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1

1. Introduction 

Foundational knowledge of thermodynamic has taken important role in the 
rapid development in control, design and efficiency of the process in smelting 
and refining of the metals to make the industries more sustainable. Some chal-
lenges keep emerging, due to the complexity of the raw materials and the strict 
environmental regulations to make the process cleaner. However, many funda-
mental thermodynamic data critical for the process development and optimiza-
tion are still limited, scarce and even do not exist in the literature. Therefore, 
research on these data is really demanded. Clear examples are during the recy-
cling of the waste electrical and electronic equipment (WEEE) or processing the 
anode slime by pyrometallurgical routes, the information how the valuable ele-
ments distributed between slag and metal phases during smelting and refining 
process are becoming major topic in some research centers in the world. The 
distribution information can determine if the processing of the material would 
be beneficial or not, meaning another processing option is needed.  

Moreover, not only metallurgical industry, but also for example glass, ceramic 
and chemical industries need these fundamental property data. Glass properties 
at room temperature can be determined by its characteristic at high tempera-
ture as liquid phases. In material science and physics, thermodynamic proper-
ties of some metals are demanded as a tool to design new alloys for advance 
applications and to give better understanding, e.g. on atomic structure theories.   

1.1 Na2O-PbO-SiO2-TeO2 and Ag-Au-Pd-Pt systems in industries 

Soda silicate based glass accounts for 90% of the fabricated glass in the world 
[1]. Thus Na2O-PbO2-SiO2-TeO2 system is vital for the glass and ceramic indus-
tries [2, 3, 4, 5] and in special applications for nuclear and electronic industries 
due to its photosensitivity and gamma-ray mass attenuation coefficient proper-
ties [6, 7, 8, 9]. In biofuel and coal combustion technologies, liquid ash contain-
ing Na2O can cause serious problems and limit the operation [10, 11]. Process 
stability in blast furnace operation is also determined by the properties of the 
oxide system [12]. Ag, Au, and PGMs metal such as Pd and Pt, meanwhile, are 
vital materials to make catalyst for fuel cell, automotive, petroleum, and gas re-
former and are important alloys for medical applications due to its high corro-
sion resistance and biocompatibility [13, 14, 15, 16, 17]. Theses PGMs metals are 
mostly generated by the processing of anode slime as a byproduct of anode cop-
per and nickel electrorefining [18]. Because these oxides and metals systems are 
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very important for many applications, collaboration between industries and re-
search institutions has been undertaken for 30 years [19]. 

During electrorefining of anode copper, purified copper is deported into the 
cathode. Gold and platinum group metals (PGMs) such as Pd and Pt are insolu-
ble and settle to the bottom of the refining tank. Lead is precipitated as PbSO4, 
and tellurium forms compounds with silver such as TeAg2 and TeAg. All these 
materials (Ag, PGMs, PbSO4, TeAg and TeAg2) are mixed together to form the 
anode slime [20].  

To separate Ag, Au, Pt from Te and Pb in the anode slime, there are some al-
ternative routes including pyrometallurgical process that is Dore Smelting exe-
cuted in a top submerged lance (TSL) or a reverberatory furnace. In this process, 
Te and Pb are oxidized to TeO2 and PbO, respectively, and are deported into the 
slag. SiO2 is added as a flux to form silicate slag. Addition of Na2O will break the 
Si-O network consequently decreasing the melting point of slag and influencing 
impurity removal. Thus, accurate information how the Na2O concentration in 
slag affect the liquidus temperature are important for furnace operation. The 
precious metals, meanwhile, will form the metal phase called Dore bullion. The 
bullion containing Ag, Au and some minor elements such Pd and Pt is more 
dense than the slag and thus will settle in the bottom of the ladle. The minor 
elements can also distribute to the slag. The distribution ratio of the elements 
between slag and the bullion is a thermodynamic function and can be calculated 
by thermodynamic data such as activity and Gibbs energy of the elements in the 
metal and slag phases. It means that the thermodynamic data can be utilized to 
predict the success of the separation process. 

To conclude, slag containing Na2O, PbO, SiO2, TeO2, and melt carrying Ag, 
Au, Pd and Pt are important systems during smelting and refining of anode 
slimes. However, the liquidus data of the TeO2-Na2O-SiO2 slag are not available 
in the literature. Melting point data of PbO-Na2O-SiO2 slags are scarce. Ther-
modynamic properties data of Ag-Au-Pd-Pt system are also very limited.  

1.2 Literature review on Na2O, TeO2, SiO2 and PbO systems 

1.2.1 Na2O-SiO2 system 

Multiple studies [21-27] have been performed in terms of experimental investi-
gation and property assessment of the Na2O-SiO2 system. However, the assess-
ments were mostly compared with the experimental data [28-33] that were ob-
tained using compositional analysis performed before equilibration of the sam-
ples. In fact, during equilibration in an open system, sodium evaporates and 
changes initial bulk composition. It means that experimental data obtained 
from previous investigations were questionable. Thus, new accurate experi-
mental data are needed and important to evaluate if the assessment result is 
reliable or not. 

Equilibration, and quenching followed by analyzing the samples under optical 
microscope was the technique used by Morey and Bowen [21] to measure the 
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liquidus points at Na2O·SiO2 and SiO2 saturations. SiO2 and Na2CO3 were uti-
lized to prepare the glass samples, which were heated and quenched. Eutectic 
temperatures of Na2O·2SiO2-SiO2 and Na2O·2SiO2–Na2O·SiO2 were reported at 
1066 and 1113 K, respectively. The same technique was also adopted by Kracek 
[22] to study the same system extended to 2Na2O·SiO2 and Na2O·2SiO2 satura-
tions. The data reported by Kracek [22] indicate a good agreement with Morey 
and Bowen’s data [21]. Another eutectic was reported between 2Na2O·SiO2 and 
Na2O·SiO2 at 1295 K [22]. Kracek was aware of sodium evaporation and said 
that the evaporation was ‘negligible’. He didn’t state at what temperature the 
evaporation was neglected.  In fact, the study by Limpt et al. [23] indicated that 
sodium evaporation rate increases exponentially with the temperature. D’Ans 
and Löffler [24] reported that 2Na2O·SiO2 formed a eutectic with 3Na2O·2SiO2 
instead of Na2O·SiO2.  

A contrary result was obtained by Williamson and Glasser [25] since eutectic 
between quartz and Na2O·2SiO2 reported by previous investigations was not de-
tected. Instead, Na2O·2SiO2 was in eutectic equilibrium with a new compound 
3Na2O·8SiO2 at 1072 K.  3Na2O·8SiO2 was reported to have incongruent melting 
point at which it would transform to Na2O·2SiO2 and to melt at 1081 K upon 
heating. Liquidus measurements at Na2O·SiO2 and Na2O·2SiO2 saturations 
were performed by Wilgallis [26] and reported that eutectic between these two 
compounds was at 1110 K with 63.32 mol-% SiO2. Solid miscibility gap was in-
vestigated by Haller et al. [27] and the critical temperature was reported at 1110
K. 

As the experimental approach employed by the previous investigations indi-
cated uncertainty due to the evaporation and a disagreement in the eutectic 
data, assessment of the diagram was important. The experimental data obtained 
by previous authors showed a good agreement with the diagram calculated by 
Zaitsev [28], Romero-Serano et al. [29] and by Allendorf and Spear [30], who 
used an associate model to describe the system. However, evaluation by Wu [31] 
who used modified quasi-chemical model indicated a poor agreement with pre-
vious experimental data at SiO2 rich liquidus and it was reported due to the 
evaporation of soda. Assessed phase diagram by Yazhenskikh et al. [32] and 
Zhang [33] also showed that the liquidus has higher silica concentration than 
the experimental data reported previously. It means that, even the assessed 
phase diagrams, however, still showed disagreement among the authors. 

It is clear, although the Na2O-SiO2 system has been extensively investigated, 
there is still an issue in the experimental data due to the volatilization of samples 
and these uncertain data were utilized to justify the assessment result done by 
some authors. Thus, it is important to revisit the experimental study by using 
an approach that can resolve such an evaporation problem.   

1.2.2 TeO2-Na2O-SiO2 system 

There is no experimental data on the liquidus nor assessed ternary phase dia-
gram of the Na2O-TeO2-SiO2 system reported in the literature. The only liquidus 
data in literature are on the binary TeO2-Na2O system which were investigated 
by Troitskii et al. [34] and Kavakl o lu et al. [35] at TeO2, Na2Te4O9, Na2Te2O5 
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and Na2TeO3 saturations. Troitskii et al. [34] measured the liquidus by using 
heating curve method. Three eutectics were reported which are TeO2-Na2Te4O9 
at 731 K, 16.7 mol-% Na2O; Na2Te4O9-Na2Te2O5 at 686 K, 28 mol-% Na2O and 
Na2Te2O5-Na2TeO3 at 693 K, 38 mol-% Na2O. The study by Kavakl o lu et al. 
[35] showed a good agreement in the liquidus temperature although the eutectic 
points measured were higher than that reported by Troitskii et al. [34]. Another 
crystalline phase, Na2Te8O17, was reported by Zhu and Zhou [36]. It transforms 
to TeO2 and Na2Te4O9 at 608 K upon heating. Mochida [37] measured the com-
positional range of glass formation in the Na2O-TeO2-SiO2 system and reported 
that the glass can dissolve TeO2 up to 24.9 mol-%. 

1.2.3 Na2O-PbO-SiO2 system 

The only reported data available in the Na2O-PbO-SiO2 system is from Krakau 
et al. [38]. They measured the liquidus at several crystal saturations including 
SiO2, PbO, PbSiO3, Pb2SiO4, Pb3Si2O7, Pb3SiO5, Na2SiO3, and Na2Si2O5. The 
method employed was by heating and cooling curves. This method has a limita-
tion since evaporation of Na2O and PbO can happen and change the initial bulk 
composition. The composition of the sample measured before equilibration may 
not represent equilibrium composition present at high temperature. Therefore, 
the data they report may not be very accurate.  

Moreover, not only the data is limited, but also there is no assessed phase di-
agram reported in the literature for the Na2O-PbO-SiO2 system.  Thus, it is clear 
that the liquidus measurement in this system is needed to be revisited by using 
more advanced technique for resolving the limitations of the previous experi-
mental approach.  

1.3 Literature review on Ag, Au, Pt and Pd systems 

1.3.1 Ag-Pt system 

Investigations of the Ag-Pt system in terms of thermodynamic modelling and 
experimental studies have been executed by a number of authors searching for 
new compounds and phase boundaries in the Ag-Pt system. However, there are 
still some disagreements among the authors, for example on the formation of 
intermetallic compounds in the system.  

Johansson and Linde [39] reported new intermetallic phases ( , ’, ) to exist 
below 1023 K through a peritectoid reaction. Schneider and Esch [40] sup-
ported this finding and they suggested another compounds Ag3Pt and ’ in the 
platinum rich side of the Ag-Pt phase diagram. However, in the study by 
Novikova and Rudnitskii [41] no intermetallic compounds existed in the dia-
gram except platinum rich phase ( ) and silver-rich terminal phase ( ). They 
suggested that the platinum-rich phase ( ) containing 5 at-% Ag can coexist with 
silver rich phase that formed in the matrix and grain boundary of  phase. This 
finding is important since it tells the concentration limit of silver in the platinum 
rich alloy. Doerinkel [42] reported that peritectic temperature was 1457 K at 
which a liquid reacts with platinum rich phases ( ) to form silver rich terminal 
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phase ( ). The maximum solubility of platinum in the silver rich phase was re-
ported to be around 35.7 at-% at 1457 K.  

Calculated phase diagram above 1238 K by Karakaya and Thompson [43] had 
a good agreement with previous experimental result [42]. However, formation 
of the intermetallic compounds ( , ’, , ’) were reported to be questionable 
phases. Thermodynamic modelling of the system providing integral excess 
properties of the liquid and solid solutions and Gibbs energy of liquid were for-
mulated by them [43]. At 1173 K, the activities of silver in the alloy containing 
less than 40 at-% silver were reported to have a large positive deviation from 
Raoult’s law. Enthalpy of mixing was reported to be positive at low concentra-
tions of silver and excess entropy was formulated to be negative.  

Differential thermal analysis (DTA), X-ray diffraction and electron probe mi-
cro analyzer (EPMA) methods were employed by Feschotte and Durussel [44] 
and they reported formation of a new compound Ag15Pt17. Silver-rich ( ) phase 
was reported to coexist with platinum-rich ( ) terminal phases in temperature 
range between 1076.3 and 1461.3 K because below 1076.3 K Ag15Pt17 will form 
through peritectoid reaction. 

Investigation by Erni et al. [45] reported that Ag3Pt compound, suggested by 
Schneider and Esch [40], did not form. The absence of Ag3Pt compound was 
also supported by Sluiter et al. [46]. Hart et al. [47] then suggested new inter-
metallic compounds which are Ag7Pt and Ag3Pt2 formed in the diagram based 
on the ab initio calculation. The calculation of the diagram by a thermodynamics 
and phase equilibrium software (MTDATA, NPL, UK) and Scientific Group 
Thermodata Europe (SGTE) solution database (5.2, November 2015) [48] indi-
cated that no intermetallic compounds were formed. However, the recent study 
by Hart et al. [49] supported the finding of Ag15Pt17 compound reported by 
Feschotte and Durussel [44]. 

Although phase boundaries in the Ag-Pt system have been investigated by a 
number of authors, studies on the thermodynamic properties are limited. No 
experimental data on the thermodynamic properties at low temperatures are 
reported in the literature. 

1.3.2 Ag-Au-Pd system 

Experimental investigation has been performed by Nemilov et al. [50] and Mi-
ane et al. [41], to measure liquidus and solidus boundaries in the Ag-Au-Pd sys-
tem. However, there were still some data discrepancies especially in the pseu-
dobinary Au-Pd50Ag50 lines as drawn in the diagram reported by Effenberg and 
Ilyenko [52]. The only experimental data on the thermodynamic properties of 
the system is reported by Höhn and Herzig [53], who measured the properties 
using Knudsen cell between 1070 and 1300 K. Activity of gold in the alloy was 
calculated from the vapor pressure measured from the cell. At low tempera-
tures, there is no published thermodynamic data. 

Thermodynamic data of the binary Ag-Pd and Ag-Au systems are also vital in 
the study of ternary system because the binary data are used as constants for 
equation developed by Darken [54], to measure integral thermodynamic prop-
erties of the ternary system. Thermodynamic properties of the Ag-Pd system 
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have been measured previously by a number of investigations [55-58]. Study by 
Pratt [55] indicated that silver activity has a positive deviation from Raoult’s law 
over almost the entire composition range. However, the contrary results were 
observed in the study by Raychaudhuri [56], Myles [57], and recent investiga-
tion by Feng and Taskinen [58], who reported that silver activity has a negative 
deviation. The positive deviation only exists at low silver concentrations in the 
alloy.  

In the Ag-Au system, White [59] measured the silver activity by using calori-
metric technique and reported that silver activity has a large negative deviation 
from ideal. Fischbach [60] determined the partial mixing enthalpy of silver in 
the Ag-Au system by using an EMF method and the results showed a good agree-
ment with the data reported by Kubaschcwski and Huchler [61]. A recent study 
by Osadchii et al. [62] by using EMF method indicated that the negative devia-
tion of silver activity was not as large as reported by White [59]. Thus, they [62] 
produced a new analytical expression for silver activity.  

In the Au-Pd system, Darby [63], and Hayes and Kubaschewski [64] deter-
mined mixing enthalpies by employing calorimetric methods and the results ob-
tained by these investigations indicate a close agreement. Okamoto and Massal-
ski [65] published an analytical equation for the integral excess enthalpy and 
entropy based on the data by Hayes and Kubaschewski [64]. However, the 
measurement by Tomiska [66] by employing Knudsen cell mass spectrometry 
showed that the mixing heat of the alloys were much more negative than re-
ported by Darby [63] and Hayes and Kubaschewski [64], especially at Au atomic 
fractions (XAu) between 0.2 and 0.6. The investigation by Sluiter et al. [46], in 
fact, supports the data by Darby [63]. 

It can be seen that there is an omission in the experimental data of thermody-
namic properties in the Ag-Au-Pd system at low temperature, and at high tem-
perature the data are limited. Moreover, investigation in the binary Ag-Au and 
Au-Pd systems indicated some clear needs for reinvestigation. 

1.4 Objective of the thesis 

In this thesis, the Na2O-PbO-SiO2-TeO2 and Ag-Au-Pd-Pt systems, exist in the 
smelting and refining of anode slime, were investigated by using two different 
experimental approaches which are equilibration-quenching-EPMA and solid-
state EMF methods, respectively.  The investigations are: 

 
1. to measure the liquidus temperatures in the Na2O-SiO2, TeO2-Na2O, Na2O-
SiO2-TeO2 and PbO-SiO2-TeO2 systems at various temperatures and crystal sat-
urations; 
2. to measure activity data of silver utilized for calculating thermodynamic prop-
erties, such as Gibbs energy, mixing enthalpy and entropy in the Ag-Pt and Ag-
Pd-Au systems; 
3. to resolve the uncertainties of experimental data obtained by the previous in-
vestigation and to generate new experimental data on oxide and metal systems. 
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1.5 Structure of this dissertation 

The general structure of this thesis is such that the background and the reasons 
for this study are discussed in this first chapter wherein also the industrial ap-
plications and previous investigations are discussed. Second chapter outlines 
the fundamentals of thermodynamics as the basis of the research. Third chapter 
discusses two different methods employed in the present study which are equi-
libration-quenching-EPMA and solid-state EMF methods.  Chapter 4 concen-
trates upon the results and discussion, and the critical analysis of the data re-
ported in the present study compared to previous ones. Conclusions and the 
impact of the results generated in the present study, as well as the proposed 
investigations for the future are outlined in the last chapter. 
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2. Fundamentals 

A system, i.e., a part of the universe that is studied can be described by thermo-
dynamics by means of functions or state variables. These quantities do not de-
pend on the means by which the system has been driven to that state. Thermo-
dynamic functions are obtained from two fundamental bases which are first and 
second law of thermodynamics dealing with energy conservation and energy 
degradation, respectively. The variables can be extensive variables which de-
pend on the number of the moles of the system or intensive variables e.g., tem-
perature, pressure and mole fraction that are independent of the number of 
moles of the system. Any thermodynamic function (Y) depends on variables 
such as pressure (P), temperature (T), mol (n) of component (C) and can be 
written as: 

    (1) 
which is also needed for the Gibbs phase rule definition.  

2.1 Phase rule and phase diagram 

The fundamental feature of the determination and topology of an equilibrium 
phase diagram is the Gibbs phase rule. In another word, the phase diagram is 
the graphical representation of the rule. Therefore, it is important to correlate 
the rules and the features of the diagram. 

A system can be defined with some variables such as concentration (mole frac-
tion) of each component in the system, temperature and pressure. In a solution 
made of C components, the number of concentration variables that can be se-
lected freely is . Minus one is because one concentration of a component 
will be defined if the other concentrations are known due to the fact that the 
sum of mole fractions in the solution is one. This is also an example that the 
some variables can be defined when others are known. If  phases in the solu-
tion exist, then the total concentration variables will be . After this, 
there are still 2 other variables which are temperature and pressure.  

These all variables, however, establish some relations and restrictions be-
tween each other because, in equilibrium, the chemical potential ( ) of each 
component among the phases is equal. For example, if there are two phases  
and , then the chemical potential of each component can be written by the fol-
lowing relations: 

   (2) 
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 If there are P phases, then the number of these chemical potential equations 
will be . Therefore, from the mathematical point of view, the total num-
ber of free variables which is called degree of freedom  of the system is: 

 

 
  (3) 

which is called the Gibbs phase rule. Therefore, the system can have zero (in-
variant), 1 (univariant) or 2 (bivariant) degree of freedom but never negative.  

This rule, however, has some limitations. Although the system does not de-
pend on the amount and the nature of the present phases, the rule does not tell 
how long it takes to reach equilibrium, i.e., the rule does not give information 
about reaction rate. In equilibrium, system always follows the phase rule. How-
ever, although the system follows the rule, it is not sufficient confirmation to 
conclude if the system is in equilibrium.  

To conclude, the number of free variables (F) can be represented in the dia-
gram as a point e.g., eutectic point (F= 0), a line e.g. solidus or liquidus line (F 
= 1) or a surface e.g., liquidus surface (F = 2). In the present study, liquidus line 
(F =1) is measured for several oxides systems. For example, for the binary sys-
tem Na2O-SiO2, at SiO2 saturation, the liquidus line has C = 2 (Na2O and SiO2), 
P = 2 (liquid and solid SiO2), so F = C - P+1 (pressure is defined i.e., atmospheric 
pressure), F = 1. This means that the system has 1 variable that can be arbitrarily 
selected. In present study, temperature variable is selected. Experiments were 
performed at various temperatures to draw the line.  

2.2 EMF and thermodynamic properties   

Since electric work is a thermodynamic function and is a common non-mechan-
ical work that can be generated from chemical reactions, it means that the meas-
urement of electric work of a cell reaction can be used to determine thermody-
namic properties of a system. Therefore, it is important to obtain the relation 
between electric work and general thermodynamic functions such as Gibbs en-
ergy, enthalpy and entropy.  

EMF is the maximum voltage produced by a galvanic cell. If an external coun-
ter potential is introduced to the cell and the magnitude of external counter po-
tential is only infinitesimally smaller than the cell EMF, the cell will operate re-
versibly. The amount of work (w) is electric work equal to:  

     (4) 
where  is the number of electrons transferred in the cell reaction,  is the Far-
aday constant and  is the reversible potential of the cell. Since at isobaric and 
isothermal conditions Gibbs energy (  is equal to the work (other than me-
chanical work) done to the system, then: 

    (5) 
Consider the cell reaction: 

  
Gibbs energy of the cell reaction can be described as: 
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  (6) 
where  and  are the chemical potential of pure silver and chem-

ical potential of silver in the alloy, respectively,  is the universal gas constant 
( ), T is the temperature of the cell and  is the ac-
tivity of the silver in the alloy, referred to pure silver (fcc). At constant pressure, 
entropy is: 

     (7) 

By substituting eq. (5) to eq. (7), the relation between entropy and the EMF is 
obtained: 

     (8) 

By substituting eq. (5) and eq. (8) to the general thermodynamic relation: 
, enthalpy (  is then formulated as :  

    (9) 

To summarize, the EMF data from the electrochemical cell can be employed 
to obtain activity, Gibbs energy, enthalpy and entropy of the cell reaction. In the 
present study, the galvanic cell was constructed as a sandwich-like design with 
AgI as the electrolyte, the alloys and pure silver as the electrodes. The EMF was 
measured at various temperatures. 

2.3 Partial molar quantities and Gibbs-Duhem relationship 

As the partial thermodynamic properties of a component or integral thermody-
namic properties of a system can be determined once thermodynamic proper-
ties of a component are known, it is vital to obtain the relation between partial 
and total thermodynamic properties of a system.  In ternary system, for example 
in Ag-Au-Pd alloys, to calculate integral thermodynamic properties,  it is not 
compulsory to determine activity of gold or palladium experimentally when ac-
tivity of silver is obtained over a range of concentrations, due to the fact that: 

   (10) 
which is called the Gibbs-Duhem relationship.  Partial differential of equation 
(10) with respect to  at constant   is: 

   (11) 

By integrating the equation (9) from  = 1 to  : 
 

 (12) 

If equation (10) is used to calculate excess properties, then: 

 (13) 

To calculate Darken [54] used L’Hopital’s theorem and as  

at , then: 



Fundamentals 

11

 

   (14) 

In conclusion, by using equation (14) and the activity data of silver in the bi-
nary Ag-Au [60, 61, 62] and Ag-Pd systems [58], and by measuring experimen-
tally only the activity of silver in the ternary Ag-Au-Pd alloys, at constant  

ratios, integral thermodynamic properties of ternary system can be determined. 
Therefore, first term in the equation (14) is measured experimentally; second 
and third terms, which are binary thermodynamic data of the Ag-Au and Ag-Pd 
systems, were obtained from the previous investigations. 
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3. Methods 

To generate experimental data in the oxide systems, an experimental approach 
involving equilibration of samples at high temperature, rapid quenching of the 
equilibrium phases to cold water, and compositional analysis of the phases us-
ing EPMA has been employed. This technique enables systematic phase equi-
libria studies of liquid and solid oxide systems. Meanwhile, to obtain activity 
data of silver in the metal system, EMF method, involving equilibration of alloys 
arranged with solid electrolyte and reference electrode in an EMF cell, was em-
ployed. This method has been successfully employed to study metal systems by 
previous investigations [60, 62, 67, 68].   
 
3.1 Equilibration-Quenching-EPMA method 

In the phase diagram in Figure 1, the liquidus line can be drawn from some dis-
crete experimental points. Points (a) and (b) can be determined by heating an 
initial mixture (X) to an equilibrium temperature (Te). When equilibrium is 
reached, the final compositions of liquid and solid are indicated by the liquidus 
point (b) and the solidus point (a), i.e., the tie line.  

 

 
Figure 1. A schematic diagram to obtain liquidus and solidus points in binary systems. 
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Any evaporation during equilibration that changes initial bulk composition only 
change the proportions of liquid and solid phases. The binary tie line does not 
change i.e., the liquidus will stay in the same location.  

3.1.1 Preparation of the samples and crucibles 

High purity chemicals were weighed and mixed carefully in an agate mortar and 
pestle to make 0.2 g mixtures. The mixtures were then pressed under 0.1 GPa 
pressure to form pellets. The compositions of initial mixtures were selected so 
that during equilibration at high temperature solid and liquid phases can exist. 
To avoid contamination from unwanted impurities during equilibration, correct 
crucibles functioned as containers of the samples must be selected. The selec-
tion of crucible was based on the solid phase existing in the sample during equi-
libration. For example, if the targeted phases in equilibrium were liquid satu-
rated with tridymite, then SiO2 crucible was used. For experiments at TeO2 and 
Na2SiO3 saturations, TeO2 and Na2SiO3 crucibles were used, respectively. The 
list of the chemicals employed is presented in Table 1. Design of the crucible is 
presented in Figure 2. 
 

Table 1. Chemicals used for Equilibration-Quenching-EPMA experiments. 
 

Chemicals Purity Supplier 
Na2SiO3 Granule, 96.04 wt-% Alfa Aesar 
Na2CO3 Granule, 99.5 wt-% Sigma-Aldrich 
Na2TeO3 Granule, 99.5 wt-% Alfa Aesar 
PbO Powder, 99.9 wt-% Sigma-Aldrich 
SiO2 Granule, 99.99 wt-% Umicore 
TeO2 Powder, 99.995 wt-% Sigma-Aldrich 

 
 

 
Figure 2. Design of the container. 
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3.1.2 Equilibration of the samples 

The samples placed in the selected container were equilibrated in a vertical re-
action tube made of impervious recrystallized alumina (38 mm I.D., Friatec, 
Germany). Silicon carbide (SiC) was used as the heating elements to heat the 
furnace (Nabertherm RHTV series, Germany) at high temperatures. The top of 
the furnace is equipped with two holes for thermocouple and sample insertion 
tube. Platinum wire was utilized to hold and raise the sample from the bottom 
to the hot zone of the reaction furnace. Since the equilibration was carried out 
under atmospheric condition, the bottom of the furnace was open to the air. The 
samples were then heated until the equilibrium was attained. The furnace as-
semblage is presented in Figure 3. 
 

 
Figure 3. Furnace arrangement. 

 

3.1.3 Temperature measurements 

Calibrated S-type thermocouple made of platinum and platinum–10 wt-% rho-
dium (Johnson-Matthey, UK) was employed to measure the temperature inside 
the furnace. The thermocouple was calibrated against the melting point of cop-
per metal and ice water. Then, it was located next to the sample to measure the 
real temperature of the sample in the furnace and connected to a multimeter 
(Keithley 2010, Cleveland, OH, USA), whereas, cold junction compensation was 
attached to another multimeter (Keithley 2000, Cleveland, OH, USA). A data 
logging program (NI LabVIEW) was employed to record continuously the tem-
perature every 5 seconds. The temperature measurement accuracy of ±2 K was 
obtained.  
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3.1.4 Equilibrium confirmation 

The equilibrium condition from experimental point of view can be assessed by 
three criteria:  

(1) Time criteria, where the phase properties do not change with the time. This 
can be achieved by equilibrating the sample at different holding time and exam-
ining the composition of the samples to check if the composition of the phases 
remains the same at different equilibration time. For example in the Na2O-SiO2 
system, experiments were undertaken for 5, 10 and 24 hours. Compositional 
examination indicated that the chemical compositions of the samples remain 
the same after 5, 10, and 24 hours of holding time. It means that the system was 
in equilibrium after 5 hours; 

(2) Direction criteria, where the same equilibrium can be achieved from dif-
ferent directions. It can be obtained by selecting different initial chemicals as 
the starting material. For example, to have liquid stable in equilibrium with SiO2 
can be obtained by an initial mixture of SiO2 and Na2CO3 and also by SiO2 and 
Na2SiO3; 

(3) Homogeneity criteria, where the same concentration exists over a range of 
area in the sample i.e., no gradient concentrations. This can be carried out by 
measuring the phase composition in different area of the sample, for example, 
from the area that hit the water first during quenching i.e., at the sample surface, 
to the area that is located inside the sample, in order to obtain the composition 
profile.  

3.1.5 Quenching of the samples 

To retain the high temperature properties of the phases, the samples were 
dropped quickly into iced cooled water, by pulling upwards the platinum wire 
that hold the samples. Samples were then dried and mounted in an epoxy resin. 
In general, there was no difficulty to obtain glassy phase except for the experi-
ments at Na2SiO3 saturation that easily react with water and thus the quenched 
samples must be taken from the water and dried quickly and then be mounted. 
Dry polishing technique was selected for the samples that were sensitive to 
moisture, e.g., the samples equilibrated at Na2SiO3 saturation. A typical micro-
structure of the quenched sample can be seen in Figure 4. 
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Figure 4. Microstructure of the quenched sample at SiO2 saturation in Na2O-SiO2 sys-

tem (black is epoxy resin).  

3.1.6 Compositional analysis 

EPMA (CAMECA SX100, France) at the Geological Survey of Finland (GTK) was 
used to measure the composition of the samples. Appropriate beam diameter 
(10 m) was selected to avoid the depletion of sodium in the final result of the 
analysis. Atomic number, absorption, and characteristic fluorescence (ZAF) 
corrections were employed [69]. The selected probe current and accelerating 
voltage were 6 nA and 15 kV, respectively, for the EPMA operation. Standards 
used for Na, Pb, Si and Te were Na Ka (tugtupite), Pb La (galena), Si Ka (quartz), 
and Te La (Sb-telluride). The reported data were selected from analyzing 10 
points distributed across the glass and solid phases.

3.2 EMF method 

Solid state EMF method was employed in the present study. In general, the EMF 
cell notation can be written as . Alloy to be 
measured for its thermodynamic properties was selected as the cathode. AgI 
was selected as the solid electrolyte since it has a pure ionic conductivity within 
the experimental temperature range [70]. Pure silver was selected as the anode 
that was also as a reference electrode. The vertical bar  describes a physical 
interface between two solid phases. 

3.2.1 Alloy preparation 

The alloys were made from high purity materials weighed and mixed carefully 
to make 0.3 g mixtures. The mixtures were placed in an alumina crucible and 
melted above their liquidus point in a vertical tube furnace under argon atmos-
phere (99.9998 v/v-% purity, AGA, Finland). The samples were then quenched 
and pressed under pressure 0.1 GPa pressure to form metal disks with. The al-
loys were then annealed in a horizontal furnace at 723 K i.e., below their solidus 
points, for 7 days under argon flow and cooled to room temperature. The phases 
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in the alloys were then examined in a Scanning Electron Microscope (SEM, LEO 
1450, Carl Zeiss Microscopy GmbH, Germany) equipped with Energy Disper-
sive X-ray analysis Spectroscopy (EDS, Oxford Instruments plc, Oxfordshire, 
UK) of Aalto University and by EPMA (CAMECA SX100, France) at the Geolog-
ical Survey of Finland (GTK). The list of materials used to synthesize the alloys 
are presented in Table 2. 

 
Table 2. Chemicals used for the alloys. 

 
Chemicals Purity Supplier 

Ag Elemental powder, 99.95 wt-% Alfa Aesar 
Pt Elemental powder, 99.99 wt-% Alfa Aesar 
Au Elemental powder, 99.95 wt-% Alfa Aesar 
Pd Elemental powder, 99.9 wt-% Alfa Aesar 

3.2.2 EMF cell and furnace assemblages 

The EMF cells consisted of an alloy disk as the test electrode, AgI (powder 
99.999 wt-% purity, Alfa Aesar, Germany, pressed to form pellet with a diameter 
of 1 cm) as the solid electrolyte, and silver disk (made from Ag foil, 99.9 wt-% 
purity, Alfa Aesar) as the reference electrode. To avoid possible reaction of the 
electrodes with the platinum lead wire used to measure the cell EMF, anode and 
cathode were covered with a carbon disk (99.9 wt-% purity, Alfa Aesar). The cell 
was placed inside alumina crucible positioned in the center of silica tube heated 
inside horizontal furnace (Lenton horizontal furnace (CSC 12/–/600H, Lenton, 
UK)). To make a good electrical contact, the disk and alumina tube were pressed 
by springs attached to alumina sheaths in which the thermometers were in-
serted. The cell and furnace arrangement can be seen in Figure 5. The furnace 
was operated under argon gas atmosphere that was passed previously through 
a gas cleaning system.  

Figure 5. Schematic arrangement of the cell (not to scale): (1) resistance thermome-
ter, (2) Pt wire, (3) alumina crucible, (4) quartz tube, (5) tube furnace, (6) alumina 

sheath, (7) gas outlet channel, (8) carbon disk, (9) test electrode, (10) electrolyte, (11) 
reference electrode, (12) gas inlet channel, (13) loaded spring. 

3.2.3 Gas cleaning system 

To reduce the traces of oxygen to the absolute minimum level, the argon gas was 
passed through an alumina tube that contains titanium metal turnings. The tube 



Methods 

18 

was heated at 1000 K inside a horizontal Lenton furnace (LTF 12/50/300, Len-
ton, UK). The cleaned gas was then fed to the furnace containing the EMF cell. 

3.2.4 Temperature and EMF measurement 

Temperatures were monitored continuously by a Pt100 resistance thermometer 
that was located in the bottom of the alumina crucible and the top of the cell, 
and linked to a digital multimeter (KEITHLEY 2000). A mixture of ice and wa-
ter was employed to calibrate the thermometer. The cell was placed in the hot 
zone to obtain minimum temperature difference between anode and cathode, 
so that the thermal voltage over the cell can be reduced.  The reported temper-
ature uncertainty was less than 1 K in all experiments. To measure the EMF, 
platinum lead wires attached to carbon disk in the galvanic cell were plugged to 
a high-impedance electrometer (KEITHLEY 6517B).  The multimeter and elec-
trometer were connected to NI LabVIEW software in a computer taking signal 
readings every 5 seconds.  

3.2.5 Confirmation of equilibrium 

The galvanic cell was considered to have reached equilibrium if the EMF values 
remained unchanged ( for more than 2 days. The galvanic cells were 
equilibrated by cooling and heating the furnace to evaluate reversibility of the 
EMF cell. Reliability of the cell was also evaluated from a symmetric cell that 
used a pure silver as the anode and cathode. If the EMF of the symmetric cell is 
close to zero, then the galvanic cell worked properly [67]. 
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4. Results and Discussion 

In the oxide systems, the results obtained included the liquidus temperature 
data, above which the system will be fully liquid upon heating. Each composi-
tion data of the liquidus were taken from analyzing of the glassy phase of 10 
points by using EMPA.  In the intermetallic system, thermodynamic properties 
of Ag-Pt and Ag-Au-Pd alloys were calculated by using thermodynamic relations 
from the activity data of silver obtained experimentally. 

4.1 Oxide systems 

4.1.1 Na2O-SiO2 system 

Accurate measurements of liquidus compositions at silica and sodium metasil-
icate saturation are presented in Table 3. The data were also plotted graphically 
and compared with previous investigations in Figure 6. The phase diagram cal-
culated by MTDATA is also compared as a continuous line. 
 

Table 3. EPMA analyses of the quenched samples in the Na2O-SiO2 system. 

Temperature (K) 
 

Mol-% SiO2 in the liquid Mol-% SiO2 in the solid 

 At metasilicate (Na2O·SiO2) saturation 

1323  54.5‘8’ 49.2 
1273  57.4‘6’ 49.6 
1173  61.3‘3’ 49.2 
1123  63.0‘2’ 50.2 

 At cristobalite (SiO2) saturation 

1873  95.8‘6’ 100 
1773  90.4‘1’ 100 

 At tridymite (SiO2) saturation 
1623  85. 6 100 
1473  83.6‘1’ 100 
1373  81.9‘9’ 100 
1273  80.8‘2’ 100 
1173  78.9‘9’ 100 

 (‘’) indicates the last decimal is less accurate. 
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Figure 6 shows that the liquidus temperature data at tridymite saturation ob-
tained in the present study are lower than those obtained experimentally by the 
previous investigations [21, 22, 26]. However, at cristobalite saturation, the data 
obtained in the present study indicates a good agreement with previous data 
and the diagram calculated by MTDATA. At metasilicate saturation, the data 
obtained from the present study are in a good agreement with the data obtained 
by the previous investigations [21, 22, 26]. 

However, at tridymite saturation, the melting point difference of 100 K be-
tween previous investigations [21, 22, 26] and current study was observed. This 
is attributed to the evaporation of soda during equilibration in the previous in-
vestigations and results in shifting of liquidus line to the left in the diagram. This 
occurred because the composition was analyzed before the experiment, i.e., be-
fore evaporation of soda in the previous investigations. By employing equilibra-
tion-quenching-EPMA method used in the present study, the final equilibrium 
composition is not affected by the evaporation, although it changes the propor-
tions of liquid and solid phases in the final equilibrium state.  

 

Figure 6. Phase diagram of the Na2O-SiO2 system. 
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4.1.2 Na2O-TeO2 system 

Compositional analysis of the quenched liquid samples done by EPMA are pre-
sented in Table 4. A comparison with the previous experimental data and the 
diagram calculated by MTDATA are presented in Figure 7. 
 
 

Table 4. EPMA analysis of the quenched samples in the Na2O-TeO2 system. 

Temperature (K) 
Composition of liquid 

(wt-%) TeO2 in the solid 
(wt-%) 

TeO2 Na2O 

At TeO2 saturation 

773 93.5‘1’ 6.4‘9’ 100 
873 95.2‘5’ 4.7‘5’ 100 
923 96.7‘5’ 3.2‘5’ 100 
973 98.8‘3’ 1.0‘7’ 100 

 (‘’) indicates the last decimal is less accurate. 
 

The experimental data obtained in the present study are in a good agreement 
with those reported by Troitskii et al. [34]. The calculated phase diagram by 
MTDATA, however, above 900 K shows higher liquidus temperatures than 
those obtained in the present study.  

Figure 7. Phase diagram of the Na2O-TeO2 system (w is mass fraction). 
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4.1.3 Na2O-SiO2-TeO2 system

The liquidus data obtained in the present study for Na2O-SiO2-TeO2 are the first 
data published in the literature. The EPMA analysis results of the liquidus com-
positions are presented in Table 5. The projections of the liquidus between 1273 
and 1473 K are presented in Figure 8.  
 

Table 5. EPMA analyses of the quenched samples in the Na2O-SiO2-TeO2 system. 

Temperature (K) 

Liquid composition (wt-%) 

Wt -% SiO2 in the solid SiO2 TeO2 Na2O 

At SiO2 saturation  
1273 75.1‘3’  11.5  13.3‘7’   100 
1273 77.7‘5’   7.1‘3’   15.1‘1’  100 

1273 70.8‘9’   14.1   15.1   100 
1273 75.1‘7’   9.3‘5’  15.4‘9’   100 

1273 65.5‘4’  22.4‘4’   12.0‘2’   100 
 

1273 80.8‘2’  0 19.1‘8’  100 

1373 78.5‘6’  6.6‘2’  14.8‘2’  100 

1373 77.1‘3’  8.8‘6’  14.2‘7’  100 

1373 73.3‘1’  7.6  15.0‘9’  100 

1373 80.8  0.7‘2’  18.4‘7’  100 

1373 74.5‘7’  11.8‘4’  13.5‘9’  100 
 

1473 82.4‘5’  0.2‘3’  17.0‘6’  100 

1473 74.3‘4’  14.3  11.3‘7’  100 

1473 76.7‘3’  10.1‘3’  13.3‘4’  100 

1473 80.6 ‘1’  4.6‘8’  14.7‘1’  100 

1473 82.4‘9’  0.0‘2’ 17.4‘9’  100 

1473 83.6‘1’  0 16.3‘9’  100 

(‘’) indicates the last decimal is less accurate. 
 

It can be seen in Figure 8 that soda content in the liquidus has greater effect 
on the liquidus temperature than TeO2. This because the liquidus contour de-
crease dramatically from 1473 to 1273 K if the sodium oxide concentration in 
the mixture increases only from 13.34 to 15.49 wt-% at in the liquid. On the other 
hand, toward TeO2 corner, at constant SiO2/TeO2 ratio, the liquidus tempera-
tures does not change as significantly as towards Na2O corner at constant 
SiO2/TeO2 ratio.  

It is difficult to obtain liquidus with high TeO2 concentrations at SiO2 satura-
tion, i.e., crossing of the ternary liquidus contour at binary SiO2-TeO2 side. The 
maximum TeO2 concentration obtained in the present study is 22.24 wt-%. This 
is because TeO2 does not tend to react with SiO2. Results in the present study 
also indicating that melting of TeO2 and SiO2 mixture at high temperature ends 
up with solid SiO2 and pure TeO2 liquid.  
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Figure 8. Liquidus projection in the Na2O-SiO2-TeO2 system between 1473 and 1273 
K. 

4.1.4 Na2O-PbO-SiO2 system 

The liquid compositions of the samples measured by EPMA are presented in 
Table 6. The isothermal sections at SiO2 saturation are presented and compared 
with the data by Krakau et al. [38] in Figures 9-11. The liquidus projection is 
presented in Figure 12 to see how the compositions affect the increase or de-
crease in the temperature.  
 

Table 6. EPMA analyses of the quenched samples in the Na2O-PbO-SiO2 system. 
 

Tempera-
ture (K) 

Liquid Phase composi-
tion (wt-%) Solid Phase 
Na2O SiO2 PbO 

1173 14.0‘4’ 66.4‘2’ 19.5‘3’ 

SiO2  
(Tri-
dymite) 
 

1173 8.8‘9’ 56.2 34.9‘1’ 
1173 6.3 48.4 45.3‘1’ 
1173 4.6 44.6‘9’ 50.7‘1’ 
1173 0.0 31.2‘1’ 68.7‘9’ 
1173 21.5‘3’ 78.4‘7’ 0.0 
 
1273 13.3‘5’ 66.0‘1’ 20.6‘3’ 
1273 8.4 ‘8’ 57.1‘9’ 34.3‘3’ 
1273 6.1 51.0‘6’ 42.8‘4’ 
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1273 4.3 ‘4’ 47.5 ‘3’ 48.1‘3’ 
1273 0.0 32.5‘5’ 67.4‘5’ 
1273 19.5‘8’ 80.3‘3’ 0.0 
    
1373 12.4 67.3 ‘7’ 20.2‘3’ 
1373 8.4‘1’ 59.7‘7’ 31.8‘2’ 
1373 6.1‘5’ 52.7‘9’ 41.0‘6’ 
1373 4.2‘8’ 48.7‘6’ 46.9‘6’ 
1373 0.0 34.1‘7’ 65.8‘3’  
1373 18.7‘6’ 81.5‘3’ 0.0 

(‘’) indicates the last decimal is less accurate 
 

In general, as can be seen in Figures 9-11, the experimental data obtained in 
the present study indicate that the tridymite primary phase field is smaller than 
that reported by Krakau et al. [38]. It means that any initial mixture in this 
phase field would have higher melting point if it is predicted by the diagram 
constructed based on the data from Krakau et al. [38]. For example, melting 
point of an initial mixture composed of 4.6 wt-% Na2O, 44.69 wt-% SiO2 and 
50.71 wt-% PbO, will be fully liquid at 1373 K upon heating based on the data 
reported by Krakau et al. [38]. In fact, according to the data obtained in the 
present study it will melt fully already at 1173 K.  

Figure 12 shows the effect of Na2O and PbO on melting of the system at con-
stant SiO2/PbO and SiO2/Na2O ratios, respectively. It can be seen that the melt-
ing point of the system is more sensitive to the concentration of Na2O than PbO 
in the mixture. For example, if the Na2O concentration in the mixture change 
from 6.15 to 8.89 wt-% at SiO2/PbO ratio around 1.2 (w/w), the melting point 
will decrease from 1373 to 1173 K, whereas, the same decrease in the tempera-
ture would need an increase in PbO concentration from 31.82 wt-% in the mix-
ture to 45.31 wt-%. The results of this Na2O-PbO-SiO2 system was published in 
the literature [71].  

 

Figure 9. Isothermal section of the Na2O-PbO-SiO2 system at 1173 K. 
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Figure 10. Isothermal section of the Na2O-PbO-SiO2 system at 1273 K. 

 
Figure 11. Isothermal section of the Na2O-PbO-SiO2 system at 1373 K. 

 
 

Figure 12. Liquidus projections of the Na2O-PbO-SiO2 system between 1173-1373 K. 
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4.2 Intermetallic systems 

4.2.1 Pt-Ag system 

In the present study only Ag1Pt99 is used for the EMF experiment due to the 
limitation of the formation Ag-Pt alloys in the platinum rich terminal phase. 
Below 673 K , this alloy only contains silver lower than 2.5 at-% as indicated by 
Okamoto and Massalski [65] and diagram calculated by using MTDATA [48] 
(Figure 13).  

 
Figure 13. Phase diagram of the Ag-Pt system [48]. 

 
Also, the equilibrium AgPt system would need 200 days at 573 K at the satu-

ration of Ag15Pt17 intermetallic compound [44]. The typical EMF versus time plot 
obtained in the present study can be seen in Figure 14. The first equilibrium 
point of EMF was obtained after 350 hours at 624 K, after which the tempera-
ture was changed, following a heating and cooling sequence to evaluate if the 
cell is reversible or not.  

The EMF measurements at different temperatures are presented in Figure 15. 
The calculation result of partial Gibbs energy  and activity by using eq. (5) and 
thermodynamic relation in eq. (6), respectively are presented in Table 7. Partial 
mixing entropy and entalphy are calculated by using eq. (9) and (10) and for-
mulated equation (15). It can be seen in Table 7 that all silver activities in the 
alloy of , are higher than 0.01, showing that silver has a large positive 
deviation from ideal. The activities also increase when the temperature in-
creases, indicating that the nonideality behaviour increases when the tempera-
ture increases. This uncommon behaviour is also observed in other systems 
such as arsenic, sulfur and zinc systems that are able to form stable intermetallic 
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compounds [72]. The atomic size difference between silver and platinum atoms 
may cause this deviation from ideality [73]. 
 

 
Figure 14. An EMF versus time plot of the Ag-Pt galvanic cell at various tempera-

tures. 

Figure 15. EMF of the cell as a function of temperature. 
 
 

Table 7. Calculated Gibbs energy of the Ag-Pt alloys. 

Tem-
perature 

(K), 

Partial Gibbs Energy 
of Mixing ( ) 

(J mol-1) 

 

 

573 -4605 0.38 
583 -4475 0.40 
593 -4344 0.41 
603 -4213 0.43 
613 -4083 0.45 
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623 -3952 0.47 
633 -3822 0.48 
643 -3691 0.50 
653 -3561 0.52 
663 -3430 0.54 
673 -3300 0.55 

(K) (T= 573-673 K) (15) 
 
Equation (15) shows that the partial molar enthalpy ( ) and entropy 

(  of mixing for silver are -12086 J mol-1 and -13.05 J K-1mol-1, respectively. 
The negative entropy indicates that silver tends not to react with platinum to 
form an alloy. This could explain why platinum forms very limited solid solu-
tions with Ag at low temperatures.  

4.2.2 Pd-Au-Ag system 

The EMF data obtained at different temperatures for different alloys composi-
tions are presented in Figure 16. Darken method (equation 14) was used to cal-
culate integral excess thermodynamic properties of the system. Data from Feng 
and Taskinen [58] and from Osadchii et al. [62] for Ag-Pd and Ag-Au systems, 

respectively, were employed to draw the  function to calculate integral 

excess Gibbs energy in the Ag-Au-Pd system. For calculating integral excess en-
thalpy in the Ag-Au-Pd system, data by Feng and Taskinen [58] and by Fisch-
bach [60], Kubaschcwski and Huchler [61], in Ag-Pd and Ag-Au systems, re-

spectively, were used to plot the  function. The results of the calculation 

are presented in Table 8. 
 

 
Figure 16. The EMF of the cells (mV) as a function of temperature (K) for different al-

loy compositions along the quasibinary line at . 
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Table 8. Thermodynamic properties of the Ag-Au-Pd system:  at 650 K,  
and  between 475 and 675 K along the line at   

    , kJmol-1  , kJmol-1 
, 

 JK-1mol-1 

0 -6.22 -9.60 -5.2 
0.1 -5.53 -7.55 -3.1 
0.2 -4.86 -5.98 -1.7 
0.3 -4.22 -4.80 -0.9 
0.4 -3.62 -3.91 -0.4 
0.5 -3.12 -3.23 -0.2 
0.6 -2.71 -2.65 0.1 
0.7 -2.28 -2.11 0.3 
0.8 -1.69 -1.46 0.4 
0.9 -0.92 -0.74 0.3 

The calculations of thermodynamic properties are validated by comparing the 
calculations result at obtained in the present study with independent 
calculation performed by previous investigations using different experimental 
techniques. This can be employed because the Darken [54] method used for Ag-
Au-Pd system provides the estimated thermodynamic properties calculation at 
Au-Pd system if the concentration of silver in ternary alloy is zero. The calcula-
tion of the excess mixing enthalpy of the Au50Pd50 alloy obtained by Tomiska 
[66], Darby [63], Hayes and Kubaschewski [64], and Höhn and Herzig [53] are 
-8.66, -7.78; -7.43, and -7.11 kJmol-1, respectively which are in close agreement 
with data obtained in the present study, which is -9.6 kJmol-1. The excess mixing 
entropy data obtained from the present study is -5.2 JK-1mol-1 which is also in a 
good agreement with the data from Okamoto and Massalski [65], Tomiska [66], 
and Höhn and Herzig [53], which presented values of -3, -3.45 and -1.64 JK-

1mol-1, respectively. It means that the calculations and the method are reliable. 
The isoactivities of silver are plotted on Gibbs triangle in Figure 17. It can be 

seen that silver activity exhibits negative deviation from Raoult’s law. It indi-
cates that the silver atoms have stronger interaction with gold and palladium 
atoms than with silver itself. However, a small positive deviation was observed 
at low concentration of silver as it can be seen in Figure 17, the  line is 
close to isoactivity line = 0.2265. This was also reported by Feng and Taskinen 
[58]. The changes from negative to positive deviation can be linked to the for-
mation of intermetallic phase. Moreover, Sluiter et al. [46], Okamoto, and Mas-
salski [65] suggested the formation of intermetallic compound in the Au-Pd sys-
tem 
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Figure 17. Isoactivites of silver in the Ag-Au-Pd system at 650 K; standard state 
Ag (fcc). 
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5. Conclusion 

5.1 Summary  

Experiments in the oxide systems to obtain liquidus data have been carried out 
successfully by using equilibration-quenching-EPMA techniques, which in-
volved equilibration of the samples at high temperatures, drop of the present 
phases to the iced cold water followed by phase and compositional examination 
by using EPMA. There was no difficulty to obtain the glassy phases. It has been 
shown that solid and liquid phases formed at high temperatures can be pre-
served as a stable microcrystalline form at the room temperature. Some EPMA 
parameters such as beam diameter and acceleration voltage have been adjusted 
so that significant migration of sodium atom in the matrix of quenched samples 
during EMPA operation could be avoided.   

The results of liquidus measurements in the Na2O-SiO2, Na2O-TeO2 and 
Na2O-PbO-SiO2 systems have been compared with previous investigations [21, 
22, 26, 34, 38]. Although some data from previous investigations showed a good 
agreement with that obtained in the present study, discrepancy of some data are 
also reported and discussed. In general, the tridymite primary phase fields ob-
tained in the present study are smaller than those reported by previous investi-
gations [21, 22, 26, 38]. It means that the melting points of the mixtures at this 
primary phase field obtained in the present study were lower than that obtained 
by the previous investigations [21, 22, 26, 38]. 

In the Na2O-TeO2-SiO2 system, the liquidus data obtained in the present study 
are the first data published in the literature. The results indicate that the in-
crease in liquidus temperatures of the system is sensitive to the decrease in the 
Na2O concentration in mixture. Towards the TeO2 corner, liquidus line is diffi-
cult to obtain due to the fact that TeO2 has no tendency to react with SiO2 to 
form a liquid.  

For intermetallic systems, determination of thermodynamic properties of Ag-
Pt and Ag-Au-Pd alloys by using a solid-state EMF method has been carried out 
successfully. This involves equilibration of the alloys in a form of galvanic cell. 
Pure silver was used as reference electrode and the alloys were employed as the 
tested electrode measured for its thermodynamic properties. AgI was used as 
the solid electrolyte which is pure ionic conductor. Activities of the silver were 
measured experimentally from which thermodynamic functions, such as partial 
molar Gibbs energy, mixing enthalpy, entropy and integral excess properties 
were obtained.  
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In the Ag-Pt system, the thermodynamic data obtained in the present study is 
the first data published in the literature. Partial Gibbs energy, mixing entropy 
and enthalpy were measured between 573 and 673 K. Silver has uncommon be-
haviour that its nonideality increases when the temperature increases. This rare 
behaviour is also observed in other system as reported by previous investigation 
[72]. This finding could explain why, in the Ag-Pt phase diagram, silver has a 
limited solubility in the alloy at the platinum rich side.  

In the Ag-Au-Pd system, thermodynamic data are also the first data published 
in the literature. Silver activity of the alloys has been measured. Darken method 
[54] was employed to calculate integral thermodynamic properties in the ter-
nary system at atomic ratio Au/Pd equal to 1, between 475 and 675 K. Binary 
data in the Ag-Pd and Ag-Au systems obtained by previous investigations [58, 
60, 60, 61] were also employed in the calculations. Evaluation of the calculation 
was carried out by comparing the results of the calculation in the binary Au-Pd 
system with data obtained by previous investigations [53, 63, 64, 65, 66] that 
used independent and different approach. Iso-activities of the silver are also 
presented in the Gibbs triangle.  

It has been shown that the Darken method is a rigorous tool to calculate inte-
gral excess thermodynamic functions. Silver showed to have a negative devia-
tion almost in the entire range of the composition, and a positive deviation was 
only observed at low concentrations of silver. The total excess entropy and en-
thalpy in the Au-Pd system obtained in the present study indicate a close agree-
ment with previous reports [53, 63, 64, 65, 66].  

5.2 Implication  

The liquidus data of the oxide systems and the thermodynamic data of the in-
termetallic systems can be used to correct the existing phase diagrams and to 
validate phase diagrams that have never been confirmed by experimental data. 
The corrections include liquidus lines at tridymite saturation in the Na2O-SiO2 

and Na2O-PbO-SiO2 systems, and at TeO2 saturation in the Na2O-TeO2 system.  
Since the phase diagrams are used widely for many applications, the data will 

provide valuable information for process optimization purposes in the indus-
trial conditions. Na2O-PbO-SiO2 system, for example, is a vital tool during 
smelting of anode slime to remove lead. The results obtained in the present 
study imply that the selection of smelting temperature is more flexible as result 
of the expansion of glass or slag composition.  

New data in the Na2O-TeO2-SiO2 system showed the effect of the variations of 
slag composition on the important operating parameter i.e., temperature during 
the smelting process. It has been shown that, at silica saturations, the TeO2 con-
centration in the molten slag will not greatly change the melting point of the 
slag. However, the decrease of the Na2O content in the slag can increase signif-
icantly the liquidus temperature of the slag.  

Data from the intermetallic system has shown the behaviour of silver in the 
Ag-Pt and Ag-Au-Pd alloys. Calculated activity, Gibbs energy, entropy, and en-
thalpy are vital data for many applications, for example for theoretical physics, 
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designing catalyst and fuel cell . The data also can be used to assess the existing 
Ag-Pt and Ag-Au-Pd phase diagrams. 

5.3 Future Work 

Some future work can be performed. These include reassessments of the phase 
diagram of the Na2O-SiO2, Na2O-PbO-SiO2, Na2O-TeO2-SiO2, Ag-Pt and Ag-Au-
Pd systems. Calculation Phase Diagram (CALPHAD) method can be used for 
these tasks. Ab-initio calculation can also be employed for intermetallic sys-
tems. Experiments in subsolidus conditions, in the Na2O-PbO-SiO2 and Na2O-
TeO2-SiO2 systems are needed since experimental data below 1273 K in these 
systems are very limited. Experimental and modelling studies investigating the 
formation of intermetallic compounds in the Ag-Au-Pt-Pd system are also rec-
ommended.
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