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  activity coefficient 

μ  chemical potential 

 

Subscripts and superscripts 

a…x  phase 

i  chemical species 

o  standard state 
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1. Introduction

Thermodynamics and phase equilibria describe fundamental phenomena in 
metals production [1]. Thus, they are a critical tool in increasing the sustaina-
bility of metallurgical industry. Sustainability in an industrial process means the 
minimization of resource consumption and waste or of emission generation. 
Metals are essential for industrialized society and their continued and sufficient 
availability is vital to our way of life [2-4]. However, due to depleting resources 
and environmental concerns, metal producers are currently under pressure to 
develop more sustainable processes [5-10]. Consequently, researching metal-
lurgical thermodynamics to increase knowledge and enable process optimiza-
tion is mandatory for the modern technology-based society [11]. 

1.1 Background and research environment

 
Metals are produced pyrometallurgically or hydrometallurgically, depending on 
the chemistry of the raw materials used [12]. Copper is one of the oldest metals 
known to humankind (used since 10 000 BCE) and one of the most important 
metals in modern society mostly due to its good electrical conductivity, thermal 
conductivity, and corrosion resistance [13-16]. Because most of the primary cop-
per sources currently used are sulfidic ores, such as CuFeS2 and Cu2S, 80% of 
copper production from ores takes place pyrometallurgically. In addition, sec-
ondary raw materials (scrap) are also treated pyrometallurgically [17].  

In pyrometallurgical copper production, the extraction of metallic copper 
from ores or recycled raw materials occurs in a furnace (shown in Figure 1) at 
temperatures of 1200 °C – 1300 °C and partial pressures of oxygen ranging from 
~0.8 atm to 10-8 atm from the reaction shaft to the settler, respectively [18]. 
Copper-containing raw materials, flux, and air or oxygen-enriched air enter the 
furnace where most of the sulfidic gangue minerals oxidize and separate from 
the metal in one (direct-to-blister) or two (matte smelting and converting) steps 
[19, 20]. The oxidation reactions lead to the formation of distinct, mutually in-
soluble liquid phases of metallic (copper or blister copper), sulfidic (matte), or 
oxidic (slag) nature. The formation and properties of these phases obey the laws 
of thermodynamics and thus depend on the partial pressures of oxygen and sul-
phur, process temperature, and feed material composition [21]. The metallic 
and sulfidic phases are products of smelting and converting, while slag and SO2-
containing off-gas are sidestreams. From these sidestreams, both the properties 
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of the slag and their reliable prediction are particularly important to successful 
operation of pyrometallurgical copper production [21-23]. 

 

 

Figure 1. Schematic picture of a pyrometallurgical copper smelting furnace. 

 
Slag forms on top of the matte or metallic phase from flux, oxidized Fe, gangue 

minerals, and impurities collecting and separating these elements from the me-
tallic copper. As the formation of slag, which is insoluble to the other molten 
phases, is imperative to the process, it is ensured by adding flux and maintaining 
a suitable process temperature [24]. In copper production, for each ton of metal 
produced, approximately four tons of slag is generated. Copper smelting and 
converting use SiO2-based or CaO-based slags with SiO2-based being the more 
popular option. Table 1 shows the concentration ranges of the main components 
in industrial smelting and converting slags from different processes [19, 25-27]. 
It is worth noting that Fe may exist in the slag as Fe2+ and Fe3+. In addition, Cu 
exists in oxidized, dissolved form as Cu2O, as mechanically trapped metallic par-
ticles, or as unsettled matte droplets. For this reason, the concentrations of Cu 
and Fe in Table 1 are given as elements instead of oxides. These slags typically 
contain economically important amounts of copper and other metals (e.g. Ni, 
Pd, Pt), which are recovered, and environmentally harmful impurities (e.g. As, 
Bi, Pb), which are removed before the slag is disposed of, or used for example as 
landfilling, in road construction, or abrasives [28]. 
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Table 1. Range of concentrations of components in copper smelting and converting slags as wt%.

Slag Fe SiO2 CaO MgO Al2O3 Cu 
Smelting 25–48 18–52 0–24 0–9 2–16 0.35–25 

Converting 18–65 15–28.5 0–3 0–1.5 0–10 0.6–9 
 
The properties of slags, such as composition, dissolution capabilities, liquidus, 

viscosity, and electrical conductivity, affect corrosion of the refractory lining 
[29], copper losses in slag [30], distribution of trace elements, and settling. Con-
sequently, good control of slag properties is a key factor in optimizing pyromet-
allurgical copper production (smelting, converting, and slag cleaning) for com-
pliance with the demands of increasing sustainability. By knowing the feed com-
position, it is possible to estimate slag properties in equilibrium using chemical 
thermodynamics [31, 32]. Although copper smelting and converting processes 
are dynamic in nature (because they operate at high temperatures where chem-
ical reactions are fast) it can be assumed that near-equilibrium conditions pre-
vail, particularly at locations such as the settling zone of a flash smelting furnace 
[33, 34].  

Predicting the thermodynamic equilibrium properties of a multicomponent 
metallurgical slag is challenging. Nevertheless, modern thermodynamic soft-
ware, such as MTDATA, FactSage and Thermo-Calc [35-37], combined with re-
liable databases, achieve this. Moreover, they enable graphical representation 
of the results, for example as phase diagrams or phase diagram sections. Ther-
modynamic software is based on the CALPHAD method [38, 39], in which 
mathematical descriptions of systems are optimized using all available experi-
mental thermodynamic and phase diagram data, and stored in thermodynamic 
databases [39]. The reliability of the predictions produced by computations de-
pends on the accuracy of the experimental data used in assessing the thermody-
namic models in the databases (Figure 2). Therefore, mere modelling is by itself 
insufficient; accurate experimental measurements are required to form a relia-
ble basis for it. In the case of multicomponent systems, such as slags, experi-
mental measurements of especially the binary and ternary subsystems are crit-
ical [39-41]. 
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Figure 2. The need for experimental data to improve copper production. 

 
The properties slag, such as viscosity and electrical conductivity have been 

studied previously [23, 42-44]. In addition, from the 35 individual two- and 
three-oxide subsystems which comprise a typical fayalite slag, there is an exten-
sive amount of experimental phase equilibria and modelling studies of systems 
containing FeOx and SiO2 [45-47]. Furthermore, due to its technological im-
portance, the Cu-O system has been the subject of many studies [48, 49]. Nev-
ertheless, for the Al2O3-, CuOx- and MgO-containing subsystems Cu-O-Al2O3, 
Cu-O-MgO, Cu-O-Al2O3-MgO, and Cu-O-Al2O3-SiO2, liquidus or solubility data 
at smelting temperatures is scarce, leaving descriptions of these systems at cop-
per smelting conditions incomplete. Thus, there is a need for targeted experi-
mental phase equilibria measurements for these systems. In primary pro-
cessing, these slag components originate from concentrate, flux, and refracto-
ries. In secondary processing, besides flux and refractories, they originate from 
the Al- and Mg-bearing, and the MgO- and Al2O3-bearing, feeds [50]. Previous 
studies indicate that slag components affect the liquidus temperature [51] and 
the solubility of Cu in the slag through changes in the thermodynamic activity 
coefficient [52]. With decreasing copper content, an increase in Al2O3 and MgO 
contents in the feed material in primary production is expected. In addition, the 
concentration of these slag components in secondary processing increases if 
high-Al- or Mg-bearing feed materials are processed. Therefore, knowledge of 
the interaction of these oxides with molten CuOx is important to predict their 
impact on the liquidus and solubility characteristics of CuOx in the slag.  

The Cu-O-Al2O3 system in air was previously studied by von Wartenberg et al. 
[53], Misra et al. [54] and Kohlmeyer et al. [55], and in equilibrium with metallic 
copper by Chen et al. [56]. The former three groups used indirect methods for 
liquidus determination, associating their results with experimental uncertain-
ties. In contrast, the differences between the results of Chen et al. [56] and the 
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previous works conducted in air suggest that the effect of oxygen activity on the 
solubility of Al2O3 in the liquid oxide in this system is strong. In the Cu-O-MgO 
system, the liquidus was studied by von Wartenberg et al. [57] in air and by Ger-
lach et al. [58] at metallic copper saturation. Nevertheless, the experiments by 
von Wartenberg et al. [57] are based on an indirect experimental method, and 
the measurements by Gerlach et al. [58] are restricted to a single temperature. 
Previously, Ust’yantsev et al. [59] and Gadalla et al. [60] studied the solid solu-
bility of CuOx in MgO in equilibrium with a liquid phase in this system. In con-
trast, the Cu-O-Al2O3-MgO system was studied previously only at a single tem-
perature [61]. Moreover, for the Cu-O-Al2O3-SiO2 system in air, the only exper-
imental phase equilibria data in the presence of a liquid phase is by Xiao et al 
[62]. Above 1150 °C there is a lack of experimental phase equilibria data for this 
system in air. 

1.2 Objectives and scope

 
The reliable estimation of multicomponent slag behavior in copper smelting and 
converting, using computational software and databases, is integral to increased 
resource efficiency in copper making [30, 63, 64]. Due to depleting resources, 
concentrations of gangue oxides (such as Al2O3 and MgO) introduced into slag 
may increase in the future. It is important that their behavior and interaction 
with molten CuOx and SiO2 in the copper-making slag phase are known to assess 
and predict changes in slag behavior. There is currently a lack of experimental 
phase equilibria data concerning Al2O3-, CuOx-, MgO- and SiO2-containing sys-
tems. To obtain better knowledge of the binary and ternary systems composed 
by these oxides, the objectives of this work are: 

 
1) To experimentally study the phase equilibria of the Cu-O-Al2O3, Cu-O-

MgO, Cu-O-Al2O3-MgO, and Cu-O-Al2O3-SiO2 systems at temperatures 
covering copper smelting and converting conditions and specific oxygen 
pressures; 

2) To experimentally measure the liquidus and corresponding solid solubili-
ties in these systems in equilibrium; 

3) To compare the experimentally-determined compositions of the liquidus 
and solid phases with existing experimental data, and with values esti-
mated by MTDATA software and Mtox database. 

 
The equilibration and quenching method used in this work enables achieve-

ment of a static, stable equilibrium. Moreover, EPMA is capable of directly 
measuring the elemental compositions of both amorphous and crystalline 
phases in equilibrium. Thus, the method is able to produce accurate data about 
the liquid phase [65]. Nevertheless, it assumes the achievement of local equilib-
rium, the absence of kinetic barriers, and a cooling rate which retains the high-
temperature equilibrium at room temperature on quenching. The method is 



Introduction

14 

most suited to studying phase compositions of systems with slow reactions and 
good glass-forming abilities.  

1.3 New scientific findings

 
The new scientific findings in this work consist of the experimentally-measured 
phase equilibria data in the Cu-O-Al2O3, Cu-O-MgO, Cu-O-Al2O3-MgO, and Cu-
O-Al2O3-SiO2 systems. Previously, experimental liquidus and solid solubility 
data in the Cu-O-Al2O3, Cu-O-MgO, and Cu-O-Al2O3-MgO systems were scarce 
and obtained using indirect methods. In the present work, chemical composi-
tions of the stable phases, liquidus and solid solubilities in the studied systems 
were measured using a direct method. Experiments in the Cu-O-Al2O3 and Cu-
O-MgO systems were carried out at temperatures ranging from 1150 °C to 1500 
°C. The liquidus and phase equilibria in the Cu-O-Al2O3-MgO system were 
measured in the temperature range of 1100 °C and 1400 °C, widening the tem-
perature range of the existing experimental data. The liquidus of the Cu-O-
Al2O3-SiO2 system was determined in air at 1300 °C. These temperature ranges 
were chosen as wide as possible to enable the creation of more reliable models. 
The equilibrium solubilities of CuOx in MgAl2O4 spinel and mullite phases in air 
were measured. It was found that the solubilities of Al2O3 and MgO in CuOx-rich 
liquid is lower than previously thought. In addition, the presence of SiO2 in-
creases the solubility of Al2O3 in CuOx-rich liquid. 

1.4 Practical applications

 
In this thesis work, thermodynamic phase equilibria of four subsystems of cop-
per smelting and converting slag were investigated experimentally at and near 
copper smelting conditions. The work conducted provides important new 
knowledge about the behavior of the studied systems, especially their liquidus. 
These results enable improvements in thermodynamic databases used in pre-
dictive calculations of the slag properties; this is necessary for smelting and con-
verting process optimization in order to increase resource efficiency. The main 
applicational area in this work is pyrometallurgical copper production. Never-
theless, other industrial applications for the studied oxide systems include for 
example in MgO- and MgAl2O4-containing refractories [66, 67], copper-alumi-
nosilicate glasses [68, 69], glass-ceramic materials in precision electrical insu-
lators and solid oxide fuel cell components [70], and cuprate-based supercon-
ductors, where MgO is used as flux-pinning center [71, 72]. These applications 
highlight the fundamental importance of this work and thermodynamic re-
search in general. 
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1.5 Structure of the thesis

 
This thesis is based on four peer-reviewed journal articles (Publications I-IV) 
included as appendices in this compendium. Chapter 2 presents and discusses 
the theoretical and experimental aspects related to phase equilibria and phase 
diagrams as applicable in conducting experiments and interpreting the results 
obtained in this work. Chapter 3 describes the experimental method and exper-
imental setup, analysis of the samples, and experimental uncertainty in this 
work. Chapter 4 presents and discusses the main results (as found in Publica-
tions I-IV), as well as their direct and indirect implications. Finally, Chapter 5 
draws conclusions from the work conducted.
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2. Phase equilibria and phase diagrams

Phase equilibria and their graphical representations – phase diagrams – make 
it possible to determine processing paths in order to achieve targeted properties 
in materials. Industry and the scientific community have long recognized the 
importance of phase diagrams in materials research and development [73]. 
Phase equilibria, describing the co-existing phases and their properties in equi-
librium under specified conditions, is part of the science of thermodynamics. 
Thermodynamics studies equilibrium and the behavior of energies within and 
between different, tangible and discretely-defined parts of the world (together 
referred to as a ‘system’) and their surroundings. Chemical thermodynamics, a 
special part of thermodynamics, is mainly concerned with energy, its transfor-
mation, and equilibrium properties in chemical systems [32, 39, 74, 75]. Be-
cause a system always moves spontaneously towards equilibrium, assuming 
that atoms are able to move freely in the system, knowledge of the equilibrium 
state enables determination of the spontaneous changes in a system and esti-
mation of the extent of these changes. Essentially, thermodynamics answers the 
question of how much matter is transported in a process in an infinite time or 
indeed whether any transport will occur under given conditions [76]. Chemical 
thermodynamics enables the determination of the extent of a chemical reaction 
under specified conditions, and calculation of the energy requirements of a pro-
cess [77]. These properties make thermodynamics a very powerful and funda-
mental tool in all processes involving materials, including metallurgy.  

An understanding of the definition of phase equilibria, the conditions of the 
definition, the manifestation of these conditions, and their measurability, are 
necessary in: (1) design of phase equilibrium experiments; (2) interpretation of 
the results of experimental phase equilibrium measurements; (3) evaluation of 
the validity of the results; and (4) interpretation and construction of phase dia-
grams. As accurate phase diagrams of especially binary systems are indetermi-
nable by first-principles methods or from thermodynamic properties alone [39], 
experimentation is a critical part of accurate phase equilibria determination. 
This chapter describes the theoretical framework of thermodynamic phase equi-
libria, phase diagrams, and their experimental determination. It starts by de-
scribing the basic concepts of thermodynamics and phase diagrams before ex-
plaining the condition of equilibrium and the Gibbs phase rule. Finally, it pre-
sents experimental methods for phase diagram determination, construction of 
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phase diagrams, and application of the theories in experimentation. For addi-
tional information on thermodynamics, phase equilibria and phase diagrams, 
the references mentioned in this text discuss these subjects in more detail.  

2.1 Foundation of thermodynamics and phase diagrams

Thermodynamics describes macroscopic properties of a confined region of the 
universe called a ‘system’ as defined by the thermodynamicist. A system consists 
of one or more ‘phases’ and phases consist of one or more ‘components’. Any-
thing outside of the system is referred to as ‘surroundings’. The system may be 
able to exchange energy and/or matter with its surroudings or it may be com-
pletely isolated. Properties of the system under specified conditions define its 
‘state’, which may be equilibrium or non-equilibrium. Phase is a physically sep-
arable, independent, homogeneous part of a system. For example, in a pyromet-
allurgical process, liquid slag and liquid matte are phases of the metallurgical 
system, as they are clearly separable and have a definite physical boundary be-
tween them. A phase consists of individual chemical entities (elements or chem-
ical compounds) called components of which it may contain one (pure sub-
stance) or more (solution). For example, components of a typical copper-mak-
ing slag include FeO and SiO2. Equilibrium properties of a phase (and of a sys-
tem) depend on the properties of their components and the interactions be-
tween the components, but also on the internal or external forces affecting the 
system, such as temperature and pressure. Figure 3 illustrates the concepts of 
system, phases and components in a metallurgical process. The gas, matte and 
slag are multicomponent solution phases of a system inside a smelting furnace. 

 

 

Figure 3. System, phases and components in a smelting process.

 
Illustration of the equilibrium between the phases of a system is convenient 

using phase diagrams. Phase diagrams are two- or three-dimensional graphical 
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representations of phase equilibria as a function of the chosen state variables.  
Information obtainable from a phase diagram includes the stable phases under 
the conditions chosen, the compositions of the stable phases (tie-line rule) and 
their respective ratios (lever rule). Figures 4 and 5 show examples of common 
phase diagrams. Figure 4 is a calculated partial isobaric wt%-T phase diagram 
of a Cu-O binary system at 1 atm with pO2 = 0.21 atm oxygen isobar superim-
posed. Figure 5 is a ternary isobaric isothermal section of a quaternary system 
Fe-O-S-SiO2 [24]. In Figures 4 and 5, the solid lines represent phase boundaries 
between neighboring phase regions at varying temperatures and compositions 
(Figure 4) or at a fixed temperature of 1200 °C and varying composition (Figure 
5). Phase boundaries in phase diagrams represent conditions where one phase 
appears or disappears when moving from one side of the boundary to the other, 
defining the equilibrium phase regions. For example, Figure 5 shows that, de-
pending on the FeS/FeO ratio of the system, an addition of ≥10 wt% of SiO2 
changes the phase equilibria from a single oxysulfide phase region to a two-liq-
uid phase region (colored blue), basically separating sulfidic and oxidic materi-
als. This diagram forms the basis of the copper smelting process using fayalite 
slag. This example demonstrates well the usefulness of phase diagrams. Pseudo-
ternary sections such as in Figure 5 are useful in representing multiphase equi-
libria in an understandable way [78]. 

 
 
 

 
 

Figure 4. Calculated binary diagram of the Cu-O system from pure Cu to 25% O by MTDATA 6.0 
and Mtox database version 8.2 with pO2 oxygen isobar in the liquid and liquid + Cu2O phase 
regions superimposed. 
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Figure 5. Isothermal section of the Fe-O-S-SiO2 system at 1200 °C calculated using MTDATA 
6.0 software and Mtox 8.2 database. Green color indicates region of a single oxysulfide liquid 
while blue indicates region where slag and matte exist as separate liquids. 

 
A true phase diagram shows the phase equilibria explicitly: each point describ-

ing uniquely the equilibrium phase assemblage that obtains under the condi-
tions represented by that point [75] in the system. However, it is worth remem-
bering that phase diagrams are only valid in equilibrium conditions and there-
fore unable to show kinetic barriers or the path to reach certain equilibria. The 
complete definition of the state (and phase equilibria) of a system when its mass 
is ignored requires x + 1 independent variables. Thus, only unary (one compo-
nent) systems are describable graphically without keeping one or more variables 
constant. In phase diagrams representing binary, ternary and multicomponent 
systems, one or more variables are constant. In fact, in this sense all higher-
order phase diagrams are projections of the complete phase diagram. Often sev-
eral projections are required sufficiently to represent phase equilibria of multi-
component systems. Any non-conjugate (for example T and μ) thermodynamic 
state variables may be used to construct a phase diagram [32, 75]. Because phase 
diagrams show directly the equilibrium phase assemblage under specific condi-
tions, and the effects of changing these conditions within the desired range, they 
are useful both as a roadmap when designing materials with specific properties, 
and as a tool in process control and optimization. 

 

2.2 Condition of equilibrium 

 
By definition, thermodynamic equilibrium is a state where all the energy of a 
system is at its minimum, its entropy is at its maximum, and all the potential of 
the system to perform work is completely depleted [32]. In equilibrium, net 
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changes in the system are zero; observable properties of the system stay con-
stant as a function of time. If the internal or external conditions of a system 
change, then the properties of the system change accordingly towards the new 
state of equilibrium, defined by the new conditions. According to Gibbs [74], 
any change in a system in stable equilibrium causes  

 
dS ≤ 0     (1) 
 
and 
 
dE ≥ 0     (2) 
 
Thus, any net changes in a system in equilibrium decrease its entropy and in-

crease its available energy, taking it away from the equilibrium state. The energy 
in this case refers to any available energy the system may possess (heat, work, 
etc.).  

The state of a material system uninfluenced by other forces (magnetic, gravi-
tational, etc.) is describable by the chemical potential of each component, tem-
perature, and pressure. Equilibrium conditions for such a system are thermal, 
mechanical, and chemical equilibrium. For a system, which consists of n com-
ponents and x phases, these conditions may be expressed as: 

 
    (3) 
    (4) 
    (5) 

 
The chemical potential of a component represents the amount of chemical 

work it has the potential to do. For a component i in a given phase, chemical 
potential can be expressed as follows: 

 
    (6) 

 
 Where T, P and amounts of the other components in the phase are constant. 

The chemical potential of a component in a phase may also be expressed as the 
partial Gibbs energy: 

 
   (7) 

 
where the activity a of a component i is expressed as: 
 

     (8) 
 
Equations 6, 7 and 8 show that the chemical potential of a component depends 

on its activity and concentration in the phases of a system. This knowledge is 
useful when estimating the success of achieving equilibrium in phase equilibria 
experiments.  
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2.3 Phase rule

 
An important theoretical tool, derived from the condition of equilibrium (sec-
tion 2.4), is the Gibbs phase rule [74]. It is a mathematical expression relating 
the number of phases, components and the degrees of freedom (variance) of a 
system in equilibrium [79]. It allows the calculation of variance and the maxi-
mum number of phases in a system in equilibrium under specific conditions. 
The basic expression of the phase rule is: 

 
    (9) 

 
When formulating the phase rule, Gibbs considered temperature, pressure 

and concentrations of individual components in the phases of the system. These 
variables are related, as shown for example by The Gibbs-Duhem relation 
(Equation 10) [32, 75, 80].  

 
    (10) 

 
In any system, there is a maximum number of variables, for which the values 

can be arbitrarily chosen. This is the number of the degrees of freedom, or var-
iance, a system possesses. When values for all of the freely selectable variables 
are fixed, the system has zero degrees of freedom and its state is fully defined 
and determines values of all the other variables.  

The Gibbs phase rule is useful in the design of equilibrium experiments and 
interpretation of their results, for example separating meta-stable from stable 
equilibria. Knowing the variance of a system aids in the estimation of the general 
topology of unknown phase regions and their boundaries. When applying the 
phase rule, all constraints of the system (temperature, pressure, components, 
constrained activity of a component, etc.) need to be taken into account. For 
example, in the case of systems containing transition metal oxides (e.g. CuOx, 
FeOx), particularly the activity (or partial pressure) of oxygen is important. 
Transition metal oxides typically have several valences and stability ranges. 
Therefore, in the study and representation of these oxide systems, the prevailing 
partial pressure of oxygen in the system is an important parameter [81], as it 
determines for example the cation diffusion rates [82] and stabilities of the dif-
ferent oxides. Consequently, in applying the phase rule, the definition of the sys-
tem (i.e. selection of its components, the prevailing temperature-pressure con-
ditions and possible additional restrictions like constrained activities) must be 
done carefully. In particular, determining the number of components in the sys-
tem may be difficult, and misdefinition may lead to incorrect conclusions. Pub-
lished systematic methods developed for component determination in the phase 
rule sense highlight this difficulty [83, 84]. 
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2.4 Experimental measurement of phase diagram data

 
According to Lukas [38], the thermodynamic properties of a system may be cat-
egorized by dividing them into ‘thermodynamic data’ and ‘phase diagram data’. 
Experimental measurement of phase equilibria – chemical compositions of 
phases and phase boundaries – are phase diagram data. Thermodynamic data 
(H, Cp, G and a) may be used to calculate phase diagrams indirectly through 
Gibbs energy minimization. In contrast, experimental phase diagram data ena-
bles direct construction of phase diagrams. In addition, this data can be used in 
thermodynamic assessment work to optimize model parameters and validate 
calculated phase diagrams.  

Phase diagram data includes the chemical compositions of phases in equilib-
rium and phase boundaries (liquidus, solidus, and solvus lines and surfaces, 
phase transition lines, solubility lines). The only way to gain direct accurate 
quantitative information about phase boundaries, or about the chemical com-
position of the phases in equilibrium, is by experimentation. There are various 
methods for experimentally determining phase diagram data, depending on the 
system studied and the prevailing conditions [85-87]. All of the usual methods 
are suitable for studying oxide systems, as long as the special requirements of 
high temperatures, durable containers, reactivities, and gas atmospheres are 
taken into account. These methods either detect phase boundaries based on 
changes in a specific property of the system (ΔH, ΔG, etc.) or determine the 
phase regions and the chemical composition of phases from which phase bound-
aries can be deduced [85, 88]. The former methods include for example DTA. 
The latter methods include for example equilibrated alloys and diffusion cou-
ples.  

In the equilibrated alloys and diffusion couple methods, the sample is first 
kept at a controlled temperature and atmospheric conditions, and then cooled 
to room temperature, followed by analysis of the resulting phase compositions 
using microanalytical techniques (EPMA), or XRD [38, 85, 86]. When cooling 
the sample, fast cooling i.e. quenching is preferred in order to freeze the micro-
structure in equilibrium for subsequent study at room temperature. The cooling 
rate can be increased by minimizing sample size, and through choice of quench-
ing medium. The method of equilibrating and rapidly cooling a sample (‘the 
quenching method’) is a traditional way to study phase equilibria [89] with the 
earliest accounts of its use dating back to 1920s [90]. With the evolution of mi-
croanalytical techniques [91], the accuracy of the chemical composition analysis 
increased dramatically. Since then, the quenching method has been improved, 
modified, and used to study many systems [78, 92, 93].  

Diffusion couple is a more recent technique for studying phase equilibria in 
the solid state, emerging in the 1960s as the theories of multiphase diffusion and 
use of EPMA developed [88, 94]. The use of diffusion couples in phase equilibria 
measurements assumes attainment of ‘local equilibrium’ in a reaction zone at 
the interface between phases. When diffusion takes place, the system is in a state 
of non-equilibrium. As the reaction time increases, thermodynamic potentials 
approach equality and diffusion is slower. This means that the rate to attain 
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equilibrium in the whole system slows down the closer to equilibrium the sys-
tem gets. Because of ‘local equilibrium’, the use of diffusion couples enables 
measurement of equilibrium phase compositions in systems, which are not in 
full equilibrium [95]. 

In the present work, the phase equilibria and chemical compositions of the 
phases in equilibrium were studied experimentally using a ‘primary-phase 
quenching method’. This is a modified version of the quenching method, and 
may be considered a combination of the equilibrated alloy and diffusion couple 
methods, where the sample and primary phase container represent the ends of 
a composition tie-line in a phase diagram, forming a diffusion couple [96]. As 
the sample and container are in equilibration conditions, reactions take place 
and equilibrium phases form. Subsequently, the sample is quenched and chem-
ical compositions of the resulting phases analyzed by EPMA. Spectroscopic 
methods have the advantage of direct determination of the compositions of both 
amorphous (e.g. quenched liquid phase) and crystalline phases locally, on a mi-
crostructural level, avoiding the uncertainties associated with separating phases 
for bulk chemical analysis (see Figure 6). Advantages of the primary-phase 
quenching method are the achievement of static, stable equilibrium, the possi-
bility of analyzing the composition of all the phases in the studied equilibrium 
phase assemblage from one sample, and elimination of contamination from for-
eign container material. The method assumes that the sample attains ‘local 
equilibrium’ (equilibrium 5-10 μm from the phase interface), which remains un-
changed during quenching.  

 
 

 

Figure 6. Direct analysis of chemical composition from solid and liquid phases using EPMA.
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2.5 Estimation of the attainment of equilibrium

 
The challenge in experimentation with the primary-phase quenching method is 
the confirmation of the attainment of equilibrium. From the conditions of equi-
librium as stated in Section 2.2, chemical potentials of the components and thus 
the attainment of equilibrium, are not directly measurable. Therefore, in the es-
timation of the achievement of equilibrium, its observable manifestations are 
used. Essentially, these manifestations are: (1) correct phases in the equilibrium 
phase-assemblages; (2) compositional homogeneity of the phases; (3) constant 
phase fractions as a function of time; and (4) identical phase assemblage and 
phase compositions under identical equilibration conditions regardless of the 
direction from which the equilibrium is approached [85, 92].  

The first three of these conditions ensure the equality of temperature, pressure 
and chemical potentials in all phases of the system. The condition of the equality 
of chemical potential of a component in each phase indicates that, under specific 
equilibrium conditions, the composition of each phase in that equilibrium phase 
assemblage is fixed. When the concentration of a component approaches equi-
librium value, the chemical potential difference of the component existing in 
different non-equilibrium phases decreases until ultimately being equal in each 
phase in equilibrium. In the case of non-equilibrium concentrations, mass 
transfer occurs until the attainment of chemical equilibrium. As mass transfer 
is a time-dependent phenomenon [97, 98], the attainment of equilibrium com-
position, and thus chemical equilibrium, is time-dependent. Consequently, 
compositional homogeneity of the phases, and unchanging phase fractions as a 
function of time - indicating completed reactions and mass transfer - signify at-
tainment of the equilibrium state. The time necessary for the attainment of equi-
librium must be experimentally determined. 

Equilibration of an entire sample may be unattainable experimentally within 
a reasonable time, due to large mass, slow diffusion, etc. [95]. In addition, mi-
croanalytical techniques measure chemical compositions of only selected areas 
of each phase instead of entire phases. However, diffusion couple and equili-
brated alloys measurements show that when there is a local equilibrium at the 
interface between neighboring phases, full equilibrium in the bulk sample is un-
necessary for the tie-lines and phase boundaries to be determined [95]. For ox-
ide systems, both the dissolution of components into solute phases, and their 
crystallization, are governed by mass transport [99], and thus the equilibrium 
concentration is attained first at the interface between phases. In addition, the 
interface compositions in non-equilibrated alloys correspond to bulk phase 
compositions in equilibrated alloys and therefore may be used as an estimate of 
the attainment of equilibrium [95]. It is impossible to measure compositions 
exactly at a phase boundary due to fluorescence effects. Thus, if the composition 
of a phase, measured from many independent locations over a sample cross-
section 5 – 10 μm from the interface is homogeneous, it can be assumed to have 
an equilibrium composition equal to that at the interface. Figure 7 shows a sche-
matic of the measurement of phase composition locally near the interface, while 
Figure 8 shows the microstructure of the bulk and local areas of a sample. It 
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must be noted here, that the assumption of ‘local equilibrium’ considers chem-
ical potential only. In contrast, if interfacial strains, capillary tension, precipi-
tate size, interfacial curvature, and reaction kinetics affect the equilibria, the 
equilibrium concentration at the interphase may differ from the bulk equilib-
rium concentration of the phase [95]. 

An equilibration experiment from the starting point to equilibrium may be re-
garded as a kinetic process [92], assuming that all of its components are able to 
move freely within it. The fourth condition – identical phase assemblages and 
phase compositions – ensures the absence of slow reactions and other such ki-
netic constraints, which may hinder the achievement of stable equilibrium. 
Starting materials, starting composition and heat treatment procedure affect 
the achievement of equilibrium in a heterogeneous system [92]. The path to 
equilibrium can include a reaction that takes much more time than any other 
process. In this case, it may seem that equilibrium is attained but in fact, one 
reaction is slower resulting in metastable equilibria. By approaching the same 
state of equilibrium from different directions (by changing the starting compo-
sition and/or the heat treatment procedure) detection of kinetic constraints is 
possible. Therefore, to ensure equilibrium, the same experiment (same starting 
composition and atmosphere) should be carried out by approaching the target 
temperature from below and above the target temperature and possibly using 
different starting materials. In addition, to approach invariant equilibria, differ-
ent starting compositions should be used and the results checked for identical 
equilibrium phases and chemical compositions of phases. In the case where ap-
proaching an equilibrium from different directions results in different equilib-
ria, examination of the potential reactions, which might take place in the sys-
tem, may aid in resolving the cause of the difference.  
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Figure 7. Schematic of the analysis of local equilibrium in heterogeneous system. 

 

 

Figure 8. Analysis of ’local equilibrium’ from a bulk sample. 

 

2.6 Construction of phase diagrams 

Phase diagrams can be constructed from experimental results or by calculation. 
Modern thermodynamic software (MTDATA, FactSage, Thermo-Calc, etc.) [35-
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37] produce equilibrium calculations by minimizing the Gibbs energy using 
mathematical methods and thermodynamic data stored in thermodynamic da-
tabases. From the calculated minimum Gibbs energy, it is possible to rapidly 
generate phase diagrams or plot thermodynamic properties under the specified 
conditions through mathematical relations [75]. Advantages of computational 
thermodynamics include speed and cost-effectiveness. In addition, they should 
obey thermodynamic laws, which can be built-in to the software, producing 
thermodynamically correct phase diagrams. Moreover, computations allow ex-
trapolation of the experimental properties data outside the experimental range 
and outside of the state of equilibrium. In this way, equilibria may be predicted 
under conditions which are difficult to study experimentally, for example under 
extremely high pressures and/or temperatures, extremely low temperatures, or 
small concentrations of components. In addition, studies of meta-stable equi-
libria are possible. When computational thermodynamics is used in process 
simulations, it is possible to calculate gradients of the variables in a process un-
der the given conditions [38]. The reliability of the calculated equilibria depends 
on accurate experimental data. 

Phase diagrams may also be constructed experimentally by measuring phase 
diagram data, and equilibrium phase assemblages and their compositions, for 
example by equilibration experiments and thermal analysis. The phase diagram 
may then be constructed using, for example, the method of zero phase fractions 
[100] or the method of boundary theory [101]. It is worth noting that for the 
most accurate result, the use of many complimentary experimental techniques 
and characterization methods is recommendable since one experimental 
method typically produces accurately only one type of data. In the construction 
of an experimental phase diagram, guidelines based on thermodynamic princi-
ples must be followed to avoid inconsistencies in the phase diagram features 
[32, 102-104]. These guidelines should also be taken into account when inter-
preting experimental results and their validity [85]. 

 

2.7 Application of theory in experiments

 
The theoretical background described in this chapter is applicable in the design 
of, and in the interperation of the results of, phase equilibria experiments. Ini-
tial experimental conditions (temperature, gas atmosphere, starting composi-
tion, substrate material) may be chosen using existing phase diagrams and cal-
culated phase equilibria as a starting point. If experimental results deviate 
strongly from calculated equilibria, that alone is an indication that the behavior 
of the system under the studied conditions may be unknown. In addition, it is 
worth noting that when, for example, the container material and the sample 
form a diffusion couple, the diffusion paths also affect the phase assemblage at-
tained in equilibrium, and the selection of starting compositions is not always 
straightforward. 
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The Gibbs phase rule enables calculation of variance of a system in a particular 
phase region. It is also useful in the interpretation of experimental results to 
rule out possible metastable effects. The experiments are designed in such a way 
that the degrees of freedom of the system are known (either fully fixed, or having 
degrees of freedom such that the chemical composition of one phase may 
change). For example, in the Cu-O-Al2O3 system in air (pO2 = 0.21 atm), three 
distinct regions were observed in the microstructures after quenching: Al2O3 
crystals; an amorphous phase containing Al, Cu, and O; and a phase with the 
composition of Cu2O. According to the phase rule, the system in this case has 
two degrees of freedom. 

 
        (11) 

 
However, as temperature, total pressure, and oxygen activity in the system are 

fixed; having three phases in equilibrium would overdefine the system. The 
three condensed phases existing simultaneously must then constitute a meta-
stable state. Where repeated experiments approaching the same equilibrium 
from different directions resulted in similar microstructure, a conclusion that 
the third ‘phase’ crystallized from the melt upon cooling was indicated. Analysis 
of the chemical compositions of the phases took place close to the interphase of 
the equilibrium phases, i.e. locally. This example shows the utility of the Gibbs 
phase rule in the interpretation of experimental phase equilibria measurements, 
and the repeatability of the analysis using local measurements.
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3. Materials and methods 

The experimental method used in this work was the primary-phase quenching 
method coupled with spectroscopic analysis (EDS and EPMA). With this 
method, accurate chemical compositions of the liquidus and solid phases are 
obtainable by their direct analysis, thus avoiding uncertainties related to physi-
cal separation of the phases for analysis [87]. The primary-phase quenching 
method assumes that local, stable equilibrium is attainable in the sample and 
that the cooling rate during quenching is fast enough to retain the phases as they 
were at equilibrium. This chapter describes the details of the different stages of 
the method (see Figure 9) and the experimental setup. Appendixes [I-IV] and 
Hellstén et al. [105] present detailed explanations of the method for each par-
ticular system.  
 

 

 

Figure 9. Steps of the experimental method. 
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3.1 Selection and preparation of containers

Experimental determination of phase diagram data at typical pyrometallurgical 
process temperatures (>1000 °C) is particularly challenging and time consum-
ing because of the reactivity of the components involved, and the durability of 
the container materials. In this work, primary solid phase materials (Al2O3 
>99.50 %; SiO2 >99.98 %; and MgO ≥99 %) were used as containers for the 
samples. Advantages of using primary phase solids are:  
 

1) Avoiding the introduction of impurities from container materials;  
2) All the phases in equilibrium may be considered as being saturated with 

the container material. 
 

On the other hand, using a primary phase container material prevents the 
study of the fully-liquid domain as there is always at least one solid (substrate) 
present in the equilibria. To study the liquid phase domain, an inert container 
material should be chosen. However, for CuOx-rich liquids, inert materials are 
hard to find as even platinum reacts with CuOx and Cu, thus possibly affecting 
the equilibria if used as a substrate [106, 107].  

The design of the containers was such that the sample would not drop during 
equilibration. Figure 10 shows a schematic picture of the substrates used in the 
experiments. The Al2O3 crucible was low walled, while the SiO2 crucible was 
bowl-shaped. The MgO substrate was a sintered disc that had a small pit ma-
chined to its center. The sintering procedure used to produce the discs was 
adopted from Allison et al. [108]. It included calcination of the MgO powder at 
1100 °C with subsequent pelletization and sintering in a muffle furnace in an air 
atmosphere at 1600 °C for two hours.  
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Figure 10. Design and dimensions (mm) of (a) Al2O3; (b) SiO2; and (c) MgO substrates.

 

3.2 Preparation of samples

In phase equilibria experiments, the purity of the reacting materials used is im-
portant. Table 2 shows the purities of materials used in this work. 
 

Table 2. Materials used and their purities.

Chemical Purity (%) Supplier 
Al2O3  99.99 Sigma-Aldrich Finland Oy, Helsinki, Finland 
Al2O3  99.00 Sigma-Aldrich Finland Oy, Helsinki, Finland 
SiO2 99.99 Umicore, Jordpro, Sweden 
Cu (as source of Cu2O) >99.99 Boliden Harjavalta Oy, Harjavalta, Finland 
CuO  99.995 Alfa Aesar, Germany 
CuAlO2  99.90 Synthesized from component oxides 
MgO ≥99.00 Sigma-Aldrich Finland Oy, Helsinki, Finland 
MgO 99.95 Alfa Aesar, Germany 

 
 
Cu2O powder was synthesized from metallic Cu by a procedure described in de-
tail in Publication I. The general procedure for preparing sample mixtures was 
by weighing the desired amounts of the powders with an analytical balance and 
then mixing them in a ceramic mortar until the mixture was homogeneous. The 
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initial ratios of the powders were selected based on the calculated phase equi-
libria, so that there was always one or two solid phases in equilibrium with the 
liquid phase. The total mass of each sample was ~0.2 g. Most experiments were 
conducted using pellets compressed from the mixture. When bowl-shaped SiO2 
containers were used, uncompressed powder mixtures were also used. 

3.3 Experimental setup and equilibration

All the equilibration experiments were carried out in a Lenton LTF 16/450 ver-
tical tube furnace. The furnace consisted of an Al2O3 work tube (35 mm I.D., 45 
mm O.D., length 1100 mm), water cooling at the high and low ends of the work 
tube, and a custom-made furnace cap specifically designed to hold the inlets for 
a thermocouple, gas and a guiding tube for sample-suspending Pt-wire (0.5 mm 
O.D.). An S-type thermocouple inside a protective Al2O3 sheath and an Al2O3 
guiding tube were fixed in position by tightening an O-ring with a threaded seal. 
The thermocouple was constructed by joining pieces of calibrated Pt and Pt/Rh 
90%/10% wire (Johnson-Matthey Noble Metals, UK) using an H2-O2 torch. 
Prior to use, the thermocouple was tested by measuring the temperature of ice 
water. Acceptable deviation was ±1 °C. Figure 11 shows a schematic diagram of 
the experimental setup. During experiments, the lower end of the furnace work 
tube was either open or sealed with a gas-tight rubber cork for equilibration in 
air or in a gas of known composition atmosphere, respectively. When a sample 
was quenched, a jar containing the quenching medium was placed under the 
furnace tube. 
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Figure 11. Schematic of the experimental setup [Publication II].

Prior to the experiments, the temperature profile inside the furnace working 
tube was determined to locate the uniform ‘hot zone’ of the furnace, inside 
which the measured temperature stays within 1 °C. By measuring the tempera-
ture inside the working tube at different positions with a thermocouple, the po-
sition and length (5 cm) of the hot zone was determined. From the knowledge 
of the hot zone position, the best sample positioning was determined. 

At the beginning of an experiment, a sample was inserted into its container, 
which was fastened to a basket wound from Pt-wire. The sample-suspending Pt 
wire was lowered from the top of the furnace through the guiding tube to the 
lower end of the work tube. Subsequently, the basket, containing the sample and 
container, was attached by a hook to the suspending wire and lifted into the 
furnace. In experiments in air, the sample was lifted directly into the pre-deter-
mined hot zone of the furnace. In experiments conducted in an inert atmos-
phere, the sample was first lifted inside the cool lower end of the furnace work-
ing tube. Then the lower end of the working tube was sealed with a cork and the 
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inert atmosphere created and stabilized by letting the inert gas flow for 30 
minutes (500 mL/min). After stabilizing the inert atmosphere, the sample was 
lifted to the hot zone. 

During the experiments, the temperature inside the furnace work tube was 
measured continuously via an S-type thermocouple placed next to the sample. 
The thermocouple was connected to a Keithley 2010 Multimeter, which logged 
the voltage generated by the thermocouple at a rate of 1 datapoint / 5 seconds. 
A Pt-100 resistance thermometer measured the room temperature and served 
as a cold-junction compensation, against which the thermocouple voltage was 
compared. Data-logging software programmed using LabView was used to log 
the temperature data and calculate the voltage into directly readable tempera-
tures. The heating of the furnace was controlled by a Eurotherm 3216 controller. 

Attainment of equilibrium in the experiments was ensured using the criteria 
established in Chapter 2. Experiments with the same starting composition and 
different equilibration times were carried out in each system studied to deter-
mine the minimum equilibration time. Compositional homogeneity and simi-
larity in the observed phases were verified using SEM-EDS. Starting composi-
tions and materials were varied to ensure that the same equilibrium composi-
tions of the phases were reached from different directions.  

3.4 Quenching

After equilibration, the samples were quenched by dropping them into ice water 
or NaCl-water solution (0 °C – -17 °C). In the experiments in air, the quenching 
vessel containing the quenching liquid was placed under the furnace work tube. 
Subsequently, the Pt sample-suspension wire was pulled, straightening the sof-
tened Pt-wire hook inside the hot furnace and dropping the sample and con-
tainer into the quenching vessel. In experiments under inert atmosphere, the 
quenching vessel was lifted high enough so that the rubber cork containing the 
gas outlet and the lower end of the work tube were immersed into the liquid. 
The rubber cork was then removed under water and the lower end of the work 
tube stayed under water so that the atmosphere remained intact. The sample 
was then quenched by pulling the suspending wire, as above. 
 

3.5 Preparation for analyses

 
To conduct spectroscopic analysis, the surface of the specimen under investiga-
tion must be flat, homogeneous, free of defects, and it must conduct electricity. 
In this work, suitable cross-sections of the quenched samples made by cutting 
or breaking were mounted into epoxy resin (EpoFix), which cured for a mimi-
mum of 8 hours. Subsequently, the mounted samples were wet-ground and -
polished using SiC paper, diamond discs and diamond suspension. The final 
polish for the hard samples was obtained using 3-μm-sized diamond grains, 
and, for softer samples, by using 1 μm grains. 
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After polishing, the surfaces of the samples were made conductive by carbon 
evaporation using a Leica EM SCD050 sputtering device. A thin carbon film on 
the surface is ‘invisible’ in analysis and renders the non-conductive oxide sur-
face and resin conductive so that they can be analyzed using SEM-EDS and 
EPMA. 

3.6 Analyses

The microstructure of the quenched samples was investigated using SEM, and 
chemical compositions of the equilibrium phases analyzed by EDS and EPMA. 
All the elements in the phases found in the samples were analyzed, and concen-
trations of the oxides were calculated from the measured elements. In the case 
of the stable, stoichiometric oxides Al2O3, MgO and SiO2, Al, Mg, and Si were 
used, respectively. However, the liquid CuOx phase contains both Cu+ and Cu2+ 
while EDS and EPMA analyze total Cu content. For presentation purposes the 
total Cu content was calculated as ‘Cu2O’. Each phase in each sample was ana-
lyzed from 2 to 4 different locations within the polished cross-section.  

3.6.1 SEM-EDS analysis and phase homogeneity 

The microstructures of the quenched samples were investigated with a LEO 
1450 SEM, operated at 15 kV accelerating voltage and ~1 nA beam current on 
the sample surface, as measured with a Faraday cage.   

Preliminary analysis of the chemical compositions of the phases was con-
ducted by EDS (Oxford X-Max Energy Dispersive Spectrometer and Inca Mi-
croanalysis suite software). Standard samples used in EDS analysis were Cu2O 
for Cu; Al2O3 for Al; Mg2SiO4 for Mg; SiO2 of Si; and Fe2O3 for O. Matrix correc-
tion in the EDS used is an XPP algorithm based on the ZAF-correction [109]. 
Advantages of EDS include speed and simultaneous analysis of all the elements 
in the phases. However, due to a large background generated it is insensitive to 
compositions lower than 1 wt%, especially for light elements, such as Al and Mg 
[110]. 

 Homogeneity of the phases and selection of samples for EPMA analysis was 
determined using EDS. The criteria of homogeneity in EDS analysis was such 
that the allowed deviation in concentration of an element as measured from dif-
ferent locations was ±1 wt% from the average. Because the accuracy of the EDS 
for concentrations less than 10 wt% is 1 – 2 wt%, the homogeneity of the phases 
was confirmed, where possible, by measuring heavier elements with concentra-
tions exceeding 10 wt% in a phase. 

3.6.2 EPMA analysis 

The primary analytical tool for determining accurate chemical compositions of 
the phases in the quenched samples was EPMA (Cameca SX100). It is a spec-
troscopic method where X-rays are characterized based on their wavelength 
(WDS) instead of energy. Due to a higher beam current and lower background, 
analytical sensitivity and accuracy of EPMA are greater than in EDS. In this 
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work, the detection limits of EPMA for the analysed elements were: Al 194 – 310 
ppm; Cu 571 – 1350 ppm; Mg 219 – 717 ppm;, Si 206 – 291 ppm; and O 1148 – 
2781 ppm. Operating parameters used in EPMA were: 15 kV accelerating volt-
age; 1 – 100 μm beam diameter; and 10 – 40 nA beam current [Publications I - 
IV]. Standard samples for the elements in EPMA analysis were Al2O3 (Al and 
O); CaMgSi2O6 (Mg); Fe2O3 (O); SiO2 (Si and O); and metallic Cu (Cu). The 
standards were measured using K  lines for each element. A matrix correction 
based on the PAP-method was used in the analysis [111]. As mentioned previ-
ously, all the elements contained in the samples, including oxygen, were ana-
lyzed. Analysis of light elements, such as O, is challenging due to the low energy 
of the characteristic X-rays. However, the EPMA used in this work analyzed ox-
ygen using a dedicated LSDE analysis crystal suitable for oxygen analysis [112].  

3.6.3 Area vs. point analysis 

In EDS and EPMA analysis, the smallest practical incident beam diameter is  
1 μm while the volume of interaction is larger than the beam. In this work, ho-
mogeneous solids were analyzed by point analysis using a 1-μm-beam diameter. 
Profiles through particles were measured to estimate compositional homogene-
ity. However, as the liquid oxide phase especially in the SiO2-free samples con-
tained precipitates from quenching, it was analyzed by an enlargened electron 
beam. This decreases the effects of inhomogeneities in measuring the average 
composition of the equilibrium liquid oxide phase. The EPMA beam diameter 
used in this work to analyze the chemical composition of the liquid oxide phase 
varied from 10 to 100 μm. 

3.7 Experimental uncertainty

 
The factors considered to contribute to the experimental uncertainty in this 
work, were: 

 
1) Temperature measurement; 
2) Purities of the starting materials used; 
3) Weighing of the starting composition; 
4) Quenching; 
5) Sample preparation; 
6) Microanalysis. 
 
The chemical compositions of the phases depend on temperature. Therefore, 

uncertainty in the temperature measurement affects the measured chemical 
compositions. The accuracy of the S-type thermocouple tested by Johnson-Mat-
they Noble Metals using Au and Pd is ±1 °C at T ≤ 1100 °C and ≤ 2.5 °C at T >
1100 °C. Table 2 shows the change in the solute concentration per degree of tem-
perature in the systems Cu-O-Al2O3, Cu-O-MgO, and Cu-O-Al2O3-MgO in liq-
uid, MgO, and MgAl2O4 phases. Average concentration values were used in the 
calculation. According to Table 3, the change in concentration in these phases, 
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if temperature increases or decreases by one degree, is less than 0.06 wt%. The 
accuracy in temperature measurement most affects the dissolution of ‘Cu2O’ in 
MgO or MgAl2O4. It is worth noting, that the values in Table 3 are subject to the 
steepness of the phase boundary as a function of temperature. For example, the 
solubility curve of ‘Cu2O’ in MgO (Article II) is shallow between 1100 °C and 
1300 °C and then steeper at temperatures higher than 1300 °C. Thus, the num-
bers in Table 3 indicate the average effect of temperature on phase compositions 
rather than the actual values throughout the temperature range.  

 

Table 3. Average change in composition as a function of temperature.

System Phase (component) wt% / °C 
Cu-O-Al2O3 liquid (Al2O3) 5.79 x 10-3 
   
Cu-O-MgO liquid (MgO) 0.122 x 10-3 
 MgO (‘Cu2O’) 39.00 x 10-3 
   
Cu-O-Al2O3-MgO liquid (Al2O3) - 
 liquid (MgO) - 
 MgAl2O4 (‘Cu2O’) 10.82 x 10-3 
 MgO (‘Cu2O’) 58.77 x 10-3 
 
The starting composition in the experiments affects the measurement of phase 

compositions by determining the ratios and sizes of uniform phase areas in 
equilibrium. This may affect the uncertainty of the microanalysis in cases where 
there are no sufficiently large areas of the phases. 

The experimental method used assumes that the molten phase remains un-
changed in quenching. However, changes in the melt composition may occur 
during quenching by crystallization etc.  

During sample preparation, samples may be contaminated by impurities in-
troduced for example from polishing cloths or by material transfer from one 
phase to another etc. These phenomena may distort the chemical composition 
of the phases in microanalysis. In addition, the analyzed surfaces of each sample 
represent only a small part of each sample observed from a two-dimensional 
surface, whereas the analysis arises from a three-dimensional volume.  

Finally, the EPMA analysis contains sources of uncertainties related to, for ex-
ample, matrix correction, k-value, dead time, current, overlapping peaks, opti-
mum count acquisition time, and spectrometer reproducibility [113, 114]. Be-
cause microanalysis is the last stage in experimentation, it combines the effects 
of all the other uncertainties.  
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The quality of a measurement of chemical composition using EPMA is char-
acterized by its accuracy and precision. Accuracy is a measure of how close to 
the true value the measured value is. Precision in this case is the repeatability of 
a measurement, or a measure of how much repeated measurements of the same 
value deviate from each other. In this work, the deviation in the standard meas-
urements for EPMA analysis at GTK was 1% of the nominal value of the standard 
sample, considered as the accuracy of measurements. The chemical composi-
tion of each phase was analyzed by a repeated series of measurements of the 
same value. Thus, a reasonable estimation of the true value is the average of all 
the measurements [115]. In addition, the standard deviation from the average 
value is a good estimate of the total experimental uncertainty. In this work, twice 
the standard uncertainty of the average of measured values of an element with 
95.4% confidence interval represents the final experimental uncertainty of the 
average elemental concentrations measured by EPMA. In conclusion, the accu-
racy and repeatability of the experiments was ensured by measuring tempera-
ture with a calibrated thermocouple, using high-purity chemicals and stand-
ards, and analyzing chemical compositions repeatedly from each phase in each 
sample.
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4. Results and discussion

In this thesis, the phase equilibria of four oxide systems, each one a subsystem 
of copper-making slag, were studied experimentally within the temperature 
range of 1150 °C – 1500 °C (Table 4) using primary-phase quenching method 
coupled with EPMA analysis. The prevailing partial pressure of oxygen in the 
conducted  experiments varied from 0.21 atm (air) to metallic copper saturation 
(from ≤1.9 x 10-4 to 10-3 atm between 1250 °C and 1350 °C) [116]. This temper-
ature range was chosen in order to study the liquidus at a broad range to provide 
data for modelling and to include the pyrometallurgical copper production tem-
peratures. As the focus of the study was on the liquidus of these systems, the 
lowest temperature studied (1100 °C) was dictated by phase regions where only 
solid phases were found. Molten phases in the studied systems were encoun-
tered starting from 1150 °C. The highest temperature studied in this work was 
1500 °C, which is higher than the operating temperature of copper production 
processes. This broad temperature range, besides increasing the reliability of 
models, may be useful for other industries besides copper production. In addi-
tion, knowledge of slag behavior at higher temperatures can be useful, for ex-
ample, in cases where the concentration of refractory oxides, such as MgO, in 
the slag increase, thus increasing the liquidus temperature. The partial pressure 
of oxygen in copper production can vary from from ~0.8 atm to 10-8 atm. For 
modelling purposes, the available phase equilibria data would ideally cover this 
range as completely as possible. In addition, while Al2O3, MgO, and SiO2 are 
stable oxides, the prevailing partial pressure of oxygen affects the phase equi-
libria of the Cu-O system, and thus any system, which contains this binary sys-
tem. For example, transformation and melting temperatures of the solid oxides 
CuO and Cu2O in the system as well as the ratio of Cu+/Cu2+ ions in the molten 
phase depend on pO2. In this work, experiments were conducted in air (pO2 = 
0.21 atm) to represent the oxidizing end of the conditions in copper production 
but also to study the interaction between the copper oxide liquid and the other 
components of the studied systems. In terms of experimental considerations air 
is readily available and precisely controlled by the environment. In contrast, in 
the settler where the molten matte or blister copper layers are, the oxygen pres-
sures are lower, represented by the experiments in metallic copper saturation.  
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Table 4. Studied systems, phase regions and T ranges. All phase regions were studied in air ex-
cept * also in metallic Cu saturation.

System Phase regions T (°C) 
Cu-O-Al2O3 Cu2O + CuAlO2 1100 
 CuAlO2 + Al2O3 1100 
 Liquid oxide + CuAlO2 1150–1200 
 Liquid oxide + Al2O3* 1300–1400 
Cu-O-MgO Liquid oxide + MgO* 1200–1500 
 Cu2O + MgO* 1200 
Cu-O-Al2O3-MgO Cu2O + MgAl2O4 + MgO 1100 
 Cu2O + MgAl2O4 + CuAlO2 1100 
 Liquid oxide + MgAl2O4 + MgO 1200–1400 
 Liquid oxide + MgAl2O4 + Al2O3 1300 
Cu-O-Al2O3-SiO2 Liquid oxide + CuAlO2 + Al2O3 1150 
 Liquid oxide + Al2O3 1300 
 Liquid oxide + 3Al2O3·2SiO2 + Al2O3 1300 
 Liquid oxide + 3Al2O3·2SiO2 1300 
 Liquid oxide + 3Al2O3·2SiO2 + SiO2 1300 
 Liquid oxide + SiO2 1300 

  
This chapter describes the key results of the experimental work conducted 

during this thesis work, compares them against calculated and previous experi-
mental data, and discusses their implications. All of the calculated results pre-
sented here were generated using MTDATA software and Mtox database [35, 
117].   

In the results, the measured total Cu content was calculated into ‘Cu2O’ for 
visualisation purposes and for comparing the results. In the following sections, 
the presented experimentally measured solubilities obtained in this work are 
normalized average values of 10 individual measurement points. The standard 
deviation of the average multiplied by two (Section 3.7) represents the uncer-
tainty of the experiments and measurements. 

4.1 The Cu-O-Al2O3 and Cu-O-MgO systems

This section describes the main experimental results from the Cu-O-Al2O3 and 
Cu-O-MgO systems. Full details of the experimental studies of the phase equi-
libria in these systems in air are found as appendixes of this compendium (Pub-
lications I and II). In addition, Hellstén et al. [105] described in full an investi-
gation of the Cu-O-MgO system at metallic copper saturation. Figures 12 and 13 
show calculated isopleths of the studied systems with the studied phase regions 
colored. Figures 14 and 15 show typical microstructures of the studied phase 
regions in these systems. Within the studied temperature range, the phase equi-
libria of these systems consists mainly of two-phase region of primary crystal-
line phase (Al2O3 or MgO) and a CuOx-rich liquid oxide phase. In both of these 
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systems, the eutectic temperature in air (1100 – 1150 °C) is considerably lower 
than the melting point of Al2O3 (2072 °C) or MgO (2852 °C). The low melting 
point of Cu2O (~1141 °C in air; 1232 °C at metallic Cu saturation) is probably one 
reason which brings about the formation of the CuOx-rich liquid oxide phase in 
these systems at such temperatures. In the Cu-O-Al2O3 system, a ternary com-
pound CuAlO2 exists in the studied temperature range. In contrast, in the Cu-
O-MgO system there is a solid solubility of CuOx into MgO. 
 

  

Figure 12. Calculated isopleth of the Cu-O-MgO system in air with the studied phase regions 
colored. 



Results and discussion 

44 

 

Figure 13. Calculated isopleth of the Cu-O-Al2O3 system in air with the studied phase regions 
colored. 

 

Figure 14. Microstructures of (a) Cu2O + CuAlO2, (b) CuAlO2 + Cu2O, (c) CuAlO2 + liquid oxide 
and (d) Al2O3 + liquid oxide phase regions in the Cu-O-Al2O3 system in air. 
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Figure 15. Microstructure of the MgO + liquid oxide phase region in the Cu-O-MgO system in air.

4.1.1 Solubilities of Al2O3 and MgO in liquid oxide 

Figure 16 shows the experimentally measured solubilities of Al2O3 and MgO in 
the liquid oxide phase in air and in equilibrium with metallic copper as a func-
tion of temperature, as calculated from the measured Al and Mg concentrations, 
respectively. Previous experimental data [56] regarding the Cu-O-Al2O3 liqui-
dus at metallic copper saturation is shown for comparison. It is clear from the 
results that the solubility of both oxides into the CuOx-rich liquid is small and 
within a narrow composition range (0 – 1.6 wt%) at the studied temperatures. 
It appears that, for both Al2O3 and MgO, an increase in oxygen pressure in-
creases solubility by ~0.5 wt%. Nevertheless, the solubility of Al2O3 is higher 
than that of MgO at the studied temperatures. In addition, the results indicate 
that the liquidus is steeper in the MgO-containing system than in the Al2O3-con-
taining system. Based on the results of the current work, the eutectic tempera-
ture in these systems must lie close to the melting temperature of pure Cu2O, 
suggesting that the invariant reaction is of a degenerated nature [118]. Moreo-
ver, the slope and the expected sharp angle on the liquidus at temperatures 
above 1500 °C suggest a liquid miscibility gap in the system at T > 1500 °C [119]. 
In conclusion, Al2O3 and MgO show good chemical stability in the presence of 
CuOx-rich liquid oxide. 
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Figure 16. Experimentally measured solubilities of Al2O3 and MgO in CuOx-rich liquid oxide 
phase in air and at metallic copper saturation. Vertical lines represent experimental uncer-
tainties of the measurements. 

 
Figures 17 and 18 compare the solubilities of Al2O3 and MgO in the liquid oxide 

phase with calculated and with previous experimental solubility measurements. 
In the Cu-O-Al2O3 system, the current experimental results and those of Chen 
et al. [56] are in clear contradiction with both calculated and previous experi-
mental data. The calculated results suggest the highest solubility. Previous ex-
perimental studies show up to 2 wt% [55], 12.2 wt% [54] and 16.4 wt% [53] 
higher solubities of Al2O3 in the liquid oxide phase than obtained in this work in 
the temperature range of 1150 °C to 1400 °C at 0.21 atm pO2. In addition, calcu-
lations predict up to 19.2 wt% higher solubilities of Al2O3 in the liquid oxide 
phase than those obtained in this work at 0.21 atm pO2. The liquidus curves in 
these previous studies and computational results are also shallower than ob-
tained here. From previous experimental studies, the work of Kohlmeyer [55] 
agrees best with this study. 

In the Cu-O-MgO system, the results of this work in air disagree with previous 
experimental results of von Wartenberg et al. [57] at 1200 °C and 1300 °C by 
10.0 wt% and 23.0 wt% respectively. In addition, the calculated liquidus of the 
system in air deviates from the results of this work by 4.2 wt% at 1200 °C and 
by 14.6 wt% at 1500 °C. In contrast to the Cu-O-Al2O3 system, the calculations 
suggest that the solubility of MgO decreases as the prevailing oxygen pressure 
increases. 

The notable discrepancies in the liquidus between the current work and cal-
culated results in the Cu-O-Al2O3 and Cu-O-MgO systems are probably due to a 
lack of accurate experimental data used in optimization of the model parameters 
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in the Mtox database. Consequently, the model either extrapolates the liquidus 
composition from lower temperature data or purely estimates it in the case of 
non-existent experimental data. Discrepancies between this work and previous 
experimental studies result from uncertainties related to different experimental 
methods used. Previous investigators [53, 54, 57] studying the liquidus of these 
systems employed methods in which the melting temperature of the sample was 
observed visually, followed by an analysis of either the crystalline phases or the 
Cu content of the sample [Publications I-II]. From these analyses, the composi-
tion of the liquid phase was estimated. In contrast, the EPMA analysis used in 
this work enables direct measurement of the chemical compositions of the 
phases. Considering the values of 2 x STD applied to all measurements in this 
work (≤2 wt%), the accuracy of the results of the current work, obtained using 
fast quenching and a direct method of analysis, may range from 0.1 wt% to 3 
wt%. The consistency between the results from this work and that of Chen et al. 
[56] was expected because of the similarities in the experimental methods used 
in this work and by them. 
 

 

Figure 17. Experimental and calculated concentrations of Al2O3 in the liquid oxide phase in the 
Cu-O-Al2O3 system. 
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Figure 18. Experimental and calculated concentrations of MgO in the liquid oxide phase in the 
Cu-O-MgO system. 

4.1.2 Solid solubility of ‘Cu2O’ in solid MgO 

 
Figure 19 shows the experimentally measured and calculated solid solubilities 
of ‘Cu2O’ in solid MgO in the Cu-O-MgO system as a function of temperature in 
air and at metallic copper saturation. These results indicate that the solid solu-
bility of ‘Cu2O’ in MgO increases by 15.4 wt% at 1200 °C and by 10.04 wt% at 
1300 °C as the pO2 increases from metallic copper saturation to 0.21 atm (air). 
Moreover, the change in the solid solubility of ‘Cu2O’ in MgO as a function of 
temperature is higher in air than in equilibrium with metallic copper. In air, the 
measured solid solubility of ‘Cu2O’ decreases from 20.2 wt% to 7.7 wt% as the 
temperature increases from 1200 °C to 1500 °C. In comparison, at metallic cop-
per saturation the amount of dissolved ‘Cu2O’ decreases from 4.8 wt% to 4.4 
wt% as the temperature increases from 1200 °C to 1350 °C. These differences 
can be accounted for by the changes in the ratio of Cu+ and Cu2+ ions in the 
system as a function of pO2 as discussed in Article II of this compendium. 

The solubility of ‘Cu2O’ in the solid MgO in air or at metallic copper saturation 
obtained in this work is higher than in a previous experimental study [59] or 
calculated results. At metallic copper saturation, the differences between calcu-
lated and experimentally-obtained values range from 2.3 wt% (1200 °C) to 2.7 
wt% (1350 °C) in the studied temperatures [105], being systematically higher in 
the experimental results. In air, the corresponding differences range from 4.2 
wt% (1200 °C) to 2.9 wt% (1500 °C). 
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Figure 19. Experimentally measured and calculated concentrations of ‘Cu2O’ into solid MgO in 
air and at metallic copper saturation as a function of temperature. Vertical lines represent 
experimental uncertainties of the measurements. 

4.2 The Cu-O-Al2O3-MgO and Cu-O-Al2O3-SiO2 systems 

 
Full details of the experimental studies of the Cu-O-Al2O3-MgO and Cu-O-
Al2O3-SiO2 systems in air conducted during this thesis work are in Publications 
III and IV. There is one previous experimental phase equilibria study on the Cu-
O-Al2O3-MgO system in air [61], concerning the liquid phase. In contrast, for 
the Cu-O-Al2O3-SiO2 system there is a lack of experimental phase equilibria data 
above 1150 °C in air. Figures 20 and 21 show, respectively, calculated isothermal 
ternary sections of the Cu-O-Al2O3-MgO and Cu-O-Al2O3-SiO2 systems with the 
studied phase regions colored. Figures 22 and 23 show, respectively, the typical 
microstructures of the studied phase regions in these systems. The Cu-O-Al2O3-
MgO system contains two stable solid phases in the studied temperature range, 
which have a high solid solubility of ‘Cu2O’: magnesia (MgO), and magnesia-
aluminate spinel (MgAl2O4). A study of this system enables the determination 
of the mutual effects of Al2O3 and MgO into their respectives solubilities in the 
liquid oxide phase, and the solid solubilities of ‘Cu2O’ in solid MgO and 
MgAl2O4. The Cu-O-Al2O3-SiO2 system was studied in this work to  
 

a) Obtain liquidus data of the system;  
b) Study the effect of SiO2 on the solubility of Al2O3 into the liquid oxide 

phase;  
c) Study the effect of SiO2 on the quenching of the liquid phase.  
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Previous work [56] and calculations reveal that at 1300 °C, the only compound 
expected to be stable in this system is mullite (3Al2O3 · 2SiO2). At lower temper-
atures, the system contains the CuAlO2 and CuAl2O4 copper aluminates, from 
which the CuAlO2 was observed in this study at 1150 °C. 
 

  

Figure 20. Calculated ternary isothermal section of the Cu-O-Al2O3-MgO system in air. The ex-
perimentally studied phase regions are colored. The dashed line shows the boundary of the 
Cu2O + CuAlO2 + MgAl2O4 phase region at 1100 °C in air. 

 

Figure 21. Calculated isothermal section of the Cu-O-Al2O3-SiO2 system at 1300 °C in air with 
the studied phase regions colored. The red dashed line denotes the experimentally deter-
mined boundaries of the liquid + CuAlO2 + Al2O3 phase region at 1150 °C in air. 
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Figure 22. Microstructures of the (a) liquid oxide + MgAl2O4 + MgO; (b) Cu2O + CuAlO2 +
MgAl2O4; (c) Cu2O + MgAl2O4 + MgO; and (d) liquid oxide + MgAl2O4 + Al2O3 phase regions 
in the Cu-O-Al2O3-MgO system.

 
 

Figure 23. Microstructures of the (a) liquid oxide + SiO2; (b) liquid oxide + 3Al2O3·2SiO2 + SiO2;
(c) liquid oxide + 3Al2O3·2SiO2; (d) liquid oxide + 3Al2O3·2SiO2 + Al2O3; (e) liquid oxide + 
Al2O3; and (f) liquid oxide + CuAlO2 + Al2O3 phase regions in the Cu-O-Al2O3-SiO2 system.
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4.2.1 Behavior of the liquid oxide phase 

 
The liquidus of the Cu-O-Al2O3-MgO system in this work was studied in equi-
librium with solid MgO and MgAl2O4 in air. 0.1 – 1.0 wt% of Al2O3 and 0.2 – 0.5 
wt% of MgO were measured dissolved in the CuOx-rich liquid oxide phase in the 
temperature range of 1200 °C to 1400 °C. Figure 24 compares the experimen-
tally measured concentrations of Al2O3 and MgO in the liquid oxide phase in the 
Cu-O-Al2O3-MgO, Cu-O-Al2O3, and Cu-O-MgO systems in air as a function of 
temperature. According to Figure 24, the solubility of Al2O3 in the liquid oxide 
phase in the Cu-O-Al2O3-MgO system in the studied phase region is ~1.2 wt% 
lower than in the Cu-O-Al2O3 system at 1300 °C and 1400 °C. Moreover, it re-
mains constant from 1200 °C to 1400 °C, whereas in the Cu-O-Al2O3 system it 
increases with temperature. In contrast, these results suggest that the solubility 
of MgO in the liquid oxide phase in the Cu-O-Al2O3-MgO system in equilibrium 
with solid MgO and MgAl2O4 is 0.4 wt% higher between 1200 °C to 1400 °C than 
in the Cu-O-MgO system. The seemingly incoherent results at 1300 °C are most 
probably a result of experimental uncertainty.  

 

  

Figure 24. The solubilities of Al2O3 and MgO in the liquid oxide phase in the Cu-O-Al2O3-MgO, 
Cu-O-Al2O3, and Cu-O-MgO systems in air. Vertical lines represent experimental uncertain-
ties of the measurements. 

 
The concentrations of Al2O3 and MgO in the liquid oxide phase at 1400 °C ob-

tained in this work in the Cu-O-Al2O3-MgO system agree with the work of Press-
ley et al. [61], being 0.4 wt% higher. Moreover, the concentrations of Al2O3 and 
MgO in the liquid oxide phase in the Cu-O-Al2O3-MgO system are of the same 
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order of magnitude as those measured in this work in sub-systems Cu-O-Al2O3 
and Cu-O-MgO in air. These results suggest that the simultaneous presence of 
Al2O3 and MgO in the system has a small effect on their mutual solubilities in 
the molten phase. 

Figure 25 compares the calculated and experimentally measured solubilities 
of Al2O3 and MgO in the liquid oxide phase in air in the Cu-O-Al2O3, Cu-O-MgO, 
Cu-O-Al2O3-MgO, and Cu-O-Al2O3-SiO2 systems. According to Figure 25, the 
existence of SiO2 in the liquid oxide phase increases the solubility of Al2O3 by 15 
wt% or more at 1150 °C and 1300 °C in air. The liquid oxide phase in the Cu-O-
Al2O3-SiO2 system at 1150 °C was in equilibrium with solid CuAlO2 and Al2O3, 
whereas at 1300 °C it was in equilibrium with solid Al2O3. This increase in the 
solubility of Al2O3 due to the presence of SiO2 agrees with the acidity/basicity 
theory of slags [120]. SiO2 is an acidic, network- and glass-forming oxide, which 
dissolves well the amphoteric Al2O3 [120]. Moreover, Al2O3 is an intermediate 
glass-former [121]. Consequently, the network structure formed by SiO2 in the 
molten phase enables Al2O3 to replace SiO2, and may thus explain the higher 
dissolution of Al2O3. Finally, by way of an example, typical industrial copper and 
nickel slags may contain up to 16 wt% and 9 wt% of Al2O3 and MgO, respectively 
[26]. These values are much higher than the solubilities of these oxides in the 
CuOx-rich slag obtained in this study. Thus, the results suggest that in a multi-
component slag system the presence of other components increases the solubil-
ities of these oxides. 

 

 

Figure 25. Experimentally measured and calculated solubilities of Al2O3 and MgO in liquid oxide 
phase in the Cu-O-Al2O3, Cu-O-MgO, Cu-O-Al2O3-MgO, and Cu-O-Al2O3-SiO2 systems. Ver-
tical lines represent experimental uncertainties of the measurements. 
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Figure 25 shows the discrepancies between the experimental results of this 
work and calculated solubilities of Al2O3 and MgO in the liquid oxide phase in 
equilibrium with solid MgAl2O4 and MgO in the Cu-O-Al2O3-MgO system. These 
discrepancies range from 3.4 wt% to 7.1 wt% for Al2O3 and from 5.1 wt% to 13.4 
wt% for MgO in the temperature range of 1200 °C to 1400 °C. According to cal-
culations, the mutual presence of Al2O3 and MgO in the liquid oxide in equilib-
rium with solid MgO and MgAl2O4 decreases the solubilities of both of these 
oxides compared with the Cu-O-Al2O3 and Cu-O-MgO systems. This trend 
agrees with the experimental results of this work in the case of Al2O3 and disa-
grees in the case of MgO. However, there are discrepancies between the calcu-
lated and experimental solubilities ranging from 5 to 25 wt%. These discrepan-
cies are probably due to the scarcity of previous experimental data used in the 
assessment of the system in the Mtox database.  

 The Cu-O-Al2O3-SiO2 system was studied experimentally in this work in air at 
1150 °C in one phase region and at 1300 °C at five different phase regions. Figure 
26 compares the experimentally measured and calculated solubilities of Al2O3 
and SiO2 in the liquid oxide phase in this system at 1300 °C as a function of the 
studied phase regions. It is worth noting, that an equilibrium between the liquid 
oxide phase and two condensed phases in this system is invariant, while an equi-
librium between the liquid oxide phase and one condensed phase is univariant. 
Figure 26 shows, that the differences between the calculated and experimentally 
measured concentrations are higher for SiO2 (22 wt% – 46 wt%) than for Al2O3 
(1 wt% – 6 wt%). In addition, the concentration range of SiO2 in the liquid oxide 
phase in this system is higher than for Al2O3. 

 

Figure 26. Experimentally measured and calculated solubilities of Al2O3 and SiO2 in the liquid 
oxide phase in the Cu-O-Al2O3-SiO2 system in air at 1300 °C as a function of phase region. 
(1) liquid + SiO2; (2) liquid + 3Al2O3·2SiO2 + SiO2; (3) liquid + 3Al2O3·2SiO2; (4) liquid + 
3Al2O3·2SiO2 + Al2O3; and (5) liquid + Al2O3. Vertical lines represent experimental uncertain-
ties of the measurements. 
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Figure 27 compares previous experimental measurements of Al2O3 and SiO2 

concentrations in the liquid oxide phase in the Cu-O-Al2O3-SiO2 system at  
1300 °C [56, 122] with the results of the current work in the phase regions of (1) 
liquid + 3Al2O3·2SiO2 + SiO2; (4) liquid + Al2O3; and (5) liquid + SiO2. The pre-
vious experiments were conducted at metallic copper saturation. In Figure 27, 
phase regions #2 and #5 represent the maximum solubilities of SiO2 and Al2O3 
in the liquid oxide phase, which increase at more reducing conditions. This may 
be caused by the decreased fraction of copper oxide in the liquid oxide at reduc-
ing conditions. 

 

Figure 27. Comparison of experimentally measured Al2O3 and SiO2 concentrations in liquid oxide 
in metallic copper saturation and in air at 1300 °C in the Cu-O-Al2O3-SiO2 system. Phase 
regions: (1) liquid + SiO2; (2) liquid + 3Al2O3·2SiO2 + SiO2; (4) liquid + 3Al2O3·2SiO2 + Al2O3; 
and (5) liquid + Al2O3. Vertical and horizontal lines represent experimental uncertainties of 
the measurements. 

4.2.2 Solid solubilities of ‘Cu2O’ in MgAl2O4 and MgO 

 
In the Cu-O-Al2O3-MgO system, solid MgAl2O4 and MgO dissolve ‘Cu2O’ (Pub-

lication III). In this study, it was found that the solubility of ‘Cu2O’ in the 
MgAl2O4 phase at 1100 °C in air ranged from 6.5 wt% to 21.7 wt%. The lowest 
solubility occurred when MgAl2O4 was in equilibrium with solid Cu2O and MgO. 
In contrast, the highest solubility occurred in equilibrium with Cu2O and 
CuAlO2. In the temperature range of 1200 °C to 1400 °C, from 27.7 wt% to 3.1 
wt% of ‘Cu2O’ dissolved in MgAl2O4 in equilibrium with MgO + liquid oxide and 
Al2O3 + liquid oxide, respectively. The highest solubility occurred in the 
MgAl2O4 + Al2O3 + liquid oxide phase region at 1300 °C (Figure 28). As the ex-
perimentally measured solid solubility of ‘Cu2O’ into MgAl2O4 at 1400 °C in the 
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MgAl2O4 + MgO + liquid oxide phase domain in this work deviates from previ-
ous experimental work only by 0.8 wt% [61], they are in reasonable agreement.  

 

 

Figure 28. Isothermal section of the Cu-O-Al2O3-MgO system at 1300 °C in air. The solid blue 
phase boundaries are constructed based on current experimental data. Red dashed lines 
represent calculated phase boundaries. Sp = MgAl2O4, Liq = Liquid oxide. 

 
According to calculations, 4.5 wt% – 2.3 wt% of ‘Cu2O’ dissolves in solid 

MgAl2O4 in the temperature range of 1200 °C to 1400 °C in air in equilibrium 
with solid MgO and liquid oxide. In contrast, at 1300 °C in equilibrium with 
solid Al2O3 and liquid oxide, calculation shows that 30.5 wt% ‘Cu2O’ dissolved 
in MgAl2O4 (Figure 28). These calculated concentrations deviate from the cur-
rent experimental results by 2.4 wt% at 1200 °C and by 0.8 wt% at 1400 °C in 
the MgAl2O4 + MgO + liquid oxide phase domain. The deviation in the MgAl2O4 
+ Al2O3 + liquid oxide phase region is 2.7 wt%. Calculations show that 32.1 wt% 
of ‘Cu2O’ dissolves into the MgAl2O4 phase in the equilibrium phase assemblage 
MgAl2O4 + CuAlO2 + liquid oxide at 1100 °C in air. This value is 10.4 wt% higher 
than that obtained experimentally in this work, showing considerable discrep-
ancy. In conclusion, apart from the phase region of CuAlO2 + MgAl2O4 + Cu2O, 
the experimentally measured solid solubility of ‘Cu2O’ in the MgAl2O4 phase 
agrees with the calculated results. It is worth noting that, according to calcula-
tions, the liquid oxide phase already appears at 1100 °C, while in this work solid 
Cu2O existed at that temperature instead. In this regard, an exact comparison 
of the chemical compositions of the phases at 1100 °C is impossible.  

The solid solubility of ‘Cu2O’ into MgO in the Cu-O-Al2O3-MgO system in this 
work was measured to be 28.8 wt% in equilibrium with solid Cu2O and MgAl2O4 
at 1100 °C in air. In contrast, it was found that in the temperature range of  
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1200 °C to 1400 °C in air the solubility ranged from 20.6 wt% to 10.6 wt% in 
equilibrium with liquid oxide and solid MgAl2O4, respectively. Deviations in the 
solid solubility of ‘Cu2O’ into MgO obtained in the Cu-O-MgO system in air (Sec-
tion 4.1.2) at the corresponding temperatures range from 1.2 wt% to 0.2 wt%, 
being systematically lower. These deviations indicate that the presence of 
MgAl2O4 has an increasing effect on the solid solubility of ‘Cu2O’ in MgO at these 
temperatures and oxygen partial pressures. According to Pressley [61], the solid 
MgO dissolves 10.1 wt% of ‘Cu2O’ at 1400 °C in air. This deviates by 1.1 wt% from 
the average (11.2 wt%) result of this work at 1400 °C and thus agrees with the 
current work.  

The calculated solid solubility of ‘Cu2O’ in MgO in equilibrium with liquid ox-
ide and solid MgAl2O4 in the Cu-O-Al2O3-MgO system ranges from 15.3 wt% to 
6.8 wt% in the temperature range of 1200 °C to 1400 °C in air. These results 
deviate by a range of 5.3 wt% to 3.8 wt% from the experimental results of this 
work. Nevertheless, the solid solubility of ‘Cu2O’ in MgO in the Cu-O-Al2O3-MgO 
system obtained in this work is systematically higher than predicted by the cal-
culations, which is consistent with the differences between calculations and ex-
periments in the Cu-O-MgO system conducted in this thesis work. 

4.3 Quenching low-SiO2 or SiO2-free liquids

 
The accuracy of analysis of the quenched samples depends on the quality of the 
quench. In the course of this work, quenching of the liquid oxide into a homo-
geneous glassy phase was challenging especially in the SiO2-free systems (Cu-
O-Al2O3, Cu-O-MgO, Cu-O-Al2O3-MgO) in air, but also in the Cu-O-Al2O3-SiO2 
system in air at compositions containing less than 19 wt% of SiO2 (Figure 29). 
In contrast, in quenched samples of the Cu-O-Al2O3 and Cu-O-MgO systems in 
equilibrium with metallic copper, the liquid oxide phase appeared homogene-
ous. To overcome the problem of inhomogeneity, the liquid oxide phase was an-
alyzed by enlargening the electron beam in EPMA, thus analyzing big areas, 
which then estimated the average composition of the liquid phase. 
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Figure 29. Ternary isothermal section of the Cu-O-Al2O3-SiO2 system showing the lowest SiO2 
composition that gave good quenches. 

 
In the microstructures of the quenched samples from the SiO2-free systems 

equilibrated in air, the assumed homogeneous molten phase contained bright 
and grayish areas as well as small, dark spots (Figure 30). The bright areas had 
the composition of stoichiometric Cu2O and existed in different shapes and sizes 
(spherical, acicular and columnar), while the grayish areas contained small 
shapes side by side and consisted of Cu, O, and Al (Cu-O-Al2O3 system); Cu, O, 
and Mg (Cu-O-MgO system); or Cu, O, Al, and Mg (Cu-O-Al2O3-MgO system). 
The size of the dark spots was too small to conduct reliable analysis of their 
composition. In contrast, in the quenched samples from the Cu-O-Al2O3-SiO2 
system at compositions containing 19 wt% or less SiO2, the liquid oxide phase 
contained bright ‘Cu2O’-rich shapes and darker SiO2-Al2O3-rich matrix (Figure 
30d). Figures 31a-c show quenched microstructures of a sample containing 
CuOx, Al2O3 and 7.7 wt% of SiO2 (a) and samples containing CuOx and Al2O3 (b, 
c). In all these samples, the phase equilibria consisted of primary Al2O3 solid 
and a liquid oxide phase. The differences in the microstructures are clearly vis-
ible. It is possible that the small solubilities of Al2O3 in the liquid oxide phase at 
the experimental conditions [56] cause the homogeneity of the liquid oxide in 
the sample quenched from metallic copper saturation (Figure 31c). Neverthe-
less, these results clearly show that the addition of SiO2, a known glass-former 
[121], to the Cu-O-Al2O3 system enhances the formation of glassy phases and 
may explain the ease with which SiO2-containing melts quench to a homogene-
ous glassy phase with the drop-quenching technique. In addition, Al2O3 is an 
intermediate glass-former, which does not form glass alone, but, together with 
a glass-forming oxide, such as SiO2, may do so [121]. It would be interesting to 
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study the Cu-O-MgO-SiO2 system to see the effect SiO2 has on quenching and 
solubilities in that system. 

 

 

Figure 30. Micrographs of quenched samples from 1300 °C in air. (a) Cu-O-Al2O3; (b) Cu-O-MgO;
(c) Cu-O-Al2O3-MgO; and (d) Cu-O-Al2O3-SiO2 systems.

 

 

Figure 31. Micrographs showing the quenched samples from 1300 °C (a) with SiO2 in air; (b) 
without SiO2 in air; and (c) at metallic copper saturation.

In each of the previously mentioned cases, despite its inhomogeneous appear-
ance, the liquid oxide phase was distinguishable from the primary equilibrium 
solids. Consequently, the inhomogeneity suggested that either there exists ad-
ditional stable phase(s) at the equilibration conditions or the microstructure is 
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metastable, formed during the fast, non-equilibrium cooling of the sample. Use 
of the Gibbs phase rule revealed that in the Cu-O-Al2O3 and Cu-O-MgO systems 
in air, the maximum number of condensed phases in equilibrium when temper-
ature, total pressure and oxygen activity are fixed, is two. In addition, in the Cu-
O-Al2O3-MgO and Cu-O-Al2O3-SiO2 systems, the maximum number of con-
densed phases, when temperature, total pressure, and oxygen activity are fixed, 
is three. Thus, the simultaneous presence of more than one stable liquid phase 
(or any other additional stable phase) in equilibrium is thermodynamically im-
possible. Particles with the composition of stoichiometric Cu2O were the only 
analyzable precipitates in the SiO2-free systems studied (Cu-O-Al2O3, Cu-O-
MgO and Cu-O-Al2O3-MgO). In conclusion, the Gibbs phase rule, together with 
repeated experiments, and resulting chemical compositions from the different 
regions of the liquid phase, confirmed that the observed microstructures were 
metastable and formed from the original homogeneous melt during cooling.  

According to phase equilibria of the Cu-O system in air, the oxygen content of 
the liquid oxide phase decreases as the temperature increases [116]. Therefore, 
as the melt cools down rapidly, there is a tendency for the liquid to oxidize. This 
may explain why Cu2O precipitates exist in the quenched samples. Nevertheless, 
the shape and size of the different features in the molten phases suggest that 
there are possibly low-temperature metastable miscibility gaps in the studied 
systems. These miscibility gaps are common in oxide systems [123]. For exam-
ple in the Cu-O-Al2O3-SiO2 system, there is experimental evidence for the exist-
ence of such a miscibility gap [124]. 

Based on the results of this work, the cooling rate in the drop-quenching 
method employed was insufficient to transform the SiO2-free CuOx-containing 
samples into homogeneous glass. Obviously, copper oxides require extremely 
high cooling rates for glass formation to occur. Based on the literature, sufficient 
cooling rates for CuOx-containing melts may be obtainable using a roll-quench-
ing method. This method was used for example by Iordanova et al. [125] and 
Milanova et al. [126] who obtained glassy melts of CuOx containing samples us-
ing cooling rates of 10 000 °C/s and higher. In contrast, the estimated maximum 
cooling rate obtainable for a sample with the drop-quenching method used this 
work is ~1500 °C/s. This estimation assumes that the sample only starts to cool 
when contacting the quenching medium and that the cooling rate is constant. 
In drop quenching a hot sample into a liquid quenching medium, the sample 
becomes surrounded by a gas film generated through evaporation. This gas film 
slows down the cooling rate. In constrast, for example in the roll-quenching 
method, this kind of gas film is absent, enabling rapid heat removal from the 
sample.  

Because of the inhomogeneities in the quenched liquid oxide phases in the 
samples of SiO2-free and low-SiO2 systems, they were analyzed by the EDS and 
EPMA as areas by widening the electron beam, and thus effectively increasing 
the interaction volume. By taking several area analyses from random locations 
from the liquid oxide phase, estimation of the average composition of the origi-
nal, homogeneous, liquid phase is possible. This method was used previously 
for example by Fonseca et al. [125] in the analysis of geological samples. The 
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exsolution of components from the liquid phase is typical in, for example, geo-
logical and sulfidic samples.  

4.4 Future work

 
The main source of experimental uncertainty affecting the results of this work 
is the quenching of the CuOx-rich liquid phase. To study systems which contain 
components that require extremely fast cooling rates for glass formation unob-
tainable by drop quenching, it is advisable to use another quenching technique. 
In the scientific literature, there are accounts of, for example, roll-quenching 
and hammer-and-anvil techniques [126-128], which are able to attain cooling 
rates of 10 000 °C/s. Consequently, combining the roll-quenching technique to 
equilibration in the studies of the CuOx-containing systems may improve the 
accuracy of the technique and enable further confirmation of the results of this 
work. In addition, it may enable accurate measurements of SiO2-free systems 
outside the scope of this work. In the studies of liquid-solid equilibria, it is useful 
if, in addition to chemical composition, the crystal structures of the solid phases 
are determined. To achieve this and to compliment the EPMA technique of an-
alyzing the chemical compositions of the phases, the EBSD method may prove 
useful in determining the crystal structures of the crystalline phases in the equi-
librium phase regions. This method has been used previously by Gehre et al. 
[129] for such investigations. Finally, to confirm further the observed low solu-
bilities of Al2O3 and MgO in the CuOx-rich liquid phase, the eutectic tempera-
tures in the Cu-O-Al2O3 and Cu-O-MgO systems could be studied using methods 
like DTA. In conclusion, due to the deviations between the current experimental 
work and the calculated phase equilibria generated by MTDATA and the Mtox 
database, reassessments of the systems studied in this work using this newly- 
produced data should be undertaken.
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5. Conclusions

For the metallurgical industry, experimental phase equilibria studies of the slag 
phase are important in increasing the sustainability of pyrometallurgical pro-
duction of metals, because they provide the foundation for process optimization 
by modelling. With accurate experimental data, improvement of thermody-
namic descriptions of the slag systems in thermodynamic databases is possible. 
Consequently, improved descriptions enable reliable predictions of the multi-
component system behavior at process conditions leading to better control of 
the process and optimized use of resources. However, reliable prediction of the 
behavior of a complex multicomponent phase requires that all of its binary and 
ternary subsystems are well known. Therefore, experimental phase equilibria 
studies of simple systems to produce missing data are critical. 

In this work, phase equilibria of Cu-O-Al2O3, Cu-O-MgO, Cu-O-Al2O3-MgO, 
and Cu-O-Al2O3-SiO2 systems were studied experimentally. The experimental 
technique used was a primary-phase quenching method coupled with a direct 
spectroscopic analysis of the chemical composition of the resulting phases. The 
primary focus of the studies was the determination of the liquidus. All of the 
components in these systems enter slag from feed materials, flux and refracto-
ries. Therefore, knowledge of their behavior is important and contributes to 
both understanding the binary and ternary interactions within the slag and its 
reactions with neighboring phases. Prior to this work, direct experimental data 
for these systems at the studied temperatures was scarce or completely lacking. 
The obtained results were compared with corresponding calculated phase equi-
libria generated by MTDATA software and the Mtox database.  

Results from the Cu-O-Al2O3 and Cu-O-MgO systems show that Al2O3 and 
MgO had solubilities of 1 – 2 wt% into the liquid CuOx phase in the studied tem-
peratures and oxygen pressures. In addition, in the Cu-O-Al2O3-MgO system,  
0 – 1 wt% of Al2O3 and MgO dissolved into the liquid CuOx phase in equilibrium 
with solid MgAl2O4 and MgO. This indicates that solid Al2O3, MgO, and MgAl2O4 
are chemically resistant to the liquid CuOx. Moreover, they imply weak ternary 
interactions in the liquid phase. Studying the Cu-O-Al2O3-SiO2 system revealed 
that at pO2 = 0.21 atm the presence of SiO2 increases the solubility of Al2O3 into 
the CuOx slag by up to 20 wt%. In all the studied systems, deviations in the liqui-
dus compositions between this work and calculated and previous experimental 
data in these systems reach 23 wt%. 

In the Cu-O-MgO and Cu-O-Al2O3-MgO systems, MgO and MgAl2O4 had solid 
solubilities of ‘Cu2O’ ranging up to 28 wt%. Moreover, the results indicate that 
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oxygen activity affects the solid solubility of ‘Cu2O’ in MgO. This confirms that 
the partial pressure of oxygen affects the equilibrium solubilities in CuOx-con-
taining systems. Deviations between the calculated solid solubilities and exper-
imental results of this work were up to 10 wt%.  

The discrepancies between the experimentally measured equilibrium phase 
compositions of this work and computational predictions clearly underline the 
need for these new, direct measurements conducted in the studied systems. 
Moreover, they show the critical role experimental work plays in determination 
of reliable phase diagrams and in improving the capabilities of computational 
thermodynamics. In addition, the results of this work reveal the advantage of 
measuring chemical compositions of phases directly from the phase surface us-
ing spectroscopic methods over indirect methods. Consequently, experimental 
methods for accurately measuring the specific phase properties of material sys-
tems are indispensable. The new data produced in this work are invaluable for 
database development for metallurgical applications. Moreover, due to the fun-
damental nature of this work, it is also useful in other industrial processes where 
the studied material systems are encountered, for example refractories, super-
conductors, and glass-ceramics to name a few. Finally, in light of the results ob-
tained in this work, critical reassessments of these simple systems contained in 
the Mtox database should be undertaken. 
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