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Symbols

An

a activity

Margules parameter

a-g coefficients of heat capacity function

A-G coefficients of Gibbs energy temperature dependence function

cP

C

molar heat capacity, constant pressure

i

D diffusion coefficient

the calculated value of property i

Ei

G Gibbs energy

the experimental value of property i

º

g structure dependent function of temperature

G standard Gibbs energy

H enthalpy

i property

i,j,k…N components

k coverage factor

L interaction parameter

n number of moles

n the number of properties (data items) to be reproduced

P pressure

p structure dependent empirical constant

R gas constant

S entropy

S weighted sum of squares of errors

T temperature

T* critical temperature

TC

T

Curie temperature

N

u uncertainty factor

Néel temperature

U(tv)

u

expanded uncertainty

(tv)

U

standard error

i

V volume

uncertainty associated with the values E

v geometric composition term 

Wi

x mole fraction

weight assigned to a property i

Z thermodynamic property
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° standard state
E excess
n…m order of polynomial
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magn magnetic
pres pressure
� phase

Subscripts

i,j,k components
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�n���n
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1. Introduction

1.1 Background
Lead is considered as an impurity in many metal-making processes. It may 

come to the process from the primary raw materials, i.e. natural minerals, 

or from secondary raw materials such as WEEE (Waste Electrical and 

Electronic Equipment) [1,2]. The demand for metals is continuously 

increasing while raw materials are progressively being depleted and 

becoming more challenging to process [3,4]. Secondary raw materials can 

contain components that do not exist in the primary ore-bearing raw 

materials and that behave quite differently when processed [5].  In the 

smelting step, the metal-slag and metal-matte equilibria are of significant 

importance as to environmental sustainability and valuable metal 

recoveries [5]. Better understanding of the thermodynamic behaviour and 

phase equilibria of lead could help in developing smelting and refining 

properties including slag-cleaning operations, where lead is often reduced 

back to the crude metal. The phenomena that take place during these 

processes are complex, as yet impossible to investigate in situ and 

sometimes even impossible to investigate experimentally. 

The availability of advanced thermodynamic databases and software and 

the CALPHAD (CALculation of PHAse Diagrams) method [6-8] allow 

smelting, refining and slag cleaning phenomena to be evaluated 

mathematically by thermodynamic calculations. Thermodynamic 

calculations require internally consistent and reliable thermodynamic 

databases with reasonable coverage. At present, building these databases is 

one major task being undertaken by the CALPHAD community.

The National Physical Laboratory’s (NPL) MTOX (metal-oxide-sulphide-

fluoride) thermodynamic database [9,10] covers equilibria data for the 

metallic, oxide, sulphide and fluoride systems related to metal smelting and 

refining processes. The MTOX database has been created under the 

guidance of the Mineral Industry Research Organization (MIRO) and is 

mainly funded by industrial partners. The current coverage of the MTOX 

database is presented in [V] but the development work is continuous, 



Introduction

2

mainly executed by NPL, but also including contributions from the 

academic partners.

1.2 Objective of the thesis
The objectives of this thesis were:

1. to gain new experimental solubility data concerning lead alloys Ni-

Pb, Fe-Pb, Cu-Pb and Fe-Ni-Pb, and

2. to use these data together with literature data to derive the 

thermodynamic model parameters of the aforementioned lead alloy

systems to be consistent with the MTOX database.

Although some of the lead alloy systems covered in this thesis have been 

of interest to many scientists, experimental data are still somewhat scarce. 

At an early stage of research, it was noticed that the lead solubility in solid 

metal was not known experimentally in any of these systems, apart from 

one rather inaccurate point of the Cu-Pb system. An equilibration technique 

was chosen to discover the mutual solubilities of the components. This is 

the most traditional and most widely used method for phase diagram 

determination [11]. As the liquidus temperatures at the lead-rich ends of 

these systems are fairly well known, the obtained data could be used for 

validation of the experimental data reported earlier in the literature. 

The obtained new solubility data together with critically selected literature 

data were used to optimize the thermodynamic interaction parameters 

using MTDATA software [12].

1.3 New scientific information
The new scientific information obtained within this thesis consists of the 

experimentally measured mutual solubilities of the Ni-Pb, Fe-Pb, Cu-Pb 

and Fe-Ni-Pb systems and the new improved thermodynamic descriptions 

of them. Two experimental set-ups were built and reported: a chamber 

furnace and a horizontal tube furnace. The lead solid solubility in nickel, 

iron, copper and iron-nickel has not been experimentally determined 

previously in the literature with adequate accuracy, at least to the best 

knowledge of the author. The solubilities of nickel, iron, copper and iron-

nickel in molten lead have been reported previously in the literature and 

the measured solubilities obtained within this work were compared with 

the data from the literature. Experimental literature data were found that 

have not been used in the previously reported Ni-Pb and Cu-Pb binary 

systems assessments. Using these new experimental data enabled us to 

obtain more accurate thermodynamic descriptions of the Ni-Pb, Fe-Pb and 

Cu-Pb binary systems than those reported earlier. The thermodynamic 
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assessment of the Fe-Ni-Pb system has not been reported in the literature 

before.

1.4 Applications
As the nature of this kind of research is basic research, the lead alloy 

database together with the MTOX database has great potential for practical 

applications. 

Thermodynamic calculations can be used in designing industrial 

processes, e.g. to obtain optimal process parameters and thus optimize the 

best possible recovery of precious metals and treatment of impurities. 

[10,13-15]. These data can be used in developing automation of processes

such as steelmaking, and to understand and solve problems related to 

chemical reactions involving complex combinations of many components 

and phases [16]. 

Knowledge of the solubility of lead in some metal alloys can prevent the 

“intermediate temperature embrittlement” caused by the low solubility of 

lead in these metal alloys, thus affecting the tensile properties of the alloys 

[17]. 

The use of thermodynamic software together with a suitable 

thermodynamic database means that fewer experiments are needed, hence 

saving time and money. 

Additionally, better knowledge of the thermodynamic behaviour of lead 

alloys could be applied in the development of lead-free solder alloys [18], 

bearing metals [19], Generation IV nuclear power plants [20], recycling of 

metals [5,21] and of lead acid batteries [22], and impurity removal from 

steel scrap [23]. 

1.5 Structure of the thesis
This thesis consists of four scientific peer-reviewed journal publications [I-

IV], one peer-reviewed conference publication [V] and the present 

compendium. The publications have been either published or accepted for 

publication and are attached in the Appendices. 

Chapter 2 of the thesis presents the CALPHAD method and gives an 

insight into the state-of-the-art and the benefits of the method. Chapter 3 

covers the thermodynamic models for pure and solution phases used in this 

work. The viscosity and electrical conductivity models for liquid oxides 

covered in [V] are left outside of the scope of this thesis. Chapter 4 presents 

the actual assessment procedure. Chapter 5 contains a detailed description 

of the experiments that has been reported in [II-IV] and in [24-26]. The 

results and discussion are given in Chapter 6, concluding with the 

conclusions in Chapter 7.
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2. CALPHAD method

The acronym CALPHAD comes from the words CALculation of PHAse 

Diagrams. It is a method of deriving the thermodynamic functions of a 

system using critically evaluated and selected experimental data. Phase 

diagrams are graphical presentations of the values of thermodynamic 

variables, often temperature and composition, at equilibrium state among 

the phases in the system [27]. 

The development work of the CALPHAD method is the result of the work 

of many scientists [7,28]. In the 1970s, Kaufman and Bernstein [6]

introduced the first general description of the CALPHAD method [7,8].

Since then, the method has been developed alongside the development of

computers. Nowadays, it is used widely in developing larger 

thermodynamic databases and as a tool in solving problems related to 

materials science, materials engineering and in thermochemistry [8,13,29-

31]. 

In CALPHAD method type calculations, Gibbs energy, G, is used to 

determine the thermodynamic properties of each phase of the system. The 

description is semi-empirical, resting on the thermodynamic models 

developed for Gibbs energy and critically evaluated and selected 

experimental data. The models describe the Gibbs energy of each phase in a 

system within a chosen temperature and composition range. The total 

Gibbs energy of a system is minimized by adjusting the model parameters 

so that the best possible agreement between the measured and calculated 

data is obtained. The optimized parameters are stored on a thermodynamic 

database. The data can be estimated from the lower-order systems to 

higher-order systems.

All the thermodynamic properties and the phase diagrams can be 

represented and stored by means of a small set of coefficients [27]. Once a 

multicomponent database is created, it enables a visual and numerical 

examination of the thermodynamic properties of a specific system. In 

practice, it means that with special thermodynamic software, such as 

MTDATA [12], ThermoCalc [32] and Factsage [33], it is possible to 

calculate properties and simulate the transformations of multicomponent
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systems using the modelled Gibbs energy and its derivatives, such as 

enthalpy, entropy, specific heat, chemical potential, molar volume, volume 

expansion, isothermal compressibility and bulk modulus [8]. Besides 

calculating phase diagrams and thermodynamic properties of a system, it

can be used to calculate metastable states, and simulate diffusion, 

solidification and evolution of microstructures [8,14,29]. Multicomponent 

databases are also used in calculating viscosities and electrical 

conductivities [V].

Today, “CALPHAD development work” is to a large degree focused on 

building multicomponent databases. It has been agreed to use the SGTE 

(Scientific Group Thermodata Europe) Unary database for pure elements, 

reported originally by Dinsdale [34]. Quite often databases concentrate on a 

certain material group, to give a few examples besides MTOX [9,10]: 

platinum-based superalloys [35,36], lead-free solder alloys [18], 

steelmaking [16] and a zirconium alloy database for nuclear energy 

purposes [37]. 

In order to obtain a good thermodynamic description of a higher-order 

system, the lower-order (unary, binary and ternary) systems need to be 

accurate. Experience to date has shown that reliable binary assessments are 

of major importance, even in the case of a ternary system, being more 

important than the ternary terms [11]. For this reason, it is very important 

to have accurate thermodynamic descriptions of the unary and binary 

systems. 
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3. Thermodynamic models

Gibbs energy, G, is chosen as the modelled thermodynamic function, as 

many of the experimental data have been measured and most technical 

processes work at a known pressure and temperature. At constant 

temperature, pressure and composition, a closed system will approach an 

equilibrium state, which minimizes the Gibbs energy [27]. Gibbs energy 

also has a special role in thermodynamics, because it is possible to derive

other thermodynamic functions from it [8], as mentioned in Chapter 2.

Thus, Gibbs energy is an unambiguous state variable for describing a 

system. The Gibbs energy of a system can be expressed in terms of 

enthalpy, H, temperature, T, and entropy, S.

G = H – TS (1)

Thermodynamic software are based on the minimization of the total or 

integral Gibbs energy of a multicomponent system as a function of 

temperature, pressure and composition. The integral Gibbs energy is 

calculated as a sum of all the Gibbs energies of the phases taking part in the 

equilibrium [8,38]. At constant temperature and pressure, the integral 

Gibbs energy is expressed as 

� � �
�

�
�
�

�
	




�

��
i

N

i
i GxG

(2)

where xi
� is the mole fraction of component i of the phase � and G�

i is the 

Gibbs energy of a component i of the phase �. Alternatively, the integral 

Gibbs energy can be expressed in terms of the chemical potential, 
i, i.e. the 

partial molar Gibbs energy of the system components i…N in isobaric and 

isothermic systems. The relation of the mole fraction, xi, to the amount of 

component i, ni, is xi = ni /��i.
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� �		
N

i

N

i
iiii xGxG � (3)

The Gibbs energies of different phases are modelled separately and 

described with thermodynamic models. The models are divided into 

mathematical and physical models, of which mathematical models are 

analytical descriptions of the excess Gibbs energy of the system as a 

function of temperature, pressure and composition. They do not describe 

any physical property [39] as the physical models do. Thermodynamic 

models have been discussed in many publications, for instance [7,8,27,40]. 

The general form of the Gibbs energy, G�, of a solution phase � for the 

whole composition range is often expressed as a sum of different Gibbs 

energy contributions, as shown in a general form in Equation (4):

G� = °G� + idG� + EG� + magnG��+ presG��+ … (4)

where the first two terms define the ideal solution, idG�, with respect to its 

standard state, °G�, and then treat the non-ideal part with the excess Gibbs 

energy, EG�. The mathematical form of these terms depends on the solution 

model used. The last two terms in Equation (4) are the magnetic, magnG�,

and pressure dependencies, presG�, for the Gibbs energy, respectively. The 

pressure dependency of the Gibbs energy is expressed with Murnaghan’s 

model [41] but it is normally ignored due to isobaric conditions.

The analytical form of the different Gibbs energy contributions to the 

simple substitutional model that were used in the present thesis is 

presented below.

3.1 Pure elements
The Gibbs energy of a pure element depends on two independent variables, 

i.e. temperature and pressure, P. In relation to Equation (1), the G, H and S

are functions of temperature at constant pressure through heat capacity, cP.

At constant pressure, enthalpy and heat capacity have the following 

differential relationship:

P
P T

Hc �
�
�

�
�
�





	 (5)

The change of enthalpy, ��, as a function of temperature can be obtained 

by integrating cP relative to a reference state of 298.15 K (SER, see below):
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�	�	�
T

PdTcHTHH
15.298

)15.298()( (6)

For entropy, the similar isobaric relation with heat capacity is written as

P

P

T
S

T
c

�
�
�

�
�
�





	 (7)

Integration cP /T over a temperature interval from 298.15 K to T gives

�	�	�
T

P dT
T
cSTSS

15.298

)15.298()( (8)

Like enthalpy and entropy functions, heat capacity function is a non-

continuous function of temperature. For liquids it is usually constant but 

for crystalline phases the temperature dependency of the Gibbs energy 

often changes, especially in the vicinity of transition points [42]. Experience 

has shown that heat capacity can be presented mathematically for pure 

substances and homogenous phases with sufficient accuracy based on an 

empirical equation by Kelley [43] in quite wide temperature ranges [42]:

cP = a + bT + cT 2 + dT 3 + e/T 2 + f/T 3 + ��n T n (9)

where the coefficients a…g of the polynomial are fitted to experimental 

data. The equation is valid for a temperature range with no phase 

transformations. Heat capacity values are normally presented in 

thermochemical data books, e.g. in Barin [42].

Equation (9) can be included in Equation (1) using the enthalpy and 

entropy relations in Equations (6) and (8), which gives

� � ��
�

�
��
�

�
���	

T T
P

P dT
T
cSTdTcHTG

15.298 15.298

)15.298()15.298()( (10)

This gives the following expression for the Gibbs energy temperature 

dependence, where coefficients A and B contain contributions from both 

��(298.15) and cP, and ��(298.15) and cP, respectively. The latter terms are 

related to the coefficient of the standard cp equation. [38]
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G(T) = A + BT + CTlnT + DT2 + ET3 + F/T + ��n T n (11)

Thermodynamic variables, such as G and H, cannot be given as absolute 

values but differences between two well-defined states. That is why they are 

tied to a reference state. The reference state should always be the same 

inside a thermodynamic database, otherwise the properties are not 

compatible. The reference state for enthalpy adopted currently, and within 

SGTE, is that the enthalpy of an element in its stable form at 298.15 K and 1 

bar pressure is defined to be zero, denoted by the superscript SER (Stable

Element Reference).

Hi
SER (298.15 K, 1 bar) = 0 (12) 

This means that Equation (11) of the Gibbs energy of a pure element (or a

stoichiometric component i of a phase �) is commonly written as

ºGi
�(T) - Hi

SER(298.15) = A + BT + CTlnT + DT2 + ET3 + (13)

F/T + ��n T n

where A…F are a standard set of six coefficients obtained by assessing and 

fitting the measured thermodynamic properties of the element and 

component in question, and are stored on a thermodynamic database. 

Further coefficients Gn are sometimes added if required. The difference in 

Gibbs energy between a phase and a stable reference phase with the same

elemental composition (lattice stability) can be typically measured and thus

calculated by subtracting one set of assessed coefficients from another. The 

coefficients for pure elements, (in Equation (13) the coefficients A-G), 

known as unary data, have been derived by SGTE and were reported 

originally by Dinsdale [34].

The reference state for entropy is obtained from the third law of 

thermodynamics, which states that the entropy of a chemically homogenous 

crystalline material is zero at the absolute zero temperature. This principle 

allows calculation of the absolute values of entropy of pure substances

solely from heat capacity. [42] For practical reasons, the entropy value is 

often reported against S(298.15) instead of zero Kelvin.  

3.2 Ideal solutions
Solution phases differ from the stoichiometric (unary) phases in that they 

have a variable composition. The concentration dependence of the Gibbs 

energy is taken into account through chemical potential, 
. Chemical 

potential is a measure of the change of Gibbs energy due to the addition of 
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component i to the system, and is thus expressed as 
i. For a homogenous 

system, it is described as

ijnPTi
ii n

GG
�

��
�

�
��
�

�





		
,,

� (14)

where G is the Gibbs energy of a solution, ni is the number of moles of 

component i. This is related to Equation (3) and when differentiated it gives

� ��	
N

i

N

i
iiii dndndG �� (15)

When combining this with the derivative dG of Equation (1), the following 

relation of the Gibbs energy temperature, pressure and composition 

dependency is obtained:

i

N

i
idnVdPSdTdG ����	 � (16)

where V denotes volume. 

In equilibrium and at constant temperature and pressure, Equation (16) is 

reduced to Equation (17). This is called the Gibbs-Duhem equation:

� 	
N

i
iidn 0� (17)

Chemical potential can be presented as in Equation (18) in terms of 

activity, a, which describes the characteristic features of a solution relative 

to its standard state, 0
i, as a function of pressure, temperature and 

composition:

RT ln ai = 
i - 0
i (18)

From the above, it can be seen that the value of activity is dependent on 

the standard state value. Without reporting the standard value, chemical 

potentials or activities cannot be described unambiguously.

For ideal (substitutional) solutions the activity of the component i is equal 

to its mole fraction:

idai = xi (19)
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Thus, Equations (2-4, 18, 19) can be expressed as

���������
i

N

i
i

N

i
ii

id xxRTGxGGG ln�� ��	�	 (20)

3.3 Non-ideal solutions
Even before automatic computation became common, the non-ideality or 

the ‘excess Gibbs energy’ of a solution was described with suitable 

equations presenting the activity coefficients [44]. The activity coefficient, �i

of a component i, is the ratio of its activity, ai, and mole fraction, xi:

i

i
i x

a
	� (21)

This gives the following expression to the different Gibbs energy 

expressions:

��� ���

	��	
N

i
ii

N

i
ii

N

i
ii

Eid

xRTxxRTGx

GGGG

�������

�����

�lnln
(22)

The excess properties of the mixing of the solution phases have been 

described by empirical equations as a power series [45]. Among the first 

were Margules-type [46] equations [45,47,48], where (any) excess property,
EZ, is presented with respect to the mole fraction as

� ����		
m

n

m
jmjjji

n
jnji

E xAxAxAAxxxAxxZ )...( 2
210 (23)

The Margules parameters for excess Gibbs energy, Ak, are calculated from 

the experimental activity coefficient as a power series of composition. If 

they are zero, it is an ideal solution [48].

� ����		
m

n

m
imii

n
jni xxxx ������ ...ln 2

210 (24)

� ����		
m

n

m
imii

n
jnj xxxx ������ ...ln 2

210
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According to the Gibbs-Duhem Equation (17), the first two terms are 

identically zero if the solution model is valid from xi � (0,1), i.e. 

a0 = b0 = 0 and a1 = b1 = 0 (25)

Eq. (23) is often modified to take into account the composition 

dependency between species. This was suggested by Redlich and Kister [44]

and is presented in Equation (26) in a general form for a binary system i,j.

It considers the complete mixing of the species on the same sublattice, i.e. 

the component of a crystalline phase has the same probability of occupying 

any site in the unit cell or lattice [8]. 

� �	
m

n

n
jiij

n
ji

E xxLxxG )( ����� (26)

where nLij is the temperature-dependent binary interaction parameters, to 

be estimated based upon experimental data. In the current work, each

parameter is a linear function of temperature, for example nLij = nL0
ij + 

nL1
ij T.

m is the order of the polynomial for each binary system. xi and xj are the 

mole fractions of the components in the phase. Because of thermodynamic 

consistency and Equations (5) – (13), the mathematical form of the 

temperature dependence of the interaction parameters is the same as that 

of the Gibbs energy.

As the experimental data on ternary and in particular higher-order 

systems is very limited, the calculation of equilibria of multicomponent 

alloys are strongly based on the constituent binary alloys [49].  Various 

methods exist for interpolating the properties of a ternary system based on 

the binary systems [49-52]. The most common models are the geometric 

models by Kohler [53], Kohler/Toop [54], Muggianu [55] and 

Muggianu/Toop [50]. [52] They are based on geometric reasoning of how 

to add together the binary systems contributions.

MTDATA uses the Muggianu method [55], which treats the contributions 

of the three binary systems in the same way. The excess Gibbs energy of the 

ternary solution is estimated at a certain composition point from the excess 

Gibbs energies in three binary systems at points 1, 2, 3 (Figure 1).  

Experimental ternary data can be included in the optimization for 

estimating empirical ternary interaction terms [51,56]



Thermodynamic models

13

Figure 1. Geometric model from Muggianu for estimating ternary thermodynamic properties 
from assessed binary data 1-2, 2-3, 1-3. The triangle is modified from Muggianu [55].

Thus, for a ternary system, the Redlich-Kister polynomial is written as in 

Equation (27):

)()(

)()(

210
ijkkijkjijkikji

m

n

n
kjjk

n
kj

m

n

n
kiik

n
ki

m

n

n
jiij

n
ji

E

LvLvLvxxxxxLxx

xxLxxxxLxxG

����

����	

�

��
�������

���������

(27)

where Lijk are the temperature-dependent ternary interaction parameters to 

be estimated based upon experimental data. xi
�, xj

�, xk
� are the mole 

fractions of the component in phase �. According to [51], when using the

Muggianu model [55], the vi, vj, vk in Equation (27) are expressed as

vi = xi
� + (1 - xi

� - xj
� - xk

�) /3 (28a)

vj = xj
� + (1 - xi

� - xj
� - xk

�) /3 (28b)

vk = xk
� + (1 - xi

� - xj
� - xk

�) /3 (28c)

As a result of the equations above, the following Equation (29) for the

Gibbs energy of a phase � without magnetic contributions is obtained for 

the simple substitutional model that was used in the present thesis. The 

excess part is presented with Equation (26) for a binary system and 

Equation (27) for a ternary system:

� � ���	
N

i

N

i

E
iiii GxxRTGxG ������� )ln( (29)
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3.3.1 Magnetic contribution
Some physical features, such as ferromagnetic or antiferromagnetic 

transitions, are modelled separately by adding a magnetic contribution 

term magnG�� to the integral Gibbs energy, as presented in Equation (4). 

Ferromagnetic transitions do not depend smoothly on the composition [8]. 

As an example, Figure 2 shows the molar heat capacity of nickel, where the 

heat capacity shows a sharp peak at the ferromagnetic transition 

temperature of 633 K, i.e. the Curie temperature.  

Figure 2. Molar heat capacity, cP of nickel showing the ferromagnetic transformation, i.e. the 
Curie temperature.

Currently, the magnetic transformation of pure elements at the magnetic 

transition temperature is described using the model introduced by Inden 

[57] and modified by Hillert and Jarl [58]. According to them:

� � )1ln( 0 ��	 �� ��RTgGmagn (30)

where �0 denotes the average magnetic moment, � = T/T,* where T* is the

critical temperature, either the Néel temperature, TN, for antiferromagnetic 

materials or the Curie temperature, TC, for ferromagnetic materials. �0 and 

T* are modelled as a function of composition using the Redlich-Kister 

polynomial [44]. g is a structure-dependent function of temperature. The 

difference between the pure magnetic substances and solution phases is 

that the �0 and T* are functions of composition [38]:
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The upper equation is used when � �� ��� ���� 	
�� �
��� when � > 1. D

receives the form presented in Equation (32):

��
�

�
��
�

�
��	 11

15975
11692

1125
518

p
D (32)

where p is an empirical constant depending on the structure [57]. For 

FCC_A1 p=0.28 and for BCC_A2 p=0.4. 

The Inden-Hillert-Jarl magnetic model has been widely used but also 

lately criticized for not being able to describe the Fe-Ni system [59]. A new 

magnetic model has recently been proposed [60].

Figure 3 illustrates a summary of the thermodynamic models and a 

linkage between Chapters 2-4. When carrying out a thermodynamic 

assessment with the CALPHAD method, a sum of the Gibbs energies for 

each phase is described as a function of temperature, pressure and 

composition. For a given set of constraints, such as fixed pressure, 

temperature and composition, the Gibbs energy minimization algorithms 

find the amounts of the various phases and the composition of the solution 

phases which give a global minimum in the total Gibbs energy of the system

[61]:

Figure 3. Summary of the Gibbs energy and other thermodynamic functions derived from it. 
The figure is originally from [61].
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From the Gibbs energy, other thermodynamic functions, such as enthalpy, 

entropy and chemical potential are derived in order to determine the 

contributions of the pure phase components, and the ideal and non-ideal 

mixing of the chosen phase components. The enthalpy, entropy and 

chemical potential can be measured by calorimetric, electromotive force 

(EMF) and vapour pressure techniques and/or by calculating with ab initio 

methods. The ideal mixing of the phase components is related to the 

entropy of configuration of a phase, which treats the number of possible 

arrangements of the atoms in the phase. On the other hand, the Gibbs 

energies can be determined by means of independent phase diagram 

experiments at known pressure, temperature and composition, which is the 

great benefit of the CALPHAD method.
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4. The assessment procedure

The assessment procedure means the overall task of deriving the 

interaction model parameters from compiled and critically evaluated 

experimental data. The assessment procedure flowsheet used in this work 

in presented in Figure 4.  

Figure 4. The assessment procedure flowsheet used in this work.

Thermodynamic 
software: MTDATA 

Thermodynamic 
database: MTOX 

Applications: 
% Materials and process 

development 
% Alloy design 
% Other applications 

Experimental data: 
% Phase diagram data 
% Thermodynamic data 
% First principles 
% Crystallographic data 
% Previous assessments 

Optimization: 
 

Parameter evaluation, 
least squares fit 

Comparison between experimental 
data and model calculations 

Weighting of data 

Optimized set of 
model parameters 

Substitutional solution 
model 

Unary-database 

Analysis and validation 
of the system 

Critical analysis: 
% Literature survey 
% Analysis and assembly of information 
% Model selection 
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The assessment procedure starts with a thorough literature survey and 

compilation of the previous thermodynamic assessments, experimental 

phase diagram and thermodynamic data, crystallographic data and 

increasingly data from first principles calculations based on ab initio 

methods [63]. As the thermodynamic assessment is based on the 

experimental data used in the assessment, critical analysis of the data is 

essential [8,29,30,64]. The experimental data that are not used in the 

assessment can be used in the validation of the model. Each phase needs to 

be described with a thermodynamic Gibbs energy model, perhaps 

describing a specific physical or chemical feature. The models describe the 

Gibbs energy of each phase in a system, not just within the stable region but 

the entire temperature and composition range. When building a 

multicomponent database, the models for each phase need to be the same 

in order to be compatible in the subsequent simulations. The data for the 

pure elements and stoichiometric phases are taken from the unary database 

[34]. Another model is used for the solution phases, in this work the 

substitutional solution model, where the non-ideal interactions are 

described with the Redlich-Kister polynomial [44], see Equations (26-27).

The Fe-Ni binary system [IV] was taken from the MTOX database and was 

not assessed by the author. The coefficients of the thermodynamic model

are optimized by fitting the experimental and the calculated data during the 

assessment. The thermodynamic assessments were made using MTDATA 

software, versions 4.82, 5.03 and 5.10. The magnetic properties described 

with the model proposed by Inden [57] and later modified by Hillert and 

Jarl [58], see Equation (30), were also taken from the MTOX database and 

not assessed by the author. 

The object function minimized during optimization runs is a weighted 

sum of squares of errors, S:
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where i is the property, n is the number of properties (data items) to be 

reproduced, Ci is the calculated value of property i, Ei is the experimental 

value of property i, Wi is the weight assigned to property i, Ui is the 

uncertainty associated with the values E. Wi is one for all the data items 

included in the assessment by default but zero for the excluded 

observations.
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During optimization, experimental data is added gradually, possibly 

giving it a different weighting and/or uncertainty, often resulting in many 

optimization rounds. The assessment process depends greatly on the 

assessor [64], thus making thermodynamic assessments ‘not exact science’. 

If possible, after optimization the model will be validated with data that was 

not used in the assessment. Thermodynamic coefficient values are stored 

on a database. The smaller databases are combined into a larger database 

(e.g. MTOX) and used in calculations of different applications in much 

larger systems. [8]
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5. Equilibration experiments

In the adopted experimental technique, liquid lead was equilibrated with 

solid metallic foil in specially formed quartz ampoules. Samples were mixed 

during the experiment to accelerate diffusion and homogenization. This 

method made it possible to obtain two solubility limit points from the ends

of the phase diagram (a tie line) in one experiment. A chamber furnace was 

used at first but during the experiments some development ideas led to the

building of a vertical tube furnace. 

Kleppa and Weil [65] used a similar kind of test method when 

investigating the solubility of copper in liquid lead. The experimental 

method has been reported in the publications [II-IV]; a more detailed 

description is given below.

5.1 Materials
The test materials used in the experiments were commercial metallic 

granules and foils and are listed below along with the purity, manufacturer 

and characteristic size. According to the manufacturer, the Fe-Ni foil purity 

was about 99 % but could not be guaranteed. For this reason, the chemical 

composition of the foil was analysed with a Scanning Electron Microscope 

Energy Dispersive Spectrometer (SEM-EDS), which established the purity

to be 99.4 %.

% Lead granule, Alfa Aesar 99.999 %, 0.6-3.0 mm 

% Ni foil, Alfa Aesar 99.994 %, 0.1 mm

% Fe foil, Alfa Aesar 99.99 %, 0.1 mm

% Cu foil, Alfa Aesar Puratronic® 99.999 %, 0.1 mm

% Fe-Ni foil, Goodfellow Fe61/Ni39 (wt.%), 0.25 mm, measured purity 

99.4 %

The materials were reduced before being placed into the ampoules. 

Firstly, the materials were weighed. The batch of the lead granules was first 

about 3 g but then decreased to about 2 g. This was due to the faster 

homogenization of the smaller sample. The batch for the foil was from 0.07 
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to 0.7 g, depending on the system under research. After weighing the 

material, it was placed into an Al2O3 crucible. The reduction was done 

overnight in a Lenton LTF 16/610 tube furnace in a 99.999 % hydrogen 

atmosphere. The reduction temperature was 523 K for lead and 1073 K for 

the metallic foils. After the reduction the samples were weighed again.

5.2 Experimental equipment

5.2.1 Quartz ampoules
Due to the high vapour pressure of lead, the experiments were conducted in 

quartz ampoules. This prevented lead loss during the experiments. Another 

benefit of the quartz ampoules was that the samples could be mixed during 

the experiments by turning the ampoules upside down. This helped to 

homogenize the alloys and accelerate diffusion.

The quartz ampoules used in the experiments were made of fused quartz 

glass under subcontract by Lasilaite Oy, Porvoo, Finland. The ampoule 

length was about 10 cm with a 1 cm outer diameter and 1 mm wall 

thickness. The ampoules were filled with argon, evacuated and sealed after 

filling the ampoules with the sample material. This prevented sample 

contamination with impurities such as oxygen. The pressure inside the 

ampoule was about 1 mbar. A neck was made in the middle of the ampoule 

in order to separate the liquid and solid material at the end of the 

experiment (see Figure 7). 

5.2.2 Furnaces 
The experiments for the binary systems were done with a Lenton UAF 

16/10 laboratory chamber furnace with internal dimensions of a height of 

190 mm, width of 180 mm, depth of 310 mm, silicon carbide elements and a

Eurotherm control unit (Figure 5). Prior to the experiments, the hot zone of 

the furnace was determined at 873 and 1273 K, and it was found to be at the 

centre of the furnace. The quartz ampoules were standing upright next to 

the thermocouple on a sample holder made of ceramic fibre insulation 

sheet, which had a capacity of four ampoules per experiment.  The sample 

holder was placed in the middle and at the bottom of the furnace. This was 

not the hottest part of the furnace but a compromise had to be made in

order to build the sample holder so that the mixing of the ampoules could 

be done as quickly as possible. Nevertheless, the thermocouple was next to 

the quartz ampoules and molten lead, so that the actual equilibration 

temperature could be determined.
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Figure 5. The equilibration experimental setup for the binary systems: a Lenton UAF 16/10 
chamber furnace, S-type thermocouple, Keithley 2000 DMM, mercury thermometer and a 
PC for data logging.

The experiments for the ternary system were done with a vertical Lenton 

LTF 16/50/450 tube furnace with silicon carbide rod heating elements and 

a Eurotherm control unit. The alumina work tube dimensions were 1150 

mm in length, an outer diameter of 55 mm and an inner diameter of 47 

mm. The furnace was built on a special stand, with handles, which enabled 

the furnace to be turned by 180°, as shown in Figure 6. Prior to the 

experiments, the hot zone of the furnace was determined at 1273, 1373, 

1473, 1573 K in order to find the right depth for the sample. The sample 

holder was gouged from ceramic fibre insulation sheet, integrated into the 

thermocouple protecting tube with Al2O3 mass, with the purpose of keeping

the quartz ampoules hanging still from Pt wires without breaking during 

the experiment. The Pt wires were suspended by banana pins outside the 

work tube. A cooling cover with water pipes was attached to the furnace end 

mostly on top. One end of the work tube was closed with alumina wool and 

the other with a piece of ceramic fibre insulator and a metallic plate 

attached with butterfly nuts. Figure 6 shows the furnace and sample 

positions during the experiments (left) and immediately before quenching 

(right). 
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Figure 6. Lenton LTF 16/50/450 vertical tube furnace; on the left showing the furnace 
position during the experiment, and on the right prior to quenching. [IV]

5.2.3 Temperature measurement
Temperature measurement was made with a calibrated S-type (Pt-Pt10Rh) 

thermocouple, Keithley 2000 voltmeter and the NI LabVIEW temperature 

logging programme. The thermocouple was calibrated using the melting 

point of copper, later also against tin and iced water. The ambient

temperature was measured with a mercury thermometer with an accuracy 

of ±0.1 K. This was changed later to a more accurate Pt100 sensor 

(Platinum Resistance Thermometer) from SKS Finland, and Keithley 2010 

voltmeter. The manufacturer reported that the tolerance of the sensor was 

in accordance with DIN IEC 751 standard B1/10. The Pt100 sensor was 

calibrated against iced water at 273.15 K and the value was entered into the 

logging programme.

The uncertainty of the temperature measurement was calculated by 

expanded uncertainty with a coverage factor [66]:

� � ktutuququktutU RTRTvv �����	�	 ...)()()()()()( 2222 &&      (34)

The uncertainty calculations took into account the standard deviation of 

the thermocouple reading, u(qT), the uncertainty of the room temperature 

measurement (in the case of a mercury thermometer), u(qR), the 
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corrections from the calibrations of the thermocouple, u(�T) and the room 

temperature measurement thermometer, u(�R). Also, the uncertainty 

caused by the insulator cover and the uncertainty caused by the mercury 

thermometer were taken into account in the case of the Fe-Pb system. The 

uncertainties were rounded up and multiplied with a coverage factor of k =

2.

5.3 Equilibration time
The equilibration time used in the equilibration experiments of iron, nickel, 

copper and iron-nickel with molten lead found in the literature ranged from 

tens of minutes [67] to a few hours [68-72] and up to 300 h [65], depending 

on the method and experimental temperature. 

Pre-experiments on the equilibration time were conducted for the Ni-Pb 

binary system prior to the actual experiments. This was done by 

equilibrating solid nickel foil (Alfa Aesar Ni foil, 99.5 %, 0.1 mm) with 

liquid lead at 1273 K for different time periods of 4, 8, 16, 24, 32, 48, 96 h 

and analysing the change in liquid lead composition. The lead matrix with 

dissolved Ni was analysed using an ICP (Inductively Coupled Plasma) 

spectrometer. According to the pre-experiments, 48 h was thought to be 

more than enough for attaining equilibrium. 

A theoretical study of the equilibration time was done for the Fe-Pb and 

Cu-Pb systems by calculating the diffusion coefficient in two ways: firstly, 

using the Arrhenius law by Robertson [73]; and secondly, using the 

Einstein-Sutherland equation by Borgstedt and Guminski [74]. The 

equations for calculating the diffusion coefficient of iron in lead, DFe/Pb, are 

shown in [II] and that of copper in lead, DCu/Pb, in [III]. 

The equilibration time for lead saturation in solid iron, nickel, copper and 

iron-nickel is somewhat poorly known and no attempt was made to 

measure these experimentally. It was assumed that a diffusion time of 48 h 

through the thin metallic foil would be enough to reach equilibrium. It was 

also assumed that the concentration profiles obtained by EPMA would

reveal if equilibrium was not reached, in that they would show a clear 

parabolic shape indicating lower concentration in the middle of the sample. 

In [III], the diffusion coefficient of lead in copper, DPb/Cu, was obtained from 

the publication of Prévot et al. [75] and calculated using the Arrhenius law. 

Based on this theoretical study, equilibration took less than a minute. 

5.4 Experimental procedure
The quartz ampoules were set inside the chamber furnace in the sample 

holder next to the S-type thermocouple. After reaching the target 

temperature, the ampoules were turned upside down manually using tongs 

48 times (6 x 8 turns) during the 48 h equilibration time in the furnace to 
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ensure homogeneity. The purpose of the neck in the middle of the ampoule 

was to separate the metallic foil (e.g. Fe foil) saturated with lead and the 

liquid lead saturated from the metallic foil, as shown in Figure 7 [II]. This 

was done by turning the ampoule 180º before quenching it in iced water.

Firstly, an insulator cover was used around the ampoule in order to avoid 

breakage of the ampoule during turning due to heat or cold shock (the 

furnace door was open during the turning). Afterwards it was noticed that 

the ampoules managed to withstand the shocks without the cover and 

therefore the cover was not used any longer.

Figure 7. The quartz ampoule and the position of the samples (system Fe-Pb) inside the 
ampoule [II].

Later, for the ternary system experiments, the chamber furnace was 

replaced with a vertical tube furnace. In comparison to the earlier chamber

furnace, the tube furnace allowed a more stable temperature to be 

maintained during the experiment. The whole furnace with the ampoules 

inside could be inverted, whereas in the chamber furnace the furnace door 

had to be opened. The ampoules were turned 50-60 times during the 

experiment. The tube furnace was considered safer to work with and 

quenching was slightly faster as the ampoule could be dropped straight into

the cooling water under the furnace by releasing the Pt wire from the 

banana pin. On the other hand, it was not possible to see the samples 

during mixing with the tube furnace, as it had been with the chamber 

furnace. 

After quenching, the ampoules were broken down and the compositions of 

saturated metals were analysed with ICP and EPMA (Electron Probe 
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Microanalysis). Table 1 shows a summary of the parameters related to the 

experiments. 

Table 1. Summary of the experimental parameters.

5.5 Chemical analysis equipment

5.5.1 Inductively Coupled Plasma Spectrometer
The lead matrices with dissolved metal were analysed by Inductively 

Coupled Plasma (ICP) spectrometer, which is a chemical analytical method 

where plasma is used as atomizer. The samples were dissolved with acidic 

media and dissolved with diluted water prior to analysis. During analysis,

the sample is atomized into atoms or elementary ions and the species are 

excited to higher electronic states. After the excitation the species go back 

to the lower states, which can be detected as ultraviolet and visible line 

spectra. This information can be used in quantitative and qualitative 

elemental analyses. [76]

The ICP analyses conducted in this work were carried at different 

companies involved in the ISS project and the equipment used for specific 

samples is reported in [II-IV]. The companies have accredited analysis 

services and the uncertainties of the analyses were received from the 

companies along with the analysis. The uncertainties were calculated based 

on standard deviations of the equipment performance and sample 

preparation with a confidence level of 95 % (k=2).

5.5.2 Scanning Electron Microscope
Scanning Electron Microscope (SEM) gives physical data concerning the 

surface of the sample, such as morphology, that is similar to those accessed 

by the human eye. In this technique, the surface of the sample is 

bombarded with an electron beam. The obtained signal is stored in a 

computer where it is converted into an image. The signal can be 

backscattered, secondary or Auger electrons, X-ray fluorescence photons or 

other photons of various energies. [76]

For chemical analysis, an X-ray detector is needed and Energy Dispersive 

Spectrometry (EDS) is used for this purpose [76]. With the combination of 

Fe-Pb Cu-Pb Ni-Pb Fe-Ni-Pb
Furnace type Chamber Chamber Chamber Vertical tube
Thermocouple calibration Cu Cu Cu Cu, Sn, iced water
Room temperature Hg thermometer Pt100 Pt100 Pt100
Temperature uncert. [K] 4.8 3.6 7.1 3.7
Insulator cover Yes No No No
Mass of lead granules [g] 3 2 2 2
Mass of metallic foil [g] 0.07 0.6 0.3 - 0.4 0.6 - 0.7
Equilibration time [h] 48 48 48 48
Mixing times (minimum) 48 48 48 50-60
Temperature range [K] 1371.2 - 1571.1 866.3 - 1166.4 1259.3 - 1512.2 1283.1 - 1530.3
ICP analysis NN* BOHA** NN* ORC***
* Norilsk Nickel Harjavalta Oy, ** Boliden Harjavalta, *** Outotec (Finland) Oy, Research Center
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SEM-EDS, it is possible to obtain both surface images showing the 

homogeneity and chemical analysis of the samples.  

SEM-EDS was used to analyse the purity of the commercial Fe-Ni foil. The 

equipment used within this work was an Oxford Instruments Leo 1450 with 

an Oxford Instruments X-Max 50mm2 EDS detector by the Department of 

Materials Science and Engineering, Aalto University. The standards were 

nickel 99.97 % wire (Alfa Aesar) and iron 99.995 % wire (Alfa Aesar) from 

SPI Supplies. For both standards the K� peak was used. The accelerating 

voltage was 15 kV and the spot size 460 nm. 

5.5.3 Electron Microprobe Analysis
The metallic foil saturated with lead was prepared for electron probe 

microanalysis (EPMA) by the Geological Survey of Finland (GTK). EPMA is 

a scanning electron microscope with wavelength dispersive spectrometers 

(WDS) attached. Electron probe microanalysis enables the determination of 

the elemental composition of surfaces. In this technique, the surface of the 

sample is bombarded with a focused beam of high-energy electrons in the 

SEM to impinge on a sample to induce emission of characteristic X-ray 

from each element. The X-ray fluorescence photons from the sample are

collimated, dispersed by a single crystal, detected and analysed. Both 

qualitative and quantitative information is obtained about the surface of the 

sample. [11,76]

The EPMA equipment used in this study was a Cameca SX 100 EPMA and 

was used to analyse trace elements. The EPMA analysis parameters are 

reported in [II-IV]. The uncertainties of the EPMA analyses were calculated 

with standard deviation from the mean of the measurement points. In 

publication [IV] the uncertainty originating from the equipment was also 

taken into account by measuring ten points exactly from the same spot of 

the sample (i.e. the same coordinates). Thus, the overall uncertainty of the 

EPMA analysis contained the standard deviations of the profile points and a

ten-point analysis.
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6. Results and discussion

Due to the fact that the optimization of the thermodynamic model 

parameters is based on experimental data, it is crucial that accurate 

experimental data exist in order to create reliable CALPHAD assessments 

and thermodynamic databases. However, research groups performing

experiments are becoming fewer and fewer because experiments tend to be 

expensive and time-consuming, modelling being thus faster and more 

economical. Nevertheless, the model is only as accurate as the experimental 

data used in the assessment and therefore experiments are needed as an 

important part of CALPHAD assessments and validation of the models. The 

aim of this work was to extend the thermodynamic MTOX database with 

the [Cu,Fe,Ni]-Pb binary and Fe-Ni-Pb ternary systems. The results 

obtained within this work are presented in Appendices [I-V], but a 

summary with discussion is given below. The figures and the references in 

the figures presented in Sections 6.2 and 6.3 can be found in Appendices [I-

V].

6.1 Equilibration experiments
All the lead alloy systems investigated were previously known to some 

extent, which made it easier to start the experiments. Although the 

experimental method might appear simple, there were challenges to 

overcome and several uncertainty factors were perceived. The method was 

developed continuously in order to obtain as accurate results as possible. 

Firstly, the room temperature measurement that was in principle taken

with a mercury thermometer was changed to a Pt100 resistance 

thermometer. This made it possible to obtain more accurate temperature 

measurement and eased the analysis of the temperature logging data. 

The insulation covers used around the quartz ampoules were found to be 

redundant, because the ampoules could withstand the heat and cold shocks 

resulting from the mixing of the samples.

The test materials were reduced in a hydrogen atmosphere to remove the 

oxygen layer of the metals. It is possible that some residual oxygen and 

hydrogen were present during the experiments. However, at room 
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temperature the solubility of hydrogen and oxygen in iron, nickel and 

copper is very low [91]. Even though care was taken when dispatching the 

test materials, the author did not make the ampoules herself.  

Maintaining a stable temperature during the experiments was an issue, 

because the chamber furnace door had to be opened for sample mixing. 

This also had an impact on the calculated temperature measurement 

uncertainty. Eventually this led to the development of a vertical tube 

furnace [IV], which was also more comfortable to work with. 

With the tube furnace, sample quenching was slightly faster compared to 

the chamber furnace. Quartz has a rather low thermal conductivity, which 

probably decelerated quenching. No attempt was made to use any other 

quenching media such as liquid nitrogen. Additionally, the experimental 

results obtained with the current technique showed similar values to those

obtained with other techniques in the literature.

During the experiments, part of the metal foil was not in contact with the 

liquid lead, as shown in Figure 7. The sample preparation was done in such 

a way that grinding was started from the tip of the foil in contact with the 

lead to make sure that the EPMA analysis was obtained from the foil part 

equilibrated with the lead. 

During quenching, some of the remaining non-dissolved lead was 

attached to the surface of the foil. This posed a challenge for EPMA 

analysis, because soft lead might have some influence during grinding and 

polishing, spreading from the outer surface of the foil to the cross-section of 

the sample. The analysis points were selected to avoid parts where lead was 

observed, but the absence of spread lead could not be guaranteed. 

As mentioned earlier in Section 5.3, the equilibration time for lead 

saturation in solid iron, nickel, copper and iron-nickel was not measured 

experimentally. It was assumed that the diffusion time of 48 h through the 

thin metallic foil was enough to reach equilibrium. It was also assumed that 

the concentration profiles obtained by EPMA would reveal if equilibrium 

was not reached in that they would show a clear parabolic shape indicating 

lower concentration in the middle of the sample. Nevertheless, no 

composition gradients that would indicate incomplete equilibrium were 

observed. However, it would be worth determining the saturation of lead in 

these metals experimentally in the future.

6.2 Thermodynamic (re-)assessments
The literature compilations done for the lead-alloy assessments aim to

cover all the published data from the early 20th century until today. The 

systems were assessed with MTDATA software using critically selected data 

from the literature and from our own equilibration experiments. 
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The selection of a solution model depends on the crystal structure of the 

phase and on how easily the description of binary data can be combined 

with other binary systems for the calculation of higher-order systems [64].

In database development, the thermodynamic models used need to be 

compatible with the rest of the database. As the lead systems assessed in 

this work are simple, with no intermediate phases and no chemical 

ordering, a simple substitutional model was used.  The model describes the 

non-ideal interactions of the system components with the Redlich-Kister 

polynomial. The same model was used in the Ni-Pb [77,78], Cu-Pb [77,79-

81] and Fe-Pb [82-84] assessments reported in the literature. For pure 

elements, the SGTE Unary data were used. Both the SGTE Unary database 

for pure elements and the Redlich-Kister polynomial for the solution 

phases are compatible with the MTOX database. The experimental data 

were fitted by a least squares method. All the modelled binary systems 

consisted of a large liquid miscibility gap with very little mutual solubility in 

each other and with no intermediate phases, and no chemical ordering.

Consequently, they were quite simple systems to model. The Fe-Ni binary 

system forms order-disorder phases at low temperatures [85], but these are 

not described in the MTOX database from which the Fe-Ni thermodynamic 

parameters were taken.

6.2.1 The Ni-Pb system
Publication [I] was the beginning of the lead alloy database development 

work. We had no experimental results of our own at that time to be 

included in the assessment. A data compilation and critical evaluation were 

made, on the basis of which it was noticed that the Ni-rich end was poorly 

known experimentally and the value of lead solid solubility in nickel by 

Voss of 1.2% (extrapolated) [86] or Pomianek of 0.9 % (calculated) [87] 

were not directly measured values. Also, new experimental data of the lead-

rich end below the eutectic temperature by Amenzou-Badrour et al. [88]

were found. These data had not been used in the Ni-Pb assessments before 

and therefore made it possible to obtain a more accurate description of the 

nickel solid solubility in lead, the eutectic point at the lead-rich end and 

nickel solubility above the eutectic temperature, as shown in Figure 8. 
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Figure 8. The calculated Pb-rich end of the Ni-Pb phase diagram based on the parameter 
sets reported in [I] and [77,78] with experimental data superimposed. The figure is 
reproduced from [I]. 

Later, the Ni-rich side could be described more accurately in [IV], where 

the mutual solubilities at 1260 – 1510 K were determined experimentally. 

The measured solubilities at the lead-rich end were in agreement with the 

literature data, except at 1359.7 K, which showed a greater solubility (see 

[IV], Figure 6). The reason for this could be an analytical error. However, 

the calculated liquidus curve at the lead-rich end is in good agreement with 

the experimental data. 

Compared to the calculated phase diagrams based on the parameter set in 

[I], the nickel solubility in lead below the eutectic temperature remained 

the same and was slightly smaller above the eutectic temperature but still in 

good agreement with the experimental data (see [IV], Figure 8). 

Figure 9 shows the maximum solid solubility of lead in nickel at the 

monotectic temperature, which was found to be slightly bigger than that 

calculated with the parameter sets from [77,78] and [I]. 

The calculated critical point of the liquid phase miscibility gap was 

calculated to be at a lower temperature than reported earlier by Miller and 

Elliot [68]. It was noticed that their three topmost points of [68] were 

estimated and not directly measured values, thus, the calculated lower 

value was realistic. 
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Even though the Ni-Pb phase diagram is rather well known, experimental 

data of the liquid miscibility gap is needed to improve the thermodynamic 

description of the system. Measurement of liquid immiscibility is 

challenging but could be done by, for example, high temperature mass 

spectrometry by measuring the activity of lead in a Ni-Pb alloy.

Figure 9. The calculated Ni-rich end of the Ni-Pb phase diagram based on the parameter sets 
reported in [I,IV] and [77,78] with experimental data superimposed. The figure is 
reproduced from [IV]. “Kainulainen et al. [3]” refers to Publication [I].

6.2.2 The Fe-Pb system
After data compilation, it was noticed that the Fe-Pb system is not well

known and that only experimental phase diagram data are available in the 

literature. Even though it would have been favourable to improve the 

thermodynamic description with thermodynamic data, nevertheless the 

experimental data reported in [II] gave a valuable contribution to the scarce 

amount of data existing. 

Some confusion was noticed with the atomic and weight fractions in the

previous thermodynamic assessments by Onderka et al. [82] and 

Hämäläinen et al. [84], which were corrected in this work. 

The equilibration experimental results reported in [II] showed a very 

limited solid solubility at the iron-rich end, below the monotectic 

temperature. Also, the results were scattered, which was believed to be due 

to non-dissolved lead around the iron foil sample. The calculated phase 
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diagram of the Fe-rich end is in good agreement with the experimental 

points, as shown in Figure 10. 

Figure 10. The calculated Fe-rich end of the Fe-Pb phase diagram based on the parameter 
sets reported in [II] and [83] with experimental data superimposed. The figure is 
reproduced from [II].

The experimental results at the lead-rich end were in fairly good 

agreement with the other experimental data reported previously in the 

literature ([II], Figure 4). However, the calculated liquidus curve could be 

in better agreement with our own experimental data at higher 

temperatures. The calculated liquidus agrees very well with the 

experimental liquidus data reported by [89], which were considered very 

reliable in the critical assessment [II]. 

Nevertheless, with the new and slightly different experimental data than 

that used in the assessment by Onderka et al. [82] and Hämäläinen et al. 

[84], the thermodynamic description is improved. In order to further 

improve the description, more experimental thermodynamic data are 

required. Also, experimental data of the liquid miscibility gap would be 

necessary but it is extremely challenging to conduct such experiments due

to the very high temperatures involved.

6.2.3 The Cu-Pb system
The Cu-Pb binary system is the most well known of the systems covered in 

this thesis. Phase diagram and thermodynamic data of the system exist and 
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the liquid miscibility gap has been measured by several authors. The 

thermodynamic assessment has been published previously by [77,79-81] 

and Vaajamo et al. [90], as a part of our Cu-Fe-Pb assessment. There were 

no experimental results of our own at that time to be included in the 

assessment. But it was noticed, as in all the previous systems, that the 

solubility of lead in solid copper was unknown. One experimental point 

exists by Raub and Engel [92], and according to them “the solubility is not 

more than 0.09 at.% Pb”. Also, some older experimental data on copper 

solubility in solid lead below the eutectic temperature were found in the 

literature, which had not been used in the previous assessments. 

This new critically selected literature data and data from our own 

experiments were used to re-assess the Cu-Pb system FCC_A1 phase 

interaction parameters. The experimentally determined liquidus points 

were used to validate the calculated liquidus curve based on the parameter 

set in [90], and showed good agreement with the calculated liquidus curve 

(see [III], Figure 4). 

Figure 11. The calculated Cu-rich end of the Cu-Pb phase diagram based on the parameters 
sets reported in [III] with the experimental data superimposed. The figure is reproduced 
from [III].

The solvus curve at the lead-rich end shows very good agreement with the 

experimental data (see [III], Figure 3). According to the study in [III], the 

solubility of lead in solid copper is smaller than the experimental point 

reported by Raub and Engel [92]. This is presented in Figure 11. The 
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thermodynamic description of the Cu-Pb system has been improved in the 

area of FCC_A1 solid solution. 

6.2.4 The Fe-Ni-Pb system
The Fe-Ni-Pb ternary system has not been assessed previously, and in this 

work the interaction parameters of the ternary liquid phase were optimized. 

The experimental results obtained in [IV] diverged from the values by 

Fleischer and Elliot [69], which also showed discrepancies with each other. 

Thus, their [69] values were ignored in this optimization. 

Xiong et al. [59] proposed that the lattice stability of Ni in the SGTE pure 

element compilation needed revision. They also reported [59] that the 

conventional Redlich-Kister polynomial is not sufficient to describe the Fe-

Ni magnetic phase diagram. The thermodynamic data for pure nickel was 

taken from the SGTE Unary database without any modifications and the 

Fe-Ni interaction data was taken from the MTOX database, which uses the 

Inden-Hillert-Jarl model [57,58] to describe the magnetic contribution and 

does not consider any low temperature chemical ordering. Another 

thermodynamic assessment could have been made of the Fe-Ni-Pb ternary 

system using a 4-sublattice model with the purpose of introducing the 

order-disorder phases at low temperatures, but no practical benefits could 

be seen, so this was left for the future work of other researchers.

Figure 12. A calculated temperature-composition section starting from Fe62Ni38 (at.%) and
covering additions of up to 0.1 at.% Pb with experimental data superimposed. The figure is 
reproduced from [IV].
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According to the experimental results, the solid solubility of lead in Fe-Ni 

(61 wt.% Fe, 39 wt.% Ni) foil is small and does not change much as a 

function of temperature, as can be seen in Figure 12. 

The overall agreement of the calculated phase diagrams with the 

experimental data is good and the assessment is valid above the magnetic 

transition temperatures.

As the experimental phase diagram data of the ternary system is limited, 

in the future the thermodynamic description of the system could be 

improved with new experimental thermodynamic data. 

6.3 From theory to practice
The ultimate goal of the equilibration experiments and thermodynamic 

assessments conducted within this thesis is that they would serve those 

parties who deal with practical problems and who could use them in solving 

material engineering related problems. Publication [V] was written as a 

compilation of the work of this thesis with some practical cases containing 

the current coverage of the MTOX database, with new viscosity and 

electrical conductivity models, and an illustrative example of an electric slag

cleaning furnace. Figure 13 illustrates the lead fraction in slag 

(OXIDE_LIQUID), metal (LIQUID) and gas phases during the electric 

furnace slag cleaning process [V] when the weight fraction of ferric oxide is 

reduced from the slag by a suitable reducing agent such as coke. 

Figure 13. The calculated lead fractions in the slag (#3), metal (#71) and gas (#115) phases as 
a function of slag reduction rate. The figure is reproduced from [V].
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Publication [V] is intended to show the extensive coverage of the MTOX 

database and illustrate the types of problems that can be solved using it. As 

thermodynamics is sometimes considered nebulous, it is necessary to 

introduce this kind of compilation contribution to show the importance of 

thermodynamics and its use in real life.  

6.4 Future work
It is important to make experiments and even to reproduce reported data 

and accordingly confirm earlier experimental data. This can also minimize 

the errors coming from the experiments. This is also the way to obtain 

(more) accurate thermodynamic descriptions of the systems of interest, and 

consequently full benefit of the thermodynamic databases in practice. Even 

one experimental point from an unknown part of the phase diagram could 

improve its accuracy significantly. Therefore, more experimental data, 

results from quantum mechanical calculations and thermodynamic data, 

which is often lacking, should be produced for the future, rather than phase 

diagram data.

The database developed in this work is rather narrow as such and it 

should be expanded with other lead-based systems in order to extract its 

full potential. This has been done in some other publications by the author 

[24-26,90] and possibly the work will continue in the near future.
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7. Conclusions

The CALPHAD method is a powerful tool in materials science and 

metallurgy but in order to use it in practical applications, it is necessary to 

build multicomponent databases that contain thermodynamic data of 

binary, ternary and higher order systems. Building a database begins with a 

uniform set of pure elements and reliably assessed lower-order systems, 

continuing to a higher-order system. 

Experiments are a crucial part of the CALPHAD assessment required for 

the parameter optimization and validation of the modelled system, as the 

model is only as accurate as the experimental data used in the assessment.

There are more scientists making assessments today than conducting 

experimental measurements. Even one accurate experimental point from a 

previously unknown area provides a valuable contribution to the 

thermodynamic description of the system. It is also important to reproduce 

reported data and accordingly confirm earlier experimental data.

In this work, the objective was to extend the MTOX thermodynamic 

database with the following lead alloy systems: Ni-Pb, Fe-Pb, Cu-Pb and Fe-

Ni-Pb, using data from the literature and from our own isothermal 

equilibration experiments. With the experimental method, the mutual 

solubilities of liquid lead and solid metal foil (Fe, Cu, Ni or Fe-Ni) were 

measured isothermally in a quartz ampoule over a certain temperature 

range. The compositions of the alloys were analysed with an ICP 

spectrometer and by EPMA. The solubility of lead in these solid metals was 

not known previously, except for one rather inaccurate temperature-

composition point of the Cu-Pb system. According to the results, the lead 

solid solubility in the metallic foils was the smallest in iron, then in iron-

nickel, nickel, and the greatest in copper. The same order was valid also 

when measuring metal solubilities in molten lead: iron dissolved the least, 

then iron-nickel, then nickel, and copper the most. The lead solid 

solubilities obtained in this thesis tended to be smaller than those reported 

previously in the literature [92] or in the thermodynamic assessments. The 

solubilities in the molten lead alloys were in agreement with previously 

published experimental literature data.
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The experimental method used within this work was developed 

continuously in order to obtain as accurate data as possible. There are still 

issues to be improved but as the world is as it is, a measurement point will 

always have a measurement uncertainty.  

The lead alloy systems were assessed with MTDATA software, in its 

Assessment module, using data from the literature and from our own 

equilibration experiments. The SGTE Unary data was used for pure 

elements and non-ideal solution phases were described with the Redlich-

Kister polynomial. These are compatible with the MTOX database of NPL. 

The experimental data were fitted by a least squares method. As a 

conclusion of the thermodynamic assessments, it can be stated that the 

agreement of the calculated phase equilibria with the critically evaluated 

and selected experimental points was good and that the thermodynamic 

descriptions of these systems have been improved.

The lead alloy database serves as a basis for further development work 

if/when new experimental data are produced. For the moment, these lead 

alloy assessments together with the MTOX database can be used in 

calculating the thermodynamic properties and phase equilibria of large 

industrial multicomponent systems.
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Errata Corrige

Publication [I]

% Equation (1) should be “…+ IT9” instead of “…+ IT-9”

% On page 442 should be “…Al and Cu [32], as well as B and Cr [33]” 

instead of “…B and Cr [32], as well as Al and Cu [33]” 

% Reference [20] should be “…undercooled…” instead of “…u

dercooled…”

% Some of the values in Table 2 concerning the invariant reactions of 

system Ni-Pb were misprinted during publication. The values are 

corrected in Publication [IV] except for the values of Nash that are 

presented below.

Publication [II]

% On page 59 it should be “David [5]” instead of “Daniel [5]”

% In Table 3, concerning the invariant reactions of the Fe-Pb system,

the critical reaction should be L 'L1 + L2, the monotectic reaction 

L1 'L2 + bcc and the eutectic L2 'bcc + fcc

% In Table 4, concerning the optimized thermodynamic parameters, 

the second parameter value 15699.12 J/mol·atom of Hämäläinen 

et al. is marked as temperature dependent (B0) when it should be 

temperature independent (A1). 

Publication [IV]

% On page 69 it should be “LiF crystal” instead of “LIF-crystal”

Reaction Reaction type T/K Author Ref
L��������� Critical 1828 ~ 0.29 Nash [3]
L1��������	
� Monotectic 1613.15 0.1156 0.57 ~ 0.01 Nash [3]
L2���	
������
� Eutectic 597.15 0.9954 ~ 0.01 0.9983 Nash [3]

Compositions/x(Pb)
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