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The surface tension, surface concentration, viscosity and mutual diffusion co-
efficients of the Ag-In and Ag-Sb liquid alloys have been calculated using
energetics and derivables from a statistical mechanical framework which
recognises the formation of atom clusters of self associates. Our calculations
suggest the existence of some form of local order in the systems. Ag—In showed
higher tendencies to heterocoordination in the bulk-manifested higher values of
mutual diffusion coefficient throughout the concentration range. The viscosity
values of Ag—In and Ag-Sb were calculated using the expression reported by
Kucharsky which relates the viscosity of a liquid binary alloy to the activity
coefficients of the liquid alloy components that are raised to some power m. This
exponent m is a fitted parameter. The calculated viscosity values for Ag-Sb had
some reasonable agreement with experiment above 0.5 atomic fraction of Sb,
using a fitted parameter value of m=4.5. The fitted parameter value for the
viscosity of Ag—In is expected to be in the range 1.5 <m <3.5.

Keywords: diffusion co-efficients; viscosity; surface tension; liquid alloys

1. Introduction

The need to develop new lead-free solder materials as an alternative to lead solder due to
environmental concerns has become of worldwide interest [1]. The development of such
new materials sometimes requires the knowledge of thermodynamic and thermophysical
data which due to experimental difficulties have not been measured [2]. Some of these
properties whose data for alloys are scanty due to difficulties in measurement at high
temperatures include transport properties such as viscosities and mutual diffusivities and
also surface properties such as surface tension and surface concentration [3]. It is therefore
necessary to estimate these sets of data using theoretical models. For this purpose,
different theoretical models are available [3—7]. Some of these models require thermo-
dynamic information such as interchange energy, activity co-efficient and the concentra-
tion fluctuation at the long wavelength limit for the estimation of the properties. This
underlines the importance of thermodynamic studies for liquid binary alloys.
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In the class of new alloys intended for use in different technological applications are the
silver-based alloys. For instance, Ag-Ti, Ag—Zr and Ag-Hf alloys have been studied as
active brazers with ceramic substrates in composite materials suitable for application
where aggressive thermal and mechanical conditions are permanent [2]. The traditional
silver solders have been used for joining ceramics and glasses with metallic materials [8].
Moreover, in the selection of multicomponent alloys for lead-free solders, the binary
Ag—In system takes part as one of the possible binary contributions [1]. In view of the
potentially useful technological applications of silver-based alloys [9], there is need for
a good understanding of their thermodynamic and thermophysical properties.

The thermodynamic properties of Ag—In and Ag-Sb have been studied by many
authors [10-15]. These studies used different experimental methods to determine the
various thermodynamic quantities of these alloys, such as the activities and free energy of
mixing. However, these studies do not provide information on the transport and surface
properties of these alloys. In this study therefore, we use the emf measurements of Krzyak
and Fitzner [16] for Ag—Sb, and Jendrzejezyk and Fitzner [1] for Ag—In to estimate the
mutual diffusivities, viscosities and surface properties throughout the concentration range.

2. Theoretical models
2.1. Thermodynamic properties

The simple statistical model proposed by Singh and Sommer [17] assumes that a liquid
binary A-B alloy consisting of Ny atoms of element A and Ny atoms of elements B
situated at equivalent sites, having short-ranged interaction effective only between nearest
neighbours forms a polyatomic matrix leading to the formation of like atom clusters or self
associates of type nA and vB, where ; and v are the number of atoms in the clusters of
type A and B matrices, respectively.

The thermodynamic properties of this category of liquid alloys depends on the number
of self associates, n=pu/v. Using the quasi-chemical approximation, an expression for the
Gibbs free energy is obtained as,

Gp=RT[clnc+ (1 —c)In(l —¢c)+cln(l =& +InTT+ (1 — )T W, (1)

where c is the concentration of atom A, W=puw,é=1—1/nand I'=1/(1 — c&) and w is the
interchange energy. The activities of the alloy components can be determined from the
general expression,

RTIna, — (aGm) . 5
IN; T.p N

Using Equation (1) in (2), expressions for activity (a;) of the alloy components are
obtained as

Inay = In(cl(1 — &)+ (1 — )TE+ (1 — c)zrzR—W; , 3)

Inay = In(el) + (1 = OI(1 =) + (1 ~ I )
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where R is the molar gas constant and the activity co-efficients (y;) can be obtained from
the relation

Yi = ai/c;. ®)

The expression for the bulk concentration—concentration fluctuations at the long
wavelength limit (S..(0)) is in general given as

PG,
See(0) = RT( o ) . (6)
¢~ Jr.pPN

Under the present formulation, the S..(0) is given by the expression
c(1—c¢)

See(0) = 1 —c(l —c)g(n, W)’

(N

where
203 (W/RT) — (n — 1)’[¢ + n(1 — ¢)]
[c+n(1—oF

The Warren—Cowley short-range order parameter for the first nearest neighbours («;) is
related to the S..(0) according to the expression

(-1

gn, W) = : ®)

SRECEIERE ®
where
 S«l0)
= (10)

and z is the coordination number.

2.2. Diffusivity and viscosity

Using the Darken’s thermodynamic equation for diffusion [18], the concentration—
concentration fluctuation at the long wavelength limit S..(0) has been related to the
diffusivities of the species of the liquid binary alloys via the relation [17,19]

Dy SH(0)
Dig Sec(0)’

(11)

where Dy is the mutual diffusivities of the alloy, and Djq is the intrinsic diffusivities for an
ideal mixture of liquid alloy components which can be obtained from

Dig = cDp+ (1 —¢)Dy, (12)

where D; are the self diffusivities of pure alloy components A and B, respectively.
The mutual diffusivities for the alloy across the whole concentration range can be
computed from Equation (11) if the self diffusivities D; are known from the experiment.
Since values of diffusivities of pure components of liquid alloys are scanty, they can be
predicted, to a reasonable extent, using theoretical models. One such model is the one due
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to Protopapas et al. [4] for the determination of self diffusivities of liquid metals based on
the hard sphere model. The expression for diffusivities is given as

S N3
l)zofkw0ﬂ(?%z>é%5{%5, (13)

where R, T and M are the universal gas constant, absolute temperature, and atomic weight
respectively. The values of o, n and C,(n) can be calculated from the following
expressions

o= 1.126crm[1 —0.112(T/Tm)%], (14)

where o, is the value of o at the melting temperature 7,,. Taking the packing fraction of
the liquid metal at melting point 5,, as 0.472, o,, becomes

Om = LANM /7pmNA)%: (15)

pm 18 the atomic density at the melting point and Ny is the Avogadro’s number, 7 retains
its usual meaning. Then the packing fraction at any temperature 7 is given as

_ 0.472p0?

Pm 031

(16)

p is the atomic density at temperature 7, p can be obtained from the expression
p=pm+ A(T—T,,) with A =0p/dT. Once the value of n is known, the correction factor
C 4w(n) known as the Alder—Wainwright correction is obtained from a chart [3,4].

The viscosity of a liquid binary alloy can be estimated using the expression reported by
Kucharsky [20]. This expression relates the viscosity of a liquid binary alloy to the activity
co-efficients of the liquid alloy components. The viscosity & of a liquid binary alloy is given
as

&=y II:—; (VTA)zyff%A + CB;_S (\;73)2 5 EB; (17)

v4, vg and v are defined by the expressions

L 5

= eV + (18)
A
4

L caby (19)

=cpV3
VB CBB+VB’

1

L 1

V= Cy V;A + CBVB (20)
In the above equations, m is a fitted parameter, Vs is the molar volume, V4 and Vg are the
atomic volume of pure components A and B of the alloy, y4 and y are there respective
activity co-efficients while &, and &g are their viscosities.
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2.3. Surface properties

In the model for studying surface properties, a statistical mechanical approach which
derives from the concept of a layered structure near the interface was used by Prasad et al.
[21] to obtain expressions for surface properties. The surface grand partition function E°is
related to the surface tension o by the expression

s A\ —N¢ta
=ex <kT>_exp< T ), (21)

where A is the surface area and « is the mean area of the surface per atom and is defined as
a=A/N°, and N’ is the total number of atoms at the surface; & is the Boltzmann constant.

Prasad et al. [21] gave the expression for surface tension of the binary alloys in terms of
activity co-efficient of the alloy components as

kT % kT w
(=Ci+—-In —A — Iy, + [p(c) + q(cg)z]g, (22)

[l

kT ¢y kT . w
¢= o2 ="y + [p(c) +alea)l o (23)

where ¢4 and ¢ are surface tension values for the pure components A and B respectively.
¢; and ¢} are the bulk and surface concentrations of the alloy components respectively. y 4
and yp are the bulk activity co-efficients of the alloy components. w is the interchange

energy.
The surface S..(0) can be written as [22]
s -1
z s
Sec(0) = CACB|: (2_;33‘)(1 - B )} ; (24)
where
2w 172
p= {1 +4CACB[6XP( SkT> - 1:|} . 2

Here, z* is the coordination number of the surface atoms which is obtained from
z*=(p+¢q)z and z is the coordination number in the bulk.

3. Results and discussions

The model of Singh and Sommer [17] was used to investigate the concentration
dependence of some thermodynamic quantities of Ag-Sb and Ag-In liquid alloys.
By varying the parameter n and W/RT, a simultaneous overall fit of the experimental
activity and Gibb’s free energy of mixing (G,,) was obtained for the two alloys,
respectively. The values of n and W/RT used to obtain these fits for the two alloys are
given in Table 1. These values of parameters were now used in subsequent expressions to
obtain other thermodynamic quantities such as activity coefficients, concentration—
concentration fluctuation at the long wavelength limit (S..(0)) and the Warren—-Cowley
short-range order parameter («;) for the alloys.

In Figure 1, the calculated activity and free energy values for Ag—Sb are compared with
experimentally determined values taken from [16]. In Figure 2, the calculated activity and
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Table 1. Model parameters for Ag—Sb and Ag—In liquid alloys.

Alloy T (K) n X
Ag-Sb 1073 0.145 -3.09
Ag—In 1200 0.240 —0.09
1 T T T T //a
Ag-Sb 7
.
//Ifl
[=%
~ 05| o _
) 5
2 e
< -6
0 ¥ —r @
—05 F L
\\ './,
& .
s | N = i
[T P
_15 1 1 1 L
0 0.2 0.4 0.6 0.8 1

Bulk concentration (Sb)

Figure 1. Activity of Sb and integral Gibbs free energy of mixing (G/RT) vs. bulk concentration of
Sb for Ag—Sb liquid alloy. Lines represent calculated values while points are experimental values at
1073 K from [16].

free energy values for Ag—In are also compared with experimentally determined values
taken from [1]. The behaviour of the activity values for both alloys appear similar,
approaching ideal values above 0.3 atomic fraction of Sb and In for both alloys,
respectively. The slight negative departure from ideality at low concentrations of Sb and In
for the respective alloys suggests some low level of order in the alloy, especially at that
region. However, in the phase diagrams of Ag—Sb and Ag-In [23], no intermetallic
compounds were suggested; hence our calculations were carried out using the statistical
model based on formation of clusters of self associates. The calculated values of activity
and free energy of mixing using this model had an excellents fit with experiments for both
alloys. The plots show that both alloys have similar behaviour, exhibiting some slight
asymmetry about equiatomic concentration for the free energy of mixing plots.
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Figure 2. Activity of In and integral Gibbs free energy of mixing (G/RT) vs. bulk concentration of In
for Ag—In liquid alloy. Lines represent calculated values while points are experimental values at
1200 K from [1].

To understand better the interactions in the systems with respect to the nature of
ordering among the atomic species, the concentration—concentration fluctuation at the
long wavelength limit (S..(0)) was obtained using the thermodynamic parameters already
determined. The values of S..(0) obtained from experimental values were used to compare
with the calculated values. S..(0) can be obtained from the experimental free energy values
or expressed in terms of the activities of the alloy components a4 and ap as

o) —1 —1 —1
See(0) = RT(8 sz> = cpay <%) = c4dp (%) . (26)
acy Jrpn dca) r.pN acs) .p.n
Here the experimental activity data for both alloys was fitted to higher order polynomials
and their derivatives were obtained and used in the above expression to obtain the required
experimental S..(0) values.

Figure 3 shows the S..(0) and Warren—Cowley short-range order parameter (o). In the
figure, the calculated S..(0) for Ag—Sb and Ag—In alloys are presented. The open blocks
are experimental values for Ag—Sb while the solid blocks are experimental values for Ag—
In. The dots are ideal values. The solid line represents the calculated values for Ag—Sb
while the broken lines are for Ag—In. It is clear from the figure that the S..(0) values are
below ideal values throughout the concentration range for both alloys suggesting some
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Figure 3. Bulk S..(0) and Warren—Cowley short-range order parameter («;) vs. bulk concentration
of In/Sb for Ag—In and Ag—Sb liquid alloys, respectively. Lines represent calculated values. Open
blocks are experimental values for Ag—Sb while solid blocks are experimental values for Ag—In.

form of order existing in these alloys of silver. The level of ordering is higher below
equiatomic composition for both alloys while above, the alloys tend towards ideal mixing
as depicted by the «; plot. However, below 0.1 atomic fraction of Sb, the calculated S..(0)
for Ag—Sb showed somewhat higher values than ideal values; hence suggesting some small
tendency to phase separation in that region. The calculated values of S..(0) for both alloys
show a qualitative trend, with values derived from experimental data and the «; values
indicating that the ordering tendency is weak. Further, maximum order in these alloys will
occur at about 0.35 atomic fraction of Sb for Ag-Sb with o™" ~ —0.039, while that for
Ag-In occurs at about 0.2 atomic fraction of In with o™ ~ —0.073. Obviously from the
figure, the ordering in Ag—In is stronger than in Ag-Sb. Ag-In must have stronger
tendencies to compound formation than Ag—Sb.

To calculate the mutual diffusion coefficient D,, for the Ag—Sb and Ag—In liquid alloys,
the expression in Equation (11) was used. The values of the self diffusion coefficients of the
pure alloy components Ag, Sb, and In, at the temperatures of 1073 and 1200 K for Ag—Sb
and Ag—In respectively, are required. Since the experimental values of diffusion co-efficent
of these components at temperatures of interest are not available, the model of Protopapas
et al. [4] given in Equation (13) was used to estimate values of diffusion co-efficent for
these alloy components. lida and Guthrie [3] compared values obtained using this model
with experimental values for some liquid metals at their melting point. The calculated
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Figure 4. Mutual diffusivities, D,, (x10™m?s~") vs. bulk concentration of In/Sb for Ag-In and
Ag-Sb liquid alloys, respectively.

results were comparable with experimental values. The values of M, p,,, and A in the model
of Protopapas et al. were obtained from [4]. Figure 4 shows the variation of mutual
diffusion co-efficent with bulk concentration of Sb and In for Ag-Sb and Ag-In liquid
alloys at 1073 and 1200 K, respectively. The plots show that the mutual diffusivities for
both alloys showed pronounced increases in value with increasing Sb and In
concentrations, respectively, until above equiatomic concentration, where further increases
in the concentrations of Sb and In in the respective alloys resulted in very small or
insignificant changes in diffusivities. The diffusivities of Ag—In which showed higher
tendencies to heterocoordination manifested higher values over the whole concentration
range than values for Ag-Sb. For the Ag-Sb liquid alloy, the calculated S..(0) and the
short-range order parameter («;) showed indication of some small form of homo-
coordination below 0.1 atomic fraction Sb, the mutual diffusivity of this alloy showed
small decrease in values within this region. It is therefore possible to infer from our
calculations that tendencies toward heterocoordination result in an increase in mutual
diffusivities while tendencies toward homocoordination lead to a decrease in mutual
diffusivities.

The viscosities of Ag—Sb and Ag-In were calculated over the whole concentration
range using the expression of Kucharsky [20] given in Equation (17). The values of
viscosities and atomic volumes for the alloy components were obtained from [3].
The activity co-efficent was obtained from our calculations using Equation (5) and the
energy parameters given in Table 1. In Figure 5, the calculated viscosity values for Ag—Sb
and Ag—In alloys at 1073 and 1200 K are presented. The solid line represents calculated
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values of viscosity for an Ag—Sb liquid alloy while the points are experimental values of
viscosity for Ag—Sb at 1273 K obtained from [3]. The solid line calculated for the value of
m=4.5 showed some reasonable agreement with experiment above 0.5 atomic fraction
of Sb. Below this concentration, there is only a qualitative trend between experiment and
calculations. However, we note that the experimental values were obtained at 1273 K while
the calculated values were for 1073K. At a lower temperature of 1073 K, the measured
values of viscosity is expected to be higher and may approach the calculated values. All
broken lines in the figure are the calculated values of viscosity for Ag—In liquid alloys for
values of fitting parameter m =3.5, 1.5, 0.1 and —0.5. There are no experimental values for
Ag-In available for comparison with calculated values. From our earlier calculations of
activities, free energy of mixing, S..(0) and diffusivities for Ag—Sb and Ag—In alloys, it can
be said that these alloys manifest close behaviours in their thermophysical properties
which follow the same trend. If we assume that this observation holds true for the viscosity
of these alloys, then the viscosity values of Ag—In across the concentration range will
follow the trend of the values for Ag—Sb. Hence, the viscosity values for Ag—In can be
estimated for m values within the range 1.5 <m <4.0. Within this range of m, the viscosity
isotherms for Ag—In follow the trend of the calculated viscosity values for Ag—Sb, hence it
is expected that the ‘real’ viscosity values of Ag—In may be described within these values of
the fitting parameter m. Figure 5 also shows a minimum in the viscosity isotherms of Ag—
Sb and Ag-In at about 0.7 atomic fraction of In, Sb. From the S..(0) curves for these
alloys in Figure 3, the alloys appear to be close to ideal mixing at above 0.7 atomic fraction
of In,Sb and are heterocoordinated below this concentration. The minimum viscosity

45 T T T 1
496

3.5

n
o

N

Viscosity (mPa s)

-
&)

05 | Ag-Sb (m = 4.5)

0 * 1 1 1 1
0 0.2 0.4 0.6 0.8 1

Bulk concentration (In, Sb)
Figure 5. Viscosity vs. bulk concentration of In/Sb for Ag—In and Ag—Sb liquid alloys. Solid line is

the calculated values for Ag-Sb at m=4.5. Broken lines are calculated values for Ag—In at
m=3.5,1.5,0.1 and —0.5. Points are experimental values for Ag-Sb at 1273 K from [3].
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observed about this concentration may be due to structural readjustment of alloy
components as the alloys transited from ideal mixture to a former compound.

The surface compositions and surface tension values of Ag—Sb and Ag—In liquid alloys
were numerically computed from Equations (22) and (23). The activity co-efficients for the
Ag, Sb and In atoms in Ag—Sb and Ag—In liquid alloys, respectively, at the temperatures of
investigation were computed from the expression in Equation (5). The surface coordina-
tion fractions p and ¢ are taken as those for closed packed structures with p=0.5 and
q=0.25 for all systems considered. The surface tension (¢;) and atomic volume (£2;) at the
melting temperature of the components of the alloy systems were taken from [3], (where i
denotes the components Ag, Sb or In of the alloys). However, to obtain the surface tension
and atomic volume at the working temperature of 1073 K, and 1200 K for the Ag-Sb and
Ag-In alloys, respectively, the relationship on the temperature dependence of surface
tension and atomic volume as given in [24] was used and is given as,

0g;
L _ i) 2
;‘l {Uﬂ (T Tm) aT! ( 7)
and
Q= Qull +0(T = T,,)], (28)

where 6 is the thermal co-efficient of expansion, 2;,, and ¢;,, are the atomic volumes and
surface tension of the alloy components at their melting temperature 7,, and 7 is the
working temperature in Kelvins. The values of 9¢,/d7T and 6 for the pure components of the
alloy are obtained from [3]. The atomic surface area «; for each atomic species of the
different alloy systems was calculated following the relation [25]

Q\ 23
o = 1.102(W’> , (29)

and the mean surface area « is then given as
o= Z Citti, (30)
i

where N is Avogadro’s number and ¢; are the concentrations of the alloy components.
Figure 6 shows the plots of surface concentration of Sb and In against their respective
bulk concentration for Ag—Sb and Ag—In liquid alloys, respectively. For the Ag—Sb liquid
alloys, the Sb atoms segregate to the surface at above 0.4 atomic fraction of Sb. But in Ag—
In, complete segregation of In atoms to the surface was not predicted by our calculations,
however, more In atoms are expected at the surface than Ag atoms. The surface tension
values for both alloys (Figure 7) shows a similar trend, decreasing with increasing bulk
concentration of Sb and In respectively. There are no available experimental surface
tension values for these alloys to compare with experiment, however, it has been shown
that calculations with this model produce values comparable with experiment [26,27].
The calculated surface tension values for Ag—Sb are higher than the values for Ag-In at
higher concentrations of Ag while at lower concentrations of Ag, the surface tension
values for Ag—Sb become lower than the values for Ag—In. The surface S..(0) of Ag-In
(Figure 8) shows indications of some level of heterocoordination at the surface as its
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Figure 6. Surface concentration of In/Sb vs. bulk concentration of In/Sb for Ag-In and Ag-Sb
liquid alloys, respectively. Solid line is values for Ag—Sb and broken lines are values for Ag—In.
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Figure 7. Surface tension vs. bulk concentration of In/Sb for Ag-In and Ag-Sb liquid alloys,
respectively. Solid lines is values for Ag—Sb while broken line are values for Ag—In.
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Figure 8. Surface S..(0) vs. bulk concentration of In/Sb for Ag-In and Ag-Sb liquid Alloys,
respectively. Solid line is values for Ag—Sb while broken lines are values for Ag—In.

broadened peak is very much less than the ideal value peak of 0.25. The surface S..(0)
values for Ag—Sb are closer to ideal values indicating a tendency to regular mixture of alloy
components at the surface.

4. Conclusion

The thermophysical properties of the liquid alloys Ag—Sb and Ag—In appear to exhibit
similar behaviours. Ag—In has a greater tendency to compound formation than Ag—Sb.
The compound forming tendencies of Ag—In appear to be stronger at the surface than in
the bulk. On the other hand, Ag—Sb exhibited some low level of ordering in the bulk but
has a strong tendency toward regular mixture of alloy components at the surface
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