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ABSTRACT

Purpose: The interaction of lead-free solders with a copper substrate is an essential issue for the reliability of 
solder joints. In order to understand this interaction, knowledge of thermodynamic and other physical properties 
of several Cu-containing ternary systems such as Cu-Sb-Sn system is necessary. The aim of this work was to 
determine Sb activity in Cu-Sb-Sn alloy.
Design/methodology/approach: Investigation of this system was carried out using the equilibrium saturation 
(ES) method and Knudsen effusion mass spectrometry (KEMS). The ES measurements were performed in 1373 K 
temperature. As the latter method is comparative one, a Sn-Sb alloy was accepted as a reference alloy, where a 
formula for Sb activity proposed by Jönsson and verified by Vassiliev was accepted. The Sb activity measurements 
by KEMS method were performed in a temperature range from 793 to 1323 K.
Findings: In the frame of presented experiments, Sb activity was determined by ES and KEMS methods.
Research limitations/implications: The Sb activities obtained by ES and KEMS agree well - Sb(KEMS)/
Sb(ES) = 1.04 ± 0.14.
Practical implications: Knowledge of multi-component phase equilibrium can provide the alloy designer  with  
specific data enabling finding alloys that meet certain criteria.
Originality/value: The measured activity of antimony in the Cu-Sb-Sn alloys both by ES and KEMS method are 
comparable and they will be used for phase equilibria calculations of the Cu-Sb-Sn system.
Keywords: Cu-Sb-Sn system; Knudsen cell; Equilibrium saturation; Liquid alloys
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1.Introduction 
 

In respect to environmental and health concern, with increasing 
awareness of toxicity of some materials [1, 2] including lead, 
significant pressure has been put on industry to find lead – free 
solders [3, 4]. Alternative solder alloys are needed to meet 
environmental regulations and requirements for mechanical and 
physical properties. As among other candidate alloy components 
are Cu, Sn and Sb [5], Cu-Sb-Sn system is worth thorough 
investigation. There are no experimental data of this system, but the 
binary constituents were investigated for instance Sn-Sb by Jonsson 
and Argen [6], Cu-Sb by Liu [7] and Cu-Sn by Liu [8]. Knowledge 
of multi-component phase equilibria can provide the alloy designer 
with specific data enabling finding alloys which meet certain 
criteria. When binary sub-systems are known, it is possible to 
calculate higher order systems (ternary, quaternary, etc.) For a 
ternary system, thermodynamic models consistent with the 
experimental data are first obtained then a thermodynamic 
extrapolation method is used to calculate a ternary system. From the 
calculated phase diagram, the melting temperature range, the 
solidification path as well as the susceptibility to inter-metallic 
formation can be estimated. [9, 10]. Moreover, there can be 
calculated equilibria for compositions and temperatures where data 
are not available as well as calculations of metastable equilibria. An 
obvious requirement is that calculated phase equilibria data 
reproduce the experimental data within the limits of the 
experimental accuracy. Therefore, a sufficient number of 
experiments must be carried on (although they are time consuming) 
to establish phase diagrams reasonably well. 

In this paper, there are presented results of the activity of 
antimony determined by ES and KEMS methods. Thanks to 
temperature dependence of Sb activity values, the partial molar 
enthalpy and entropy changes of mixing of Sb can also be 
determined. 
 
 

2. Experimental 
 
 
2.1. Equilibrium saturation (ES) technique 
 

The equilibrium saturation method is a comparative method 
of measuring the activity of a volatile element in a 
multicomponent system. This method can be applied to 
investigating systems with one volatile component, but the 
activity of this component must be known in another system, 
which can be a reference mixture. This method has already been 
successfully applied for alloys with a volatile component 
[11, 12, 13]. 

The vapour  pressures of the components of Cu-Sb-Sn alloy 
are at T = 1373 K: *

Snp  = 1.28·10
-1 Pa, *

Cup  = 7.65·10
-2 Pa, 

*
Sbp  = 3667 Pa, atT = 1173 K: *

Snp  = 1.56·10
-3 Pa, 

*
Cup  = 5.49·10

-4 Pa, *
Sbp  = 762 Pa [14]. Since the vapour 

pressure of Sb is much higher than that of the other elements, the 
activity measurements of Sb can be carried out by the ES method. 
The Sn-Sb alloy was accepted as a reference mixture. The studied 

Cu-Sn-Sb mixture and the reference Sn-Sb mixture were placed 
inside the closed crucible under a reduced argon pressure and 
saturated with the vapour of Sb until equilibrium was reached 
(Fig. 1). At equilibrium state, the activity of Sb is the same in all 
alloys inside the closed system.  
 
 

 
 
Fig. 1. Apparatus for the equilibrium saturation with metal 
vapour. 1- thermocouple and alundum sheets for thermocouple,  
2- graphite cover, 3-graphite blocks with crucibles for alloys,  
4-vaccum chamber 
 
 

The temperature was measured by a {Ni-(Ni-Cr)} 
thermocouple. The accuracy of temperature measurements was 
5K. The pressure in the furnace was measured by a vacuum gauge 
APG-010, manufactured by Balzers. The accuracy of pressure 
measurements was 10 Pa. Alloys were prepared from elements of 
purity at least 99.98 mass fraction purchased from Aldrich. 
Graphite elements were made of EK-412 type graphite purchased 
from Ringsdorf. The reference and the studied solutions of 
appropriate composition were prepared by melting carefully 
weighed masses of metals at argon pressure of 0.1 Pa. The 
compositions of the alloys were determined by weighing. The 
accuracy of weighing was 10-5g. The argon pressure and the 
equilibration time were established experimentally, before 
investigating the Cu-Sb-Sn liquid alloys. In preliminary tests, in 
all crucibles were Sn-Sb alloys of different compositions. The 
equilibrium state was attained when the mole fraction of Sb was 
the same in all solutions. The value of argon pressure had to be 
higher than the vapour pressure of Sb in order to limit the 
evaporation process to that of antimony and to ensure a sufficient 
rate of the equilibration of alloys. It was established, that for the 
temperature 1373 K, the necessary time to reach the equilibrium 
was 2 hours and the argon pressure was 2.2 kPa.  

At equilibrium state, the activity of Sb is the same in all 
samples inside the closed system. Unless activity of Sb in the 
reference Sn-Sb is known, it is possible to calculate the activity of 
Sb in the Cu-Sb-Sn (l): 
aSb(Cu-Sb-Sn-) = aSb(Sn-Sb) (1) 

 
Sb(Cu-Sb-Sn) = xSb(Sn-Sb)* Sb(Sn-Sb)/xSb(Cu-Sb-Sn (2) 

  
where xSb(Sn-Sb) and xSb(Cu-Sn-Sb) denote the equilibrium mole 
fractions of Sb in Sn-Sb and Cu-Sn-Sb, respectively, and Sb(Sn-Sb) 
and  Sb(Cu-Sn-Sb) are the corresponding activity coefficients of Sb. 
 
 

To present the activity coefficient of Sb ( Sb) in the reference 
Sn-Sb solution Eqn. (3) proposed by Jönsson [6] with the 
following Redlich-Kister parameters (L) were used: 

 
n

m

m
SnSbSnSb

m
SnSb xxLL

0
,, ,  

[J/mol]  * 1.7090-5695.14 -  L
SnSb,

0 TL  

[J/mol] 782.595  L
SnSb,

1L   (3) 

[J/mol] 1840.01  L
SnSb,

2 L  

 
 
 
2.2. Knudsen effusion mass spectrometry (KEMS) 

For our experiments, a Nier type magnetic mass spectrometer 
coupled with a Knudsen cell was used (Fig. 2). The Knudsen 
effusion mass spectrometry (KEMS) is a powerful technique for 
the investigation of thermodynamic properties of volatile 
substances [15, 16]. Using KEMS, by measuring the intensities of 
the ions originating from the equilibrium vapour of the sample, 
the composition of the vapour (both qualitative and quantitative) 
and the partial pressures of the gaseous species can be determined 
as a first step. Measuring the temperature dependence of the ion 
intensities or the partial pressures, a large set of important 
thermodynamic data, such as thermodynamic activities, internal 
energy, enthalpy, entropy, Gibbs energy changes of homogeneous 
(gas phase and condensed phase chemical reactions, mixing etc.) 
and of heterogeneous (evaporation, sublimation, melting etc.) 
chemical equilibria can be determined. In addition, measuring the 
ionisation and appearance energies of the detected ions a lot of 
gas phase ion chemistry data, such as bond dissociation energies, 
atomisation energies, enthalpies of formation of ions etc. can be 
determined. Thus, by means of KEMS, the total thermo-chemical 
investigation of the studied system can be performed. 

In order to determine the partial pressures of the gaseous 
species in equilibrium with the condensed sample, first the detected 
ions should be assigned to their neutral precursors. This assignment 
is usually a simple task in case of gas mixtures consisting of 
different atomic species since only “pure” ions are formed. 
Nevertheless, it can be a difficult task in case of gas mixtures 
consisting of several kinds of molecular species if two or more 
species produce the same type of ion formed by electron impact 
fragmentation. The assignment can be simplified 1/ by measuring 
the appearance energies of the ions, 2/ by measuring the 

temperature dependence of all kinds of ions originating from the 
(sample) vapour, 3/ by knowing the phase diagram of the system.  

The vapour of the studied condensed sample, having a quasie-
equilibrium pressure, effuses through the small cell orifice (e.g. 
diameter of about 0.5 mm) into the ionisation chamber of the ion 
source with a molecular flow and collides with the ionising 
electrons forming predominantly positive ions. The ions are 
separated in the analyser by their mass-to-charge before being 
detected and their intensities are measured using an electron 
multiplier operating usually in a counting mode between -2 kV 
and -3.5 kV supply voltage. [17, 18] The temperature of the 
Knudsen cell can be regulated using a temperature controller that 
is connected to the oven surrounding the cell. 
 

The partial pressures of the gaseous species can be determined 
using the following relationship: 
 

               
i

ITConstp
ii

ij

j
j  (4) 

 
where pj is the partial pressure of particle j at temperature T, 
Const is the sensitivity constant of the instrument, j,  is the 
ionisation cross section of the gaseous particle j, ijI  is the ion 

intensity of ion i formed from the molecule j, j and j are the 
isotopic abundance factor and the multiplier efficiency of ion i, 
respectively. Both j and ijI  depend on also the ionising electron 
energy and correspond to the applied electron energy.  
 

The activity of component j in a mixture can be expressed, 
using the vapour pressure of component j over the pure 
component and the mixture, as follows:  
 

*
j

j
j p

p
a                                (5) 

 
where the symbol (*) denotes the pure component. 
 

In case of certain systems and applying appropriate KEMS 
techniques we can obtain activities and mixing thermodynamic 
properties simply by measuring the variation of the mass 
spectrum (ion intensity ratios) with temperature and composition 
without explicit knowledge of the parameters (Const, j, j and j) 
in Eqn. (4)., i.e. without calibration of the instrument. Such 
KEMS methods are called relative KEMS methods. Nevertheless, 
in case of Cu-Sb-Sn system only the absolute method could be 
applied through the determination of the equilibrium vapour 
pressure of Sb4(g) species that is the more abundant oligomer in 
the equilibrium vapour over Sb(s) and Cu-Sb-Sn.  
 

The activity of Sb in Cu-Sb-Sn was evaluated using the 
following equation: 
 

4
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Table 1.  
Experimental values of Sb activity studied by the ES method 

The studied Cu-Sb-Sn solution No 
 xCu xSn xSb aSb 

1.  0.0081 0.8152 0.1767 0.1555 

2.  0.017 0.8466 0.1364 0.1555 

3.  0.0246 0.8115 0.1639 0.1555 

4.  0.0306 0.7454 0.224 0.1555 

5.  0.04 0.7737 0.1863 0.1267 

6.  0.0813 0.7432 0.1754 0.1267 

7.  0.1642 0.6649 0.1709 0.1266 

8.  0.2468 0.5862 0.167 0.1267 

9.  0.3245 0.4983 0.1771 0.1266 

10.  0.4121 0.4226 0.1653 0.1170 

11.  0.507 0.3465 0.1464 0.1169 

12.  0.6011 0.2617 0.1372 0.1170 

13.  0.6887 0.1748 0.1366 0.1170 

14.  0.7618 0.085 0.1532 0.1170 

15.  0.8061 0.043 0.1508 0.0855 

16.  0.8486 0.0361 0.1153 0.0855 

17.  0.8628 0.0277 0.1095 0.0855 

18.  0.8677 0.0186 0.1137 0.0855 

19.  0.85 0.0092 0.1409 0.0855 

20.  0.0079 0.7962 0.1959 0.1718 

21.  0.0001 0.005 0.9949 0.1718 

22.  0.0239 0.789 0.1871 0.1718 

23.  0.03 0.7324 0.2376 0.1718 

24.  0.039 0.7531 0.208 0.1521 

25.  0.0789 0.7208 0.2003 0.1521 

26.  0.1594 0.6457 0.1949 0.1521 

27.  0.2391 0.5679 0.193 0.1521 

28.  0.3148 0.4834 0.2019 0.1521 

29.  0.404 0.4143 0.1818 0.1384 

30.  0.4957 0.3388 0.1656 0.1384 

31.  0.587 0.2556 0.1573 0.1383 

32.  0.6717 0.1705 0.1578 0.1383 

33.  0.7393 0.0825 0.1782 0.1384 

34.  0.7939 0.0424 0.1637 0.1024 

35.  0.8342 0.0354 0.1304 0.1024 

36.  0.8486 0.0273 0.1241 0.1023 

37.  0.8532 0.0183 0.1285 0.1024 

38.  0.833 0.009 0.1581 0.1024 

 
 
Fig. 2. The scheme of a Knudsen cell-mass spectrometer system 

 
Table 2.  
Experimental values of Sb activity studied by the KEMS method 

Liquid alloys ln(aSb)=A+B/T 

xSb xCu xSn 
Temp range 

T /K A B 
aSb 

 

0.9 0.033 0.067 873-973 -0.5561 431.28 0.7851 

0.8 0.067 0.133 833-983 -0.8294 587.93 0.6695 

0.7 0.100 0.200 843-983 -0.7879 464.99 0.6381 

0.6 0.133 0.267 883-983 -0.6695 232.46 0.6064 

0.6 0.133 0.267 873-983 -0.7040 186.38 0.5665 

0.5 0.167 0.333 913-1003 -0.3752 -346.43 0.5339 

0.4 0.200 0.400 903-1033 -0.6802 -358.26 0.3902 

0.3 0.233 0.467 913-1033 -1.0359 -390.56 0.2670 

0.2 0.267 0.533 1013-1123 -1.5682 -390.54 0.1568 

0.2 0.267 0.533 1043-1163 -1.5315 -410.38 0.1604 

0.1 0.300 0.600 1203-1323 -0.0388 -3100.1 0.1006 

0.1 0.450 0.450 1203-1303 0.0643 -3353.1 0.0927 

0.2 0.400 0.400 1043-1173 -1.7006 -304.82 0.1462 

0.3 0.350 0.350 913-1043 -0.7703 -688.98 0.2802 

0.4 0.300 0.300 903-1033 -0.6314 -312.87 0.4235 

0.5 0.250 0.250 913-1013 -0.1389 -507.52 0.6014 
 
 

3. Results 
 

Tables 1 and 2 and Figure 3 present values of Sb activity 
determined by ES and KEMS techniques, whereas Figure 4 
presents comparison of results obtained by both methods. 

Each experimental method has its limitations. For instance, it 
is impossible to measure Sb activity in the Sb rich corner by ES 
methods, because antimony will evaporate during the experiment. 
Therefore for Sb rich corner another method must be used (KEMS 
for instance). The antimony activity in Cu-Sb-Sn alloys was 
measured by both methods for different compositions (see Fig. 3), 
so the activity values differ (Table 1 and Table 2), but for similar 
concentrations they agree well (Fig. 4) - aSb(KEMS)/aSb(ES) = 
1.04 ± 0.14. 
 
 

 
 
Fig. 3. The compositions studied by both ES and KEMS methods 

 

 
Fig. 4. Comparison of the ES and KEMS data 

 
 

The aSb(KEMS) for the compositions of the ES experiments 
were obtained using a mathematical regression procedure to fit 
the measured KEMS data to the Redlich-Kister-Muggianu (RKM) 
model. The excess Gibbs energy of ternary liquid mixtures, taking 
both binary and ternary interactions into account, can be described 

as random mixtures of components A, B and C by a sub-regular 
solution type model after Muggianu [19] as follows (Eqn. [7]):  
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where XA, XB and XC are the mole fractions of the components and 
L's are the so-called binary and ternary interaction parameters. 
Using  not only the activity of Sb, but that of Sn and Cu could 
also be obtained as a function of temperature and composition in 
an equation form. As an example, Fig. 5 presents the activity of 
Sb obtained by both without (discrete points) and with (solid line) 
the RKM model for xCu/xSn=1/2 at 1173 K as a function of 
composition.  
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4. Conclusions 
 

The activity of antimony was determined using the ES and 
KEMS methods (methods used for the investigation of the 
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obtained by both methods agree well and will be used for further 
work in the framework of COST Action MP0602 “High 
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Table 1.  
Experimental values of Sb activity studied by the ES method 

The studied Cu-Sb-Sn solution No 
 xCu xSn xSb aSb 

1.  0.0081 0.8152 0.1767 0.1555 

2.  0.017 0.8466 0.1364 0.1555 

3.  0.0246 0.8115 0.1639 0.1555 

4.  0.0306 0.7454 0.224 0.1555 

5.  0.04 0.7737 0.1863 0.1267 

6.  0.0813 0.7432 0.1754 0.1267 

7.  0.1642 0.6649 0.1709 0.1266 

8.  0.2468 0.5862 0.167 0.1267 

9.  0.3245 0.4983 0.1771 0.1266 

10.  0.4121 0.4226 0.1653 0.1170 

11.  0.507 0.3465 0.1464 0.1169 

12.  0.6011 0.2617 0.1372 0.1170 

13.  0.6887 0.1748 0.1366 0.1170 

14.  0.7618 0.085 0.1532 0.1170 

15.  0.8061 0.043 0.1508 0.0855 

16.  0.8486 0.0361 0.1153 0.0855 

17.  0.8628 0.0277 0.1095 0.0855 

18.  0.8677 0.0186 0.1137 0.0855 

19.  0.85 0.0092 0.1409 0.0855 

20.  0.0079 0.7962 0.1959 0.1718 

21.  0.0001 0.005 0.9949 0.1718 

22.  0.0239 0.789 0.1871 0.1718 

23.  0.03 0.7324 0.2376 0.1718 

24.  0.039 0.7531 0.208 0.1521 

25.  0.0789 0.7208 0.2003 0.1521 

26.  0.1594 0.6457 0.1949 0.1521 

27.  0.2391 0.5679 0.193 0.1521 

28.  0.3148 0.4834 0.2019 0.1521 

29.  0.404 0.4143 0.1818 0.1384 

30.  0.4957 0.3388 0.1656 0.1384 

31.  0.587 0.2556 0.1573 0.1383 

32.  0.6717 0.1705 0.1578 0.1383 

33.  0.7393 0.0825 0.1782 0.1384 

34.  0.7939 0.0424 0.1637 0.1024 

35.  0.8342 0.0354 0.1304 0.1024 

36.  0.8486 0.0273 0.1241 0.1023 

37.  0.8532 0.0183 0.1285 0.1024 

38.  0.833 0.009 0.1581 0.1024 

 
 
Fig. 2. The scheme of a Knudsen cell-mass spectrometer system 

 
Table 2.  
Experimental values of Sb activity studied by the KEMS method 

Liquid alloys ln(aSb)=A+B/T 

xSb xCu xSn 
Temp range 

T /K A B 
aSb 

 

0.9 0.033 0.067 873-973 -0.5561 431.28 0.7851 

0.8 0.067 0.133 833-983 -0.8294 587.93 0.6695 

0.7 0.100 0.200 843-983 -0.7879 464.99 0.6381 

0.6 0.133 0.267 883-983 -0.6695 232.46 0.6064 

0.6 0.133 0.267 873-983 -0.7040 186.38 0.5665 

0.5 0.167 0.333 913-1003 -0.3752 -346.43 0.5339 

0.4 0.200 0.400 903-1033 -0.6802 -358.26 0.3902 

0.3 0.233 0.467 913-1033 -1.0359 -390.56 0.2670 

0.2 0.267 0.533 1013-1123 -1.5682 -390.54 0.1568 

0.2 0.267 0.533 1043-1163 -1.5315 -410.38 0.1604 

0.1 0.300 0.600 1203-1323 -0.0388 -3100.1 0.1006 

0.1 0.450 0.450 1203-1303 0.0643 -3353.1 0.0927 

0.2 0.400 0.400 1043-1173 -1.7006 -304.82 0.1462 

0.3 0.350 0.350 913-1043 -0.7703 -688.98 0.2802 

0.4 0.300 0.300 903-1033 -0.6314 -312.87 0.4235 

0.5 0.250 0.250 913-1013 -0.1389 -507.52 0.6014 
 
 

3. Results 
 

Tables 1 and 2 and Figure 3 present values of Sb activity 
determined by ES and KEMS techniques, whereas Figure 4 
presents comparison of results obtained by both methods. 

Each experimental method has its limitations. For instance, it 
is impossible to measure Sb activity in the Sb rich corner by ES 
methods, because antimony will evaporate during the experiment. 
Therefore for Sb rich corner another method must be used (KEMS 
for instance). The antimony activity in Cu-Sb-Sn alloys was 
measured by both methods for different compositions (see Fig. 3), 
so the activity values differ (Table 1 and Table 2), but for similar 
concentrations they agree well (Fig. 4) - aSb(KEMS)/aSb(ES) = 
1.04 ± 0.14. 
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both binary and ternary interactions into account, can be described 

as random mixtures of components A, B and C by a sub-regular 
solution type model after Muggianu [19] as follows (Eqn. [7]):  
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where XA, XB and XC are the mole fractions of the components and 
L's are the so-called binary and ternary interaction parameters. 
Using  not only the activity of Sb, but that of Sn and Cu could 
also be obtained as a function of temperature and composition in 
an equation form. As an example, Fig. 5 presents the activity of 
Sb obtained by both without (discrete points) and with (solid line) 
the RKM model for xCu/xSn=1/2 at 1173 K as a function of 
composition.  
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