
1. Introduction

The measurements of the physicochemical properties, 
such as the surface tension, density and viscosity, of the 
low-temperature lead-free solders have been carried out at 
the Institute of Metallurgy and Materials Science for more 
than 20 years. They have been the result of the decision 
of the European Union and other countries in the world to 
eliminate a number of substances harmful to the health and 
the environment, including certain metals, such as lead. 
These studies have led to the development of new lead-free 
solders for electronics and electrical engineering. Initially, 
the research for the physical properties was focused on 
binary systems (Pb-Sn [1, 2] and Ag-Sn [3]), and then, it was 
expanded to multicomponent systems on the base of the Ag-
Sn eutectic, including also wettability and microstructural 
studies [4, 5]. The studies were also carried out in the frames 
of the programs COST 531 (low-temperature solders) [6, 
7] and COST MP 0602 (high temperature solders) [8], as 
well as projects financed by the Polish Government and 
in the cooperation with Tohoku University and industrial 
Institutes [9].

The determination of the physicochemical properties was 
conducted at our Institute by the maximum bubble pressure 
method for the surface tension, the dilatomeric method for the 
density and the capillary flow method for the dynamic viscosity. 
The series of studies concerned the impact of different metals 
(modifiers) on the properties of the Ag-Sn eutectic, including 
the (Ag-Sn)eut+Zn alloys. 

There is a very limited number of articles on the 
experimental studies of the thermodynamic properties of the 

tin-silver-zinc system, and as regards the physicochemical 
properties which will be presented in this work, we have not 
found even one work, except the one on the theoretical data 
for the surface tension and viscosity obtained by [10] at 900 K 
with the use of models selected from the literature. 

Because of the total lack of experimental results of the 
density and surface tension, experimental investigations 
were proposed and conducted by the authors, and the results 
are presented in this article together with the modeled 
data of the surface tension and surface composition in the 
monoatomic surface layer, calculated by models based on the 
thermodynamic properties of the Ag-Sn-Zn liquid solutions 
given in paper [11] and the physical properties of metals 
which form alloys.

2. 2. Experimental methods and modelling

2.1. Preparation of alloys

The (Ag-Sn)eut+Zn alloys were prepared in a graphite 
crucible by way of melting a suitable amount of silver 
(99.995%), tin (99.999%) and zinc (99,99%) directly before 
the experiments. The preparation was conducted in a glove-
box with the protective atmosphere of high-purity argon, which 
continuously circulated in the purification system (molecular 
sieve, catalytic copper and Ti). The concentration of oxygen 
and water vapour in the protective atmosphere of the glove-
box was much below 1pp. The nitrogen was not monitored, but 
it was absorbed by the Ti-sponge at an elevated temperature. 
The protective atmosphere of a high purity gas mixture of Ar 
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+ 10 vol.% h2 was used during the measurements of both the 
surface tension and the density. 

2.2. surface tension measurement

The surface tension measurements of the (Ag-Sn)eut +Zn 
liquid alloys were performed by the maximum bubble pressure 
method, and the surface tension in the first approximation was 
calculated based on the known capillarity equation: 

(1)

describing the relation between the surface tension σ, the 
radius of the capillary r and the  pressure Δp necessary to form 
and to detach the gas bubble from the end of the capillary. The 
Δp is, in fact, the pressure difference between the gas pressure 
and the hydrostatic pressure of the liquid alloy, and it is given 
by the following equation:

            [N/m2] (2)

           [N/m2] (3)

In Eqs. 3 and 4, pg is the gas pressure, ph is the hydrostatic 
pressure of the alloy, g is the acceleration of gravity, ρ is the 
density of the investigated liquid alloy and hd is the immersion 
depth of the capillary. 

Because the surface tension calculated from Eq. 2 is only 
an approximate value, the exact value of surface tension was 
calculated with the use of the method proposed by Sugden [12]. 
The experimental apparatus was described and schematically 
shown in our previous paper [13]. 

2.3. density measurements

The density study of the silver-tin-zinc liquid alloys 
was performed by the dilatometric method [13] based on the 
measurements of the height of the liquid alloy in the crucible 
at constant temperatures. The determination of the density was 
conducted with the use of the mentioned below relation:

(4)

where: r is the density, m is the mass of the metal or alloy, d is 
the crucible diameter and h is the height of the metal or alloy 
in the crucible.

Both in case of the surface tension and the density studies, 
corrections of the thermal expansion of the crucible and the 
capillary were performed. 

2.4. surface tension modelling

It was already mentioned that there is a possibility to 
predict the surface tension of alloys using the method proposed 
by Butler [14]. The equation describing the composition and 

temperature dependence of the surface tension for the liquid 
Ag-Sn-Zn alloys takes the following form:

(5)

This equation relates the surface tension of the given 
solution to the property of the pure metal, as well as to the 
surface area of the metallic monolayer and the thermodynamic 
activity of the components in the surface and the bulk phases.

in eq. 5, r is the gas constant, t is the temperature, 
σi is  the surface tension, Ai is the molar surface area in the 
monolayer and  and  is the mole fraction of metal i (i = 
Ag, Sn, Zn) in the surface and the bulk phase, respectively 

( = 1). The molar surface area Ai is 
calculated by way of applying the equation:

(6)

In Eq.6,  N is Avogadro’s number, and Vi  is the molar volume 
of pure liquid metal i, L is usually set to be 1.091 for liquid 
metals assuming close packed structures proposed by hoar-
Melford [15], GE,S and GE,B are the partial excess Gibbs 
energies of component i in the surface and the bulk phase. The 
excess Gibbs energies are functions of T and the mole fraction 
of components i (Xi) and finally, the relationship between the 
excess Gibbs energy of component i in the bulk and in the 
surface phase is assumed to be as follows:

(7)

β is the parameter corresponding to the ratio of the co-
ordination number Z in the surface phase to that in the bulk 
phase ZS/ZB. After Tanaka et al. [16], it is assumed to be equal 
to 0.83 for liquid metals. 

In earlier publications, [17-21], a qualitative agreement 
was observed between the experimental and the calculated 
surface tensions from Butler’s model; however, the 
calculations have shown the increase of the surface tension 
vs. temperature (the positive temperature coefficient), the 
reasonable differences between the experimental and modelled 
data and also the curvilinear  dependence of the surface tension 
vs. temperature (sometimes with the maximum) while from the 
experiment the straight line dependence vs. T with the negative 
value of temperature coefficient was observed. This was the 
main reason of the discussion of that problem conducted in 
[22] and [23].

the analysis of the influence of β and the monoatomic 
surface layer area Ai on the surface tension calculated (Eqs 5-7) 
for some binary alloys [22, 23] has shown that the dominant 
parameter which influences the calculated surface tension is 
the monoatomic surface layer area Ai. With the assumption 
that the temperature dependence of the surface tension of 
alloys should be (almost) linear, as it was observed from the 
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experiments, new equations for the determination of Ai and β 
were proposed. It was also shown [20, 22] that the excess Gibbs 
free energy calculated from the surface tension measurements 
was comparable with that determined from the other methods 
used especially for the measurement of the mentioned above 
thermodynamic property. In the work on the modelling of the 
surface tension and the excess free energy for the fe-ni and 
fe-co binary liquid alloys [24], it was shown that the surface 
tension and excess free Gibbs energy calculated with the use 
of relations (5-7) showed a much worse correlation with the 
experimental data in comparison to that obtained with the use 
of the  relations for Ai and β proposed in the work [22, 23], 
which are given by the relations below:  

(8)

or for the linear changes of the monoatomic molar surface area 

(9)

(10)

(11)

Where: β is the coefficient characterizing the difference 
between the coordination number of atoms in the bulk and in 
the surface phase, A is the molar monoatomic surface area, 
kr(i) is the correction parameter (calculations of kr are given in 
[20]), Vi, Si, Ai and σi are the molar volume, the molar surface 
areas, the surface layer area and the surface tension of metal 
i, respectively, 

o
c

o
g GG −  is the transformation standard free 

energy change of 1 mole of metal atoms (i) into its monoatomic 
gas at its melting temperature (Tanaka et al. [16] used the heat 
of vaporization in the β calculation (eq. 9)). 

Parameters β and kr were determined according to the 
procedure presented in works [22] and [23], and for Ag, Sn 
and Zn, the temperature dependences are given in Table 1.

TABLE 1
Temperature dependences of kr and β parameters from eqs 6, 8-11 

for Ag, Sn and Zn.

kr β
kr(Ag) = 0.8789 – 0.0001477T
kr(Sn) = 1.0154 – 0.0001453T
kr(Zn) = 0.4110 – 0.0000574T

βAg = 0.8125 + 0.0001186T
βSn = 0.5328 + 0.0002514T
βZn = 0.2687 + 0.0009751T

3. results and discussion

the experimental results of the density (fig. 1), similarly to 
those of many metallic systems, characterize in a linear change 
with temperature (fig. 1), so they were elaborated by straight 
line equations applying the least square method. The equations 
are presented in Table 2 together with the errors calculated for 
the equation parameters (A, B) and for the surface tension at 923 
K, according to the procedure given in the references [26]. 

fig. 1. temperature dependences of density for the (Ag-sn)eut+Zn 
liquid alloys. Symbols show the experimental data from these studies 
and the lines represent the values calculated by equations in Table 1. 

TABLE 2
Temperature dependences of density for (Ag-Sn)eut + Zn liquid alloys with errors calculated for A and B equation parameters and density error 

calculated at 923K

Xzn
ρ = A + B·T

g·cm-3

ρ 923K

g·cm-3

Err(a)
g·cm-3

Err(B)
g·cm-3·K-1

0.0000* 7.3645 - 0.000599·T 6.812 ± 0.028 ± 0.040 ± 0.000047
0.0100 7.4718 - 0.000668·T 6.855 ± 0.058 ± 0.104 ± 0.000129
0.0200 7.5480 - 0.000809·T 6.802 ± 0.040 ± 0.064 ± 0.000080
0.0400 7.4996 - 0.000719·T 6.836 ± 0.032 ± 0.061  ± 0.000072
0.0500 7.6082 - 0.000897·T  6.780 ± 0.109 ± 0.122 ± 0.000136
0.1000 7.5955 - 0.001036·T 6.640 ± 0.057 ± 0.095 ± 0.000136
0.2000 7.4335 - 0.000988·T 6.521 ± 0.053 ± 0.091 ± 0.000116

*[3]
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Next, the molar volumes of the investigated alloys were 
calculated at four temperatures (523 K, 723 K, 923 K, 1123 
K) with the application of the density equations in Table 2, 
and their values were described by the parabolic equation 
dependent on the zinc mole fraction and temperature: 

(7)

The molar volumes calculated with the application of 
eq. 12 for the four temperatures are presented in fig. 2 on the 
background of the experimental data (Table 2). 

As one can notice from fig. 2, the Zn addition to the Ag-
Sn eutectic causes, at 523 K and 723 K, a slight lowering, and 
at 1123 K, a slight increase of the molar volume in comparison 
to the linear one between the Ag-Sn eutectic and zinc. In the 
case of density isotherms (fig.3) at the lowest temperature 
(523 K) and for low Zn concentrations, a growth of density 
of the Ag-Sn-Zn alloys is observed. This tendency steadily 
decreases with the increase of temperature. The increase of 
the density is the effect of the decrease of the molar volume. 
for comparison’s sake, fig. 3, shows also the values measured 
by Pstruś [27] and the linear changes of density in the sn-Zn 
system (thin line). The density of the Sn-Zn alloys presented in 
our earlier work [28] was almost like the one of the ideal alloy 
(almost the same as the thin line shows). 

One can try to explain this increase of density of the 
liquid (Ag-Sn)eut+Zn alloys with the increase of the zinc 
concentration based on the thermodynamic properties of binary 
systems and by the intuitive hypothesis that the systems with 
negative deviations from the ideal ones should be of a higher 
density (lower molar volume) than those of positive deviations 
and that of the ideal one. Such behavior was observed, for 
example, in solid Al-Li, Li-Mg and Al-Li-Mg alloys [29, 30, 
31] and Li-Mg or Li-Pb [ 32, 33] or in the case of many other 
binary liquid alloys with alkaline metals  [34] which possess 
negative deviations from the ideal solutions, as well as in the 
case of the Pb-Sn system [1] with positive deviations.

fig. 2. Molar volume isotherm of the (Ag-sn)eut+Zn liquid alloys. 
Symbols show the experimental data and the lines represent the data 
calculated by Eq. 12. 

fig. 3. density isotherms of the (Ag-sn)eut+Zn liquid alloys. Black 
symbols show data obtained by equations in Table 1 and the lines 
denote the values recalculated by Eq. 12.

Calculating the molar excess free energy based on the 
optimized parameter from [11], one can state that the Ag-Zn 
systems are characterized by a negative deviation from the 
ideal solutions in the entire composition range and that the 
Ag-Sn system possesses also negative deviations, except for 
a small region of a low Ag concentration, in which positive 
deviations are observed. And so, taking into account the 
conclusion written above, rather slight negative deviations of 
density should be observed in the case of the Ag-Sn eutectic, 
instead of the measured positive ones. however, one can 
notice that these positive deviations of Gex for the Ag-Sn liquid 
alloys in the mentioned concentration region could be the 
results of an experimental error and, in fact, these solutions can 
be characterized by small negative deviations from the ideal 
ones. Then, the Ag-Sn liquid solutions would be of negative 
deviations in the entire range of concentrations, similarly to the 
case of the Ag-Zn system, and the observed positive density 
deviation of the Ag-Sn eutectic alloy would be in accordance 
with the conclusion presented earlier for the lithium alloys. 
Based on this remark, one can try to explain the observed small 
positive density deviations of the (Ag-Sn)eut+Zn alloys by the 
growth of the zinc concentration.

The negative deviations of the Ag-Zn system are almost 
twice as low as those for the Ag-Sn system at 523 K. This 
means that a greater tendency for the formation of alloys is in 
the case of the Ag-Zn system. Assuming that, in the liquid Ag-
Sn alloys, associates of Ag3Sn exist (near the composition of 
the excess free energy maximum), it seems probable that they 
can be partly submitted by the AgZn associates, when Zn is 
added to the Ag-Sn eutectic. In this case, the number of AgZn 
+ Ag3Sn associates would be higher in the ternary Ag-Sn-
Zn alloys in comparison to the amount of Ag3Sn in the Ag-
Sn liquid alloys. Because, in the associates, the interatomic 
distance is lower than that in the ideal solution, the density 
of the liquid Ag-Sn-Zn alloys in which the associates are 
present should be higher in comparison to the ideal one and 
the Ag-Sn solution. In this case, a growth of density should 
be observed, as is the case in this study. Together with the 
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temperature increase, the difference between the excess 
Gibbs energies of the Ag-Sn and the Ag-Zn system becomes 
lower, the influence of the associates becomes increasingly 
lower, the solutions tend to be closer to the ideal ones, and 
the molar volume tends also to be closer to that of the ideal 
solutions. One should note that the experimental error also 
influences the values of density; however, if it is similar for 
all the studied samples, the observed increase tendency with 
the increasing concentration of zinc is very probable.

The surface tensions measured by the maximum bubble 
pressure method are shown in the graphical form in fig. 4 and 
their elaborated linear equations are presented in Table 3

fig. 4. temperature dependences of the surface tension for the (Ag-
Sn)eut +Zn liquid alloys. Symbols show the experimental data from 
these studies and the lines represent the values calculated by equations 
from Table 2

The values of surface tension calculated with the use of 
the Butler equation with different values of β and A (eqs 5-7 
and 5, 9, 11) are presented in fig.  5.

fig. 5. experimental isotherms of the surface tension of (Ag-sn)
eut+Zn liquid alloys (symbols) compared with the values obtained by 
equations 5-7, drawn as continuous lines, and those determined by 
Eqs 5, 9, 11, shown as dashed lines.

for the studied Ag-sn-Zn alloys, no evident curve 
linear dependence of the surface tension vs. temperature 
was observed (fig. 4). however, the differences between the 
experimental and the modelled values observed at the isotherms 
(fig. 5) reach almost 40 mn·m-1 and they are higher than the 
sum of the method measurement error, estimated in [27] at 
1.5 % of the measured value, and the maximal confidence 
interval calculated based on the analysis of the variance of the 
experimental data [26] (15.1 mN·m-1). Moreover, the character 
of the changes of the experimental data for the alloys of the 
composition lower than XZn= 0.1 is quite different than that of 
the calculated ones. The experimental surface tension isotherms 
possess the minimum near or at 0.04 mole fraction of Zn, in 
contradiction to the modelled ones, which are characterized by 
a slow increase. 

TABLE 3 
Temperature dependences of surface tension for (Ag-Sn)eut + Zn liquid alloys with errors calculated for A and B equation parameters and 

density error calculated at 923K

Xzn
σ = A  +  B·T

mN·m-1

σ 923K

mN·m-1

Err(a)
mN·m-1

Err(a)
mN·m-1·K-1

0.0000* 586.4 - 0.0904·T 502.9 ± 11.1 ± 15.6 ± 0.0179
0.0100 560.0 - 0.0772·T 488.7 ± 12.9 ± 19.1 ± 0.0199
0.0200 551.1 - 0.0694·T 487.0 ±  8.9 ±  9.8 ± 0.0116
0.0400 544.8 - 0.0784·T 472.5 ± 12.3 ± 13.8 ± 0.0161
0.0500 546.0 - 0.0668·T 484.4 ± 12.9 ± 16.8 ± 0.0212
0.1000 612.0 - 0.0899·T 528.9 ±  7.3 ± 10.5 ± 0.0134
0.2000 629.2 - 0.0825·T 553.0 ± 12.5 ± 14.5 ± 0.0170

*[3]
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The reason of such behaviour can be related either to 
the thermodynamics (Gex) or the partial molar surface area 
of the components (Ai) in the monoatomic surface layer for 
the dilute solutions (very low concentration of Zn and Ag). 
This conclusion results directly from Eq. 5 because only these 
two parameters influence the results of the surface tension 
calculation. It seems also probable that the observed lowering 
of the surface tension of the (Ag-Sn)eut+Zn alloys could be the 
effect of the formation of slight amounts of zinc oxide and 
its accumulation in the monoatomic surface layer. The small 
impact of the alloys’ density increase with the growth of the 
Zn concentration also causes a small decrease of the surface 
tension. The modelled surface tension of (Ag-Sn)eut+Zn with 
the use of the relations for β and the monoatomic surface layer 
area Ai proposed in [29, 30] gave values which were a bit 
closer to the experimental ones for XZn=0.1 and 0.2. 

The compositions of the monoatomic surface phase 
which were calculated with the application of Eqs 5-7 (model 
BhMt) or eqs 5, 9 and 11 (model BG) are shown in figs 6-8.

fig. 6. isotherms of Ag surface concentration as a function of Ag 
concentration in the bulk phase. Continuous and dashed lines show 
the values calculated by BhMt and BG model, respectively

fig. 7. isotherms of sn surface concentration as a function of sn 
concentration in the bulk phase. Continuous and dashed lines show 
the values calculated by BhMt and BG model, respectively

fig. 8. isotherms of Zn surface concentration as a function of Zn 
concentration in the bulk phase. Continuous and dashed lines show 
the values calculated by BhMt and BG model, respectively

As the calculations show, the addition of Zn to the Ag-Sn 
eutectic decreases the concentration of Ag and Zn and increases 
that of tin in the monoatomic surface layer in comparison to 
those in the bulk phase. The growth of temperature causes 
a decrease of the tin concentration and an increase of the 
zinc and silver concentration in the monolayer. This tendency 
concerns both discussed models. 

The silver concentration calculated from the BG 
model is always lower than that obtained from the BhMt 
one. In the case of Sn and Zn, their concentrations in the 
monolayer change inversely. When, at any temperature, 
the concentration of tin calculated from the BG model is 
higher in comparison to that obtained from the BhMt one, 
the concentration of zinc is lower and inversely. It can be 
noticed from the analysis of figs 6-8 that the increase of zinc 
in the bulk phase lowers the silver and zinc concentration 
and increases the tin concentration in the surface monolayer. 
The largest percentage change in comparison to that in the 
bulk phase is observed for silver. The small changes of the tin 
concentration in the surface phase result in a slight increase 
of the surface tension with the increasing concentration of 
zinc.

4. conclusions

The investigations of the (Ag-Sn)eut+Zn alloys showed 
that the temperature dependence of the studied alloys is linear 
both in the case of the density and the surface tension.

The experimental investigations of the density and surface 
tension of the (Ag-Sn)eut+Zn lead-free solders show a varying 
influence of zinc on both properties. 

It was found that the increase of the Zn concentration from 
0 to 0.04 mole fraction in the studied alloys causes a decrease 
of the surface tension and an increase of the density, especially 
at lower temperatures. In the case of the molar volume, the 
influence of Zn is contrary to that for the density.

The modeled values of the surface tension for the alloys 
with a lower concentration of Zn possess higher values, 
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and for the alloys with XZn ≥ 0.1 - lower values than the 
experimental data.

The surface tension modeled with the use of the values 
for β and Ai proposed by Gąsior is a little bit closer to the 
experimental ones for XZn ≥ 0.1. the observed minimum of the 
surface tension for the alloys of the concentration lower than 
XZn=0.1 is impossible to be modelled with the use of the given 
Gex, β and Ai data. 

The metal concentration calculated in the monoatomic 
surface layer showed that the addition of Zn to the Ag-Sn 
eutectic lowers the silver and zinc concentration and increases 
the tin concentration in the monolayer. 

Taking into account the high affinity of Zn to oxygen 
and water (vapour) and the most probable influence of the 
reaction product (ZnO) on the surface tension, one can assume 
that the experimental and the modelled data can be thought as 
compatible. 
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