermodynamic properties, and has
been studying to express the temperature dependency of the viscosi-
ties of various metals using thermodynamic quantities such as en-
thalpy and heat capacity.

2. Model*”?®
2.1 Equation

The bonds between atoms in molten pure metals can be continu-
ously formed and broken. It has been thought that the probability of
bonding between atoms in molten metals is a function of the tem-
perature, 7, and can be expressed by exp(4/T), where 4 is a con-
stant. In addition, the viscosities of molten metals generally decrease
with increasing in temperature. The relationship between viscosity #
and bonding probability is therefore given by the following equa-
tion: "

rocew(7] ()

This study focuses on the strength of the bonds between atoms
to consider the influence of temperature on the viscosities of molten
metals. It is considered that when external force (shear force) acts
on a molten metal, the bond is cut and viscous flow occurs as shown
in Fig. 1, indicating that viscosity depends on the strength of the in-
teratomic bonds. This study uses the enthalpy of a pure substance to
express the bonding state. Although the possibility of the formation
of interatomic bonds is expressed in Equation (1), the equation has
no term to indicate changes in the bonding state as a function of the
temperature. Thus, in this model, the enthalpy A (J/mol) is added to
Equation (1) to give:

s exp [ AHE) @)
where £ is a constant and R is a gas constant (J/mol/K). The viscosi-
ty # (mPa-s) in Equation (2) is divided by the constant C (mPa-s) to
give the nondimensionalized Equation (3). The details of the con-
stants k£ and C will be described later.

n A'—kH/IR

bon[ 4

RTIn (%) —RA"— kH 3)

Assuming that the temperature is changed from 7|, (reference state)
to T, the following relation is obtained from Equation (3):
RT,In (”—C‘) ~ RT,In (”—C") = — (kH, — kH,)
k(H 1_H0)

RT, ) “)
where 7 is the viscosity (mPa-s) at temperature 7, and H is the en-
thalpy (J/mol) at temperature 7.

2.2 Constant k

The meaning of the value & is considered as shown below. It is
assumed that the atoms in a molten metal are mostly arranged in a
close-packing configuration as shown in Fig. 2. In this case, the cen-
ter atom (black circle) is surrounded by a total of 12 atoms: Six at
the same height (white circles), three in the front side (dashed line
circles), and the other three in the back side (gray circles). When the
three dashed atoms move up against the center black atom due to
melt flow, the bond between one of the dashed atoms and the center
black atom is cut off. On the other hand, the downward movement
results in cutting-off of the bonds between two of the dashed atoms
and the center black atom. The gray atoms show the same behaviors
as the dashed atoms. This means that melt flow changes three bond

7, = ,,IOTO/T1 C 11 exp (_
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Fig. 1 Conceptual diagram of the “cutting-off” of atomic bonding
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Fig. 2 Close-packing structure and atom moves caused by melt flow

states between the black atom and the surrounding 12 atoms: 1.5 on
average for the dashed atoms and 1.5 on average for the gray atoms.
Three twelfths (3/12 = 1/4) of the enthalpy per mol are affected, so k
is considered to be 1/4.
2.3 Constant C

C is a coefficient that links the exponential term in Equation (2)
to the viscosity # and that is obtained from experimental data. The
viscosity data of 19 molten metals and semimetals, namely, Fe, Co,
Ni, Si, Cu, Au, Ag, Ge, Al, Mg, Sb, Zn, Pb, Cd, Tl, Bi, Sn, In, and
Ga, reported by Sato et al.*=? were studied to determine the con-
stant C. The viscosities of these metals and semimetals can be ex-
pressed by the following Arrhenius equation, which is dependent on
the temperature:

E

n =B exp (ﬁ)

where B (mPa-s) and £ (J/mol) are constants.
It is well known that the specific heat C,, (J/mol/K) of many

types of molten metals does not depend on the temperature, being
constant; the enthalpy is expressed by the following equation:

H=H_+C,T 6)
where H__ is the reference enthalpy (J/mol). When, A7k—H_ is ex-
pressed in Q, Equation (3) gives:

kQ )

kC,
17=Cexp(—7)exp(—ﬁ (7)
Comparing Equations (5) and (7), B in Equation (5) corresponds
to C exp (—kC,/R) in Equation (7).
The heat capacities of molten Fe, Co and Ni reported lately by
Fukuyama et al.*39 and those of the other metals reported in the
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Fig. 3 Relationship between B in Eq. (5) and exp(—kC/R) in Eq. (7)

SGTE Unary Database were adopted in this study. Although the heat
capacities of molten Au, Pb, Tl, Bi, Sn, In and Ga are slightly de-
pendent on the temperature, the effects are so small that they are ne-
glected in this study.

Figure 3 shows the relationship between B in Equation (5) and
exp (—kC,/R) in Equation (7). Although Si, Au, Ge, Sb, and Mg are
the exceptions, the other 14 metals represented by the solid black
circles in Fig. 3 clearly show a unique linear relation. The constant
Cis 0.984 (mPa-s) from the slope of the linear relation.

3. Estimation of the Viscosities of Pure Metals at the

Melting Points

This section estimates the viscosities at melting points based on
the experimental values and experimental temperatures of the vis-
cosities of pure metals. When 7 in Equation (4) is the experimental
temperature, 7, is the viscosity at the temperature, 7, is the melting
point, and #, is the viscosity at the melting point, the viscosity at the
melting point can be estimated from each experimental temperature,
viscosity, and melting point. As experimental temperatures for pure
metals and viscosities at those temperatures, the values measured by
Sato et al.?>? were used. Figure 4 shows the estimated viscosities
at the melting points. The estimated melting-point viscosity of each
metal is constant regardless of the experimental temperatures.
Therefore, all the melting-point viscosities estimated from the tem-
peratures and viscosities at those temperatures are constant, which
demonstrates that Equation (4) is appropriate.

4. Estimation of Viscosities at a Given Temperature

When the reference temperature 7, in Equation (4) is regarded
as the melting point 7, and the new temperature 7, is a temperature
T higher than the melting point, Equation (4) is rewritten as shown
below:

= 0.9841 T T exp [~ T 8
n=0. Mo ™" €XP |\~ ®

where the melting-point viscosities were obtained by recurring the
values measured by Sato et al.?3? with the Arrhenius equation and
substituting the melting point value in the equation (Fig. 5). Figure
6 shows the viscosities estimated using Equation (8) at temperatures
equal to or higher than the melting points for the 14 metals (Fe, Co,
Ni, Cu, Ag, Al, Zn, Pb, Cd, T, Bi, Sn, In, Ga) along with the experi-
mental values.?? Figure 6 shows that this model successfully re-
produces the experimental data of the viscosities of the molten met-
als well.
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Fig. 4 Melting-point viscosities for each metal, calculated from mea-
surements of the viscosity and the corresponding temperature
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Fig. 6 Experimental®-? (solid circles) and estimated (this model, curve) viscosities
5. Conclusions the viscosity #, (mPa-s) at the melting point or any other tempera-
The author established the following equation that can estimate ture 7, (K) is known:
the viscosity 7 (mPa-s) of a pure molten metal at a certain tempera- — 0.9841- 0Ty ToT o (_ H-H, ) ©)
ture 7' (K) using changes in the liquid-state enthalpy (H-H) when = To*" EXp 4RT
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Although this study considered the relatively simple viscosities
of pure molten metals, further advancement of studies on the esti-
mation of physical properties of various molten metals that are in-
volved in the steelmaking processes is expected.

References

1) lida, T.: Journal of the Japan Welding Society. 63, 70 (1994)

2) Eyring, H.: J. Chem. Phys. 4, 283 (1936)

3) Glasstone, S. et al.: The Theory of Rate Process. Mc-Graw-Hill Book

Co., 1941, p.477-551

4) Hirai, M.: ISIJ Int. 33, 251 (1993)

5) Waseda, Y. et al.: Tetsu-to-Hagané. 61, 46 (1975)

6) Ganesan, S.: Metall. Trans. B. 18B, 421 (1987)

7) Zivkovic, D.: Metall. Mater. Trans. B. 39B, 395 (2008)

8) Budai, I. et al.: Mater. Sci. Forum. 537-538, 489 (2007)

9) lida, T. et al.: Tetsu-to Hagané. 62, 1169 (1976)
10) Seetharaman, S.: Metall. Mater. Trans. B. 25B, 589 (1994)
11) Sichen, Du et al.: Metall. Mater. Trans. B. 25B, 519 (1994)
12) Kucharski, M.: Z. Metallkd. 77, 393 (1986)
13) Urbain, G.: Trans. J. Br. Ceram. Soc. 80, 139 (1981)
14) Urbain, G.: Steel Res. 58, 111 (1987)

15) Urbain, G. et al.: Ironmaking Steelmaking. 17, 255 (1990)

16) lida, T. et al.: Journal of High Temperature Society. 25, 93 (1999)

17) Mills, K. C.: ISIJ Int. 33, 148 (1993)

18) Ji, F.-Z. et al.: Metall. Mater. Trans. B. 28B, 827 (1997)

19) Seetharaman, S. et al.: Metall. Mater. Trans. B. 31B, 105 (2000)

20) Nakamoto, M. et al.: ISIJ Int. 45, 651 (2005)

21) Kondratiev, A. et al.: ISIJ Int. 46, 359 (2006)

22) Kondratiev, A. et al.: ISIJ Int. 46, 368 (2006)

23) Kondratiev, A. et al.: ISIJ Int. 46, 375 (2006)

24) Shu, Q. et al.: ISIJ Int. 46, 1548 (2006)

25) Shu, Q.: Steel Res. 80, 107 (2009)

26) Shu, Q.F. et al.: Ironmaking Steelmaking. 37, 387 (2010)

27) Takahira, N.: ISIJ Int. 55, 2247 (2015)

28) Takahira, N.: Materia Japan. 58, 641 (2019)

29) Sato, Y. et al.: CAMP-ISIJ. 17, 776 (2004)

30) Sato, Y. et al.: Meas. Sci. Technol. 16, 363 (2005)

31) Yoneda, H. et al.: CAMP-ISIJ. 21, 931 (2008)

32) Sato, Y.: Bulletin of The Iron and Steel Institute of Japan (Ferrum). 15,
15 (2010)

33) Sugie, K. et al.: Tetsu-to-Hagané. 96, 673 (2010)

34) Watanabe, M. et al.: J. Chem. Thermodynamics. 121, 145 (2018)

35) Takano, J. et al.: CAMP-ISIJ. 25,912 (2012)

Nobuyuki TAKAHIRA

Senior Researcher, Ph.D.

Steelmaking Research Lab.

Process Research Laboratories

16-1 Sunayama, Kamisu City, Ibaraki Pref. 314-0255

-19-



