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Abstract 
 

The European Union's RoHS (Restriction of Hazardous Substances 

in Electrical and Electronic Equipment) Directive will ban lead (Pb) from all 

new electronic consumer products sold in Europe from June 2006 on. 

Therefore, the pursuit of a Pb-free solder has become an important issue for 

the electronic material research and has led to the extensive studies and 

development work. In this respect, within the wettability research, the 

SURDAT database has been constructed.  

The SURDAT electronic database has been created on the basis of the 

collected experimental materials and the modeling of the physical 

properties, in the aspect of thermodynamics, as a way of searching for 

substitute materials for the traditional tin-lead solders, commonly used since 

the Roman times. It was possible because of the systematic experimental 

work on surface tension, density and molar volume in Institute of 

Metallurgy and Materials Science, Polish Academy of Sciences in 1998, and 

its starting point were the studies of the Sn-Pb solders as the point of 

reference for the new lead-free materials. This subject area has been 

developed within two international networks: Associated Phase Diagram 

and Thermodynamics Committee and ELFNET, in the COST 531 

programme, the national team CODATA, as well as in cooperation with 

Tohoku University in Japan and national industry institutions. 

The material presented in the SURDAT database includes the results for 

pure metals, binary and multicomponent alloys, and, what is important, for 

solders based on two eutectics: Sn-Ag and Sn-Ag-Cu, commonly accepted 

as substitute materials for solders based on the Sn-Pb eutectic. The database 

consists of the descriptive part which introduces the user into the review of 

publications, the applied experimental methods and the modeling of surface 
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tension by means of the Butler method. The introductory part provides a 

description of the installation process of the programme, as well as 

examples concerning pure metals and alloys based on the Sn-Ag and Sn-Ag-

Cu eutectics, the knowledge of which enables a self-sufficient use of the 

electronic database of the collected wide range of materials. What is 

extremely important, SURDAT will become available free of charge by 

being implemented into the ELFNET website and it is Poland's contribution 

to the international research, on the way of searching for substitute materials 

for the traditional Sn-Pb solders. The literature references make it possible 

to have an easy access to such problems as the modeling of surface tension 

by the Butler method, phase equilibrium studies for selected systems, 

solidification simulations and the meniscographic methods applied as the 

criteria for wettability in industrial practice. 

Several industrial and trading consortia have conducted extensive 

investigations into suitable lead-free replacement for electronic components 

and assemblies. Although here is no single replacement for Sn-Pb solder, tin 

based solders with alloys such as Ag, Cu and Bi are used for production 

purposes. 
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1. Introduction 

 
In the extensive studies undertaken all over the world in the last 

decade to replace traditional Sn-Pb solders by Pb-free materials, various 

properties of the candidate alloy systems have been considered. These 

include physical, chemical, mechanical and electrical properties, as well as 

cost and manufacturability. Among these, the physical properties, such as 

surface tension, interfacial tension and contact angles, are important because 

of their direct correlation with the wetting of the substrate by the solder. 

The systematic studies of the surface tension and density of pure metals, 

binary and multi-component systems, including modeling of physical 

properties, initiated at the Institute of Metallurgy and Materials Science in 

Kraków, Poland, in 1998, were used to create the SURDAT database, which 

is an important step in the search for Pb-free soldering materials. These 

studies were started by surface tension, density [2001Gas2] and viscosity 

[2001Gas1] measurements of traditional Sn-Pb solders usually used for the 

purpose of comparison with new Pb-free soldering materials. 

In the development of the SURDAT database for low melting alloys, 

the first years were devoted to collecting the surface tension and density 

results, mainly from experimental studies undertaken at the Institute of 

Metallurgy and Materials Science in Kraków, Poland, using the maximum 

bubble pressure method and the dilatometric technique. The possible 

substitutes of Pb in Sn-Pb solders with Bi, Cu, Sb, In and Ag, were 

examined, for which the literature data are scarce. Next, in the recent years, it 

was generally agreed those two eutectics: Sn-Ag and Sn-Ag-Cu should be 

the starting point for further research as the replacement of traditional Sn-Pb 

solders. Thus, the main stress has been laid on investigating the multi-

component alloys. Sn-Ag (m.p.221 ºC) and Sn-Ag-Cu (m.p.217-219 ºC). 
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Both have their melting points higher than that of the Sn-Pb eutectic 

(m.p.183 ˚C), and therefore both will require higher soldering temperatures 

for industrial applications. To approach the melting point, (eutectic 

temperature) 183 ºC of Sn–Pb and its surface tension of about 470 mN/m, 

various additions of additional components to both eutectics Sn–Ag and Sn–

Ag – Cu should be tested. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2. Theory of wetting 
 

The driving force for formation of an interface between two 

materials is the decrease in Gibbs energy that occurs when intimate contact 

is established between the two material surfaces, as system strives towards a 

minimum total energy. The physics of wetting is governed by the Young- 

Dupré relation combining wettability σSV or σSF with the tendency to form 

an intermetallic compound denoted by σSL, the surface tension - by σLV, or 

the interfacial tension - by σLF and the contact angle - by φ. L indicates the 

liquid solder, S - the solid substrate, usually Cu, V - protective gas, and F - 

the flux. This is illustrated by the two schemes: (Eq.1, Fig.1a and Eq.2, 

Fig.1b). 

 

 
Fig. 1a. Drop of a solder resting on the solid substrate in the air (gas 

protective) atmosphere 
 

σSV = σSL + σLV · cos φ       (1) 
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Fig. 1b. Drop of a solder resting on the solid substrate in the presence of 

flux 

σSF = σSL + σLF · cos φ      (2) 

 

Thus, the surface tension σLV measured under a protective 

atmosphere determines only one term in the Young-Dupré relation. The use 

of the sessile drop method [1988Iid] can be useful for the determination of 

contact angles and hence determining the difference (σSV - σSL). 

In the first case, described by Eq. 1, σSV is the substrate-vapor (Cu-gas) 

surface tension and σSL is the substrate-liquid (Cu-solder) interfacial 

tension, and the sign of the difference will determine whether there will be a 

tendency for wetting or for beading. In the surface tension measurements, 

for instance by means of the maximum bubble pressure method, a decrease 

of surface tension (predicting the effect of the modifying elements on the 

solder properties) only shows an improvement of wettability, as does the 

decrease of contact angle in the sessile drop method.  

The values of contact angle indicate also the wettability and for:  

0o < φ < 30º - very good wetting,  

30º < φ < 40º - good wetting,  

40º < φ <55º - acceptable,  

55º < φ < 70º- poor wetting, and  

φ > 70º - very poor wetting. 
 10
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The second case, described by Eq. 2, is proper for meniscographic 

measurements of interfacial tension σLF using a flux and for calculating 

contact angles (from wetting force and the previously determined interfacial 

tension or directly from the sessile drop method). Similarly to the first case, 

we can only determine the difference (σSF - σSL) and thus evaluate the 

improvement of wettability. In both schemes of the Young-Dupré relation, 

the same term σSL corresponds to the reaction on the interface Cu / solder (a 

chemical reaction forming one or more intermetallic compounds, can 

occur). The rapid formation of an intermetallic phases on this interface 

contribute to lower σSL and the driving force at the substrate/solder interface 

reflects the wettability of liquid solder to the substrate [1998Lee]. Generally 

speaking, the values of interfacial tension are lower than those of the surface 

tension because the fluxes decrease the surface energy. The same is true for 

the contact angle measured with the use of a flux, in comparison with the 

results undertaken without flux by the sessile drop measurements 

[2006Mos1]. 

In view of the limitation of the use of Young - Dupré relation, searching for 

a generalized measure of wettability and its dependence on composition 

seems necessary. 
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3. Structure of the SURDAT database 
 

The SURDAT database contains data of surface tension and density 

in an extensive range of temperatures and concentrations. Surface tension 

may be presented in various configurations, thus making easy the 

comparison with traditional Sn-Pb solders, while density is used for molar 

volume calculations (needed for surface tension modeling by the Butler 

method) and as a necessary parameter in the sessile drop and 

meniscographic method. 

The possibilities of the SURDAT database:  

a) Experimental temperature dependences of the surface tension 

and density for all investigated systems and compositions 

elaborated by linear equations. 

b) Isotherms can be calculated from linear equations for the 

investigated compositions and are fitted by polynomials. 

c) Isotherms of experimental data can be plotted at four different 

temperatures within 0 K – 2000 K. 

d) It is possible to make a comparison of experimental data from 

various listed references. 

e) For binary systems, surface tension can be modeled by the Butler 

method and can be compared (temperature dependences or 

isotherms) with values from various authors. For the 

multicomponent systems this option is currently available only 

for Ag-Cu-Sn ternary system for XSn>0.6 mole fraction. 

f) It is possible to plot isotherms or temperature dependences of the 

surface tension, density and molar volume from previous 

publications. 
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g) For the chosen pure components, SURDAT stores the following 

information: atomic weight, melting point, boiling point, crystal 

structure, atomic, and covalent radius. 

h)  For binary systems and for Ag-Cu-Sn the application of Butler’s 

method will be shown for modeling of the surface tension. 

The SURDAT database, available in an electronic form, will be 

implemented on the ELFNET website and it includes surface tension, 

density and, partly, modeling of surface tension by the Butler method. The 

development of the SURDAT database within COST 531, ELFNET and 

modifications of these programs is possible with the inclusion of the 

updated new data of surface tension and density.  

It should also be pointed out that, as for now, the properties of the 

new Pb-free alloys are far from those of the traditional Sn-Pb solders, 

considering the melting temperature, wettability, manufacturability and the 

reasonability of costs. 

 

 

 

 

 

 

 

 

 

 

 

 

 



4. Experimental methods 
 

Experimental techniques used for measuring  surface tension, density 

and contact angles in protective atmosphere, interfacial tension and contact 

angles using flux in air, surface tension in air, wetting time and wetting 

force in air will be briefly discussed. These experimental techniques provide 

values with an accuracy of 2-3%. In the proceeding stages of the 

development of the SURDAT database they can be compared with similar 

data from another technique.  

 

 

4.1. Maximum bubble pressure method 

 

Fig. 2. Experimental arrangement for the surface tension measurements  

by the maximum bubble pressure method 
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The maximum bubble pressure method was used in the surface 

tension measurements. The method is based on the known capillarity 

equation:  

 prΔ=
2
1σ       [N/m]                                   (3) 

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: 

ag ppp −=Δ        [N/m2]                             (4) 

 )( aamm hhgp ρρ −=Δ       [N/m2]                      (5) 

where: pg - the gas pressure, pa - the hydrostatic pressure, g - the 

acceleration of gravity, ρa and ρm - the density of the investigated liquid 

alloy and manometric liquid, ha - the immersion depth of the capillary and 

hm - the height of the manometric liquid. The scheme for measuring the 

surface tension is shown in Fig.2. The surface tension calculated from Eq.3 

presents the approximate value; thus, the exact values of surface tensions 

were calculated using the procedure proposed by Sugden [1922Sug]. 
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4.2. Dilatometric method 

 

 
Fig. 3. Experimental set - up for density measurements by the dilatometric 

method. MMS denotes the screw micrometer 

The densities were measured by the dilatometric method (shown 

schematically in Fig. 3) based on the measurement of the height of the 

constant weight of the alloy in the crucible of the diameter D. The density is 

calculated from the following equation: 

V
mρ =                                                (6) 
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4

2HπDV =                                                     (7) 

In equation (6) and (7) ρ is the density, m - the weight of alloy, V - the 

volume of the alloy, D - the crucible diameter and H - the height of the alloy 

in the crucible. The correction on the thermal expansion of the crucible was 

made at each measured temperature. 

 

 

4.3. Meniscographic method 

 
For the purpose of extension of the SURDAT database, two kinds of 

wetting balances (meniscographs) were used to observe the dynamic process 

of wetting by measuring the force that acts between the immersing specimen 

and molten solder in air. One meniscograph measures wetting force and 

wetting time on Cu wetted samples using a chosen flux. The second by 

means of non-wetted samples and the method proposed by Miyazaki el al. 

[1997Miy] is used for measurements of interfacial tension between solder 

and flux and separately the surface tension between solder and air. In Fig. 4 

graphical determination of wetting time and wetting force is shown. 

 17



 
Fig. 4. The measurement of wetting force and wetting time by 
meniscographic method 
 
 

In the Miyazaki method, a non-wetting teflon specimen was 

immersed into a molten solder bath at a fixed speed, and the interfacial 

tension σLF or surface tension σLV [N/m] were calculated by analyzing the 

measured force (Fr) [N/m] – immersion depth relationships: 

Fr = σLF L cos φ - ρVg                                        (8) 

Fr = σLV L cos φ - ρVg                                        (9) 

In Eqs. 8 and 9 L [m] denotes circumference of the immersed teflon sample, 

ρ is the density of the solder in kg/m3 (data from measurements in protective 

atmosphere), V [m3] is the immersion volume of specimen, g [m/s2] is the 

standard gravity, and φ is the contact angle. More detailed discussions of the 

procedures can be found in [2006Mos1] and [2006Ohn]. 

Using wetting force and interfacial tension contact angles in air using flux 

were calculated, while the contact angles in protective atmosphere without 

flux were obtained by sessile drop method. 

 18
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4.4. Sessile drop method 

 

Sessile drop measurements were made with a vertical furnace fitted 

with a macro-converter which allowed a motion-picture camera to take 

pictures of the solder drop resting on a Cu substrate under a protective Ar-

H2 atmosphere (see Fig.1). The camera was switched on prior to the melting 

of the drop and the temperature was raised to the desired value of 

measurement. The contact angles were determined with this apparatus by 

the evaluation of the pictures with a special programme designed for that 

purpose. More detailed discussions of the procedures can be found in 

[1988Iid]. 
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5. Surface Tension Modeling from Thermodynamic 

Properties 
 

The modeling of physical properties, such as surface tension, 

viscosity and molar volume, with the use of the thermodynamic properties 

of components of liquid solutions, has been more and more commonly used 

in recent years. 

At the Institute of Metallurgy and Materials Science of the Polish 

Academy of Sciences, in Kraków, Poland, the extensive studies were 

undertaken for more than 40 years on metallic alloys to confirm mutual 

correlations between thermodynamic properties, physical properties, 

structure of liquid alloys and the character of the phase diagram. Two 

examples from our previous studies of Li-Sn [1986Mos] and Mg-Sn 

[1999Mos] systems clearly indicate that such correlations exist and are 

visible at the range of existence of intermetallic compound Mg2Sn in the 

Mg-Sn system, and in the case of Li-Sn where the most stable intermetallic 

phases are present. At this range the extreme values of electrical resistivity, 

surface tension, viscosity, integral enthalpy and integral excess entropies are 

observed. In recent years, research was directed on wettability of Pb-free 

soldering materials and on passing from basic research to application. 

In the case of surface tension modeling, the Butler equation 

[1932But] is one of the earliest relations between the surface tension and the 

molar surface areas, as well as the partial excess Gibbs energies of 

components in the liquid phase. In its implementation, Butler made an 

assumption that the mono-atomic surface layer is a separate phase and that 

its molar surface possesses the properties of ideal solution, which results in 

the equality of the partial molar surfaces and the molar surfaces of the pure 



components of the solution. The relation derived by Butler for binary Ag-Sn 

solutions has the following form:  

)G(G
A

1
X
X

ln
A
RTσσ BE,

Ag
SE,

Ag
Ag

B
Ag

S
Ag

Ag
Ag −++=  

)G(G
A

1
X
X

ln
A
RTσ BE,

Sn
SE,

Sn
Sn

B
Sn

S
Sn

Sn
Sn −++=   (10) 

XAg and XSn are the mole fractions in the surface and the bulk phase, G
E,S

 

and G
E,B

 [J/mol] are the partial excess Gibbs energies of component in the 

surface and bulk phase. A is the molar surface area in a monolayer of pure 

liquid Ag and Sn in (m
2
) calculated from Eq. (11), R gas constant  

[J·mol-1·K-1], σ, σAg, and σSn are the surface tension [mN/m]. 

Although in his paper, Butler [1932But] does not give any information  how 

to calculate the molar surface of the components, in the following years the 

molar volume of the liquid components and the assumption of the closely-

packed atomic structure in the surface layer were used for that purpose, and 

it was calculated using the following equation: 

 NLVA 1/32/3=                                             (11) 

In equation (11) V denotes the molar volume of the component [m3], N – 

the Avogadro number and L – the geometrical parameter, which equals 

1.091 for the close packing of the atoms. 

The knowledge of the relation describing the excess Gibbs free energy of 

the surface phase, necessary in the calculation, is as follows: 

)X(T,βG)X(T,G S
i

BE,
i

S
i

E,S
i =        [J/mol]               (12) 

where: β is  the ratio of the coordination number of the atoms in the surface 

layer to that of the volume layer ZS/ZB, which, according to the proposal of 

Tanaka et al. [1996Tan], is assumed as equal β = 0.83 for metals. It is, 
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however, necessary to mention that in the literature, one can encounter some 

papers in which the calculations were made for different  values of β. 

The common use of the Butler relation is due to the lack of 

appropriate models for the molar surface of the surface phase and thus its 

constituent partial values. Certain new approach, both to the correlation 

between the excess Gibbs energy of the bulk phase (equation 12) and the 

molar surface of the surface layer, has been recently presented in the 

dissertation by Gąsior [2006Gas]. After a thorough analysis of the influence 

of the mentioned quantities on the agreement of the Butler model (Eqs. 10, 

11, 12) and the experimental values of the surface tension, measured by the 

maximum bubble pressure method, the author proposed new relations for 

calculating the molar surface of the surface phase, as well as the β 

parameter, on the basis of the composition of the solution (alloy), and 

temperature.  

It was found, that the Butler method is suitable for thermodynamic 

modeling of the surface tension. However, the curvilinear temperature 

dependence of surface tension in this model, probably is connected with the 

assumed constant parameters, which should be temperature dependent. This 

was analyzed in a paper on Ag-Bi liquid alloys [2003Gas1]. 
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6. Utilization of the data in Pb-free alloy design 
 

The main aim of the current investigation program undertaken in co-

operation with Tohoku University, within the COST 531 Program and 

industrial institutes: Institute of Non – Ferrous Metals Gliwice, Poland and, 

the following Tele and Radio Research Institute from Warszawa, Poland is 

to measure the effects of alloying additions on Pb-free solders. This is done 

by combining the surface tension and density data with interfacial tension 

and contact angle to find the links between this basic data and the industrial 

applications of Pb-free solders and to suggest a generalized measure of 

wettability on composition. It seems that in basic measurements in 

protective atmosphere, surface tension and contact angles indicate the 

wettability. In search for a dependence of wettability, the extensive 

experimental studies are needed to draw final conclusions. To resolve these 

problems we have examined the data for Sn-Ag [2001Mos1], Sn-Ag-Cu 

[2002Mos, 2004Gas1], Sn-Ag-Cu-Bi [2006Mos1, 2006Ohn], Sn-Ag-Cu-Sb 

[2004Gas3, 2006Mos2] and Sn-Ag-Cu-Bi-Sb [2005Mos1] solder alloys. 

Next, the results of the surface tension obtained in a protective atmosphere 

at 250 ºC were combined with the meniscographic studies in air. Finally, the 

data of the wetting force, wetting time, interfacial tensions and the contact 

angles were determined also in the case when flux was used. In these 

extensive studies it was concluded that also interfacial tension and contact 

angles are the two most important parameters used as a dependence of 

wettability. Our observations make it clear that the suggestions concerning 

the role of wetting time and wetting force in a recent paper by Lopez et al. 

[2005Lop] are correct as for the fact that wetting force is not a generalized 

dependence of solderability because it cannot account for the significant 

effect of the solder/flux interfacial tension on the wetting and spreading 
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phenomenon. On the other hand, wetting time is more representative of 

wetting kinetics than wettability. Due to this, the wetting time and wetting 

force together with contact angles are often used in practice for comparison 

of various solders and they do not exhibit a general dependence on 

composition as does the interfacial tension in combination with contact 

angles. 

Fig.5 presents examples of the surface tensions of the Sn-Ag and  

Sn-Ag-Cu liquid alloys, measured in air or in a protective atmosphere, as 

well as the interfacial tension of the Sn-Ag-Cu solders, measured in air with 

the use of flux, in comparison with σ data for the traditional Sn-Pb eutectic 

alloy. The data for the interfacial tension is lower due to the use of flux, but 

the tendency in both cases is similar. The same is true for contact angles 

calculated from meniscographic studies when compared with the sessile 

drop method without flux (Table 1), reported in a recent paper [2006Mos1]. 
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Fig. 5. The surface tensions (σ) of the binary eutectic Sn-Ag and the ternary 
Sn-Ag-Cu liquid alloys obtained by the maximum pressure method (○, ● - 
measured in argon with hydrogen) together with σ data from the 
meniscographic technique ( - measured in air), as well as interfacial 
tensions ( - measured in air with flux), compared with σ of the (Sn-Pb) eut 
liquid alloys (indicated by various dotted lines) as an illustration of the 
distance from the investigated Pb-free alloys [2006Mos1] 
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Table 1. Calculated contact angles from meniscographic studies together 
with experimental values from sessile drop measurements [2006Mos1] 

Contact angle Type of 
alloy 

Alloy 
% at. Sessile drop 

method 
Meniscographic 

method 
Binary 
eutectic Sn3.8Ag 58º 47º 

Ternary 
alloy (Sn3.8Ag) + 0.46Cu 56º 45º 

Ternary 
alloy Sn3.8Ag) + 0.74Cu 61º 46º 

 
On the other hand, the continued studies of the effect of Bi 

[2006Mos1, 2006Ohn] and Sb [2006Mos2] additions to Sn-Ag-Cu alloys 

close to eutectic, decrease the surface tension and bring the melting point 

closer to the traditional Sn-Pb solders, but due to the lifting-off failure and 

other unacceptable properties, have revealed that, we are very limited in the 

extent of additions, and the practical limit is 1 mass percent. In the parallel 

studies on Sn-In, Sn-Ag-In [2002Liu] and Sn-Ag-Cu-In it was documented 

that due to the nearly the same surface tension values of pure Sn and In, no 

change of surface tension is observed when adding In to Sn-based alloys and 

the positive influence of In on wettability is connected with the lowering of 

the contact angles [2006Mos3]. 
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7. Distribution and further plans 
 

The updated version of the SURDAT database, available in an electronic 

form, will be implemented on the ELFNET website and it includes surface 

tension, density and, partly, modeling of surface tension by Butler’s method. 

Due to the interest in SAC (Sn-Ag-Cu alloys close to eutectic composition), 

the results of the surface tension, interfacial tension (solder/flux), wetting 

time, wetting force and the calculated contact angles from the 

meniscographic method for Ag-Sn, Sn-Ag-Cu, Sn-Ag-Cu-Bi and  

Sn-Ag-Cu-Bi-Sb alloys and for Cu substrate will also be added in the future. 

In the case of the latter, also the electrical and mechanical properties have 

been examined [2004Kis, 2005Kis]. The development of the SURDAT 

database within COST 531, ELFNET and modifications of these programs 

is possible with the inclusion of the updated new data on surface tension and 

density. The extension of COST 531 as a new program, similarly to 

ELFNET 2, seems probable, in view of the interest in other low-melting 

solders, such as those based on the Sn-Zn eutectic, and the high-melting 

alloys of the Cu and Ag base, with Ti and Li additions, partly supporting the 

flux action. 

 

 

 

 

 

 

 

 

 



8. Instructions for users 
 

 This section presents the issues connected with the programme. It 

describes the process of its installation, the first run, as well as the 

programme windows and the principles of its application.  

 

 

8.1. Program installation 
 

 SURDAT is a program which requires a process of installation. In 

order to install it, you have to open the installation file SETUP.EXE., after 

which the window presented in Fig. 8.1 will appear. 

 

Fig. 8.1. The first window of the installation file 
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 By pressing the „Next” button, you proceed to the next window of 

the installation file with the user information (The „Name” and „Company” 

fields will be optionally filled in by the program). 

 

 

Fig. 8.2. The second window of the installation file 

 
Pressing the „Next” button opens the next window of the installation file. 

The installation window presented in Fig. 8.3 shows us the destination 

directory for the installation of the programme.  
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Fig. 8.3. The third window of the installation file 

 

You can change the destination directory for the installation by pressing the 

„Browse…” button and giving the selected location at which to install the 

programme. On pressing „Next”, the installation programme will proceed to 

the last installation window (Fig. 8.4). By pressing the „Finish” button, you 

complete installation.  
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Fig. 8.4. The finishing window of the installation 

 

8.2. First Run 
 

You run the programme by opening the SURDAT.exe file. After the 

first start of the programme, it will ask for the footpath of the access to the 

database presented in Fig. 8.5.  

 

Fig. 8.5. Access path of the SURDAT database 
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If you do not wish to change the directory of the installation, enter:  

 

C:\Program Files\IMIM PAN\SURDAT\Database 

 

and press „OK”. If you do wish to change the directory, you must give the 

correct location of the database. After pressing „OK”, you start the 

programme.  

 With subsequent runs of the programme, you will not have to repeat 

this step, in order to start the programme.  
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9. Database Presentation  
 

In the present version of the SURDAT data for 10 pure metals, 11 

binary -, 4 ternary - and 2 quaternary systems are available as listed in Table 

2. The literature references for the systems from Table 2 are available on 

each level of the databases (after pressing the “References” button in the 

lower window of the programme). Most data are connected with the binary 

eutectic Sn-Ag or various amounts of a third metal added to this eutectic. 

The higher order systems are composed on the basis of the ternary eutectic 

Sn-Ag-Cu, with Bi and Sb additions. It is in agreement with the studies 

undertaken all over the world, recommending alloys on the tin base with 

additions of Ag and Cu as substitutes for the traditional Sn-Pb solders.  

 

Table 2. The investigated liquid metals and alloys 

Metals Binary 
Alloys Multicomponent Alloys 

Pb 

Sn 

In 

Ag 

Bi 

Sb 

Cu 

Zn 

Al 

Au 

Pb – Sn 
Ag – Sn 
Ag – In 
Bi – Sn 
In – Sn 
Ag – Bi 
Sb – Sn 
Sn – Zn 
Ag – Sb 
Cu – Sn 
Cu – Sb 

(Sn-Ag)eut +In 

(Sn-Ag)eut +Bi 

(Sn-Ag)eut +Cu 

(Sn-Ag)eut +Sb 

(Sn-Ag)eut +Cu+Sb 

(Sn-Ag)eut +Cu+Bi 

 

Fig. 9.1 Shows the functional scheme of the SURDAT database. 



 

Fig.9.1. Operation scheme of the SURDAT database 
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The capabilities of the SURDAT database will be presented by using 

the data on Ag and Ag–Sn and Ag-Cu-Sn systems. 

After the opening of the SURDAT computer database, the first 

window appearing on the screen (Fig. 9.2.) gives essential basic information 

with the window for the selection of the system. In order to proceed to the 

other options of the database, you should select the appropriate system in 

the „SYSTEM SELECTION” section.  

By selecting the „Pure metals” option and pressing the „OK” button, 

you proceed to the next window of the programme (Fig. 9.3.), where you 

have a possibility to select both the metal and the system (if you did not 

select the „Pure metals” option in the previous window), as well as the 

physical properties („SELECT PROPERTIES”).  

 

 



 

Fig. 9.2. The first window of the SURDAT database. Selection of the system type 
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If you choose „Ag” in the „SELECT SYSTEM” section and click the 

„SHOW” button, the programme will give you the selected data for Ag from 

the periodic table, such as: ATOMIC WEIGHT, MELTING POINT, 

BOILING POINT, CRYSTAL STRUCTURE (at room temperature), as 

well as COVALENT RADIUS and ATOMIC RADIUS (both not visible in 

Fig. 9.3). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

Fig. 9.3. The second step in SURDAT, which enables the selection of the suitable system and the property which  

will be observed
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The „Fig” option makes it possible to browse the temperature and 

isotherms determined and presented in publications. For pure metals, only 

the temperature dependences are available. If you select the property 

„Surface tension” in the „SELECT PROPERTIES” window, and 

additionally „temperature dependence”, the programme will show a diagram 

of the surface tension dependence on temperature, measured by various 

authors (Fig. 9.4). Further, by pressing the „References” button, you open 

the window with the list of publications used as sources of the data. (Fig. 

9.5). 
 

 
Fig. 9.4. Comparison of the temperature dependence of surface tension of 
the liquid silver available in the literature with experimental points from 
[2001Mos2] 
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Fig. 9.5. The references for the surface tension of Ag 

 

After selecting the „Binary system” option (Fig. 9.2) and next the „Ag-Sn” system and the „Density” option, by 

choosing the „Fig” option, the user can see the temperature („Temperature dependence”, Fig. 9.6) and the isotherms 

(„Isotherms”) of density created on the basis of the experimental data (Fig. 9.7). 
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Fig. 9.6. The temperature dependence of the density of Ag-Sn liquid alloys 
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Fig. 9.7. The isotherms of the density of Ag-Sn liquid alloys 

 
If you choose the „Surface tension” option in the „SELECT 

PROPERTIES” window, you will have the possibility of browsing the 

temperature dependence (Fig. 9.8) and the isotherms of the surface tension 

(Fig. 9.9). In the „Butler model” option, the programme will show the 

temperature and the isotherms of the surface tension, presented in Figs. 9.10 

and 9.11, respectively.  
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Fig. 9.8. The temperature dependence of the surface tension of Ag-Sn liquid 

alloys 
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Fig. 9.9. The isotherms of the surface tension of Ag-Sn liquid alloys 
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Fig. 9.10. The temperature dependence of the surface tension of Ag-Sn, 
calculated from the Butler model, and the experimental data (symbols) 
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Fig. 9.11. The isotherms of the Ag-Sn, calculated from the Butler model, 

and experimental data (symbols) at 623 K and 1273 K 
 

For the molar volume, only the „Isotherms” option is available in the 

database (Fig. 9.12). 
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Fig. 9.12. The isotherms of the molar volume of Ag-Sn liquid alloys 

 
Browsing the physical properties in the „Fig” option is arranged in the same 

way for all the systems available in the database. Using the example of the 

Ag–Sn and Ag-Sn-Cu systems, other functions of the SURDAT database 

will be presented, including the surface tension modeling with the use of the 

Butler relation. Entering the binary systems begins in the start window (Fig. 

9.2), with the selection of the „Binary systems” option, as well as in the 

scrollable windows for the system and physical property selection (Fig. 9.3). 

After choosing the „Ag-Sn” system and the „Density” as well as the type of 

presentation of „Isotherms”, click the „Next” button, which opens the 

window, where you are able to model, process and analyze the data 

collected by various authors. When you select an author („SELECT 
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AUTHOR”) (Fig. 9.13) and click „Show”, the programme will show the 

density equation of the given author, in the bottom right-hand corner of the 

window, and the source-publication of the data, in the lower window. If you 

select „Show calculated value” option and insert the temperature (maximum 

4 values), the programme will calculate the density and present it 

graphically on the diagram (Fig. 9.14). 



 

Fig. 9.13. The density relations of a selected author for the Sn-Ag system
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The calculated values of density for the respective concentrations at 

a given temperature are shown in the tables in the bottom right-hand corner 

of the window. This option makes it possible to observe the temperature 

dependences of the analyzed system and, if other authors’ data is available, 

compare the former with the latter, once again starting with the selection of 

the author („SELECT AUTHOR”). By choosing „Approx”, you have a 

possibility to fit the experimental points by a polynomial. In the lower part, 

you will see „References”. Clicking the „Clear” button clears the diagram  

and erases the figures.



 
Fig. 9.14. The isotherms of the density of the Ag-Sn liquid alloys for 523 K and 1273 K 
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When you select „Temperature dependence” and the author in the previous 

window (Fig. 9.3) and then press the „Show” button, the programme will 

show you the available concentrations. You can choose all of them by 

selecting „SELECT ALL” or just those which interest you. When you press 

„Points”, the programme will show the experimental points for the given 

concentrations (Fig. 9.15) (originating from the author seen in the upper 

window). On clicking the „Graph” button, you can adjust the linear 

regression of the experimental points. You have the possibility to print the 

diagram, after clicking „Print”. If you wish to compare the density of a 

given system with the density of the traditional tin-lead solders, press the 

„PbSn” button. 

 



 
Fig. 9.15. The temperature dependence of the density of Ag-Sn liquid alloys and (Sn-Pb)eut 
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By going backwards (Fig. 9.3) and selecting surface tension, similar to 

density, you can: 

a) see the parameters A and B of the linear equations σ = A+BT 

describing the temperature dependence of the surface tension for the 

different concentrations (X(Sn)) (Fig. 9.16),  

b) calculate the isotherms at a chosen temperature and  

c) compare the isotherms with the data of another author (Fig. 9.17). 



 
Fig. 9.16. The surface tension relation by a given author for the Ag-Sn system 
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Fig. 9.17. The isotherms of the surface tension of Sn-Ag of different authors, calculated at a chosen temperature,  

(523K lines) compared with the experimental data 
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In the previous stages of modeling of Pb-free solders reported in the 

literature, the Butler method [1932But] was used for calculations of the 

surface tension. The SURDAT database makes it also possible to compare 

experimental data for surface tension with that coming from the Butler 

modeling for all tested binary systems and in addition for Sn-Ag-Cu.  

The comparison between the data from experiments and the 

modeling shows a reasonable agreement. Thus in the further studies the 

necessary experiments can be limited due to the possibility of modeling. To 

proceed this way, we need the relation among surface tension and 

temperature with concentration. In the SURDAT database for two systems, 

Ag-Sn and Sn-Ag-Cu, using Butler’s modeling the surface tension was 

calculated at various temperatures and concentrations similar to other binary 

systems documented in Annex. 

By choosing the „Butler model” option in the window shown in Fig 

9.3, the user can calculate the surface tension from the Butler relation by 

means of the „Butler” button and verify its agreement with the data obtained 

from the experiment (Fig. 9.18). Selecting „Temperature dependence” and 

the authors of the paper makes it possible to see the temperature relation 

diagram (Fig. 9.19). If other authors’ experimental data are available, there 

is a possibility of displaying and comparing them on the same diagram. If 

you wish to compare the surface tension of a given system with that of the 

traditional tin-lead solders, press „PbSn”. By clicking on the diagram with 

the left mouse-button, you will enlarge the diagram to the full-screen size 

(Fig. 9.20). When you click again, the window returns to its previous size. 

Selecting the „Butler” option enables you to calculate the temperature 

dependences from the Butler model for all the concentrations available from 

a given author (the „SELECT ALL” option) and to compare them with the 

experimental data (Fig. 9.21), or for a particular concentration (Fig. 9.22). 



 
Fig. 9.18. The isotherms of Ag-Sn calculated from the Butler model and the experimental data (symbols) at 1273 K 
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Fig. 9.19. The temperature dependence of the surface tension of Sn-Ag liquid alloys, together with the references for 

two authors and (Sn-Pb)eut 
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Fig. 9.20. The temperature dependence of the surface tension of Sn-Ag liquid alloys, together with the results of the two 
authors and for (Sn-Pb)eut 
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Fig. 9.21. The temperature dependence of the surface tension of Ag-Sn calculated from the Butler model and the 

experimental data (symbols) 
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Fig. 9.22. The temperature dependence of the surface tension of (Ag-Sn)eut calculated from the Butler model and the 
experimental data (symbols) for (Pb-Sn)eut (dashed line) 
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Besides the surface tension and density, the SURDAT database gives 

a possibility to determine and see the relations of the molar volume of the 

solutions as the function of concentration, by choosing the „Molar volume” 

and „Isotherms” options in the property selection window (Fig. 9.3). There 

is a possibility of calculation and graphical representation of as many as four 

isotherms (Fig. 9.23). 

 For the ternary Ag-Cu-Sn system, the surface tension calculated 

from the Butler model as the function of concentration for two chosen 

temperatures and compared with the results by a chosen author (Fig. 9.24) 

(data calculated from the worked out linear equations). 

Fig 9.25 shows the temperature dependences of the surface tension 

for two chosen Cu concentrations, calculated form the Butler relation, and 

compared with the experimental points from a chosen author. 



 

Fig. 9.23. The isotherms of the molar volume of Sn-Ag, calculated at 4 temperatures (523 K, 773 K, 973 K and  
1273 K) compared with the experimental data 
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Fig. 9.24. The isotherms of Ag-Cu-Sn calculated from the Butler model and the experimental data (symbols) at 

523 K and 1273 K 
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Fig. 9.25. The temperature dependence of the surface tension of Ag-Cu-Sn calculated from the Butler model and the 

experimental data (symbols)
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 The SURDAT database makes available brief characterizations of 

the experimental methods. If you select „Experimental methods” from the 

„File” menu, you will find descriptions of four experimental methods (Fig. 

9.26): 

1. Maximum bubble pressure method, 

2. Dilatometric method, 

3. Meniscographic method, 

4. Sessile drop method. 

For example, in the „Maximum bubble pressure method” option, the 

programme will display the window shown in Fig. 9.27. 

 

 
Fig. 9.26. The menu in SURDAT 
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Fig. 9.27. The description of the experimental methods in SURDAT. „Maximum bubble pressure method” 
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11. Annex 1 
 

The Annex compiles the temperature-concentration relations of the 

surface tension calculated by the Butler method with the standard 

deviations, for all the examined binary systems. There is a possibility to 

calculate the surface tension by means of the Butler method for other 

systems, unavailable in the SURDAT database. In order to receive further 

information, please contact the authors of this paper.  

 

Z. Moser: nmmoser@imim-pan.krakow.pl

W. Gąsior: nmgasior@imim-pan.krakow.pl

A. Dębski: nmdebski@imim-pan.krakow.pl

J. Pstruś: nmpstrus@imim-pan.krakow.pl 

 

The calculated by the Butler relation (Eq. 10), in the extensive 

temperature range and in the entire range of concentrations, the surface 

tension σAB of the binary alloys was worked out using the following 

equation: 

i
BA

n

0i

2
iiiBABBAA

ABBBAAAB

)X(X)TcTb(aXXXσXσ

σXσXσσ

−++++  

=Δ+ +   =

∑
=

             (1A) 

 

XA, XB, σA and σB are the concentrations and the surface tensions of 

components A and B, and ai, bi, and ci, are the parameters of the presented 

function describing the deviations of the calculated surface tension σAB from 

the linear changes (σAXA+σBXB). 
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In the calculations of the surface tension of binaries and in Ag-Cu-Sn 

system were used own data of surface tension of pure components from the 

following equations and References: 

 

σAg = 1133.9541 - 0.1904719•T [2001Mos2]           (2A) 

σBi = 405 - 0.0492•T   [2001Mos3]            (3A) 

σCu = 1475.6 - 0.1422•T  [2005Mos2]            (4A) 

σIn = 593.8 - 0.09421•T  [2001Mos2]            (5A) 

σPb = 497.5 - 0.1096•T  [2001Gas2]            (6A) 

σSb = 419 - 0.0561•T   [2004Gas2]            (7A) 

σSn = 582.826 - 0.083361•T  [2001Gas2]            (8A) 

σZn = 892.5 - 0.1246•T  [2004Pst]            (9A) 

 
The equations for the binary systems available in SURDAT are 

presented below.  

 

Pb-Sn 

 

σ = σPb•XPb+σSn•XSn+ 

XPb•XSn• [(-190 + 0.13912•T –0.0000471•T2) +  

(-249.947+0.264891•T – 0.0000706023•T2)•(XSn-XPb) +  

(-303.3 + 0.59411•T - 0.0002891•T2)•(XSn-XPb)2 + 

(-183.5 +0.49614•T -0.0002890•T2)•(XSn-XPb)3]         (10A) 

 

Standard deviation = 0.4 mN/m 

T = 573 K - 1273 K 
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Ag-Sn 

 

σ = σAg•XAg+σSn•XSn+ 

XAg•XSn•[(-1350.7+0.93116•T-0.0001902• T2) + 

(1300.7-1.39459•T+0.0004202•T2)•(XSn-XAg) + 

(-1063.5+1.91129•T-0.0006179•T2)•(XSn-XAg)2+ 

(1020 -1.6385•T+0.0002337•T2)•(XSn-XAg)3+ 

(1286.8+0.41782•T-0.0011270•T2)•(XSn-XAg)4+ 

(-3289.7-1.96031•T+0.0039233•T2)•(XSn-XAg)5+ 

(1252.7-1.1378•T+0.0000723•T2)•(XSn-XAg)6+ 

(-620.1+10.388•T-0.0076522• T2)•(XSn-XAg)7+ 

(996.9-7.41334•T+0.0049454• T2)•(XSn-XAg)8]         (11A) 

 

Standard deviation = 1.4 mN/m 

T = 523 K - 1473 K 

 

Ag-In 

σ = σAg•XAg+σIn•XIn+ 

XAg•XIn•[(-1183.8 + 0.93781•T - 0.0002364•T2) + 

(542.1 - 0.84518•T + 0.0002442•T2)•(XIn-XAg) + 

(1175. - 0.60466•T + 0.000199•T2)• (XIn-XAg)2 + 

(-1263.7+ 0.27965•T + 0.0005825T2)• (XIn-XAg)3 + 

(-301.6+ 0.20752•T - 0.0007608•T2)• (XIn-XAg)4 + 

(1081+ 1.08580•T - 0.0014129•T2)• (XIn-XAg)5 + 

(-976+ 0.00892•T + 0.0010596•T2)• (XIn-XAg)6]         (12A) 

 

Standard deviation = 1.2 mN/m 

T = 523 K - 1473 K 
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Bi – Sn 
 

σ = σBi•X Bi•+σSn•XSn+ 

X Bi•XSn•[(-305.5+ 0.29948•T - 0.0000947•T2) + 

(247.9- 0.29995•T + 0.0001027•T2)•(XSn-XBi) + 

(-412.4 + 0.65851•T  - 0.0002686•T2)• (XSn-XBi)2 + 

(425.5 - 0.73613•T + 0.0003147•T2)• (XSn-XBi)3]         (13A) 

 

Standard deviation = 0.7 mN/m 

T = 523 K - 1373 K 

 

 

Cu – Sn 

 

σ = σCu•XCu+σSn•XSn+ 

XCu•XSn•[(-2027.9+ 0.80588•T - 0.0001180•T2) + 

(1909.6-1.13676•T + 0.0002308 •T2) • (XSn-XCu) + 

(235.5 + 0.07635•T - 0.00019•T2) • (XSn-XCu)2 + 

(107.1+ 0.23187•T - 0.0003515•T2) • (XSn-XCu)3+ 

(-13295.8 + 10.6837•T -0.0010440 T2) • (XSn-XCu)4+ 

(4166.4 - 11.0688•T + 0.0051838•T2) • (XSn-XCu)5+ 

(34495- 19.2175•T - 0.0024011•T2) • (XSn-XCu)6+ 

(-5852.8+ 13.0761•T - 0.0053852•T2) • (XSn-XCu)7+ 

(-26551.9+ 10.5779•T + 0.0040823•T2) • (XSn-XCu)8]         (14A) 

 

Standard deviation = 1.8 mN/m 

T = 523 K - 1473 K 
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Ag – Bi 

σ = σAg•XAg+σBi•XBi+ 

XAg•XBi•[(-1492.9+ 0.76147•T - 0.0001216•T2) + 

(1738.4- 1.37566•T + 0.000404•T2) • (XBi-XAg) + 

(-1904.2+ 2.33459•T - 0.0009596•T2) •(XBi-XAg)2 + 

(4419.2- 0.37469•T - 0.0016177•T2) • (XBi-XAg)3 + 

(-5139.5- 4.24837•T + 0.0051161•T2) •(XBi-XAg)4 + 

(-13848.8+ 4.43033•T + 0.0033977•T2) • (XBi-XAg)5 + 

(16423.3+ 4.62766•T - 0.010732•T2) • (XBi-XAg)6 + 

(25325.2- 17.8596•T + 0.0009436•T2) • (XBi-XAg)7 + 

(-27660.6+ 12.8574•T + 0.0035671•T2) • (XBi-XAg)8]         (15A) 

 

Standard deviation = 2.6 mN/m 

T = 523 K - 1473 K 

Sb – Sn 

σ = σSb•XSb+σSn•XSn+ 

XSb•XSn•[(-118.7 + 0.1112•T - 0.0000271•T2) + 

(-3 + 0.0291•T - 0.0000175•T2) • (XSn-XSb) + 

(-254.5 + 0.36484•T - 0.000143•T2) •(XSn-XSb)2 + 

(-169.7+ 0.17951•T - 0.0000439•T2) • (XSn-XSb)3]          (16A) 

 

Standard deviation = 0.3 mN/m 

T = 573 K - 1473 K 

In – Sn 

σ = σIn•X In•+σSn•XSn+ 

X In•XSn• [(1.9 + 0.00461•T) + 3.8•(XSn-XIn)]         (17A) 

Standard deviation = 0.05 mN/m 

T = 523 K - 1233 K 
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Sn – Zn  

σ = σSn•XSn+ σZn •XZn+  

XSn•XZn • [(-727.8 + 0.59511•T - 0.0001511•T2) + 

(1440.8- 2.48597•T + 0.0013053•T2) • (XSn-XZn) + 

(-2792.2 + 6.49153•T - 0.0040674•T2) •(XSn-XZn)2 + 

(-997.1 + 8.52386•T - 0.0078256•T2) • (XSn-XZn)3+ 

(5103 - 24.0004•T + 0.0199273•T2) • (XSn-XZn)4+ 

(1900.4- 19.7816•T + 0.0194024•T2) • (XSn-XZn)5+ 

(-4746.5 + 37.4526•T - 0.0354238•T2) • (XSn-XZn)6+ 

(10193.7- 6.03384•T - 0.0051557•T2) • (XSn-XZn)7+ 

(-11698+ 3.61051•T + 0.0097675•T2) • (XSn-XZn)8]         (18A) 

Standard deviation = 2.1 mN/m 

T = 523 K - 973 K 

 

Ag – Sb 

σ = σAg•XAg+σSb•XSb+ 

XAg•XSb• [(-1848.7+ 1.19478•T - 0.0002300•T2) + 

(1924.4- 1.66853 •T + 0.0004027•T2) • (XSb-XAg) + 

(-1784.5+ 1.981•T - 0.0004095•T2) •(XSb-XAg)2 + 

(2285- 3.2914•T + 0.000814•T2) • (XSb-XAg)3+ 

(1868.1+ 2.69826•T - 0.0025555•T2) • (XSb-XAg)4+ 

(-5217.6+ 0.2239•T + 0.002635•T2) • (XSb-XAg)5+ 

(1279- 7.36562•T + 0.0041302•T2) • (XSb-XAg)6+ 

(53+ 8.35367•T - 0.0057608•T2) • (XSb-XAg)7]         (19A) 

 

Standard deviation = 0.9 mN/m 

T = 873 K - 1473 K 

 



Cu – Sb 

 

σ = σCu•XCu+σSb•XSb+ 

XCu•XSb•[(-2178.9 + 0.60831•T - 0.0000353•T2) + 

(1764- 0.46138•T - 0.0000289•T2) • (XSb-XCu) + 

(-2712.4 + 0.4.14396•T - 0.0019924•T2) •(XSb-XCu)2 + 

(8245.5 - 8.31152•T + 0.0025979•T2) • (XSb-XCu)3+ 

(722.6 - 18.6579•T + 0.0122689•T2) • (XSb-XCu)4+ 

(-24804.9 + 27.3240•T - 0.0088438•T2) • (XSb-XCu)5+ 

(4412.6 + 34.5203•T - 0.0252669•T2) • (XSb-XCu)6+ 

(33066.3 - 33.7612•T + 0.0102734•T2) • (XSb-XCu)7+ 

(-19160.3 - 8.44712•T + 0.0130687•T2) • (XSb-XCu)8]        (20A) 

 

Standard deviation = 3.1 mN/m 

T = 873 K - 1473 K 

 

Ag – Cu – Sn 

The calculated by the Butler model (Eq. 21A) 

                    
A

GG
X
X

ln
A
RTσ                  

   

  
A

GG
X
X

ln
A
RTσ                  

A
GG

X
X

ln
A
RTσσ               

Cu

BE,
Cu

E,S
Cu

B
Cu

S
Cu

Cu
Cu

Sn

BE,
Sn

E,S
Sn

B
Sn

S
Sn

Sn
Sn

Ag

BE,
Ag

E,S
Ag

B
Ag

S
Ag

Ag
Ag

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
++=

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
++=

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛ −
++=

(21A) 

 84



the surface tension for the Sn – Ag – Cu alloys, for XSn ≥ 0.7, was described 

by the following relation:  

σSnAgCu = σAgCu 
SnCu

Cu

XX
X

+
+ 

σAgSn
SnCu

Sn

XX
X

+
+ΔσCuSn )XX(1 CuAg −− +ΔσSnAgCu       (22A) 

 
XAg, XCu and XSn are the mole fraction in ternary alloys and the other 

symbols in Eq. 22A describe the following equations:  

i
CuAg

n

0i

2
iiiCuAgCuCuAgAgAgCu )C(C)TcTb(aCCCσCσσ −+++ +   = ∑

=

 

(23A) 
 

j
SnAg

m

0j

2
jjjSnAgSnSnAgAgAgSn )C(C)TcTb(aCCCσCσσ −+++ +   = ∑

=

 

(24A) 
 

k
SnCu

l

0k

2
kkkSnCuCuSn )C(C)TcTb(aCCσ −++ =Δ ∑

=

       (25A) 

 
p
Snpp

p
Cupp

p
Ag

l

1p
ppSnCuAgAgCuSn T)Xf(eT)Xd(cXT)b(aXXXΔσ +++++ = ∑

=

   (26A) 
 
The concentrations CAg, CCu and CSn in binary alloys Ag – Cu, Ag – Sn and 

Cu – Sn are calculated according with relations: 

 
Ag - Cu 

CuAg

Ag
Ag XX

X
C

+
=  AgCu C-1C =            (27A) 

 
Ag - Sn 

SnAg

Ag
Ag XX

X
C

+
=  AgSn C-1C =            (28A) 
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Cu - Sn 

SnCu

Cu
Cu XX

X
C

+
=  SnSn C-1C =            (29A) 

 

The surface tension for the Ag-Cu system was calculated from the Butler 

relation using the thermodynamic parameters from [2000Moo] on the  

Ag-Cu-Sn phase diagram. Next it was worked out by the equation (23A) 

and it is as follows: 

 

σAg-Cu = σAg•CAg + σCu•CCu+ 

CAg•CCu•[(-1161.6 + 0.78595•T- 0.0002083•T2) + 

(397.6- 1.72431•T + 0.0004032•T2)•(1-2•CAg) + 

(-1844 + 1.78776•T- 0.0005071•T2)•(1-2•CAg)2+ 

(-2380.5 + 1.7489•T- 0.0007162•T2)•(1-2•CAg)3+ 

(1520.7 - 2.91972•T + 0.0011807•T2)•(1-2•CAg)4+ 

(8996.6 - 11.3049•T+ 0.0035419•T2)•(1-2•CAg)5+ 

(-8691.4 +12.297•T- 0.0042904•T2)•(1-2•CAg)6-7227.1•(1-2•CAg)7]  (30A) 

 

Standard deviation = 0.7 mN/m 

T = 500 K - 1473 K 

 

 

The coefficients a,b,c(i, j, k) in Eqs (23A), (24A) and (25A) are the same as in 

Eqs (11A), (14A) and (30A). Worked out Eq. (26A) can be written explicit 

as follows:  
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)XXX(ter Sn,Cu,Ag
σΔ =XAg•XCu•XSn•[(-13226.2 + 5.87379E+01•T)•XAg+ 

(-2998.4+ 0.554•T)•XCu+(-1914.4+ 2.84596 •T)•XSn+ 

(86125.5+ -31.4636•T)•XAg
2+(-1918.5- 0.36594•T)•XCu

2+ 

(-1368.4+ 3.24094•T)•XSn
2+(300570 -258.321•T)•XAg

3+ 

(1615.4- 1.54048•T)•XCu
3+(146.4+ 1.14017•T)•XSn

3+ 

(-1283010+ 862.605•T)•XAg
4+(7101.3-3.00282•T)•XCu

4+  

(3018.3+ -5.1781•T)•XSn
4]          (31A) 

 

Standard deviation = 1.1 mN/m 

XSn >= 0.7  T = 500 K-1373 K 
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12. Annex 2 
 

In this annex are reported the abstracts of the most important 

publications used in preparation of SURDAT database. 
 

[2006Mos1] Moser Z., Gąsior W., Bukat K., Pstruś J., Kisiel R., 

Ohnuma I., Ishida K., Pb – free solders - Wettability Testing of 

 Sn-Ag-Cu Alloys with Bi Additions. Part I, J. Phase Equilib. 

Diffus., 27, (2006), 1-6. 

 
Abstract 

 
Maximum bubble pressure, dilatometric, and meniscographic methods 

were used in the investigations of the surface tension, density, wetting 

time, wetting force, contact angle, and interfacial tension of liquid alloys 

of Sn-Ag-Cu eutectic composition with various additions of Bi. Density 

and surface tension measurements were conducted in the temperature 

range 250-900 °C. Surface tensions at 250 °C measured under a protective 

atmosphere of Ar-H2 were combined with data from meniscographic studies 

done under air or with a protective flux. The meniscographie data with a 

nonwetted teflon substrate provided data on interfacial tension (solder-

flux), surface tension in air, and meniscographic data with a Cu substrate 

allowed determinations of wetting time, wetting force, and calculation of 

contact angle. The calculated wetting angles from meniscographie studies 

for binary Sn-Ag eutectic and two ternary Sn-Ag-Cu alloys were verified 

by separate measurements by the sessile drop method under a protective 

atmosphere with a Cu substrate. Additions of Bi to both ternary alloys 

improve the wettability and move the parameters somewhat closer to those 

of traditional Sn-Pb solders. 
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[2006Mos2] Moser Z., Gąsior W., Pstruś J., Ohnuma I., Ishida K., 

Influence of Sb additions on surface tension and density. Experiment 

vs. Modeling. Z. Metallkd., 97, (2006), 365-370. 

 
Abstract 

 
Surface tension and density measurements by the maximum bubble 

pressure and dilatometric techniques were carried out in an extensive range 

of temperature on liquid alloys close to the ternary eutectic Sn3.3Ag0.76Cu 

with different Sb content. It has been found that the addition of Sb to Sn, 

Sn-Sb, to binary eutectic Sn-Ag and to Sn3.3Ag0.76Cu decreases the 

surface tension and density. The values of the surface tension calculated by 

the Butler model and by the method based on the binary alloys surface 

tension data with the ternary and quaternary correction factors were 

compared with the experimental results. The best agreement between the 

measured and the calculated values was observed for the model comprising 

the binary data with the correction factors. 
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[2006Ohn] Ohnuma I., Ishida K., Moser Z., Gąsior W., Bukat K., 

Pstruś J., Kisiel R., Sitek J., Pb – free solders. Application of 

ADAMIS data base in modeling of Sn – Ag – Cu alloys with Bi 

additions. Part II. J. Phase Equilib. Diffus., 27, (2006), 245-254. 

Abstract 
 

The ADAMIS data base was used for calculation of the surface tension 

of the quaternary Sn – Ag – Cu – Bi liquid alloys by the Butler model. The 

obtained data were compared with those from the maximum bubble pressure 

measurements from Part 1. The same thermodynamic data base was next 

applied for the calculation of various phase equilibria. It was established that 

the Bi addition to the ternary Sn – Ag – Cu alloys (Sn – 2.6Ag – 0.46Cu and 

Sn – 3.13Ag – 0.74Cu in at.% (Sn – 2.56Ag – 0.26 Cu and Sn – 2.86Ag – 

0.40Cu in mass %) causes lowering of the melting temperature and the 

surface tension to make the tested alloys closer to traditional Sn – Pb 

solders. The simulation of the solidification by the Scheil’s model showed 

that the alloys with the higher Bi concentration are characterized by the 

lifting–off failure because of the segregation of Bi at the solder/substrate 

boundary. Thus, in modeling of new Pb - free solders, a compromise among 

various properties should be taken into consideration. 

 

 

 

 

 

 

 

 

 



 91

[2005Kis] Kisiel R., Gąsior W., Moser Z., Pstruś J., Bukat K., Sitek J., 

Electrical and Mechanical Studies of the Sn-Ag-Cu-Bi and 

Sn-Ag-Cu-Bi-Sb Lead Free Soldering Materials, Archs. Metall. and 

Mater., 50, (2005), 1065-1071. 

 
Abstract 

 
The electrical resistivity and the tensile strength of two near ternary 

eutectic Sn-Ag-Cu and four solder alloys close to ternary eutectic Sn-Ag-Cu 

with different Bi contents as well as eight Sn- Ag-Cu-Bi with different Sb 

contents in the form of wires were investigated. The four-probe technique 

was used for electrical parameter measurements. Equipment of the author's 

own construction for the tensile strength measurement was applied. It was 

found that the additions of Bi and Sb to Sn-Ag-Cu near eutectic alloys 

increase the resistivity and the tensile strength and that the resistivity of the  

Sn-Ag-Cu-Bi and Sn-Ag-Cu-Bi-Sb alloys is comparable with those of  

Pb-Sn solders for the bismuth and antimony content of about 3 atomic 

percent. 
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[2004Gas1] Gąsior W., Moser Z., Pstruś J., Bukat K., Kisiel R., Sitek J., 

(Sn-Ag)eut + Cu Soldering Materials, Part 1: Wettability Studies, J. 

Phase Equilib. Diffus., 24 (2004), 115-121. 

 
Abstract 

 
The maximum bubble pressure, dilatometric, and meniscographic 

methods were used in investigations of the surface tension, density, wetting 

time, wetting force, contact angles, and interfacial tension of liquid  

(Sn-Ag)eut and two (Sn-Ag)eut + Cu alloys (Cu at.% = 0.46 and 0.74). The 

density and surface tension measurements were conducted in the 

temperature range from 230 to 950 °C, and the meniscographic 

investigations were carried out at 252 °C. The resultant values of surface 

tension were compared with those calculated from Butler's model based on 

optimized thermodynamic parameters and our data from earlier 

investigations. In an earlier study, experimental data for all investigated 

compositions (Cu at. % = 1.08 to 6.5) exhibit an increase in the surface 

tension with increasing temperature, while both ternary alloys of this study 

show a slight lowering tendency in comparison to (Sn-Ag)eut. A more 

evident decreasing tendency of surface tension and interfacial tension was 

noted in meniscographic measurements, noting that data of interfacial 

tension are always lower than surface tension due to the role of the flux. 

Eight different fluxes were tested to select the lowest interfacial tension for 

the (Sn-Ag)eut. ROLI (3% solids), which is the alcoholic solution of organic 

compounds and rosin activated by halogens, was recommended. In  

(Sn-Ag)eut + Cu Soldering Materials, Part II: Electrical and Mechanical 

Studies, for the same (Sn-Ag)eut and (Sn-Ag)eut + Cu alloys (Cu at. % = 0.46 

and 0.74), the electrical resistance and strength measurements will be 

presented in parallel with printed-circuit boards in wave soldering at 260 °C. 



 93

[2004Gas2] Gąsior W., Moser Z., Pstruś J., Ishida K., Ohnuma I., 

Surface Tension and Density Measurements of Sn-Ag-Sb Liquid 

Alloys and Phase Diagram Calculations of the Sn-Ag-Sb Ternary 

System, Mater. Trans., 45, (2004), 652-660. 

 
Abstract 

 
The maximum bubble pressure method has been used to measure the 

surface tension of pure antimony and the surface tension and density 

(dilatometric method) of Sn-3.8at%Ag eutectic base alloys with 0.03, 0.06 and 

0.09 mol fraction of antimony at a temperature range from 550 to 1200 K. The 

linear dependencies of surface tension and density on temperature were 

observed and they were described by straight-line equations. Moreover, 

experimental determination of phase diagram and thermodynamic 

calculations in the Sn-Ag-Sb system were performed and the resulting 

optimized thermodynamic parameters were used for modeling of the 

surface tension. In addition, a non-equilibrium solidification process using 

the Scheil model was simulated and compared with the equilibrium 

solidification behavior of a Sn-Ag-Sb alloy. 
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[2004Gas3] Gąsior W., Moser Z., Pstruś J., SnAgCu+Sb Measurements 

of the Surface Tension and Density of Tin Based Sn-Ag-Cu-Sb Liquid 

Alloys, Archs. Metall. and Mater., 49, (2004), 155-167. 

 
Abstract 

 
The maximum bubble pressure method for the determination of the 

surface tension and dilatometric technique for density measurements 

were applied in the studies of liquid quaternary Sn-Ag-Cu-Sb alloys 

close to the ternary eutectic (Sn-Ag-Cu). The investigations of the 

density were conducted in the temperature range from 513 K to 1186 

K and those of the surface tension from 513 K lo 1177 K. The 

experiments were carried out for the liquid alloy of composition close to 

the ternary eutectic (Sn3.3AgO.76Cu) and for four quaternary liquid 

alloys (Sn-3.3Ag-0.76Cu) + Sb alloys (Xsb = 0.03, 0.06, 0.09, 0.12 mol 

fractions). It has been found that both surface tension and density show 

linear dependence on temperature. The relations describing the 

dependence of the surface tension and density on concentration were 

determined. The surface tension, density and molar volume isotherms 

calculated at 673 K and 1273 K have shown that the antimony addition 

to the ternary alloy (Sn-3.3Ag-0.76Cu) decreases the surface tension 

and the density while increase of the molar volume is observed. The 

maximal decrease of surface tension is slightly higher than 50 mN/m 

and that for density is about 0.15 g•cm3. The observed increase of 

molar volume is about 2.5 cm3 at the maximal Sb addition equal to 

0.12 mole fraction. 

 

 

 



 95

[2004Kis] Kisiel R., Gąsior W., Moser Z., Pstruś J., Bukat K., Sitek J., 

(Sn-Ag)eut + Cu Soldering Materials, Part II: Electrical and 

Mechanical Studies, J. Phase Equilib. Diffus., 24 (2004), 122-124. 

 
Abstract 

 
Electrical (solder resistivity and solder joint resistance) and mechanical 

(tensile strength and shear strength of solder joints) parameters of the binary 

eutectic Sn-Ag and two alloys close to the ternary eutectic Sn-Ag-Cu 

composition were investigated. The four-probe technique was used for the 

measurement of electrical parameters. Special equipment was constructed for 

the tensile strength measurements and also for determination of the shear 

strengths of solder joints between a typical circuit component and a Cu 

contact on a printed circuit board (PCB). It was found that electrical and 

mechanical properties of the three alloys studied are comparable to data in 

the literature for traditional Pb-Sn solders. A joint resistance below 0.3 mΩ 

(Ω =ohm) and shear strength of above 20 MPa were found for an individual 

solder joint between a circuit component (in the current study a "jumper" 

resistor) and a copper surface on a PCB. 

 

 

 

 

 

 

 

 

 



[2003Gas1] Gąsior W., Moser Z., Pstruś J., Krzyżak B., Fitzner K., 

Surface Tension and Thermodynamic Properties of the Liquid Ag-

Bi Solutions, J. Phase Equilib., 24, (2003), 40-49. 

 
Abstract 

 
With the maximum bubble pressure method, the density and surface 

tension were measured for five Ag-Bi liquid alloys (Xm = 0.05, 0.15, 0.25, 

0.5, and 0.75), as well as for pure silver. The experiments were performed 

in the temperature range 544 - 1443 K. Linear dependences of both 

density and surface tension versus temperature were observed, and therefore 

the experimental data were described by linear equations. The density 

dependence on concentration and temperature was derived using a 

polynomial method. A similar dependence of surface tension on temperature 

and concentration is presented. Next, the Gibbs energy of formation of 

solid Bi2O3 as well as activities of Bi in liquid Ag-Bi alloys, were 

determined by a solid-state electromotive force (emf) technique using the 

following galvanic cells: Ni, NiO, Pt/O -2/W, AgxBi(1-X), Bi2O3(S). The Gibbs 

energy of formation of solid Bi2O3 from pure elements was derived: 
0

32 )( OBifG −Δ α  = -598 148 + 309.27T [J • mol-1] and = -548 009 0
32 )( OBifG −Δ δ

+ 258.94T [J • mol-1]; the temperature and the heat of the α → δ 

transformation for this solid oxide were calculated as 996 K and 50.14 J • 

mol-1. Activities of Bi in the liquid alloys were determined in the temperature 

range from 860-1075 K, for five Ag-Bi alloys (XAg = 0.2, 0.35, 0.5, 0.65, 0.8), 

and a Redlich-Kister polynomial expansion was used to describe the 

thermodynamic properties of the liquid phase. Using Thermo-Calc software, 

the Ag-Bi phase diagram was calculated. Finally, thermodynamic data were 

used to predict surface tension behavior in the Ag-Bi binary system. 
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[2003Gas2] Gąsior W., Moser Z., Pstruś J., Density and Surface Tension 

of Sb-Sn Liquid Alloys. Experiment vs. Modeling, J. Phase Equilib., 

24, (2003), 504-510. 

 
Abstract 

 
Through the application of the maximum bubble pressure and dilatometric 

methods, density and surface tension were investigated. The experiments 

were conducted in the temperature range from 583 K ≤ T ≤ 1257 K. The 

surface tension was measured for pure antimony and for six liquid Sb-Sn 

alloys (mole fractions XSn = 0.2, 0.4, 0.6, 0.8, 0.9, and 0.935 mm2) and 

measurements of-the density were only for alloys. It has been observed that 

both surface tension and density show linear dependence on temperature. 

The temperature-concentration relations were of both surface tension and 

density determined with minimization procedures. The surface tension 

isotherms calculated at 873 K and 1273 K show slight negative deviations 

from linearity changes, but the observed maximal differences did not exceed 

30 mN • m-1. The surface tension calculated from Butler's model was higher 

than the experimental value for most concentrations and also showed 

curvilinear temperature dependence. The experimental densities and the molar 

volumes of the Sb-Sn liquid alloys conform very closely to ideal behavior 

with differences comparable to the experimental errors. 
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[2002Liu] Liu X.J., Inohana Y., Ohnuma I., Kainuma R., Ishida K., 

Moser Z., Gąsior W., Pstruś J., Experimental Determination and 

Thermodynamic Calculation of the Phase Equilibria and Surface 

tension of the Ag-Sn-In System, J. Electron. Mater., 31, (2002),  

1139-1151.  

 
Abstract 

 
The phase equilibria of the Sn-Ag-In system were investigated by 

means of differential scanning calorimetry (DSC) and metallography. The 

isothermal sections at 180-600 ºC, as well as some vertical sections were 

determined. Thermodynamic assessment of this system was also carried 

out based on the experimental data of thermodynamic properties and phase 

equilibria using the CALPHAD method, in which the Gibbs energies of the 

liquid, fcc and hcp phases are described by the subregular solution model 

and those of compounds are represented by the sublattice model. The 

thermodynamic parameters for describing the phase equilibria were 

optimized, and reasonable agreement between the calculated and 

experimental results was obtained.  

The maximum bubble - pressure and dilatometric method have been 

used in measurements of the surface tension and density of the binary In-Sn 

and the ternary (Sn–3.8Ag)eut+In (5 and 10% at.) liquid alloys, respectively. 

The experiments were performed in the temperature range from 160 oC to 

930 oC. The experimental data of the surface tension were compared with 

those obtained by the thermodynamic calculation of the Butler model. 
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[2002Mos] Moser Z., Gąsior W., Pstruś J., Księżarek S., Surface 

Tension and Density of the (Ag-Sn)eut+Cu liquid Alloys, J. Electron. 

Mater., 31, (2002), 1225-1229. 

 
Abstract 

 
The maximum bubble-pressure method has been used to measure the 

surface tension and density of liquid alloys (Ag-Sn)eut + Cu (XCu = 0.005, 

0.020, 0.0375, and 0.065 (mole fraction)). The surface tension and density 

measurements were curried out in the temperature ranges of 262-942°C and 

264-937°C, respectively. The linear dependencies of surface tensions and 

densities on temperature were observed, and they were described by 

straight-line equations. It has been found that the additions of Cu to the  

Ag-Sn eutectic alloy increase the surface tension. Experimental data of the 

surface tension were compared with those from modeling based on Butler 

method, using the optimized-thermodynamic parameters from the literature, 

and a slight tendency contrary to the experimental results was observed. 
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[2001Gas1] Gąsior W., Moser Z., Pstruś J., Kucharski M., Viscosity of 

the Pb-Sn Liquid Alloys, Archs. Metall., 46 (1), (2001), 23-32. 

 
Abstract 

 
The capillary method was used in the measurements of the viscosity of the 

lead-tin liquid alloys. The experiments were performed for the lead, tin and 

five lead-tin alloys of the concentration 0.1, 0.261 (eutectic), 0.5, 0.7 and 0.9 

mole fraction of lead and between 521 K and 871 K. The experimental data 

on viscosity of pure components and liquid Pb-Sn alloys were described by 

the exponential equation η= Aexp(E/RT). The dependence of viscosity on 

temperature and concentration was modeled by the K u c h a r s k i method 

considered in the calculations the activity coefficients, the partial molar 

volume of components and the molar volume of liquid alloys. Obtained 

isotherms of viscosity at 623 K and 823 K have shown nearly linear changes 

with the concentration and a reasonable agreement with the experimental 

data. The observed differences when compared with data from the literature 

do not exceed 15%. 
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[2001Gas2] Gąsior W., Moser Z., Pstruś J., Surface Tension and Density 

of the Pb-Sn Liquid Alloys, J.Phase Equilib., 22, (2001), 20-25. 

 
Abstract 

 
The maximum bubble pressure and the dilatometric method were used 

respectively in measurements of surface tension and density of Pb-Sn liquid 

alloys. The experiments were carried out in the temperature range from 573 

K to 1200 K for the pure Pb, pure Sn and 7 alloys of the composition 0.1, 

0.2, 0.26, 0.36, 0.5, 0.7 and 0.9 mole fraction of Pb. A straight-line 

dependence on temperature was observed and fitted by the method of least 

squares both for the densities and the surface tension. The calculated density 

isotherm at 673 K showed a positive deviation from the linearity over the 

entire range of composition, and the same tendency was seen at 1173 K for 

compositions higher than XPb=0.26. At the lower concentration of Pb a 

nearly linear character of isotherm was noted. In the case of the surface 

tension, both at the lowest and the highest temperatures (673 K, 1173 K), 

the deviation from linearity with composition was negative, but deviation 

decreased with increasing temperature. The isotherms of the compositional 

dependence of surface tension calculated from the Butler model exhibit 

good agreement with the experimental data. 
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[2001Mos1] Moser Z., Gąsior W., Pstruś J., Density and surface tension 

of the Ag-Sn liquid alloys, J. Phase Equilib., 22, (2001), 254-258. 

 
Abstract 

 
The maximum bubble pressure method has been used to measure the 

surface tension of pure tin and seven binary alloys with concentrations of 

15,30,40, 60, 75,87.8, and 96.2 at.% Sn. Measurements were performed at 

the temperature range from 500 to about 1400 K depending on the 

composition of the investigated alloy. Densities of the Ag-Sn alloys were 

measured dilatometrically. The linear dependencies of densities and surface 

tensions on temperature were observed, and they are described by a straight-

line equation. 

Experimental data of the surface tensions were compared with 

calculations using Butler's model, which assumes an equilibrium between 

the bulk phase and the monolayer surface phase. Excess Gibbs energies of 

silver and tin necessary in calculations were taken from the optimized 

thermodynamic parameters reported recently from Tohoku University. It is 

shown that the calculated surface tension data from the optimized 

thermodynamic parameters of the liquid phase of the Ag-Sn are in good 

agreement with the experimental results. 
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[2001Mos2] Moser Z., Gąsior W., Pstruś J., Zakulski W., Ohnuma I., 

Liu X.J., Inohana Y., Ishida K., Density and surface tension of the 

Ag-In liquid alloys, J. Electron. Mater., 30, (2001), 1120-1128. 

 
Abstract 

 
The phase boundaries of the Ag-In binary system were determined by 

the diffusion couple method, differential scanning calorimetry (DSC) and 

metallographic techniques. The results show that the region of the ζ (hcp) 

phase is narrower than that reported previously. Thermodynamic calculation 

of the Ag-In system is presented by taking into account the experimental 

results obtained by the present and previous works, including the data on the 

phase equilibria and thermochemical properties. The Gibbs energies of 

liquid and solid solution phases are described on the basis of the sub-regular 

solution model, and that of the intermetallic compounds are based on the 

two-sublattices model. A consistent set of thermodynamic parameters has 

been optimized for describing the Gibbs energy of each phase, which leads 

to a good fit between calculated and experimental results. The maximum 

bubble pressure method has been used to measure the surface tension and 

densities of liquid In, Ag, and five binary alloys in the temperature range 

from 227 °C to about 1170 °C. On the basis of the thermodynamic 

parameters of the liquid phase obtained by the present optimization, the 

surface tensions are calculated using Butler’s model. It is shown that the 

calculated values of the surface tensions are in fair agreement with the 

experimental data. 
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[2001Mos3] Moser Z., Gąsior W., Pstruś J., Surface tension 

measurements of the Sn-Bi and Sn-Bi-Ag liquid alloys, J. Electron. 

Mater., 30, (2001), 1104-1111. 

 
Abstract 

 
The maximum bubble pressure method has been used to measure the 

surface tension of pure Bi, surface tension and density of liquid binary  

Bi-Sn alloys (XBi = 0.2, 0.4, 0.6, and 0.8 molar fractions) at the temperature 

range from about 500 K to 1150 K. Similarly, there were investigated 

ternary alloys adding to the eutectic (3.8 at.%Ag-Sn) 0.03, 0.06, 0.09, and 

0.12 molar fractions of Bi. The linear dependencies of densities and surface 

tensions on temperature were observed and they were described by straight-

line equations. It has been confirmed that the additions of Bi to liquid Sn 

and to the eutectic alloy (3.8 at. %Ag-Sn) markedly reduce the surface 

tension. Experimental data of the surface tension of liquid Bi-Sn were 

compared with modeling based on Butler's method and a reasonable 

agreement was observed. 
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