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Abstract
 

Recycling of secondary raw materials by non-ferrous metal producers is steadily increasing. 

These materials inevitably introduce various impurities to the production furnaces, which can 

change the chemical composition, and thereafter, the physical and chemical properties of the 

products and by-products.  

Alumina is one of the most common and significant impurities that enters the furnaces in 

different ways. Finding a balance between the recycling advantages and possible adverse 

effects of the increased alumina content in the process is of great interest to the metals 

industry.  

In the current work, effects of alumina on two of important properties (melting and leaching 

behaviours) of an actual industrial fayalite slag, from a Swedish copper producer, is 

investigated.  

A reference slag sample, devoid of alumina addition, and three different mixtures of slag with 

5, 10, and 15 wt-% alumina addition were prepared. After homogenization (re-melting) of the 

mixtures, in an induction furnace, the materials were characterized using scanning electron 

microscopy (SEM) and X-ray diffraction (XRD). A standard single stage leaching test was 

used to study the leaching behaviour of the samples. Differential scanning calorimetry (DSC), 

Pt-Rh pans, was applied to investigate the melting and solidification properties of the 

mixtures. 

Results show that, olivine, spinel, and augite based solid solutions are the three main 

constituents of the samples. Addition of alumina to the slag increases the amount of spinel 

solid solution and changes its composition from iron rich to aluminum rich. The slag shows 

an alumina saturation limit between 5 and 10 wt-% alumina additions. Chemical composition 

of the major phases does not change above the saturation and excess amount of aluminum is 

consumed for formation of a new aluminum containing phase, anorthite. Below the saturation 

limit, alumina addition causes a relatively sharp increase in the melting temperature of the 

slag, and at the same time, an increase in the leached amounts of the elements is seen. 

Alumina addition, close to the saturation limit of the slag, lowers the leachability 

considerably, while the melting characteristics are not changed dramatically. However, above 

the saturation limit, a more complex transition occurs as the partial melting and leached 

amounts of most of the elements increase.  
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In order to achieve an appropriate melting and leaching characteristics, the total alumina 

content of the slag must be close to its saturation limit. The grounds and influential 

parameters on such behaviours are thoroughly discussed.  
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1. Introduction 
 

Slag is a by-product of smelting, welding, and other metallurgical processes, which is formed 

from impurities, added slag formers and fluxes in treated metals or ores. In 2005, global 

copper production was about 15 million tones [1], and it is estimated that production of each 

tone of copper results in the generation of 2.2 tones of slag [2]. To optimise metallurgical 

outcomes and reduce operating costs, slag’s chemical composition and phase distribution, and 

in turn its chemical and physical properties, must be controlled. Some of the properties are 

important for in-process purposes, while some are important for post-process applications. 

Some examples of the properties that can be changed due to alteration of the chemical 

composition are summarized below.  

1) Selectivity of the slag to attract undesirable elements with low dissolution of 

valuable metals [3]   

2) Surface tension and density, which influence the slag/matte separation [4, 5]  

3) Liquidus temperature, which can play an important role in flow 

characteristics, slag/matte separation, and overall economy of the process [6-

9]  

4) Viscosity, which directly controls the fluidity and the level of attack against 

the furnace lining [4, 10]. In addition, viscosity governs many other 

characteristics such as heat and mass transfer [11, 12], kinetic of slag-metal 

reactions [13, 14], thermal diffusivity, surface and interfacial tension [5], 

and separation of copper from slag [15] 

5) Electrical conductivity [9] 

It is clear that for optimization of the process strict control of the slag properties is essential. 

After the smelting process, the generated slag must be managed. Due to environmental 

regulations, slag should not be landfilled. For some types of slags, the best option, instead of 

landfilling, is to use the slag in construction/civil engineering. It has been demonstrated that 

copper slag can be given favorable physicomechanical characteristics that make it suitable for 

use in construction e.g., ballast, cement additive [16], abrasive, aggregates, roofing granules, 

glass, tile, etc.  [1]. The slag that is to be used in any of these applications must fulfill various 

technical and environmental criteria, where the main concern is leaching characteristics [17]. 

Therefore, deep understanding of the possible changes in slag composition or phase 

distribution and consequent changes in the properties is essential.  



 2

1.1. Use of Slag 

 

Slag recycling is increasing among the metal producers [18]. This may eliminate disposal 

costs and reduce consumption of natural resources [2, 19, 20]. Use of the industrial by-

products as an alternative to natural materials in construction is widely encouraged by policies 

and regulations to save the natural resources [18, 19, 21]. In 2004, out of 77 million tones of 

extracted rock materials, 44 million tones were used in road construction [22].  

In Sweden, the incentive to use waste and by-product materials in construction has not been 

very strong due to the fact that Sweden is a sparsely populated country with relatively 

abundant resources of natural materials [17, 20, 23]. However there are government initiatives 

to reduce the total waste to be lanfilled. As an example, in 1999, Swedish parliament 

established objectives regarding the status of the environment and the use of natural 

resources. One of the short-term targets is that by 2010, at least 15% of the aggregates must 

consist of recycled materials [22, 24]. Higher landfill tax [20] and stricter regulations for 

environmentally safe landfilling are other examples.   

 

1.2. Environmental Consideration 

 

Most of the base-metal smelters’ slag typically may contain significant amounts of potentially 

toxic elements such as As, Ba, Cd, Cu, Pb, and Zn that can leach into the terrestrial ecosystem 

[16]. The fear that some slags can be environmentally hazardous is one of the main obstacles 

to its usage as a construction material [1, 17, 20, 22, 23].  

A better knowledge of leaching mechanisms and influential parameters is very important in 

the assessment of slag and would increase the slag external applications e.g., in road 

construction.  
 

1.3. Rönnskär Smelter 

 

The Rönnskär smelter of Boliden Mineral AB is located in northern Sweden. The main 

products of this smelter are: copper, zinc clinker, lead, gold, and silver, while sulphuric acid, 

liquid sulphur dioxide, and  granulated slag (the largest) are some of the by-products [25].  
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The annual slag production is about 440 ktones 60% of which is granulated to a course sand, 

Boliden Iron sand [25]. Due to favourable insulation characteristics and water draining ability, 

the Iron sand is used as a filling and draining material in building and road construction [25]. 

Boliden Iron sand has been proven to be environmentally safe for utilization in civil 

engineering applications [22, 25-27]. 

A major part of the smelter’s raw material comes from Boliden’s own mine, the Aitik Copper 

mine, which is located north of the Arctic Circle [25]. To reduce energy consumption and 

decrease the usage of finite natural resources different recycling and scrap materials are used 

as the secondary raw materials. Metal residues, from brass foundries, steel mills, and 

electronic scrap are recycled at the Rönnskär smelter. Most of the electronic scraps contain 

mixtures of various metals, plastics, ceramics and different polymeric materials, which can 

affect the composition and properties of the slag considerably [15]. 

 

1.3.1. Slag Production at Rönnskär 

 

Slag is generated in the electrical and flash smelting furnaces. From the electrical furnace, 

copper matte is transported to the converters for further processes; the slag is charged to the 

fuming furnace, where it is treated by reducing gases to produce zinc clinker. The slag after 

fuming is taken to a settling furnace for further cleaning. The cleaned slag is subsequently 

water granulated, which results in a stable amorphous granulated product, Boliden Iron Sand 

[25]. The slag is then pumped to the de-watering section. Figure 1.1 is a schematic diagram of 

the production flow of the fuming plant and electrical furnace at the Rönnskär smelter. 

Generated slag in the flash furnace is cooled and transported to the Boliden concentrator for 

copper extraction by grinding and flotation. The copper concentrate is returned to Rönnskär 

[25]. 
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Figure 1.1: Flow sheet of the fuming plant and electrical and settling furnaces at the Rönnskär smelter, 

Boliden Mineral AB, Sweden [25] 

1.4. Aluminium in Slag 

 

The rapid development of the electronic industry resulted in an increase in annual production 

of electronic scrap [15]. One of the alternatives to recycle waste electric and electronic 

equipments (WEEE) is in metallurgical applications [28]. Electronic scrap contains mixtures 

of various metals, plastics and ceramics that can affect the slag’s chemistry (hence, different 

properties) upon its usage in smelting processes [15].  

In practice, Al2O3 is introduced to slag in different ways such as: mineral concentrates, fluxes, 

recycled converter slag, coal ash, dissolved refractories [8, 29] and use of the secondary raw 

materials.  

Alumina can change the phase assembly and thereafter leaching and melting behaviours of the 

slag. In order to understand possible effects of Al2O3, this written report is devoted to a 

comparative study of slag samples with differing Al2O3 content.  
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1.5. Aim and scope 

 

The aim of the current study is to determine a final alumina content limit of the slag that 

would balance the benefits of recycling with possible adverse effects of increased alumina 

content in the process. 

Alumina is inevitably introduced to the slag composition. Especially by recycling of the waste 

electric and electronic equipment, its total content would increase in the smelting furnaces. 

Therefore, finding an ultimate toleration alumina capacity of the process is of great interest to 

the metals industry. In existing literatures, there is a lack of fundamental knowledge 

concerning actual industrial slags in which the presence of minor components may change the 

results from the simplified systems described in the literature. As the starting point, this work 

concerns the change in mineralogy of an industrial fayalite slag upon the addition of alumina 

and its subsequent effects on leaching and melting characteristics. 
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2. Theoretical Background 
 

Dissolution of a species from a solid material into an aqueous solution (leaching) is intimately 

linked to the phases that are present, their compositions and distribution, which can be 

represented by the mineralogy of the material [16, 17, 22, 23, 30-33]. In addition, melting 

characteristics are dependent on the chemical composition and distribution of different 

phases. Therefore, deep understanding of the material’s mineralogy can be a guide to 

understanding the leaching and melting behaviours.  

 

2.1. Mineralogy 

 

Mineralogy of a slag can be considered as an important parameter, which controls different 

chemical and physicochemical properties. Partial pressure of oxygen [34, 35] during the 

melting and solidification as well as the cooling rate of the slag [17, 36] are cited as the 

influential parameters on mineralogy. 

In order to investigate the changes in slag properties upon the variation of the chemical 

composition, mineralogical studies of the slag with different chemical compositions are 

essential.  

As in the current study, effects of alumina on slag properties are of interest, referring to a 

schematic pseudoternary phase diagram of three main components of the slag “FeO”-Al2O3-

SiO2 can be useful. The schematic diagram is made based on the reported diagram by Levin et 

al. [37] and is shown in Figure 2.1.  
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Figure 2.1: Schematic pseudoternary phase diagram of the “FeO”-Al2O3-SiO2 system, in equilibrium 

with metallic iron 

 

Most traditional copper production slags lie in the primary phase field of fayalite (Fe2SiO4 or 

2FeO.SiO2), as shown by an ellipse in the figure. Increasing the alumina content (to above, 

roughly, 10 wt-%), leads to a change in the primary crystallization field from fayalite to 

hercynite (FeAl2O4 or FeO.Al2O3), illustrated by an arrow. Isotherms show that this change in 

the primary crystallization field is associated with an increase in the melting temperature. 

Relevant systems to the copper production slags have been studied earlier, but under different 

conditions, which can change the results considerably. Kongoli et al. (2006) have modelled 

the iron-silica or so called fayalite slag in the system of CaO-FeO-Fe2O3-SiO2-Al2O3 at 

1250ºC, constant Fe/SiO2 ratio, and 
2Op  equal to 10-8atm. and showed that Al2O3 enlarges the 

spinel saturation area and suppresses the formation of solid silica [6, 7].   

Jak et al. (2008) showed that Al2O3 notably reduces the critical oxygen pressure for the 

formation of the spinel solid phase in the system of  FeO-Fe2O3-Al2O3-CaO-SiO2 in 

equilibrium with metallic iron [30]. It can thus be expected that more spinels will be seen in 

the samples with higher alumina addition.  
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2.2. Leaching 

 

Leaching is a surface reaction [38], where the particle size plays an important role [33, 39]. 

Besides the chemical composition and phase distribution of the semi-rapidly cooled samples, 

there are some other influential parameters.  

Reactions between the solid and liquid control the pH, and pH controls the leaching of a 

number of elements [40, 41]. It is known that dissolution of major phases control the aqueous 

chemistry and, in turn, the solubility of some elements. Major phases are known as the host of 

the trace elements (control the leaching of the trace elements). Hence, understanding the 

leachability of the trace elements is only possible when the dissolution of the host phases 

(major phases) is thoroughly understood [27, 33]. 

 

2.3. Melting 

 

A number of researchers have investigated the effect of Al2O3 on the liquidus temperature of 

systems similar to a so-called “fayalite” or iron silica slag, at different oxygen potentials.  

Jak et al. [30] applied thermodynamic calculations to predict the liquidus of the FeO-Fe2O3-

CaO-SiO2 system at 1250ºC and oxygen partial pressures of 10-6, 10-8 and 10-10atm. It is stated 

that liquidus is independent of oxygen partial pressure in the silica, wollastonite, and 

dicalcium silicate primary phase fields, while that of iron-rich slags varies considerably with 

changes in 
2Op . At low oxygen pressure, the primary phase field of the iron-rich slag is 

wustite. At higher oxygen partial pressure; however, the stable primary phase is spinel 

(magnetite); the range of composition at which the slag is completely liquid, at a given 

temperature, decreases. It has also been demonstrated that presence of alumina changes the 

composition at which silica saturation occurs and reduces the required oxygen pressure for the 

formation of spinel. Addition of alumina (up to 4 wt-%) to the studied Al2O3-“FeO”-CaO-

SiO2 system, in equilibrium with metallic iron, decreased the liquidus temperature by almost 

3ºC for each 1 wt-% addition of alumina. 

Zhao et al. [8] pointed out that the liquidus temperature of the Al2O3-“FeO”-CaO-SiO2 system 

in equilibrium with iron decreases by addition of 1-6 wt-% alumina (shown in Figure 2.2).  
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Figure 2.2: The effect of Al2O3 on liquidus temperatures for different slags; A: 45% “FeO”, 11% CaO, 

and 44% SiO2; B: 50% “FeO”, 10% CaO, and 40% SiO2; and C: 55% “FeO”, 10% CaO, and 35% 

SiO2, slightly modified from Zhao et al. (1999) [8] 

 

Kongoli [34] has modelled the FeO-Fe2O3-SiO2-CaO-Al2O3-MgO system at Fe/SiO2 ratio of 

1.5, 2% MgO, 3% CaO and a constant oxygen partial pressure (1.4 10-11 atm) and shown that 

increasing the Al2O3 content up to 8 wt-% results in a decrease in liquidus temperature. 

However, according to Kongoli and Yazawa [7] in another set of conditions for the CaO-FeO-

Fe2O3-SiO2-Al2O3 system at 
2Op  equal to 10-8 atm. and at a constant Fe/SiO2 ratio, Al2O3 

raises the slag liquidus temperature in the spinel (magnetite) saturation area. The increase is 

non-uniform and varies from 6-8 degrees per additional 1 wt-% Al2O3 [6].  

The existing literature concerning the effect of alumina addition is restricted to simplified 

systems under strictly controlled conditions with relatively low alumina contents, while it is 

evident that liquidus temperature of the slag is dependent on the minor components that are 

present, phase assembly, primary crystallization phase field and partial pressure of oxygen 

[6]. Generalization of the acquired results from the simplified theoretical predictions is not 

recommended [34] and there is a lack of experimental data for actual industrial slag 

composition with higher alumina contents. Therefore, this paper focuses experimentally on 

the melting behaviour of a slag from a Swedish copper producer.   
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3. Materials and Methodology 
 

In this study the investigated slag is from a Swedish copper producer (the Rönnskär smelter of 

Boliden Mineral AB). The slag is the material that has been treated by reducing gases in the 

fuming furnace (before settling). According to the existing sulphur-oxygen potential diagrams 

e.g., Yazawa’s diagram [42], the partial pressure of oxygen in the fuming furnace is estimated 

to be around 10-12 atm. The dominating iron state, under such a condition, is Fe+2. This slag 

consists mainly of FeO-SiO2 thus, it is known as “fayalite” slag. Slag samples have been 

chemically analyzed by Boliden Mineral AB; the semi-quantitative elemental analysis is 

shown in Table 3.1. 

 

Table 3.1: Chemical composition of the fayalite slag from Rönnskär smelter, Sweden 

Element Si Fe Ca Al Mg Cu Zn Pb As 

wt-% 17 34 4.0 2.1 1.9 0.56 1.5 0.05 0.01 

 

The additive used in experiments was alumina (>98 %-Al2O3) from VWR International. In 

order to study the influences of alumina on slag, four different mixtures were prepared. One 

reference sample, merely slag without any additive, and three different mixtures of 95 wt-% 

slag/5 wt-% Al2O3, 90 wt-% slag/10 wt-% Al2O3, and 85 wt-% slag/15 wt-% Al2O3.  

0.75 kg of each mixture was placed in alumina crucibles and re-melted in an induction 

furnace. The outer crucible of the furnace was graphite; and nitrogen was used as the 

protection gas (Figure 3.1).  

 

Thermocouple 

Induction coil 

Refractory cover 

Outer crucible 

Graphite crucible 

Insulation powder 

Al2O3 crucible

Slag sample   

N2 gas in

 
Figure 3.1: Graphite crucible system and furnace set up 
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The applied temperature profile was heating up to 1250ºC at 4.5ºC/min, then maintaining at 

1250ºC for 30 minutes. Samples were then cooled to 1000ºC at 10ºC/min, and then left in the 

furnace to be cooled naturally in the crucibles. The approximate time to achieve a completely 

solidified material was almost 2 hours. Figure 3.2 shows the temperature profile of the 

samples during the cooling down to solidification.  

 

 
Figure 3.2: Temperature profile of the samples 

 

After cooling to room temperature, the mixtures were removed from the alumina crucibles 

and a portion was grinded and sent to a certified laboratory, ALS laboratory group, Sweden, 

for analysis. Chemical assays of the homogenized slag and mixtures are shown in Table 3.2.  

 

Table 3.2: Chemical analyses of the investigated samples (wt-%); after re-melting, before thermal 

analysis and leaching tests 

Element Reference 5% alumina 10% alumina 15% alumina 

Si 18.0 16.9 16.4 15.3 

Al 2.4 5.2 7.9 9.9 

Ca 3.9 3.8 3.5 3.4 

Fe 34.3 37.6 37.0 34.2 

Mg 0.8 0.8 0.7 0.7 

As 0.0 0.1 0.0 0.1 

Cu 0.8 0.9 0.5 0.9 

Pb 0.0 0.0 0.0 0.0 

Zn 1.3 1.3 1.5 1.4 

 

In order to be able to compare the major constituent oxides of different mixtures, Table 3.3 

shows the normalized compositions of the samples with respect to “FeO”, SiO2 and Al2O3. 
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Table 3.3: Normalized composition of the samples with respect to “FeO”, SiO2 and Al2O3 

Comp. Reference 5% alumina 10% alumina 15% alumina 
SiO2 44.2 38.3 35.9 34.3 
Al2O3 5.2 10.4 15.3 19.6 
FeO 50.6 51.3 48.8 46.1 

 

Structural properties and elemental content of the materials were studied using Scanning 

Electron Microscopy (SEM) equipped with Energy Dispersive X-ray Spectroscopy (EDS), for 

semi-quantitative analysis. A Philips XL 30 SEM with accelerating voltage of 20 kV was the 

applied instrument. X-ray Diffraction (XRD) patterns of the samples were recorded by a 

Siemens D5000 X-ray diffractometer, with copper K  radiation (40 kV, 40 mA) as the X-ray 

source. 2-theta-scale range was between 10° and 90° in 0.02°/step by counting 2 s/step. The 

phase identification was made by reference patterns in an evaluating program supplied by the 

manufacturer of the equipment.  

For leaching tests, large pieces of semi-rapidly solidified slag were crushed to a particle size 

less than 4 mm and leached according to the single-stage prEN 12457-2 [43] at L/S (liquid to 

solid ratio) of 10 l/kg. Later on, leachates were filtered and sent to a certified laboratory, ALS 

laboratory group, Sweden, to be analyzed. 

For thermal analysis, 38±3 mg powder materials (average particle size of 40.03 μm) were 

placed in Pt/Rh sample pans and analyzed in a calibrated differential scanning calorimeter, 

NETZSCH STA 409C furnace, where 99.9% -Alumina was used as the reference material.  

Preliminary studies using differential thermal analysis (DTA), with temperatures up to 

1450ºC, determined the temperature range at which the detectable transitions occur for all 

samples. Hence, the temperature profile for current experiments was defined as heating from 

20ºC to 700ºC at 20ºC/min, further heating to 1150ºC at 10ºC/min and then cooling to 700ºC 

at 10ºC/min. A dynamic flow of argon (99.9997%, 100 ml/min) was used as the purge gas. 

The partial pressure of oxygen (
2Op ) in the temperature range of experiments was estimated 

(using thermodynamic calculations) to be below 10-12 atm. for all samples. Three sub-samples 

of each mixture were analyzed. Since there was good agreement between these results, only 

the mean values are used. The standard deviation of the results, for three trials of the sub-

samples, is defined as “std”.   
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4. Results  

4.1. X-ray diffraction (XRD) 

 

The XRD patterns of all samples are shown in Figure 4.1.  
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Figure 4.1: XRD patterns of all samples 

 

Olivine, (Mg,Fe)2SiO4, solid solution, the dominating compound of which is fayalite, 

Fe2SiO4, is the main phase in all four samples. The reference sample consists of crystalline 

olivine, (Mg,Fe)2SiO4, and augite, Ca(Fe,Mg)Si2O6. According to the reference patterns of 

evaluating program of the XRD instrument, identified augite is a solid solution of different 

silicates (where augite is the main one) including: augite, Ca(Fe,Mg)Si2O6, petedunnite, 

CaZnSi2O6, hedenbergite, CaFeSi2O6, and esseneite, Ca(Fe1.4Al0.6)SiO6, which are named, 

generally, as augite-based solid solution.  

Low intensity peaks of spinels are also detected. Spinels are series of solid solutions with 

general formula of AB2O4, where A and B represent +2 and +3 cations, respectively. Due to 

its face centred cubic (FCC) unit cell, occupying cations in spinel’s structure are quite 

susceptible to be substituted by other cations [44, 45]; as a result, specifying the exact 
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composition of the individual spinel, in complex material such as slag, is not recommended, 

and they are generally named spinel. According to the evaluating program, composition of the 

spinels, in the reference sample, is close to that of magnetite (FeFe2O4).  

In the sample with 5% alumina, olivine and spinel peaks are seen. In sample with 10% 

alumina, in addition to olivine and spinels, Anorthite, CaAl2Si2O8, is also present, in low 

amounts. In this sample, spinel peaks are more intense and the composition is changed to 

hercynite-based (FeAl2O4) solid solution. Hercynite and anorthite peaks are more intense for 

the sample with 15% alumina addition.  

4.2. Scanning Electron Microscopy (SEM)  

 

SEM figures of all samples show that three main phases are present in the materials, labelled 

“1”, “2”, and “3” in the figures (Figures 4.2-4.6). 

The reference, 5% alumina, and 10% alumina samples are similar in morphology. The 

appearance of the sample with 15% alumina addition is different. Secondary electron (SE) 

images, from scanning electron microscopy (SEM), of the reference slag and mixtures with 

alumina are shown in Figure 4.2.  
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Figure 4.2: Secondary electron image of the reference slag (a), 5% (b), 10% (c), and 15% (d) alumina 

addition, Magnification 650, 800 , 650, and 800, respectively 

 

In the sample with 15% alumina addition, the phases are distributed more evenly. A 

comparison of Figures 4.2-a to 4.2-c and 4.2-d shows that solidification of the samples with 

less alumina addition follows the classical nucleation and growth mechanism, while that of 

the sample with 15% alumina addition starts with a much higher number of nuclei. Energy 

Dispersive Spectroscopy (EDS) mapping of the samples together with point analysis facilitate 

the identification of phases “1”, “2”, and “3”. Figure 4.3 shows the EDS mapping of the 

reference sample.  
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Figure 4.3: EDS mapping of the reference sample; magnification 672  

 

The matrix of the samples, which is dark grey and labelled as phase “1”, shows coexistence of 

Ca, Si, and small amounts of Al. The brighter stripes, labelled as phase “2”, contain iron and 

silicon. In addition to the main part, some comb-shaped species of phase “2” are distributed 

all over the matrix. In some parts of the sample, a small amount of cubic structures with sharp 

angles could be noticed, labelled as phase “3”. These particles are rich in iron (in the 

reference sample) and have very low content of silicon and calcium (Figure 4.3). The sample 

with 5% alumina is similar in appearance as the reference sample (Figure 4.4).  

 

 
Figure 4.4: EDS mapping of the 5% alumina sample, Magnification 700 

 



 17

Figure 4.5 shows the EDS mapping of the 10% alumina sample. The composition of the cubic 

shape phase (phase “3”) is changed from iron-rich to aluminium-rich, and its amount is 

increased considerably. The other two existing phases do not change chemically, while the 

appearance of phase “2” is slightly varied. In the reference and 5% alumina samples, the 

width of phase “2” stripes is about 40μm. In samples with 10% and 15% alumina addition, 

these stripes are present in smaller dimensions (width of about 10μm) (Figure 4.5). For the 

sample with 15% alumina, the amount of the cubic shape phase (phase “3”) continues to 

increase. More comb-shaped or dendritic fractions of phase “2” are distributed all over the 

matrix (Figure 4.6).  

 

 
Figure 4.5: EDS mapping of the 10% alumina sample; magnification 800  

 

In order to be able to compare all four samples, point analyses of different phases are 

tabulated below (Tables 4.1 and 4.2). Elements other than Si, Ca, Fe, and Al were found at 

very low concentrations, by EDS maps, and no corresponding minerals identified. It was not 

possible to track minor elements by EDS point analysis either. Note that oxygen is removed 

from the analyses and Tables show the relative concentrations of the major cations.   
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Figure 4.6: EDS mapping of 15% alumina sample; magnification 800  

 

 

Table 4.1: Point analyses of different phases in the reference and 5% alumina samples; concentrations 

are normalized for each phase 

Phase "1" Phase "2" Phase "3" 
Element 

Ref. 5% Ref. 5% Ref. 5% 

Mg 0.4 0.0 6.0 5.6 3.1 0.5 

Al 11 22 0.0 0.0 13 47 

Si 53 46 31 32 2.7 2.2 

Ca 14 13 0.9 0.6 0.5 0.4 

Fe 19 19 60 61 77 44 

Zn 1.6 1.1 1.4 0.9 4.2 6.5 

 

Table 4.2: Point analyses of different phases in 10% and 15% alumina samples; concentrations are 

normalized for each phase 

Phase "1" Phase "2" Phase "3" 
Element 

10% 15% 10% 15% 10% 15% 

Mg 0.0 0.0 4.9 3.3 0.5 0.4 

Al 19 23 0.0 0.0 60 61 

Si 47 46 33 32 1.3 2.6 

Ca 12 9.9 0.5 0.7 0.2 0.2 

Fe 21 20 61 64 33 32 

Zn 0.7 0.2 0.6 0.5 5.2 4.1 
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By addition of more alumina, concentration of Al in phase “3” increases, while that of iron 

decreases. No major difference in chemical composition is observed for the phase “2”. Due to 

alumina addition, aluminium together with iron substitute calcium and silicon, partly, in phase 

“1”, as percentages of Al and Fe increase, while percentage of Ca and Si decrease.  

4.3. Leaching

 

Leaching characteristics of the slag and mixtures are thoroughly discussed in Paper I; 

therefore only a short summary is given here.  

Leaching is a surface reaction [38], where the particle size plays an important role [33, 39]. 

Therefore, for the sake of the comparative study, the specific surface area of each sample was 

measured, using BET analysis and the results are presented as specific leached amount [μg/ 

m2] (Table 4.3). The following formula elaborates the calculations.  

 

kg
mareasurfaceSpecific

kg
gvalueLeached

2
= Specific leached amount 2m

g  

 

Table 4.3: Specific leached amount [μg/m2] together with deviation from the mean values in duplicate 

trials 
Element Reference 5% alumina 10% alumina 15% alumina 

Si 270.0±1.8 341.1±6.7 160.0±4.4 236.6±2.9 

Al 43.8±2.1 96.0±0.3 35.1±3.4 70.3±1.3 

Ca 369.5±0.4 565.6±10.0 185.6±4.4 390.8±6.0 

Fe 12.1±3.5 24.6±0.8 12.6±0.8 3.4±0.4 

Mg 66.9±0.5 58.1±0.4 26.6±0.6 63.4±1.3 

As 0.8±0.0 1.3±0.0 0.8±0.0 1.3±0.0 

Cu 4.4±1.2 9.4±0.6 4.0±0.0 1.8±0.1 

Pb 0.9±0.5 0.6±0.0 0.2±0.0 0.5±0.4 

Zn 1.1±0.5 1.5±0.1 0.8±0.0 0.2±0.1 
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4.4. Differential Scanning Calorimetry (DSC)

 

As melting and solidification behaviours of the current samples are thoroughly discussed in 

Paper II, only a short summary is presented in this chapter.  

In the DSC results for the reference sample during the heating (Figures 4.7), an endothermic 

signal at around 990ºC represents the melting. In samples with 5% and 10% alumina addition, 

the transition shifts to higher temperatures and is divided into two steps. The total of these 

peaks appear broader than the reference slag peak. In the results for the sample with 15% 

alumina addition, three successive interconnected peaks form the total melting signal. 

Addition of 5% alumina increases the melting temperature considerably. With more alumina 

addition (10% and 15%), this increasing trend of the temperature continues, but with smaller 

dimensions in the range of only a couple of degrees Celsius. 

The enthalpy of melting increases up to 10% alumina addition, but then decreases at 15% 

alumina addition.  
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Figure 4.7: DSC curves of the samples during the heating, (a) Reference slag (b) 5% alumina (c) 10% 

alumina (d) 15% alumina 

 

The reference slag is the only sample in which the onset of solidification occurs at a higher 

temperature than the onset of melting (Figure 4.8). For all other samples, solidification occurs 

at much lower temperatures than the detected melting temperatures. Solidification signals 

were similarly a single exothermic transition for all samples except the reference sample 

where two separate exothermic signals were detected. This phenomenon was observed in all 

three trials of the reference sample. Considering the average onset of solidification for the 
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samples, addition of alumina lowers the temperature for onset of solidification up to 10% 

alumina addition and then with more alumina the onset remains almost constant. Standard 

deviation of the onsets of solidification is quite high and increases with alumina addition to 

the slag.   
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Figure 4.8: DSC curves of the samples during the cooling, (a) Reference slag (b) 5% alumina (c) 10% 

alumina (d) 15% alumina 
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5. Discussion 

5.1. Mineralogy 

 

As the samples were cooled semi-rapidly in the furnace (within two hours), there was 

sufficient time for balancing and rebalancing the concentration of the constituent elements in 

different phases.  

According to coexistence of the elements in EDS mappings together with suggested phases by 

the evaluating program of the XRD instrument, it is clear that phase “1” and “2” correspond 

to augite-based solid solution and fayalite, respectively. 

Phase “3” represents spinel, which in the case of the reference sample is magnetite-based, 

(FeFe2O4) solid solution and by addition of more alumina, it becomes hercynite-based, 

(FeAl2O4) solid solution (Figures 4.3-4.6). This mineralogy is in good agreement with earlier 

studies on the traditional copper smelting slags [39, 46-48].  No distinct phase corresponding 

to trace elements is detected.  

According to point analyses, concentration of aluminium in spinels increases from almost 

13% in the reference sample to 47%, and then to 60% in the samples with 5% and 10% 

alumina addition, respectively. Concentration remains almost the same for the sample with 

15% alumina addition. At the same time, concentration of iron decreases from 77% in 

reference sample to 44% and 33% in the 5% alumina and 10% alumina samples, respectively. 

Again, iron concentration remains almost the same for the sample with 15% alumina addition. 

This means that there is a substitution of iron with aluminium in spinel solid solution. 

Figure 5.1.A illustrates this substitution. It can be concluded that base composition of the 

spinel solid solution changes gradually, and then reaches a saturation limit. In the reference 

sample, spinels are magnetite-based (FeFe2O4) solid solution. In the 5% alumina sample, it is 

changed to iron-aluminium-oxide-based (Fe(Fe,Al)2O4) solid solution. For the sample with 

10% alumina, spinel composition reaches hercynite-based (FeAl2O4) solid solution and 

remains the same for the sample with 15% alumina addition.    

Fayalite does not show a considerable change in its chemical composition. The other phase, 

augite-based solid solution, shows the main compositional changes between the reference 

sample and 5% alumina addition; then, the changes are in the range of a few percent for major 

elements (Figure 5.1.B).  
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XRD analyses show the presence of anorthite (CaAl2Si2O8) phase in sample with 10% 

alumina addition, and higher amount of this phase in the sample with 15% alumina addition. 

Anorthite was reported by Ettler [31], Zhang et al. [49], and Kuo et al. [50] to be another 

possible existing phase in some systems similar to copper slag due to addition of more 

alumina. In a previous publication [51] and XRD patterns of the current study, anorthite is 

clearly identified, while its presence is not detected in the SEM figures of the present study. 

It can be argued that the whole system has an alumina saturation limit between 5% and 10% 

alumina addition. Before reaching this limit, concentration of aluminium in augite-based solid 

solution and spinel would increase; in addition, the amount of spinels rises. But reaching this 

saturation level means that the composition of spinels and matrix phase (augite-based solid 

solution) would not change anymore; instead, excess amounts of aluminium (due to more 

alumina addition) would be consumed in formation of a new aluminium-containing phase 

(anorthite, CaAl2Si2O8). Earlier work [49-51] showed that there is an alumina saturation limit 

for the systems similar to the investigated slag in this study. Unpublished thermodynamic 

calculations using FactSageTM 5.4.1 for this slag with the same alumina addition fractions 

show that this saturation happens at around 8% alumina addition.  

 

 

A

0

30

60

90

Ref. 5% 10% 15%

w
t-%

Fe
Al

 

 

B

0

30

60

Ref. 5% 10% 15%

w
t-%

Fe
Al
Si
Ca

 

Figure 5.1: Concentration of the major elements in different phases; A: spinel, B: augite-based solid 

solution 

Table 5.1 schematically summarizes the SEM and XRD results. 

 

Table 5.1: Schematic summary of SEM and XRD results 

Sample Present phases 
Ref. Augite based ss Olivine ss FeFe2O4 based ss - 

5% alumina Augite based ss Olivine ss Fe(Fe,Al)2O4 based ss - 
10% alumina Augite based ss Olivine ss FeAl2O4 based ss CaAl2Si2O8 
15% alumina Augite based ss Olivine ss FeAl2O4 based ss CaAl2Si2O8 



 24

5.2. Leaching

 

The cooling rate of a molten slag largely affects the structure of the solid material. By semi-

rapid or slow cooling, there is sufficient time for crystals to form a specific mineralogy of the 

solid material. Rapid cooling e.g., granulation, gives a totally different structure. In this case 

an amorphous phase is formed and other mechanisms control the leaching of the elements.  

 

5.2.1. Comparison between reference and 5% alumina addition samples  

Between these two samples, the composition of fayalite does not change considerably. By 

alumina addition, Al dissolves in augite-based solid solution and the concentrations of Si and 

Ca in this solid solution decrease (Tables 4.1 and 4.2). This means that a fraction of Si and Ca 

distribute over the sample (instead of being bonded in the silicate chains). Since silicate 

chains are considered to be less soluble [16], this may be the reason for higher leachability of 

Si and Ca in the sample with 5% alumina addition than the reference slag. At the same time, 

aluminium substituted a high amount of iron in the spinel structure. Spinels are considered to 

be durable and less soluble than other phases [26, 31, 52]. This substitution explains the 

increase in iron leachability. Although aluminium contribute, partly, to formation of the iron-

aluminium-oxide (Fe(Fe,Al)2O4) based solid solution, the rest (as a result of the alumina 

addition, which is not bonded in spinel or augite-based solid solution) causes more leaching of 

this element in the sample with 5% alumina than the reference slag.  

 

5.2.2. Comparison between 5% and 10% alumina addition samples  

 

Presence of more aluminium-rich spinels in the sample with 10% alumina addition than the 

sample with 5% alumina is the key factor for the leaching behaviour.  

The amount of spinels and their Al content has increased, which results in a decrease in Al 

leachability.  

For iron, although its concentration in spinels has decreased, the amount of spinels is high 

enough to bind more iron in their structure; therefore, it leaches less.  

As more Al is consumed for the formation of spinels, its concentration drops slightly in the 

augite-based solid solution; therefore, more Ca and Si are present in this phase. This can be 
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the reason for lower leaching values for Ca and Si in the sample with 10% than in the 5% 

alumina addition.  

 

 5.2.3. Comparison between 10% and 15% alumina addition samples  

 

According to the XRD patterns (Figure 4.1), there is a higher amount of anorthite phase in the 

sample with 15% alumina addition than in the 10% alumina addition. Ca, Si, and Al (forming 

elements of the anorthite phase) show higher leached values in the 15% alumina sample. This 

means that anorthite is a soluble phase and the elements that are present in its structure can be 

leached more readily.  

The decrease in iron leaching continues (as between 5% and 10% alumina samples). Still, the 

reason may be presence of more spinels whose composition is close to that of hercynite 

(FeAl2O4) which in turn bound more iron and decreased its leaching.  

 

5.2.4. Overall remarks 

 

Considering the overall trends for leaching of different elements (Figure 5.2), sample with 

10% alumina addition shows the lowest leached amount for most elements.  

The reason for this low leachability, for most elements is that, the sample with 10% alumina 

addition is the closest sample to the alumina saturation limit of the system (almost 8% 

alumina addition), where the amount of spinels is high enough to bind different metals (as 

cation) in their structure. In addition, although soluble anorthite phase is formed after 

saturation (in the sample with 10% alumina), the amount of it is still too low to lead to a 

higher overall leaching than the sample with 5% alumina addition. Generally, no 

disintegration or unstable phases are observed. 
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Figure 5.2: Trends of the changes in the specific 

leached amounts (μg/m2) due to addition of alumina, 

in different samples 
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5.3. Melting and solidification behaviour  

5.3.1. Melting Temperature 

 

The greatest interval of increase in melting temperature, which occurred between the 

reference and 5% alumina samples (Figure 5.3), is most likely due to a change in the primary 

crystallization field of the slag from fayalite to hercynite. In the current study, this change 

occurs between 5.2 and 10.4 wt-% total alumina content of the slag (see Table 3.3), which 

includes the predicted required amount (roughly 10 wt-%) by the pseudoternary phase 

diagram of “FeO”-Al2O3-SiO2, see Figure 2.1.  
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Figure 5.3: Onsets of melting and solidification temperatures together with error bars 

 

Higher alumina addition results in formation of more phases with higher melting temperature 

such as spinel [53] and anorthite, with melting temperature of 1555ºC [54], which can 

increase the overall melting temperature of the whole system. Alumina saturation of the slag 

occurs between 5% and 10% alumina addition. Reaching the saturation causes the excess 

amount of aluminium to be consumed for formation of either aluminium-rich spinels or 

anorthite. At the beginning of melting, spinel and anorthite are still in the solid state. This 

means that the main part of the extra added aluminium, after the saturation limit, cannot affect 

the measured onset of melting considerably; the partial melting of the samples with 10% and 

15% alumina addition starts at almost the same temperature as the onset of melting for the 

sample with 5% alumina addition. Therefore, the increase in the onset of melting temperature, 

above 5% alumina addition, is restricted to a couple of degrees Celsius. According to the DSC 
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curves (Figure 4.7), the complexity of the transition and thereby the number of endothermic 

peaks increases with alumina addition. This represents a stepwise melting, which could be a 

sign of the occurrence of new phases when alumina is added to the slag. The concentration of 

spinels increases between the reference slag and that with 5% alumina addition. It is believed 

that the second endothermic peak corresponds to a higher amount of spinel solid solutions.  

In the sample with 10% alumina addition, a small amount of anorthite phase is formed in 

addition to the presence of more aluminium-rich spinels. According to ternary phase diagram 

of FeO-Fe2O3-Al2O3 [55], aluminium-rich spinels melt at higher temperatures than iron-rich 

spinels. Spinel and anorthite solid solutions increase the intensity of the second endothermic 

peak of the DSC curve of this sample, in comparison with 5% alumina addition.   

In the sample with 15% alumina addition, three successive endothermic peaks are observed. 

These peaks are close to each other with respect to temperature and the whole endothermic 

signal can be considered one complex transition. Appearance of the three endothermic steps, 

inside a homogeneous endothermic signal, could be a result of the presence of more solid 

phases in this sample. As different phases melt at different temperatures, stepwise heat 

absorption by this sample is observed. These are the same phases that remain in the solid state 

and consequently could not have a considerable effect on the onset of melting, but started to 

melt at higher temperatures.   

The main difference between the current work and the existing results in the literature is the 

change in the primary crystallization phase field from fayalite to hercynite. Zhao et al. [8] 

earlier showed that alumina addition up to 6 wt-% to a similar system as in the current study, 

within the fayalite primary phase field, decreased the liquidus temperature by almost 3 K for 

each percent alumina addition. Here, it is shown that the change in the primary crystallization 

phase field causes an immense effect on the melting temperature.  

 

5.3.2. Melting Interval   

 

The melting temperature interval is the temperature range at which the solid fraction, fs, is 

between 0 and 1. Different methods can be found in the literature to define the melting 

interval. One method is based on the temperature range between the onset and end of melting 

temperatures in the DSC curve [56]. Averages of this temperature range for the studied 

samples are shown in Figure 5.4. However, these are not the “true” melting interval for 
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samples with higher alumina contents as it is reasonable to expect a continued slow partial 

melting of the high melting temperature solid solutions that are present in these samples. 

With addition of alumina up to 10%, the melting interval increases. As shown in the DSC 

curves (Figure 4.7), the melting transition in the 5% and 10% alumina samples appears as a 

two-step peak, which broadens the temperature interval for the curve to return to its 

normalized baseline. The presence of more spinel solid solutions (and anorthite phase in the 

10% alumina sample), in comparison to the reference sample, enlarges the liquid-solid region, 

which in turn broadens the detected temperature interval.    

 

 
Figure 5.4: Average of melting intervals (temperature range between onset and end of melting), together with the 

standard deviations 

 

In the sample with 15% alumina addition, three successive peaks were observed, in the total 

melting transition, but with a narrower temperature interval. Although preliminary DTA 

analysis, with temperatures up to 1450ºC, did not show any detectable transition above 

1150ºC, it is believed that the melting process for the sample with 15% alumina addition is 

not completed up to 1150ºC. Unpublished thermodynamic calculations using FactSageTM 6.1 

confirm this hypothesis and show that the required temperature to achieve a complete molten 

material is higher than 1150ºC. This means that small amounts of solid phase are still present 

at this temperature. Therefore, for the sample with 15% alumina addition in the current study, 

a narrower melting interval than the sample with 10% alumina addition is detected.  

Some other researchers believe that the melting interval should be considered as the 

temperature range between the onset of melting and the maximum point of the heat flow [57-
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59]. In the current study, all samples, except the reference slag, show two or three maximum 

points for the heat flow in the endothermic signal. To find the temperature range between the 

onset of melting and the maximum heat flow, the last maximum point of the transition is 

considered. When applied to the current samples, this method confirms the trend found earlier 

in Figure 5.4.  

 

5.3.3. Enthalpy of Melting 

 

The enthalpy of melting or heat of fusion is most commonly defined as the area under the 

DSC melting peak in reference to a normalized baseline [59, 60]. The enthalpy of melting 

calculations in this study was done using the Proteus Analysis software package supplied by 

Netzsch.  

It is believed that the low enthalpy of melting results observed in this study is due to the 

effects of heat of mixing, which arise due to rearrangement of ions in solid solutions [61] 

and/or exothermic decompositions that occur at almost the same temperatures as the melting 

[57]. The enthalpy of melting increases with alumina addition up to 10%. Presence of a higher 

amount of stable phases in the slag such as spinel increases the required heat to reach a molten 

material. Further increase in alumina content (15%) lowers the enthalpy of melting. The 

measured enthalpies are dependent on the extent of phenomena such as possible exothermic 

decomposition of the metastable phases (discussed in chapter 5.3.4) and heat of mixing. 

Therefore, in these samples, enthalpies are not only dependent on the required heat, but also 

the amount of generated heat from the exothermic decompositions. It is believed that more 

exothermic transitions occur in the sample with 15% alumina addition than with 10%, which 

results in a lower detected heat of fusion. The presence of fewer distinct ordered crystals in 

the sample with 15% alumina addition than in the other samples (Figure 4.2) may be another 

reason for showing such a low heat of fusion [62]. In addition, as discussed earlier, small 

amounts of solid phase may still be present in this sample as the curve returns to its baseline, 

which consequently lowers the measured enthalpy of melting.  

Another way to compare the melting enthalpy of the samples is to measure the area under the 

peak from the onset temperature of melting to the last maximum point of heat flow. Since all 

samples with alumina addition show complex peaks, separation of the area underneath them is 

not possible. For comparative study, the required unit melting time (sec/mg) from onset of 

melting to the last maximum point of the heat flow can be compared. This method shows the 
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same trend as the calculated enthalpies for the whole peak area i.e., an increase in time up to 

10% alumina addition and then a decrease from 10% to 15% alumina addition.  

 

5.3.4. Solidification 

 

The average values of the onset of solidification decreases by addition of alumina. Except for 

the reference slag, all samples show a considerable undercooling in order to start solid phase 

nucleation. This means that alumina addition increases the required driving force for 

nucleation. Therefore, rather high undercooling is needed for the first nuclei to be formed.  

Concerning the reference sample, a second lower intensity exothermic signal was detected at 

around 934ºC after cooling from the initial exothermic peak. The temperature agreement of 

this phenomenon in different trials of the same sample composition i.e., low standard 

deviation, suggests that it is a portion of the melt that is solidified at lower temperatures than 

the bulk. The solidification temperature varied in the different trials of an individual sample. 

This variation increased with higher amounts of alumina addition. The reason for such high 

variability in solidification temperature could be the formation of metastable solid compounds 

at different temperatures, in different trials. As discussed above, since alumina addition 

increases the required driving force for nucleation, the melt is exposed to an undercooling, 

which eases the formation of metastable solids [63-65] i.e., unordered crystals will form due 

to spontaneous solidification. The phase selection from a highly undercooled melt is 

determined by the kinetic of nucleation and growth for equilibrium or metastable phases [64]. 

In addition, it is believed that presence of more alumina enhances the formation of metastable 

phases such as iron-aluminate [53]. Referring to the mineralogical studies of the re-melted 

mixtures in this work confirms the hypothesis that 15% alumina addition increases the 

possibility of formation of metastable phases. The morphology of the 15% alumina sample is 

quite different than the other samples and contains high amounts of initially unordered 

crystals (Figure 4.2). These metastable phases can subsequently decompose exothermically 

[65]. The claim that the largest amount of metastable phases is present in the sample with 

15% alumina addition can be considered from two perspectives: 1) formation of different 

metastable phases increases the variation of solidification temperature for this sample 2) the 

measured enthalpy of this sample is lower than that with 10% alumina addition due to the 

presence of more metastable phases that subsequently decompose exothermically (chapter 

5.3.3).  
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6. Conclusion
 

Three main phases (fayalite, augite-based solid solution and spinel) are identified for all 

samples. Addition of alumina to slag causes an increase in the amount of spinel and changes 

its composition from being iron-rich (FeFe2O4) to aluminium-rich (FeAl2O4). The whole 

system showed an alumina saturation limit between 5% and 10% alumina addition. After this 

limit, the composition of spinel and augite-based solid solution would not change anymore, 

and excess amounts of aluminium would be consumed for formation of the anorthite 

(CaAl2Si2O8) phase. 

 

From a leaching point of view, formation of more spinels as a result of the alumina addition, 

close to the slag’s saturation limit, is favourable since spinels are less soluble than other 

involved phases, and therefore can bind elements in the structure and lower the leachability. 

Above the saturation, anorthite is formed, which is more soluble and the leachability of its 

forming elements increase. The lowest leaching results are seen in the sample closest to the 

saturation limit (sample with 10% alumina addition).  

 

The change in the primary crystallization field from fayalite to hercynite results in a sharp 

increase in the melting temperature. With higher alumina addition, the increasing trend of the 

melting temperature is continued, but in a smaller scale. The melting interval and enthalpy of 

melting are increased by addition of up to 10% alumina. Further alumina addition decreases 

the melting interval and enthalpy of melting.  

 

Alumina addition to the slag increases the required undercooling for the start of solidification. 

This undercooling enhances the formation of metastable solid phases, which increase the 

variation of the solidification temperature, in different trials of an individual sample 

 

The current investigation shows that leaching and melting properties are negatively influenced 

by adding 5% alumina. With further addition of alumina, close to the saturation limit (10% 

alumina addition), the specific leached amount reaches the lowest values of all tested 

materials. The melting characteristics do not show any significant changes between 5% and 

10% alumina addition. Above 10%, a more complex melting behaviour is observed; in 

addition, specific leached amounts of most of the elements increased.  
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7. Future Work 
 
To deeply understand the step-by-step effect of alumina addition on a fayalite slag, a 

comprehensive thermodynamic calculation is recommended.  

Application of synthesized phases of slag to study the leaching and melting behaviours may 

clarify the obtained results of this work. Investigation of the same mixtures by the “Heating 

microscope” can also be useful. As a complement, an ample study on different silicate 

structures and their properties must be done. 

There are some other slag properties that are quite important for industrial applications and 

should be investigated with respect to different alumina additions. In the future, effects of 

alumina on the viscosity of the slag and metal distribution must be studied. 

Other relevant areas of interest would be the effects of alumina on the surface and interfacial 

tension and leaching characteristic of a rapidly cooled (granulated) slag. 
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Abstract

 

Application of the secondary raw materials, e.g. waste electric and electronic equipment 

(WEEE), in metal production changes the chemical composition of the slag and consequently, 

the slag’s physical and chemical properties. Al2O3 is a compound that can be introduced to the 

slag in different ways. Therefore, possible effects of Al2O3 on slag properties are of interest 

for metal producers. If a slag is to be used in any construction application, the main concern is 

its leaching behaviour. In this paper, effects of Al2O3 on mineralogy and leaching behaviour 

of a semi-rapidly cooled fayalite slag are studied.  

Slag from a Swedish non-ferrous metal producer, and three mixtures of the slag with alumina 

addition, in three different fractions, were re-melted and cooled semi-rapidly. Scanning 

electron microscopy (SEM) and X-ray Diffraction (XRD) were applied for materials 

characterization. The samples were then leached according to a standard leaching test.  

Results show that the slag consists of three major phases. The whole system shows an 

alumina saturation limit between 5% and 10% alumina addition. After saturation, the 

compositions of the major phases remain almost constant; and a new aluminium-containing 

phase, Anorthite, CaAl2Si2O8, is formed. The closer the composition is to the saturation limit, 

the less overall leaching would be. 

 

Keywords: Mineralogy; Leaching; Alumina; Fayalite; Slag; Semi-rapid cooling 
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1. Introduction 

 

Slag can be considered as one of the main by-products of metal producing processes. In 2005, 

global copper production amounted to about 15 million tonnes (Shanmuganathan, 

Lakshmipathiraj et al. 2008), and it is estimated that production of each tonne of copper 

results in generation of 2.2 tonnes of slag (Gorai, Jana et al. 2003).  

Metal producers intend to recycle the slag, instead of landfilling (Petovic, Engelsen et al. 

2004), which can lower the disposal costs and save natural resources (Marion, Laneve et al. 

2005). It has been proven that copper slag can be given favorable physico-mechanical 

characteristics that make it suitable for use in construction, e.g. ballast, cement additive 

(Parsons, Bird et al. 2001), abrasive, aggregates, roofing granules, glass, tile, etc.  

(Shanmuganathan, Lakshmipathiraj et al. 2008). The slag that is to be used in any of these 

applications must fulfill various technical and environmental criteria, where the main concern 

is leaching characteristics (Tossavainen, Engström et al. 2007). 

In Sweden, the incentive to use waste and by-product materials in construction has not been 

very strong due to the fact that Sweden is a sparsely populated country with relatively 

abundant resources of natural materials, especially good stone material  (Tossavainen and 

Forssberg 1999; Roth and Eklund 2003). However, public policy calls for a reduction of the 

total amount of waste to be landfilled. As an example, in 1999, Swedish parliament 

established objectives regarding the status of the environment and use of natural resources. 

One of the short-term targets is that by the year 2010, at least 15% of the aggregates must be 

recycled materials (Tossavainen, Engström et al. 2005). Higher landfill tax (Roth and Eklund 

2003) and stricter regulations for environmentally safe landfilling are other examples.   

In metal production, variation of raw materials and process parameters change the chemical 

composition of slag and, in turn, its chemical and physical properties. One of the common 
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components that can enter the slag is Al2O3. In practice, Al2O3 is introduced to slag in 

different ways, such as: mineral concentrates, fluxes, recycled converter slag, coal ash, 

dissolved refractories (Zhao, Jak et al. 1999), and use of the secondary raw materials, e.g. 

waste electric and electronic equipment (WEEE) (Han, Kwon et al. 2003). Alumina can 

change the phase distribution and, thereafter, leaching behaviour of the slag. In order to 

understand possible effects of Al2O3 on leaching behaviour of the slag, this paper is devoted 

to a comparative study between slag samples with different Al2O3 fractions.  

 

1.1. Theoretical background 

 

Dissolution of an element, from slag into an aqueous solution, is intimately linked to the 

characteristics of phases in which the element is present, including the phases’ compositions 

and distributions, which can be represented by mineralogy of the material (Yan and 

Neretnieks 1995). Therefore, deep understanding of the material’s phase distribution can be a 

guide to understanding the leaching behaviour.  

A schematic “FeO”-Al2O3-SiO2 pseudoternary phase diagram can be used to gain information 

about phases formed by the three main components of the slag (Figure 1). Most traditional 

copper production slags lie in the primary phase field of fayalite (Fe2SiO4 or 2FeO.SiO2) 

shown by an ellipse in the figure. Increasing the alumina content (to above, roughly, 10 wt-

%), leads to a change in the primary crystallization field from fayalite to hercynite (FeAl2O4 

or FeO.Al2O3), illustrated by an arrow.  

Researchers have studied systems relevant to the copper production slag, under different 

conditions. Kongoli et al. (2006) have modelled an iron-silica or so called fayalite slag in the 

system of CaO-FeO-Fe2O3-SiO2-Al2O3 at 1250ºC, with constant Fe/SiO2 ratio and 
2Op  value 
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equal to 10-8 atm. It is shown that Al2O3 enlarges the spinel saturation area and suppresses the 

formation of solid silica.   

Jak et al. (2008) showed that Al2O3 notably reduces the critical oxygen pressure for formation 

of spinel solid phase in the system of  FeO-Fe2O3-Al2O3-CaO-SiO2, where SiO2/Fe and 

CaO/SiO2 weight ratios are 0.6 and 0.3, respectively. These theoretical backgrounds indicate 

that it would be possible to increase the amount of spinels by alumina addition to the system.  

Partial pressure of oxygen is mentioned to be a critical parameter that can affect the structure, 

chemistry and, in turn, other properties of a fayalite slag (Kongoli 2003; Jak, Hayes et al. 

2007). The cooling rate of the slag is considered another influential parameter (Tossavainen, 

Engström et al. 2007). Although phase diagrams or thermodynamic modelling are a quite 

useful guide for prediction of slag behaviour, experimental studies for individual slags is still 

required. The aim of this paper is to build a better understanding of the influence of the 

addition of different fractions of Al2O3 on leaching behaviour of a fayalite slag. 

 

2. Materials and Methodology 

 

The investigated slag, in this study, is a fayalite slag from a Swedish copper producer 

(Boliden Mineral AB’s Rönnskär smelter), the typical chemical composition of which is 

reported by Boliden Mineral AB and shown in Table 1.  

The additive used in experiments was alumina (>98 %-Al2O3) from VWR International. In 

order to study the influences of alumina on slag, four different samples were prepared. One 

reference sample, which was merely slag without any additive, and three different mixtures of 

95 wt-% slag/5 wt-% Al2O3, 90 wt-% slag/10 wt-% Al2O3, and 85 wt-% slag/15 wt-% Al2O3.  

All mixtures were placed in alumina crucibles and re-melted by an induction furnace. An 

outer graphite crucible heated the alumina crucible and the sample; nitrogen was used as the 
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protection gas (Figure 2). The applied temperature profile was heating up to 1250ºC by almost 

4.5ºC/min, then maintaining at 1250ºC for 30 minutes and cooling down to 1000ºC by 

10ºC/min. Afterwards, the samples were left in the furnace to be cooled in the crucible system 

(semi-rapid cooling). The approximate time to achieve a completely solidified material was 2 

hours (Figure 3). 

After solidification and cooling to room temperature, the mixtures were removed from the 

alumina crucibles and sent to a certified laboratory, ALS laboratory group, Sweden, for 

analysis. Chemical compositions of the samples are shown in Table 2.  

Structural properties and elemental content of the re-melted mixtures were studied using 

scanning electron microscopy (SEM) equipped with energy dispersive X-ray spectroscopy 

(EDS), for semi-quantitative analysis. A Philips XL 30 SEM with accelerating voltage of 20 

kV was the applied instrument. X-ray diffraction (XRD) patterns of the samples were 

recorded by a Siemens D5000 X-ray diffractometer, copper K  radiation (40 kV, 40 mA) as 

the X-ray source. 2-theta-scale range was between 10° and 90° in 0.02°/step by counting 2 

s/step. The phase identification was made by reference patterns in an evaluating program 

supplied by the manufacturer of the equipment.  

Large pieces, as a result of re-melting and solidification, were crushed to a particle size less 

than 4 mm and leached according to the single-stage prEN 12457-2 (CEN 2002) at L/S (liquid 

to solid ratio) of 10 l/kg. Later on, leachates were filtered and analyzed by ALS laboratory 

group. For all samples, leaching tests were done in duplicate, and there was a good agreement 

between them; therefore, the mean values are presented. 
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3. Results 

3.1. X-ray diffraction (XRD) 

 

The XRD patterns of all samples are shown in Figure 4. Olivine, (Mg,Fe)2SiO4, solid 

solution, the dominating compound of which is fayalite, Fe2SiO4, is the main phase in all four 

samples. The reference sample consists of crystalline olivine, (Mg,Fe)2SiO4, and augite, 

Ca(Fe,Mg)Si2O6. According to the reference patterns of the evaluating program of the XRD 

instrument, identified augite is a solid solution of different silicates (where augite is the main 

one) including: augite, Ca(Fe,Mg)Si2O6, petedunnite, CaZnSi2O6, hedenbergite, CaFeSi2O6, 

and esseneite, Ca(Fe1.4Al0.6)SiO6, which are named, generally, as augite-based solid solution.  

Low intensity peaks of spinels are also detected. Spinels are a series of solid solutions with 

the chemical formula AB2O4, where A and B represent +2 and +3 cations, respectively. Due 

to its face-centred cubic (FCC) unit cell, occupying cations in the spinel’s structure are quite 

susceptible to substitution by other cations (Sickafus and Wills 1999; Gbor, Mokri et al. 

2000); as a result, specifying the exact composition of an individual spinel, in a complex 

material such as slag, is not recommended, and they are named, generally, as spinel. 

According to the evaluating program, composition of the spinels, in the reference sample, is 

close to that of magnetite (FeFe2O4).  

In the sample with 5% alumina addition, olivine and spinel peaks are seen. In the sample with 

10% alumina, in addition to olivine and spinels, Anorthite, CaAl2Si2O8, is also present in 

small amounts. In this sample, spinel peaks are more intense and the composition is changed 

to hercynite-based (FeAl2O4) solid solution. Spinel and anorthite peaks are more intense for 

the sample with 15% alumina addition.  
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3.2. Scanning Electron Microscopy (SEM)  

SEM figures of all samples show that three main phases are present in the materials. Energy 

dispersive spectroscopy (EDS) mapping of the samples, together with point analysis, facilitate 

the identification of these phases. Figure 5 shows the EDS mapping of the reference sample. 

The matrix of the samples, which is dark grey and labelled as phase “1”, shows coexistence of 

Ca, Si, and small amounts of Al. The brighter stripes, labelled as phase “2”, contain iron and 

silicon. In addition to the main part, some comb-shaped species of phase “2” are distributed 

all over the matrix. In some parts of the sample, a small number of cubic structures with sharp 

angles could be noticed, labelled as phase “3”. These particles are rich in iron (in the 

reference sample) and have very low content of silicon and calcium (Figure 5).  

The sample with 5% alumina shows similar morphology as the reference sample. Figure 6 

shows the EDS mapping of the 10% alumina sample. The composition of the cubic shape 

phase (phase “3”) is changed from being iron-rich to aluminium-rich, and its amount is 

increased considerably. The other two existing phases do not change chemically, while the 

appearance of phase “2” is slightly varied. In reference and 5% alumina samples, the width of 

phase “2” stripes is about 40 m. In samples with 10% and 15% alumina addition, these 

stripes are present in smaller dimensions (width of about 10 m) (Figure 6).   

For the sample with 15% alumina, the amount of the cubic shape phase (phase “3”) continues 

to increase. More comb- or dendrite-shaped fractions of phase “2” are distributed all over the 

matrix (Figure 7).  

In order to be able to compare all four samples, point analyses of different phases are 

tabulated below (Tables 3 and 4). Note that oxygen is removed from the analyses and Tables 

show the relative concentrations of the major cations. Elements other than Si, Ca, Fe, and Al 
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were found at very low concentrations, by EDS maps, and no corresponding minerals 

identified. It was not possible to track minor elements by EDS point analysis either.  

By addition of more alumina, concentration of Al in phase “3” increases, while that of iron 

decreases. No major difference in chemical composition is observed for the phase “2”. Due to 

alumina addition, aluminium together with iron substitute calcium and silicon, partly, in phase 

“1”, as percentages of Al and Fe increase, while percentages of Ca and Si decrease.  

3.3. Leaching

 

Leaching is a surface reaction (Kuhn, Behmenburg et al. 2000), where the particle size play 

an important role in the results (Tumen and Bailey 1990; Yan 1998); therefore, for the sake of 

the comparative study, the specific surface area of each sample was measured using BET 

analysis, and the leaching results are presented as specific leached amount [ g/m2](Table 5). 

The following formula elaborates the calculations.   

 

kg
mareasurfaceSpecific

kg
gvalueLeached

2
= Specific leached amount 2m

g  

 

Reactions between the solid and liquid control the pH, and pH controls the leaching of some 

elements (Yan, Baverman et al. 1998; Meima and Comans 1999; Sloot, Hoede et al. 2001); In 

some cases, pourbaix diagrams can be applied to explain the leaching behaviour based on the 

solubility; therefore, the pH and redox potential of the filtered leachates were measured and 

are presented (Table 6).  

Except for Zn, none of the other elements changed the stability zone in the pourbaix diagram. 

Due to changes in the pH of the leachates, the dominating Zn species changed between Zn2+ 
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and Zn(OH)2(aq) in different samples. In both cases, Zn is soluble. The leaching of it, 

however, is quite low and decreases by addition of more alumina. Arsenic and lead show very 

low leaching values. 

 

4. Discussion 

 

4.1. Mineralogy 

 

As the samples were cooled semi-rapidly in the furnace (within two hours), there was 

sufficient time for balancing and rebalancing the concentration of the constituent elements in 

different phases.  

According to coexistence of the elements in EDS mappings together with suggested phases by 

the evaluating program of the XRD instrument, it is clear that phases “1” and “2” correspond 

to augite-based solid solution and olivine, respectively. The detected olivine solid solution 

consists mainly of fayalite.  

Phase “3” represents spinel, which in the case of the reference sample is magnetite-based 

(FeFe2O4) solid solution and by addition of more alumina, it becomes hercynite-based 

(FeAl2O4) solid solution (Figures 5-7). This mineralogy is in good agreement with earlier 

studies on the traditional copper smelting slags (Das, Anand et al. 1987; Tumen and Bailey 

1990; Herreros, Quiroz et al. 1998).  No distinct phase corresponding to trace elements is 

detected.  

According to point analyses, concentration of aluminium in spinels increases from almost 

13% in the reference sample to 47%, and then to 60% in the samples with 5% and 10% 

alumina addition, respectively. Concentration remains almost the same for the sample with 

15% alumina addition. At the same time, concentration of iron in spinels decreases from 77% 
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in the reference sample to 44% and 33% in 5% and 10% alumina addition samples, 

respectively. Again, iron concentration remains almost the same for the sample with 15% 

alumina addition. This means that there is a substitution of iron with aluminium in spinel solid 

solution. Figure 8A illustrates this substitution. It can be said that the base composition of the 

spinel solid solution changes gradually, and then reaches a saturation limit. In the reference 

sample, spinels are magnetite-based (FeFe2O4) solid solution. In 5% alumina sample, it is 

changed to iron-aluminium-oxide-based (Fe(Fe,Al)2O4) solid solution. For the sample with 

10% alumina, spinel composition reaches hercynite-based (FeAl2O4) solid solution and 

remains the same for the sample with 15% alumina addition (spinels are saturated). This 

hypothesis can be confirmed referring to the ternary phase diagram of FeO-Fe2O3-Al2O3 

(Levin, Robbins et al. 1964).  

Olivine does not show a considerable change in its chemical composition. The other phase, 

augite-based solid solution, shows the main compositional changes between the reference and 

5% alumina addition samples; then, the changes are in the range of a couple of percent for 

major elements (Figure 8B).  

XRD analyses show presence of the anorthite phase (CaAl2Si2O8) in the sample with 10% 

alumina addition, and a higher amount of this phase in sample with 15% alumina addition. 

Anorthite has been reported by Ettler (2009), Kuo et al. (2009), and Zhang et al. (2000) to be 

another possible existing phase in systems similar to copper slag due to addition of more 

alumina. In a previous publication (Mostaghel, Samuelsson et al. 2008) and XRD patterns of 

the current study, anorthite is clearly identified, while its presence is not detected in the SEM 

figures of the present study. It can be argued that the whole system has an alumina saturation 

limit between 5% and 10% alumina addition. Before reaching this limit, concentration of 

aluminium in augite-based solid solution and spinel would increase; in addition, the amount 

of spinels rises. But reaching this saturation level means that the composition of spinels and 
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matrix phase (augite-based solid solution) would not change anymore; instead, an excess 

amount of aluminium (due to more alumina addition) would be consumed in formation of a 

new aluminium-containing phase (anorthite, CaAl2Si2O8). Earlier work (Zhang, Rezaie et al. 

2000; Mostaghel, Samuelsson et al. 2008; Kuo, Huang et al. 2009) showed that there is an 

alumina saturation limit for the systems similar to the slag investigated in this study. 

Unpublished thermodynamic calculations using FactSageTM 5.4.1 for this slag with the same 

alumina addition fractions show that this saturation happens at around 8% alumina addition.  

 

4.2. Leaching

 

It is known that dissolution of major phases controls the aqueous chemistry; in addition, 

major phases are the host of the trace elements (control the leaching of the trace elements). 

Hence, studying the leachability of the trace elements is only possible when the dissolution of 

the host phases (major phases) is thoroughly understood (Yan 1998; Tossavainen 2002).  

Therefore, leachability of the major elements is compared in different samples. The measured 

iron concentrations of the studied samples (Table 2) are not equal to that of the calculated 

chemical compositions. Due to “magnetite precipitation”, small amount of iron stick to the 

crucible wall. The amount of such a precipitation is not constant for all samples; therefore, 

iron concentration does not, simply, decrease by alumina addition. In order to consider this 

fact in the iron leaching discussion, the concept of the “leaching yield” was applied for iron, 

in which the leached value was considered as a fraction of the total concentration of iron in 

the bulk composition of that sample. Applying the leaching yield for iron confirmed the 

observed trend in Table 5. This means that small variations of the initial concentration of iron 

in the samples cannot affect the iron leachability and its discussion. Hence, even for iron, 

specific leached amount [ g/m2] according to Table 5 is taken to account.   
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4.2.1. Comparison between reference and 5% alumina addition samples  

Between these two samples, composition of olivine does not change considerably. By alumina 

addition, Al dissolves in augite-based solid solution and the concentrations of Si and Ca in 

this solid solution decrease (Tables 3 and 4). This means that a fraction of Si and Ca are 

distributed over the sample (instead of being bonded in the silicate structure). Since silicate 

chains are considered to be less soluble (Parsons, Bird et al. 2001), this may explain the 

higher leachability of Si and Ca in the sample with 5% alumina addition than the reference 

slag. At the same time, aluminium substitutes iron in the spinel structure. Spinels are 

considered to be durable and less soluble than other phases (Tossavainen and Forssberg 2000; 

Saffarzadeh, Shimaoka et al. 2006; Ettler, Johan et al. 2009). This substitution explains the 

increase in iron leachability. Although aluminium contributes, partly, to formation of the iron 

aluminium-oxide-based (Fe(Fe,Al)2O4) solid solution, the rest (as a result of the alumina 

addition, which is not bonded in spinel or augite-based solid solution) causes more leaching 

of this element in the sample with 5% alumina addition than the reference slag.  

 

4.2.2. Comparison between 5% and 10% alumina addition samples  

 

Presence of more aluminium-rich spinels in the sample with 10% alumina addition than the 

sample with 5% alumina addition is the key factor of the leaching behaviour. The amount of 

spinels and their Al content has increased, which results in a decrease in Al leachability.  

For iron, although its concentration in spinels has decreased, the amount of spinels is high 

enough to bind more iron in their structure; therefore, it is less soluble in the sample with 10% 

alumina addition.  
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As more Al is consumed for the formation of spinels, its concentration drops slightly in the 

augite-based solid solution; therefore, more Ca and Si are present in this phase. This may be 

the reason for lower leaching values for Ca and Si in the sample with 10% than 5% alumina 

addition.  

 

 4.2.3. Comparison between 10% and 15% alumina addition samples  

 

According to the XRD patterns (Figure 4), there is a higher amount of anorthite phase in the 

sample with 15% alumina addition than 10% alumina addition. Ca, Si, and Al (forming 

elements of the anorthite phase) show higher leached values in the 15% alumina sample. This 

means that anorthite is a more soluble phase and the elements that are present in its structure 

can be leached more readily.  

The decrease in iron leaching continues (as between 5% and 10% alumina samples). Still, the 

reason may be the presence of more spinels whose composition is close to that of hercynite 

(FeAl2O4), which, in turn, bound more iron and decreased its solubility.  

 

4.2.4. Trace elements 

 

It is difficult to discuss the leachability of trace elements since tracking them in major phases 

using EDS mapping and point analyses was impossible. 

Kim and Sohn (1998) reported that behaviour of arsenic is not affected by addition of Al2O3. 

The present study seems to confirm the reported arsenic behaviour. As mentioned, due to 

changes in the leachates’ pH, the dominating Zn species changed between Zn2+ and 

Zn(OH)2(aq) in different samples. In both cases, Zn is soluble (Beverskog and Puigdomench 
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1997); however, its leached values are quite low, and decreases by addition of more alumina; 

the possible reaction is: 

HaqOHZnOHZn 2)()(2 22
2  

Zn, Pb, and Cu can all occupy one of the cation sites in spinel solid solution. An overall 

decrease in leachability of these elements can be explained by the presence of more spinels in 

samples with higher alumina addition, which gives more positions for Zn, Pb, and Cu to be 

bound in.  

The leachability of Mg shows a decreasing trend until 10% alumina addition, and then an 

increase for higher amounts of alumina (15% addition). Since tracking this element is not 

possible through EDS mapping and XRD evaluations, no mineralogical correlation with the 

leaching results can be established.  

 

4.2.5. Overall remarks 

 

Considering the overall trends for solubility of different elements (Figure 9), the sample with 

10% alumina addition shows the lowest leached amount for most elements. The reason is that 

the sample with 10% alumina addition is the sample closest to the alumina saturation limit of 

the system (almost 8% alumina addition), where the amount of spinels is high enough to bind 

different metals (as cations) in their structure. In addition, although the soluble anorthite 

phase is formed after saturation (in the sample with 10% alumina), its amount is still too low 

to lead to a higher overall leaching than the sample with 5% alumina addition. 
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5. Conclusion 

Three main phases (olivine, augite-based solid solution, and spinel) are identified for all 

samples.  

Addition of alumina to slag causes an increase in the amount of spinel and changes its 

composition from being iron-rich (FeFe2O4) to aluminium-rich (FeAl2O4). The whole system 

showed an alumina saturation limit between 5% and 10% alumina addition. After this limit, 

the composition of spinel and augite-based solid solution would not change anymore, and an 

excess amount of aluminium (due to more alumina addition), would be consumed for 

formation of the anorthite, CaAl2Si2O8, phase. 

From a leaching point of view, on one hand, formation of more spinels as a result of alumina 

addition is favourable, since spinels are less soluble than other involved phases and can 

therefore bind elements in the structure and lower the leachability. On the other hand, addition 

of more alumina (above the saturation limit) results in a formation of anorthite phase, which is 

soluble and raises the leachability of its former elements. 

The closer the composition is to the saturation limit, the less overall leaching would be. In the 

added fractions of alumina in this study, 10% alumina addition showed the lowest leaching 

results. 

Apart from comparative study, it can be said that addition of alumina does not affect the 

leachability of trace elements adversely. All the trace elements are leached at very low levels. 
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Legends for Figures 

Figure 1: Schematic pseudoternary phase diagram of the “FeO”-Al2O3-SiO2 system 

Figure 2: Crucible system for slag melting by induction furnace 

Figure 3: Temperature profile of the samples 

Figure 4: XRD patterns of all samples 

Figure 5: EDS mapping of the reference sample; magnification 672  

Figure 6: EDS mapping of the 10% alumina sample; magnification 800  

Figure 7: EDS mapping of 15% alumina sample; magnification 800  

Figure 8: Concentration of the major elements in different phases; A: spinel, B: augite-based 

solid solution 

Figure 9: Trends of the changes in the leached amount ( g/m2) due to addition of alumina, in 

different samples 
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Tables
Table 1: Typical chemical composition of the fayalite slag from the Rönnskär smelter, 

Sweden 

 

Element Si Fe Ca Al Mg Cu Zn Pb As 

wt-% 17 34 4.0 2.1 1.9 0.56 1.5 0.05 0.01 
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Table 2: Chemical analyses of the investigated samples (wt-%), after re-melting, before 

leaching test  

 

Element Reference 5% alumina 10% alumina 15% alumina 

Si 18.0 16.9 16.4 15.3 

Al 2.4 5.2 7.9 9.9 

Ca 3.9 3.8 3.5 3.4 

Fe 34.3 37.6 37.0 34.2 

Mg 0.8 0.8 0.7 0.7 

As 0.0 0.1 0.0 0.1 

Cu 0.8 0.9 0.5 0.9 

Pb 0.0 0.0 0.0 0.0 

Zn 1.3 1.3 1.5 1.4 
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Table 3: Point analyses of different phases in the reference and 5% alumina addition samples; 

concentrations are normalized for each phase 

 

Phase "1" Phase "2" Phase "3" 
Element 

Ref. 5% Ref. 5% Ref. 5% 

Mg 0.4 0.0 6.0 5.6 3.1 0.5 

Al 11 22 0.0 0.0 13 47 

Si 53 46 31 32 2.7 2.2 

Ca 14 13 0.9 0.6 0.5 0.4 

Fe 19 19 60 61 77 44 

Zn 1.6 1.1 1.4 0.9 4.2 6.5 
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Table 4: Point analyses of different phases in 10% and 15% alumina addition samples; 

concentrations are normalized for each phase 

 

Phase "1" Phase "2" Phase "3" 
Element 

10% 15% 10% 15% 10% 15% 

Mg 0.0 0.0 4.9 3.3 0.5 0.4 

Al 19 23 0.0 0.0 60 61 

Si 47 46 33 32 1.3 2.6 

Ca 12 9.9 0.5 0.7 0.2 0.2 

Fe 21 20 61 64 33 32 

Zn 0.7 0.2 0.6 0.5 5.2 4.1 
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Table 5: Specific leached amounts [ g/m2] together with deviation from the mean values of 

duplicate trials  

 

Element Reference 5% alumina 10% alumina 15% alumina 

Si 270.0±1.8 341.1±6.7 160.0±4.4 236.6±2.9 

Al 43.8±2.1 96.0±0.3 35.1±3.4 70.3±1.3 

Ca 369.5±0.4 565.6±10.0 185.6±4.4 390.8±6.0 

Fe 12.1±3.5 24.6±0.8 12.6±0.8 3.4±0.4 

Mg 66.9±0.5 58.1±0.4 26.6±0.6 63.4±1.3 

As 0.8±0.0 1.3±0.0 0.8±0.0 1.3±0.0 

Cu 4.4±1.2 9.4±0.6 4.0±0.0 1.8±0.1 

Pb 0.9±0.5 0.6±0.0 0.2±0.0 0.5±0.4 

Zn 1.1±0.5 1.5±0.1 0.8±0.0 0.2±0.1 
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Table 6: Redox potential and pH of the leachates 

 

Sample pH Eh (mv) 

Reference 8.2 196.5 

5% alumina 9.0 189.1 

10% alumina 7.6 224.2 

15% alumina 9.7 145.9 

 



 27

 

 

Figure 1 

 

 



 28

 

 

Figure 2. 



 29

 

 

Figure 3. 



 30

 

 

Figure 4. 



 31

 

 

Figure 5. 



 32

 

 

Figure 6. 



 33

 

 

Figure 7. 



 34

 

 

 

Figure 8. 



 35

   

 

 

 

Figure 9. 

 

 

 

 

 

 

 

 

 

 

 



 



Paper II 

Submitted to Thermochimica Acta 



 



Effects of Alumina on Melting Behaviour of a Fayalite Slag  
Sina Mostaghel*, Ryan Robinson, Caisa Samuelsson, Bo Björkman 

Division of Extractive Metallurgy, Luleå University of Technology, 971 87, Luleå, Sweden 

 

 

*Corresponding author: Sina Mostaghel, F1302, Division of Extractive Metallurgy, Luleå 

University of Technology, 971 87, Luleå, Sweden 

 

E-mail: sina.mostaghel@ltu.se 

Telephone: +46 920 491372 

Fax: +46 920 491199 



 2

Abstract

Historically, an extensive research effort has been devoted to investigate the influence of low 

amounts of Al2O3 on the liquidus temperature of systems related to slag in copper production. 

Existing literature in the area is predominately confined to modelling/thermodynamic 

calculations of simplified systems under strictly controlled conditions. Consequently, there is a 

lack of experimental data concerning actual industrial slag, in which the presence of minor 

impurities may cause deviation of the results from simplified approaches. In this paper, the 

melting behaviour of a fayalite slag, from a Swedish copper producer, has been studied 

experimentally to observe the effect of different alumina additions. A reference slag sample, 

devoid of alumina addition, and mixtures of slag with 5, 10, and 15 wt-% alumina addition were 

analyzed using differential scanning calorimetry, Pt-Rh sample pans. A characterization of the 

samples from a previous publication has been used to explain the melting behaviour of the 

mixtures.  

Alumina addition was found to increase the melting temperature of the slag. The enthalpy and 

melting intervals increase with up to 10% alumina addition but later decrease with higher 

alumina addition. Increasing the alumina content of the slag facilitates formation of metastable 

phases during the solidification. The grounds and influential parameters for these phenomena are 

thoroughly discussed.    

 

Keywords: Alumina; Melting behaviour; Fayalite; Slag; Metastable 
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1. Introduction and Background 

 
Utilization of secondary raw materials is steadily increasing among most metal producers. In fact, 

this recycling is part of the endeavor to save natural resources for future generations as well as 

achieving a balance between environmental considerations and cost effectiveness [1]. On the 

other hand, recycling of secondary raw materials introduces various impurities to the processes 

that can affect the chemical composition and properties of the products and by-products. Alumina 

(Al2O3) is one of the impurities commonly found in some types of metallurgical slag and usually 

enters the system through different sources such as mineral concentrates, fluxes, dissolved 

refractory [2], and treatment of electronic scrap [3]. Slag is an important constituent of the metal 

production chain. A good slag should exhibit appropriate physicochemical properties such as 

proper melting temperature, optimal viscosity, and the ability to selectively clean the metal of 

undesirable elements [4]. Properties such as slag viscosity and liquidus temperature influence the 

flow characteristics, slag/matte separation, settling of matte particles through the molten bed of 

slag [5], and finally the operating cost [6].   

In this paper, the main focus is the melting temperature of the slag, which has proven to be 

dependent on the partial pressure of oxygen [2, 7], chemical composition, and phase distribution 

[6, 8].  

In order to discuss the possible changes in fayalite slag melting temperature with addition of 

alumina, it is prudent to initially refer to a schematic pseudoternary phase diagram of the “FeO”-

Al2O3-SiO2 system (Figure 1, which is based on the diagram reported by Levin et al. [9]). Most 

traditional copper production slags lie in the primary phase field of fayalite (2FeO.SiO2), which is 

illustrated by an ellipse in Figure 1. As shown by the arrow, increasing the alumina content (to 

above roughly 10 wt-%), leads to a change from the primary crystallization phase field of fayalite 

to hercynite (FeO.Al2O3), and an increase in the melting temperature of the system. Although 

phase diagrams are a quite useful guide for prediction of the slags’ behaviour, they are not always 

applicable to industrial purposes.  

A number of researchers have investigated the effect of Al2O3 on the liquidus temperature of 

systems similar to a so-called “fayalite” or iron silicate slag, at different oxygen potentials.  

Jak et al. [6] applied thermodynamic calculations to predict the liquidus of the FeO-Fe2O3-CaO-

SiO2 system at 1250ºC and oxygen partial pressures of 10-6, 10-8, and 10-10 atm. They found that 



 4

the liquidus is independent of oxygen pressure in the silica, wollastonite, and dicalcium silicate 

primary phase fields. In iron-rich slags, it varies considerably with changes in
2Op . At low oxygen 

pressure, the primary phase field of the iron-rich slag is wustite. However, at higher oxygen 

partial pressure, the primary phase is spinel (magnetite) and the range of composition at which 

the slag is completely liquid, at a given temperature, decreases. They also demonstrated that 

presence of alumina changes the composition at which silica saturation occurs and reduces the 

required oxygen pressure for the formation of spinel. Addition of alumina (up to 4 wt-%) to the 

Al2O3-“FeO”-CaO-SiO2 system, in equilibrium with metallic iron, lowers the liquidus 

temperature almost 3ºC for each 1 wt-% addition of alumina. Kongoli [4] has modelled the FeO-

Fe2O3-SiO2-CaO-Al2O3-MgO system at Fe/SiO2 ratio of 1.5, 2% MgO, 3% CaO and a constant 

oxygen partial pressure (1.4 10-11 atm) and shown that increasing the Al2O3 content up to 8 wt-% 

results in a decrease in liquidus temperature. However, according to Kongoli and Yazawa [8] in 

another set of conditions for the CaO-FeO-Fe2O3-SiO2-Al2O3 system at 
2Op  equal to 10-8 atm. 

and at a constant Fe/SiO2 ratio, Al2O3 raises the slag liquidus temperature in the spinel 

(magnetite) saturation area. The increase is non-uniform and varies from 6-8 degrees per 

additional 1 wt-% Al2O3 [10].  

The existing literature concerning the effect of alumina addition is restricted to simplified 

systems under strictly controlled conditions, while it is evident that the liquidus temperature of 

the slag is dependent on the minor components that are present, phase assembly, primary 

crystallization phase field, and partial pressure of oxygen [10]. Generalization of the acquired 

results from the simplified theoretical predictions is not recommended [4] and there is a lack of 

experimental data for actual industrial slag compositions with high alumina contents. Therefore, 

this paper focuses experimentally on the melting behaviour of a fayalite slag (Fe/SiO2 1.61) from 

a Swedish copper producer with different alumina additions.   

 

1.1. Effects of alumina on slag mineralogy  

 

The mineralogy of the current mixtures of fayalite slag/alumina has been thoroughly discussed in 

a previous publication [11]. A short summary of the findings can be helpful in the current 

context. Secondary electron (SE) images, from scanning electron microscopy (SEM), of the 

reference slag and mixtures with alumina are shown in Figure 2. The major crystalline phases of 
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all samples studied were olivine, (Mg,Fe)2SiO4, augite-based (Ca(Fe,Mg)Si2O6) solid solution, 

and spinel solid solution, labelled in Figure 2 as phases “1”, “2”, and “3”, respectively. In the 

sample containing re-melted slag (devoid of alumina addition), a small amount of iron-rich 

spinels (FeFe2O4, magnetite) were observed. Addition of alumina to the original slag composition 

increased the amount of spinels considerably and changed the composition of spinels from iron-

rich to aluminium-rich. In the sample with higher addition of alumina (10%), Anorthite 

(CaAl2Si2O8) was also formed; the amount of this phase increased in the sample with 15% 

alumina addition. The morphologies of the reference, 5%, and 10% alumina addition samples 

were similar. In the sample with 15% alumina addition, more dendritic fayalite was distributed all 

over the sample. Generally, the phases were distributed more evenly in this sample compared to 

the others. A comparison between Figures 2-a, 2-b and 2-c shows signs that solidification of the 

samples with less alumina addition follows the classical nucleation and growth mechanism, while 

that with 15% alumina addition has a much higher rate of nucleation in lieu of growth.    

 

2. Materials and Methodology 
 

The Rönnskär smelter of Boliden Mineral AB, Sweden, is a base and precious metals producer 

with main products of copper, zinc clinker, lead, gold, and silver. The resulting slag from the 

electrical smelting furnace operation is subsequently charged to the fuming furnace, where it is 

treated under reducing conditions to produce zinc clinker [12]. The remaining slag after fuming, 

which is normally refined further in the settling furnace, is the material investigated in this study. 

According to the existing sulphur-oxygen potential diagrams, e.g., Yazawa diagram [13], the 

partial pressure of oxygen in the fuming furnace is estimated to be around 10-12 atm. The 

dominating iron state, under such a condition, is Fe+2. This slag consists mainly of FeO-SiO2, 

thus it is known as “fayalite” slag (Fe/SiO2 1.61). Slag samples have been chemically analyzed 

by Boliden Mineral AB; the semi-quantitative elemental analysis of the slag is given in Table 1. 

The alumina additive used in the experiments (>98 %-Al2O3) was supplied by VWR 

International. In order to study the influences of alumina on slag, four different samples were 

prepared: one reference sample, merely slag without any additive, and three different mixtures 

including: 95 wt-% slag/5 wt-% Al2O3, 90 wt-% slag/10 wt-% Al2O3, and 85 wt-% slag/15 wt-% 

Al2O3. 0.75 kg of each mixture was placed in an alumina crucible and homogenized (re-melted) 
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in an induction furnace. An outer graphite crucible was used to evenly heat the alumina crucible 

and the sample; nitrogen was used as the protection gas. The applied temperature profile included 

heating to 1250ºC by 4.5ºC/min, then maintaining at 1250ºC for 30 minutes followed by cooling 

to 1000ºC by 10ºC/min. Afterwards, the samples were left in the furnace to cool naturally to 

room temperature. After solidification, the mixtures were removed from the alumina crucibles, 

grinded, and sent to a certified laboratory, ALS laboratory group, Sweden, for analysis. Chemical 

assays of the homogenized slag and mixtures are shown in Table 2. In order to be able to 

compare the major constituent oxides of different mixtures, Table 3 shows the normalized 

compositions of the samples with respect to “FeO”, SiO2 and Al2O3. 

38±3 mg powder materials (average particle size of 40.03 m) were then placed in Pt/Rh sample 

pans and analyzed in a calibrated differential scanning calorimeter, NETZSCH STA 409C 

furnace, where 99.9% -Alumina was used as the reference material. Preliminary studies using 

differential thermal analysis (DTA), with temperatures up to 1450ºC, determined the temperature 

range at which the detectable transitions occur, for all samples. Hence, the temperature profile for 

current experiments was defined as heating from 20ºC to 700ºC at 20ºC/min, further heating to 

1150ºC at 10ºC/min, and then cooling to 700ºC at 10ºC/min. A dynamic flow of argon 

(99.9997%, 100 ml/min) was used as the purge gas. The partial pressure of oxygen (
2Op ) in the 

temperature range of experiments was estimated (using thermodynamic calculations) to be below 

10-12 atm. for all samples. Three sub-samples of each mixture were analyzed. Since there was 

good agreement between these results, only the mean values are used. The standard deviation of 

the results, for three trials of the sub-samples, is defined as “std”.   

3. Results  
 

Figures 3 and 4 show the DSC curves for all samples during heating and cooling, respectively. 

The onset of melting is defined as the temperature at which the first deviation from the 

normalized baseline of the curve occurs. In this study, analysis software supplied by Netzsch is 

used to estimate the onset temperature. Here, the intersection of the tangent from the point of the 

baseline deviation and the point of maximum rate of the transition is used as an approximation of 

the onset of melting temperature (onset determination is shown for curve (b) in Figure 3). 

Similarly, the onset of solidification is approximated using the same method as mentioned above, 
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during the cooling. The end of melting is defined as the temperature at which the curve returns to 

the baseline. Furthermore, enthalpy of melting was measured as the area under the transition peak 

in J/g, by the instrument.  

The scanning rate has a significant effect on the appearance of the DSC curve [14, 15], but as all 

measurements in current experiments were performed using the same temperature profile, 

possible deviations are relative and therefore negligible.  

In the DSC results for the reference sample during the heating, an endothermic signal at around 

990ºC represents the melting. In samples with 5% and 10% alumina addition, the transition shifts 

to higher temperatures and is divided into two steps. The total of these peaks appears broader 

than the reference slag peak. In the results for the sample with 15% alumina addition, three 

successive interconnected peaks form the total melting signal. The average temperatures of the 

onset of melting, end of melting and onset of solidification are shown in Table 4. The onset of 

melting shows good reproducibility in different trials of all samples (small standard deviation). 

Addition of 5% alumina increases the melting temperature considerably. With more alumina 

addition (10% and 15%), this increasing trend of the temperature continues, but with smaller 

dimensions in the range of only a couple of degrees Celsius. 

Different maximum points of the heat flow are named as “first max.”, “second max.”, and “third 

max.” with respect to increasing temperature and are shown in Table 5, together with standard 

deviations.  

Enthalpy of melting, the unit time required for each sample composition to completely melt and 

the respective standard deviations are shown in Table 6. The enthalpy of melting increases by 

addition of alumina up to 10%, but then decreases at 15% alumina addition. The same trend can 

be seen for the required unit melting time. 

The reference slag is the only sample in which the onset of solidification occurs at a higher 

temperature than the onset of melting (Table 4). For all other samples, solidification occurs at 

much lower temperatures than the detected melting temperatures. Solidification signals were 

similarly, a single exothermic transition for all samples except the reference sample where two 

separate exothermic signals were detected. This phenomenon was observed in all three trials of 

the reference sample. Considering the average onset of solidification for the samples (Table 4), 

addition of alumina lowers the temperature for the onset of solidification up to 10% alumina 
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addition; with more alumina the onset remains almost constant. Standard deviation of the onsets 

of solidification is quite high, and increases with alumina addition to the slag.   

 

4. Discussion  

4.1. Melting Temperature 

 

Figure 5 shows the trend for the onsets of melting and solidification temperatures in different 

samples. The greatest interval of increase in melting temperature, which occurred between the 

reference and 5% alumina addition samples, is most likely due to a change in the primary 

crystallization field of the slag from fayalite to hercynite. In the current study, this change occurs 

between 5.2 and 10.4 wt-% total alumina content of the slag, see Table 3, which includes the 

predicted required amount (roughly 10 wt-%) by the pseudoternary phase diagram of “FeO”-

Al2O3-SiO2, see Figure 1. 

Higher alumina addition results in formation of more phases with higher melting temperature 

such as spinel [16] and anorthite, with melting temperature of 1555ºC [17], which can increase 

the overall melting temperature of the whole system. An earlier study [11] showed that alumina 

saturation of the slag occurs between 5% and 10% alumina addition. Reaching the saturation 

causes the excess amount of aluminium to be consumed for formation of either aluminium-rich 

spinels or anorthite. At the beginning of melting, spinel and anorthite are still in the solid state. 

This means that main part of the extra added aluminium, after the saturation limit, cannot affect 

the measured onset of melting considerably; the partial melting of the samples with 10% and 15% 

alumina addition starts at almost the same temperature as the onset of melting for the sample with 

5% alumina addition. Therefore, the increase in the onset of melting temperature, above 5% 

alumina addition, is restricted to a couple of degrees Celsius, see Table 4. 

According to the DSC curves (Figure 3), the complexity of the transition and thereby, the number 

of endothermic peaks, increases with alumina addition. This represents a stepwise melting, which 

could be a sign of the occurrence of new phases when alumina is added to the slag. The 

concentration of spinels increased between the reference slag and that with 5% alumina addition. 

It is believed that the second endothermic peak corresponds to a higher amount of spinel solid 

solutions.  
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In sample with 10% alumina addition, a small amount of anorthite phase was formed in addition 

to the presence of more aluminium-rich spinels. According to ternary phase diagram of FeO-

Fe2O3-Al2O3 [9], aluminium-rich spinels melt at higher temperatures than iron-rich spinels. 

Spinel and anorthite solid solutions increase the intensity of the second endothermic peak of the 

DSC curve of this sample, in comparison with 5% alumina addition. In sample with 15% alumina 

addition, three successive endothermic peaks are observed. These peaks are close to each other 

with respect to temperature and the whole endothermic signal can be considered one complex 

transition. Appearance of the three endothermic steps, inside a homogeneous endothermic signal, 

could be a result of the presence of more solid phases in this sample. As different phases melt at 

different temperatures, stepwise heat absorption by this sample is observed. These are the same 

solid phases that remain in the solid state and consequently could not have a considerable effect 

on the onset of melting, but started to melt at higher temperatures.   

Figure 6 shows the trend of the average temperature of maximum heat flows for each sample 

(Table 5). A sharp increase from the reference to the 5% alumina sample, which is followed by a 

smaller increase with further alumina addition, is similar to the observed trend for onset of 

melting temperature.  

This can confirm the fact that presence of more high-melting-temperature solid solutions, such as 

spinel and anorthite, increases the melting temperature of the whole system. The main difference 

between the current work and the existing results in the literature is the change in the primary 

crystallization phase field from fayalite to hercynite. Zhao et al. [2] earlier showed that alumina 

addition up to 6 wt-% to a similar system as in the current study, within the fayalite primary 

phase field, decreases the liquidus temperature by almost 3 k for each 1 percent alumina addition. 

Here, it is shown that the change in the primary crystallization phase field causes an immense 

effect on the melting temperature.  

 

4.2. Melting Interval   

 

The melting temperature interval is the temperature range at which the solid fraction, fs, is 

between 0 and 1. Different methods can be found in the literature to define the melting interval. 

Some researchers believe that the onset of melting represents the solidus and the onset of 

solidification represents the liquidus; therefore, the melting interval is the temperature range 
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between these two temperatures. In the current experiments, the onset of solidification occurs at a 

higher temperature than the onset of melting for the reference sample, while all the other samples 

have the onset of solidification temperatures that are lower than the onset of melting. This 

behaviour makes this method inapplicable for the current results. The reason for such behaviour 

is discussed later in chapter 4.4.   

There is another method, which is based on the temperature range between the onset and end of 

melting temperatures in the DSC curve [18]. Averages of this temperature range for the studied 

samples are shown in Figure 7. However, these are not the “true” melting interval for samples 

with higher alumina contents as it is reasonable to expect a continued slow partial melting of the 

high melting temperature solid solutions that are present in these samples.  

With addition of alumina up to 10%, the melting interval increases. As shown in the DSC curves 

(Figure 3), the melting transition in 5% and 10% alumina samples appears as a two-step peak, 

which broadens the temperature interval for the curve to return to its normalized baseline. The 

presence of more aluminium containing spinel solid solutions (and anorthite phase in the 10% 

alumina sample), in comparison to the reference sample, enlarges the liquid-solid region, which 

in turn broadens the detected temperature interval.    

In the sample with 15% alumina addition, three successive peaks were observed in the total 

melting transition, but with a narrower temperature interval. Although preliminary DTA analysis 

up to 1450ºC did not show any detectable transition above 1150ºC, it is believed that the melting 

process for this sample is still not fully complete at 1150ºC. Unpublished thermodynamic 

calculations using FactSageTM 6.1 confirm this hypothesis and show that the required temperature 

to achieve a complete molten material is higher than 1150ºC. The complexity of the melting 

transition for this sample suggests that a small amount of solid remains present, even at higher 

temperatures and a gradual melting is continued. Therefore, the sample with 15% alumina 

addition shows a narrower detected melting interval than the sample with 10% alumina addition.  

Some other researchers believe that the melting interval should be considered as the temperature 

range between the onset of melting and the maximum point of the heat flow [15, 19, 20]. In the 

current study, all samples, except the reference slag, show two or three maximum points for the 

heat flow in the endothermic signal. To find the temperature range between the onset of melting 

and the maximum heat flow, the last maximum point of the transition is considered. When 

applied to the current samples, this method confirms the trend found earlier in Figure 7.  
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4.3. Enthalpy of Melting 

 

The enthalpy of melting or heat of fusion is most commonly defined as the area under the DSC 

melting peak in reference to a normalized baseline [14, 20]. The enthalpy of melting calculations 

in this study was done using the Proteus Analysis software package supplied by Netzsch.  

Although the main constituent of all samples is fayalite, the experimental enthalpy of melting 

(Table 6) is much lower than the reported values for crystalline fayalite. The approximated 

enthalpy of the hypothetical congruent melting of fayalite was reported by different researchers to 

be 433.8±5.4 J/g [21], 451.6 J/g [22], or 438.2 J/g [23] . The heat of fusion of a naturally 

occurring fayalite from Alfa Aesar® as measured by the authors of the present study was equal to 

424.2 J/g.  

Leth-Miller et al. [22] applied a combination of modelling and experimental techniques to study 

the heat of fusion of some minerals. In their publication, it is stated that heat of fusion of minerals 

(inorganic oxides) is much lower than that of pure crystalline phases i.e., solid materials that have 

been formed in such a way that ordered crystals are present. In order to find an agreement 

between the modelled and measured values of H (heating from 25ºC to 1500ºC including 

melting), they had to set the modelled heat of fusion of olivine, (Mg,Fe)2SiO4, to zero [22]. This 

means that very low heat of fusion could be detected experimentally.  

It is believed that the low enthalpy of melting results observed in this study is due to the effects of 

heat of mixing, which arise due to the rearrangement of ions in solid solutions [24] and/or 

exothermic decompositions that occur at almost the same temperatures as the melting [15].   

According to Table 6, the enthalpy of melting increases with alumina addition up to 10%. 

Presence of a higher amount of stable phases in the slag, such as, spinel increases the required 

heat to reach a molten material. 

Further increase in alumina content (15%) lowers the enthalpy of melting. As mentioned, the 

measured enthalpies are dependent on the extent of phenomena such as, possible exothermic 

decomposition of the metastable phases (discussed in chapter 4.4), and heat of mixing. Therefore, 

in these tests, enthalpies are not only dependent on the required heat, but also on the amount of 

heat generated by the samples. It is believed that more exothermic decompositions occur in the 

sample with 15% alumina addition than with 10%, which results in a lower detected heat of 

fusion. The presence of fewer distinct ordered crystals in the sample with 15% alumina addition 
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than the other samples (Figure 2) may be another reason for showing such a low heat of fusion 

[22]. In addition, as discussed earlier, small amounts of solid phase may still be present in this 

sample as the curve returns to its baseline, which consequently lowers the measured enthalpy of 

melting.  

Another way to compare the melting enthalpy of the samples is to measure the area under the 

peak from the onset of melting temperature to the last maximum point of heat flow. Since all 

samples with alumina addition show complex peaks, separation of the area underneath them is 

not possible. For comparative study, the required unit melting time (sec/mg) from onset of 

melting to the last maximum point of the heat flow can be compared (Table 6). This method 

shows the same trend as the calculated enthalpies for the whole peak area i.e., an increase in time 

up to 10% alumina addition and then a decrease from 10% to 15% alumina addition.  

 

4.4. Solidification 

 

According to Table 4 and Figure 5, the average values of the onset of solidification decrease with 

the addition of alumina. Except for the reference slag all samples show a considerable 

undercooling in order to start solid phase nucleation. This means that alumina addition increases 

the required driving force for nucleation. Therefore, a quite high undercooling is needed for the 

first nuclei to be formed. According to the classical theory of nucleation, the limit of 

undercooling of liquids is equivalent to about 0.82 Tm, where Tm is the melting temperature 

[25]. The measured undercoolings are within this range.    

Concerning the reference sample, a second lower intensity exothermic signal was detected at 

934.4±2.7ºC after cooling from the initial exothermic peak. This transition may represent a 

decomposition of a phase from the solidified material, but temperature agreement of this 

phenomenon in different trials of the same sample composition i.e., low standard deviation, 

suggests that it is a portion of the melt that is solidified at lower temperatures than the bulk.  

The solidification temperature varied considerably in the different trials of an individual sample 

(larger error bars in Figure 5). This variation increases with higher amounts of alumina addition. 

The reason for such high variability in solidification temperature could be the formation of 

metastable solid compounds at different temperatures, in different trials. As discussed above, 

alumina addition increases the required driving force for nucleation, and when the nucleation 
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starts, unordered crystals will form, due to spontaneous solidification [26-28]. The mineralogical 

studies of the re-melted mixtures in this work confirm the hypothesis that 15% alumina addition 

increases the possibility of formation of metastable phases. The morphology of the 15% alumina 

sample is quite different than the other samples and contains a high amount of initially unordered 

crystals (Figure 2). These metastable phases can subsequently decompose exothermically [28]. 

The claim that the largest amount of metastable phases is present in the sample with 15% alumina 

addition can be considered from two perspectives: 1) formation of different metastable phases 

increases the variation of solidification temperature for this sample; 2) the measured enthalpy of 

this sample is lower than that with 10% alumina addition, due to the presence of more metastable 

phases that subsequently decompose exothermically (chapter 4.3).  
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5. Conclusion 
 

Between the reference sample and 5% alumina addition sample, the primary crystallization field 

changes from fayalite to hercynite; this results in a sharp increase in the melting temperature. 

With higher alumina addition (10% and 15%), more high-melting-temperature phases such as 

spinel and anorthite are formed, which cause the increasing trend of the melting temperature to be 

continued, but in a smaller scale.  

The melting interval is increased by addition of up to 10% alumina, the reason being the presence 

of more spinel solid solutions. A following decrease (in 15% alumina sample) is believed to be 

due to the complex melting behaviour of this sample and presence of small amounts of solid 

phase in the whole temperature range of these experiments.  

The enthalpy of melting is increased by addition of up to 10% alumina. Further increase in 

alumina content (15%) decreases the enthalpy of melting. The reason, most probably, is the 

presence of more metastable phases that can decompose exothermically at almost the same 

temperatures as melting.  

Alumina addition to the slag increases the required undercooling for start of the solidification. 

This undercooling enhances the formation of metastable solid phases, which increase the 

variation of the solidification temperature in different trials of an individual sample.  
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Legends for Figures 
 

Figure 1: Schematic pseudoternary phase diagram of “FeO”-Al2O3-SiO2 system 

Figure 2: Secondary electron images of the reference slag (a), 5% (b), 10% (c), and 15% (d) 

alumina addition samples, Magnification 650, 800 , 650, and 800, respectively 

Figure 3: DSC curves of the samples during the heating; the reference slag (a) 5% (b) 10% (c) 

and 15% (d) alumina addition samples 

Figure 4: DSC curves of the samples during the cooling; the reference slag (a) 5% (b) 10% (c) 

and 15% (d) alumina addition samples 

Figure 5: Onsets of melting and solidification temperatures 

Figure 6: Average temperatures of maximum heat flows in different samples 

Figure 7: Averages of melting intervals, from the onset to end of melting together with 

respective standard deviations 
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Tables 
Table 1: Semi-quantitative elemental analysis of the fayalite slag from the Rönnskär smelter, 

Sweden 

 

Element Si Fe Ca Al Mg Cu Zn Pb As 

wt-% 17 34 4.0 2.1 1.9 0.56 1.5 0.05 0.01 
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Table 2: Chemical analyses of the investigated samples (wt-%); after homogenization, before 

thermal analysis  

 

Element Reference 5% alumina 10% alumina 15% alumina 
Si 18.0 16.9 16.4 15.3 
Al 2.4 5.2 7.9 9.9 
Ca 3.9 3.8 3.5 3.4 
Fe 34.3 37.6 37.0 34.2 
Mg 0.8 0.8 0.7 0.7 
As 0.0 0.1 0.0 0.1 
Cu 0.8 0.9 0.5 0.9 
Pb 0.0 0.0 0.0 0.0 
Zn 1.3 1.3 1.5 1.4 
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Table 3: Normalized composition of the samples with respect to “FeO”, SiO2 and Al2O3 

 

Oxide Reference 5% alumina 10% alumina 15% alumina 
SiO2 44.2 38.3 35.9 34.3 

Al2O3 5.2 10.4 15.3 19.6 
FeO 50.6 51.3 48.8 46.1 
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Table 4: Temperatures (ºC) of the onset and end of melting and the onset of solidification, 

together with standard deviations; temperatures are presented as the average value of three trials 

of the sub-samples 

 

Sample Reference 5% alumina 10% alumina 15% alumina 
Tonset of melting 993.1 1034.5 1036.0 1041.9 

std 5.4 4.5 5.0 2.7 
Tend of melting 1013.0 1085.5 1090.1 1081.2 

std 2.4 1.6 7.0 10.6 
Tonset of solidification 1044.2 998.2 966.5 966.5 

std 9.0 28.0 19.3 51.6 
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Table 5: Temperature (ºC) of maximum heat flows in different samples together with standard 

deviations 

 

Maximum First max. std Second max. std Third max. std 
Reference 1000.1 5.5 - - - - 

5% alumina 1047.8 4.3 1067.7 4.1 - - 
10% alumina 1052.6 1.7 1071.2 8 - - 
15% alumina 1059.8 2.4 1070.1 1.8 1077.6 1.1 
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Table 6: Calculated enthalpy of melting and unit melting time  

 

sample Enthalpy of melting (J/g) std Melting time (sec/mg) std 
Reference 41.6 11 1.4 0.5 

5% alumina 112.8 11 5.0 0.5 
10% alumina 170.5 73 5.5 2.0 
15% alumina 149.2 72 4.7 1.6 
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