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1. Introduction 

Along with the industrialization of the world, the consumption of chemical 

products and metals keep increasing in the past centuries [1-3]. To seek for 

improved user experience and sustainable development, people are not presently 

satisfied with normal products and traditional industrial flow sheets. The 

necessity for high-performance products and green processing in the near future 

is emphasized [4, 5].Phase diagrams are useful tools for chemists and 

metallurgists in developing new products and industrial flow sheets [6-11]. 

Accurate thermodynamic information can always facilitate the promotion of the 

product performance and the optimization of metallurgical processing 

parameters. 

To build accurate phase diagrams, large amount of experimental data are 

needed, especially thermodynamic information and phase equilibria data [12-15]. 

Engineers and researchers started to do systematical phase diagram 

determination work in late 19th century, and great theoretical and technical 

progress have been achieved during the past century [16-19].  

Phase relationships in multi-component systems are generally complicated and 

difficult to investigate, because of the number of variables in the system and 

specific requirements for experiments. However, equilibrium information of 

simple systems, such as binaries and ternaries systems, can be used for 

extrapolating thermodynamic descriptions in high-order systems [12-15, 18]. 

Thus, accurate phase equilibrium information of simple systems are very 

important and valuable, and the reliability of the phase relationships in simple 

systems will affect the quality of the whole ‘phase diagram pyramid’. 

1.1 Research background 

Due to the intensive consumption of high grade copper sulphide minerals (such as 

chalcopyrite (CuFeS2), chalcocite (Cu2S), etc.) during the past decades, the feeding 

materials in copper smelters start to change nowadays [20-24]. In general, the 

portions of secondary scraps and multi-mineral ores in the feeding materials keep 

increasing all the time [25-28]. However, the smelting and converting processes of 

copper making are always accompanied by the formation of slags, and the 

smelting of complex materials will generate complicated multi-component oxide 
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slags [27-29]. The slag properties monitoring process is one of the most critical 

parts in a pyro-metallurgical flow sheet, and extended knowledge is needed to 

deal with these new slags.  

Zinc is an important alloying element in iron&steel industry, and the Fe-O-ZnO 

system is well studied [30-39] to support the industry. Zinc is also one of the main 

elements in secondary copper scraps and multi-minerals ores, for example waste 

brass, WEEE (waste electrical and electronic equipment) and zinc-copper 

concentrates [20, 21, 40-41]. The smelting of complex materials is usually 

accompanied by the formation of high ZnO content slags [29, 42-44]. However, 

the thermodynamic information of ZnO-rich copper smelting slags is still 

incomplete in the literature [12-15, 39].  

Silica (SiO2) and lime (CaO) are widely used as fluxing materials in the pyro-

metallurgical processing of copper [27-29], thus the Cu-O-ZnO-SiO2-CaO system 

and its subsystems are very important in copper making processes. Periclase 

(MgO) is a major component of basic refractory bricks [45-47], and it is also 

sometimes used as fluxing component in smelting processes. Phase equilibrium 

information of the Cu-O-ZnO-MgO system is also of significant importance in 

studying the refractory wear problems in smelting furnaces, and in optimizing the 

processing parameters. 

1.2 Objectives of the thesis 

Limited work has been conducted in determining the phase relationships in the 

Cu-O-ZnO-SiO2-CaO-MgO system and its subsystems, and the phase equilibrium 

data and thermodynamic information reported by previous researchers are 

inconsistent to some extent. The objectives of this thesis are: 

� To provide accurate liquidus information of ‘simple’ systems, such as the 

binaries (ZnO-SiO2 and ZnO-CaO), and ternaries (Cu-O-SiO2 and Cu-O-

ZnO). 

� To study the sub-solidus lines of the ZnO-CaO and ZnO-MgO systems at 

elevated temperatures. 

� To present the experimentally determined ZnO-CaO phase diagram. 

� To investigate the liquidus surfaces in the Cu-O-ZnO-SiO2, the Cu-O-ZnO-

CaO, and the Cu-O-ZnO-MgO system, when they are in equilibrium with 

air. 

� To investigate the solubility behaviors of copper oxide (in ‘Cu2O’ or ‘CuO’ 

form) in the other oxides, such as SiO2, ZnO, CaO and MgO. 

1.3 Research approach and process 

For the purpose of presenting accurate phase diagrams of the Cu-O-ZnO-SiO2-

CaO-MgO system, experimental approaches and thermodynamic software 
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calculations were combined in this study. The flow sheet of the study can be 

depicted graphically by figure 1. 
 

 

Figure 1. The study flow sheet in this dissertation. 

After a thorough literature survey, it was observed that there were only few 

studies on the phase relationships in the Cu-O-ZnO-SiO2-CaO-MgO system, and 

these reported data were inconsistent. In order to get better understanding of the 

system, experimental work and software calculations were combined in this study.  

By applying the equilibration/quenching technique, systematic experiments 

have been done to determine the phase equilibrium in the above system. 

Experimental results were used to construct the phase boundaries in related 

systems. Best fitted phase diagrams were compared with the results from the 

literature, and with the calculated phase boundaries in the software. Results from 

the present study will be used in developing the thermodynamic descriptions of 

the studied system.  

MTDATA 5.10 software [48] and its Mtox 8.1 database [49] were selected as the 

computational software, and the multiphase module and the ternary module were 

utilized in calculating the phase boundaries in related systems. In the calculation, 

suitable species were selected as system components, and temperature and 

pressure were set as constraints according to experimental conditions. 
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1.4 New scientific contributions 

Besides copper oxides (‘CuO’ and ‘Cu2O’), all the other oxide components in the 

Cu-O-ZnO-SiO2-CaO-MgO system are of extremely high melting temperatures 

(ZnO (1970 ± 5 °C), CaO (2572 ± 18 °C), MgO (2825 ± 42 °C), and SiO2 (1713 ± 5 

°C))[17, 27,28, 50] which make experimental approaches of the phase equilibria in 

these systems to be challenging. The large vapor pressure of ZnO (ZnO(s)→ Zn(g) 

+ ½ O2(g))at temperatures above 1400 °C [17, 51-52] is another problem.  

Thermodynamic information about ZnO containing systems are insufficient in 

the literature, so phase diagrams in related systems are usually achieved by 

extrapolations from low temperatures information, or high temperature 

information with large deviations [12-15]. However, the possible discrepancies 

usually make those extrapolated phase diagrams less reliable.  

By applying the equilibration/quenching/SEM/EDS+EPMA technique, 

systematic information about the liquidus, solidus, sub-solidus and solubility 

behaviors in the Cu-O-ZnO-SiO2-CaO-MgO system and its subsystems have been 

obtained. Those valuable phase equilibria information can be used in both 

scientific research [12-15] and industrial applications [27-29, 45-47]. The new 

scientific contributions can be summarized as: 

� The eutectic points and liquidus compositions in the ZnO-SiO2 binary 

system have been re-investigated.  

� The first systematic set of sub-solidus information of the MgO-ZnO phase 

diagram (pO2 = 0.21 atm) has been presented. 

� Mutual solubility boundaries of the CaO-ZnO system, eutectic point of the 

system, and part of the liquidus line have been determined. The CaO-ZnO 

binary phase diagram has also been presented. 

� The first experimental attempt of the phase equilibria of the Cu-O-ZnO 

system in two oxygen partial pressures (pO2 = 0.21 atm, and in argon).  

� The phase relationships in the Cu-O-SiO2 system have been extended to 

1500 °C in three oxygen partial pressures (pO2 = 0.21 atm, 0.01 atm and in 

argon) for the first time.  

� Phase equilibria of the Cu-O-ZnO-CaO system, the Cu-O-ZnO-MgO system 

and the Cu-O-ZnO-SiO2 system have been systematically studied in air, 

and the results have been used in constructing the phase boundaries in 

those systems. 

1.5 Applications 

In copper making processes, fluxing materials and gangue in ores will form a slag 

phase. The slag properties are of significant importance in controlling the process 

[27-29]. Reliable thermodynamic data of the Cu-O-ZnO-SiO2-CaO-MgO system 

can thus contribute to optimizing and improving the control of processing 

temperatures and slag fluxing. 
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The determination of the phase relationships in multi-component oxide systems 

are very challenging [6-11, 48]. Thermodynamic software with a reliable database 

can be used to predict and present properties of high-order systems [12-15]. Phase 

equilibria information in simple systems can be used to extrapolate 

thermodynamic properties of higher-order systems. Thus, sufficient experimental 

data about those subsystems are needed in building the database [17, 18, 49]. 

Results from the present study will provide useful data in modeling the copper 

processing slags with emphasis to ZnO. The applicability of the database will be 

promoted as well. The thermodynamic database can also be applied in optimizing 

related processes, such as refractory brick production [45-47, 53], corrosion 

resistance studies [54- 56], etc. 

Due to the good electrical, optical and physical properties of ZnO [57-59], the 

preparation and characterization of ZnO based materials have attracted lots of 

attention during the past decades, such as glass-ceramics [60-66], catalysts [67, 

68], and semi-conductors [67-74]. Thermodynamic information and phase 

diagrams of the Cu-O-ZnO-SiO2-CaO-MgO systems and its subsystems can 

provide a road map in developing new products and promoting the performance 

of those advanced materials. 

Besides the important application in copper making processes, the Cu-O-SiO2 

system is also widely used in catalysts, solar cells and advanced materials. 

Accurate thermodynamic information about this system contributes a lot in the 

optimization of those applications. CaxZn1-xO and MgxZn1-xO solid solutions can 

span a wide range of optical band gap than single oxides. The synthesis of these 

solid solutions has attracted wide attention, because the product is of interest for 

optical laser and light-emitting diode applications. Sub-solidus lines of CaO-ZnO 

and MgO-ZnO systems will be useful in processing and understanding these solid 

solutions. 

1.6 The structure of the thesis 

This thesis consists of seven scientific peer-reviewed journal papers (1-6, and 8), 

one peer-reviewed conference paper (7), and this compendium. The included 

publications are attached as appendices at the end of this thesis. The second part 

of this compendium briefly introduces the theoretical background of the 

dissertation, including the Gibbs phase rule, the thermodynamic calculation of 

phase diagrams, and the equilibration/quenching technique. Details of the 

experiments in this study are presented in chapter 3. Experimental results and 

brief discussions about the binary, ternary and quaternary subsystems are shown 

in sequence in chapter 4. Summary of the dissertation is presented in chapter 5, 

followed by references. 
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2. Theory 

Phase diagrams are the most straightforward and the most widely used method in 

presenting phase relationships in simple and multi-component systems. Points, 

lines, areas and regions in a phase diagram have their specific meanings, and all of 

them should fulfill thermodynamic theories. To develop a phase diagram for a 

multi-component, multi-phase system, the thermodynamic information about the 

components and phase equilibrium data are basic requirements. By applying 

thermodynamic theories and suitable models, chemical potentials of the 

components in the system can be calculated based on these basic information, and 

the phase relationships can be further obtained. The process is called CALculation 

of PHAse Diagrams (CALPHAD) technique [8, 13, 18, 75-76]. 

2.1 Gibbs phase rule 

The phase rule applies to multi-component systems in thermodynamic 

equilibrium is given by the following equation [79-81]: 

F = C – P + 2                          

(1) 

Where F is the number of degrees of freedom that can be varied independently, 

P is the number of phases, and C is the number of components. When the system 

is in equilibrium at isobaric conditions, the equation gets a new form:  

F = C – P + 1                          

(2) 

In binary systems, for instance the hypothetical A-B binary system in figure 2, 

there are 2 components (A + B), thus the equation gets the form: F = 3 – P.  
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Figure 2. A schematic eutectic binary phase diagram of A-B system, where the light blue area is the 
liquid oxide phase field.  

So all the possible phase assemblages in this system are: 

P = 3, F = 0, which is called invariant equilibrium. In a binary phase diagram, 

the equilibrium is a fixed point---the eutectic point. In the phase diagram shown 

in figure 2, the point e represents the three phase equilibrium (α + β + Liquid 

Oxide). Both the temperature and the chemical compositions (a’ and b’ in figure 2) 

of these phases in equilibrium are self-defined. 

P = 2, F = 1, which is called univariant equilibrium, or monovariant equilibrium, 

and the temperature or the composition is the freedom that can be varied in the 

A-B system. The phase assemblages can be one liquid oxide phase and one solid 

phase, or two solid phases. Once the temperature is fixed, the chemical 

composition of the liquid oxide phase and the solid phase will be fixed, and the 

points locate on the liquidus lines (ae and be) and solidus lines (aa’ and bb’) in 

figure 2. If there were two solid phases, their compositions will be on sub-solidus 

lines (a’a’’ and b’b’’) of the phase diagram. 

P = 1, F = 2, which is called bivariant equilibrium. Those points come from a 

one-phase field, such as the α-phase field, the β-phase field or the light blue 

painted liquid oxide phase field in figure 2. Both temperature and composition 

can be varied independently. 

In ternary systems, for instance the A-B-C ternary system in figure 3, there are 3 

components (A + B + C), thus the equation (1) gets the form: F = 4 – P.  
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Figure 3. A schematic ternary phase diagram of A-B-C system and the space above the light blue 
painted surface is the liquid oxide phase region.  

So all the possible phase assemblages in this system are: 

P = 4, F = 0, which is called invariant equilibrium. In a ternary phase diagram, 

this equilibrium is supposed to be a fixed point (both the temperature and 

chemical compositions of phases in equilibrium are constant), and it is the 

eutectic point eABC (the liquid oxide phase is in equilibrium with three solid 

phases) in figure 3.  

P = 3, F = 1, which is called univariant equilibrium, and the temperature or the 

composition can be varied. There can be two solid phases in equilibrium with one 

liquid phase, or three solid phases coexist. If the liquid oxide phase is in 

equilibrium with two solid phases, the chemical composition of the liquid oxide 

phase locates on the joint lines between the liquidus surfaces (line eABeABC, eBCeABC, 

and eACeABC) in figure 3, and compositions of the solid phases locate on the joint 

lines between solidus surfaces. If there are three solid phases in equilibrium, their 

chemical compositions will locate on the joint lines between sub-solidus surfaces.  

P = 2, F = 2, which is called bivariant equilibrium. The phase assemblages 

involved can be one liquid phase and one solid phase, or two solid phases. If the 

liquid oxide phase is in equilibrium with one solid phase, the chemical 

composition of the liquid oxide phase will locate on liquidus surfaces 

(mAeACeABCeABmA, mBeABeABCeBCmB and mCeBCeABCeACmC), and the solid phase will 

be on solidus surfaces. If there are two solid phases in equilibrium, the chemical 

compositions will locate on sub-solidus surfaces in the phase diagram.  
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P = 1, F = 3, which is called tervariant equilibrium, and the system has three 

degrees of freedom. Those points come from a one-phase region, such as the 

liquid oxide phase region, or solid phase regions of A, B and C in figure 3.  

2.2 Thermodynamic calculation of phase diagram 

Experimental determination of phase relationships in a multi-component and 

multi-phase system is generally complicated and challenging, because of the high 

temperature and numerous variables. The calculation of phase diagrams 

(CALPHAD) technique provides a thermodynamic route in understanding the 

phase equilibria in high order systems. The mathematical calculation is based on 

the fact that phase diagrams are manifestations of the thermodynamic properties 

of the system, which are the sum of components’ properties.  

The Gibbs energy (G) is usually applied as the calculated thermodynamic 

property, due to the fact that all the other thermodynamic quantities, such as heat 

capacity (Cp), entropy (S), and enthalpy (H), can be derived from it. One phase 

with the fixed composition can be a pure element, a stoichiometric compound, or 

a solution phase (both liquid solution and solid solution), whose composition is 

kept constant externally. The Gibbs energy of such a phase depends on 

temperature and pressure only. The general form of the molar Gibbs energy of a 

phase θ is expressed as [18]: 

���  = srf ���  + phys ���  – T · conf ���  + Δ ���                           

(3) 

Where T is the absolute temperature in Kelvin; the superscript ‘srf’ is the ‘surface 

of reference’, and the ‘phys’ stands for the ‘physical contribution to the Gibbs 

energy; conf��� represents the configurational entropy of the phase; and Δ���  is the 

excess Gibbs energy, describing the remaining part from the real Gibbs energy. 

All the experiments in this work were conducted with a fixed total pressure (ptot 

= 1 atm), so the changes of the Gibbs energy from pressure varying can be 

ignored. Temperature dependent Gibbs energy for a phase with fixed composition 

is widely accepted and used in experimental determination and thermodynamic 

modeling of phase equilibrium. The temperature dependence of the molar Gibbs 

energy for a phase θ is usually described by a power series like: 

Δ���  - ∑ibiΔ��
���  = a0 + a1T + a2Tln(T) + a3T2 + a4T-1 + a5T3 +… (T1˂T˂T2)              

(4) 

Where i is the stoichiometric coefficient of element i in θ and 

∑ibiΔ��
���represents the sum of the enthalpies of the elements in their reference 

states, usually the stable state at 298.15 K and 1 bar, denoted as SER. This term is 

needed because there is no absolute value of the enthalpy of a system and one 
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must select some reference state. Such a polynomial can only be valid for a limited 

temperature region, here delimited by T1 and T2.  

As introduced above, the other thermodynamic quantities (��� ,��� and��
� ) of 

phase θ can be derived from their relations, and those coefficients in the Gibbs 

energy equation expressing can also be used. The temperature dependence of the 

end-member can be related: 

���  = - a2 -2a3T - 2a4T-2 - 6a5T2 + ……                          

(5) 

���  = -a1 – a2(1 + ln(T)) - 2a3T + a4T-2 - 3a5T2 + ……                          

(6) 

��
�  - ∑ibi Δ ��

��� = a0 - a2T - a3T2 + 2a4T-1 - 2a5T3 + ……                          

(7) 

When these thermodynamic data are available at high temperatures, these 

coefficients will be useful in expressing the Gibbs energy of phase θ, and then help 

the calculation of the phase equilibria. However, the experimental data is not 

always available in the literature, and sometimes the phase equilibria calculation 

has to been done basing on low temperature extrapolated linear and quadratic 

terms, which will increase the uncertainties.  

At equilibrium, the Gibbs energy of phase θ is related to the Gibbs energy of the 

components, and the Gibbs energy of component i in phase θ can be defined as: 

��
�  = ��

� (T) - ∑k �	
���                          

(8) 

��
� (T) = a0 + a1T + a2Tln(T) + a3T2 + a4T-1 + a5T3                           

(9) 

Where the component i can be ‘CuO’, ‘Cu2O’, ZnO, SiO2, CaO and MgO in this 

study, k is the element in component i, and ∑k�	
���is the sum of the enthalpies of 

the elements at 298.15 K and 1 bar in their stable states. 

Liquid oxide phase, which is highly concerned with the fluxing processes, is the 

most important phase in practice, and can be considered as a strongly ordered 

substance. Researchers and modelers have developed many models to describe 

the Gibbs energy of the oxide melt phase, such as the substitution model [82], the 

ionic two-sublattice model [83], modified quasi-chemical model [84], associate 

solution model [85], cell model [86], and Margules solution model [87]. The 

molar Gibbs energy of phase θ in the classic substitutional solution model can be 

written as: 

��� = � (�� ∗
�

��
�� ) + RT* � (�� ∗ 	
 ���

��
) +���                           

(10) 
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Where �� is the mole fraction of component i in phase θ, and  0�� denotes the 

Gibbs energy of the pure component i. EGm is the excess Gibbs energy of the 

component interactions. By applying the Redlich-Kister polynomials, the EGm in 

binary systems can be given by: 

EGm = �� ∗ �� � (����(�� − ��)
�

��


n)                           

(11) 

Where nLij is the interaction parameter of different components, and the general 

temperature dependent form, nLij = a  + b*T, is adopted.  

In higher order systems, all the component will interact with each other, and the 

form of the EGm and the temperature dependent form of interaction parameters 

are more complicated. 

When the system is in equilibrium, the Gibbs energy of the system should at 

their minimum value, and chemical potential of component i in different phases 

are same. So the chemical composition of phase θ can be found by minimizing the 

value of ��� , and the other thermodynamic data can also been calculated.   

In the present work, the Cu-O-ZnO-SiO2-CaO-MgO system and its subsystems 

were studied, thermodynamic parameters of those components were taken from 

the Mtox 8.1 database. MTDATA 5.10 software and its multiphase model and 

ternary model were selected for the calculation. Experimental results and 

calculated phase diagrams are present in chapter 4 and in publications (1-8). 

2.3 Equilibration/quenching technique 

Pyrometallurgical processes always run at high temperatures, such that heat and 

mass transfer are good in these processes. Therefore, all the reactions can be 

regarded as in equilibrium or in quasi-equilibrium [27-29]. Phase equilibria 

information has significant importance in optimizing the process. The most 

important variables in understanding phase relationships are temperature, the 

oxygen partial pressure, and the chemical composition at high temperatures. 

However, studying phase compositions at elevated temperatures is near 

impossible. In order to study the phase assemblages at high temperatures, fast 

frozen is needed to prevent the change of the thermodynamic equilibrium.  

The equilibration/quenching technique has been proven to be suitable and 

efficient in acquiring high temperature equilibrium information of metallurgical 

slag systems [77, 78]. The technique involves the preparation of a synthetic pellet 

of a predetermined composition. The pellet placed in a suitable container is 

equilibrated at a target temperature for pre-determined period of time, followed 

by rapid quenching in an ice-water bath, in liquid nitrogen, or in some other 

quenching medium. The oxide melt phase will convert to glassy phases, the 

saturated crystals will remain their solid status, and all the chemical compositions 

and crystal boundaries at high temperatures will been frozen instantly. Since the 
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phase assemblages at high temperatures were frozen, the chemical composition 

and phase boundaries can be observed by room temperature analysis or low 

temperature analysis. 
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3. Experimental 

The core part of this study is providing reliable and reproducible phase 

equilibrium information for the Cu-O-ZnO-SiO2-CaO-MgO system and its 

subsystems for industrial practices and academic researches. The classic 

equilibration/quenching/SEM/EDS+EPMA technique has been applied in the 

present study. Special attention has been paid to the preparation of the initial 

pellet, the achievement of the equilibrium, the measurement of experimental 

temperature, the quality of quenching and polishing, and the accuracy of the 

chemical composition analysis. 

3.1 Starting materials 

All the starting materials in this study are listed in Table 1, and the mass fraction 

purities and manufacturers have also been presented. 
 

Table 1. Mass fraction purities and the source of materials used in the present study*. 

Chemical Mass fraction purity* Supplier 

Cu powder 0.9996 Alfa Aesar (Germany) 

Cu cathode 0.99996 Boliden Harjavalta (Finland) 

ZnO powder 0.9999 Alfa Aesar (Germany) 

SiO2 powder 0.9999 Umicore (Liechtenstein) 

CaO powder 0.9995 Alfa Aesar (Germany) 

MgO powder 0.9995 Alfa Aesar (Germany) 

‘Cu2O’ powder 0.999** Synthetised in this work 

Quartz crucible 0.9998 OM Lasilaite Oy (Finland) 

Argon gas 0.99999 AGA (Finland) 

1% O2---99% N2 gas 0.9999 AGA (Finland) 

Platinum wire 0.9999 Johnson-Matthey Noble Metals (UK) 

Platinum foil 0.9999 Johnson-Matthey Noble Metals (UK) 

* Stated by the supplier; ** Derived from EDS and EPMA results. 
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According to experimental and thermodynamic studies of the Cu-O system [89-

97], cuprite (‘Cu2O’) is the stable phase of copper oxide rather than tenorite 

(‘CuO’) in air at temperatures above 1026 ± 4 °C. In the present study, ‘Cu2O’ was 

prepared by oxidizing A-grade cathode copper in air at 1030 °C for 144 h, followed 

by quenching in air. The product was crushed and ground into fine powders in an 

agate mortar, and the composition of the oxide was analyzed by EDS and EPMA. 

Only Cu (0.888, mass fraction) and O (0.112, mass fraction) were detected, and 

the obtained purity of the ‘Cu2O’ is included in Table 1. 

In order to prevent introducing unnecessary impurities, quartz crucibles, ‘Cu2O’ 

crucibles, Zn2SiO4 substrates, ZnO substrates, and platinum envelop were utilized 

as substrates in this study. Experiments with silica (SiO2) saturation were 

conducted in quartz crucibles. ‘Cu2O’ crucibles were used in samples with cuprite 

saturation. Zn2SiO4 and ZnO substrates were used in samples from the Zn2SiO4 

and ZnO primary phase fields. Platinum envelops, which were inert in the 

experimental conditions, were used as holding materials in samples from the 

primary phase fields of CaO and MgO. For quaternary systems, only platinum 

envelops were used as holding materials.  

Quartz crucibles are commercial products, and the purity is listed in Table 1. 

‘Cu2O’ crucibles were produced by oxidizing a manually made copper cathode 

crucible in air, and the oxidation conditions were same with the preparation of 

‘Cu2O’ powder. In the preparation of Zn2SiO4 substrates, 1.0 g mixture of SiO2 

powder and ZnO powder in mole ratio of 1:2 was mixed thoroughly in an agate 

mortar, pelletized at 10 Mpa, and then the pellets were manually shaped into a 

‘crucible’ that can contain molten phases without spreading. The shaped 

substrates were sintered in a chamber furnace at a temperature of 1400 °C in air 

for 48 hours. Identification of the Zn2SiO4 phase formation was confirmed by the 

recorded XRD patterns, which were shown in publication (1). The ZnO substrates 

were prepared in the same procedure. Sintered ZnO substrates were dense and 

strong enough in holding the molten phase. Platinum foil was used in the 

substrates sintering and ‘Cu2O’ crucibles preparation to guarantee the purities of 

these products. 

3.2 Experimental Apparatuses 

The sintering of Zn2SiO4 and ZnO substrates were carried out in a horizontal 

furnace (Heraeus, ROS 4/50, Germany) with electrical resistance of silicon 

carbide heating elements. The preparation of ‘Cu2O’ powder and ‘Cu2O’ crucibles 

were conducted in a chamber furnace (UAF 16/10, Lenton, England). 

Equilibration/quenching experiments were carried out in two vertical tube 

furnaces with electrical resistance of silicon carbide heating elements. Furnace 

(RHTV 40-250/18, Nabertherm, Germany) without gas-tight system was used for 

the experiment series in publication (1), and the temperature range from 1400 °C 

to 1700 °C. In publication (2-8), another furnace (LTF 16/--/450, Lenton, 
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England) with a gas-tight system was utilized, and the experiments were 

conducted within the temperature range from 1000 °C to 1600 °C. The 

information about furnaces used in this study have been collected and listed in 

Table 2. 
 

Table 2. Information about the furnaces used in the present study. 

Type Max. Tem. (°C) Manufacturer Usage 

ROS 4/50 1500 Heraeus, Germany 
Sintering of Zn2SiO4 and ZnO 

substrates 

UAF 16/10 1600 Lenton, England 
Preparation of ‘Cu2O’ powder and 

‘Cu2O’crucibles 

RHTV40-250/18 1800 
Nabertherm, 

Germany 

Equilibration/quenching 

experiments in publication (1) 

LTF 16/--/450 1600 Lenton, England 
Equilibration/quenching 

experiments in publication (2-8) 

 

The schematic vertical-cross section of the gas-tight system furnace, its auxiliaries 

and the suspension technique has been presented in figure 4.  
 

 

Figure 4. A schematic illustration of the temperature testing in the present study. 
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Recrystallized alumina working tube (length 120 cm, diameter 25 mm) was used 

in this study, and the specimen connected with a platinum wire was hanged at the 

hot zone of the furnace. An aluminum sheath was used to fix the position of the 

sample, and to assist immediate releasing of the sample in the quenching process. 

The top and bottom of the working tube were connected with gas flushing devices, 

and the flushing gas can be inserted into the working tube from the top, and the 

off-gas exits from the bottom. Both pure gases and gas mixtures of CO, H2, O2, N2, 

Ar and CO2 can be used in this furnace. Thus experiments can be done at various 

oxygen partial pressures. A removable rubber plug was used to seal the bottom of 

the working tube, and it was sub-merged into the water bath and then taken away 

during quenching. 

3.3 Temperature measurement 

A S-type working thermocouple (Johnson-Matthey Noble Metals, United 

Kingdom) in a re-crystallized alumina sheath was positioned immediately next to 

the specimen to test the experimental temperature. The uniform temperature hot 

zone of the furnace was firstly checked by measuring the thermal profiles at 

several temperatures from 1000 °C to 1600 °C. The temperature measuring 

system in the present study can be presented schematically in the following figure. 
 

 

Figure 5. A schematic illustration of the temperature testing system in the present study.  

The S-type thermocouple connected to a Keithley 2010 DMM multimeter 

measured the thermovoltage difference (Y mV) between the hot junction and cold 

junction. A resistance thermometer (Pt 100 platinum, SKS-group, Finland, 

tolerance class B 1/10) connected to a Keithley 2000 DMM multimeter was used 

to measure the temperature of the cold junction, which varied along with room 

temperature all the time. The measured value (T0 °C), which was a function of the 

temperature dependent resistance, can be transferred to thermovoltage signal (Z 

mV). The measured signals were transferred to a computer through an IEEE-488-
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GPIB cable. By applying the thermocouple direct and inverse polynomials, the 

real thermovoltage difference (X mV) can be interpreted to be temperatures (T 

°C), and a National Instruments LabVIEW temperature logging system is taking 

care of the calculation during the measurements.  

The thermocouple was firstly calibrated with metallic copper (in argon 

atmosphere, copper cathode, 0.99998, Boliden Harjavalta (Finland)) and water 

(in air, distilled water, self-prepared). The collected phase transformation 

temperatures (solid ↔ liquid) of copper and water were 1083.61 ± 0.2 °C and 0.17 

± 0.1 °C, respectively, which were consistent with the literature data [20]. The 

overall temperature accuracy was estimated to be ± 2 °C for the entire 

experimental temperature range of interest. 

3.4 Experimental procedure 

Pressed pellets were used in this study. Powders were dried at 110 °C, weighed in 

desired proportions, mixed thoroughly in an agate mortar, and pelletized to 5 

MPa in a 5 mm-diameter pressing tool. Total weight of the pellet was 0.2 g. The 

small size of the pellet is an advantage in approaching the equilibrium and in 

quenching the sample. 

As shown in figure 4, the specimen placed on a suitable substrate was hooked to 

a pure platinum wire (0.5-mm diameter). The sample was introduced into the 

furnace from the bottom of the working tube and was suspended in the hot zone. 

Specimen was kept in the hot zone at the target temperature for the required 

equilibration period. Once the equilibrium time was reached, and then the 

specimen was released and quenched into the ice-water bath (0 °C). Quenched 

pellets were dried immediately and mounted in epoxy resin. A polished cross 

section of the mounted specimen was prepared using the conventional 

metallographic grinding and polishing techniques.  

For systems in equilibrium with air, experiments were conducted with the 

bottom and the top of the reaction tube open to the ambient atmosphere in order 

to ensure the composition of air (ptot = 1 atm, pO2 = 0.21 atm). Experiments with 

metallic copper saturation or in particular oxygen partial pressures were carried 

out in the controlled atmosphere. In those experiments, specimen were 

introduced into the working tube by a platinum wire, and then hanged at the 

bottom. The working tube was sealed with the rub plug, and then the flushing gas 

was supplied. The specimen was pulled up to the hot zone in 30 min for the 

atmosphere exchanging of the working tube. Once, the equilibration time was 

reached, an ice-cold water bath (0 °C) was assembled to the bottom of the working 

tube, an ice-water bath (0 °C)was attached to the bottom of the tube and then the 

rub plug was demolished from the working tube. Afterwards, the specimen was 

rapidly quenched by falling into the ice-cold water bath. 
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3.5 Analysis 

Phase compositions of the sintered Zn2SiO4 and ZnO substrates were 

characterized by an X-ray diffractometer (XRD, PANalytical X’Pert Pro Powder, 

Almelo, the Netherlands), using Cu Kα1 radiation, to identify the crystal phase 

assemblages. An accelerating voltage of 45 kV, beam current of 40 mA, step size of 

0.003 ° (2θ) and a scan speed of 5 ° (2θ)/min were utilized in the analysis. The 

recorded XRD patterns were shown in publication (1). 

Polished samples were firstly carbon coated with a Leica EM SCD050 Coater 

(supplied by Leica Mikro systeme GmbH, Vienna, Austria). Microstructures of the 

sample were analyzed by a Scanning Electron Microscopy (LEO 1450 SEM, 

Germany). Backscattered electron (BSE) detector was used to preliminarily 

identify the phase assemblages in the sample. Chemical compositions of the 

phases in equilibrium were analyzed by an Energy Dispersive Spectrometer 

(Oxford INCA Wave 8570, UK). An accelerating voltage of 15 kV, beam current of 

2.65 A, spot size of 460 nm, and working distance of 15 mm were employed in the 

EDS analysis. The standards used were cuprite (‘Cu2O’) for Cu, zinc sulfide (ZnS) 

for Zn, diopside for Ca, olivine ((Mg, Fe)2SiO4) for Mg and quartz (SiO2) for Si and 

O, and all standards were purchased from equipment supplier. The spectral lines 

used for Cu, Zn, Ca, Mg, Si and O were Lα, Lα, Kα, Kα and Kα, respectively. The 

estimated detection limits of the EDS analysis is 1 wt.% The EDS results were used 

in identifying the phase compositions, and in selecting well processed samples for 

further analyzing. 

Selected samples were finally measured by an Electron-Probe Micro-Analyzer 

(EPMA) (CAMECA SX100, France). An accelerating voltage of 15 kV or 20 kV, 

beam current of 10-40 nA and spot sizes of 1-100 µm were utilized in the analysis 

depending on the analyzed phase. The standards used in this work were natural 

minerals (metallic copper for Cu, Kα; sphalerite for Zn: Kα; quartz for Si, Kα; lime 

for Ca: Kα; periclase for Mg, Kα; hematite for O: Kα). Thus, one spectrometer was 

used for oxygen analysis in all samples and the reported oxygen concentration 

data in publications (1-8) were based on direct observations, not subtracted from 

the cation analyses. All standards were purchased from Astimex Scientific ltd, 

Canada. The raw measurement data were corrected using the PAP on-line matrix 

correction program [98]. The detection limits of EPMA analysis in the present 

study were estimated by the analyses software to be O, 1636 ppm; Ca, 192 ppm; 

Zn 1054 ppm. The standard uncertainty of EMPA analysis is 0.1% wt.% in the 

present study. The EPMA results were more accurate than the EDS results, so 

they were used in fitting the phase boundaries. 

3.6 Time series pre-experiments 

Particular attention was paid to ensure the achievement of real equilibrium, by 

approaching the final equilibrium compositions with variation of the equilibration 
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time. A longer equilibration time is a positive factor in approaching the real 

equilibrium. However, optimized equilibration time will be helpful in economic 

evaluation and work efficiency. What is more, the high vapor pressure of ZnO at 

elevated temperatures brought lot of difficulties as well.  

Equilibration time, the system temperature, properties of system components, 

phase assembles in the equilibrium, the system oxygen partial pressure, and many 

other factors will affect the achievement of equilibrium. Pre-experiments at 

different systems were carried out at different boundary conditions (primary 

phase types, temperature, oxygen partial pressure etc.), and equilibration time 

was the only variable in different experiment series. Equilibrium was achieved 

from both powder samples and solid solution samples. Achievement of the 

equilibrium was determined by measuring the composition of the samples 

equilibrated with different times. In order to confirm the achievement of the 

equilibrium, the equilibration experiments were repeated starting from both pure 

oxide powders and from a single-phase solid solution. Homogeneous structures in 

BSE micrographs and consistent chemical compositions in EDS results were 

evidences of well processed samples. 
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4. Results and discussions 

The Cu-O-ZnO-SiO2-CaO-MgO system and its subsystems are target systems in 

the present study. The liquiudus information, solidus information, sub-solidus 

information and solubility behaviors in those systems have been systematically 

investigated. Attempts have been made to determine the phase relationships in 

three binary systems, two ternary systems, and three quaternary systems. 

Temperature is the most important factor, which was studied in all the work, and 

various oxygen partial pressures (metallic copper saturation, under oxygen partial 

pressures of 0.01 atm and 0.21 atm) and a wide temperature ranges (1000°C – 

1700°C) have been applied in different systems. 

4.1 Determination of equilibrium time 

Samples in different systems usually acquire different equilibration time, and it 

also varies with initial compositions and the experimental temperature. Since 

experiments were carried out from fine powders, the behavior of small particles in 

the annealing process has also significant importance in determining the 

equilibrium time and in analyzing the chemical compositions of the phases in 

equilibrium. A typical example can be found in the ZnO-CaO binary system, and 

the microstructures of samples equilibrated with different time and at different 

temperatures are shown in the following figure. 
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Figure 6. Backscattered SEM images of the initial pellet and samples equilibrated in the ZnO-CaO 
system: (a) 0 h, initial pellet; (b) 1100 °C for 1 h; (c) 1100 °C for 40 h; (d) 1500 °C for 1 h; (e) & (f) 
1600 °C for 0.5 h. 

As shown in figure 6 (a), starting materials have been crushed and ground into 

very fine particles, and have been mixed properly in the initial pellet. By 

comparing figure 6 (b) and figure 6 (c), we can find that the remaining water was 

removed from the sample during the annealing process, and the porous 

microstructure was gradually sintered. Particles grown bigger in the equilibration 

process. In figure 6 (d), particle size were bigger than those in figure 6 (c), and 

that is because of the increasing of equilibration temperature. As shown in figure 

6(e) and figure 6(f), when the temperature was high enough, liquid oxide phase 

started to form, and the solid phase was surrounded by the molten phase.  

Generally, the approaching of the equilibrium can be divided into the following 

stages: 1), dehydration reactions take place at the beginning of the process, and 

some phases may melt instantly when the temperature is higher than their 
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melting points; 2), particles are gradually sintered together, and solid phases are 

wetted by molten phases; 3), chemical reactions and diffusions take place at the 

boundaries between phases and particles; 4), indeed, all the reactions and 

diffusions reach their equilibrium. The secondary fluorescence from tiny particles 

will influence the accuracy of the EDS and EPMA analyses, and the fluorescence 

can be reduced by running the experiment with long equilibration time. Time 

series pre-experiments at different temperatures were conducted to determine the 

proper equilibrium time in different systems. The achievement of the equilibrium 

was determined by evaluating the homogeneity of phases in the sample and the 

consistency of the EDS results. Both equilibration time and starting composition 

of the pellet will be adjusted according to the SEM&EDS results. The proper 

equilibration time in different systems were collected and present in the following 

Table. 

 

Table 3. Equilibrium time in different systems used in the present study. 

System Atmosphere Primary phase Temperature Equilibrium time 

ZnO-SiO2 pO2 = 0.21 atm SiO2 ≤ 1450 °C 8 h 

  SiO2 ≥ 1540 °C 2 h 

  ZnO & Zn2SiO4 ≤ 1450 °C 1 h 

  ZnO & Zn2SiO4 ≥ 1540 °C 0.25 h 

ZnO-MgO pO2 = 0.21 atm ZnO & MgO ≤ 1100 °C 20 h 

  ZnO & MgO ≥ 1500 °C 2 h 

ZnO-CaO pO2 = 0.21 atm ZnO & CaO ≤ 1100 °C 40 h 

  ZnO & CaO ≥ 1500 °C 1 h 

Cu-O-SiO2 pO2 = 0.21 atm Cu2O  1100 °C 12 h 

  SiO2 1100 °C 12 h 

  SiO2 1300 °C 8 h 

  SiO2 1500 °C 4 h 

 In Argon SiO2 ≤ 1300 °C 4 h 

 pO2 = 0.01 atm SiO2 1500 °C 0.5 h 

Cu-O-ZnO pO2 = 0.21 atm Cu2O  1100 °C 12 h 

  ZnO 1200 °C 4 h 

  ZnO 1350 °C 2 h 

  ZnO 1500 °C 0.25 h 

 In Argon Cu2O 1220 °C 12 h 

  ZnO ≥ 1250 °C 4 h 

Cu-O-ZnO-SiO2 pO2 = 0.21 atm SiO2& ZnO & Zn2SiO4 1200 °C 4 h 

  SiO2& ZnO & Zn2SiO4 1300 °C 2 h 

  SiO2& ZnO & Zn2SiO4 1400 °C 0.5 h 

Cu-O-ZnO-MgO pO2 = 0.21 atm ZnO & MgO ≤ 1200 °C 12 h 

  ZnO & MgO ≥ 1300 °C 6 h 
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Cu-O-ZnO-CaO pO2 = 0.21 atm ZnO & CaO 1100 °C 8 h 

  ZnO & CaO 1500 °C 1 h 

 

As shown in the table, copper oxide (‘CuO’ or ‘Cu2O’) containing systems are faster 

in reaching the equilibrium than copper free systems. Because of the low melting 

points of copper oxides and the wetting effect of melted copper oxide can provide 

better kinetic conditions for reactions and diffusions. In copper free systems, the 

equilibration usually requires more time, and that is because the relative slow ion 

diffusion rate between solid particles. By comparing the equilibration time in 

Table 3, it is also easy to find that high order systems are normally easier to reach 

equilibrium than its subsystems, because they exhibit lower eutectic 

temperatures. So it is very important to use high purity starting materials, keep 

the experimental apparatuses clean and follow standard polishing procedures.  

Those well equilibrated/quenched/polished/coated samples were further 

analyzed by EPMA. 10 independent measuring points from each phase were 

analyzed in each sample to quantify the chemical composition.  

4.2 Binary systems in equilibrium with air 

4.2.1 ZnO-SiO2 system 

Chemical compositions of the phases in equilibrium have been analyzed by EDS 

and EPMA, and all the results obtained have been presented in publication (1). 

Results from the present study have been compared with the phase diagram 

calculated by MTDATA 5.10 software and its Mtox 8.1 database, and the 

observations from previous researchers. Both the comparison together with 

typical microstructures of the sample is depicted in the following figure. 
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Figure 7. The isopleth phase diagram of the binary SiO2-ZnO system in air (ptot = 1 atm, pO2 = 0.21 
atm), with sample microstructures and results from various studies [99-103] superimposed. 

As shown in figure 7, there is a large liquid immiscibility region in the SiO2 rich 

side at elevated temperatures, one stoichiometric compound (Zn2SiO4), four 

phases (liquid oxide, SiO2, ZnO and Zn2SiO4), and two eutectic points in this 

system. Silica has two different polymorphs in the studied temperature range. 

Tridymite transfers into cristobalite at 1470 °C. ZnO and Zn2SiO4 are in the 

mineral forms of wurtzite and willemite, respectively. Significant differences have 

been found between the experimental results of the present study and the 

thermodynamic description in the Mtox 8.1 database. The calculation in MTDATA 

5.10 software is based on the work of Bunting in 1930s [100], when the 

experimental equipment and raw materials influence the results a lot. The results 

of the present work are in good agreement with the recent work of Hansson et al 

[103]. The concentration of ZnO in the liquid oxide phase at the SiO2 primary 

phase field is a little lower than that reported by Hansson et al. The impurities in 

Hansson’s starting materials may contribute to the uncertainties in his results.  

Eutectic points of the system have been re-studied by experimental approaches. 

Temperature series experiments were conducted to determine the eutectic 

reactions, and the temperature step was set as 5 °C. Chemical composition of the 

eutectic point was determined by analyzing the composition of the liquid oxide 

phase formed at the lowest temperature. Samples starting from fixed xZnO/xSiO2 

ratios were equilibrated at different temperatures, and the phase assemblages in 
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the sample were carefully determined by the SEM-EDS analyses. Microstructures 

of the eutectics reactions in the ZnO-SiO2 system were presented in figure 8. 

 

 

Figure 8. The microstructure of eutectic in the binary SiO2-ZnO system: (a) xZnO/xSiO2 = 1, 1440 °C, 

L → SiO2 + Zn2SiO4; (b) xZnO/xSiO2 = 9, 1495 °C, L → ZnO + Zn2SiO4. 

As shown in figure 8 (a), both primary and secondary SiO2 particles were in 

equilibrium with the Zn2SiO4 phase in the sample equilibrated at 1440 °C. When 

the xZnO/xSiO2ratio was fixed to 1, liquid oxide phase can be detected in samples 

equilibrated higher than 1440 °C. These results revealed that the eutectic point 

between SiO2 and Zn2SiO4 is 1442 ± 2 °C, and 0.52 ± 0.01 mole fraction of ZnO.  

The same strategy was applied in determining the eutectic point between ZnO 

and Zn2SiO4. The xZnO/xSiO2ratio was set as 9, and eutectic microstructure can be 

found in the sample equilibrated at 1495 °C in figure 8 (b). Thus the eutectic point 

was found to be 1497 ± 2 °C, and 0.71 ± 0.01 mole fraction of ZnO.  

4.2.2 ZnO-CaO system 

The solubility behavior of ZnO and CaO in each other have been systematically 

investigated in this study, and the eutectic point of this system has been 

determined, parts of the liquidus lines have also been studied. Phase assemblages 

in the samples were determined by SEM and XRD, and the recorded XRD 

patterns were presented in publication (2). Two crystal phases were found at low 

temperatures, and one crystal phase exists at temperatures over 1535 °C. The XRD 

results indicated the formation of non-crystal phase (liquid oxide) within the 

temperature window, and the BSE pictures revealed the hypothesis. Chemical 

compositions of the phases in equilibrium were analyzed by EPMA, and the 

detailed EPMA results have been presented in publication (2). The results from 

the present study were used to construct the binary phase diagram of the ZnO-

CaO system, and the best fitted phase boundaries have been compared with the 

phase boundaries calculated by MTDATA 5.10 software and its Mtox 8.1 database. 

Both the comparison and microstructures of the samples are presented in the 

following figure. 
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Figure 9. The isopleth phase diagram of the binary ZnO-CaO system in air (ptot = 1 atm, pO2 = 0.21 
atm), with sample microstructures superimposed. 

As shown in figure 9, there is no compound in this system, and only one simple 

eutectic point with two primary phases (CaO and ZnO) in the phase diagram. The 

mineral forms of CaO and ZnO in this system are halite and wurtzite, respectively. 

Huge differences can be found between the best fitted phase boundaries and the 

calculated ones. The calculation in MTDATA 5.10 software is based on 

extrapolations, because of the shortage of experimental data. Both CaO and ZnO 

have obvious solubilities in each other, and the solubility of ZnO in solid CaO 

phase is higher than the CaO solubility in ZnO solid phase. The eutectic 

temperature was found to be much lower than the assessed value. In order to 

determine the eutectic point, temperature series experiments were carried out, 

and the microstructure of the eutectic reaction in the ZnO-CaO system is 

presented in figure 10. 
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Figure 10. The microstructure of eutectic in the ZnO-CaO system, 1535 °C, L ↔ ZnO + CaO. 

As shown in figure 10, the liquid oxide phase was in equilibrium with two solid 

phases (CaO and ZnO). Chemical composition analyses revealed that both ZnO 

solid solution and CaO solid solution can dissolve the maximum amount of 

solutes at 1535 °C. Basing on thermodynamic evaluation of phase assemblages, 

the eutectic point of the ZnO-CaO system was found to be 1535 ± 2 °C, and 0.66 ± 

0.01 mole fraction of ZnO. 

4.2.3 ZnO-MgO system 

Several studies have been made to investigate the solubility behaviors of MgO and 

ZnO in this system. But obvious discrepancies were found among those results. 

Sub-solidus phase relationships of the MgO-ZnO system in equilibrium with air 

(ptot = 1atm, pO2 = 0.21 atm) have been studied within the temperature range from 

1000 °C to 1600°C. Well prepared samples were analyzed by EPMA, and the 

detailed solubility data were presented in publication (3). The results from the 

present and previous studies have been compared with the binary MgO-ZnO 

phase diagram calculated by MTDATA 5.10 software and its Mtox 8.1 database, 

and the comparison is depicted graphically in figure 11.     
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Figure 11. The isopleth phase diagram of the binary ZnO-MgO system in air (ptot = 1 atm, pO2 = 0.21 
atm), with the microstructure and the solubility data from various studies [104-110] superimposed. 

As shown in figure 11, there is no ternary compound in this system, in the 

conditions of the present study. Both ZnO and MgO have obvious solubilities in 

the other terminal phase. The solubility of ZnO in solid halite (MgO) phase in the 

present study, which is higher than previous studies [104-110], shows a good 

consistence with the calculation by MTDATA 5.10software. The loss of ZnO at 

elevated temperatures and experimental errors lead to a large scatter between the 

present study and the previous observations. The calculated ZnO solubility in 

halite-structured MgO phase at 927 °C [104] is far from the other experimental 

data. Solid wurtzite-structured ZnO phase can dissolve much more MgO than the 

calculated values and the experimental data from previous studies [105, 108, 109]. 

The deviation is resulted from the quality of starting materials and accuracy of 

analytical techniques. However, the experimental points of the present study 

agree well with the values reported by Sapozhnikov et al. [107]. The calculated 

binary eutectic point locates at 1808.40 °C and 0.775 mole fraction of ZnO, which 

is different from the speculation (around 1832 °C and 0.57 mole fraction of ZnO) 

by Segnit and Holland [106]. Further experimental approach of the eutectic 

temperature and composition are needed in determining the accurate eutectic 

point of the MgO-ZnO phase diagram. 
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4.3 Ternary system equilibrated at various pO2 

4.3.1 Cu-O-ZnO system 

Reliable thermodynamic description of the Cu-O-ZnO system is significantly 

important from both metallurgical and advanced materials preparation 

industries. However, there is no study in this system, and all the phase diagrams 

available are calculated from extrapolations. In this study, reliable experimental 

work were conducted in two oxygen partial pressures (in air and in argon), and 

constant results have been collected. The microstructure of the sample in 

equilibrium with air and the phase relationships have been presented in the 

following figure.  
 

 

Figure 12. The isopleth phase diagram of the binary ‘Cu2O’-ZnO system in air (ptot = 1 atm, pO2 = 
0.21 atm), with the microstructure of the sample and results from this study superimposed. 

As shown in the BSE micrograph in figure 12, there were two phases in 

equilibrium. The solid ZnO crystals appear to be roundish particles in the sample, 

and the contrast of the liquid oxide phase is close to that of the solid phase. The 

difference between the calculated phase diagram and the experimental data is 

significant as shown in figure 12. The experimental liquid oxide phase region is 

much smaller than the one in the calculation, and it is because of the shortage of 
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experimental data in the Mtox 8.1 database. The ZnO concentration in the liquid 

oxide phase increases slowly along with increasing temperature, which is very 

important and interesting phenomenon in waste brass recycling. The phase 

transition temperature between tenorite (‘CuO’) and cuprite (‘Cu2O’) is 1026 °C, 

which is in good agreement with the Cu-O system critical points from other 

researchers [89-97].  
 

 

Figure 13. The isothermal sections of the Cu-O-ZnO system, with the experimental data from the 
present study superimposed. 

Five experiments in the temperature range of 1205 °C to 1300 °C have been 

conducted to approach the equilibrium of the Cu-O-ZnO ternary system in 

equilibrium with metallic copper, and the obtained EPMA results were presented 

in publication (4). Isothermal sections of the Cu-O-ZnO system were used in 

presenting the results from the present study. For better comparison, enlargement 

of the ‘Cu2O’-rich region have been presented. According to the 75Cu-25ZnO-50O 

triangular sections in figure 13 (a) and figure 13 (b), there are three triple-points 

in this system: the first one with metallic copper, liquid oxide and cuprite  

coexisting; the second one with metallic copper, liquid oxide and zincite-

structured ZnO coexisting; the third one with liquidoxide, zincite-structured ZnO 

and gas coexisting. Above the melting point of cuprite (‘Cu2O’, 1223 ± 2 °C), the 

first triple-point disappears, as shown in figure 13 (c) and figure 13 (d). With 
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increasing temperature, the area of liquid oxide grows larger, which is important 

for high-temperature processes [27-29]. The concentrations of ZnO in the 

experimental points are relatively close to the calculated ones. However, the 

calculated concentration of Cu in the molten oxide is higher than the present 

experimental values. 
 

 

 

Figure 14. The microstructures of the samples in determining the eutectic points in the Cu-O-ZnO 
system: a) in air, 1095 °C; b) in air, 1100 °C; c) in argon, 1205 °C; d) in argon, 1210 °C. 

As shown in figure 14 (a) and (b), the liquid oxide phase started to form when the 

temperature was raised from 1095 °C to 1100 °C, which indicated that the eutectic 

temperature of the ‘Cu2O’-ZnO system was 1098 ± 2 °C, and 0.10 ± 0.01 mole 

fraction of ZnO.  

Metallic copper was in equilibrium with two phases in figure 14 (c) and (d), and 

the liquid oxide phase was detected when temperature was above 1210 °C. The 

eutectic point of the Cu-O-ZnO system in equilibrium with metallic copper was 

determined to be 1208 ± 2 °C, and 0.63 ± 0.01 mole fraction of Cu, and 0.03 ± 

0.01 mole fraction of ZnO.  

4.3.2 Cu-O-SiO2 system 

Several techniques have been applied to study the phase equilibria of the Cu-O-

SiO2 system [111-115]. The results of the present study have been compared with 

the previous experimental studies and the phase diagram calculated by MTDATA 

5.10 software with Mtox 8.1 database, and the comparisons together with the 

microstructure of the sample are depicted graphically in the following figure. 
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Figure 15. The isopleth phase diagram of the binary ‘Cu2O’-SiO2 system in air (ptot = 1 atm, pO2 = 
0.21 atm), with the microstructure and results from various studies superimposed. 

No ternary compounds have been detected in this study.  As shown in figure 15, 

the binary eutectic was calculated to locate at 1053.3 °C with 0.226 mole fraction 

of SiO2. The liquidus line within the temperature range from 1065 °C to 1350 °C is 

consistent with the results of experimental work by Hidayat et al. [115], and the 

phase diagram calculated by MTDATA 5.10 software with Mtox 8.1 database. 

However, the current experimental SiO2 concentrations in the liquid oxide phase 

at high temperatures, above 1350 °C, are higher than the calculated ones. 

Attempts in various oxygen partial pressures (in argon,  pO2 = 0.01 atm) have been 

made to investigated the phase equilibria in the Cu-O-SiO2 system within a 

temperature range from 1180 °C to 1500 °C. The obtained EPMA results were 

listed in publication (5). Isothermal sections of the Cu-O-SiO2 system combined 

with oxygen iso-activity contours were used in presenting the results of the 

present study. 
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Figure 16. The calculated phase diagram of the Cu-O-SiO2 ternary system in total pressure of 1 atm 
with Cu, O and SiO2 as terminal phases at (a) 1192 °C, (b) 1200 °C, (c) 1330 °C and (d) 1500 °C, 
with the obtained experimental points (� and �) superimposed; the isoactivity contours of oxygen 
(dashed lines)  have also been calculated using MTDATA 5.10 and Mtox 8.1 database, with pure 
gaseous oxygen O2(1 atm) as standard state, the experimental points from the present study were 
superimposed for comparison. 

As shown sections in figure 16 (a) and figure 16(b), there are three triple-points in 

this system: the first one with metallic copper, liquid oxide and cuprite coexisting; 

the second one with metallic copper, liquid oxide and tridymite coexisting; the 

third one with liquid oxide, tridymite and gas coexisting. Above the melting point 

of cuprite (‘Cu2O’, 1223 ± 2 °C), the first triple point disappears. For a better 

comparison, enlargements of the ‘Cu2O-rich’ region have been presented in figure 

16. With increasing of temperature, the domain of liquid oxide grows larger. The 

experimental points within the temperature range from 1200 °C to 1330 °C are 

relatively close to the calculated ones. Above the critical point of the Cu-O system 

(1347 °C) [89-97], the difference between calculated and experimental phase 

boundary is significant, because of the lack of high temperature information about 

the Cu-O-SiO2 ternary system in the assessment of Mtox database. The 

microstructures of the samples in determining the eutectic points in the Cu-O-

SiO2 system are presented in the following figure. 
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Figure 17. The microstructures of the samples in determining the eutectic points in the Cu-O-SiO2 
system: a) in air, 1060 °C; b) in air, 1065 °C; c) in argon, 1180 °C; d) in argon, 1185 °C. 

Tridymite (SiO2) was found to be in equilibrium with cuprite (‘Cu2O’) and liquid 

oxide in figure 17 (a) and (b), respectively. When the system was in equilibrium 

with air, the eutectic point was found to be 1063 ± 2 °C, and 0.23 ± 0.01 mole 

fraction of SiO2.   

Metallic copper was in equilibrium with two other phases in figure 17 (c) and 

(d), and the liquid oxide phase started to form when the temperature was above 

1185 °C, which indicated that the eutectic point of the Cu-O-SiO2 system was 1183 

± 2 °C, and 0.08 ± 0.01 mole fraction of SiO2, and 0.60 ± 0.01 mole fraction of Cu, 

when the system was in equilibrium with metallic copper. 

4.4 Quaternary system in equilibrium with air 

4.4.1 Cu-O-ZnO-CaO system 

Phase relationships of the Cu-O-ZnO-CaO system in equilibrium with air (ptot = 1 

atm, pO2 = 0.21 atm) have been studied within the temperature range from 1000 

°C to 1500 °C. The chemical compositions of the molten oxide phase and solid 

phases were analyzed by EPMA, and presented in publication (6). Results from 

the present study and the previous study [116] have been used in constructing the 

liquidus isotherms of the Cu-O-ZnO-CaO system. The constructed liquidus 

surfaces have been compared with the computational isothermal sections 

calculated by MTDATA 5.10 software with its Mtox 8.1 database, and a 

comparison is presented in the following figure. 
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Figure 18. The comparison of the best fitted phase boundaries and the calculated phase 
boundaries in the ‘Cu2O’-ZnO-CaO system (ptot = 1 atm, pO2 = 0.21 atm) at 1100 - 1500 °C. 

As shown in figure 18, the liquidus surfaces expand dramatically along with 

increasing temperature, and move simultaneously towards halite-structured CaO 

and wurtzite-structured ZnO. Differences between the best fitted phase 

boundaries and the assessed isothermal sections of the ‘Cu2O’–ZnO–CaO system 

are significant, because of the shortage of experimental data about the subsystems 

in the assessment. The concentrations of cuprite (‘Cu2O’) in the liquid oxide 

phases equilibrated in those univariant equilibria conditions decrease rapidly 

along with increasing temperature. The concentration of wurtzite-structured ZnO 

in the liquid oxide phases equilibrated at the triple points increase along with 

increasing temperature, but the concentrations of halite (CaO) are rather 

constant, which matches well with the calculation by MTDATA 5.10 software. 

The eutectic point of the ZnO-CaO system is supposed to be slightly higher than 

1500 °C, which agrees well with the value of 1535 ± 2 °C in publication (2). 

Liquidus compositions of the ‘Cu2O’-ZnO subsystem are in good agreement with 

the experimental points from publication (4). 
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Figure 19. The microstructure of eutectic in the Cu-O-ZnO-CaO system (ptot = 1 atm, pO2 = 0.21 
atm) at 1020 °C, L ↔‘CuO’ + ZnO + CaO. 

The phase transition temperature between tenorite (‘CuO’) and cuprite (‘Cu2O’) 

has been determined to be 1026 ± 4 °C. So tenorite (‘CuO’) will be the copper 

oxide when the experimental temperature was lower than 1026 ± 4 °C. As shown 

in figure 19, three solid phases (tenorite (‘CuO’); halite (CaO); wurtzite (ZnO)), 

together with one glassy phase (liquid oxide) were found in the specimen 

equilibrated at 1020 °C, indicating that the eutectic point of the Cu-O-ZnO-CaO 

system is located at 1020 ± 2 °C, and 0.6785 mole fraction of ‘tenorite (‘CuO’), 

0.1422 mole fraction of wurtzite (ZnO), and 0.1793 mole fraction of halite (CaO).  

4.4.2 Cu-O-ZnO-MgO system 

The liquidus surfaces of the Cu-O-ZnO-MgO system in equilibrium with air (ptot=1 

atm, pO2= 0.21 atm) has been investigated within the temperature range from 

1100 °C to 1400 °C. Results from the present work and a previous study [117] have 

been compared with the computational isothermal sections calculated by 

MTDATA 5.10 software using its Mtox 8.1 database, and the comparison is 

presented in the following figure.  
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Figure 20. The comparison of the best fitted phase boundaries and the calculated phase 
boundaries in the ‘Cu2O’-ZnO-MgO system (ptot = 1 atm, pO2 = 0.21 atm) at 1100 - 1400 °C. 

As shown in the figure, the liquidus surface of the ‘Cu2O’-ZnO-MgO system is 

relatively narrow within the temperature range from 1100 °C to 1400 °C, and the 

experimental points were far from the calculated phase boundaries. The 

significant difference was resulted from the lack of experimental data in the 

database. Both the liquiuds results and the solubility data in the present study will 

be useful in re-assessing this system. The concentration of MgO in the liquid oxide 

phase is constant and low, which supports the idea that MgO based refractory 

materials are suitable for copper smelters. ‘Cu2O’ contents in the triple points 

were relatively high, and they decrease along with increasing temperature. In the 

‘Cu2O’-ZnO-MgO system, the liquid oxide phase starts to form in the ‘Cu2O’ and 

ZnO rich regions, and expands gradually towards the MgO primary phase field. 

Extensive solubility behaviors have been detected in this system, as halite-

structured MgO solid solution can dissolve both ‘Cu2O’ and ZnO in the current 

experimental conditions.  

4.4.3 Cu-O-ZnO-SiO2 system 

The phase equilibria of the Cu-O-ZnO-SiO2 system in equilibrium with air (ptot = 1 

atm, pO2 = 0.21 atm) have been determined within the temperature range from 

1200 °C to 1400 °C. No ternary compounds have been detected. There are three 

solid primary phases (SiO2, Zn2SiO4, and ZnO) and two invariant points (liquid 

oxide + SiO2 + Zn2SiO4, and liquid oxide + Zn2SiO4 + ZnO) at each temperature. 
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The positions of those invariant points and the tendency of liquidus surface were 

experimentally determined, and the chemical compositions of the phases in 

equilibrium were analyzed by EPMA. Results from the present study and previous 

studies have been compared with the computational isothermal sections 

calculated by MTDATA 5.10 software with its Mtox 8.1 database. In the phase 

equilibrium calculations of the Cu-O-ZnO-SiO2 system in MTDATA, Cu, O2, ZnO 

and SiO2 were selected as the system components, and temperature and pressure 

were set according to the used experimental conditions. A quasi-ternary ‘Cu2O’-

ZnO-SiO2 phase diagram was used to present the phase equilibria of the system, 

and a comparison is depicted in the following figure. 
 

 

Figure 21. Calculated triangular sections of the ‘Cu2O’–ZnO–SiO2 quasi-ternary system (ptot = 1 
atm, pO2=0.21 atm), with experimental points superimposed, at 1200 to 1400 °C. 

According to figure 21, the consistence between the calculated diagram and the 

experimental data is good at low temperatures in the binary ‘Cu2O’–SiO2 sub-

system. Once ZnO was introduced into the system, differences between the 

calculated values and experimental results became significant, because of the 

shortage of experimental data in assessments of the Cu-O-ZnO and ZnO–SiO2 

subsystems. The liquidus surface of ‘Cu2O’–ZnO–SiO2 system keeps expanding 

along with increasing temperature. Results from the present study show that the 

liquidus surface moves mainly towards the terminal phases of ZnO and Zn2SiO4.  
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The concentrations of ‘Cu2O’ at the invariant points decrease dramatically along 

with increasing temperature, but their SiO2 concentrations are relatively constant. 

4.5 Copper oxide solubility behaviors 

The behavior of copper in a copper smelting flow sheet is very important for the 

smelter. The behavior of copper oxide in the liquid oxide phase have been 

presented and discussed in detail in sections 4.2 to 4.4. However, the solubility 

behavior of copper oxide in the other terminal phases were also very interesting 

and important in designing advanced solid solution materials and in recovering 

copper from secondary materials. Copper oxide solubility data in these binary 

systems have been collected and presented in the following figure. 
 

 

Figure 22. Measured ‘Cu2O’ solubilities in terminal phases of ZnO, SiO2, CaO and MgO, and results 
were taken from the present study and previous studies [116-118]. 

According to figure 22, ‘Cu2O’ has the highest solubility in solid MgO, and it shows 

a decreasing tendency along with increasing temperature. When the Cu-O-ZnO 

system is in equilibrium with air (ptot = 1 atm, pO2=0.21 atm), the ZnO phase can 

dissolve around 1.5 at.% ‘Cu2O’ within the temperature range from 1100 °C to 

1500 °C, and it also decreases along with increasing temperature. However, when 

the Cu-O-ZnO system is in equilibrium with metallic copper (ptot = 1 atm, in 
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argon), the ‘Cu2O’ solubility shows an increasing tendency along with increasing 

temperature. The ‘Cu2O’ solubility in solid SiO2 is relatively constant at all 

temperatures and oxygen partial pressures, and it is around 0.50 mol%. ‘Cu2O’ 

has the lowest solubility in solid CaO phase, and it is around 0.20 mol%.  

In ternary systems, both temperature and other components will affect the 

‘Cu2O’ solubility behavior. In publications(6, 8), the solubility behaviors of ‘Cu2O’ 

were presented in enlarged corners of the ‘Cu2O’-ZnO-CaO system and the 

‘Cu2O’–ZnO–SiO2. It always decreases along with increasing temperature. The 

‘Cu2O’ solubility in the ‘Cu2O’-ZnO-MgO system has been presented in figure 20, 

and the ‘Cu2O’ solubility behaviors are in good agreement with those in binary 

systems.
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5. Summary 

In this study, the equilibration/quenching/SEM/EDS+EPMA technique has been 

successfully applied in investigating the phase relationship in the Cu-O-ZnO-SiO2-

CaO-MgO system and its subsystems. MTDATA 5.10 software and its Mtox 8.1 

database have been used to calculate phase diagrams of these target systems.  

Firstly, proper equilibration time in different systems (at different boundary 

conditions) has been systematically determined. Properties of system components, 

experiment temperatures and system oxygen partial pressures will affect the 

equilibration time. In general, high order systems require less time in achieving 

the equilibrium, and copper containing systems are easier to equilibrate.  

Secondly, experimental investigations in related systems were carried out. 

Liquidus compositions of the ZnO-SiO2 system, the ZnO-CaO system, the Cu-O-

ZnO system, the Cu-O-SiO2 system, the Cu-O-ZnO-SiO2 system, the Cu-O-ZnO-

CaO system, and the Cu-O-ZnO-MgO have been obtained. The phase equilibria in 

the Cu-O-ZnO system and in the Cu-O-SiO2 system have been determined in 

various oxygen partial pressures. Eutectic points of these systems have also been 

determined experimentally. Solubility behaviors of MgO and ZnO  in the MgO-

ZnO system have been investigated within the temperature range from 1000 °C to 

1600 °C. Experimental results obtained from the present study have been used in 

constructing phase diagrams in related systems. Best fitted phase diagrams have 

been compared with the literature data and calculated phase diagrams by 

MTDATA 5.10 software and Mtox 8.1 database. Differences are significant, and 

the thermodynamic descriptions of related systems should be updated.  

 Lastly, solubility behaviors of ‘Cu2O’ in the terminal phases of ZnO, SiO2, CaO 

and MgO have also been systematically studied. At the boundary conditions of the 

present study, ‘Cu2O’ has the largest solubility in MgO solid solution, and has the 

smallest solubility in CaO solid solution. ‘Cu2O’ solubilities in these oxides show 

decreasing tendencies along with increasing temperature. But, ZnO solid solution 

can dissolve more ‘Cu2O’  by increasing the system oxygen partial pressure.  

The studied system and its subsystems have an important impact on both the 

metal producing industry and on the advanced material preparation industry. 

Phase equilibria information can be useful in optimizing metallurgical processing 

parameters. They can also provide a road map in designing new materials and in 
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promoting the properties of products. Thermodynamic modelers may also need 

those experimental data, which can be used in developing the thermodynamic 

database. Therefore, present study has provided novel experimental data for both 

academic and industrial use.  

By applying the experimental results obtained from this study, thermodynamic 

descriptions of the Cu-O-ZnO-SiO2-CaO-MgO system and its subsystems will be 

re-assessed. In the future, some more components, such as FexO and Al2O3, will 

also be taken into account in building the database. 
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