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Thermodynamic evaluation of viscosity in In-Zn
and Sn—Zn liquid alloys

E. O. ILO-OKEKE{‘*, B. C. ANUSIONWU+ and O. POPOOLA}

fTDepartment of Physics, Federal University of Technology, Owerri, Nigeria
iDepartment of Physics, University of Ibadan, Nigeria

(Received 5 January 2005)

A theoretical formalism that links thermodynamic properties to transport properties has been
used to study the viscosity of Sn—Zn and In—Zn liquid alloys at various temperatures. The form-
alism was successful at describing the thermodynamic properties of these alloys and showed a
better estimation of the viscosity of the Sn—Zn alloy than that of the In-Zn alloy.
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1. Introduction

The understanding of the statics and dynamics of metallic liquid alloys has become a
subject of study in recent times. These studies include the investigation of the structural,
thermodynamic and transport properties of the alloys. Many measurements have been
made on the thermodynamic properties of liquid binary alloys [1] and some measure-
ments on the transport properties of some metals and alloys [2]. However, very little
investigation has been made on the relationship between thermodynamic properties
and transport properties. Neale and Cusack [3] attempted an investigation with a
view to obtaining a comprehensive empirical description between thermodynamic
and transport properties in Na—Cs liquid alloys. A theoretical attempt to link thermo-
dynamic properties of liquid binary alloys to some transport properties has been made
by Singh and Sommer [4]. In their work they presented a simple formalism which relates
viscosity and diffusion coefficient to the thermodynamic properties of metallic alloys.
This kind of formalism if it is in reasonable agreement with experimental measurements
could serve as a unique economic and effective method to predict the properties of
liquid metallic binary alloys, depending less on experimental data.

Some authors have worked on this formalism and applied it in calculating the
viscosity of liquid Cu—Bi and Bi-Zn alloys [5] and liquid Na—K and Na-Cs alloys [6]
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by using energetics determined from thermodynamic data. The results appear impres-
sive as it showed that for alloys with large size difference, the predictive power of the
model is decreased towards some concentration range, and for alloys with size ratio
close to one, the calculated viscosity values are reasonably close to the measured and
estimated values of viscosity.

In this article, the predictive power of the formalism at different temperature is inves-
tigated for the Sn—Zn and In-Zn liquid alloys. These alloys are considered as possible
candidates to replace the common Sn—Pb solders [7]. In addition to the properties such
as liquidus temperature, pasty range, wettability, microstructure, mechanical properties
as well as reliability of soldered joints, it is clear that other factors of interest to be con-
sidered for a good soldering candidate material include interfacial adhesion, surface
tension and viscosity as they play an important role in producing acceptable solder
joints [8,9]. Hence, the ability of this formalism in describing the transport properties
of this class of liquid alloys will be of interest.

2. Theory

Singh and Sommer [4] showed that there exists a relation between viscosity and diffu-
sion coefficient D,, for a liquid A-B alloy. The relation they obtained is

kgT
n=g;(“+”j¢ (1)
m \OB 04
= o ()
where
kgT (¢ c
w:§<A+B> 3)
m OB 04

¢4 and cp are the concentrations of the 4 and B components of the alloy, oy, (i = 4, B)
depends on the size and shape of the diffusing particles. n is the coefficient of viscosity
and the factor ¢ is related to concentration fluctuation in the long wavelength
limit S..(0) as:

o CyCpR
? = 5ul0) )

Ideally, ng is expected to be linear in ¢ and experimental results have shown this [4].
Consequently, the observed deviations in the n—c isotherm occur as a result of the
factor ¢. This factor was investigated by Osman and Singh [11]. They obtained a
general relation for the dependence of ¢ on the enthalpic (W) and entropic (y) effects as

d=1—cycpg(y, W) ®)
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with
2)/2W— )/—1 : cq4+ YCB
gy, W)= ( ) (3 ) (6)
(CA + )/CB)
w
W=Q —— 7
() ™)
where w is the interchange energy given as:
W= (g B — w> (8)
g;; are i—j bond strengths and y (= Q5/Q4; Q4 < Qp) is the size ratio.
With equations (2), (5)—(7) one has
A
= —eacng(ys W) ©)

where g(y, W) embodies the energetics and the size effects responsible for the character-
istic behaviour of An for a given binary alloy.

Taking into account the enthalpic effect only in equation (9) and using conformal
solution results, one relates An/no to enthalpy of formation (Hj,) [4] as

A H
an_ _HAu (10)
1o RT
where R is the ideal gas constant.
To relate thermodynamic quantities to viscosity coefficient (1), one uses free energy
of mixing (Gyy) which incorporates the size effects. This equation is given as

Gm :NkBT<CBh’11ﬁ+CA In(1 —w)—i‘cAl/fW) (1D

kg is the Boltzman constant and  is the concentration by atomic volume species
given by

_ Yes
Ccq4+YCB

(12)

3. Results and discussion

Ordinarily, the parameter y is determined from experimental density measurements.
Since such data were not available, y was treated as a free parameter along with .
Thus, the values of y and W were chosen to reproduce simultaneously an overall
fit of the concentration fluctuation in the long wavelength limit (S..(0)) and free
energy of mixing (Gy/RT). The experimental values of concentration fluctuation in
the long wavelength limit (S..(0)) used in this work were derived from the activity
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data of Sn—Zn and In-Zn given in [12-17], and they were also used by Lee [10]. The
quantity S..(0) was derived from the relation

da;\ !
Scc(o) = Cia’(_J>
’ ac; ) r.p

where ¢; and a; are the concentration and activity of component i, j(i, j = 4, B),
respectively.

The experimental and fitted values of S..(0) for the two alloys, Sn—Zn and In-Zn,
at different temperatures are shown in figures 1(a) and 1(b). The experimental values
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Figure 1. S..(0) versus concentration of Zn (a) for Sn—Zn liquid alloy (b) for In-Zn liquid alloy. Lines
represent calculated values, points represent experimental values at the temperature indicated.
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Figure 1. Continued.

of Sn—Zn alloy at 650K, 875K and 1123K are due to Hamaguchi and Asano [12],
Ptak [13] and Kozuka and Moriyama [14], respectively. For In-Zn alloy, the experi-
mental values are due to Oelsen and Ziihlke [15], Moser [16] and Hagiwara et al. [17]
at temperature values of 692K, 850 K and 1000 K, respectively. The values of y and
W used in fitting these curves are shown in table 1. But for the slight deviations between
0.75 and 0.84 atomic concentration of Sn—Zn at 875K, the predictive power of the
model was decreased for a highly phase-segregating alloy as depicted by In-Zn. For
Sn—Zn alloy that has relatively low segregating tendencies, it had better estimation,
predicting the rapid change seen in Sn—Zn from phase-segregating liquid to regular
liquid alloy in accordance with experiment.

Figures 2(a) and 2(b) show the calculations performed for free energy of mixing
for both alloys. These show that the calculations compared favourably well with the
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Table 1. The values of size ratio (y) and order energy (W) used to fit the
thermodynamic properties.

Alloy at a given temp. Size ratio (y) Order energy (W)
Sn—Zn (650K) 1.523 1.149
Sn-Zn (875K) 1.657 0.512
Sn—Zn (1123K) 1.126 0.268
In—Zn (692K) 1.272 1.595
In-Zn (850K) 1.392 1.196
In-Zn (1000 K) 1.112 0.966

GwRT

Conc. (Zn)

Figure 2. Gy/RT versus the concentration of Zn (a) for Sn—Zn liquid alloy (b) for In-Zn liquid alloy.
Lines represent calculated values while points represent the experimental values at the temperature indicated.
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Figure 2. Continued.

experiment at all temperatures, predicting the observed decrease in free energy of
mixing with increasing temperature values in accordance with the experimental results.

Figures 3(a) and 3(b) show the calculated An/ny values for Sn—Zn and In—Zn,
respectively. There are no experimental viscosity values available to the authors
at the time of writing. However, experimental An/ny values used were calculated
from experimental enthalpy values using equation (10). For Sn—Zn alloy, An/ng
values were calculated at temperatures of 650K, 875K and 1123 K while for In—Zn
these values were calculated at temperatures of 692 K, 850 K and 1000 K. Since there
were no enthalpy values at these temperatures for both alloy systems, viscosity
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Figure 3(a). An/ng versus concentration of Zn for Sn—Zn liquid alloy. Lines are calculated values at their
indicated temperature. (+-++) are estimated values at 700 K [18], (x x x) are estimated values at 798 K [19].

values were estimated from enthalpy values at 700 K and 798 K for Sn—Zn alloy and at
700K and 733K for In-Zn alloy. The enthalpy values of Sn—Zn alloy at 700 K and
798 K were due to Moser et al. [18] and Kleppa [19], respectively. While those for
In—Zn alloy at 700 K and 733 K were due to Svirbely and Selis [20], and Wittig and
Miiller [21], respectively.

For Sn—Zn alloy, the graphs show that the calculated values of An/ny appear to give
a close estimate of the measured values. In general, the graphs show that the viscosity
coefficient increases with increasing temperature for all concentrations. The figure
for In-Zn shows that the formalism gives poor prediction for the measured An/ng
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An/nq versus concentration of Zn for In-Zn liquid alloy. Lines are calculated values at their
indicated temperature. (x x x) are estimated values at 700 K [20], (+++) are estimated values at 733 K [21].

Figure 3(b).

values. In—Zn alloy has a higher phase-segregating tendency than Sn—Zn as can be
observed from their S..(0). This poor prediction of viscosity values of In—Zn alloy is
in agreement with the behaviour of Bi—Zn alloy whose peak value of S..(0) is about
4.0 as shown in the work of Akinlade et al. [5]. In their work, calculated An/ng
for Bi-Zn showed large over-prediction of the experimental values, while Cu-Bi
with lesser phase-segregating tendency as in Sn—Zn had better agreement with the
estimated values of An/ny. We therefore infer that this formalism is poor at predicting
the viscosity values for strongly phase-segregating binary alloy systems especially for
binary liquid alloy systems whose peak value of S..(0) is reasonably greater than 1.0.
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4. Conclusion

The formalism due to Singh and Sommer usefully describes the thermodynamic
properties of Sn—Zn and In—Zn liquid alloys. However, its ability to determine the
An/no values appears better for the Sn—Zn alloy than for the In-Zn alloy. The formal-
ism may need refinement for strongly phase-segregating alloys whose peak values of
S..(0) are appreciably greater than 1.0.
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