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Preface 

The idea of creating a database for the physico-chemical properties 

of metals and alloys came to life at the turn of the 20th and 21st century, after 

a few years of studies of the metallic systems which could potentially  

be applied as new lead-free solders in power and electronic engineering.  

The research performed at that time at A. Krupkowski Institute  

of Metallurgy and Materials Science of the Polish Academy of Sciences 

(IMMS PAS) focused on measurements of the physical properties of alloys, 

such as: surface tension and density as well as, sporadically, viscosity.  

At the same time, computer programs were being designed for the 

modelling of surface tension and viscosity in binary and multi-component 

solutions, which made it possible to analyze the agreement of the modelled 

values with the measured values, which, in turn, led to the development  

of own models.  

 After some significant experimental data for over a dozen systems 

and metals had been collected, the creation of an electronic database  

for lead-free solder materials began, which was to be commonly accessible, 

free of charge and successively expanded with new systems and properties. 

This way, the „SURDAT. Database of Pb-free soldering materials” came  

to life in the form of an electronic computer program, constituting a CD 

supplement to a book of the same title, which, in retrospect, can now  

be named SURDAT 1. Its authors were: Prof. Zbigniew Moser, PhD. Eng. 

(coordinator and co-author of several chapters), Władysław Gąsior, PhD. 

Eng, a PAS professor (author of a computer program for surface tension 

modelling as well as a few chapters), Adam Dębski, M.Sc. Eng. (author  

of the electronic version of the database as well as the installation guidelines 

and manual) and Janusz Pstruś, M.Sc. Eng. (executor of the experimental 
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studies). The first edition of the SURDAT database was issued in 2007.  

It contained the experimental and calculated surface tension data as well  

as the results of density and molar volume measurements for 10 metals and 

17 binary, ternary and quaternary systems and, according to the previous 

plans, it was available at www.imim.pl, with the option of being installed  

at a PC. 

 The studies of lead-free metal alloys as potential substitutes for lead 

containing solders were continued and, as previously planned, the material 

for the expansion of SURDAT with new properties and systems was 

successively collected. The new database named „SURDAT 2. Physico-

chemical properties database for selected solders” was issued in 2012  

by the initiative of W. Gąsior and A. Dębski, already after the passing  

of Prof. Z. Moser (2011). Compared to SURDAT 1, it contained 

experimental data for a larger number of physico-chemical properties  

as well as a much bigger group of systems (from binary to quinary ones). 

The collected experimental material was the effect of the research projects 

realized by the Polish Government and also within European funds such as: 

COST Action 531, COST Action MP0602 – HISOLD - Advanced solder 

materials for high temperature applications, the scientific network ELFNET 

and the MSWN Project 4582/BT08/2007/33. Some of the projects were 

implemented in cooperation with Tele-and Radio Research Institute in 

Warsaw (K. Bukat, J. Sitek, S. Korolewski, I. Rafalik) and Non-Ferrous 

Metal Institute (S. Księżarek), as well as Warsaw University of Technology 

(R. Kisiel, R. Biaduń, K. Szylko). What is more, within the agreement with 

T. Siewert,  PhD. from National Institute of Standards and Technology 

(NIST) in Boulder, Colorado, USA, SURDAT 2 was supplemented by the 

NIST database as well as other studies realized at A. Krupkowski Institute 
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of Metallurgy and Materials Science of the Polish Academy of Sciences 

(IMMS PAS). A book version of the SURDAT 2 database was issued  

in Polish, reaching out to a Polish user. Some of the chapters were 

elaborated in cooperation with Przemysław Fima, PhD. Eng., Tomasz 

Gancarz, PhD. Eng. and Janusz Pstruś, PhD. Eng. 

After the issue of SURDAT 2, a decision was made by W. Gąsior 

and A. Dębski to expand the scope of the presented data and create a new 

database, SURDAT 3, in English. The changes referred to viscosity 

modelling (new models were discussed, the computer program was 

modified and calculations for new systems were made) as well as surface 

tension modelling (the correction parameters for the calculation of the 

surface area of the mono-atomic surface layer and the excess free energy  

of the surface phase were determined). These steps greatly expanded the 

database of the binary systems, for which it was possible to acquire 

information on the cited quantities. The works on the new version were 

twofold. On the one hand, an English translation was prepared, with a big 

help of J.F. Smith, PhD, who provided assistance in the proofreading  

and the substantive aspect, and on the other hand, the viscosity and surface 

tension modelling programs were modernized, and the physical properties 

for new systems were calculated. In this way, the database has been 

significantly enlarged. Similarly to the older versions, a CD is attached  

to the book, which includes the database installation program as well as an 

electronic version of the book in English. The database is accessible free  

of charge and commonly available at the A. Krupkowski Institute  

of Metallurgy and Materials Science of the Polish Academy of Sciences 

website: www.imim.pl, to be installed on a PC. 
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1. Introduction  

Experimental studies of the physical properties of lead-free solders 

were begun at IMIM PAS in1998. These solders were of a type that is in the 

process of replacing the traditional but more toxic Sn-Pb solders. These 

lead-free solders were based mainly on the Sn-Ag and Ag-Sn-Cu eutectics 

with additions of In, Bi, or Sb. By 2007 enough data had been determined 

[2007Mos3] for surface tension, density, and molar volume of pure metals, 

binary alloys, and selected multi-component alloys to justify organization 

into a database. 

The initial form (Fig 1.1) of this database is now known  

as SURDAT-1 and was made accessible free of charge  

at http://www.imim.pl. The numerical values presented in SURDAT were 

obtained during the implementation of: 

• The COST 531 program, 

• The ELFNET network, participated in by the members of the 

Associated Phase Diagram and Thermodynamics Committee, 

• The research programs, projects and networks participated in by 

IMIM PAN, in cooperation with the industrial institutes: Tele and 

Radio Research Institute in Warszawa and Institute of Non-Ferrous 

Metals in Gliwice.  
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Fig. 1.1. The SURDAT database issued in 2007 as a monograph, together 

with installation software [2007Mos3] 

 

In 2006, the SURDAT database was presented at the 16th 

Symposium on Thermophysical Properties, Boulder, CO, USA, and interest 

in the database was shown by personnel of the National Institute of 

Standards and Technology at Boulder Colorado, USA (NIST) [2006Mos4]. 

After the issuing of the monograph in 2007, the database was presented at 

the 2nd International Scientific and Technology Conference “Progress in 

Soldering Technologies” in Wrocław [2007Deb1, 2007Deb2]. Since 2007, 

the studies developing the database were continued within the scope of the 

research program “Project MSWN 4582/BT08/2007/33”, and modifications 

of the database were published and presented at foreign and local 

conferences [2007Mos4, 2007Gas1, 2008Gas1, 2009Gas1-3].  



10 
 

As suggested in [2010Gas1] and with cooperation between the 

authors of SURDAT and people at NIST, the SURDAT and NIST databases 

were combined in the new edition of SURDAT 2 and SURDAT 3. 

SURDAT 3 has also been expanded by adding meniscographic test 

results obtained here at IMIM PAS and by relevant data generously 

contributed by Polish industrial institutes. It also includes the elaborated 

software for the modeling of the surface tension and viscosity of multi-

component alloys with the application of their thermodynamic properties  

as well the physical properties of pure metals. New models have been 

developed here at IMIM PAN which allow the obtaining of a better 

correlation with experimental values than the correlation previously 

obtained [2009Gas3]. The cooperation with the local industrial institutes 

made it possible to expand the database with wetting characteristic such as 

wetting angle, wetting time and force, interfacial tension, as well as  

the eutectic and mechanical properties of solders and the joints of the 

soldered elements. The SURDAT 3 database was supplemented by the new 

test results obtained during the implementation of the COST MP0602 – 

HISOLD – Advanced Solder Materials for High Temperature Applications 

program, as well as by the wettability test results for the Sn-Zn eutectic 

alloys, with Bi, Sb and Li additions.  

In the option scheme of SURDAT 3 presented in Fig. 1.2, the new 

physico-chemical properties as well as the new component elements, which 

were not present in the base published in 2007, are denoted by the * symbol. 
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Fig. 1.2. Scheme of the options available in the SURDAT 3 database 

SURDAT 3 includes data concerning the following: 

• density (D), 

• surface tension (ST), 

• molar volume (MV), 

• viscosity (V), 

• electrical properties (RE, RY),  

• mechanical properties (H, SS, TS, YM), 

• meniscographic characteristics (WT, WA, IT), 

• DTA (liq, sol), 

• phase diagrams,  

 



12 
 

for the metals and alloys presented in Table 1.1. Table 1.1 presents data for 

10 metallic elements, 29 binary alloys, 20 ternary alloys, 6 quaternary 

systems, and 1quinary system. The red entries with the red * symbol denotes 

data for systems which were not available in the original SURDAT base of 

2007. 

  



13 
 

  

T
ab

le
 1

.1
. M

et
al

s 
an

d 
al

lo
ys

 in
 th

e 
S

U
R

D
A

T
 3

 d
at

ab
as

e 



14 
 

Tables 1.2 ÷ 1.6 present the information on the availability of the data for 

the particular systems. The + symbol in the given system does not denote 

the set of data for the given property, but it only points to the fact that the 

base includes the selected data for the selected property. The – symbol 

denotes a lack of any data for the given property.  

Table 1.7 shows the systems for which the DTA test results are available. 

 
 
Index of symbols: 

D – Density, 

ST – Surface tension, 

MV – Molar volume,  

V – Viscosity,  

RE – Resistance,  

RY – Resistivity,  

H – Hardness, 

SS – Shear strength, 

TS – Tensile strength, 

YM – Yang modulus,  

WT – Wetting time,  

WF – Wetting force, 

CA – Contact angle, 

IT – Interfacial tension. 
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Table 1.2. Metals in the SURDAT 3 database 

No Metals 

Properties 

Physicochemical Electrical Mechanical 

D ST MV V RE RY H SS TS YM 

1 Ag + + + + - - - - - - 

2 Al + + + + - - - - - - 

3 Au + + + + - - - - - - 

4 Bi + + + + - - - - - - 

5 Cu + + + + - - - - - - 

6 In + + + + - - - - - - 

7 Pb + + + + - - - - - - 

8 Sb + + + + - - - - - - 

9 Sn + + + + - - - - - - 

10 Zn + + + + - - - - - - 

 
The base also includes selected data for metals, such as: the atomic mass, 

the melting and boiling point, the crystalline structure (at room temperature) 

and the covalent and atomic radius.  
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2. Basics of solder material wetting 

2.1. Wettability 

 
 Wettability is the property describing the character of the connection 

between the liquid and the solid phase in a system of three phases, of which 

one is solid (often treated as the so-called substrate), one is liquid and one  

is gaseous or liquid. The system of the surface forces at the point situated  

on the contact line of the three phases (Fig. 2.1.1.) determines the shape of 

the liquid phase’s surface and the force of the connection. Wettability is not  

a measurable physical quantity; it presents the system of the surface forces 

in a descriptive manner. We can thus designate the wettability as good  

or constant, and these qualifications can merely be utilized for the 

technological purposes.  

 Wettability is characterized by the so-called wetting angle θ, which 

is a measurable physical quantity. Figure 2.1.1 presents the system of the 

surface forces existing in the case of a drop of liquid resting on a horizontal 

chemically inert and non-deformable substrate, in the atmosphere of an inert 

gas. The forces are referred to the unitary surface and, in this form, they are 

called interfacial tensions. They are denoteed as follows:  

• for solid phase in contact with gas: σSV, 

• for liquid phase in contact with gas: σLV, 

• for contact of solid and liquid phase: σSL. 

The first two quantities also refer to surface tensions. 
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Fig. 2.1.1. Surface forces for the system: drop of liquid-horizontal substrate-

gas. a) good wettability, b) lack of wettability 

 

Interfacial tension is connected with the Gibbs free energy of the system  

of two phases, in the following manner: 

��� � ������� 	
,�        (2.1.1) 

where A designates the surface area of the phase boundary.  

From the system of the interfacial tensions presented in Fig. 2.1.1 we obtain 

the following relation, called the Young equation: �� � �� � ���⋅⋅⋅⋅ ��� θθθθ      (2.1.2) 

where: θ is the wetting angle. 

The work needed to create a connection with a unitary surface of two 

phases, that is the work of adhesion Wa, is described by the Dupré equation:  �� � �� � ��� � ��      (2.1.3) 

where Wa is the work of adhesion. 

The result of a combination of formulae (2.1.2) and (2.1.3) is formula 

(2.1.4), called the Young–Dupré equation. �� � ���⋅⋅⋅⋅�� � ��� θθθθ�      (2.1.4) 
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Equation (2.1.4) implies that with the increase of the wetting angle θ, the 

work of adhesion decreases, which is understood as the drop of wettability. 

It is assumed that the wettability is weak for the wetting angles exceeding 

90o, and it is good for those significantly lower than this border value.  

The Young equation (2.1.2) implies that: 

����θθθθ� � ��������        2.1.5) 

Fig. 2.1.2. illustrates the relation between the quantity of the difference 

(σSV–σSL) and the surface tension of liquid σLV, and the wetting angle θ.  

It can be seen that the occurrence of wettability (θ <90º) depends on the sign 

of the difference (σSV–σSL), and not on the surface tension of the liquid. 

 

Fig. 2.1.2. Relation of the wetting angle value on the surface tension and 
interfacial tension values in a system of three phases s-l-g, determined by 

the Young equation 
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However, with higher values of the liquid’s surface tension, a slight change 

in the value of the difference (σSV–σSL) can result in a transition from  

the state of wetting to the state of no wetting, or vice versa. The σSV value 

does not change with the change of the liquid in the systems of the given 

substrate, and so the wettability is determined by the σSL value. The higher  

it is, the better the wetting. 

In the practical aspect, the concept of wettability is connected with 

its application in material technologies. The latter mostly relates to the 

creation of stable connections of different phases, mainly soldered joints. 

Coating steel products with a protective layer of zinc (hot-dip galvanizing) 

also requires achieving a high quality wetting of the steel by the zinc-based 

liquid alloy. In the production of various composites, e.g. fibres of a ceramic 

material in metal (Al/Al2O3), good wettability determines the proper 

mechanical properties. 

Wettability is also a very significant element determining the course 

of high temperature metallurgical processes. In the first place, one can 

mention the effect typical for the steel metallurgy, that is interaction 

between fine (normally 1 – 100 µm in diameter) particles of non-metallic 

precipitates, mainly of the oxide- and more seldom of the nitride- and 

sulfide type, which are the product of steel deoxidation. The low wettability 

of these particles makes them tend to create interconnections under  

the effect of the surface forces. Such connection of two particles in liquid 

metal is stable. The result is a progressing agglomeration of particles, which 

facilitates their outflow, according to the Stokes law [1992Muk]. 

The same mechanism is also responsible for the adhesion of non-metallic 

precipitates into ceramic surfaces of metallurgical aggregates.  

This phenomenon is usually advantageous from the point of view of the 
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steel purity; however, it sometimes causes the overgrowth of the canals  

of small sections, e.g. of the nozzle in a crystallizer of continuous steel 

casting. Similar problems are also typical for the aluminium metallurgy. 

The above description implies that, in realistic processes, the inter-

location of 2 or 3 phases in the system where the wetting takes place, can  

be very diverse. The surface of the solid phase can have a flat, oval  

or cylindrical shape and it can be situated at different angles with reference 

to the horizontal. The actual wetting conditions of the phases in the 

processes of material technologies divert from the ideal case, for which one 

can apply equations (2.1.2 – 2.1.4). The most significant differences are 

related to the following: 

• The presence of impurities which physically modify the conditions 

of the phase contact, such as the layer of the adsorbed gas on a solid 

or liquid surface, the layer of the substance being the result  

of oxidation (e.g. Al2O3 on the surface of Al), or minor outside 

impurities. 

• The effect of the components of the liquid phase, consisting in the 

lowering of the surface tension σLV by one or more elements, which 

accumulate in the surface layer. Especially strong is the effect  

of oxygen and sulphur, which are typical surface-active components. 

• The occurrence of a chemical reaction between the solid and liquid 

phase, which can result in:  

a) a change in the chemical composition of the phases (especially the 

liquid one) in the area of their contact surface, 

b) a change of the character of the solid phase’s surface by the 

reaction products, and in consequence, a change in the surface 

tension values σSV, and σSL. 
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• The occurrence of porosity and irregularity of the surface. 

The work of adhesion is equivalent to the change in the Gibbs free 

energy, in the process in which, in the initial state, two phases – solid and 

liquid – are separated, and in the final state, they create a connection.  

This work consists of a physical and a chemical part. The physical part  

is exclusively connected with the surface energy balance, and the chemical 

one – with the sequence of the chemical processes, which leads to the 

creation of one or more new phases. The Young–Dupré equation describes 

the ideal case, when the chemical part does not occur. However, under the 

conditions of a real experiment, even when the chemical part can be 

negligible, additional effects take place, such as the porosity of the surface 

or the presence of fine solid particles or gases. 

 

2.2. Wettability forming factors 

 An additional factor which modifies the state of equilibrium at the 

contact point of three phases is the presence of a flux. The job of a flux  

is to prepare the surface of the substrate, which, through the elimination  

of the impurities, should cause the lowering of the σSV value, and also  

the improvement of wettability, that is the lowering of the wetting angle’s 

value. A liquid flux, providing that it is introduced in a proper amount, 

constitutes the third phase in the system, together with a solid substrate and 

a liquid solder. In this case, the Young equation assumes the following 

form: �� � �� � ���⋅⋅⋅⋅ ��� θθθθ      (2.2.1) 
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where σSF and σLF designate the interfacial tensions between, respectively, 

the solid substrate and the flux, and the liquid solder and the flux.  

The interfacial tension between the substrate and the flux is described by the 

ability of the flux to dissolve impurities. 

 A significant element modifying the wettability is the presence  

of surface-active elements in the liquid metal, mainly oxygen, which change 

the value of the surface tension σLV, and also, the application of a flux, σLF. 

Such situation causes the lowering of the wetting angle. On the other hand, 

with high partial pressures of oxygen, the surface of the liquid solder 

becomes impure because of the oxide in the liquid or sold form, which 

drastically lowers the wettability. For example, the work [2007Sob1] 

presents the results of the tests of the behaviour of liquid tin placed  

on a copper substrate. Under the atmospheric pressure, which means  

a significant degree of oxidation of both surfaces forming the connection, 

the wetting angle equaled 136°. Here we can state a lack of wettability. 

However, if the test is conducted under a much lower pressure, 2·10-4 Pa, 

the wetting angles’ value will drop to 52°. In the case of the application  

of a feeder which mechanically removes the outer oxidized tin layer,  

and under a lower pressure, one can obtain the wetting angle equaling 23°. 

 

2.3. Wettability as technological property – wetting dynamics 

One of the conditions for the applicability of the Young equation  

is an ideally smooth and clean surface of the substrate. It is also assumed 

that there are no chemical interactions between the phases. Under such 

conditions, the shape of the drop of liquid resting on the substrate, and  

so the contact angle θ as well, should not change in time. In fact, when the 
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time of the liquid’s (liquid alloys’) contact with the base increases, one can 

observe a change in the shape of the drop and a decrease of the value of the 

contact angle θ. The work of Moser et al. [2011Mos1] presents the results  

of an experimental determination of the wetting angle by the sessile drop 

method (experiment performed according to the scheme in Fig. 2.1.1), 

which imply that, for tin alloys containing about 3% Ag, about 0.5% Cu and 

2 – 14 % In, on a Cu substrate and at 250°C, the wetting angle significantly 

decreases with time: 

1)  After 4 s from the beginning of the experiment, the wetting angle 

values equaled 69-81, whereas after 600 s, they were 25° – 32°. 

2) A significant change in the wetting angle value takes place in a time 

shorter than 100 s. 

As the effect described above is commonly observed, one can pose  

the question whether to treat the initial value of the wetting angle  

as the equilibrium one, or rather the final value thereof. The former concerns 

a system in which the surface impurities, e.g. the adsorbed gases, play  

an important role. As for the latter, it can include the effect of the chemical 

reaction between the liquid metal and the substrate. From the point of view 

of the quality of the connection, the final value of the wetting angle is more 

significant. 

 

2.4. Wetting time 

The concept of wetting time as a characteristic measurable quantity 

refers to the procedure of the meniscographic measurement which in fact 

directly determines the value of the vertical component of the surface force 

(P·σLV·cosθ), where P designates the length of the contact line of the liquid 
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with the immersed solid material. This concept concerns the initial stage  

of the process, when, after the immersion of the solid element in the liquid 

alloy, the surface force counterbalances the buoyant force. The tin-based 

lead-free solders, such as 91.4Sn/4.1Ag/0.5Cu/4In and 

88Sn/3.5Ag/4.5Bi/4In, examined at 245 °C demonstrate the wetting time 

values of 0.7 – 0.8 s, which are only slightly higher than those for  

the 63Sn37Pb alloy. It is considered that in the case of wave soldering,  

the wetting time should be less than 1 s, and these conditions are fulfilled  

by the alloys of a quite diverse composition. With reflow soldering,  

the required wetting time must be lower than 2 s.  

The effect of temperature on the wetting time is very strong. Glazer 

[1995Gla] states that the Sn-eutectic wets the tin 5 times faster at 210 °C 

than at 170°C. In the case of the Sn-Zn-Ag-Al-Ga alloy, gallium in the 

amount of 2 % significantly shortens the wetting time at 220 °C (by 1/3).  

At higher temperatures, this influence is weaker. 

 

2.5. Wetting force 

Wetting force is determined in the meniscographic experiment.  

It operates on the line of contact of three phases: the liquid alloy, the gas and 

the sampler, which is a homogeneous bar with a constant surface of the 

horizontal section and the perimeter P. The value of the vertical component 

of the wetting force is given as: 

Fw = σσσσLV·P·cosθθθθ       (2.4.1) 

The meniscographic test records the vector sum of the vertical component  

of the sampler’s wetting force and the buoyant force operating on the 

sampler. The zero value of the wetting force refers to the beginning of the 
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experiment – the zero immersion of the sampler. The course of the wetting 

curve for the given type of soldering alloy and sampler, at a constant 

temperature, depends on the perimeter of the sampler and the depth  

of the immersion. Thus it is difficult to compare the wetting force values  

for different materials. The results of the wetting force tests presented  

in the literature are usually of the order of a few mN. 

 

2.6. Structure of solder-substrate joint 

 The creation of a soldered joint above all requires the wetting  

of the substrate by the liquid phase. Next, as a rule, a joining layer  

is formed, built of intermetallic compounds, and this requires a partial 

dissolution of the substrate material by the liquid solder. This layer becomes 

thicker at a rate which is determined by the diffusion of the components  

of the forming compound. The growth rate is proportional to t1/2 or t1/3.  

The temperature effect on the layer’s growth rate depends on the diffusion’s 

activation energy. 

 In the case of the application of tin and the eutectic Sn-Cu, Sn-Ag 

and Sn-Bi alloys, as well as one such as Sn-Ag-Cu, the same intermetallic 

compounds are formed: Cu3Sn on the side of the Cu substrate and Cu6Sn5 

on the side of the solder. Ag and In do not form intermetallic compounds  

in this case. With a Ni substrate, Ni3Sn2 and Ni3Sn4 compounds are created. 

In the case of the Sn-Zn or Sn-Zn-Bi alloys, the formation of the Cu5Zn8 

compound is observed, which forms a layer on the copper substrate 

[2006Liu2]. 
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3. Experimental methods 

3.1. Maximum bubble pressure method 

 

Fig. 3.1. . Experimental arrangement for the surface tension measurements  

by the maximum bubble pressure method 

The maximum bubble pressure method was used in the surface 

tension measurements. The method is based on the known capillarity 

equation:  

� � �� �∆� [N/m]       (3.1.1) 

describing the relation between the surface tension σσσσ, the radius  

of the capillary r and the pressure ∆∆∆∆p necessary to form and to detach  
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the gas bubble from the end of the capillary. The ∆∆∆∆p 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]     (3.1.2) 

∆� �  �!"#" � !�#�� [N/m2]     (3.1.3) 

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

g - the acceleration of gravity, ρρρρa and ρρρρm - 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.3.1. The surface tension calculated from 

Eq.3.1.1 presents the approximate value; thus, the exact values of surface 

tensions were calculated using the procedure proposed by Sugden 

[1922Sug]. 
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3.2. Dilatometric method  

 

Fig. 3.2. 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. 3.2) 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: 

! � "�           (3.2.1) 
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� � $%�&'         (3.2.2) 

In equation (3.2.1) and (3.2.2) ρρρρ 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. 

 

3.3. Meniscographic method 

The meniscographic studies are applied in the observation  

of the dynamic process of wetting through the measurement of the force 

which operates between the immersed sampler and the liquid solder,  

in the given time. In a sense, they constitute a simulation of the first stage  

of soldering, when the soldering alloy is still liquid. 

 

3.3.1.Physical bases for meniscographic measurements 

a)       b) 

 

   

Fig. 3.3.1. Wetting cases a) non-wetted surface θθθθ > 90°,  

b) wetted surface θθθθ < 90° 
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Figure 3.1.1 presents two cases when the sampler is immersed in the liquid 

alloy. In Fig. 3.1.1a, the solid surface of the sampler is not wetted  

by the alloy, whereas in Fig. 3.1.1b, the wetting takes place. The character 

of the interaction between the solid surface and the alloy depends on the set 

of the surface (or interfacial) tensions which are formed as a result  

of the molecular interaction between: 

• The solid and the liquid phase     -   σσσσSL,      

• The solid and the gaseous phase   -   σσσσSV ,     

• The liquid and the gaseous phase  -   σσσσLV,   

            - or σσσσSF and σσσσLF, when the flux replaces the gaseous phase.  

 

The state of equilibrium of this system is described by the Young equation: 

σσσσSV+σσσσSL+σσσσLV=0       (3.3.1) 

where: σσσσSV - the interfacial tension between the substrate and the gaseous 

phase,  

σσσσSL - the interfacial tension between the liquid alloy and the substrate, 

σσσσLV - the surface tension between the liquid alloy and the gaseous phase. 

When a flux is applied, the equation describing the state of equilibrium 

assumes the following form: 

σσσσSF+σσσσSL+σσσσLF=0       (3.3.2) 

where: σσσσSF - the interfacial tension between the substrate and the flux,  

σσσσLF - the interfacial tension between the liquid alloy and the flux. 

If the sampler is wetted by the alloy, the meniscographic method determines 
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and records in a continuous manner the difference of the vertical 

component’s value of the wetting force, originating from the surface tension 

Fw, and the buoyant force Fg: 

Fr = Fw - Fg        (3.3.3) 

 

where: Fr   - the measured resultant force, 

Fw  - the vertical component of the wetting force, 

Fg   - the buoyant force. 

 

In the state of equilibrium, the above relation can be noted by means  

of the Laplace’s equation [1989Kle]:  

 

Fr = σLV ⋅⋅⋅⋅  l ⋅⋅⋅⋅  cos θθθθ - ρρρρ ⋅⋅⋅⋅ V ⋅⋅⋅⋅  g       (3.3.4) 

Or, in the case of the flux application:  

Fr = σLF ⋅⋅⋅⋅  l ⋅⋅⋅⋅  cos θθθθ - ρρρρ ⋅⋅⋅⋅  V ⋅⋅⋅⋅  g      (3.3.5) 

where: 

Fr – the value of the force measured by the meniscographic system, 

σσσσLV – the surface tension between the liquid alloy and the gaseous phase 

(air),  

σσσσLF – the interfacial tension between the liquid alloy and the flux, 

L – the perimeter of the sample (in the horizontal section), 

ρρρρ - the density of the soldering alloy at the measurement temperature, 

P – the surface area of the sample’s horizontal section,  

h – the depth of the sample’s immersion,  
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g – the gravitational constant (9.81 m/s2). 

The above relations (3.3.3-3.3.5) constitute the basis for the two most 

important applications of the meniscographic method: 

• The measurement of the surface or interfacial tension (when a flux  

is used) of the liquid alloy, 

• The measurement of the wetting time and force in an experiment 

simulating the real soldering process. 

 

3.3.2.  Surface and interfacial tension measurements by the Miyazaki 

method [1997Miy]  

This method is dynamic in character, and it consists in vertical 

immersion of the sampler made of a material non-wettable by the liquid 

alloy, such as Al2O3 or Teflon, at a constant rate, in the liquid solder.  

The wetting angle of the sampler θ is initially slightly smaller than π (180 °), 

but after exceeding a certain critical immersion value, it reaches the π value, 

which corresponds to a complete decline of wettability. The force operating 

on the sampler, which originates from the surface tension, from this moment 

on, is directed vertically up. In the system: sampler-liquid  

solder-atmosphere, the following vertical forces operate: 

• the sampler’s weight, 

• the buoyant force, 

• the force originating from the surface tension. 

The weight of the sampler is usually counterbalanced through the calibration 

of the meniscograph, which is a device recording the forces in the wetting 

process, and so, it is not considered during the measurement. The values  

of the two remaining forces depend on the depth of the sampler’s 
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immersion, its perimeter and the surface tension between the liquid alloy 

and the air, or the interfacial tension between the liquid alloy and the flux,  

in the case when a flux is applied. When there is a complete lack of 

wettability, the force operating on the sampler is directly proportional  

to the immersion depth. In diagram Fr = f(h), this is indicated by a straight 

line (Fig. 3.3.2). It can thus be inferred that the ordinate of the conventional 

point of transition of diagram Fr = f(h) into a straight line (described  

by extrapolation) determines the value of the surface tension of the liquid 

alloy in air or of the interfacial tension: liquid alloy/flux,  

if the measurements include the use of the latter. 

 

Fig.3.3.2. Scheme of meniscographic method according to Miyazaki 

[1997Miy] 
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The basic condition for a proper measurement of the surface  

(or interfacial) tension, when this method is used, is the achievement  

of the state of complete non-wettability of the sampler by the alloy. This  

is determined by both the surface properties of the sampler material and the 

properties of the applied flux; as for direct determination of the wetting 

degree, it is practically impossible in a meniscographic experiment.  

The latter results from the fact that the measurement of the surface tension 

requires the selection of the optimal sampler material and flux for the given 

alloy. The tests presented in Mizayaki’s work [1997Miy] imply that when  

a flux is not applied, there is the case of an undesirable wetting for five 

tested sampler materials, and the only exception is the behavior of Al2O3. 

The effect of the use of different fluxes has been shown  

in publication [2004Gas2], which describes the measurement of the surface 

tension of the Sn-Ag eutectic and additionally, also of the Sn-Pb eutectic, 

with 8 different fluxes. The selection criterion for the best flux was  

a relatively low value of the interfacial tension obtained in the measurement 

and a small scatter of results.  

 

 

3.3.3. Measurement of wetting time and wetting force 

Another application of the meniscographic method is a simulation of 

the soldering process and it consists in determining the wetting curve for an 

immobile sampler immersed in a liquid alloy. The wetting curve represents 

the change of the force operating on the immersed sampler from the side  

of the liquid alloy. The sample’s weight is counterbalanced through  

the calibration of the meniscograph and it is not considered in the analysis. 

An exemplary wetting curve can be seen in Fig.3.3.3. The vertical 
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component of the non-wetting force, that is the repulsive force (cosθ<0), 

assumes negative values in the diagram, whereas the wetting force assumes 

positive values.  

The experiment begins with constituting a contact between  

the sampler and the surface of the liquid alloy (point a). Next, the sampler  

is immersed in the alloy down to the determined level. 

 

Fig.3.3.3. Typical wetting curve obtained during a meniscographic test with 

the sampler immersed down to the predetermined depth 

 

The b-c interval with a constant value of the wetting force 

corresponds to the time needed to obtain the alloy temperature  

by the sampler, as well as the time required for the activation of the flux 

(among others, the flux evaporation). Depending on the thermal properties 

of the sampler and the type of the flux, this time can be significantly 

reduced; the soldering process can even begin already during the sampler’s 

immersion.  

Next, the solder starts to wet the surface of the sampler, and so the 
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wetting angle decreases. At point d, the alloy’s surface comes back  

to the horizontal and the angle θθθθ reaches the value of 90°. In the vertical 

direction, only the buoyant force is operating at that time. The time which 

has lasted from the beginning of the immersion to that point is called the 

wetting time (tw). At point e, the measured resultant force reaches the value 

of zero, which means that the buoyant force counterbalances the wetting 

force. 

Point f describes the force F1 which has been reached after the time of 1 s. 

At point g, the wetting force achieves the maximum value,  

and so the wetting angle assumes the minimal value. In the further course  

of the experiment, the wetting force can slightly decrease, e.g. as a result  

of the alloy’s reaction with the sampler. 

The meniscographic test results, which will be presented in this 

study, have been obtained with the use of two devices installed at the Tele 

and Radio Research Institute: the Solderability Tester MENISCO ST 60 

produced by Metronelec (France) and the Solderability Tester Mk6A made 

by General Electric (USA). The former was applied in the determination  

of the values of the surface and interfacial tension by the Miyazaki method 

[1997Miy] with the use of a non-wettable sampler. The second device,  

as well as copper wettable samples, were used to determine the wetting 

force and time, and through the application of the interfacial tension value 

obtained earlier, the wetting angles were calculated.  
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3.4. Sessile drop method 

3.4.1.  Apparatus for wetting test by sessile drop method 

 

The device used in the wetting tests is schematically presented  

in Fig.3.4.1. The apparatus consists of a pipe furnace in a horizontal system 

equipped with a loading mechanism making it possible to transfer  

the sample from the loading („cold”) zone of the furnace to the measuring 

(„hot”) zone, in which the test is conducted, as well as a video camera for 

the image recording. The furnace and the video camera are connected with  

a computer equipped with image recording software as well as furnace 

temperature controlling software. 

 

Fig. 3.4.1. Scheme of wetting angle test apparatus 
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Next to the wetting tests (the wetting angle measurement), the device 

makes it possible to measure the density and surface tension by the sessile 

drop method. The measurements are possible to be conducted within  

the temperature range up to 500 oC, under the conditions of low pressure,  

in the atmosphere of a protective gas (Ar and N2), or in air, with or without 

the presence of a flux. Before the measurement, the tested metal or alloy 

sample, previously mechanically cleansed and degreased with acetone,  

is next placed on a smooth horizontal substrate. The sample, together with 

the substrate, is placed in the loading part of the furnace. Depending  

on the needs, the heating of the sample can be conducted in two variants, 

that is the “slow” and the “quick” one. In the „slow” variant, after  

the sample has been placed in the loading part, the furnace has been tightly 

closed and the proper protective atmosphere has been determined,  

the sample is relocated to the central measuring part and it is heated 

uniformly with the heating of the furnace. In the “quick” variant, after  

the closing of the furnace, the heating of the measuring part is performed  

at the time when the sample remains in the loading part. After the measuring 

part has reached the predetermined temperature, with the use of the loading 

mechanism, the sample is relocated from the “cold” loading part to the “hot” 

measuring part. The heating of the sample up to the previously determined 

temperature is possible during a few seconds, instead of tens of minutes  

in the “slow” variant. The element affecting the improvement  

of the sample’s heating rate is a special block made of copper, placed  

in the measuring part of the furnace, which serves as a heat reservoir.  

In this method of heating, the transport of the heat into the substrate  

and the sample takes place not only by way of convection and radiation,  

but also through conductivity. 
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The measurement is controlled by special computer software, which makes 

it possible to: 

• program the measurement temperatures by assigning the so called 

step temperature profile, in which the temperature changes  

in the furnace can be performed upwards and downwards; 

• program the measurement duration time, as well as determine  

the duration time of the measurement at the particular temperatures; 

• program the number of the pictures shot in the particular stages – at 

intervals of 1s or longer; 

• record the time and temperature of the measurement (temperature 

measured at the sample, close to the heating elements  

of the furnace). 

After the measurement has been completed (the temperature profile  

has been implemented and the images have been recorded), the program 

performs the analysis of the images (the treatment of the recorded shots). 

Such collection of coordinates describing the shape of the drop (considering 

that a drop is a rotary figure with one vertical symmetry axis crossing the 

highest point of the drop) is applied in the calculation of the density  

and the surface tension. 
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Fig. 3.4.2. Scheme illustrating the method of calculating the density  

of the sessile drop [2004Kuc1] 

 

Figure 3.4.2 explains the idea of the assumed method for the density 

calculations. The density is calculated on the basis of the sum  

of the elementary volumes between the planes of the circles determined 

through a rotation of the pairs of the opposite points around the drop’s axis 

symmetry, according to the relation: 

! � "∑ ∆���         (3.4.1) 

where: m – mass of the sample, ∑ ∆��� - volume of the drop. 

The surface tension is calculated with the use of special computer 

software which numerically solves the Laplace’s equation for a set of points 
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describing the shape of the drop. The value of the surface tension  

is connected with the drop’s shape by way of the Laplace’s equation: 

� � �)� � �)�	 � ��)* � ! +      (3.4.2) 

)* - the radius of the drop’s curvature in its highest point, )� and )� - the radii of the drop’s curvature in  two perpendicular planes crossing 

the vertex of the drop, ρ- the density, g – the gravitational constant, z – the 

vertical coordinate. 

The surface tension was calculated with the use of computer software based 

on the method developed by Rotenberg et al. 1983Rot1]. The authors  

of this study have proposed a numerical solution of the Laplace’s equation, 

consisting in adjusting the generated curve to the points obtained in the 

experiment. The measure of the curve’s adjustment to the experimental data 

is the sum squares of the distance of the experimental points from  

the generated curve. 
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3.5. Viscosity measurement by capillary flow method 

The viscosity measurement by the method of the liquid flowing 

through the capillary tube is based on the Hagen-Poiseuille’s law, which 

states that the rate of the laminar flow of the liquid is inversely proportional 

to the viscosity coefficient and the capillary’s length and directly 

proportional to the difference of pressure between the capillary’s end and 

the surface of the liquid in the reservoir, as well as the capillary’s radius  

to the fourth power. This equation is expressed by the formula below: 

�, � $∆��'-./         (3.5.1) 

V- the volume of the liquid [m3] which has outflown after the time t [s],  

∆p – the pressure difference [Pa], r – the capillary radius [m],  

η – the viscosity coefficient [mPa⋅s], l – the capillary’s length [m]. 

 

Fig.3.5.1. Scheme of the viscosity measurement method 
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By measuring the V, t and ∆p and after reformulating equation (3.5.1), one 

can calculate the dynamic viscosity coefficient from the following equation: 

. � $�'-		/		� 	∆�        (3.5.2) 

The Hagen-Poiseuille’s law in the form of (3.5.2) can be applied for the 

determination of η only in the case when the liquid flows out of the 

capillary tube under the effect of the constant pressure difference  

∆p between the capillary’s end and the surface of the liquid in the reservoir. 

One should thus make sure that the pressure in the reservoir is much higher 

than in the hydrostatic one. What is more, the reservoir’s diameter should  

be as big so as the outflow of very little amounts of liquid will not cause  

a significant change in the pressure ∆p, as a result of the change of the 

hydrostatic pressure. 

In the case of the free flow of the liquid under the effect of the changing 

hydrostatic pressure (lowering of the height of the liquid’s column H in the 

reservoir), both the volume V and the pressure ∆p as well as the liquid’s 

height in the reservoir H are functions of time: V=V(t), ∆p=∆p(t)  

and H=H(t), and equation (3.5.1) assumes the following form:  

1��,�1, � $∆���,��'-./        (3.5.3) 

where ∆p1(t) is the pressure in the time t.  

As the hydrostatic pressure changes together with the height of the liquid’s 

column H(t) in the reservoir (Fig. 3.5.1), equation (3.5.3) should be noted  

in the form below: 
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$)�1&�,�1, � $! �'-./ &�,�       (3.5.4) 

which implies that:  

1&�,�&�,� � $! �'-./)� 1,       (3.5.5) 

After introducing the constant α equaling: 

αααα � $! �'-./)�        (3.5.6) 

into equation (3.5.5), the latter is brought to the following form: 

1&�,�&�,� � αααα	1,        (3.5.7) 

From the above one can determine the height of the column of liquid Hf  

in the reservoir (Fig.3.5.1), that is the hydrostatic pressure at a random time 

t during the free flow of the liquid from the reservoir. By integrating 

equation (3.5.7) in the time range from 0 to t and from Hs to Hf,  

2 1&�,�&�,� � 2 αααα	1,,*&3&�        (3.5.8) 

one can obtain the following relation (3.5.9): 

/4 &3&� � �αααα	,        (3.5.9) 

and next (3.5.10) 
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&3 � &�56�	��αααα	,�       (3.5.10) 

which makes it possible to calculate the height of the column of liquid  

in the reservoir after the time t (Fig. 3.5.1). By determining the time of the 

flow of different liquid volumes from the reservoir on the capillary tube,  

one can assume the parameter α for equation (3.5.10) and next calculate  

the viscosity from relation (3.5.6).  

As the experiment is performed by way of measuring the outflow time  

of the particular liquid volume which is contained between the heights Hs 

and Hf of the reservoir (Fig. 3.5.1), one can substitute the change of the 

height from Hs to Hf at the time t by a mean value Hm, which is calculated 

as the surface area S under the curve (3.5.10) divided by the time  

of the liquid’s flow t. By first calculating S as the below integral:  

 � 2 &� 56���αααα	,� 1, � 	� &�
αααα
5�αααα, �,* &�

αααα
    (3.5.11) 

and after dividing it by t, one obtains the mean (substitute) value  

of the height Hm: 

&" � , � &�
αααα	, �� � 5�αααα	,�      (3.5.12) 

After the introduction of relations (3.5.9) and (3.5.10) into equation (3.5.12), 

the equation for the substitute height Hm is determined: 

&" � &��&3/4&��/4&3       (3.5.13) 
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which is the function of the initial height - Hs (t=0) and the final height - Hf 

after the time t in which the liquid’s volume V flows out of the reservoir 

into the lower container, under the changing hydrostatic pressure ∆p1(t): 

∆�� � ! &��&3/4&��/4&3       (3.5.14) 

When expression (3.5.14) is substituted into (3.5.2) and the Hagenbach 

correction .& [1983Sch] is considered for the drop of the kinetic energy  

of the stream of liquid, calculated from the formula below:  

.& � � �!-$/,        (3.5.15) 

one obtains the following equation: 

. � $�',! �&��&3�-/��/4&��/4&3�� �!-$/,      (3.5.16) 

This allows for the calculation of the dynamic viscosity coefficient  

of the liquid of density ρ on the basis of the experiment, in which the liquid 

volume V occupying the space between the height Hs and Hf flows out,  

at the time t, of the capillary of radius r and length l.  

When the capillary tube is immersed in the liquid accumulating  

in the lower container, one should consider the correction for the change  

of the pressure ∆p2(t) connected with the increase of the liquid’s level in the 

lower container. 

By conducting such analysis as that for the reservoir, one can express  

the change of the pressure ∆p2(t) by means of the following relation:  

∆�� � ! 7��73/47��/473  [Pa]     (3.5.17) 
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in which: N is the depth of the capillary’s immersion before the liquid 

suction in the reservoir [m], Ns=Vs/ (π Φ2/4) is the depth of the capillary's 

immersion at the beginning of the measurement, that is after the suction of 

the liquid of volume V into the reservoir (t=0) [m], Nf =N–Ns is the depth of 

the capillary's immersion at the end of the measurement [m] that is after the 

outflow of the liquid of volume V, Vs is the volume of the liquid sucked into 

the reservoir [m3], Φ is the diameter of the lower container (crucible)  

[m] (Fig. 3.5.1), and the depth of the capillary N’s immersion, when the 

liquid flows in time t from the reservoir to the container. It is given by  

the relation below: 

N (t) = N – Ns e
-βt        [m]       (3.5.18) 

where 

β = -1/t ln Ns/N       (3.5.19) 

Ultimately:  

∆� � ∆�� � ∆�� � ! � &��&3/4&��/4&3 � 7��73/47��/473	   (3.5.20) 

Another equation for the pressure change caused by the increase  

of the liquid’s level in the lower container, as a result of the liquid’s outflow 

from the reservoir through the capillary tube, can be derived with  

the consideration of the fact that the volume of the liquid flowing  

out of the reservoir of diameter 2R and that flowing into the lower container  

of diameter Φ is the same. Then, the increase of the liquid’s level at the time 

t can be expressed by the ratio of the volume of liquid which has flown into 

the lower container to the latter’s surface area. This leads to the dependence 
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on the capillary’s immersion depth after time t and next to its substitution  

by the mean value Nm given in the equation: 

Nm= N – (4Vs/ π Φ2) + (2R/ Φ)2     [m]    (3.5.21) 

where: Ns – the depth at the beginning of the measurement [m] - equals: 

Ns = N – 4Vs/ π Φ2     [m]      (3.5.22) 

Vs is the volume of liquid sucked into the reservoir during the initiation  

of the measurement, expressed experimentally [m3], Φ is the diameter  

of the crucible [m] and Nm is the substitute measurement depth [m]. 

Ultimately, the pressure difference ∆p, which was substituted in equation 

(3.5.1), can be calculated from the formula below: 

∆� � ! �8��')�8� &��&3/4&��/4&3 �7 � '��$8�	    (3.5.23) 

The derived relations were verified in the viscosity measurement for carbon 

tetrachloride, water, methyl alcohol and the model liquid produced  

by Brookfield. First, the measurements of the change in the height  

of the liquid in the reservoir after time t were performed, and the results  

are presented in Figure 3.5.2. 



54 
 

0 100 200 300 400 500
t [s]

10

20

30

40

50

60

70

H
 [

cm
]

H2O

Hg

CCl4 CH3OH

 

Fig.3.5.2. Relation of the liquid column’s height on the effect of the outflow 

time for different liquids [2004Smi] 

The measurements fully confirm relation (3.5.12) which describes the height 

of the column of liquid in the container after time t, as such curve can  

be represented by the equation of the following form: 

&�,� � �5�αααα	,        (3.5.24) 

in which A is the initial height Hs of the liquid in the reservoir (Fig.3.5.1). 

From the determined value of parameter α one can then calculate  

the viscosity, by applying equation (3.5.6). The measurement results for  

the mentioned liquids (except for Hg) are presented in Figure 3.5.3 (crosses) 

in reference to the literature data (full line). 
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Fig. 3.5.3. Literature values of the viscosities of different liquids in the 

function of their experimental values (H2O, CCl4, CH3OH) [1986Wea], 

(LBrookfield) model liquid 

Figure 3.5.3 shows very good agreement of the experimental data with 

previously published literature values. This verifies the correctness  

of the whole deduction and of the derived relations for the case  

of the laminar liquid outflow through the capillary tube, that is for the 

Reynolds number Re < 2300, under the effect of the time-dependent change 

of hydrostatic pressure. In the tests, the value of the Reynolds number  

Re oscillated within the range of 1600-2000. In the case of mercury,  

the obtained viscosity value was burdened with a large error due  

to the significantly larger value of the Reynolds number (turbulent outflow) 

and thus it was not plotted into the diagram (Fig. 3.5.3). 
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Before the initiation of the tests, the metal or alloy was placed in the lower 

graphite crucible, on which a container with a capillary of known 

dimensions was installed, and both elements were placed in the alundum 

pipe of the furnace with winding. Next, the apparatus was tightly closed and 

the air was pumped out with a vacuum pump from the measuring space  

and the latter was then filled with protective gas (argon-hydrogen mixture). 

At the time of the heating of the measuring apparatus, protective gas was let 

through the latter for the period of over a dozen hours. With the use  

of a micrometric screw, the lower crucible was raised up to the moment 

when the liquid became in contact with the capillary, which was signaled  

by the rapid increase of the pressure of the gas flowing out of the capillary. 

Next, the capillary was immersed to the required depth and the system was 

thermostated for approximately 1 hour. As the further step, the liquid (alloy) 

was sucked from the crucible into the reservoir and the measurement  

of the time of outflow for the particular volume of liquid through  

the capillary was initiated.   
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3.6. Measurement of viscosity, density and surface tension by 

liquid outflow through the container orifice 

Roach and Heinein [2003Roa, 2004Roa, 2005Hen] proposed  

the method of a simultaneous measurement of the surface tension, viscosity 

and density. The equation which they derived originates from  

the well-known Bernoulli flow equation for inviscid liquids: 

9 � $��:� #       (3.6.1) 

This equation states that the maximal volumetric capacity of the liquid’s 

outflow Q (the volume V of the liquid flowing out at the time t) through  

the orifice of radius r, from the container (Fig. 3.6.1), in which the liquid’s 

meniscus is at height h, is proportional to the section area of the orifice  

ro and the rate of the outflowing liquid :� #. 

 

Fig. 3.6.1. Scheme of liquid’s discharge from the crucible of radius ro 
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In the case of viscid liquids, equation (3.6.1) is modified by the introduction 

of the discharge coefficient Cd, which is defined as the ratio of the actual 

(experimental) rate ue of the liquid in the orifice of radius  

ro to the theoretical one: 

;1 � <5:� #        (3.6.2) 

Under the conditions of volumetric flow, the coefficient expressed  

by equation (3.6.2) assumes the following form: 

;1 � 95$�*�:� #        3.6.3) 

The Bernoulli equation for the actual discharge: 

95 � $�*�;1:� #       (3.6.4) 

Taking into consideration also the effect of the pressure originating from  

the surface tension σσσσ, the authors [2003Roa, 2004Roa, 2005Hen] proposed 

the relation below: 

95 � $�*�;1=� �# � �! ��	      (3.6.5) 

The parameter Cd is indirectly connected with the Reynolds number  

Re by the equation which, beside viscosity ηηηη and density ρρρρ of the liquid 

flowing through the orifice of radius ro, also includes Qe: 

)5 � �!<5. � �!95$�*.       (3.6.6) 

The comparison of equations (3.6.5) and (3.6.6) shows that the parameter 

Cd is connected with the Reynolds number by Qe, which is clearly seen after 

the rearrangement of formula (3.6.6) into the following form: 



59 
 

95 � $�*.)5�!         (3.6.7) 

Cd is the function of the height of the meniscus h. By experimentally 

determining Qe for a liquid of known viscosity, one can establish,  

for the particular diameter of the orifice 2r, the relation between Cd and Re 

in the form of a linear, parabolic or polynomial relation, and next apply  

it to calculate the surface tension, density and viscosity. 

 

To that end, we determine the height of the column of liquid he from 

equation (3.6.5): 

#5 � �� > 95;1$�*�?� � �! �*      (3.6.8) 

 

and next, after we insert into 3.6.8 an equation describing the dependences 

of Cd on Re, which is determined on the basis of the results of the reservoir 

calibration, e.g. in the form of a third degree polynomial: 

 

Cd=a4(Re)3+a3(Re)2+a2(Re)+a1    (3.6.9) 

where: ai are the coefficients calculated from the calibration results.  

We obtain a relation describing he as the function of the Reynolds number: 

#5 � �� > 95��'�)5�@A�@�)5��A��)5A���$�*�?� � �! �*   (3.6.10) 

 

After the insertion of expression 3.6.6 defining Re into equation 6.6.10,  

a further equation is obtained: 
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#5 � �� B 95
��'>�!95$�*.?@A�@>�!95$�*.?�A���!95$�*.A���$�*�

C
�
� �! �*  (3.6.11) 

As the measurements provide information on the mass of the liquid which 

flows out through the orifice in the bottom, whose density is unknown,  

one should replace the volumetric outflow Qe with the mass stream outflow 

Ve, defined by the equation: 

�5 � !95$�*�        (3.6.12) 

from which one can calculate Qe from the following relation: 

95 � $�*��5!         (3.6.13) 

After the insertion in equation (3.6.11), one obtains a new equation,  

in which the height of the meniscus is expressed by the stream  

of the liquid’s mass Ve which flows out of the container: 

#5 � 3��5� � �� D �5!��'���*�5. �@A�@���*�5. ��A�����*�5. 	A���E
� � �! �* (3.6.14) 

The measurement is used to determine the accumulated liquid mass Cm that 

is the mass of the liquid which has flown out after the given time t, i. e. one 

obtains a curve in the form of Cm=f(t), which can be approximated  

by the third degree polynomial: ;" � ∑ ;�,���'�F�        (3.6.15) 
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By calculating the derivative from (3.6.15) and by dividing it by the section 

area of the container’s orifice of radius ro, one obtains an equation 

describing the stream of the outflowing liquid Ve: 

 (3.6.16) 

By then inserting relation (3.6.16) into equation (3.6.13), one obtains  

a dependence for Qe expressed by the experimentally measured quantity  

of the accumulated liquid mass Cm, described by equation (3.6.15): 

95 � $�*��5! � @;',�A;@,A;�!       (3.6.17) 

which, after being inserted in equation (3.6.11), creates a dependence  

of Qe on the parameters describing the mass liquid outflow from  

the container through the orifice of radius ro. By substituting equation 

(3.6.16) into (3.6.15), or (3.6.17) into (3.6.11), one obtains a dependence  

of the liquid column’s height in the container after time t on the viscosity, 

density and surface tension. If the height in the function of time is expressed 

by an equation in the parabolic form: 

h(t)=h0+h1t+h2t
2       (3.6.18) 

then, in order to minimize the difference between the left and the right sides 

of equation (3.6.11) or (3.6.15), one can select such values of parameters  

hi (3.6.18), density ρ, surface tension σ and viscosity η so that the sum 

square of the differences for a few tens of time values t will be lower.  

This solves the problem in the determination of density, viscosity and 

surface tension from the measurements of the liquid mass which flows  

out of the container through the orifice of diameter 2ro.  

Another method of solving relation (3.6.15) has been proposed  

by the authors of the method [2003Roa, 2004Roa, 2005Hen]. Their basis 
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was a series expansion of equation (3.6.15) and next the creation of a proper 

system of linear equations, which are solved by the iteration method, with 

the specified accuracy δhe. The calculations of the surface tension, density 

and viscosity performed for the same parameter values Ci of equation 

(3.6.15) and ai of equation (3.6.10), for liquid tin at 723 K, and with  

the application of the procedure given by the creators of method [2003Roa, 

2004Roa, 2005Hen] and the minimization method presented above, resulted 

in values differing by about 2 %. They equal, respectively, 509 and 511.5 

mN/m for surface tension, 6.8 and 6.781g/cm3 for density and 1.26 and 1.23 

mP s for viscosity.  

The obtained exemplary calibration curve Cd=f(Re) can be seen  

in the Figure below:  

 

Fig. 3.6.2. Calibration curve of a crucible with a 0.0002 orifice [m], 

obtained from the measurements for water and tin, for different 

temperatures and heights of the tested liquid 
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The equation obtained from the measurements, describing the dependence 

of coefficient Cd on the Reynold's number Re assumes the following form: 

Cd= 2⋅⋅⋅⋅10-12Re3 – 4⋅⋅⋅⋅10-08Re2 + 0.0003Re - 0.0114    (3.6.19) 

The calculated standard deviation, according to the relation:  

      (3.6.20) 

equals 0.018.  

It should be noted that, in the measurement of density ρ by the dylatometric 

method, in the same experiment, when the mass of the applied liquid alloy 

in the container is known and the apparatus is equipped with a penetrator 

measuring the height of the liquid column, the problem of optimization  

is somewhat simplified, as one of the parameters is previously known  

and the number of selectable parameters is reduced by 1. Thus, in the case 

of the parabolic description of the height of the column of liquid  

in the container (3 parameters) after time t, the number of selectable 

parameters equals 5. 

Further improvement of the method consisting in the calibration  

of the container to the set volume occupied by the liquid makes it possible  

to directly determine the relation of the height of the column of liquid  

in the container on the particular outflow time, as well as to apply equations 

(3.6.5), (3.6.15) and (3.6.14) or (3.6.11) for the calculation of the surface 

tension and viscosity of the examined liquid (metal alloy). 
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4. Modeling of surface tension and viscosity 

4.1. Surface tension modeling 

The Butler’s equations introduced in 1932 in [1932But],  

are unquestionably one of the earliest relations making a connection 

between the surface tension of liquid solutions with molar surfaces  

and the activity of the elements in the liquid phase, which, with the correct 

assumptions, makes it possible to calculate the surface tension.  

When introducing the equations, the author assumed that the monatomic 

surface layer is a separate phase and that the molar surface  

of the monoatomic surface layer has the properties of an ideal solution, 

which comes down to the assumption that the partial molar surfaces are 

equal to the molar surfaces of the solution’s pure components. The relation 

derived by Butler for n-component solutions, is of the following form: 

 

 (4.1.1) 

The symbols present in equation (4.1.1) designate as follows: R – the gas 

constant, T – the temperature,σ – the surface tension of the n – component 

solution (alloy) and , , , , , , , , (i=1, n) – the 

surface tension, the molar surface, the activity, the activity coefficient  

and the concentration of component „i” in the surface layer (phase) (index 

S) or the volumetric phase (index B). 
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Depending on the number of components forming the solution, the number 

of independent equations (4.1.1) equals i=(1, n). The determination  

of the surface tension from equations (4.1.1) is possible if, beside  

the activity coefficient in the volumetric and surface phase, one also knows 

the molar surface of pure components „i”. In his work, Butler [1932But] 

does not suggest any way of calculating the molar surface,  

yet in the following years, to that end, the molar volume of liquid 

components began to be used, by the application of the following equation: 

 � � ���/@7�/@       (4.1.2) 

 

In equation (4.1.2), V designates the component’s molar volume, N is the 

Avogadro number and L is the geometrical parameter which, depending  

on the assumed atomic structure in the monoatomic surface phase (layer), 

takes different values.  

In 1957, Hoar and Melford [1957Hoa] performed an analysis of the change 

in the free energy connected with the creation of monoatomic surface layer 

of binary solutions, by way of: 

a) mixing, under the conditions of the monoatomic layer,  and  

moles of pure components 1 and 2 and next placing them on the 

surface of the solution (volumetric phase) and, 

b) introducing  and  moles of components into the solution, 

allowing for an intrinsic creation of the surface layer.  
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The analysis of the change in the free energy connected with the above 

processes has led the authors to the following equations: 

   

 (4.1.3) 

With the assumption that the change in the molar surface of the surface 

phase equals zero ∆S=0, the partial molar surfaces S1 and S2 become equal 

to the molar surfaces of pure components, and the relation (4.1.3) becomes 

identical to the Butler’s relation (4.1.1). Equation (4.1.3) is the most general 

form of the relation which allows for the calculation of the surface tension 

of binary solutions with the application of the physical and thermodynamic 

properties of the volumetric phase (solution). It should be emphasized that 

Hoar and Melford [1957Hoa] were the first to propose a different structure 

of the surface phase than that of the volumetric phase, assuming a close 

packing of atoms in the monoatomic surface phase, which corresponds  

to the value L=1.091 in equation 4.1.2. In 1972, Randles from the 

University of Birmingham and Behr from the Institute of Physical 

Chemistry PAN in Warsaw [1972Ran] derived equations which made  

it possible to model the surface tension from the thermodynamic properties 

of the volumetric phase, with the arbitrarily assumed thickness τ and the 

rectilinear change of the alloy surface depending on the concentration: 
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Relations (4.1.4), when the discussion is limited to the monoatomic layer, 

become identical to Butler’s equations [1932But] (Eq. (4.1.1)), and they 

make it possible to determine the thermodynamic properties of the surface 

phase for its given thickness. By performing calculations for different 

thicknesses of the surface phase, one can prove that already with  

the thickness equal to two atomic diameters, the excess free energy  

of the surface layer reaches values very close to those for the volumetric 

phase, which point to the fact that the discussion on the surface phase should 

in fact be limited to the case of monoatomic layer.  

As mentioned above, the Butler relations (4.1.1) have been the most 

extensively used for calculating surface tension. This results from their form 

which from the assumption that the partial molar surfaces are identical  

to those of the pure metals and equal to those calculated from the relation 

(4.1.2). 

The relation between the excess free energy of the monoatomic surface 

layer and that of the volumetric phase, expressed parameter β=0.83 was 

introduced by Tanaka et al. [1996Tan]. The latter set the value β from  

the thermodynamic analysis of the free energy of the surface phase  

and the volumetric phase. As a result, they obtained the following relation 

between the surface tension and the heat of evaporation referred to a unit  

of the surface area of the monoatomic surface layer (Eq. 4.1.2): 

          (4.1.5) 

The values β calculated by [1996Tan] for a few tens of metals are 

graphically presented in Figure 4.1.1, and the mean value established  

by the authors equals β=0.83 (0.833). This parameter connects the excess 
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free energy of the components in the volumetric and the surface phase  

by the equation: 

           (4.1.6) 

Relation (4.1.6) means that the partial excess free energy of component „i” 

in the surface phase of concentration XS is equal to the free energy of this 

component in the volumetric phase of the same concentration multiplied by 

coefficient β.  

It should be noted that the value of parameter β calculated by the least 

square method as the slope of a straight line σ=(1-β)Y, that is with the 

assumption that the surface tension equals zero and in the case when heat of 

evaporation equals zero, determines the value β slightly higher and equal to 

β=0.85 (0.847).  

 

Fig. 4.1.1. Relation of surface tension of metals on their heat of evaporation 

from the surface of monoatomic surface layer of a mole of atoms at melting 

point. [1996Tan] 
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The isotherms of surface tension presented in [1996Tan], [1999Tan], 

[1987Spe], [1989Yeu], [1992Lee], [1997Lee], [2001Tan], [1999Tan] 

[1999Yoo1] and [2005Kuc], for over z dozen binary systems, calculated 

from relation (4.1.1), with constant values of L=1.091 and β=0.83, (usually, 

1 isotherm per system), show quite good agreement of the experimental 

values with the calculated ones. However, none of the mentioned works 

performed an analysis of the temperature relations for selected 

concentrations, which would give a full picture of the correlations between 

the experimental and the calculated data. The studies of the surface tension 

conducted at IMIM PAN by the maximum bubble pressure method have 

allowed for a more detailed comparative analysis of the calculated and the 

experimental values of the surface tension in a wide temperature range.  

A graphical presentation of both sets of data, that is the experimental ones 

and those calculated from (4.1.1), is shown in Figure 4.1.2 on the example 

of a bismuth-silver system [2003Gas2], for which two basic discrepancies 

have been most clearly demonstrated. 

One of the above concerns the calculated curvilinear temperature relations 

of the surface tension for alloys of a higher content of Ag (XAg = 0.5, 0.75, 

0.95), and the other – the plus value of the temperature coefficient, that  

is the increase of the surface tension together with the temperature increase. 

It should be emphasized that the change in the value of parameter β cannot 

change the sign of the temperature coefficient of the surface tension for the 

opposite one, but it can merely heighten or lower the values of the surface 

tension at a given calculation temperature, with the preservation of the 

identical tendency of changes. A verification of this fact are the calculation 

results for the Ag – Bi and Ag – Sn alloys presented in Tables 4.1.1  

and 4.1.2. The calculations assumed different values of β, the concentration 
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of XAg = 0.25, the thermodynamic parameters given in the work [1993Kar], 

and the surface tension and molar volume data taken from the own 

measurements of [2003Gas2] and [2001Mos1]. 

 

 

Fig. 4.1.2. Temperature relations of surface tension for liquid Ag – Bi 

alloys, calculated with the use of thermodynamic parameters [1993Kar]. 

Symbols used to denote the experimental values and lines – the values 

calculated from the Butler’s relation (4.1.1) 

 

Table 4.1.1. Surface tension calculated from Butler’s relation (Eq. 4.1.1) for 

Ag – Bi alloys of concentration XAg = 0.25, different values of β and  

L = 1.091 

β 
σ973 Κ 

[mN·cm-1] 

σ1073 Κ 
[mN·cm-1] 

σ1173 Κ 
[mN·cm-1] 

σ1273 Κ 
[mN·cm-1] 

σ1373 Κ 
[mN·cm-1] 

0.75 470.87 478.47 484.68 489.56 493.15 

0.83 470.59 478.1 484.23 489.03 493.56 

0.9 470.35 477.78 483.84 488.57 492.04 
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Table 4.1.2. Surface tension calculated from Butler’s relation (Eq. 4.1.1) for 

Ag – Sn alloys of concentration XAg = 0.3 and different values of β and  

L = 1.091 

β σ873 Κ 

[mN·cm-1] 

σ973 Κ 
[mN·cm-1] 

σ1073 Κ 
[mN·cm-1] 

σ1173 Κ 
[mN·cm-1] 

σ1273 Κ 
[mN·cm-1] 

σ1373 Κ 
[mN·cm-1] 

0.75 653.87 659.80 662.47 662.01 659.01 654.04 

0.83 653.95 659.75 662.09 661.20 657.75 652.37 

0.9 654.01 659.69 661.73 660.45 656.61 650.87 

 

 

Another parameter applied in the surface tension modeling is the partial 

molar surface of the components (metals). The calculation procedure 

assumes (Eq. 4.1.1) that the molar surface of the solution (alloy) changes 

linearly between the molar surfaces of pure components, which comes down 

to the assumption that the partial molar surfaces of the components are equal 

to their molar surfaces calculated from Eq. 4.1.2. By analyzing the effect  

of the molar surfaces on the value of the calculated surface tension, with 

constant values of the remaining parameters, one can state its significant 

influence on the calculation results. The results of such simulation for  

an alloy from the system Ag - Bi, of concentration XBi = 0.25, are presented 

in Table 4.1.3 for the molar surfaces differing by ± 10% from the values 

calculated from equation (4.1.2). 
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Table 4.1.3. Effect of the molar surface value S on the surface tension 

calculated from the Butler’s relation (4.1.1) for an alloy from the system 

Ag-Bi, with the bismuth concentration of 0.25 (in molar fractions) 

S σ973 Κ 
[mN·cm-1] 

σ1073 Κ 
[mN·cm-1] 

σ1173 Κ 
[mN·cm-1] 

σ1273 Κ 
[mN·cm-1] 

σ1373 Κ 
[mN·cm-1] 

0.9*S 480.35 488.36 494.81 499.78 503.35 

1.0*S 470.59 478.10 484.23 489.03 492.56 

1.1*S 462.50 469.68 475.63 480.37 483.93 

 

The data presented in Table 4.1.3 imply that the changes in the molar 

surfaces, in a similar range as in the case of parameter β, cause much more 

significant changes in the modeled surface tension than those observed in 

the case of parameter β which sets the relation between the excess free 

energy of the volumetric phase and the surface phase. Thus, one can 

suggests that, in the case of large discrepancies between the calculated and 

the experimental values of the surface tension, one should look for the cause 

in the different values of the components’ molar surface than those 

concluded from equation (4.1.2). 

A very important factor affecting the calculated surface tension values 

(4.1.1) is the excess free energy of liquid alloys (of volumetric phase), 

calculated with the use of the coefficient of the equation describing the 

dependences of the excess free energy on the temperature and the content, 

that is, the so called thermodynamic parameters. As the literature analysis 

shows, their values established by different authors very often differ from 

each other, sometimes quite significantly, which will be demonstrated in the 

further part of the work. 

The calculated parameters can be treated as subjective, as, during the phase 

diagram calculations, different authors give different weight to the same test 
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results or reject some of them. Thus, very similar phase diagram calculation 

results presented by various research groups do not necessarily prove similar 

values of the developed and proposed thermodynamic parameters  

of the liquid phase. An example of this can be the elaboration of phase 

diagrams performed by [1996Xie] and [1988Che] et al., which,  

for the Ag – Sn system, showed good agreement of the equilibrium lines 

with the experimental results obtained by different research methods,  

with a large difference among the excess free energies for a mole of liquid 

alloy (Fig. 4.1.3). The surface tension values calculated with the application 

of the thermodynamic parameters [1996Xie] and [1988Che], in some 

concentration ranges, show differences which equal up to a few tens  

of mN·cm-1 (Table 4.1.4). 
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        a)                                                                b) 

 

        c)                                                                d) 

 

Fig. 4.1.3. Molar excess free energy of liquid Ag – Sn alloys at 773 K  

(a) and 1273 K (c) and excess free energies of Ag and Sn (b, d) calculated 

with the use of the thermodynamic parameters from the works [1996Xie]  

and [1988Che] 
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Table 4.1.4. Calculation results for the surface tension of an alloy from the 

Ag–Sn system, with concentration XSn = 0.3, obtained with the use of the 

thermodynamic parameters of the excess free energy of the liquid phase, 

coming from the works [1996Xie] and [1988Che] 

 σ873 Κ 
[mN·cm-1] 

σ973 Κ 
[mN·cm-1] 

σ1073 Κ 
[mN·cm-1] 

σ1173 Κ 
[mN·cm-1] 

σ1273 Κ 
[mN·cm-1] 

[1996Xie] 582 596 589 590 591 

[1988Che] 674 680 683 682 678 

 

Due to the significant discrepancies between the experimental data on the 

thermodynamic properties of the liquid phase obtained by different 

measuring methods and elaborated by different authors, it seems that good 

agreement, in a wide range of temperatures and concentrations, of the model 

and the experimental surface tension values can, on the one hand,  

be a criterion for the assessment of their correctness, and, on the other hand, 

the surface tension measurements can be used for the determination of the 

thermodynamic properties providing additional data to be applied in the 

thermodynamics of alloys, as it was presented in the works [2006Gas3] and 

[2011Gas].  

The comparative analysis of the calculated and experimental values  

of surface tension makes it possible to draw the following conclusions: 

1. The parameter set, β = 0.83 i L = 1.0901, proposed by the authors  

of [1996Tan] [1956Hoa], for surface tension modeling does not 

always provide results which are comparable with the experimental 

ones. 

2. For some binary systems, the discrepancies concern not only the big 

differences between the measured and calculated values of the 

surface tension, but also the opposite values of the temperature 



76 
 

coefficient of surface tension, which is expressed by the increase  

of the surface tension together with the temperature increase,  

as opposed to the measured values, which present the opposite 

tendency (drop of surface tension together with temperature). 

3. The change of the value of parameter β does not alter the character 

of the surface tension change for one similar to the experimental one, 

but merely raises or lowers its values within the whole temperature 

range of the calculations by a certain constant value. 

4. The strong curvilinear temperature relations of surface tension, 

observed for some alloys, often with its maximum at higher 

temperatures, do not find their confirmation in the experimental 

results. 

Due to the presented discrepancies between the model and experimental 

values of surface tension, work [2006Gas2] proposed new expressions  

for the calculation of parameter β and the molar surface of the monoatomic 

surface phase, whose application increases the correlation between  

the experimental data and the ones calculated from  relation (4.1.1, 4.1.3).  

 

4.1.1. Temperature relations of surface tension calculated from Butler’s 

model 

This chapter presents the temperature dependences of surface tension 

calculated from the Butler’s model together with the standard deviation for 

binary systems and the Ag-Cu-Sn system. The surface tension calculations 

included the application of the own data on the surface tension of pure 

components, presented in the form of equations: 

σAg = 1133.9541 - 0.1904719⋅T            [2001Mos2] 
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σAu = 1503.00 - 0.25000⋅T                [2004Smi] 

σBi = 405 - 0.0492⋅T              [2001Mos3] 

σCu = 1475.6 - 0.1422⋅T              [2005Mos2] 

σIn = 593.8 - 0.09421⋅T             [2001Mos2] 

σPb = 497.5 - 0.1096⋅T              [2001Gas2] 

σSb = 419 - 0.0561⋅T                [2004Gas2] 

σSn = 582.826 - 0.083361⋅T              [2001Gas2] 

σZn = 892.5 - 0.1246⋅T                  [2004Pst] 

The temperature relations of the surface tension calculated from the 

Butler’s model were presented in the form the following equation: σIJ � σIXI � σJXJ � ∆σIJ�	
σIJ � σIXI � σJXJ � XIXJL�aN � bNT � cNTlnT � dNTU��XI � XJ�NV

NFW  

or 

σIJ � σIXI � σJXJ � XIXJL�aN � bNT � cNTU��XI � XJ�NV
NFW  

where: 

XA, XB – mole fraction of A and B, 

σA, σB – surface tension of A and B, 

ai, bi, and ci – function parameters. 

 

Ag-Au 

σ = σAg·XAg+σAu·XAu+XAg·XAu· 

[(-128.79 +0.045836·T+0.00680219·T·lnT -0.00001833 ·T2)+ 

(243.86 -0.060170·T -0.00965926·T·lnT+0.00002163 ·T2) · (XAg - XAu)+ 

(-455.82+0.185348·T+ 0.02786783·T·lnT -0.00011934 ·T2) · (XAg - XAu)
2+ 



78 
 

(328.02-0.215276·T-0.03058366·T·lnT+0.00020777 ·T2) · (XAg - XAu)
3+ 

(-696.90+0.305482·T+0.05253429·T·lnT-0.00011031 ·T2) · (XAg - XAu)
4+ 

(767.94 -0.247998·T-0.05354872·T·lnT-0.00008074 ·T2) · (XAg - XAu)
5+ 

(-783.30+0.034526·T+0.03251694·T·lnT-0.00010342 ·T2) · (XAg - XAu)
6+ 

(622.05+0.151679·T-0.01182360·T·lnT+0.00010878 ·T2) · (XAg - XAu)
7+ 

(-265.20+0.568632·T+0.09529815·T·lnT-0.00048490 ·T2) · (XAg - XAu)
8+ 

(146.14 -0.777307·T-0.11440099·T·lnT+0.00066111 ·T2) · (XAg - XAu)
9] 

Standard deviation = 0.24 mN/m. 

Temperature range: 1123 K – 1773 K. 

 

Ag – Bi 

σ = σAg·XAg+σBi·XBi+XAg·XBi· 

[(-0.149287E+04 + 0.761469E+00 ·T - 0.121620E-03·T2) + 

(0.173843E+04 - 0.137566E+01·T + 0.403969E-03·T2) · (XBi-XAg) + 

(-0.190420E+04 + 0.233459E+01·T - 0.959588E-03·T2) · (XBi-XAg)
2 + 

(0.441925E+04 - 0.374690E+00·T - 0.161773E-02·T2) · (XBi-XAg)
3 + 

(-0.513947E+04 - 0.424837E+01·T + 0.511611E-02·T2) · (XBi-XAg)
4 + 

(-0.138488E+05 + 0.443033E+01·T + 0.339766E-02·T2) · (XBi-XAg)
5 + 

(0.164233E+05 + 0.462766E+01·T - 0.107320E-01·T2) · (XBi-XAg)
6 + 

(0.253252E+05 - 0.178596E+02·T + 0.943579E-03·T2) · (XBi-XAg)
7 + 

(-0.276606E+05 + 0.128574E+02·T + 0.356715E-02·T2) · (XBi-XAg)
8] 

Standard deviation = 2.6 mN/m. 

Temperature range: T=523 K-1473 K. 
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Ag-Cu 

σ = σAg·XAg+σAu·XAu+XAg·XCu· 

[(-982.68+0.262677·T+0.04028137·T·lnT-0.00013536·T2)+ 

(1625.72-0.693760 ·T -0.09772514 ·T ·lnT+0.00039080·T2) · (XAg – XCu)+ 

(-1142.64-0.084365 ·T+0.14883052·T ·lnT-0.00030951·T2) · (XAg – XCu)
2+ 

(884.43+0.115910 ·T -0.13503940 ·T ·lnT+0.00031221·T2) · (XAg – XCu)
3+ 

(-1834.68-0.167029 ·T+0.32995081·T ·lnT-0.00064483·T2) · (XAg – XCu)
4+ 

(786.99+0.928588 ·T -0.22033146 ·T ·lnT-0.00004961·T2) · (XAg – XCu)
5+ 

(-503.91-2.227133 ·T+0.30070463 ·T ·lnT -0.00010432·T2) · (XAg – XCu)
6+ 

(427.52+2.150896 ·T-0.24607041·T ·lnT + 0.00010187·T2) · (XAg – XCu)
7+ 

(-304.05-1.644333 ·T+ 0.52676684 ·T ·lnT-0.00098027·T2) · (XAg – XCu)
8+ 

(195.10+1.125710 ·T -0.50464926 ·T ·lnT+0.00113689·T2) · (XAg – XCu)
9] 

Standard deviation = 0.30 mN/m 

Temperature range: T= 1223 K – 1773 K. 

 

Ag-In 

σ = σAg·XAg+σIn·XIn+XAg·XIn· 

[(-0.118379E+04 + 0.937811E+00·T - 0.236329E-03·T2) + 

(0.542148E+03 - 0.845177E+00·T + 0.244210E-03·T2) · (XIn-XAg) + 

(0.117512E+04 - 0.604659E+00·T + 0.198968E-03·T2) · (XIn-XAg)
2 + 

(-0.126368E+04 + 0.279646E+00·T + 0.582528E-03·T2) · (XIn-XAg)
3 + 

(-0.301611E+03 + 0.207517E+00·T - 0.760798E-03·T2) · (XIn-XAg)
4 + 

(0.108103E+04 + 0.108580E+01·T - 0.141289E-02·T2) · (XIn-XAg)
5 + 

(-0.976049E+03 + 0.892292E-02·T + 0.105965E-02·T2) · (XIn-XAg)
6] 

Standard deviation = 1.2 mN/m. 

Temperature range: T =523 K-1473 K. 
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Ag – Sb 

σ = σAg·XAg+σSb·XSb+XAg·XSb· 

[(-0.184869E+04 + 0.119478E+01·T - 0.230032E-03·T2) + 

(0.192438E+04 - 0.166853E+01·T + 0.402689E-03·T2) · (XSb-XAg) + 

(-0.178450E+04 + 0.198100E+01·T - 0.409537E-03·T2) · (XSb-XAg)
2 + 

(0.228498E+04 - 0.329140E+01·T + 0.813957E-03·T2) · (XSb-XAg)
3+ 

(0.186812E+04 + 0.269826E+01·T - 0.255553E-02·T2) · (XSb-XAg)
4+ 

(-0.521756E+04 + 0.223883E+00·T + 0.263498E-02·T2) · (XSb-XAg)
5+ 

(0.127895E+04 - 0.736562E+01·T + 0.413016E-02·T2) · (XSb-XAg)
6+ 

(0.530285E+02 + 0.835367E+01·T - 0.576077E-02·T2) · (XSb-XAg)
7] 

Standard deviation = 0.9. 

Temperature range: T =873 K-1473 K. 

 

Ag-Sn 

σ = σAg·XAg+σSn·XSn+XAg·XSn· 

[(-1196.52-1.28986·T +0.319539·T·ln(T)-0.000332752·T2) + 

(-2288.32+10.2823·T-1.19297·ln(T)-9.46879E-005·T2) · (XSn-XAg) + 

(-4736.38+51.3672·T-7.0256·T·ln(T)+0.00218277·T2) · (XSn-XAg)
2 + 

(508.949+21.2309·T-3.36837·T·ln(T)+0.002235732·T2) · (XSn-XAg)
3 + 

(5470.9-31.5738·T+3.86967·T·ln(T)) · (XSn-XAg)
4 + 

(-277.125-0.373722·T) · (XSn-XAg)
5 - 910.691· (XSn-XAg)

6] 

Standard deviation = 1.4 mN/m. 

Temperature range: T=523 K-1473 K. 
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Au-Cu 

σ = σAu·XAu+σCu·XCu+XAu·XCu· 

[(94.97 +0.002865·T-0.00050101·T·lnT -0.00002177·T2)+ 

(-43.72-0.009243·T-0.00094336·T·lnT+0.00000558 ·T2)· (XAu – XCu)+ 

(-9.72 -0.008609·T -0.00071243·T·lnT +0.00002569·T2) · (XAu – XCu)
2+ 

(0.08-0.000511·T-0.00003730·T·lnT+0.00000219·T2) · (XAu – XCu)
3+ 

(27.03-0.021334·T -0.00300341·T·lnT+0.00000035·T2) · (XAu – XCu)
4+ 

(8.85  -0.003558·T -0.00059567·T·lnT-0.00000411·T2) · (XAu – XCu)
5+ 

(88.17-0.006967·T-0.00129433·T·lnT+0.00000026·T2) · (XAu – XCu)
6+ 

(3.16+0.001416·T +0.00011203·T·lnT+0.00000061·T2) · (XAu – XCu)
7+ 

(-46.64-0.024473·T -0.00243680·T·lnT +0.00002911·T2) · (XAu – XCu)
8+ 

(-5.45-0.001065·T-0.00015061·T·lnT +0.00000215·T2) · (XAu – XCu)
9] 

Standard deviation = 0.06 mN/m. 

Temperature range: T= 1323 K – 1773 K. 

 
Au-Sn 

σ = σAu·XAu+σSn·XSn+XAu·XSn· 

[(-1308.74+0.337166·T+0.06473997·T·lnT -0.00017182·T2)+ 

(-167.61+ 0.249078·T+0.03450839·T·lnT-0.00021232·T2) · (XAu – XSn)+ 

(539.07+ 0.376942·T-0.06569887·T·lnT -0.00013672·T2) · (XAu – XSn)
2+ 

(813.94-0.840101·T-0.12356500·T·lnT+0.00082397·T2) · (XAu – XSn)
3+ 

(522.70-1.459313·T -0.19136750·T·lnT+0.00179447·T2) · (XAu – XSn)
4+ 

(-1579.78+0.716893·T+0.08940023·T·lnT-0.00054143·T2) · (XAu – XSn)
5+ 

(-1858.58+1.486399·T+0.18602332·T·lnT-0.00165612·T2) · (XAu – XSn)
6+ 

(-73.31 +1.629518·T+0.36997327·T·lnT -0.00230965·T2) · (XAu – XSn)
7+ 

(-31.90 +2.600040·T +0.42347484·T·lnT-0.00300577·T2) · (XAu – XSn)
8+ 

(-232.50-4.312586·T+0.13173129·T·lnT+0.00192850·T2) · (XAu – XSn)
9+ 

(-349.57-4.214777·T-0.07544004·T·lnT +0.00285428·T2) · (XAu – XSn)
10] 
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Standard deviation = 0.20 mN/m. 

Temperature range T= 673 K – 1473 K. 

 
 

Bi – Sn 
σ = σBi·X Bi·+σSn·XSn+X Bi·XSn· 

[(-0.305468E+03+ 0.299480E+00·T - 0.947360E-04·T2) + 

(0.247886E+03 - 0.299949E+00·T + 0.102698E-03·T2)·(XSn-XBi) + 

(-0.412439E+03 + 0.658512E+00·T + - 0.268636E-03·T2)· (XSn-XBi)
2 + 

(0.425522E+03 - 0.736134E+00·T + 0.314682E-03·T2)· (XSn-XBi)
3] 

Standard deviation = 0.7 mN/m. 

Temperature range: T =523 K-1373 K. 

 

Cu – Sb 

σ = σCu·XCu+σSb·XSb+XCu·XSb· 

[(-0.254453E+04 + 0.869491E+00·T - 0.525369E-04·T2) + 

(0.303829E+04 - 0.236892E+01 ·T + 0.702098E-03·T2) · (XSb-XCu) + 

(-0.439107E+04 + 0.604184E+01 ·T - 0.242030E-02·T2) ·(XSb-XCu)
2 + 

(-0.170621E+04 + 0.106854E+02·T - 0.591391E-02·T2) · (XSb-XCu)
3+ 

(0.776173E+04 - 0.272121E+02 ·T + 0.141186E-01·T2) · (XSb-XCu)
4+ 

(0.451172E+04 - 0.285694E+02·T + 0.162044E-01·T2) · (XSb-XCu)
5+ 

(-0.861627E+04 + 0.498186E+02·T - 0.280224E-01·T2) · (XSb-XCu)
6+ 

(0.129271E+05 + 0.776027E+01·T - 0.910825E-02·T2) · (XSb-XCu)
7+ 

(-0.152099E+05 - 0.133876E+02·T + 0.134642E-01·T2) · (XSb-XCu)
8] 

Standard deviation = 2.6 mN/m 

Temperature range: T =873 K-1473 K. 
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Cu – Sn 

σ = σCu·XCu+σSn·XSn+XCu·XSn· 

[(-0.238198E+04 + 0.104937E+01·T - 0.126049E-03·T2) + 

(0.203605E+04 - 0.862612E+00·T - 0.186603E-04·T2) · (XSn-XCu) + 

(-0.122393E+04 + 0.104175E+01·T - 0.155827E-03·T2) · (XSn-XCu)
2 + 

(0.241711E+04 - 0.421994E+01·T + 0.162659E-02·T2) · (XSn-XCu)
3+ 

(-0.229390E+04 + 0.358032E+01·T - 0.148493E-02·T2) · (XSn-XCu)
4+ 

(0.103584E+03 - 0.212607E+01·T + 0.112093E-02·T2) · (XSn-XCu)
5+ 

(-0.696978E+02 + 0.310262E+01·T - 0.104502E-02·T2) · (XSn-XCu)
6+ 

(0.434818E+02 + 0.169575E+01·T - 0.583009E-03·T2) · (XSn-XCu)
7+ 

(-0.148976E+03 - 0.194523E+01·T - 0.122857E-03·T2) · (XSn-XCu)
8] 

Standard deviation = 1.3 mN/m. 

Temperature range T =523 K-1473 K. 

 

In – Sn 

σ = σIn·X In·+σSn·XSn+X In·XSn· 

[(0.190681E+01 + 0.460633E-02·T) + 0.377716E+01·(XSn-XIn)] 

Standard deviation = 0.05 mN/m. 

Temperature range: T =523 K-1233 K. 

 

In-Zn 

σ = σIn·XIn+ σZn ·XZn+ XIn·XZn · 

[(-746.06 -0.391066·T+0.16179879·T·lnT -0.00031034·T2)+ 

(153.56+10.487036·T-1.63402043·T·lnT+0.00094829·T2) · (XIn-XZn)+ 

(1805.95 -10.878760·T+1.02694740·T·lnT +0.00164930·T2) · (XIn-XZn)
2+ 

(3020.64+5.064608·T -2.00025118·T·lnT+0.00588519T·T2) · (XIn-XZn)
3+ 

(-23912.52+24.775854·T+3.89660696·T·lnT-0.02736033·T2) · (XIn-XZn)
4+ 
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(1935.45-27.880448·T+5.62818385·T·lnT -0.01268307T·T2) · (XIn-XZn)
5+ 

(48946.89+141.832275·T-40.9315708·T·lnT+0.09020524·T2)· (XIn-XZn)
6+ 

(-7524.56-163.739836·T+27.82890413·T·lnT-0.02045047·T2)· (XIn-XZn)
7+ 

(-52789.77-15.194208·T+20.30734426·T·lnT-0.07108110·T2) · (XIn-XZn)
8+ 

(30268.77 +4.429380·T -9.31929265·T·lnT+0.02910028·T2) · (XIn-XZn)
9] 

Standard deviation = 0.70 mN/m. 

Temperature range: 673 K – 1173 K. 

 

Pb-Sn 

σ = σPb·XPb+σSn·XSn+XPb·XSn· 

[(-190.005 + 0.139122·T –4.71105E-005·T2) +  

(-249.947+0.264891·T - 7.06023E-005·T2)·(XSn-XPb) +  

(-303.309 + 0.594119·T - 0.000289183·T2)·(XSn-XPb)
2 + 

(-183.532 +0.496143·T -0.000289061·T2)·(XSn-XPb)
3] 

Standard deviation = 0.4 mN/m. 

Temperature range: T=573 K-1273 K. 

 

Sb – Sn 

σ = σSb·XSb+σSn·XSn+XSb·XSn· 

[(-0.118699E+03 + 0.111200E+00 ·T - 0.270760E-04·T2) + 

(- 0.299993E+01 + 0.290997E-01·T - 0.175259E-04·T2) · (XSn-XSb) + 

(-0.254475E+03 + 0.364843E+00·T - 0.143034E-03·T2) ·(XSn-XSb)
2 + 

(-0.169695E+03 + 0.179507E+00·T - 0.439113E-04·T2) · (XSn-XSb)
3] 

Standard deviation = 0.3 mN/m. 

Temperature range: T =573 K-1473 K. 
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Sn – Zn  

σ = σSn·XSn+ σZn ·XZn+ XSn·XZn · 

[(-0.727759E+03 + 0.595108E+00·T - 0.151107E-03 ·T2) + 

(0.144075E+04 - 0.248597E+01·T + 0.130529E-02·T2) · (XSn - XZn) + 

(-0.279219E+04 + 0.649153E+01·T - 0.406738E-02· T2) ·(XSn - XZn)
2+ 

(-0.997136E+03 + 0.852386E+01·T - 0.782555E-02· T2) · (XSn - XZn)
3+ 

(0.510303E+04 - 0.240004E+02·T + 0.199273E-01· T2) · (XSn - XZn)
4+ 

(0.190041E+04 - 0.197816E+02·T + 0.194024E-01· T2) · (XSn - XZn)
5+ 

(-0.474652E+04 + 0.374526E+02·T - 0.354238E-01· T2) · (XSn - XZn)
6+ 

(0.101937E+05 - 0.603384E+01·T - 0.515570E-02· T2) · (XSn - XZn)
7+ 

(-0.116980E+05 + 0.361051E+01·T + 0.976749E-02· T2) · (XSn - XZn)
8] 

Standard deviation = 2.1 mN/m. 

Temperature range: T =523 K-973 K. 

 

Ag – Cu – Sn 

σAg = 1133.9541 - 0.1904719 

σCu = 1656.1 - 0.26 

σSn = 582.826 - 0.083361 

XAg=X1 

XCu=X2 

XSn=X3 

CAg=XAg/(XAg+XCu) 

CCu=1-CAg 

CAg=XAg/(XAg+XSn) 

CSn=1-CAg 

CCu=XCu/(XCu+XSn) 

CSn=1-CCu 
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Ag-Cu 

CAg=XAg/(XAg+XCu) 

CCu=1-CAg 

 

σAg-Cu = σAg ·CAg + σCu·CCu+ 

CAg·CCu·[(-1575.78+1.1426·T-0.000264833·T2) + 

(-2105.05+1.85056·T-0.000485818· T2)·(1-2·CAg) + 

(-1395.73+0.431049·T+0.000245942· T2)·(1-2· CAg)
2+ 

(-353.358-2.12909·T+0.0016628· T2)·(1-2· CAg)
3+ 

(-2902.95+4.5745·T-0.00201852· T2)·(1-2· CAg)
4+ 

(-5138.84+12.6341·T-0.00683891· T2)·(1-2· CAg)
5+ 

(-3886.24+6.47157·T-0.00255543· T2)·(1-2· CAg)
6+ 

(-4399.98-0.131168·T+0.00272847· T2)·(1-2· CAg)
7+ 

(-2514.85-0.834288·T+0.00196306· T2)·(1-2· CAg)
8] 

 

Ag-Sn 

CAg=XAg/(XAg+XSn) 

CSn=1-CAg 

σAg-Sn = σAg CAg + σSn·CSn+ 

CAg · CSn ·[(-1350.69+0.931166·T-0.000190183· T2) + 

(1300.76-1.39459·T+0.000420192· T2)·(1-2· CAg) + 

(-1063.49+1.91129·T-0.000617902·T2)·(1-2· CAg)
2+ 

(1020.03-1.6385·T+0.000233688· T2)·(1-2· CAg)
3+ 

(1286.77+0.417819·T-0.00112704· T2)·(1-2· CAg)
4+ 

(-3289.67-1.96031·T+0.00392327· T2)·(1-2· CAg)
5+ 

(1252.75-1.1378·T+7.22516E-005· T2)·(1-2· CAg)
6+ 

(-620.138+10.388·T-0.00765225· T2)·(1-2· CAg)
7+ 
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(996.961-7.41334·T+0.00494539· T2)·(1-2· CAg)
8]  

Cu-Sn 

CCu=XCu/(XCu+XSn) 

CSn=1-CCu 

dstCuSn=CCu·CSn· 

[(-2381.98+1.04937·T-0.000126049· T2) + 

(2036.05-0.862612·T-1.86603E-005· T2)·(1-2· CCu) + 

(-1223.93+1.04175·T-0.000155827· T2)·(1-2· CCu)
2+ 

(2417.11-4.21994·T+0.00162659· T2)·(1-2· CCu)
3+ 

(-2293.9+3.58032·T-0.00148493· T2)·(1-2· CCu)
4+ 

(103.584-2.12607·T+0.00112093· T2)·(1-2· CCu)
5+ 

(-69.6978+3.10262·T-0.00104502· T2)·(1-2· CCu)
6+ 

(43.4818+1.69575·T-0.000583009· T2)·(1-2· CCu)
7+ 

(-148.976-1.94523·T-0.000122857· T2)·(1-2· CCu)
8] 

 

ter(XAg,XCu,XSn) =X1·X2·X3·[(47185 -69,9172·T)·X3 + 

(-65853,8+46,2144·T)·X3
2+(-81607.3+799,227·T)·X1

3+ 

(-23868.2+51,5619·T)·X2
3+ (-31119.8+87,1466·T)·X3

3+ 

(37960-4211,29·T)·X1
4+(1419.67-1,38848·T)·X2

4+ 

(72680.1-20,2167·T)·X3
4+(67133+10244,7·T)·X1

5+ 

(26826.6-45,4089·T)·X2
5+ (31210.8-175,318·T)·X3

5+ 

(10817-9874,39·T)·X1
6+ (-11438.9+13,4692·T)·X2

6+ 

(-47062.2+114,528·T)·X3
6] 

σAg-Cu-Sn = σAg-Cu ·(CCu/(CCu+CSn))+  

σAg-Sn ·(1-CCu/(CCu+CSn))+dstCuSn·(1-CAg-CSn)· ter(XAg,XCu,XSn) 

Standard deviation = 1.0. 

XSn >= 0.65  Temperature range: T=500 K-1373 K. 
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4.2. Monoatomic surface layer 

4.2.1. Polarized atom model  

The previous chapter, which included the analysis of the effect  

of parameters β and the molar surface of the surface layer, implies that even 

significant changes in the value of β do not cause a change of the calculated 

surface layer big enough to explain its increase with temperature, which  

is observed e.g. for the silver-bismuth system. Another unexpected property 

of the calculated surface tension is, sometimes observed, its strong 

curvilinear character of changes together with temperature change. Faced 

with the incapability to correct these anomalies, or at least to significantly 

weaken them by way of rendering parameter β variable, one can draw an 

obvious conclusion that the only quantity which can significantly change 

this tendency is a new model of the monoatomic structure of the surface 

layer, other than that applied so far, expressed by relation (4.1.3).  

It is because, according to the relations connecting the surface tension with 

the thermodynamic properties in Figures (4.1.1) and (4.1.2), the molar 

surface is another variable which has an effect on the value of the calculated 

surface tension, with the particular relation between the excess free energies 

of the surface and volumetric phase. 
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4.2.1.1. Model assumptions 

In comparison with the monoatomic surface phase presented  

in Fig. 4.2.1, resulting from the assumption of dense atomic packing (Eq. 

(4.1.3)), it is postulated that in [2006Gas2], the atom distribution visible in 

Figs. 4.2.2a and 4.2.2b, in relation to the effect of the interaction between 

the atoms of the gaseous and volumetric phase with those of the 

monoatomic surface phase, as well as a very high pressure (compressive 

stress) in the mono-layer (according to the Laplace’s definition), the surface 

tension σ is a product of the thickness of layer h and the compressive stress 

δ). 

 

Fig. 4.2.1. Structure of monoatomic surface layer of the densest atomic 

packing 
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Fig. 4.2.2 A possible atomic packing in the monoatomic surface phase, 

which is a result of the atom reaction of the volumetric and gaseous phase, 

the asymmetrical electrostatic reaction (no atoms over the mono-layer) and 

the high pressure in the surface phase 

 

The derived relation for the molar surface of the monoatomic surface layer 

is implied by the electron theory and by the different energy state  

of the metal atoms of the monoatomic surface layer, compared to those  

in the volumetric phase, which is the effect of the lack of atoms over  

the surface of the monoatomic layer. The assumptions made are as follows:  

• The asymmetrical distribution of the potential field around the atoms 

in the surface layer, caused by the lack of neighbours over  

the monoatomic surface, causes the existence of a resultant force 

which operates on the atoms’ electrons. 

• This force causes shifts of the valence electrons, rendering the atoms 

in the surface layer polarized (Fig. 4.2.2). 
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• The strongest operation effect is demonstrated by the valence 

electrons, which are the most remote from the atomic nucleus.  

As a result, one observes an approximation of the atoms  

in the surface layer, and thus a change of the interatomic distance  

in relation to that in the volumetric phase. 

• The effect of the approximation is the most transparent at the 

temperatures lower than a certain characteristic temperature TC, 

corresponding to a certain constant value of the pressure of the metal 

vapours over the solution, at which once observes an equalization  

of the interatomic distances (Dśr) with those calculated from 

equation (4.1.2). 

• Beyond temperature TC, the increase of the inter-atomic distances  

is higher than it is implied by equation (4.1.2), as a result  

of an intense bombardment (effect) of the surface layer atoms  

by those in the gaseous phase (over the surface layer) and those from 

the volumetric phase. Although the interaction of the gaseous phase 

with the surface layer (phase) takes place at every temperature above 

the melting point, only beyond temperature TC is the interaction 

strong enough to cause an additional growth of the molar surface  

of the surface layer beyond that calculated from relation (4.1.2). 

 

Due to the made assumption about the change in the inter-atomic distance  

in the monoatomic surface layer, the next point presents the relation which 

makes it possible to determine the molar surface of the surface layer with 

the application of equation (4.1.2) and the introduced correction coefficient 

kr.  
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4.2.1.2. Relation between molar surfaces of different atomic ion radii 

The molar surface of a metal’s (solution’s) surface layer is calculated 

from the molar volume, according to the following relations: 

Dśr
 =         (4.2.1) 

      (4.2.2) 

where: Dśr is the mean atom diameter (distance between the atom centres), 

N is the Avogadro number, and S is the molar surface with the same 

structure as the metal (solution) occupying the molar volume V. When  

we assume that the structure of the surface layer is one which is densely 

packed, the molar surface S is corrected by the introduction of coefficient  

L into relation (4.1.2) or (4.2.2), which equals 1.091. Relation (4.1.2) then 

assumes the following form: 

S=L V2/3 N1/3 = 1.091 V2/3 N1/3 = 1.091N    (4.2.3) 

If we denote the molar surfaces of two metals of different atomic radii by S1 

and S2, they will be expressed by the following relations: 

S1= 1.091 = 1.091N      (4.2.4) 

S2= 1.091 = 1.091N       (4.2.5) 

By dividing equation (4.2.4) by (4.2.5) and substituting Dśr = D = 2R, where 

R denotes the atomic radius, we obtain the following relation: 

      (4.2.6) 
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It allows to calculate one of the molar surfaces, when the ratio of the atomic 

diameters 1 and 2 is known, and to calculate the other molar surface  

or determine it from the atomic diameters, when the molar volumes  

and the other atomic diameter are known.  

By denoting the atomic diameter (radius) ratio with kr, after rearranging 

equation (4.2.6), one obtains the equation for the molar surface  

of component 1 in the following form; 

       (4.2.7) 

Equation (4.2.7) is also correct when the metal can be converted from state 

„S” into state „B”, and it has the same structure as in state S, but a different 

atomic radius (inter-atomic distance), e.g. as a result of high pressure.  

By denoting the molar surface in state S by SS and that in state B by SB,  

one can write relation (4.2.7) in the following way: 

       (4.2.8) 

where RS and RB are the atomic radii in state „S” and „B”. 

With the assumption that the inter-atomic distances (2RS) in the surface 

phase are different than those in the volumetric phase (2RB), from equation 

(4.2.8) we can calculate SS, if we know the molar volume of the volumetric 

phase (V) and the inter-atomic distance (2RS) in the surface phase,  

that is the correction parameter kr.  
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4.2.1.3. Correction parameter of metal surface layer structure 

According to the presented model of the surface layer of liquid 

metals, the knowledge of the correction parameter kr is necessary  

for the determination of the molar surface of the surface layer from the 

molar volume of the metals forming the solution (4.2.8). The model’s 

assumptions state that the mathematical formalism should include two 

quantities which allow to determine the correction parameter kr. One  

is the characteristic temperature TC and the other is the atomic radius  

R of the metal in the surface phase. The mean atomic radius in the 

volumetric phase is calculated with the use of relation (4.2.1). The work 

makes the following assumptions with regard to the mentioned quantities: 

• The characteristic temperature TC is the temperature at which  

the saturated vapour pressure of the metal is equal to one thousandth  

of an atmosphere (pn = 0.001 atm), as a result of the comparative 

analysis of the calculated and experimental values of surface tension 

for several binary systems.  

• The atomic radius in the surface layer of the liquid metal in the state 

cooled down to room temperature (T=298.14 K) is equal to its 

radius in the ion crystals with the coordination number of 6 and the 

ion valency equaling the number of electrons filling the furthest 

subshell. For a big majority of metals, this number equals 3,  

for antimony and bismuth, it is 1 or 2, and only for one, that  

is polonium, it equals 4 (subshells s and p). 

• The correction parameter kr is a linear function of temperature. 
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In order to determine the linear dependence of kr on temperature,  

it is necessary to know at least two values of kr at two different 

temperatures T. One value of kr, at room temperature, is calculated from the 

definition of kr in equation (4.2.8) and the data on metals included in Table 

4.2.1. The other value of kr, according to the assumed model (chapter 

4.2.1.3), equals 1 at temperature TC, that is such at which the metal vapour 

pressure p=0.001atm (kr = 1 for T = Tc). Temperature TC is calculated from 

the equilibrium between the gaseous and the liquid phase, as well as from 

the thermochemical data on the given metals.  

The calculations of kr involved the use of the mean values of atomic radii 

calculated on the basis of the data from [1923Gol], [1967Tea] and that  

of Żdanow cited in [1987Boj], as well as the metal ion radii  developed  

by Shanon [1976Sha] for the coordination number of 6 and for different 

valencies (Table 4.2.1). 

The characteristic temperatures TC were determined on the basis  

of the thermodynamic data and the vapour pressure data given in the book 

by Barrin and Knacki [1973Bar], and the determined equations  

of coefficient kr are compiled in Table 4.2.2. 
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Table 4.2.1. Mean atomic and ion radii of selected metals for their different 

valencies W and their ratio RJ/RA =kr for T = 298 K 

Metal W 
R 

[m-10] 
RJ/R

A 
TC 

[K] 
Metal W 

R 
[m-10] 

RJ/RA 
TC 

[K] 

Ag 
0 

+1 
1.38 
1.15 

 
0.84
78 

1582 Pb 
0 

+2 
1.68 
1.19 

 
0.7083 

1229 

Bi 
0 

+3 
1.71 
1.03 

 
0.60
23 

1155 Sb 
0 

+3 
1.54 
0.76 

 
0.4935 

1000 

In 
0 

+1 
1.57 
1.18 

 
0.84
08 

1486 Sn 
0 

+2 
1.53 
0.93 

 
0.6078 

1858 

 

 
Table 4.2.2. Temperature dependences of correction coefficients  

kr of the molar surface of selected metals 

 

4.2.1.4. Surface of monoatomic surface layer of solutions 

Chapter 4.2.1.2 proposed a correction of the size of the monoatomic 

molar surface of metal surface layer through an introduction of parameter 

kr, which takes into account the change of the inter-atomic distance  

in relation to that in the volumetric phase (Table 4.2.2). in the case of binary 

solutions, due to the different metals and different values of parameters  

kr, for the alloy of the surface phase composition equaling and ,  S
1X S

2X

Metal kr = a + bT Metal kr = a + bT 

Ag 

Bi 

In 

= 0.8125 + 0.0001186T 

= 0.4639 + 0,0004641T 

= 0.8008 + 0.0001340T 

Pb 

Sb 

Sn 

= 0.6149 + 0.0003134T 

= 0.2784 + 0.0007217T 

= 0.5328 + 0.0002514T 
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the parameter’s value should be within the range of the values for pure 

metals. Work [2006Gas1] proposes a rectilinear concentration dependence 

which binds the values of kr1 and kr2 of the metals constituting the solution 

and their concentrations in the surface phase with parameter  

kr of the solution: 

       (4.2.9) 

When the molar volume of the solutions is denoted by Vm and equation 

(4.1.2) is applied, the monoatomic molar surface, with the consideration  

of equation (4.2.9), is expressed by the following relation: 

  (4.2.10) 

from which one can calculate the partial molar surfaces of the components 

of a binary solution. The calculations also assume that: 

�" � ��X�� � ��X��        (4.2.11) 

Equations (4.2.9), (4.2.10) and (4.2.11) can be easily expanded  

by multicomponent solutions and applied in the calculations. 

With the assumption that the molar surface of the monoatomic surface phase 

changes additively with the components’ concentration, equation (4.2.10) 

takes the following form: 

    (4.2.12) 

The first and the second term of equation (4.2.12) are represented  

by the molar surfaces of components 1 and 2.  

As it is implied by the observations, the surface tensions calculated with  

the use of equations (4.2.10) and (4.2.12), in some cases, have similar 

values. 
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4.2.2. Excess free energy of monoatomic phase 

4.2.2.1. Dependence of β on metal, temperature and concentration 

The values of parameter β calculated for various metals, presented in 

Figure 4.1.2, show that latter’s value is different for each metal. The use  

of one mean value is an approximation which simplifies the calculation 

procedures, as the same concentration relation is applied for the description 

of the excess free energy of the volumetric and the surface phase.  

The introduction of variation β involves different relations for the 

description of the thermodynamic properties in the volumetric phase than 

those in the surface phase, as then, the excess free energy of the volumetric 

phase is multiplied not by a constant value (Eq. 4.2.9) but, in the simplest 

case, by a linear function, which assumes values from β1 to β2, depending  

on the concentration of the surface layer. For similar values of β1 and β2 and 

small values of excess free energy, one should expect slight differences  

in the calculated surface tensions. Due to the different values of β for 

different metals, the author of work [2006Gas2] considered this fact in the 

calculations and varied the values of β depending on the component 

concentration in the surface phase. 

The surface tension calculations also assume that parameter β describing  

the relation of the thermodynamic properties of the surface and  

the volumetric phase is independent of temperature. When equation (4.2.10) 

is applied for the calculation of the surface area of the solution, it seems that 

parameter β should be the function of temperature, as the higher  

the temperature, the stronger the effect of the correlation coefficient kr  

of the molar surface of the surface layer, as parameters kr1 and kr2 are raised 

to the second power. This causes that, after exceeding the characteristic 
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temperature TC, in which kri = 1, the molar surface of the monoatomic 

surface layer increases much more rapidly (parabolically) with the 

temperature increase than the molar surface calculated from equation (4.1.2) 

without the correlation coefficient kr. As a result, the inter-atomic distances 

in the surface layer increase more rapidly than it is implied by formula 

(4.1.2), the energy of interaction between the atoms decreases and  

the thermodynamic properties of the surface layer become close to the 

properties of ideal solutions more rapidly than the volumetric phase.  

Thus, in relation (4.1.6), the parameter should be a decreasing function  

of temperature. Work [2006Gas2] assumed that β decreases linearly 

together with temperature and that at the temperature at which the surface 

tension equals zero σ =0, parameter β =0. In this way, the coordinates of one 

of the points were established, and they will be used to determine the 

temperature dependence β in the form of a linear equation. The coordinates 

of the other one are determined from the modification of equation 4.1.5 

presented in work [1996Tan], where it was assumed that the isotheric-

isobaric work needed to create a surface unit of the monoatomic layer  

is proportional to the energy of the bonds of the atoms which form it,  

and the energy, in turn, is approximately equal to the vapourization heat  

at the melting point. Work [2006Gas2] proposed a proportionality between 

the free energy needed to create a surface containing 1 mole of metal atoms 

and the standard change of the free energy connected with the vaporization 

of one mole of metal into the form of monoatomic gas at its melting point. 

Equation (4.1.5) assumes then the following form: 

      (4.2.13) )Gβ)(G(1Sσ o
c

o
g −−=
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where: S and σ are the molar surface and the surface tension, and  

is the standard change of the free energy of 1 mole of liquid metal 

vapourized into monoatomic gas at the melting point. 

The determined equations describing the dependence of parameter β  

on temperature for selected metals are included in Table 4.2.3 and in Figure 

4.2.3, and they were calculated on the basis of the monograph by Barrin and 

Knacki [1973Bar] and the own data on surface tension and density 

[2001Mos1, 2001Mos2, 2001Mos3, 2001Gas2, 2002Liu, 2003Gas2, 

2004Mos2, 2009Mos2] with the consideration of correlation coefficient  

kr of the molar surface of the surface layer (Table4.2.2).  

  

o
c

o
g GG −



101 
 

Table 4.2.3. Physical and thermodynamic properties of Ag, Bi, In, Pb, Sb 

and Sn with calculated temperature dependences of parameter β=A+BT. 

βt is the parameter β calculated at the metal’s meting point 

 

 
Metal 

 
Tt 

[K] 

 

σ 
[mN m-1] 

 
S 

[m2 mol-1] 
			GZW � G[W 

 

[J mol-1] 

 
βt 

 
Tkr 
[K] 

 

β = Α + ΒΤ 

Ag 1233.9

5 

898.9 42475.82 128272 0.6969 5953 = 0.879 - 

0.000148T 

Bi 545.00 377.7 36842.56 138883 0.903 8222 = 0.967 - 

0.000118T 

In 429.76 553.3 36836.30 194843. 0.8758 6032 = 0.943 - 

0.000156T 

Pb 600.58 432.1 42606.83 131066 0.8586 4429 = 0.993 - 

0.000224T 

Sb 904.00 368.2 56326.05 145375 0.8566 7475 = 0.974 - 

0.000130T 

Sn 505.06 540.7 27338.93 246692 0.942 6988 = 1.015 - 

0.000145T 
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Fig. 4.2.3. Temperature dependences of parameter β for selected metals 

 

The assumption of the variability of parameter β together with the change  

of the alloy concentration necessitates the determination of the relation 

between the coefficients of the excess free energy of the volumetric and the 

surface phase. It should be noted that making β variable according  

to temperature causes the fact that, in the case of a rectilinear temperature 

dependence of the excess free energy of the volumetric phase, the excess 

free energy of the surface phase becomes its curvilinear function  

of temperature.  
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4.2.2.2. Thermodynamic properties of components in surface layer 

The relation proposed by the authors of [1957Hoa] and [1996Tan] 

between the excess free energies of the components in the monoatomic 

surface layer (surface phase) and the volumetric phase states that the former 

is equal to the latter multiplied by the constant parameter β (4.2.9). The first  

of the authors does not specify the value of this parameter, but merely points 

to the different values of the calculated surface tensions for the values 0.5 

and 0.75 and for different temperatures. From this approach one can draw 

the conclusion that the authors were inclined to accept the variability  

of parameter β according to temperature and the metals forming the 

solution. The other author [1996Tan], as it was presented earlier, proposes 

the assumption of one mean value of β = 0.83 for any metal alloy.  

In both cases, the partial excess free energies of the components  

in the surface layer are equal to those in the volumetric layer multiplied by 

the constant parameter β. This is, however a simplification, as equation 

(4.1.1) implies that this parameter assumes different values for different 

metals at different temperatures, and its effect on the calculated values  

of the surface tension can be significant, especially for the systems 

characterizing in big differences in the surface tensions of the metals 

forming the alloy. Also, the constant value of parameter β does not cause  

the necessity to introduce an additional dependence on the excess free 

energy of the component in the surface layer, which also simplifies  

the calculation procedures. 

 By accepting the fact that for different metals the values of β are 

different, in the relation between the excess free energies of the volumetric 

and the surface phase, one should apply the function describing the 
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dependence of this parameter on the concentration, in the form  

of the following equation:  

      (4.2.14) 

where XS is the concentration of component 2 in the surface layer.  

Next, from (4.2.14) one should calculate the partial excess free energies  

of the components from the relations, known in the thermodynamics, 

between the functions of a mole of solution and their partial functions. 

 

 

4.3.Modeling of metal alloy viscosity from thermodynamic and 

physical properties 

The measurements of physical properties of metals and alloys  

at elevated temperatures are troublesome, time-consuming and expensive. 

Therefore, when designing and solving metallurgical processes estimated 

values of different physical properties are often used. They are calculated 

based on the thermodynamic properties of solutions and the alloy 

components. The viscosity of liquid alloys is one of such properties. 

The scientific literature provides models which allow predicting  

the viscosity of liquid metal alloys using thermodynamic properties such  

as excess molar free enthalpy (GE), molar free enthalpy or enthalpy of 

mixing changes (∆G’= ∆Gid+GE, ∆Hm) as well as, in some cases, using 

physical properties like viscosity of components, density or molar volume of 

alloys (V, ρρρρ), atomic masses (Mi) and diameter (di).  

The earliest and the simplest equation was derived by Moelwyn-Hughes 

and reported in [1961Moe]: 

=ex
SG ]Xβ)X-(1[β S2S1 + )(XG S

ex
B
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In which: X1, X2 represent molar fractions of metals; R is gas constant;  

T temperature. Equation (4.3.1) is valid only for the binary alloys.  

In 1977 Iida, Ueda and Morita [1977Iid] presented the following model 

given by the equation below: 
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It connected the viscosity of components (except for the thermodynamic 

functions and composition) also with the atomic masses and Pauling’s ionic 

radii. Authors of work [1977Iid] suggested to apply excess free energy  

or enthalpy of mixing change in the calculations. The parameters  

R and T denote gas constant and absolute temperature, respectively. 

Ten years after Iida et al. [1977Iid], Kucharski [1987Kuc] in his DSc work 

derived the relation for the calculation of multicomponent system viscosity 

η in which activity coefficients γi, partial molar volumes Vi , molar volume 

V and viscosity of metals ηi were used. In the case of binary alloys  

the equation was given as follows: 
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In Eq. (4) β and βi are the relations described by the equations below: 



106 
 

1/3
22

1/3
11 VXVXβ ++++====        (4.3.5) 

1
4/3
22

1/3
111 /VVXVXβ ++++====       (4.3.6) 

2
4/3

11
1/3
222 /VVXVXβ ++++====       (4.3.7) 

The α parameter in (4.3.4) is calculated from the experimental data  

to improve the correlation between the calculated and measured values  

of viscosity. If the α parameter is equal unity the system of equations  

(4.3.4-4.3.7) allows obtaining the viscosity of binary alloys basing only  

on the thermodynamic and molar volume data. Additionally, assuming that 

V depends linearly on the composition, the viscosity calculations can  

be conducted following the equation (4.3.4) without additional 

investigations of the density or molar volume. In this  work the calculations 

with Kucharski model were performed for α =1.  

The model of Kozlov, Romanov and Petrov [1983Koz] applied the mixing 

enthalpy change of liquid solutions for the prediction of viscosity, similarly 

to that of Moelwyn-Hughes. It was represented for the binary alloys with 

the following logarithmic equation: 

(((( ))))
3RT
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)ln(Xln m

2

1i
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iηηηηη       (4.3.8) 

The transformation of equation (4.3.6) gives the expression, which describes 

the viscosity of binary alloys in the form of exponential function:  
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All symbols in equations (4.3.6) and (4.3.7) have the same meaning  

as in the models presented earlier. 
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In year 1994 Du Sichen, Bygden and Seetharaman [1994Sic] proposed 

equations, which comprised the thermodynamic properties of liquid 

solutions, their densities, activation energies and viscosities of components, 

to the viscosity calculations of multi-component solution. For the case  

of binary system it is of the following form: 
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In (4.3.10-4.3.12): G* denotes Gibbs activation energy, ∆G’ change  

of Gibbs activation energy, T temperature, G*
1 and G*

2 activation energy  

of components, R gas constant, ρ alloy density, N Avogadro number,  

h Planck constant and M atomic mass of alloy. 

In the same year, Seetharaman and Du Sichen [1994See] modified  

the relationship describing the activation energy to the following form  

for the binary alloys: 
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    (4.3.13) 

The author of this paper will present the calculations of both variants; since 

as it followed from his observations, the substitution of relation (4.3.5)  

in equation (4.3.2) not always gave the results complementary  

with experimental data. 
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In 2003, Kaptay [2003Kap], proposed a modification of Seetharaman and 

Sichen expression for the viscosity calculation (4.3.13), which consists  

in substituting two last expressions of sum in Eq. (4.3.12, 4.3.13) of Gibbs 

activation energy G* into the equation with the enthalpy of mixing 

multiplied by an α coefficient, which, according to the author amounts  

to 0.155±0.015. The proposed equation of viscosity for binary alloys  

is of the following form: 
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All the symbols in relation (4.3.14) have the same meaning as in the earlier 

presented models (eq. 4.3.10 - 4.3.13), while the new expressions  

in Vi and ∆VE refer to the molar volume of alloy components and the excess 

molar volume of alloy. It should be noticed that the molar volume  

in the denominator of equation (4.3.14) is identical with the expression  

M/ρ in the equation (4.3.11). 

A new equation for the modeling of viscosity of alloys was proposed  

in the work of Budai et al. [2007Bud] based on the viscosity equation  

of liquid metals given by Kaptay [2005Kap]: 
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where: A =(1.8±0.39)⋅10-8 (J/Kmol1/3)1/2, B = 2.34±0.2, q =25.4±2  

and Tm,i is melting temperature of metal i. Using Eq. 4.3.15 one can 



109 
 

estimate either the viscosity of metals or alloys. Therefore it is different 

from these presented in this work in which the viscosity of metals must be 

known for. 

Another model for the viscosity calculation of alloys has been lately 

proposed by Schick et al. [2012Sic] and it is represented by the equation 

4.3.16:  
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Where: Qi is the activation energy and Ai is the pre-exponential parameter  

in the Arrhenius’ equation describing the dependence of viscosity  

on temperature. The meaning of the remaining symbols is the same  

as in the models presented above. 

In 2011 Sato [2011Sat] proposed a new model for the prediction of alloy 

viscosity given for binary alloys by the equations below: 
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In Eqs 4.3.18-4.3.20 Ei is the activation energy of metal i and 0
iη is the pre-

exponential coefficient of the Arrhenius equation. This model is based only 
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on the viscosity data of metals neglecting the part concerned  

with thermodynamic properties of alloys. 

In 2010 Gąsior and Moser [2010Gas2] based on the analysis of calculated 

and experimental viscosity values for many binary metallic systems noticed 

firstly, that the viscosity values calculated from some models described 

above were in a weak correlation with the experimental data, secondly, that 

the viscosity models not always showed the same deviation of the excess 

viscosity (positive or negative) as the measured one and thirdly that when 

the excess entropy was positive the experimental excess viscosity was 

always negative and on the contrary, when the excess entropy was positive 

the measured excess viscosity was negative. Additionally, it was noticed 

that the similar values of excess entropy caused directly proportional 

deviations to the absolute values of viscosity difference and inversely 

proportional to the sum of viscosity.  

The equation proposed for the viscosity calculation is given below: 
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In Eq. 4.3.21 Sex is the molar excess entropy of binary system. The other 

symbols have the same meanings as above. The relation for ks coefficient 

was found basing on the experimental data and Eq. 4.3.21. It is shown  

in Fig.4.3.1, in which apart from the dots calculated from experimental data 

two different linear equations describing ks as the function of quotient of the 

difference and the sum of 1 and 2 metals are shown. The R-squared 

coefficient calculated and shown in Fig. 4.3.1 is low and equal about 0.07 
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because the great dispersion its value calculated on the base of experimental 

data at different temperatures and for different systems. However, even for 

systems with great difference between experimental and calculated ks data 

the calculated viscosity from Eq. 4.3.21 differs not so much from that 

measured. Taking into consideration the Bi-Sb system [1993Iid1]  

for example one can find that the ks coefficient calculated using 

experimental data at 973K is equal about 8 and the calculated  

and experimental viscosity for 0.5 mole fraction of Sb is equal 1,16 and 1,07 

mPa⋅s, respectively. In the case of for Bi-Pb system [1954Sat] at 573 K  

and for XSb=0.4, the calculated ks (using experimental data) is equal 7.14 

and the calculated and experimental viscosity is equal 2.16 and 1.8 mPa⋅s, 

respectively. 

 

Fig. 4.3.1. Correlation between ks and Qds parameter for binary systems. 

Dots show the ks values which were calculated basing on the experimental 

data. R denotes R-squared and sd is the standard deviation 
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Another model was proposed by Gąsior in the course of TOFA 2012 

Meeting [2012Gas1] and in [2014Gas1]. It was the result of the observations 

that the average value of ks coefficient in Eq. 4.3.21 is nearly equal 2  

(Fig. 4.3.1) for many systems. So, the new simpler model was proposed  

in the form as follows: 
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The ks average value is equal 1.7 (Fig. 4.3.1) however the author proposed 

to assume  it as equal 2 because of two reasons. First: because of full 

analogy to the model of Moelwyn-Hughes (Eq. 4.3.1) which is only 

equation for the viscosity prediction of binary solutions derived on the base 

on the thermodynamic definition of the resistant force and Stock’s equation 

of the viscosity and second that the difference 0.3 in ks gives the difference 

in the viscosity much lower than 0.1 mPa⋅s (Pb-Sn at 573 K and XSn=0.5: 

ks= 1.619, ηηηη= 2.643 mPa⋅s and for ks= 2, η=2.703 mPa⋅s). Eqs 4.3.21  

and 4.3.23 can stand for the entropy or, rather, the excess entropy models 

because they contain that thermodynamic function. 
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4.3.1. Isolines of viscosity in Ag – Cu – Sn system 

Figures 4.3.2–4.3.6 present the isolines of viscosity in the Ag–Cu–Sn 

system, calculated from models [1961Moe, 1994Sic, 1994See, 1983Koz, 

2003Kap]. It can be seen that all the models show very distinct or slight 

viscosity extrema.  

 

Fig. 4.3.2. Isolines of viscosity calculated from the Moelwyn-Hughes model 

[1961Moe] at T=1123 K 
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Fig. 4.3.3. Isolines of viscosity calculated from the Du Sichen, Bygden and 

Seetharaman model [1994Sic] at T=1123 K 
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Fig. 4.3.4. Isolines of viscosity calculated from the Seetharaman and Du 

Sichen model [1994See] at T=1123 K 
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Fig. 4.3.5. Isolines of viscosity calculated from the Kozlov, Romanov and 

Petrov model [1983Koz] at T=1123 K 
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Fig. 4.3.6. Isolines of viscosity calculated from the Kaptay model 

[2003Kap] at T=1123 K 

 

The Moelwyn-Hughes model [1961Moe] (Fig. 4.3.1) gives a distinct 

maximum of viscosity slightly over 13.5 mPa·s, which nearly twice exceeds 

the viscosity of copper - the metal of the highest viscosity from those 

forming the ternary solution. What is more, in quite a wide range  

of concentrations very close to the binary Ag-Cu system, the viscosity 

assumes values lower than 1 mPa·s (similarly to the Ag-Cu system)  

and it rapidly increases together with the content of tin, assuming  

the maximum values for the concentration of Sn, which equals about 0.2 

mole fraction, and the ratio XCu/(XCu+CAg)=0.7. 
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 In the case of the model of Sichen et al. [1994Sic] (Fig. 4.3.2)  

and that of Seetharaman and Sichen [1994See] (Fig. 4.2.3), the calculated 

viscosity of liquid Sn-Ag-Cu alloys, contrary to the Moelwyn-Hughes 

model [1961Moe], shows the minima in the central part of concentration 

with the viscosity values slightly below 0.4 mPa·s [1994Sic] and 1.1 mPa·s 

[1994See].  

 The isolines shown in Fig. 4.3.4 calculated from the Kozlov-

Romanov and Petrov relation [1983Koz] change in the range of big 

concentrations of tin almost literarily between the equal viscosity values for 

the systems Sn-Cu and Sn-Ag. With the tin concentrations over 0.25 mole 

fraction and for the cuttings of constant values XCu/(XCu+XAg) increasing 

from 0.38 to 1, weak maxima are observed on the viscosity curves, 

increasing from about 5 mPa·s to the viscosity of copper, with the increase 

of the copper concentration in the alloy.  

 The viscosity isolines determined from the Kaptay model [2003Kap] 

(Fig. 4.3.5), in the range of large concentrations of tin, show almost 

rectilinear changes between the identical values for the systems Sn-Cu  

and Sn-Ag, and for higher tin contents, these changes are weakly 

curvilinear.  
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5. NIST database 

National Institute of Standards and Technology (NIST) includes  

at its website: 

www.boulder.nist.gov/div853/lead_free/solders.html  

a database of lead-free solders in the 4.0 version. It is a database  

in the HTML format (for direct viewing in the form of internet pages)  

or in the Microsoft Word format (for download). The access to the database 

and the available internet links can be gained through the NIST home page 

(Fig. 5.1). 

NIST is receiving applications for granting the information which is not 

included in the database. These data can be generated at research centres all 

over the world which work in the field of soldering. The links to those 

centres as well as to the universities from all over the world which work  

on projects focused on lead-free solders have been included at the NIST 

home page.  

The site also provides links to the related research programs, such as „New 

technology for Environment” National Science Foundation, so that the 

viewers of the website can gain information on other programs which 

contribute to the development of the lead-free solder database. 

As a result of the undertaken action, a preliminary version of the lead-

free solder database was developed, which consisted of the 4.0 version  

of NIST, complemented by the SURDAT database (edition 2007 r.).  

The common version of the combined SURDAT+NIST databases (Database 

for Solder Properties with Emphasis on New Lead-free Solders Release 5.0) 

was presented at the 17th Symposium on Thermophysical Properties 
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(Boulder, Colorado, June 21-26, 2009). The start-up window of the new 

version is presented in Fig. 5.2.  

 

 

Fig. 5.1. Home page of NIST solder database, edition 4.0 
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Fig. 5.2. Home page of combined SURDAT + NIST databases, edition 5.0 

 

The integrated SURDAT-NIST-CSM database provides the possibility  

to view the data included in SURDAT (edition 2007) in the form of internet 

pages. SURDAT, in the combined database version, has been divided into 

the following sections: 

1. Properties of metals used as lead-free solder materials, 

2. Property isotherms of lead-free solder binary systems, 

3. Temperature dependences of properties of lead-free solder binary 

systems, 
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4. Property isotherms of lead-free solder ternary systems, 

5. Temperature dependences of properties of lead-free solder ternary 

systems, 

6. Property isotherms of lead-free solder quaternary systems, 

7. Temperature dependences of properties of lead-free solder 

quarternary systems. 
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6.  Presentation of SURDAT 3 database 

6.1. Program installation 

 SURDAT 3 is a program which requires an installation procedure. 

To install the program, the installation file SETUP.EXE should be started. 

After the installation has been run, the window shown in Fig. 6.1  

is activated. 

 

 

Fig. 6.1. First installation window 
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Pushing the „Next” button opens the second installation window, which 

includes the already filled-in fields: „User Name” and „Organization”  

(Fig. 6.2). 

 

 

Fig. 6.2. Second installation window 

 

Pushing the „Next” button opens the following installation window.  

The installation window in Fig. 6.3. shows where the program will be 

installed. 
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Fig. 6.3. Third installation window 

 

It is possible to change the installation directory by pushing the „Change…” 

button and manually select the folder where the program should be installed. 

After „Next” has been pushed, the installation program will go through  

the successive windows to the last installation window presented in Fig. 6.4. 

Pressing the „Finish” button finalizes the program installation process. 
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Fig. 6.4. Final installation window 

 

 

6.2. Application example 

The capabilities of the SURDAT 3 database will be presented on the 

example of the binary Ag – Sn and the ternary Ag – Cu – Sn (SAC) 

systems. 

After the activation of the SURDAT 3 computer database, the first 

window appears (Fig. 6.5), which informs about the place where the base 

was created, what it refers to and next the selection window for the system 

type opens. To go to the further options of the database operation, in section 
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„SYSTEM SELECTION”, one should select the system type (unary, binary 

or multi-component).  

For example, selecting option „Pure metals” and pressing „OK” 

directs the program to the next window (Fig. 6.6), where it is possible  

to select the metal („SELECT SYSTEM”) and its physical properties 

„SELECT PROPERTIES”.  

 

 

Fig. 6.5. First window of SURDAT 3 database. System type selection 

window. 

If, in the unfoldable window „SELECT SYSTEM”, we select „Ag”  

and press „Show”, the program will show the given data from the periodic 

system for silver, such as: atomic weight (ATOMIC WEIGHT), melting 

point (MELTING POINT), boiling point (BOILING POINT), crystalline 

structure at room temperature (CRYSTAL STRUCTURE) and – not 
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demonstrated in Fig. 6.6 – covalent radius (COVALENT RADIUS)  

and atomic radius (ATOMIC RADIUS). 

Next to the „Show” button, there are the „Fig”, „Solid sim”, „Menisc”  

and „Ph Diag” buttons, which represent the following: 

• „Fig” – browsing through the published data in the form of images, 

• „Solid sim” – solidification simulations (option currently 

unavailable), 

• „Menisc” – meniscographic data, 

• „Ph Diag” – phase diagrams (only binary and ternary systems). 

The presented options will be discussed in the further part of the chapter. 

 

 

Fig. 6.6. Second window of SURDAT 3 database. System and property 

selection window 
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The „Fig” option allows to browse through the temperature dependences 

and isotherms developed and presented by a given author, in a given 

publication.  

For metals, only the temperature dependences are available. Selecting, 

successively, the „Surface tension” property and the „temperature relation” 

presentation mode in the „SELECT PROPERTIES” window and next 

pressing the „Fig” button directs the program to a window with  

the possibility to select the author and the property (Fig. 6.7.). The „Select 

Properties” window presented in Fig. 6.7 is activated only in the case when 

the „Electrical properties” or „Mechanical properties” option is selected  

in the window presented in Fig. 6.6. For example, selecting the data author 

[2001Mos2] and pressing the „OK” activates a display of the diagram  

of the surface tension dependence on temperature, presented by the author 

of [2001Mos2] (Fig. 6.8). What is more, pressing the „References” button 

opens the window with a list of publications on the Ag surface tension  

(Fig. 6.9). 
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Fig. 6.7. Window for author and property selection 
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Fig. 6.8. Comparison of literature available temperature dependences  

of silver surface tension with experimental data. Experimental points from 

[2001Mos2] 
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Selecting the „Binary systems” option (Fig. 6.6), the „Ag-Sn” system, the 

„Density” option and the author of [2001Mos1] makes it possible to display, 

by means of the „Fig” option, the temperature dependences („Temperature 

relation”, Fig. 6.10) and the density isotherms („Isotherms”) determined  

on the basis of the experimental data (Fig. 6.11).  

 

.  

Fig. 6.10. Density temperature dependences of liquid Ag-Sn alloys 



134 
 

 

Fig. 6.11. Density isotherms of liquid Ag-Sn alloys 

 

The idea of the „Fig” option in reference to surface tension and 

molar volume will be presented on the example of the data from 

[2001Mos1]. If, in the „SELECT PROPERTIES” window, the user selects 

„Surface tension” as the property, he or she can browse through  

the temperature dependences (Fig. 6.12) and the isotherms of surface 

tension (Fig. 6.13). Checking the „Butler model” option displays  

the temperature dependences (Fig. 6.14) and the isotherms of the surface 

tension (Fig. 6.15) calculated from the Butler’s relation [1932But]. 
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Fig. 6.12. Surface tension temperature dependences of liquid Ag-Sn alloys 
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Fig. 6.13. Surface tension isotherms of liquid Ag-Sn alloys 
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Fig. 6.14. Surface tension temperature dependences of liquid Ag-Sn alloys 

calculated from Butler’s model (lines) on the background of experimental 

data (symbols) 
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Fig. 6.15. Surface tension isotherms in Ag-Sn system calculated by Butler’s 

model for 2 selected temperatures: 623 K and 1273, on the background  

of experimental points [2001Mos1] 

 

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

database (Fig. 6.16), where the experimental values, represented by graphic 

symbols (black squares and circles), are the properties recalculated from the 

temperature dependences of the density and the molecular mass of the alloy. 
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Fig. 6.16. molar volume isotherms of liquid Ag-Sn alloys 

 

 

Selecting the „Viscosity” property and the presentation mode in the 

„SELECT PROPERTIES” window and activating the „Fig” button opens 

the window designed to select the author and the property (Fig. 6.17.).  

And so, selecting, e.g. the author of [2001Lee1] and pressing the „OK” 

button displays the viscosity isotherms presented in the selected work 

(Fig.6.18). 
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Fig. 6.17. Author and property selection window 

 

 

Fig. 6.18. Viscosity isotherms presented in [2001Lee1] 
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If the temperature dependences are selected as the presentation mode, taking 

the analogical path to that for the molar volume will result in a display  

of the window shown in Fig.6.19. 

 

 

Fig. 6.19. Temperature dependences devolved in [2001Lee1] 

 

The SURDAT 3 database also includes selected data on electrical  

and mechanical properties. In the case of electrical properties, the following 

are available: 

• Resistance, 

• Resistivity. 
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For example, selecting the author of [2005Gas1] and the „Resistance” 

property in the window shown in Fig. 6.20 displays a drawing with  

the information on the effect of the Cu and Bi addition to the SnAgeut alloy 

on the resistance of the selected solders (Fig. 6.21). 

 

 

Fig. 6.20. Author and property selection window 
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Fig. 6.21. Effect of Cu and Bi on SnAgeut resistance 

 

If, for the given author, we select a property not included in the database, 

the program will display the window shown in Fig. 6.22 informing  

on the available graphic presentations for the elected author, which can  

be displayed with the use of the „Fig” option. 
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Fig. 6.22. Information window – available graphic presentations of results 

in [2005Gas1] 

 

In the case of the selection of the „Mechanical properties” option,  

it is possible to obtain the following property data: 

• Hardness, 

• Shear Strength, 

• Tensile Strength, 

• Young’s Modulus. 

 

Selecting the „Mechanical properties” option, the author of [2005Gas1] 

(„Select Author”)  and the „Shear Strength” property (“Select Properties”) 

(Fig. 6.23) in the window shown in Fig. 6.6 will display the window with 

the information on the effect of the Cu and Bi addition to the SnAgeut alloy 

on the shear strength of solders (Fig. 6.24). 
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Fig. 6.23. Author and property selection window 

 

If the „All data” button is pressed (Fig. 6.23), the program will display all 

the collected physicochemical data for the given system in the form  

of diagrams or a table. 
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Fig. 6.24. Cu and Bi effect on shear strength of SnAgeut 

 

Browsing the physical properties with the use of the „Fig” option 

proceeds identically for all the systems available in the SURDAT 3 

database. 

Another option provided by the database is the possibility to display 

the phase diagram for a binary system and the liquidus line projection for 

ternary systems. For example, selecting binary systems, then the „Ag-Sn 

system (Fig. 6.6) and next pressing the „Ph Diag” button in the window 

shown in Fig. 6.5 will display the phase diagram for the Ag-Sn system (Fig. 
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6.25). The bottom of the window provides the data on the phase diagram’s 

origin. 

 

 

Fig. 6.25. Phase diagram for Ag-Sn developed within COST 531 program 

 

If, in the window in Fig.6.5, we select the option of ternary systems 

(„Ternary systems”), then the „Ag-Cu-Sn system (Fig. 6.6) and next we 

press the „Ph Diag” button, the liquidus surface projection for this system 

will be displayed (Fig. 6.26).  
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Fig. 6.26. Liquidus surface projection in Ag-Cu-Sn 

 

The phase diagram option in the SURDAT 3 database is demonstrative in 

character and does not provide the possibility of phase diagram calculations. 

The SURDAT 3 database is capable of presenting the results  

of meniscographic tests, which will be discussed on the example of the  

Ag-Cu-Sn system. The selection of this option is possible after  

the activation of the „Menisc” button (Fig. 6.6), which opens  

the meniscographic test window (Fig.6.27). in this window, it is possible  

to select the presentation mode for the meniscographic data. We can choose 

from either diagrams (Figure) or tables (Table). Selecting diagrams  
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as the presentation mode makes it possible to select the author  

of the meniscographic data („Select Author”). After the selection  

of e.g. [2006Mos1], one should also specify the type of the meniscographic 

data, which can be: 

• contact angle, 

• wetting force, 

• wetting time, 

• interfacial tension. 

 

For example, after the selection of „Contact angle”, one should additionally 

specify the system (alloy). Selecting Ag-Sn and pressing the „Show” button 

will display the window informing on the availability of the meniscographic 

data for the given author (Fig.6.28). If we select ”Interfacial tension” and 

next press „Show”, the program will display the interfacial tension 

presented in [2006Mos1] (Fig. 6.29). If we press the „All data” button,  

we will be demonstrated by a graphic representation of all the collected 

meniscographic data for the selected system. The use of the „All data” 

button makes it possible to gain a brief access to the available 

meniscographic data for the given system provided in the graphic form.  

If one selects the „Interfacial tension” option and then presses „Show”,  

the program will display the data presented in [2006Mos1] (Fig. 6.29). 
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Fig. 6.27. Main meniscographic data window 

 

 

Fig. 6.28. Information window – available graphic presentation of results  
in [2006Mos1] 
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Fig. 6.29. Graphic presentation of meniscographic data in [2006Mos1] 

If, in the window shown in Fig. 6.27, the „Table” option is selected 

followed by „Show”, the program will display the available meniscographic 

data for the selected system (Ag-Cu-Sn) in the form of a table (Fig.6.30), 

which includes such information as: the author (REFERENCES), the alloy 

type (SYSTEM), as well as WETTING TIME, WETTING FORCE, 

CONTACT ANGLES, SURFACE TENSION, INTERFACIAL TENSION), 

the melting point (Tm), the measurement temperature (TEMP), the substrate 

type (SUBSTRATE), the atmosphere in which the tests were conducted 

(ATMOSPHERE) and the type of the applied flux (FLUX). 
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The SURDAT 3 database also includes brief characteristics  

of some of the experimental methods often applied in the measurements  

of some properties. These descriptions are available in the SURDAT 3 menu 

after the selection of „File” and next „Experimental methods”. This opens 

an active window with the following specified methods (Fig. 6.31): 

1. Maximum bubble pressure method, 

2. Dilatometric method, 

3. Meniscographic method, 

4. Sessile drop method. 

 

For example, after the selection of the „Maximum bubble pressure method” 

option (method of maximum pressure in gas bubbles), the program will 

display a window (Fig. 6.32) with the method’s scheme and description. 

 

 

Fig. 6.31. „File” menu in SURDAT 3 
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Fig. 6.32. Description of experimental methods in SURDAT 3. „Maximum 

bubble pressure method” 

 

Fig. 6.33. „DTA” menu in SURDAT 3 

 

Clicking the „DTA” menu (Fig. 6.33) will active a display of the DTA test 

result for the selected solders, which have been obtained in the frames  

of the implementation of the „Advanced soldering materials” scientific 

network (Fig. 6.34). 
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The SURDAT 3 database is supplemented by the NIST database (National 

Institute of Standards and Technology z Boulder (Colorado, USA)) whose 

activation is possible after the selection of „NIST Database (Fig .6.36)  

in the “Database” menu shown in Fig. 6.35. 

 

 

Fig. 6.34 DTA test results for selected solders researched in the frames  

of „Advanced soldering materials” network 
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Fig. 6.35. „Database” menu in SURDAT 3 

 

 

Fig. 6.36. Preliminary (5.0) version of NIST database combined with 

SURDAT database 
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As the SURDAT 3 database introduces the experimental and the calculated 

viscosity data on binary systems, it also provides brief descriptions  

of the applied viscosity models. They are available from the menu under 

„Viscosity” with the „Models” option, when the program displays an active 

window with the names of the authors. The following five viscosity models 

are available (Fig. 6.37): 

1. Gąsior (Gas), 

2. Gąsior- Moser (G-M), 

3. Iida – Ueda – Morita_Gex (I-U-M_G),  

4. Iida – Ueda – Morita_Hm (I-U-M_H), 

5. Kaptay (Kap), 

6. Kozlov – Romanov – Petrov (K-R-P), 

7. Kucharski (Kuc), 

8. Moelwyn – Hughes (M-H), 

9. Sato (Sat), 

10. Schick-Brillo-Egry-Hallstedt (S-B-E-H), 

11. Seetharaman – Du Sichen (S-S), 

12. Sichen-Bygden- Seetharaman (S-B-S). 

 

After the selection of the „Iida – Ueda – Morita_ Gex (I-U-M_G),” option, 

the program will display the window shown in Fig. 6.38. 
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Fig. 6.37. „Viscosity” menu in SURDAT 3 

 

 

Fig. 6.38. Description of viscosity models in SURDAT 3. Iida – Ueda – 

Morita model 
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Clicking the „Help” menu (Fig. 6.39) will open a help window providing 

the user with the present monograph.  

 

 

Fig. 6.39. „Help” menu in SURDAT 3 

A comparison of the experimental data with those calculated from 

different models which use the thermodynamic properties of the liquid 

phase is yet another option in the SURDAT 3 database. Next to the surface 

tension modeling with the application of the Butler’s model, the program 

allows for the modeling of viscosity from the five available viscosity 

models. The various options for presenting these data will be discussed  

on the example of the Ag-Sn and Ag-Cu-Sn system. First, we will focus  

on the binary one. 

Entering the binary system option begins in the start window  

(Fig. 6.5) with the selection of „Binary systems” and in the unfoldable 

selection windows for the system and the physical properties (Fig. 6.6). 

After the selection of the „Ag-Sn” system, the „Density” property and the 

„Isotherms” presentation mode, and after the activation of the „Next 

„button, the program will open a window where we can model, process and 

analyze the data by various authors. After the selection of the data author 

„SELECT AUTHOR” (Fig. 6.40), followed by the „Show” button,  

the program will display, in the bottom right-hand part, the density 
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equations by the given author. If the option „Show calculate value”  

is selected and the temperature values are entered (max. 4: T1, T2, T3, T4) 

the program will calculate the density and present it graphically in a diagram 

(Fig.6.41).  

 

 

Fig. 6.40. Temperature dependences of density for Ag-Sn system elaborated 

by a selected author [2001Mos1] 

 

The calculated values of density for the corresponding concentrations  

at a given temperature can be seen in the tables, in the bottom right-hand 

part of the window. This option gives us the possibility to observe  

the temperature dependences for the analyzed system and, if other authors’ 
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data are available, to make a comparison of the data, by re-selecting  

the author („SELECT AUTHOR”). The „Approx” option presents  

the polynomial approximation to the experimental points. In the bottom part, 

we can see „References”. Pushing the „Clear” button clears the diagram and 

the numeric data. 

 

Fig. 6.41. Density isotherms of liquid Ag-Sn alloys calculated at 523K  

and 1273 from equations by the author of [2001Mos1] 

 

After the selection of „Temperature relation” and the author in the previous 

window (Fig. 6.6), followed by „Show”, the program will display  

the available concentrations. It is possible to select all of them („SELECT 

ALL”) or those of interest. The activated „Points” button will display  
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the experimental points for the given concentrations (Fig. 6.42). The 

program will show only the points by the author selected in the upper 

window.  

If we push the „Graph” button, the program will add the linear 

approximation to the experimental data. There is an option to print  

the diagram by means of the „Print” button, as well as to compare  

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

which is activated by „PbSn”. 

 

Fig. 6.42. temperature dependences of density for Ag-Sn (Sn-Pb)eut liquid 

alloys 

By going back to the window in Fig. 6.6 and selecting ”Surface tension”, 

similarly as density, we can display the following: 
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a) the parameters A and B of the linear equations σ= A+BT describing 

the temperature dependences of surface tension for different 

concentrations (X(Sn)) (Fig. 6.43),  

b) the possibility to calculate the isotherms at any temperature and  

c) the possibility to compare them with the data by another author (Fig. 

6.44). 

 

Fig. 6.43. Temperature dependences of surface tension for liquid Ag-Sn 

alloys elaborated by the author of [2001Mos1] 
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Fig. 6.44. Isotherms of surface tension for Ag-Sn system calculated  

at 523 K, elaborated by two authors, compared with experimental data 

 

The „Butler model” option in the window in Fig. 6.6 makes it possible  

to calculate the surface tension from the Buter’s relation by pressing  

the „Model” button, as well as to confirm the compatibility with the data 

obtained in the experiment by the given author (Fig. 6.45). 

The selection of the option of temperature dependence visualization 

„Temperature relation” and the authors makes it possible to view  

the temperature dependence diagram (Fig. 6.46). If experimental data  

by other authors are available, there is a possibility to show and compare 
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them in one diagram, which can be done after the selection of other authors, 

followed by „Show”, as well as concentrations, displayed after „Graph”  

is pressed. If we wish to compare the surface tension of the given system 

with that of the traditional tin-lead solders, we can push the „PbSn” button. 

Clicking the diagram with the left mouse button will zoom it in to the full 

screen mode (Fig. 6.47). Clicking it again will restore the previous view.   

 

 

Fig. 6.45. Isotherm of surface tension for Ag-Sn system calculated from 
Butler’s model at 1273 K and compared with experimental data 
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Fig. 6.46. Comparison of temperature dependences of surface tension for 

liquid Ag-Sn alloys by two authors with data for (Sn-Pb)eut 

 

The activation of the „Model” option will make it possible to calculate  

the temperature dependences from the Butler’s model. Modeling can  

be performed only for the concentrations available for the given authors.  

By selecting the authors, we can model the surface tension for all the 

available concentrations („SELECT ALL”) or only for the selected ones. 

Next, by activating the „Model” option, we can view the temperature 

dependences calculated from the Butler’s equations, and the „Points” button 

will provide the option to compare them with the experimental data for all 

the concentrations (Fig. 6.48) or for the selected ones (Fig. 6.49). 
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Fig. 6.47. Comparison of temperature dependences of surface tension for 

liquid Ag-Sn alloys by two authors with those for (Sn-Pb)eut – zoom in 

 

 



168 
 

 

Fig. 6.48. Temperature dependences of surface tensions for liquid Ag-Sn 

alloy calculated from Butler’s model, compared with experimental data 
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Fig. 6.49. Temperature dependence of surface tension for a selected alloy 

from Ag-Sn system calculated from Butler’s model, compared with 

experimental data and with (Pb-Sn)eut (dotted line) 

 

Next to surface tension and density, SURDAT 3 provides the possibility  

to determine and view the dependences of solutions’ molar volume  

in the function of concentration by way of selecting the property (Fig. 6.6) 

as well as the options of „Molar volume” and „Isotherms”. SURDAT 3 

allows for the calculation and graphical presentation of maximum four 

isotherms simultaneously (Fig. 6.50). 

The presentation of viscosity begins in the property selection 

window („Select properties”-„Viscosity”, Fig. 6.6). The SURDAT 3 

database allows for both a presentation of the measured viscosity and that 

calculated from the relations (models) proposed by various authors.  
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The visualization of viscosity can be performed by the display of the 

following: 

a) The parameters A and E of the viscosity equations . � 5)̂
 

describing the temperature dependence of viscosity for different 

concentrations (X(Sn)) (Fig. 6.51), 

where: R – universal gas constant,  

T – temperature, 

b) The experimental isotherms determined at any temperature  

(Fig. 6.52), 

c) The presentation of the temperature dependences of viscosity 

(experimental points) by the selected author (Fig. 6.53), 

d) The viscosity isotherms for binary systems calculated from different 

models (Fig. 6.54). 

The modes of displaying the viscosity equations and their graphic 

presentation are the same as in the case of density and surface tension.  
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Fig. 6.50. Isotherms of molar volume of liquid Sn-Ag alloys calculated  

for four temperatures (523 K, 773 K, 973 K, 1273 K), compared with 

experimental data 
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Fig. 6.51. Temperature dependences of viscosity of liquid Ag-Sn alloys 

elaborated by the author of [1953Geb1] 



173 
 

 

Fig. 6.52. Isotherms of viscosity of liquid Ag-Sn alloys calculated for two 

temperatures (experimental points) 
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Fig. 6.53. Temperature dependences of viscosity (experimental points)  

by the author of [1953Geb1] 

 

To model viscosity, we use the bottom part of the window shown  

in Fig. 6.51. The following viscosity models are available: 

1. Gąsior, 

2. Gąsior-Moser, 

3. Iida-Ueda-Morita_Gex, 

4. Iida-Ueda-Morita_Hm, 

5. Kaptay, 

6. Kozlov-Romanov-Petrov, 

7. Kucharski, 

8. Moelwyn-Hughes, 
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9. Sato, 

10. Schick-Brillo-Egry-Hallstedt, 

11. Seetharaman-Sichen, 

12. Sichen-Bygden-Seetharaman. 

After specifying the temperature and selecting the viscosity model,  

we should press „OK”. For each system, the program provides temperature 

ranges for which the viscosity modeling option is available. Introducing  

a temperature from outside the range will make the program display  

the window in Fig. 6.54 with the information on the temperature range  

for the given system and the person to contact in order to calculate  

the viscosity isotherms at the temperature of interest.  

 

 

Fig. 6.54. Temperature range for Ag-Sn modeling 

 

For example, by introducing the temperature of 1273 K and selecting  

the viscosity models confirmed by „OK”, we will see the window presented 

in Fig.6.55. 
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Fig. 6.55. Viscosity isotherms calculated from different models compared 

with literature data of [1953Geb1] at 1273 K 

 

SURDAT 3 makes it possible to compare the own data with those provided 

by the base. This option is available only after the selection of isotherms  

as the mode of presentation. On the example of the Ag-Sn system, we will 

see the method of introducing the own data, for comparison’s sake.  

The „Add data” menu (Fig. 6.56) initializes the introduction of the own 

data. We can enter them manually or from a text file by pressing the „Load” 

button (Fig. 6.57).  
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Fig. 6.56. „Add data” menu in SURDAT 3 

 

We should remember that the format of the introduced data should  

be compatible with that required by SURDAT 3. By specifying  

the temperature and entering the reference to the own publication  

in the „AUTHOR” field, confirmed by „OK”, we will be able to compare 

the entered data with the viscosity ones calculated from various models,  

as well as on the background of other experimental data (Fig.6.58). 

 

 

Fig. 6.57. Window for own data introduction (isotherms) 
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Fig. 6.58. Viscosity isotherms calculated from different models, compared 

with selected literature data [1953Geb1] and with the introduced own data 

[XYZ] at 1273 K 

 

 

Fig. 6.59. „File” menu, „Save data” option, SURDAT 3 
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The program makes it possible to save the data (Fig. 6.59) in the database 

folder. We can save the following: 

• The equation parameters by the given author (Fig.6.60), 

• The values calculated for the given temperature (Fig.6.61), 

• The values calculated from viscosity modeling (Fig. 6.62), 

• The diagram (Fig.6.63). 

 

 

Fig. 6.60. Saved equations by the given author [1953Geb1] 
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Fig. 6.61. Saved isotherms calculated from the selected author [1953Geb1] 

 

 

Fig. 6.62. Saved model viscosity values 
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Fig. 6.63. Saved diagram 

 

In the case of multicomponent systems, the display of the properties runs 

analogically to that for the binary systems. The only difference  

is the necessity to select the initial alloy for which we want to view the data 

(Fig.6.64). The data display for the multicomponent systems will  

be presented on the example of the Ag-Cu-Sn system. We add copper  

to the initial (Sn-Ag)eut alloy. For such ternary system, Ag-Cu-Sn,  

we present the surface tension calculated from the Butler’s model,  

in the function of concentration, for two random temperatures, compared 

with the data calculated from the linear equations by the given author  

(Fig. 6.65).  
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Figure 6.66 shows the temperature dependences of the surface tension  

for two selected concentrations of Cu, calculated from the Butler’s relation, 

compared with the experimental points obtained by the given author. 
 

 

Fig. 6.64. Initial alloy selection window 

 

Fig. 6.65. Comparison of surface tension isotherms for liquid Ag-Cu-Sn 

alloys calculated from Butler’s relation (bold lines) and from relations 

developed by authors (thin lines) with experimental data (symbols)  

for 523 K and 1273 K 
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Fig. 6.66. Temperature dependences of surface tension in Ag-Cu-Sn 

calculated from Butler’s model on the background of experimental data 

(symbols) 
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8. The abstracts of the most important publications 

 

In this chapter are reported the abstracts of the most important 

publications used in preparation of SURDAT 3 database. 

 

[2011Mos1] Moser Z., Fima P., Bukat K., Sitek J., Pstruś J., Gąsior W., 

Kościelski M., Gancarz T., Investigation of the effect of indium 

addition on wettability of Sn-Ag-Cu solders, Soldering @Surface 

Mount Technology (in print).  

 
Abstract 

 
Purpose – The purpose of this work is to investigate the influence  

of In additions on the wetting properties of the Sn2.86Ag0.40Cu (in wt.%) 

eutectic-based alloys on a copper substrate in the presence of the flux. Four 

independent methods, namely wetting balance (WB), sessile drop (SD), 

maximum bubble pressure (MBP) and dilatometric method are applied for 

contact angle, surface tension and interfacial tension, wetting force and 

wetting time, and density measurements. The main goal of these 

investigations is to gather results that enable to find correlations between the 

results of wetting balance and sessile drop method in relation to contact 

angles.  

Design/methodology/approach – The authors applied the WB method for 

the wetting measurements at 250°C in air atmosphere in the presence of the 

flux. SD measurements were conducted at the same temperature in the 

presence of the same flux, but in Ar atmosphere, while the MBP and 

dilatometric measurements were conducted in Ar+H2 atmosphere.  
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The density data from dilatometric method were used for surface tension 

determination with MBP as well as surface tension and interfacial 

determination with WB method, and the surface tension data from these two 

methods were compared. WB data were used to calculate contact angles and 

the obtained indirect data were compared with the results of direct SD 

measurements of the contact angle. 

Findings – As the authors had expected, a higher In content in the alloy 

resulted in lower contact angle on copper, and the wetting balance results 

agree well with the results of sessile drop experiments. It was confirmed that 

in liquid In-Sn and alloys containing In and Sn (Ag-In-Sn, Sn-Ag-Cu-In, 

Sn-Zn-In) the improvement of wettability is indicated only by the increase 

of contact angle with increasing In content.  

Research limitations/implications – It is suggested that further studies are 

necessary for the confirmation of the practical application, but they should 

be directed to the soldering of high indium alloys on PCBs with different 

finishes and the quality of solder joint performance. 

Practical implications – Taking into account contact angle data, from WB 

and SD method the best results of SAC-In alloy on copper were obtained for 

the alloy of the highest In content. It was found, that the contact angles from 

SD after 4 s are higher (non-equilibrium conditions) than the values 

calculated from WB method after 3 s. Contrary, contact angles from SD 

after 10 min (equilibrium conditions) are lower than those from WB after 3 

s. The comparison suggests, that the contact angles from WB are situated 

within the data from SD, showing the same lowering tendency with 

increasing content of In, and they may be well accepted for practical 

purposes. On the other hand, sample of the solder in SD method after 
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prolonged time to get equilibrium contact angle, may be used to study 

interfacial phenomena with Cu substrate. 

Originality/value – The WB and the SD method were used for contact 

angle determination of a wide range of solder compositions under the same 

temperature and flux conditions. Also the surface tension for these alloys 

was determined with two independent methods, i.e., MBP and WB method. 

The obtained results allowed to draw conclusions regarding correlation 

between the output of different methods and the conditions under which a 

comparison of results can be made. It is supposed that these observation 

apply to many other alloy systems. 
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[2010Buk1] Bukat K., Moser Z., Sitek J., Gasior W., Kościelski M., 

Pstruś J., Investigations of Sn-Zn-Bi solders. Part I. Surface 

tension, interfacial tension and density measurements of the Sn-Zn-

7Bi solders, Soldering @ Surface Mount Technology, 22 No.3, 

(2010), 10 – 16. 

 
Abstract 

 
Purpose – The purpose of Part I is to investigate the influence of Bi 

additions on the surface tension, the interfacial tension and the density of the 

SnZn7Bi alloys (Bi =1 and 3 % by mass) as a continuation of similar 

previous studies on Bi and Sb additions to the binary Sn-Zn. The main aim 

of Part I is to indicate that the lowering of the surface tensions and 

interfacial tension is not sufficient for the practical application. However, 

the knowledge of the interfacial tension between the soldering flux and the 

solder is necessary to convert the wetting force into the contact angle. It will 

be documented in Part II. 

Design/methodology/approach – The authors applied the maximum bubble 

method for the surface tension and the Miyazaki method for the surface 

tension and the interfacial tension, using the density values from  

the dilatometric technique. The experimental surface tension results are 

compared with the Butler’s thermodynamic modeling and are discussed  

by means of the analysis of variance (ANOVA). 

Findings – On the basis of the previous studies on the Sn-Zn-Bi-Sb alloys, 

the addition of Bi to SnZn7 slightly decreases the surface tension measured 

in Ar + H2 atmosphere, similarly to the Butler’s modeling results. Also,  

a similar slight decrease of the surface tension from the Miyazaki method 

measured in air and in nitrogen is observed, as well as a more significant 
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lowering of the interfacial tension with the use of a flux in nitrogen. There is 

also a slight influence of the temperature on the numerical values of the 

surface tensions and the interfacial tension. In the ANOVA, taking into 

account the Bi content, the temperature of measurements, the atmosphere 

and the flux, the used flux was shown as the most important, and, to a lesser 

extent, the atmosphere as well. 

Research limitations/implications – It is intended (the purpose of Part II) 

to verify the positive influence of Bi additions in the SnZn7 alloys on the 

surface tensions and the interfacial tension by the contact angles from the 

interaction with the Cu substrate on PCBs with different lead-free finishes. 

Practical implications – It is suggested that further studies on more 

efficient fluxes are necessary for the practical application being  

in agreement with the ANOVA and the literature information. 

Originality/value – A slight improvement of the wettability with the use of 

Bi additions in the SnZn7Bi alloys in the course of various experimental 

techniques was proven, similarly to various references. The obtained results 

will enlarge the SURDAT database of the lead-free soldering materials. 
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[2010Buk2] Bukat K ., Sitek J., Kościelski M., Moser Z., Gąsior W., 

Pstruś J., Investigations of Sn-Zn-Bi solders. Part II. Wetting 

measurements of the Sn-Zn-7Bi solders on copper and on PCB with 

lead-free finishes by using the wetting balance method, Soldering 

@Surface Mount Technology, 22 No.4, (2010), 13 – 19. 

 
Abstract 

 

Purpose – The purpose of this Part II is to investigate the influence of Bi 

additions on the wetting properties of the SnZn7Bi alloys (Bi =1 and 3 % by 

mass) on a copper substrate and PCBs with lead-free finishes (SnCu, Snimm, 

Ni/Au, OSP) in the presence of fluxes. The practical aspect of the obtained 

results is the main goal of these investigations. 

Design/methodology/approach – The authors applied the wetting balance 

method for the wetting measurements at 230 and 250°C in nitrogen and air 

atmospheres in the presence of the ORM0 or ROL0 type fluxes. The PCBs 

were investigated in the state “as received” and after accelerated aging.  

The ANOVA analysis was performed in order to explain how the main 

factors of the experiments (the Bi content in the alloy (1 or 3 %), the test 

temperature and the test atmosphere) influence the wetting ability  

of SnZn7Bi on Cu substrate.  

Findings – As the authors had expected, a higher temperature and a higher 

Bi content in the alloy favored the wetting process of the copper substrate  

in the presence of the ORM0 type flux in a nitrogen atmosphere. These 

results were confirmed by the ANOVA analysis. We obtained also very 

good results of the SnZn7Bi3 alloy's wettability on “tin coatings” on the 

PCBs (SnCu and Snimm.) in the state “as received” and after aging, alike,  
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in the presence of the ORM0 type flux, for all the applied testing conditions 

(in both temperatures and N2 and air atmospheres). The less active flux 

(ROL0) causes a worsening of the alloy's wettability properties; however, 

the PCB with SnCu and Snimm. finishes keep their wettability, even after 

aging, still on a very good or good level, respectively. 

Research limitations/implications – It is suggested that further studies are 

necessary for the confirmation of the practical application, but they should 

be limited to the soldering of SnZnBi3 on PCBs with “tin coating” and the 

quality of solder joint performance. 

Practical implications – The best results of SnZn7Bi3 wetting on the PCBs 

with “tin coatings” (SnCu and Snimm.) at 230 and 250°C and nitrogen and air 

atmospheres suggest a possibility of a practical usage of the tin-zinc-

bismuth alloys for soldering in electronics using the ORM0 type flux and 

the even less active ROL0 type flux, which are currently applied in the 

industry lead-free soldering processes. 

Originality/value – The wetting balance method combined with  

the analysis of variance (ANOVA) was used as the quickest way to 

determine the wettability properties of SnZn7Bi on the Cu substrate.  

A wettability measurement of the SnZn7Bi and SnZn7Bi alloys with 

different lead-free finishes, in different experimental conditions, was also 

performed. 
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[2010Fim2] Fima P., Gąsior W., Sypień A., Moser Z., Wetting of Cu by 

Bi–Ag based alloys with Sn and Zn additions, J Mater Sci., 45 

(2010) 4339–4344. 

 
Abstract 

 
Contact angles on copper substrate of Bi–Ag–Sn and Bi–Ag–Zn ternary 

alloys containing 3, 6, and 9 at.% of Sn and Zn, respectively, were studied 

with the sessile drop method. Wetting tests were carried out at 573 and 603 

K with or without the use of a flux. Without the flux, the examined alloys  

do not wet copper, i.e., the observed contact angles are higher than 90°. 

However, in the presence of the flux wetting of copper is observed. In the 

case of alloys with Sn, the contact angles decrease with increasing content 

of Sn, while in the case of alloys with Zn no such tendency is observed. 

Solidified solder–substrate couples were cross-sectioned and examined with 

scanning electron microscopy coupled with electron dispersive X-ray 

analysis. 
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[2009Seb1] Sebo P., Moser Z., Svec P., Janickovic D., Dobrocka E., 

Gąsior W., Pstruś J., Effect of indium on the microstructure of the 

interface between Sn3.13Ag0.74CuIn solder and Cu substrate, J. 

Alloys Compd., 480, (2009), 409-415. 

 
Abstract 

 
Influence of indium in Sn3.13Ag0.74Cu solder containing 4, 15, 30, 50 and 

75 at.% In on the microstructure at the solder/Cu interface afterwetting  

at 523K for 1800 swas studied. The scanning electron microscopy (SEM) 

combined with energy-dispersive X-ray spectroscopy (EDX), standard  

and spatially resolved X-ray diffraction (XRD) techniques were used  

to determine the phases present at the solder/Cu interface. It was found that 

for In concentration up to 30 at.% the interface is formed by Cu6Sn5 phase. 

For higher In content (50 and 75 at.% In) interface consists of copper rich 

Cu41Sn11 phase. 
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[2009Mos1] Moser Z., Sebo P., Gąsior W., Svec P., Pstruś J., Effect of 

indium on wettability of Sn-Ag-Cu solders. Experiment vs. 

modeling, Part I, Int. Calphad, 33, (2009), 63-68. 

 
Abstract 

 
The density and surface tension measurements of the Sn3.13Ag0.74Cu 

liquid alloys with 2, 3, 4, 15, 30, 50 and 75 at.% In additions were 

conducted in the temperature range from 431 K up to 1209 K  

by dilatometric technique and the maximum bubble pressure method, 

respectively. The results obtained in both techniques exhibited 2%-3% 

scattering of experimental errors, similarly to the previously investigated  

In-Sn and Sn-Ag-In systems. This was due to the very similar surface 

tension and density values of pure indium and tin. The experimental surface 

tensions were compared with calculated ones using data of the constituent 

systems, (a) by means of thermodynamic method of Butler, and (b) by the 

temperature and concentration relation of the surface tension.  

The improvement of wettability in liquid alloys containing different In 

additions was confirmed with a sessile drop method in the temperature 

interval 523 K-593 K up to 1800 s. The wetting angles decreased with 

temperature and increasing In concentrations in the solders from ~ 37 for the 

solder without In at 523 K down to ~ 22 for the solder with 75 at.% In  

at 593 K. In the following Part II, the structure investigations  

of the interface between relevant solder and Cu substrate of the same liquid 

solders after contact angle measurements will be carried out. 
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[2009Mos2] Moser Z., Gąsior W., Pstruś J., Kaban I., Hoyer W., 

Thermophysical Properties of Liquid In–Sn Alloys, Int. J. 

Thermophys., 30, (2009), 1811-1822. 

 
Abstract 

 
The surface tension of liquid In–Sn alloys wasmeasured with three 

experimental techniques carried out in a protective atmosphere of a mixture 

of argon and hydrogen: tensiometric (in Chemnitz), and maximum bubble 

pressure and sessile drop (in Kraków). Attempts were undertaken to confirm 

the correlation of surface tension with electrical conductivity and viscosity 

and to compare them with literature data. The lack of such correlation  

or a weak one was observed, probably due to a slight negative departure  

of thermodynamic properties of liquid In–Sn alloys from ideal behavior. 

Both resistivity and viscosity correlated with the existence of In-rich β and 

Sn-rich γ phases of the In–Sn phase diagram. The mutual correlations  

of thermodynamic and physical properties, structure, and the type of phase 

diagram were confirmed previously for Li–Sn and Mg–Sn systems with 

evident negative thermodynamic departures from ideal behavior and with 

the occurrence of intermetallic compounds (IMCs) in the phase diagrams. 

Due to nearly the same values of surface tension and density of pure In and 

Sn, the concentration dependence on the surface tension and density was 

practically unchanged within an extensive range of temperatures in studies 

on Pb-free solders of binary and multicomponent alloys containing both 

metals. Thus, the beneficial influence of In on the wettability of In–Sn 

alloys was observed solely by the lowering of the contact angle. 
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[2008Buk1] Bukat K., J. Sitek, R. Kisiel, Z. Moser, W. Gąsior, 

Kościelski M., Pstruś J., Evaluation of the influence of Bi and Sb 

additions to Sn-Ag-Cu and Sn-Zn alloys on their surface tension 

and wetting properties using analysis of variance – ANOVA, 

Soldering @ Surface Mount Technology, 20, (2008), 9-19. 

 
Abstract 

 
Purpose - The purpose of this paper is a comparable evaluation of the 

influence of a particular element (Bi and Sb) added to Sn-Ag-Cu and Sn-Zn 

alloys on their surface and interfacial tensions, as well as the wetting 

properties on the Cu substrate expressed by the wetting angle. 

Design/methodology/approach - The authors applied the U orthogonal 

Taguchi array to carry out the experiments and discussed the results using 

analysis of variance (ANOVA). 

Findings - It was expected, on the base of previous studies, the decrease  

of the surface and interfacial tensions and thus improving wettability after 

the Bi and Sb addition to Sn-Ag-Cu and Sn-Zn alloys. Unfortunately,  

the obtained results on the quinary Sn-Ag-Cu-Bi-Sb alloys and the 

quaternary Sn-Zn-Bi-Sb alloys do not confirm these trends. The performed 

analyses suggest that the compositions of the quinary Sn-Ag-Cu-Bi-Sb 

alloys, as well as the quaternary Sn-Zn-Bi-Sb alloys, do not have optimal 

compositions for practical application. The Cu, Bi and Sb elements  

in the case of the Sn-Ag-Cu-Bi-Sb alloys and the Zn, Bi and Sb elements in 

the case of the Sn-Zn-Bi-Sb alloys show mutual interaction and,  

in consequence, there is no correlation between the tendency of the surface 

and interfacial tensions changes and the wettings of the Cu substrate. 
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Research limitations/implications - It is suggested that further studies are 

necessary for the purpose of the practical application, but they should  

be limited mainly to the Sn-Ag-Cu-Bi and the Sn-Zn-Bi alloys with  

the optimal compositions. 

Practical implications - The performed analysis suggests that none  

of the investigated compositions of the quinary Sn-Ag-Cu-Bi-Sb alloys,  

as well as the quaternary Sn-Zn-Bi-Sb alloys, have the optimal compositions 

for practical application. 

Originality/value - The quickest way to determine which element  

of the alloy composition influences the surface tension and the wetting 

properties, and how, is to apply orthogonal analysis. After choosing the 

orthogonal array, the experiments were performed and analysis of variance 

(ANOVA) was used to perform the quantifiable analysis of the measured 

and calculated results of surface and interfacial tensions, as well  

as the wetting properties on the Cu substrate. 
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[2008Buk2] Bukat K., Moser Z., Gąsior W., Sitek J., Kościelski M., 

Pstruś J., Trends in wettability studies, of Pb-free solders. Basic and 

application. Part II. Relation between surface tension, interfacial 

tension and wettability of lead-free of Sn-Zn, Archs. Metall. and 

Mater., 53, (2008), 1065-1074. 

 
Abstract 

 
The surface tension of a molten alloy plays an important role in determining 

the wetting behavior of solders. The systematic measurements of surface 

tension by the maximum bubble pressure method, in Ar + H2 atmosphere, 

were performed at the Institute of Metallurgy and Materials Science, Polish 

Academy of Sciences in Krakow (IMIM PAS). In parallel, the surface 

tension and interfacial tension were measured by the Miyazaki method, 

using wetting balance technique, in air and in N2 atmospheres, at the Tele 

and Radio Research Institute (ITR) in Warsaw. Both of these methods were 

used for a comparative analysis of the Sn-Zn and Sn-Zn-Bi-Sb alloys 

manufactured by Institute of Non-Ferrous Metal in Gliwice (INMET INM). 

The authors would like to know how the addition of Bi and Sb elements  

to the eutectic Sn-Zn alloy influences the changes of the surface tension  

and wettability on copper substrate. It has been found that addition of Bi and 

Sb to the Sn-Zn alloy decreases surface tension. A more evident decreasing 

tendency of surface tension was noted in wetting balance(meniscographic) 

measurements, especially of an interfacial tension measured in presence of a 

flux. The results of the surface tension from both methods are comparable. 

Strong interaction between Bi and Sb elements in the Sn-Zn-Bi-Sb alloys 

was demonstrated by variance analysis (ANOVA). The wettability results  

of investigated zinc alloys on Cu substrate were unexpected: the better 
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wettability of eutectic Sn-Zn alloy than this modified by addition of Bi and 

Sb Sn-Zn was obtained. It appeared therefore that modified Sn-Zn-Bi-Sb 

solders were useless for soldering from technological point of view. So,  

the next wettability investigation will concentrate on new Sn-Zn-Bi alloy 

compositions with small amount of Zn. The surface tension of this alloy  

is not known. 
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[2008Mos1] Moser Z., Gąsior W., Pstruś J., Dębski A., Wettability 

Studies of Pb-Free Soldering Materials, Int. J. Thermophys., 29, 

(2008), 1974-1986. 

 
Abstract 

 
The surface tension of liquid In–Sn alloys wasmeasured with three 

experimental techniques carried out in a protective atmosphere of a mixture 

of argon and hydrogen: tensiometric (in Chemnitz), and maximum bubble 

pressure and sessile drop (in Kraków). Attempts were undertaken to confirm 

the correlation of surface tension with electrical conductivity and viscosity 

and to compare them with literature data. The lack of such correlation  

or a weak one was observed, probably due to a slight negative departure  

of thermodynamic properties of liquid In–Sn alloys from ideal behavior. 

Both resistivity and viscosity correlated with the existence of In-rich β and 

Sn-rich γ phases of the In–Sn phase diagram. The mutual correlations  

of thermodynamic and physical properties, structure, and the type of phase 

diagram were confirmed previously for Li–Sn and Mg–Sn systems  

with evident negative thermodynamic departures from ideal behavior and 

with the occurrence of intermetallic compounds (IMCs) in the phase 

diagrams. Due to nearly the same values of surface tension and density  

of pure In and Sn, the concentration dependence on the surface tension  

and density was practically unchanged within an extensive range  

of temperatures in studies on Pb-free solders of binary and multicomponent 

alloys containing both metals. Thus, the beneficial influence of In on the 

wettability of In–Sn alloys was observed solely by the lowering  

of the contact angle. 
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[2008Mos2] Moser Z., Gąsior W., Bukat K., Pstruś J., Sitek J., Trends 

in wettability studies of Pb-free solders. Basic and application. Part 

I. Surface tension and density measurements of Sn-Zn and Sn-Zn-

Bi-Sb alloys. Experiment vs.modeling, Archs. Metall. and Mater., 

53, (2008), 1055-1063. 

 
Abstract 

 
Surface tension and density measurements by maximum bubble pressure 

and dilatometric techniques were carried out in 1 extensive range  

of temperature on liquid alloys close to binary eutectic Sn-Zn composition 

with small Bi and Sb additions. It is been found that the addition of Bi and 

Sb decreases the surface tension and density. The values of the surface 

tension were so calculated by the Butler model using ADAM1S database 

from Tohoku University and this of COST 531 program for excess Gibbs 

energies of liquid components. For modeling, surface tension and density  

of pure components from SURDAT database ere accepted . Calculated 

surface tension is close to experimental results. Values at 523 K were 

compared with results om meniscographic/wetting balance studies 

undertaken in cooperation with industrial institutes in the frame of net-work: 

advanced soldering materials" financed by Polish sources 2006/2007. 

The main aim of these joint studies combining basic research with 

application is to search for substitute materials of traditional solders based 

on Sn-Pb eutectics and to propose the metric of wettability suitable  

for different Pb-free materials. 
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[2008Seb1] Šebo P. Švec P., Janičkovič D., Moser Z., Identification of 

phases in Sn-Ag-Cu-In solder on Cu substrate interface, Kovove 

Mater. 46, (2008), 235–238. 

 
Abstract 

 
Determination of the phases arising at the interface between lead-free 

Sn3.5Ag0.4Cu29.5In solder and copper substrate after wetting of copper at 

280 °C for 1800 s is presented. Compared are results obtained with methods 

of scanning electron microscopy (SEM) equipped with EDX analyzer, X-ray 

diffraction and X-scan X-ray diffraction method. Standard X-ray diffraction 

profile shows the existence of four phases In0.2Sn0.8, Cu6Sn5, In3Sn and 

Ag3Sn. X-scan X-ray diffraction profile shows the presence of two phases  

at the interface In0.2Sn0.8 and Cu6Sn5 and adjacent phase to the copper 

substrate is In0.2Sn0.8 phase. Comparison of both methods is discussed. 
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[2007Mos1] Moser Z., Gąsior W., Bukat K., Pstruś J., Kisiel R., Sitek 

J., Ishida K. and Ohnuma I., Pb-Free Solders: Part III. Wettability 

Testing of Sn-Ag-Cu-Bi Alloys with Sb Additions, J. Phase Equilib. 

Diffus., 28 (No 5), (2007), 433-438. 

 
Abstract 

 
Maximum bubble pressure, dilatometric, and meniscographic methods were 

used in the investigations of the surface tensions, densities, wetting times, 

wetting forces, contact angles, and solder-flux interfacial tensions of liquid 

Sn-Ag-Cu-Bi alloys with various additions of Sb. Density and surface 

tension measurements were conducted in the temperature range 230 to 900 

°C. Surface tensions at 250 °C were measured in air and under a protective 

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

studies done under air or with a protective flux. Meniscographic data with  

a nonwetted Teflon substrate provided data on solder-flux interfacial 

tensions, and meniscographic data with a Cu substrate allowed 

determinations of wetting times, wetting forces, and calculations of contact 

angles. Additions of Sb to quaternary Sn-Ag-Cu-Bi alloys improve 

wettability, move the parameters closer to those of traditional solders,  

and affirm, as found in previous studies of Bi additions to the Sn-Ag-Cu 

near-eutectic compositions, that interfacial tensions and contact angles are 

the two parameters most important as a metric of wettability. However,  

in contrast to results found in studies of quaternary Sn-Ag-Cu-Bi alloys,  

the changes in quinary Sn-Ag-Cu-Bi-Sb alloys of interfacial tensions  

and contact angles do not correlate with decreasing wetting time and 

increasing wetting force. 



232 
 

[2006Mos1] Moser Z., Gasior 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 

(No 2), (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., Gasior W., Pstruś J., Ohnuma I., Ishida K., 

Influence of Sb additions on surface tension and density. 

Experiment vs. Modeling. Z. Metallkd., 97 No. 4, (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., Gasior 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 No 3, (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. 
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[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. 
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[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 I200K. 

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] Gasior 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. 
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[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. 
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[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:  = -598 148 + 309.27T [J · mol-1] and = -

548 009 + 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.  

0

32 )( OBifG −∆ α
0
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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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