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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 of the operation.
Alumina is one of the most common and significant impurities that enter the furnaces in
different ways, including recycling of waste electrical and electronic equipment (WEEE). In
order to control and optimize the outcome of the process, a deep understanding of influences
of alumina on slag properties is an essence.
In the current work, a combination of different experimental techniques and thermodynamic
calculations was used to investigate the effects of alumina on some of the most important
properties of an industrial iron-silicate or fayalite-type slag, from a Swedish base and precious
metals producer. For this purpose, a reference slag sample, devoid of alumina addition, and
three different mixtures of slag with 5, 10, and 15 wt-% alumina additions were prepared and
used for evaluation of density, surface tension, thermal diffusivity, viscosity, melting
behaviour, mineralogy and leaching characteristics.
Results show that in this type of slag, aluminium can be tetrahedrally coordinated and behave
as a network former cation. As a result, increasing the alumina concentration leads to
polymerization of the melt, and consequently, an increase in viscosity and thermal diffusivity.
It is observed that alumina addition to the slag leads to formation of units with relatively
higher molar volumes, which reduces the measured density of the material. Slag samples with
higher alumina contents exhibit higher surface tensions, primarily due to the relatively lower
concentration of the surface-active components. By 5 wt-% alumina addition to the system,
the liquidus temperature decreases slightly. Further increase in alumina content (10 and 15
wt-% alumina additions) causes a change in primary crystallization phase field of the material
from fayalite (Fe2SiO4) to hercynite (FeAl2O4). This change is associated with a rise in
liquidus temperature; however, the solidus temperature of the slag remains almost constant.
The most important industrial characteristics of the slag (copper loss to the slag phase and
foaming behaviour of the material) are definitely affected by such changes in slag
composition and physical properties. Influence of alumina on these two phenomena was not
investigated experimentally in the current work, but discussed, theoretically, based on the
available literature.

Mineralogical studies of the semi-rapidly solidified samples reveal that alumina addition to
this type of slag changes the composition and concentration of major phases that are present
in the material, which directly controls the leachability of different elements from the slag. It
was found that in the current system, spinel and anorthite are the most leaching resistant
phases, which are followed by olivine, clinopyroxene and orthopyroxene, respectively.
Therefore, among the investigated samples in this study, the mixture of slag with 10 wt-%
alumina addition shows the lowest leachability of most of the elements.
As expected, by changing the cooling condition of the samples (i.e. water granulation), a
totally different dissolution rate of the elements was observed. It is shown that leaching of the
generated amorphous structures is a complex phenomenon that is controlled by mechanisms
other than those evident in the case of semi-rapidly cooled samples.
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1. Introduction
It is generally accepted that physico-chemical properties of the pyrometallurgical slags have a
very great impact on the efficiency of the metallurgical operations. In order to optimise the
outcome of the process and reduce the operational costs, the slag’s chemical composition and
phase distribution, and in turn its chemical and physical properties, must be strictly controlled.
However, application of various secondary raw materials in the smelting processes changes
the slag composition continuously. Some of the slag properties are important during the
extraction of metals, while some are important for post-process utilization of slags. Examples
of the properties that can be changed due to alteration of the chemical composition are
summarized below.

1) Ability of the slag to collect impurities with low dissolution of valuable metals (Eric
et al. 1994)
2) Surface tension and density, which influence the slag/matte separation (Kim and
Sohn 1998; Seetharaman et al. 2004)
3) Liquidus temperature, which can play an important role in flow characteristics,
slag/matte separation, and the operational temperature of the process (Kongoli et al.
2006; Kongoli and Yazawa 2001; Zhao et al. 1999a; Eric 2004)
4) Viscosity, which directly controls slag fluidity and the level of attack against the
furnace lining (Kim and Sohn 1998; Pilipchatin 2003). In addition, viscosity
governs many other characteristics such as heat and mass transfer (Kucharski et al.
1989; Seetharaman et al. 2005), kinetics of slag/metal interactions (Viswanathan et
al. 2001; Park et al. 2008), surface and interfacial tension (Seetharaman et al. 2004),
and separation of copper from slag (Han et al. 2003)
5) Electrical and thermal conductivities; these properties are required for mass and heat
transfer calculations, and indirectly effect the extent of control over the smelting
operation (Susa et al. 2007; Eric 2004)
6) Foamability of the slag, which is highly dependent on slag physical properties
(viscosity, density and surface tension) and the process conditions (Brämming 2010)

After completion of the smelting processes, the generated slag must be properly managed.
Stricter regulations for environmentally safe landfilling require very low leachability of the
1

environmentally concerned elements from the material that is to be landfilled. For some types
of slags, the best alternative is its application in construction/civil engineering. It has been
demonstrated that non-ferrous metal production slags can be given favourable physicomechanical characteristics that make them suitable for use as construction materials e.g.,
ballast, cement additive (Parsons et al. 2001), abrasive, aggregates, roofing granules, glass,
tile, etc. (Shanmuganathan et al. 2008). However, such an application is conditional upon
fulfilment of various technical and environmental criteria, and very low release of the
potentially toxic elements must be guaranteed before the material can be used (Tossavainen et
al. 2007). Therefore, even from an environmental perspective, deep understanding of the
possible changes in slag composition or phase distribution and consequent changes in its
properties is essential.

1.1. Rönnskär Smelter
Rönnskär smelter of Boliden Mineral AB is located in the north of Sweden, Figure 1.1.1. The
smelter has produces base and precious metals since 1930. The main products of the Rönnskär
smelter are: copper, zinc clinker, lead, gold, and silver, while sulphuric acid, liquid sulphur
dioxide, and granulated slag (Boliden Iron sand) are some of the main by-products. A major
part of the smelter’s raw material comes from Boliden’s own mines, e.g. the Aitik Copper
mine, which is located north of the Arctic Circle (Borell 2005), Figure 1.1.1. However,
different recycling and scrap materials such as metal residues from brass foundries, steelmill
dust and electronic scrap are also used as secondary raw materials. Most of the recycled
electronic scrap contain mixtures of various metals, ceramics and different polymeric
materials, which can affect the composition and properties of the generated slag considerably
(Han et al. 2003).
At the Rönnskär smelter, the copper matte produced in the electrical smelting furnace is
transported to the converters for further processing, while the generated slag in the converters
is recycled to the electrical furnace (Figure 1.1.2 shows a schematic flow sheet of the
Rönnskär smelter). Slag from the electrical furnace 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 separation of matte, slag and speiss. The cleaned slag is then water
granulated (Boliden Iron sand) and pumped into the de-watering section.
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Figure 1.1.1: Production units of Boliden Mineral AB (provided by the Rönnskär smelter)

The total production of the Iron sand has been 265 metric kilotonnes in the year 2011.
Considering appropriate insulation characteristics and water draining ability, the Iron sand is
currently sold as a filling and draining material for civil engineering applications.
Environmental compatibility of Boliden Iron sand has been evaluated and reported in an
earlier publication (Borell 2005). It has been proven that the material is environmentally inert
and there is no risk associated with its application as a construction material.
As shown in the flow sheet (Figure 1.1.2), two kaldo furnaces are also in operation at the
Rönnskär smelter. One is mainly fed by lead concentrates, and the other one is primarily used
for smelting of the electronic scrap. Further treatment of electronic scrap in a copper converter
will lead to an increased amount of alumina in the converter slag, which will be recycled to
the fuming process via the electric smelting furnace. Consequently, the alumina content of the
electronic scrap is expected to be accumulated in the slag produced in the zinc slag fuming
process.
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Figure 1.1.2: Flow sheet of the Rönnskär smelter (reprinted with permission)

1.2. Significance of alumina
The rapid development of the electronics industry resulted in an increased annual production
of electronic scrap (Han et al. 2003), which contains appreciable amounts of metal values. It
is generally accepted that recycling of metals from waste electrical and electronic equipment
(WEEE) reduces the total energy consumption of pyrometallurgical processes, and is required
for sustainable development. Therefore, the significance of metal recovery from this type of
waste materials is known and encouraged by governmental organizations. However,
technological difficulties, e.g. inadequate separation and/or limited toleration level of the
processes, hinder extensive metallurgical use of WEEE. Therefore, the total amount that is
currently treated worldwide is still quite low (Figure 1.2.1).
Rönnskär Smelter of Boliden Mineral AB, Sweden, is a large end-processor of secondary raw
materials and has a long history of extraction of base and precious metals from electronic
scrap. Over the last decade, treatment of WEEE has become a very important part of metal
production at this smelter. A new project named BoRe (Boliden Recycling), launched recently
at the Rönnskär Smelter, consists of a new kaldo furnace and sampling stations for electronic
scrap. The new furnace is integrated with the existing copper production unit, delivering
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copper to the converters. With the current expansion, the amount of recycled electronic scrap
will rise to 120 metric kilotonnes/year (Figure 1.2.2).
Al2O3 can be introduced to the base metal production slags in different ways such as mineral
concentrates and dissolved refractories (Zhao et al. 1999a; Zhao et al. 1999b). However, a
considerable amount of alumina is associated with electronic scrap, recycling of which (at the
Rönnskär Smelter) is expected to increase the total alumina content of the slag from the
fuming furnace. Therefore, understanding the consequences of such a change in slag
composition on process efficiency is an immediate need.

Figure 1.2.1: Electronic scrap smelting vs potential (provided by the Rönnskär Smelter)

Figure 1.2.2: The increased annual recycling of electronic scraps at the Rönnskär smelter since 1981
(provided by the Rönnskär smelter)
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1.3. Aim and scope
Increased recycling of electronic scrap in metallurgical operations is expected to result in a
rise in the total concentration of alumina in the zinc slag fuming processes. A deep
understanding of consequent changes in slag properties is required to maintain complete
control over the process outcomes, avoiding excessive cost.
Most of the existing literature on slag properties concerns iron- and steelmaking slags. Even
those investigations that have been carried out for non-ferrous metal production slags are
mainly focused on synthesized systems, whereas measured data for actual industrial slags, in
which presence of minor components may change the results from simplified approaches, are
limited. In addition, the previous work on this subject, considering even lower order systems,
does not cover the entire slag composition and temperature ranges. Hence, finding appropriate
data for an industrial operation, with a specific set of conditions, is not straightforward.

Therefore, the aim and scope of the current study was defined as:

1) To obtain experimentally measured data for physical properties and leaching
behaviour of an industrial fayalite-type slag from a zinc-copper smelting process
2) To determine the influence of alumina on behaviour of the generated slag from the
zinc slag fuming process
3) To assess the extent of differences between the obtained values for an industrial slag
(containing all minor elements) and existing data in literature for lower order
systems
4) To evaluate direct applicability of the predicted values, obtained from
thermodynamic calculations and some of the commonly applied models, for an
actual industrial process
5) Ultimately, to estimate the final toleration limit of alumina concentration in the zinc
slag fuming processes

6

2. Theoretical Background
2.1. Structure of the molten slag
In order to understand the behaviour of alumina in an iron-silicate slag, structural analysis on
an atomic scale is required. Silicate slags are made up of polymerized SiO44− tetrahedral units.
In these types of slags, silicon cations are joined together by bridging oxygen atoms (O0) to
form rings, sheets or chains (Wells 1984). Addition of network-breaking cations (basic
oxides) depolymerizes the network gradually. Such a disintegration is associated with an
increase in the number of non-bridging oxygen, O- (connecting a silicon cation to a networkbreaking cation), and eventually free-oxygen ions (O2-) (Mills 1993). Network-former cations
(such as Al3+, P5+, Fe3+ and Ti4+), however, can form tetrahedra that may fit in the silicate
network and enhance the polymerization of the melt (Mysen 1988). In most cases, tetrahedral
units that are made of the other network-former cations, generate a different charge than (-4)
e.g. AlO−45 or PO−43 , and need an extra positive or negative charge for local neutrality.
Availability of such a charge-balancing ion in the melt determines whether the cation
contributes to the polymerization of the network or not (Mills 1995). If there is a lack of
charge-balancing atoms in the melt, aluminium behaves as a network-modifier, and
consequently, its addition to the slag depolymerizes the network. This is the reason why
amphoteric behaviour of alumina in slags has received considerable attention (Park et al.
2011; Park et al. 2004; Park et al. 2008; Tang et al. 2011). However, most of the industrial
iron-silicate-based slags contain various metals that can fulfil the charge-balancing
requirement, and provide the necessary condition for aluminium to become tetrahedrally
coordinated.
In order to have a comparative measure for the degree of depolymerization of the melt, the
number of non-bridging oxygen atoms over tetrahedrally coordinated atoms (NBO/T), which
considers the cations with charge-balancing duties, is usually used (Mills 1993).
Figure 2.1.1 schematically shows the structure of the silicate slags, which is created based on
the figure supplied by the Royal Society of Chemistry (RSC 2006).
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Figure 2.1.1: Schematic structure of a silicate melt

2.2. Mineralogy of the solidified slag
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 (Ettler et al. 2009;
Parsons et al. 2001; Yan and Neretnieks 1995; Tossavainen and Forssberg 1999; Tossavainen
et al. 2007). Therefore, knowledge of the material’s mineralogy can be a guide to
understanding its leaching behaviour. Partial pressure of oxygen (Kongoli 2003; Jak et al.
2007) as well as cooling rate of the slag (Tossavainen et al. 2007; Engström 2007) are named
as the influential parameters on the mineralogy. Therefore, for the sake of a comparative
study, these parameters should be kept constant and only chemical composition should be
changed. As in the current investigation, effects of alumina on different properties of an ironsilicate-based slag are of interest, a schematic ternary phase diagram of the three main
components of the slag, “FeO”-Al2O3-SiO2 system, is shown in Figure 2.2.1, which is based
on the reported diagram by Levin et al. (1964) in equilibrium with metallic iron.
Most traditional fayalite slags, from copper production, lie in the primary crystallization phase
field of fayalite (Fe2SiO4), shown by an ellipse in the figure. Increasing the alumina content
(to above, roughly, 10 wt-%), leads to a change in the primary crystallization phase field from
fayalite (FeSi2O4) to hercynite (FeAl2O4), illustrated by an arrow.
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Figure 2.2.1: Schematic phase diagram of the “FeO”-Al2O3-SiO2 system, in equilibrium with metallic
iron; after Levin et al. (1964)

Accordingly, by increasing the alumina content of the slag, an increase in the amount of
spinels is expected. Isotherms in the figure show that this change in the primary crystallization
phase field is also associated with an increase in the liquidus temperature of the system. If the
ternary phase diagram of FeO-Fe2O3-Al2O3 system (Levin et al. 1964) is considered (a
schematic phase diagram is shown in Figure 2.2.2), addition of alumina to the slag changes
the chemical composition of spinels gradually from iron-rich (magnetite-based) to aluminiumrich (hercynite-based) solid solution. Indications from the phase diagram depict that
aluminium-rich spinels have a higher liquidus temperature than iron-rich spinels.

Figure 2.2.2: Schematic phase diagram of the FeO-Al2O3-Fe2O3 system, at oxygen pressure of 15.9
cm. Hg; after Levin et al. (1964)
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3. Experimental Procedure

3.1. Materials and Methodology
A more detailed description of methods, applied instruments, results and discussions of each
property is reported in the attached articles; therefore, a short summary is presented here. The
fumed slag (before entering the settling furnace) from the Rönnskär smelter of Boliden
Mineral AB, Sweden, was used as the reference material in this investigation (Figure 3.1.1).
Due to treatment of the slag by reducing gases at the fuming furnace, the partial pressure of
oxygen is estimated to be around 10-12 atm. The dominating iron state, under such a condition,
is Fe+2.

Figure 3.1.1: Investigated slag in this study and flow sheet of the electrical, fuming and settling
furnaces at the Rönnskär smelter, Boliden Mineral AB, Sweden (Borell 2005)

Slag samples have been chemically analysed by Boliden Mineral AB; the “average” chemical
composition of the slag is shown in Table 3.1.1.
Table 3.1.1: Average chemical composition of the fayalite-type slag from the Rönnskär Smelter of
Boliden Mineral AB (2012)
Constituent
wt-%

Al2O3
4.18

As
0.02

CaO
3.15

Cr
0.27

Cu
1.27
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Fe
35.04

MgO
1.04

Pb
0.06

Sb
0.04

SiO2
33.57

Zn
1.22

In order to study the influence of alumina on slag properties, a chemical additive (99.9% pure
alumina, Nr. Eg: 215-691-6) from Alpha Aesar (Germany) was used and four different
samples were prepared. One reference sample, which was merely slag without any additive,
and mixtures of slag with 5, 10 and 15 wt-% alumina addition, that are named slags 1-4,
respectively. After mixing the slag and additive using a ring-mill, all samples were re-melted
in alumina crucibles, at 1300°C for half an hour, using either an induction or a Tamman
graphite furnace, while nitrogen (99.996% pure, supplied by AGA Gas, Sweden) was used as
the protection gas. To minimize the temperature gradient in the induction furnace, an outer
graphite crucible was used to heat the sample and alumina crucible evenly (Figure 3.1.2). The
re-melted and re-solidified samples were then analysed and used for different investigations.
It should be mentioned that the slag samples that were used for the current study have been
collected between the years 2007-2011, and due to variation in operational conditions,
deviation from the normal chemical composition of the slag can be observed. To find the
chemical compositions for each experimental measurement, refer to the corresponding
attachment.

Thermocouple

N2 gas in

Refractory cover
Outer crucible
Graphite crucible
Insulation powder
Al2O3 crucible
Slag sample
Induction coil

Figure 3.1.2: Schematic graphite crucible system in the induction furnace

11

3.2. Viscosity
For viscosity measurements, the mixtures were packed in pure iron crucibles (Armco iron,
Middletown, OH), and then pre-melted in a Tamman graphite furnace at 1300°C for half an
hour. A continuous flow of N2 (99.996% pure, supplied by AGA Gas, Sweden) was used for
protection. Measurements were then conducted using the rotating cylinder technique, with
pure iron spindles. Dimensions of the crucible and spindles are presented in Table 3.2.1, and
schematically shown in Figure 3.2.1. To record the viscosities, a Brookfield digital viscometer
(model RVDV.II + P, full-scale torque of 7.187 × 10-4 N.m) was applied. Prior to experiments,
the viscometer was calibrated at room temperature using five standard mineral oils with
viscosities of 0.049, 0.098, 0.484, 0.980, and 4.940 Pa.s; a reference slag (Al2O3-Li2O-SiO2)
was employed for calibration at high temperatures. The viscometer was positioned above a
graphite furnace, Thermal Technology INC. Laboratory Furnace Group 1000, with maximum
temperature of 2300°C.

Table 3.2.1: Dimensions of iron crucibles and spindles (mm)
Crucible
Inner diameter
Inner depth
Height
Base thickness
Wall thickness
Spindles
Bob diameter
Length of bob
Shaft diameter
Length of shaft

40
95
103
8
2
16
44
4
54

An optical pyrometer and an 818 controller, supplied by EuroTherm, were used to control the
furnace temperature. A Pt-10% Rh/Pt thermocouple (B-type) was positioned in contact with
the base of the crucible to measure the sample temperature accurately. The samples were
heated up to 1300°C at a heating rate of 5°C/min. Flow of argon (210 ml/min, 99.999% pure,
supplied by AGA Gas, Sweden) was passed through the reaction tube during the
measurements. Based on the earlier studies, the holding time at each measurement
temperature was chosen to be 30 minutes; after this duration at 1300°C, the spindle rotating at
10 rpm was immersed into the molten slag by adjusting the length of Teflon bellows.
Measurements were carried out using 5 different rotation rates at each temperature to ensure
the adhesion of the melt to the Newtonian manner. Application of iron crucibles posed a
limitation for the maximum experimental temperature (1300°C), above which, extensive
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thermal expansion of the investigated slag, compared to that of crucible, resulted in
appearance of cracks in the crucible, and trial was not possible. Viscosity measurements were
carried out during the cooling. When the fraction of solid particles in each sample reached a
certain limit, the viscous flow was no longer possible and the spindle was blocked in the
material. This phenomenon was the decisive parameter in choosing the lower temperature
limit for each measurement.

Figure 3.2.1: Schematic setup of the iron crucibles and spindles

The experimentally measured viscosities were compared with the predicted values using two
of the commercially available software products for viscosity calculations, Thermoslag®1.5
(Seetharaman and Sichen 1994; Seetharaman and Sichen 1997; Sichen et al. 1994) and
FactSageTM6.2 (Bale et al. 2009). As the models can only predict viscosities for a solid-free
melt, obtained values by FactSageTM6.2 were modified using the Einstein-Roscoe equation
(Roscoe 1952; Wright et al. 2000), equation 1.

η = η0 (1 − af )−n

[1]

where Ș and Ș0 are the viscosities of solid-containing and fully liquid slags, respectively. f is
the fraction of solid particles in the melt, which was calculated using the “equilib” module of
the FactSageTM6.2. The proposed values of 1.35 and 2.5, for spherical particles of uniform
size, have been used for a and n constants, respectively.
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3.3. Melting behaviour
For detection of the solidus temperatures, a calibrated differential scanning calorimeter
(DSC), NETZSCH STA 409C, was used. The samples were placed in Pt/Rh sample pans and
analysed in an inert atmosphere (100 ml/min, 99.99% pure Ar, supplied by AGA Gas,
Sweden). Based on preliminary studies using differential thermal analysis (DTA), and
temperatures up to 1450ºC, the temperature intervals at which detectable noiseless signals
could be recorded were determined. Therefore, the experimental temperature profile for the
current experiments was defined as heating from 20 to 800ºC at 20ºC/min, and then further
heating up to 1150ºC at 10ºC/min.
To estimate the liquidus temperatures, the proposed method by Seetharaman et al. (2000)
based on the break in curves for second derivative of activation energies for viscous flow with
respect to temperature was applied. Accordingly, the temperature dependence of the measured
viscosities is expressed by the Arrhenius equation (equation 2).

η = A. exp( Q / RT )

[2]

where Ș is the viscosity, Q the activation energy, R and A are the gas constant and a preexponential constant, respectively. T is temperature in K. Based on the Arrhenius equation,
the activation energy for viscous flow can be obtained by equation 3.
Q
∂ lnη
=
R ∂ (1 / T )

[3]

The first and second derivatives of the activation energy with respect to temperature are
expressed by equations 4 and 5, respectively.
§ ∂ lnη ·
∂¨¨
¸
∂(1 / T ) ¸¹
1 ∂Q
= ©
R ∂T
∂T

[4]

§ ∂ lnη ·
∂ 2 ¨¨
¸¸
1∂ Q
© ∂ (1 / T ) ¹
=
R ∂T 2
∂T 2
2

[5]

14

The activation energy is expected to be constant when the material is completely molten (at
temperatures “well-above” the liquidus temperature); however, it will increase as it
approaches the liquidus point. According to the definition, the first derivative of the activation
energies, when plotted against temperature, should show the corresponding change while the
second derivative should be zero at temperatures “sufficiently” higher than the liquidus
temperature, and exhibit a break at the liquidus point. To apply this concept, a three-point
representation of the second derivative (Fletcher 2005) was used.
In addition, to monitor different stages of melting, a thermo-optical-observation device was
applied and evolutions of the slag cylinders were recorded during the heating. To maintain a
consistent method to evaluate obtained photographs, different stages of melting were recorded
as follows. The temperature at which the sample starts to fill out the gas volumes between the
particles and rounding of the edges occurs is referred to as “deformation” temperature, which
is considered the first sign of melting (Chuang et al. 2009). The temperature at which the
diameter of the cylinder increases by 5% is considered the “softening” temperature, which
represents a partial melting. The temperature at which the height of the cylinder decreases by
5% is considered the “melting” temperature. The changes in dimensions of the cylinder were
measured by counting the pixels in an image analysis computer-program.
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3.4. Density and surface tension
Density and surface tension of the samples were measured at 1100°C using the sessile-drop
method. Experimental density and surface tension determination were based on fitting the
shape of the drop, which rests on a flat solid pedestal, to the stored curves on a software
product. The shape of the droplet is specified point-by-point (using pixels) by the operator. As
a result, the contact angle between the solid and the tangent of the liquid surface at the
interface of solid/liquid/gas, ș in Figure 3.4.1, plays an important role in the obtained values
(Keene 1995). Preliminary experiments on the current samples showed that droplets are
symmetrical and rather stable above 1080°C. However, at high temperatures, very low contact
angle for one of the samples (slag 1) introduces uncertainties to the measurements. Therefore,
the experimental temperature was chosen as 1100°C. The applied unit was a high-temperature
horizontal furnace with a recrystallized alumina tube and a EuroTherm 808 controller,
coupled with an imaging unit, CCD (charge-coupled device) camera with a digital noisereduction system. Dynamic flow of argon (99.999% pure, supplied by AGA Gas, Sweden)
was used as the protection gas. In the current experiments, cylindrical pellets of samples
(diameter of 7 mm and height of 5 mm) were prepared and placed on alumina pedestals and
then positioned in the even temperature zone of the furnace. By heating the cylinder up to the
experimental temperature, the shape of the cylinder was changed; the sample appeared as a
sessile-drop. After an isothermal step at the experimental temperature (for 30 minutes),
images were taken, the base-line/centre-line of the symmetrical droplets were specified, and
analyses were carried out using software products to calculate density and surface tension of
the material.

Figure 3.4.1: Schematic image of the slag drop on a flat pedestal

Experimentally measured densities were compared with calculated values using the additive
function (Mysen 1988; Keene and Mills 1995) as well as the model developed by Persson et
al. (2007a; 2007b). The surface tensions were also compared with calculated values according
to Boni’s model (1956).
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3.5. Thermal diffusivity
Thermal diffusivities of the samples were measured at 1260°C using the three-layered cell
arrangement of the laser-flash technique (schematically shown in Figure 3.5.1); the applied
apparatus was a Sinku-Riko, Model TC-7000H/MELT. In this method, a thin film of the
liquid sample is sandwiched between two platinum crucibles. After holding the sample for
half an hour at the experimental temperature (1260°C), the top surface of the upper crucible is
exposed to a laser pulse by Nd glass laser (2.4 kV). The temperature rise of the rear surface of
the bottom crucible is monitored using gold-plated mirrors and a photovoltanic InSb infrared
detector. The thickness of the sample plays a decisive role in the measured thermal
diffusivities, while determination of thickness of a liquid sample at high temperatures is
associated with uncertainties. Therefore, after the first laser pulse and its corresponding
measurement, the lower crucible, containing the liquid slag sample, was raised by 0.2 mm
accurately using a micrometre screw gauge, and the measurement was repeated to produce the
second temperature response curve. Knowing the relative difference in thickness, the thermal
diffusivity calculations were then carried out by using a software package, based on the
differential three-layer analysis method developed by Waseda et al. (1994).

Figure 3.5.1: Schematic image showing the three-layered cell arrangement of the laser-flash technique

17

3.6. Mineralogy and leaching behaviour
The mineralogy and leaching behaviour of the current slag/alumina mixtures were determined
using the commonly applied methods for materials characterization; however, it should be
noted that the investigated slag in this study is not the final slag product of the Rönnskär
smelter, which is currently sold for construction purposes. At the smelter, this slag passes
another cleaning stage (settling furnace, where the remaining matte and speiss particles are
separated) and is then quenched in an industrial water granulation unit. Therefore, the
obtained results of the current investigation cannot be used for assessment of environmental
compatibility of this slag. The objective of the current investigation, therefore, is to study the
influences of alumina on mineralogy and leaching behaviour of the slag (after fuming and
before the settling furnace) to create a fundamental understanding of mineralogical influence
on dissolution of different elements from the material. The presence of other parameters
controlling slag leachability could also be discovered.
For this purpose, the current samples (slags 1-4 of this study) were heated at 5°C/min up to
1300°C. After a half-hour isothermal step at this temperature, the samples were cooled down
to 1000°C at 10°C/min, and then left in the furnace to reach room temperature (semi-rapid
cooling). The semi-rapidly solidified samples have been characterized using scanning electron
microscopy coupled with energy dispersive spectroscopy, SEM-EDS, (Philips XL 30) and Xray diffraction, XRD (Siemens D5000). For leaching tests, large pieces, as a result of remelting and solidification, were crushed to a particle size less than 4 mm and examined
according to the single-stage EN 12457-2 (CEN 2002) leaching test at L/S (liquid to solid
ratio) of 10 l/kg. The leachates were filtered and Eh-pH values were determined using metal
electrodes and combined glass electrodes (supplied by Metrohm, Switzerland), respectively.
The leachates were sent to a certified laboratory, ALS Scandinavia AB, Sweden, for chemical
analysis. Leaching is a surface reaction (Kuhn et al. 2000), where the particle size plays an
important role in the detected values (Tumen and Bailey 1990); therefore, for the sake of a
comparative study, the specific surface area of each sample was measured using the gas
absorption measurement technique (BET analysis) and the results are presented as specific
leached amount in μg/m2. Equation [6] elaborates the calculations of the specific leached
amounts.
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Leached value ª μg º
«¬ kg »¼
= Specific leached amount ª μg 2 º
2
¬« m »¼
º
Specific surface area ª m
«¬ kg »¼

[6]

To assure representativeness of the results, leaching tests were carried out in duplicate for all
samples. Good agreement between the results was observed; therefore, the mean values are
presented here.
Cooling rate has an immense effect on the structure of the solidified slags. However, whether
rapid cooling of a material reduces its leaching or not is a controversial issue. It has been
shown that vitrification can be successfully used for encapsulation of the potentially toxic
elements and reduction of their leached amounts from different types of waste materials
including bottom ash from the municipal solid waste incineration (MSWI) (Xiao et al. 2008;
Park and Heo 2002; Kuo et al. 2008), hospital waste (Romero et al. 2009), electroplating
sludge (Li et al. 2007) and copper flotation waste (Coruh and Ergun 2006). Some
investigations have shown that water quenching and thereby producing an amorphous
structure from EAF slags (Loncnar et al. 2009) and base metal smelter slags (Baghalha et al.
2007), would also reduce the leachability of most of the elements. However, Gislason and
Arnorsson (1993) have investigated dissolution of primary basaltic minerals in natural water
and shown that, since glass thermodynamically has a higher internal energy, basaltic glasses
dissolve more readily than basaltic minerals in water. Kierczak et al. (2009) have
experimentally studied the mineralogy and weathering of slags from treatment of Nicontaining ores in Poland and shown that crystalline minerals are more leaching resistant than
glassy materials. This statement has been supported by other researchers (Piatak et al. 2004;
Piatak and II 2010; Ettler et al. 2001; Engström et al. 2010).
Therefore, in order to evaluate the effect of cooling rate on leaching behaviour of this type of
slag, in addition to the re-melted and semi-rapidly solidified samples, the same mixtures of
slag/alumina were re-melted and rapidly quenched using a laboratory-scale granulation unit
(Figure 3.6.1).
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Figure 3.6.1: Schematic figure showing the laboratory-scale granulation unit

For the current investigation, after an isothermal step at 1250ºC (for 30 minutes), the furnace
was tilted to pour the molten slag in a granulation box. High-pressure water (25ºC) introduced
to the box through 11 holes; the diameter of each was 2 mm. The water jet broke the stream of
the molten slag into small droplets, which resulted in a rapidly quenched material. The
required time for granulation was less than a minute. A schematic comparison between rapid
and semi-rapid cooling is shown in Figure 3.6.2.

Figure 3.6.2: A schematic comparison between rapid and semi-rapid cooling
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3.7. Thermodynamic calculations using FactSageTM6.2
The “equilib” module of the FactSageTM6.2 (Bale et al. 2009) thermodynamic package was
used to calculate solidus and liquidus temperatures, solid fractions at different temperatures
and stable phases at equilibrium condition of all investigated samples. For calculations with
FactSageTM, the chemical compositions of the samples were normalized to the FeO-Fe2O3Al2O3-CaO-MgO-ZnO-SiO2 system, which covers more than 95 wt-% of the samples’
constituents. The Gibbs free energy minimization shows the most stable phases at a given
temperature and composition. The Gulliver-Scheil cooling calculation was used to consider
the changes in chemical composition of the remaining melt. No fixed partial pressure of
oxygen was used; instead, all oxides were assumed to be in equilibrium at all experimental
temperatures.
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4. Experimental results and summary of the appendixes
4.1. Viscosity (Paper 1)
The measured viscosities and corresponding sample temperatures are presented in Table
4.1.1. Viscosities of slags 1-3 are fitted in the Arrhenius-type equation and shown in Figure
4.1.1. Due to experimental difficulties for slag 4, relatively high viscosities were measured
and the material did not follow the Newtonian behaviour. Therefore, predicted viscosities
using Thermoslag®1.5 for slag 4 are also included in Figure 4.1.1. These values were quite
close to those obtained using the modification of the FactSageTM6.2 calculations, by the
Einstein-Roscoe equation.

Table 4.1.1: Measured viscosities (P) and corresponding temperatures (°C) for slags 1-4
Slag 1

Slag 2

Slag 3

Slag 4

Temperature

Viscosity

Temperature

Viscosity

Temperature

Viscosity

Temperature

Viscosity

1293

0.95

1294

1.28

1295

2.21

1296

7.43

1275

1.11

1279

1.48

1282

2.42

1289

8.27

1258

1.35

1261

1.77

1270

2.83

1276

10.58

1245

1.49

1247

2.04

1256

3.09

1263

13.23

1215

2.07

1233

2.34

1239

3.59

1194

2.44

1220

2.65

1225

4.03

1179

2.88

1203

3.21

1212

4.58

1165

3.39

1195

3.43

1197

5.34

1149

3.99

1188

3.68

1183

6.09

1124

5.27

1180

3.89

1167

7.05

1106

9.93

1173

4.28

1153

8.04

1093

23.19

1167

4.55

1136

9.52

1156

4.96

1121

11.13

1149

5.31

1106

13.36

1141

5.80

1092

16.81

1124

6.99

1079

21.82

1111

8.25

1064

29.53

1096

13.07

1082

21.65

Since alumina addition to this slag polymerizes the melt, the viscosity at any given
temperature is increased due to increased alumina concentration.
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Figure 4.1.1: Measured and calculated viscosities

As the samples with higher alumina concentration contain a larger fraction of solid particles at
lower temperature, the alumina influence on slag viscosity is more pronounced at lower
temperatures (Figure 4.1.2).

Viscosity (P)
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1294±1°C
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1181±2°C
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1122±2°C
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4

0
3
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11

13
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Figure 4.1.2: Influence of alumina on viscosity at different temperatures

The calculated values using Thermoslag®1.5, at different temperatures, are shown in Table
4.1.2. The predicted viscosities using FactSageTM6.2 (for solid-free materials, Ș0), the
calculated solid fractions, f, and the modified values using the Einstein-Roscoe equation for
solid-containing melt, Ș, are shown in Table 4.1.3.
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Table 4.1.2: Calculated viscosities (P) by Thermoslag®1.5, and corresponding temperatures (°C)
Temperature (°C)
1100
1125
1150
1175
1200
1225
1250
1275
1300

Viscosity (P)
Slag 2
Slag 3
14.4
18.1
12.2
15.0
10.3
12.5
8.84
10.5
7.59
8.84
6.56
7.50
5.69
6.40
4.96
5.49
4.34
4.73

Slag 1
8.03
6.96
6.06
5.30
4.66
4.11
3.64
3.24
2.90

Slag 4
21.9
17.8
14.5
11.9
9.89
8.24
6.91
5.82
4.94

Table 4.1.3: Calculated viscosities, solid fractions, modified values and corresponding temperatures,
using FactSageTM6.2
Slag 1

Slag 2

Slag 3

Slag4

T (°C)

Ș0 (P)

f

Ș (P)

Ș0 (P)

f

Ș (P)

Ș0 (P)

f

Ș (P)

Ș0 (P)

f

Ș (P)

1100
1125
1150
1175
1200
1225
1250
1275
1300

4.68
4.06
3.55
3.11
2.74
2.43
2.15
1.93
1.73

0.79
0.64
0.19
0
0
0
0
0
0

N/A
573.9
7.39
3.11
2.74
2.43
2.15
1.93
1.73

6.75
5.78
4.97
4.31
3.75
3.28
2.89
2.55
2.26

0.80
0.64
0.19
0
0
0
0
0
0

N/A
757.9
10.61
4.31
3.75
3.28
2.89
2.55
2.26

6.64
5.68
4.88
4.23
3.68
3.22
2.83
2.50
2.21

0.82
0.66
0.29
0.06
0.04
0.02
0.00
0
0

N/A
1597.6
16.92
5.16
4.23
3.46
2.83
2.50
2.21

9.63
8.13
6.91
5.91
5.09
4.41
3.84
3.36
2.95

0.82
0.69
0.40
0.16
0.13
0.12
0.10
0.08
0.06

N/A
6061.8
48.91
11.05
8.41
6.82
5.52
4.46
3.59

All measured and calculated values, obtained using the abovementioned methods, are
compared in Figure 4.1.3.
The liquidus temperatures of slags 1-4 were predicted using thermodynamic calculations to be
1170, 1167, 1250, and 1348°C, respectively. It is evident that viscosity calculations, above the
liquidus temperature of each sample, using FactSageTM6.2 provide reliable approximations of
the experimentally measured data. However, at lower temperatures, when solid particles start
to form in the molten samples, calculations predict lower values than the experimentally
measured viscosities. Correction of the calculated viscosities, using the Einstein-Roscoe
equation, was not efficient, and relatively higher viscosities than the measured values were
estimated. There may be two reasons for this:
1) At lower temperatures, higher solid fractions were calculated using the “equilib” module of
the FactSageTM6.2. Application of these overestimated solid fractions (f values) in EinsteinRoscoe equation produced elevated viscosities
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2) Chosen values for a and n constants (1.35 and 2.5, respectively) may be more reliable for
spherical particles of uniform size. However, for the current complex industrial slag samples,
with different degrees of polymerization and liquidus temperatures, formation of uniform
spherical solid particles during the cooling is rather unlikely. As discussed by other
researchers (Wright et al. 2000), to obtain reliable viscosity estimations using the EinsteinRoscoe equation, a and n constants must be adjusted based on the coarseness of the solid
particles. Therefore, it is believed that the applied values were, in general, inappropriate for
the current experimental condition, and led to inaccurate estimations.

Figure 4.1.3: A comparison of different methods; A-D represent slags 1-4, respectively

As shown in Figure 4.1.3, Thermoslag®1.5 generally predicts higher viscosities than the
measured values for slags 1-3. Therefore, at lower temperatures, when solid particles cause an
increase in the measured viscosities, the values predicted by Thermoslag®1.5 become closer
to the experimental results.
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4.2. Melting behaviour (Paper 3)
The typical series of video images showing evolution of the slag cylinders with increasing
temperature are presented in Figure 4.2.1, A-E. (A) represents sample at low temperatures,
(B) the deformation temperature, (C) the softening temperature, (D) the melting temperature,
and (E) the flow temperature. Overall, rather good agreement could be seen between solidus
temperatures detected using DSC analysis and the deformation temperatures detected using
thermo-optical observations.

Figure 4.2.1: A series of photographs showing the evolution of the slag cylinders with increasing
temperature

It was observed that by up to 15 wt-% alumina addition to this slag, the solidus temperature
remains almost constant. The experimentally measured and calculated values are shown in
Figure 4.2.2. Due to blister formation on the surface of the cylinder of slag 1, accurate
measurement of the increase in diameter and decrease in height of the sample was not
possible. Therefore, no observed softening and melting temperatures are reported for this
sample.
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Figure 4.2.2: Calculated solidus temperature and the measured values by using DSC as well as
thermo-optical observation

There was good agreement between calculated liquidus temperatures using FactSageTM6.2
and estimated values using the second derivative of the activation energies for viscous flow
(Figure 4.2.3). By increasing the alumina concentration, the liquidus temperature decreases as
long as the composition lies in the primary crystallization phase field of fayalite (slag 2 of this
study) and then increases when the primary crystallization phase field is changed to hercynite
(slags 3 and 4 of the current study). This observation supports the statements by Zhao et al.
(1999a) and Kongoli and Yazawa (2001).

Figure 4.2.3: The calculated and estimated liquidus temperatures of the investigated samples

As reliability of the thermodynamic calculations was confirmed, the trend of changes in
melting interval could be represented using predicted values by FactSageTM6.2 (Figure 4.2.4).
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Figure 4.2.4: The calculated solidus and liquidus temperatures of the investigated samples

It is clear that by 5 wt-% alumina addition, the melting interval of the slag shrinks slightly;
further increase in alumina concentration leads to a significant enlargement of the melting
interval.
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4.3. Density and surface tension (Paper 2)
Al3+ behaves as a network former cation in the current system and forms AlO−45 tetrahedra,
which increases the overall molar volume of the system. Vadasz and Havlik (1995) pointed
out that tetrahedrally coordinated complexes may be joined together to form polyanionic
structures, which is associated with an increase in molar volume (or a decrease in density).
Current experimental work confirms their statement, as shown in Table 4.3.1 and Figure
4.3.1. Comparing the measured densities to the existing data in the literature (for lower order
systems, refer to Paper 2) shows that the obtained values rather fit in the reported trend of
changes. As a result, the observed reduction in density is confirmed to be a structural change
in slag with corresponding total alumina contents.
A comparison between the measured and calculated densities (Table 4.3.1) shows that
although calculations support the observed decreasing trend in slag density due to alumina
addition, the absolute values are different. In addition, the sharp decrease in density between
slags 2 and 3 of this study is not confirmed by the calculations. It is commonly known that the
calculated densities do not necessarily represent the actual densities of the samples and there
are errors associated with calculations. However, one of the main reasons for the observed
discrepancy between calculated and measured values is likely to be the effect of solid
particles that are present in the samples, while calculations only consider fully liquid melts of
lower orders. Besides, solid particles may change the shape and contact angle of the drop,
which affects the experimental analysis of densities. The solid fraction at 1100°C increases as
the alumina content of the slag is increased, and the extent of influence is larger for slags 3
and 4 of this study. Therefore, the measured densities of the current study are called “apparent
density” of the solid-containing samples.

Table 4.3.1: Measured properties and calculated values based on the corresponding models

Property
Measured apparent density (g/cm3)
Calculated density using Persson et al. model (g/cm3)
Calculated density using Mysen’s data (g/cm3)
Calculated density using SLAG ATLAS data (g/cm3)
Measured surface tension (mN/m)
Calculated surface tension using Boni’s model (mN/m)
Measured effective thermal diffusivity (m2/s) × 107
NBO/T
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Slag 1

Slag 2

Slag 3

Slag 4

3.943
3.527
3.397
3.601
338.1
450.0
1.80
2.27

3.875
3.452
3.347
3.590
366.2
455.8
2.43
1.84

2.424
3.425
3.330
3.599
409.1
466.5
3.58
1.55

2.077
3.406
3.303
3.590
488.4
477.2
1.26

On the other hand, alumina addition to the investigated slag in this study increases the
measured surface tension of the material. It has been proven that presence of small amounts of
the surface-active components (e.g. Cr2O3, Fe2O3, K2O, Na2O, P2O5) in the material decreases
the surface tension considerably (Keene 1995). Therefore, observed increased surface tension
in samples with higher alumina additions can be attributed to a relative lower concentration of
the surface-active components. Nowak et al. (1995) have reported that alumina addition to
silicate slags shortens the Si-O bonds; as a result, surface tension of the molten material
increases. Therefore, due to alumina addition to the slag, a continuous rise in surface tension
can be observed, Table 4.3.1 and Figure 4.3.1. Since surface-active components were not
considered in the calculations, the calculated surface tensions of slags 1-3, using Boni’s
model, are higher than the corresponding measured values, Table 4.3.1. However, the
calculated and measured surface tensions for slag 4 are in rather good agreement, most
probably since the effect of surface-active components is minimized.
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Figure 4.3.1: Measured densities and surface tensions of the samples at 1100°C
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4.4. Thermal diffusivity (Paper 2)
The measured thermal diffusivities consist of contributions of various heat transfer
mechanisms, the lattice thermal conductivity ( α phonon ), the radiation conductivity ( α photon ),
and electronic thermal conductivity ( α electron ) (Mills and Susa 1995). The extent of
contribution from each mechanism is usually indistinguishable for a complex slag material.
Therefore, the term “effective” is used in the current study to represent the overall thermal
diffusivity of the samples by the measured values.
It should be noted that, at the experimental temperature of this study, slag 4 contains an
appreciable amount of solid particles; hence, unreliable thermal diffusivities were obtained,
and the measured values for this sample were withdrawn (Table 4.3.1).
Thermal diffusivity of slags is determined by the lattice vibration (phonon conduction); hence,
a polymerized and ordered structure increases the phonon mean free path and eases the
transfer of energy (Aune et al. 2002). Degree of depolymerisation of the melt (NBO/T) can be
used, comparatively, to evaluate the extent of disorderness in the structure. The NBO/T
corresponding to each sample was calculated according to the method explained by Mills
(1993) and included in Table 4.3.1. It is evident that by increased alumina concentration and
polymerization of the melt, the NBO/T decreases. Measured effective thermal diffusivity
increases as the melt becomes progressively polymerised (Figure 4.4.1). The observation
supports the statement by Mills (1993) that the thermal conductivity of silicates at the melting
point decreases proportionally as the NBO/T increases.

Figure 4.4.1: Effective thermal diffusivity as a function of NBO/T
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4.5. Mineralogy and leaching behaviour
4.5.1. Semi-rapidly cooled samples (Paper 4)
Although mineral names should not be used for anthropogenic substances (Nickel 1995) the
same mineralogical terminology for synthetic equivalents in slags is applied in the current
thesis for the sake of simplicity. In addition, to have a comparison between the samples with
different alumina concentrations, the end-members are mentioned and discussed separately;
whereas, it is well-known that these compounds are in fact present as solid solutions.
Experimental materials characterisation revealed that all semi-rapidly solidified samples
consist of three major phases (olivine, pyroxene and spinel). Figures 4.5.1-4.5.4 show the
EDS maps of slags 1-4 of this study, respectively. Phases 1, 2, and 3 represent pyroxene,
olivine and spinel solid solutions, respectively.

Figure 4.5.1: EDS mapping of slag 1; magnification × 800
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Figure 4.5.2: EDS mapping of slag 2; magnification × 800

Figure 4.5.3: EDS mapping of slag 3; magnification × 800
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Figure 4.5.4: EDS mapping of slag 4; magnification × 672

It was found that in slags 3 and 4 of this study another aluminium-containing phase,
plagioclase (mainly anorthite, CaAl2Si2O8), is formed.
In order to obtain the chemical composition of the identified phases, semi-quantitative EDS
point analyses was carried out. Table 4.5.1 shows the average concentration of major
elements and corresponding phases in each sample.

Table 4.5.1: Average concentration of different elements in major phases, using EDS point analyses
(atomic-%)
Element

Pyroxene

Olivine

Spinel

Plagioclase

Slag 1

Slag 2

Slag 3

Slag 4

Slag 1

Slag 2

Slag 3

Slag 4

Slag 1

Slag 2

Slag 3

Slag 4

Slag 3

Slag 4

Mg

0.5

0.0

0.1

0.0

3.3

3.2

2.3

2.6

1.1

0.5

0.6

0.6

BDL

BDL

Al

4.8

10.8

11.7

13.2

BDL

BDL

BDL

BDL

8.9

32.0

38.1

38.4

13.5

14.1

Si

26.3

25.1

27.3

27.4

20.4

20.9

21.4

21.7

1.6

1.0

1.3

1.4

21.5

23.8

Ca

7.6

6.4

6.8

6.1

0.7

0.4

0.6

0.5

0.3

0.1

0.2

0.1

6.1

7.3

Mn

0.2

0.2

0.2

0.3

0.6

0.6

0.6

0.5

3.2

0.9

0.3

0.2

0.1

0.0

Fe

13.2

12.7

13.8

14.1

37.9

39.8

39.9

42.1

35.4

23.1

20.6

20.1

2.5

2.2

Zn

0.7

0.6

0.4

0.2

0.9

0.8

0.5

0.3

2.6

3.9

3.5

2.6

BDL

BDL

Na

BDL

BDL

BDL

BDL

BDL

BDL

BDL

BDL

BDL

BDL

BDL

BDL

0.6

0.5

*BDL: Below detection limit

Overall, a rather reliable correlation could be observed between detected phases using SEMEDS, XRD and thermodynamic calculations using FactSageTM6.2. The calculated
concentration of major phases in solidified samples and corresponding chemical compositions
are shown in Tables 4.5.2 and 4.5.3, respectively.
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Table 4.5.2: Predicted major phases using FactSageTM6.2 and corresponding proportions (wt-%)
Group-phase
Clinopyroxene
Orthopyroxene
Olivine
Spinel
Melilite
Anorthite
Tridymite

Slag 1
61.89
1.43
25.27
3.18
0.90
3.42
3.88

Slag 2
24.05
20.71
36.78
5.77
0.55
10.28
1.84

Slag 3
18.70
23.47
30.73
12.96
0.55
11.49
2.09

Slag 4
19.30
25.06
22.26
19.60
0.49
10.82
2.45

Table 4.5.3: Calculated chemical composition of major phases using FactSageTM6.2 (wt-%)
Element

Clinopyroxene

Orthopyroxene

Olivine

Spinel

Slag 1 Slag 2 Slag 3 Slag 4 Slag 1 Slag 2 Slag 3 Slag 4 Slag 1 Slag 2 Slag 3 Slag 4 Slag 1 Slag 2 Slag 3 Slag 4

O

37.8

38.3

38.3

38.4

37.8

38.3

38.6

38.7

31.7

31.7

31.6

31.5

28.0

29.4

33.1

Mg

0.8

0.2

0.2

0.2

3.0

1.5

1.5

1.5

1.1

1.0

0.7

0.5

0.2

0.2

0.6

34.5
0.8

Al

2.8

5.3

5.3

5.1

2.2

7.1

8.0

8.3

0.0

0.0

0.0

0.0

0.9

5.6

18.2

22.6

Si

19.8

19.1

19.3

19.6

19.7

17.7

17.7

17.8

13.9

13.9

13.9

13.8

0.0

0.0

0.0

0.0

Ca

5.2

6.9

6.6

6.8

0.6

0.9

0.8

0.8

0.5

0.5

0.5

0.5

0.0

0.0

0.0

0.0

Fe

33.6

30.3

30.3

30.0

36.7

34.5

33.4

33.0

47.9

49.7

49.7

49.8

70.5

64.1

46.3

39.9

Zn

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

4.8

3.2

3.7

3.9

0.4

0.6

1.8

2.2

It was found that detected olivine is mainly fayalite (Fe2SiO4) with a small amount of ironmagnesium-silicate (FeMgSiO4) and a smaller amount of forsterite (Mg2SiO4). Increased
alumina concentration does not influence the composition and total concentration of olivine
solid solution significantly.
According to thermodynamic calculations, experimentally detected pyroxene-group minerals
consist of clinopyroxene (mainly pigeonite-group minerals, i.e. clinoferrosilite (Fe2Si2O6),
hedenbergite (CaFeSi2O6) and minor amounts of clinoensatite (Mg2Si2O6)-clinoferrosilite
solid solution) and orthopyroxene (primarily ferrosilite Fe2Si2O6). By increasing the alumina
concentration of the slag, proportions of different end-members of the pyroxene-group are
varied, and orthopyroxene partly replaces clinopyroxene (Table 4.5.2).
Spinel phase in slag 1 is a magnetite-based (iron-rich) solid solution. By increasing the
alumina content of the system, the amount of spinels is increased and the chemical
composition is changed to aluminium-rich (hercynite-based) solid solution.
Plagioclase (mainly anorthite, CaAl2Si2O8, with a smaller amount of albite, NaAlSi3O8) is
formed with 10 and 15 wt-% alumina additions (slags 3 and 4 of this study). The major
discrepancy between experimental work and thermodynamic calculations was observed for
the anorthite phase, which has been calculated as a single end-member by FactSageTM6.2.
This phase could only be detected experimentally in slags 3 and 4; however, calculations
predicted its presence in all samples, up to almost 10 wt-% for slag 2. Considering the
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reported observations in the literature (Kierczak et al. 2009; Ettler et al. 2009; Zhang et al.
2000) and experimental work of the current investigation, it was concluded that the amount of
anorthite phase has been overestimated by the calculations for slags 1 and 2. Therefore, for
this specific phase, only predicted anorthite concentrations for slags 3 and 4 were considered.
The specific leached amount of different elements from each sample is shown in Table 4.5.4
and Figure 4.5.5. The leaching results could be correlated to the concentration of major phases
in each sample and their relative stability, as reported in the literature (Kierczak et al. 2009;
Ettler et al. 2001; Kucha et al. 1996; Ettler et al. 2009; Stefansson 2001; Gislason and
Arnorsson 1993). For more detailed comparison between different samples, refer to the
attachments, Paper 4. It is clear that 5 wt-% alumina addition to this type of slag would
increase the leachability of most of the elements. By 10 wt-% alumina addition to the system,
the concentration of the leaching resistant phases would increase and, consequently, most of
the elements show their lowest leached amount from this sample. Further increase in alumina
concentration (15 wt-% addition) leads to slower solidification of the slag, and results in a
larger undercooling before the material is completely solidified. It has been reported (Ojha
2001) that undercooling causes formation of metastable phases, which react easier with an
aqueous solution to reach stability. Therefore, leaching of most of the elements from slag 4 is
higher than that of slag 3.
Manganese and antimony do not follow the above-mentioned trends. Since antimony was not
detected experimentally and none of these elements have been considered in thermodynamic
calculations, finding a mineralogical correlation for their release from slags 1-4 is not
straightforward.

36

Table 4.5.4: Specific leached amounts (μg/m2); the mean values of duplicate trials
Element
Ca
Fe
K
Mg
Na
S
Si
Al
As
Ba
Cd
Co
Cr
Cu
Hg
Mn
Ni
Pb
Sr
Sb
Zn

Slag 1
369.5
12.1
BDL*
66.9
46.5
53.9
270.0
43.8
0.8
1.5
BDL*
0.0
0.2
4.5
BDL*
0.4
BDL*
0.9
0.9
1.5
1.2

Slag 2
565.6
24.6
BDL*
58.1
33.6
65.9
341.1
96.0
1.3
1.3
BDL*
0.0
0.2
9.4
BDL*
0.6
0.1
0.6
0.9
2.1
1.5
*BDL: Below detection limit

Slag 3
185.6
12.6
BDL*
26.6
28.1
21.7
160.0
35.1
0.8
1.1
BDL*
0.1
BDL*
4.1
BDL*
8.3
1.0
0.2
0.6
9.5
0.8

Slag 4
390.8
3.4
BDL*
63.4
17.6
15.0
236.6
70.3
1.3
0.3
BDL*
BDL*
0.2
1.8
BDL*
0.1
BDL*
0.5
0.5
6.0
0.2

Figure 4.5.5: Specific leached amounts of different elements in the investigated slag/alumina mixtures
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4.5.2. Rapidly cooled samples
Considering the acidic nature of this type of slag, water granulation, theoretically, should lead
to generation of a completely glassy material (Kuo et al. 2008; Li et al. 2007). The XRD
patterns of the granulated samples represent the typical amorphous structure and small
fraction of crystalline particles (Figure 4.5.6). Therefore, this observation indicates that the
slag remains partly unmelted at the applied experimental temperature (1250°C), which can be
supported by thermodynamic calculations. Secondary electron (SE) images as well as EDS
mapping of the samples confirm presence of crystalline particles in the solidified materials
(Figures 4.5.7-4.5.10).

Figure 4.5.6: XRD patterns of the granulated samples

Figure 4.5.7: EDS mapping of slag 1; Magnification
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× 800

Figure 4.5.8: EDS mapping of slag 2; Magnification × 800

Specific leached amounts of different elements from the granulated samples are presented in
Table 4.5.5 and Figure 4.5.11. As expected, the trend of changes in leachabilities of different
elements, under a different cooling condition, varied considerably. The sample with 10 wt-%
alumina addition, which showed lowest leachabilities for most of the elements among the
semi-rapidly cooled samples, exhibits the highest dissolution among the granulated samples.

Figure 4.5.9: EDS mapping of slag 3; Magnification × 800
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Figure 4.5.10: EDS mapping of slag 4; Magnification × 800

In general, 5 wt-% alumina addition to the system reduces the specific leached amounts of
most of the elements (Figure 4.5.11); further increase in alumina concentration (10 and 15 wt% alumina additions) is associated with an enhanced leaching. The reasons behind such an
influence of alumina are not totally clear. However, it is likely that the basicity of the
granulated samples affects the leaching characteristics of the material. At a certain basicity
(close to that of slag 2), leaching of the amorphous slag would be minimized. Further decrease
in basicity (increasing the alumina content) results in an increase in leachability of most of the
elements. To verify this hypothesis, further experimental leaching tests, with variations of slag
basicity, are required.
To evaluate the effect of cooling rate on leaching behaviour of the samples, the specific
leached amount of the elements from a rapidly quenched sample over that of the
corresponding semi-rapidly solidified sample is given in Table 4.5.6. It is evident that rapid
cooling of the slag samples with different alumina concentration does not stop the leaching; it
even enhances dissolution of some of the elements (such as Cu, Sb, As and Zn) considerably.
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Table 4.5.5: Specific leached amounts (μg/m2) from the water granulated samples; mean values of
duplicate trials
Element

Slag 1

Slag 2

Slag 3

Slag 4

Ca
Fe
K
Mg
Na
S
Si
Al
As
Ba
Cd
Co
Cr
Cu
Hg
Mn
Ni
Pb
Sr
Sb
Zn

199
BDL*
BDL*
43
76
22
119
1
BDL*
4
0
4
BDL*
10
BDL*
11
17
BDL*
2
2
45

99
BDL*
BDL*
17
50
BDL*
60
BDL*
BDL*
1
BDL*
3
BDL*
1
BDL*
4
9
BDL*
0
1
6
*BDL: Below detection limit

305
BDL*
BDL*
94
208
98
334
2
3
5
0
1
BDL*
37
BDL*
16
14
0
1
12
742

259
BDL*
BDL*
109
161
BDL*
319
1
4
5
0
3
BDL*
89
BDL*
14
43
BDL*
1
17
225

Figure 4.5.11: Specific leached amounts of different elements from the rapidly quenched slag/alumina
mixtures
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Table 4.5.6: Leachability of different elements from each granulated sample over that of the
corresponding semi-rapidly solidified sample
Element

Slag 1

Ca

0.54
N/A*
N/A*
0.65
1.64
0.40
0.44
0.02
N/A*
2.42
N/A*
N/A
N/A*
2.12
N/A*
27.66
N/A*
N/A*
2.02
1.57
37.79

Fe
K
Mg
Na
S
Si
Al
As
Ba
Cd
Co
Cr
Cu
Hg
Mn
Ni
Pb
Sr
Sb
Zn

Slag 2
0.18
N/A*
N/A*
0.29
1.48
N/A*
0.18
N/A*
N/A*
0.80
N/A*
N/A
N/A*
0.11
N/A*
6.69
89.66
N/A*
0.48
0.37
3.83
*: Not applicable

Slag 3

Slag 4

1.64
N/A*
N/A*
3.54
7.41
4.52
2.09
0.06
4.14
4.28
N/A*
9.11
N/A*
8.96
N/A*
1.90
13.82
0.30
1.72
1.26
927.06

0.66
N/A*
N/A*
1.72
9.16
N/A*
1.35
0.01
3.05
15.87
N/A*
N/A*
N/A*
49.64
N/A*
142.32
N/A*
N/A*
1.60
2.88
1126.23

The effects of cooling rate on leaching behaviour of some ferrous and non-ferrous slag
systems have been studied by Engström and co-workers (Mostaghel et al. 2012; Engström
2010). They have shown that due to the following reasons, a granulated slag may leach more
than the corresponding semi-rapidly solidified sample.

1. Oxidation: during the rapid cooling with water, oxidation on the surface occurs, which
may lead to formation of soluble phases.
2. Increased amount of grain boundary: fast cooling will result in more grain boundaries
due to the increase in the number of small crystals in the material. The reason behind
such a fine-grained structure is simply the lack of time for crystals to grow. Diffusion
reactions are known to occur easier and faster along the boundaries.
3. Metastable phases: metastable phases that may form as a result of water quenching are
prone to react with the aqueous solution, to reach stability. Products of such reactions
may be more soluble and cause higher leached amounts from the samples.
4. Formation of a glassy structure: amorphous structures that are formed as a result of
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quenching are in fact super-cooled liquids, with relatively higher internal energies
(Gislason and Arnorsson 1993). Therefore, an increased reactivity, and thereby,
solubility in water, can be seen.
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5. Discussion
In the current section, an attempt is made to evaluate the influences of alumina on some of the
practically important properties of the slag. These properties have not been measured
experimentally, but are discussed based on the existing literature in the field.

5.1. Electrical conductivity (literature)
Electrical conductivity is another important property of the slag, which may also change due
to the increased alumina concentration. Eric (2004) has studied the effect of basicity on the
resistivity of slags. He has shown that by increasing the (CaO+MgO)/SiO2, the electrical
resistivity of the slag decreases. Considering the acidic nature of alumina in industrial
fayalite-type slags, by alumina addition to the system (reducing the basicity), the resistivity is
expected to increase, i.e. a reduction in conductivity is likely. It has also been mentioned (Eric
2004) that viscosity and electrical conductivity usually exhibit opposite trends. As alumina
addition to the current slag polymerizes the melt, it increases the number of covalent bonds
(leads to an increased viscosity). However, when the electrical conductivity is considered, the
number of ionic bonds (number of ions) is of importance. Therefore, it is expected that by
increased alumina concentration, electrical conductivity of the slag decreases.
Nevertheless, it is clearly noted that there are various parameters involved in laboratory-scale
experiments, for synthetic slags, that may affect the results considerably. Therefore, the
observed trend of changes for electrical conductivity cannot be simply generalized (and used)
for industrial applications (Eric 2004).
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5.2. Copper loss (literature)
One of the main tasks of the copper production slags is to collect impurities, without
excessive matte loss. Therefore, an extensive research effort has been devoted to copper loss
to the slag phase (Nagamori 1974a; Nagamori 1974b; Simeonov et al. 1995). Attempts are
also made to estimate distribution of other metals to the matte and slag phases (Nagamori and
Mackey 1978; Wang et al. 1974). As, in this study, no experimental work has been conducted
on copper loss to the slag phase, drawing solid conclusions about the influences of alumina on
this phenomenon is not possible. However, a literature review on the subject can definitely
help to predict the quality and behaviour of the generated slag with higher alumina
concentration.
In order to minimize metal loss to the slag phase, different refining units are integrated in the
flow-sheet of the Rönnskär smelter of Boliden Mineral AB. Very low oxygen partial pressure
at the zinc slag fuming furnace reduces the copper dissolution into the slag phase significantly
(Suh et al. 1988). After the fuming process, the slag is forwarded to a settling furnace, to
separate the remaining matte and speiss particles; however, even under such a condition,
copper loss cannot be totally eliminated. SEM-EDS analyses of the reference fumed slag from
the Rönnskär smelter (before entering the settling furnace) show that in some regions of the
samples, entrained droplets of Cu coexisting with S, most probably as Cu2S (Cardona et al.
2011b) could be seen, Figure 5.2.1. Part of these entrained particles may later be separated in
the subsequent process stage, settling furnace. However, the question is how the expected
change in chemical composition of the slag may alter the condition, and what the effect of
alumina would be.
It is repeatedly mentioned in the literature that copper loss to the slag phase is basically in the
form of chemical dissolution and/or mechanical entrainment (Mackey 1982; Cardona et al.
2011a; Jalkanen et al. 2002). The contribution of each mechanism to the total Cu-loss depends
on different parameters and may vary considerably. In the following sections, influence of
alumina on copper loss via each mechanism will be discussed, based on the available
literature.
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Figure 5.2.1: Entrained droplets of copper, coexisting with sulphur

5.2.1. Mechanical entrainment
Apart from the process parameters such as applied furnace or settling time, mechanical
entrainment of copper is mainly controlled by the physical properties of the slag, and may
account for 25-70% of the total copper loss (Suh et al. 1988). Experimental studies showed
that addition of alumina to the zinc-copper smelting slags increases the viscosity and surface
tension, whereas, it decreases the slag density. High surface tension and low density of the
slag facilitate separation of the matte particles (Kim and Sohn 1998), but the main parameter
influencing copper loss is the slag viscosity. Obtained viscous material as a result of increased
alumina concentration hinders proper settling of the matte droplets (Cardona et al. 2011a; Eric
2004) and may lead to a higher copper loss.
Another problem with increased alumina content in the slag is the rise in liquidus temperature
of the melt. Consequently, presence of the solid particles (mainly spinels) at the operational
temperature is inevitable. Such second phases may act as potential sites for entrained copper
droplets (Suh et al. 1988) and increase the overall metal loss into the slag phase.
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5.2.2. Chemical dissolution
Mackey (1982) explained the chemical dissolution of copper in a thorough review article in
1982. He has summarized the influencing parameters on copper solubility as
“thermodynamics” (such as distribution and activity coefficients), “kinetics” (including
physical properties), and “process” (such as applied furnace and operational temperature).
According to Mackey (1982), the main copper loss would be in the form of oxidic or
sulphidic compounds. However, copper may also dissolve in monoatomic or molecular form,
depending on the smelting condition and stability of the generated components (Mackey
1982). Jalkanen (1981) has pointed out that, at a constant temperature, “matte grade” (Cu wt% in matte) is the main controlling parameter on copper solubility in silica-saturated ironsilicate slags. Later in a review article, Jalkanen and co-workers (2003) have clarified that in
addition to temperature and slag composition, copper solubility is mainly dependent on
oxygen-to-sulphur potential ratio.
Therefore, for the sake of a comparative study in the current work, it is assumed that all
controlling parameters remain constant, except alumina concentration of the slag phase, which
is expected to rise.
Increasing the alumina concentration of the slag reduces the basicity of the melt, which
according to Eric (2004) decreases the copper solubility. Altman (1978) has experimentally
investigated the influence of Al2O3 on solubility of copper in silica-saturated iron-silicate
slags and reported that up to 7.5 wt-% alumina, at 1250°C and a given oxygen pressure,
would not change the copper solubility considerably, whereas alumina may reduce the copper
solubility in non-silica-saturated slags. Elliot et al. (1978) have investigated the effects of
alumina (up to 8.1 mass-%) on copper solubility and mentioned that alumina decreases the
copper solubility very slightly. Kim and Sohn (1998) demonstrated that addition of CaO,
MgO, and Al2O3 to silicate slags decreases the copper solubility in a decreasing order; such an
order corresponds to the basicity of the additives. In addition, added cations may occupy
potential positions that could be taken by Cu+; as a result, cations with more similar radius to
Cu+ (0.96 Å) reduce the copper dissolution more readily (Kim and Sohn 1998). The radius of
these cations were reported by Kim and Sohn (1998) as Ca2+ (0.99 Å), Mg2+ (0.65 Å), and
Al3+ (0.50 Å).
Considering the reported data in the literature, increased alumina concentration of the slag is
not expected to cause excessive copper dissolution into the slag phase.

47

5.3. Foaming behaviour (literature)
Slag foaming is a very broad subject; thorough discussion on all aspects of foaming and the
influential parameters on foam-stability of the slag is not within the scope of this thesis.
However, the phenomenon is one of the practical difficulties associated with increased
alumina concentration, and is directly affected by the slag’s physical properties. Therefore, in
the current section, an attempt is made to present the theoretical (expected) influences of
alumina on foamability of the slag, based on the reported data in the literature.
Controlled slag foaming in iron- and steelmaking processes is required to provide faster
melting, reduced energy consumption, and a longer electrode and refractory life (Ito and
Fruehan 1989a). However, in the zinc slag fuming processes, excessive foaming increases the
volume of the material to be handled and causes slopping of the slag out of the reactors,
which leads to a considerable material loss. The slag foamability depends on 1) the extent of
evolved gases generated from the reactions (Tan et al. 2006) as well as 2) injected gases to the
slag bath. Stability of the bubbles, on the other hand, depends on drainage of liquid among the
bubbles and the rate of the coalescence of the bubbles (Luz et al. 2011).
In the fuming furnaces, a mixture of pressurized air and carbon powder is injected into the
slag bath. In addition, reactions between gas phase and the molten slag result in production of
CO, CO2, and SO2; presence of all these gases enhances foamability of the melt.
Foaming fundamentals and their dependence on surface tension and viscosity have been well
reviewed in an early publication by Kitchener and Cooper (1959). During the following
decades, the main focus has been on foaming phenomenon in iron- and steelmaking slags,
with comparatively small attention to base metal smelting slags (Tan et al. 2006). However, as
the fundamentals of foaming are the same, it is assumed that the same principles are
applicable. The most significant contribution to the subject was made by Fruehan and coworkers (Ito and Fruehan 1989b; Corbari et al. 2009; Matsuura and Fruehan 2009). They used
the concept of foam index, Ȉ (seconds), in electric arc furnace (EAF) type slags, to correlate
the foam height, H (m), to the superficial gas velocity V (m/s), equation 7 (Ito and Fruehan
1989a; Ito and Fruehan 1989c).

Σ =

H
V

[7]
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Ito and Fruehan (1989d) have empirically related the foaming index to the physical properties
of the slag, such as surface tension (Ȗ, N/m), viscosity (Ș, N.s/m2) and density (ȡ, kg/m3).
Based on the later work by Zhang and Fruehan (1995b) they included the bubble size effect
on the foaming index according to equation 8.

¦ = 115

η1.2
γ 0.2ρD0b.9

[8]

where Db is the average bubble diameter (m). It was later shown that the index is applicable to
number of slags (Jung and Fruehan 2000). Skupien and Gaskell (2000) repeated the
dimensional analysis by Jiang and Fruehan (1991), but with another set of data for physical
properties, and modified the foaming index as shown in equation 9.

¦=

100η0.54
ρ0.39γ 0.15

[9]

In the aforementioned indexes, the relative order influence of different physical properties is
rather similar (viscosity being the largest, followed by density and surface tension,
respectively). However, Kim et al. (2001) showed that the foaming index for more complex
slags of the CaO-SiO2-FeO-MgO-X (X= Al2O3, MnO, P2O5, and CaF2) systems follows
equation 10, where the constant C is dependent on the nature of the slag.

¦=

Cη

[10]

γρ

Ghag et al. (1998b; 1998a) have developed a general model for slag foaming and shown that
residence time of gas in the foam (Ȉ), for systems in which foams are stabilized by
viscoelastic forces, is mainly affected by the gas bubble diameter. Lahiri and Seetharaman
(2002) demonstrated that the foaming index, for foam of uniform bubble size, is affected by
the gas fraction in the bulk foamy slag, the bubble shape, and the ratio of the bulk-to-surface
viscosity of the slag.
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In general, it can be concluded that slag viscosity has the greatest effect on foamability of the
melt; the order of influence is followed by the density and surface tension, respectively (refer
to equations 8 and 9).
Increased alumina concentration, in slag of interest in this study, raises the viscosity and
reduces the density of the melt, which leads to an increased foaming index. The observed rise
in surface tension, due to alumina addition to the system, reduces the foaming index;
however, the extent of such a reduction seems to be rather small. Brämming and Björkman
(2010) have pointed out that viscosity is the most influential physical property on slag
foaming. Matsushita et al. (2011) have also mentioned that the influence of viscosity on slag
foamability overcompensates that of the surface tension. Therefore, it is expected that
increased alumina concentration in the zinc-copper smelting slags (similar to that of the
Rönnskär smelter) causes generation of foams with more height, which are also more stable
and last longer.
Another important influence of alumina that contributes to a greater foamability of the melt is
the rise in liquidus temperature of the slag. This means that by increased alumina
concentration, there would be solid particles (mainly spinels) suspended in the molten slag at
the operational temperature. These particles increase the local apparent viscosity of the melt
(Wright et al. 2000; Hirai et al. 1993), which increases the foaming index, and also act as
nucleation sites for the gas bubbles (Ito and Fruehan 1989a; Luz et al. 2011). Brämming et al.
(2011) have studied the foaming phenomenon in basic oxygen steelmaking (BOS) vessels and
mentioned that the fraction of solid particles in slag is the “most important” influential
parameter on slag foamability. As a result, with higher alumina concentrations of the
investigated slag in this study, more stable foams are expected.
In order to overcome the difficulties associated with excessive slag foaming (e.g. increased
volume of the material to be handled), different measures can be taken. Considering the
suggested equations for foam index (equations 8-10), the most efficient additives, to suppress
foamability, are those materials that reduce the viscosity of the melt. Additives, which
increase the density and surface tension, may also suppress excessive foaming of the slag.
However, it should be taken into account that low density of slag is simultaneously required
for proper separation of matte particles from the slag phase.
Some literature suggest application of the so-called “anti-foam” agents, which are usually
carbonaceous materials (coal or coke) (Zhang and Fruehan 1995a), as a means to reduce the
foamability of the slag. The influence of carbonaceous materials is mainly attributed to their
nonwetting behaviour with the liquid slag (Zhang and Fruehan 1995a); they may also cause
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rupturing of the bubbles (Zhang and Fruehan 1995a). The particle size of the applied additive
plays a significant role in efficiency of the anti-foam agents. Wu et al. (2000) have shown that
addition of fine powder coke (76μm and 105μm) increases the foam height, whereas grain
coke (1 to 3 mm) reduces the foaming (Wu et al. 2000).
Nevertheless, it is recommended that proposed methods as well as the suggested additives for
suppression of foaming should not be generalized for every process; instead, these must be
tailor-made for each specific operational condition.

5.4. Concluding remarks
The current investigation has focused (experimentally and theoretically) on influences of
alumina on different properties of an industrial zinc-copper smelting slag. Overall, based on
the obtained results, it can be concluded that an industrial operation similar to the zinc slag
fuming process at the Rönnskär smelter may tolerate up to around 9 wt-% total alumina
concentration in its fayalite-type slag. By controlled increase in alumina concentration up to
this level:

1) The solidus temperature of slag will remain almost constant and the liquidus
temperature will slightly decrease. Therefore, the slag is expected to be completely
molten at the operational temperature (§1250ºC).
2) The influence of solid particles on slag viscosity can be avoided. Structural change of
the material (more polymerization of the melt) increases the viscosity; however, the
extent of such an increment will not be too large to be handled.
3) The density of the melt will decrease slightly. It was found that above this limit
(almost 9 wt-% total alumina concentration) a sudden reduction in density is likely.
4) The increase in thermal diffusivity and surface tension as well as the reduction in
electrical conductivity of the melt, due to increased alumina concentration, will remain
controllable.
5) By increasing the alumina concentration, the foaming of the melt is expected to
increase progressively. Considering the changes in physical properties of the slag, by 9
wt-% total alumina content of the melt, foaming is inevitable; however, excessive
foaming (comparatively) can be avoided.
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6) By up to almost 9 wt-% total alumina content of the slag, the chemical dissolution of
copper into the slag phase will slightly decrease or remain unaffected. The mechanical
entrainment, however, is expected to increase slightly.
7) The material will remain in the same primary crystallization phase field and shows,
relatively, a similar mineralogy.

An increase in operational temperature of the process seems to be favourable in many
respects: 1) guarantees a completely molten material, 2) reduces the viscosity of the melt, and
thereby mechanical entrainment of copper in the slag phase as well as excessive slag foaming.
However, it should be taken into account that at elevated temperatures more chemical
dissolution of copper into the slag phase is expected. Besides, on the wall of the furnace, there
is always a layer of solidified slag which acts as a protective film for furnace lining. By
increasing the temperature, there is a risk of melting this layer and causing significant damage
to the furnace refractory.
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6. Conclusion
Aluminium behaves as a network former cation in this type of slag and polymerizes the melt.
Consequently, by 15 wt-% alumina addition to the system, the measured viscosity of the
material rises from almost 1.4 to 13.3 Poise at the industrial operating temperature (§
1250°C). It should be considered that such an increase in viscosity originates partially from
solid particles that are suspended in the melt for samples with higher alumina concentration.
Effective thermal diffusivity of the slag increases from 1.8 ൈ ͳͲି , in reference slag, to 3.58
ൈ ͳͲି m2/s, in the sample with 10 wt-% alumina addition. The measured density at 1100°C
decreases from 3.9 to 2.1 g/cm3, by 15 wt-% alumina addition to the slag, whereas an increase
in surface tension of the slag can be observed from 338.1 to 488.4 mN/m.
Variation of alumina concentration would not influence the solidus temperature of the slag
considerably, while the liquidus temperature would initially (by 5 wt-% alumina addition)
decrease. Further increase in alumina content (10 wt-% alumina addition) increases the
liquidus temperature from 1141°C to 1270°C. Predicted liquidus temperatures using
FactSageTM6.2 were in good agreement with the experimental estimations. It is predicted that
addition of 15 wt-% alumina to the slag increases the liquidus temperature to 1348°C.
Alumina addition to the slag changes the composition and concentration of the major phases
in the semi-rapidly solidified samples. It was found that by 5 wt-% alumina addition, a rather
leaching resistant phase (clinopyroxene) is replaced by orthopyroxene, which results in higher
slag leachability. 10 wt-% alumina addition to the system increases the amount of spinel and
anorthite phases (which are durable). Consequently, most of the elements leached at lowest
quantities from this sample. In the mixture of slag with 15 wt-% alumina addition, formation
of metastable phases, which are more reactive, leads to higher dissolution of this sample into
the aqueous solution.
It was evident that cooling condition influences the leachability of the slag considerably. If
specific surface area of the samples is considered, water-granulated materials leach more than
the corresponding semi-rapidly solidified samples. This observation, thermodynamically, is
attributed to the higher internal energy of the rapidly cooled samples, which results in a higher
reactivity of the material. Increased alumina concentration initially (5 wt-% alumina addition)
reduces the leachability of the slag. By 10 and 15 wt-% alumina addition, however, an
increase in specific leached amount of most of the elements can be observed.
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It was shown that, overall, the FactSageTM6.2 thermodynamic package can efficiently be used
to predict liquidus temperature of the slag, viscosities above the liquidus temperature, and
phases that are formed in the solidified material.
Thermoslag®1.5 predicts relatively higher viscosities for this type of slag/alumina mixture,
over the entire compositional and temperature ranges studied in the current work.
In this investigation, the Einstein-Roscoe equation was not generally efficient to convert the
predicted viscosities (for fully liquid material) into values applicable for solid-containing
melts.
The applied models for density and surface tension calculations are useful for predicting the
trend of changes due to alumina addition to the slag; however, the calculated values were
different than the experimentally measured data for solid-containing melts.
In general, one of the most important outcomes of this work is that existing data in the
literature (for lower order systems) and thermodynamic calculations may be used to determine
the trend of changes for each property. However, the absolute values cannot be simply
generalized for an industrial slag (containing minor elements). In addition, at the operational
temperature, where solid particles may be present, the predicted values may differ
significantly from the actual quantities. Applicability of the available models (and reported
data in literature) should be assessed by experimental measurements, designed for a specific
industrial operation with a known set of conditions. Eventually, the measured values can be
incorporated into the existing models and software products to cover a wider range of slag
compositions and industrial operations.
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7. Future Work
Separate leaching tests for synthesized phases that are present in the semi-rapidly solidified
samples may clarify the stability of each phase individually, which can then be compared with
the obtained results of this work.
Further characterization of the samples using wavelength dispersive X-ray spectroscopy
(WDS) or electron micro probe analyser (EMPA) facilitates tracking of trace elements in
different phases. Consequently, mineralogical influence on leaching behaviour of the minor
elements can be elaborated further.
Leaching behaviour of the rapidly-cooled samples must be examined more in detail before
any conclusion can be drawn. The aqueous chemistry, reactions between the amorphous
material and aqueous solution, as well as formation and stability of secondary phases should
be continuously monitored.
Influence of alumina on electrical conductivity of the slag should be investigated in laboratory
scale.
By an appropriate set-up, it is possible to monitor foaming behaviour of the slag, with
different chemical compositions, in an industrial furnace. Plant data in conjunction with
supplementary experiments at the laboratory on kinetics of the expected reactions and
generation rate of gas products can be used to create an index by which slag foaming can be
predicted based on its chemical composition.
Similar investigations should be carried out for some other important oxides, e.g. MgO and
CaO. Since CaO is predominantly used as a fluxing material in industrial operations, its
influences on slag properties are imperative.
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Influence of alumina on physical properties of an industrial zinccopper smelting slag-Part 1: Viscosity

ABSTRACT
The rotating cylinder method was applied to measure the viscosities of an industrial ironsilicate slag and mixtures of this slag with 5, 10 and 15 wt-% alumina addition, in temperature
range of 1100 to 1300 degrees Celsius. The measured viscosities were compared with the
predicted values using two of the commercially available software products for viscosity
calculations, namely Thermoslag®1.5 and FactSageTM6.2. As the models can only predict
viscosities for a solid-free melt, obtained values by FactSageTM6.2 were modified using the
Einstein-Roscoe equation. Results show that aluminium behaves as a network-former cation
in this type of slag, and by increasing the alumina concentration, the melt becomes
progressively polymerized. Consequently, the viscosity of the slag increases at a given
temperature, which is supported by thermodynamic predictions. According to the modified
FactSageTM6.2 calculations, the viscosity of the solid-containing slag increases from 2.1 to 5.5
Poise at the industrial operating temperature (§1250°C).

Keywords: Zinc slag fuming, viscosity, FactSage, Thermoslag, Rotating cylinder method

I. INTRODUCTION
One of the most common and significant impurities in pyrometallurgical processes is known
to be alumina, which can be introduced to the system via different routes including recycling
of waste electrical and electronic equipment (WEEE). Rönnskär smelter of Boliden Mineral
AB is a base- and precious-metals producer located in northern Sweden. At the smelter,
smelting of copper concentrates is carried out using an electric furnace. Produced matte is sent
to converters, and the generated slag is charged to a fuming furnace for zinc-extraction.
Rönnskär smelter is increasing the amount of electronic scrap that is treated for metal
recycling; as a result, the alumina concentration in slag from the fuming process is expected
to rise. Changes in the slag chemical composition lead to variations in its physical and
chemical properties and, consequently, changes in the overall outcome of the process.
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Therefore, a research project was initiated at Luleå University of Technology, Sweden, to
investigate the effects of alumina on different properties of the industrial zinc-copper smelting
slags. The current paper is the first part of a series of articles focusing on physical properties
of this type of slag/alumina mixtures.
Viscosity, which can be considered as the internal friction of the material (Aune et al. 2002),
is an important dynamic property of the melt. It directly controls the heat and mass transfer
across the slag phase, gravity separation of the valuable metals, and the kinetics of the
slag/matte interactions (Kucharski et al. 1989; Viswanathan et al. 2001). It is well known that
viscosity is a structure-based property dependent on the motion of ionic complexes that are
present in the material; therefore, it can be correlated to the degree of depolymerization of the
melt, i.e. number of non-bridging oxygen per tetrahedrally coordinated atom (NBO/T) (Mills
1993). The temperature dependence of viscosity is usually expressed by the Arrhenius
equation (equation 1).

K

A.exp( Q / RT )

[1]

where Ș is the viscosity, Q the activation energy, R the gas constant and T temperature in K. A
represents a pre-exponential constant. Viscosities of binary and ternary slags have received a
considerable attention over the last several decades (Saito et al. 2003; Shahbazian et al. 1999),
and attempts to increase the order of the systems are ongoing (Song et al. 2011; Xu-long et al.
2011). The viscosities of iron-silicate-based slags have been investigated by several
researchers (Viswanathan et al. 2001; Kucharski et al. 1989; Wright and Zhang 2004; Suh et
al. 1988); however, measured data, applicable to zinc-copper production slags, are
insufficient. In order to avoid the difficulties associated with experimental measurements and
meet the industrial demands for viscosity data as a function of temperature and composition,
several viscosity models have been developed (Shu and Zhang 2006; Nakamoto et al. 2005;
Iida et al. 2000; Urbain 1987). Recently, attempts have been made to estimate the viscosity of
molten slags by using the optical basicity (Shu et al. 2010; Ghosh et al. 2010). Among these,
the most commonly applied models were proposed by Seetharaman et al. (Seetharaman and
Sichen 1994; Seetharaman and Sichen 1997; Sichen et al. 1994), Zhang and Jahanshahi
(1998b; 1998a) and Kondrative and Jak (2001). Different models and their capabilities were
compared in a thorough review article by Seetharaman et al. (2005), where it was clearly
pointed out that there is no a priori model available to cover the entire slag area, and it is not
certain that for a given industrial slag, accurate viscosities can be estimated. However, in
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subsequent years, an extensive research effort has been devoted by Jak and co-workers to
develop the quasi-chemical viscosity model for fully liquid slags (Kondratiev et al. 2006b;
Kondratiev et al. 2006c; Kondratiev et al. 2006a; Kondratiev et al. 2008).
The aim of the current work is to investigate the influence of alumina on the viscosity of an
industrial zinc-copper smelting slag and explore possible differences between the
experimental results and predicted values using two of the commercially available software
products for viscosity calculations, namely FactSageTM6.2 and Thermoslag®1.5.

II. EXPERIMENTAL
A. Materials and sample preparation
The investigated slag in this study, provided by the Rönnskär smelter of Boliden Mineral AB,
Skelleftehamn, Sweden, is an iron-silicate slag and has been collected from the stream leaving
the zinc slag fuming process. A chemical additive, (alumina 99.9%, Nr. Eg: 215-691-6) from
Alpha Aesar (Germany) was used and four different samples were prepared; one reference
sample, which was merely slag without any additive, and mixtures of slag with 5, 10 and 15
wt-% alumina addition. These samples are named slags 1-4, respectively. The mixtures were
packed in pure iron crucibles (Armco iron, Middletown, OH), and then pre-melted in a
Tamman graphite furnace at 1300°C for half an hour. A continuous flow of N2 (99.996%
pure, supplied by AGA Gas, Sweden) was used for protection. The crucibles were checked
carefully after the pre-melting to verify that there were no signs of deformation or oxidation.
The re-melted mixtures were sent to a certified laboratory, ALS Scandinavia AB, Sweden, for
chemical analysis using inductively coupled plasma methods (ICP-AES and ICP-SFMS). The
chemical compositions of the re-melted mixtures were calculated with the elements as oxides,
and then normalized to 100 wt-%, Table 1. The ratio of ferrous to ferric iron has not been
measured; instead, it is calculated based on estimates reported by the Rönnskär smelter. It is
assumed that, due to the reducing conditions that prevail in the zinc slag fuming process, 5
wt-% of the total analyzed iron is present as Fe3+. The NBO/T for all samples were calculated
in the manner explained by Mills (Mills 1993), and is included in Table 1.
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Table 1: Chemical compositions of the pre-melted mixtures (wt-%)
Comp.
FeO*
SiO2

Slag 1
49.75
36.29

Slag 2
47.05
35.03

Slag 3
45.34
32.63

Slag 4
43.31
30.44

Al2O3

3.98

8.38

12.72

17.46

Fe2O3*

2.91

2.75

2.65

2.53

ZnO

1.97

1.83

1.68

1.68

CaO

1.68

1.60

1.48

1.38

MgO

1.15

1.09

0.96

0.82

K 2O

0.24

0.25

0.23

0.20

Cu2O

0.78

0.84

1.17

1.08

MnO

0.28

0.27

0.25

0.23
0.36

Na2O

0.37

0.36

0.34

Cr2O3

0.26

0.24

0.25

0.24

P 2O 5

0.17

0.16

0.15

0.14

TiO2

0.16

0.15

0.14

0.13

NBO/T

2.27

1.84
*Calculated

1.55

1.26

B. Experimental apparatus and procedure
For viscosity measurements, the rotating cylinder method using pure iron spindles (Armco
iron, Middletown, OH) was applied. A Brookfield digital viscometer (model RVDV.II + P)
with full-scale torque of 7.187 u 10-4 N.m was incorporated in a graphite furnace (Thermal
Technology INC. Laboratory Furnace Group 1000, with maximum temperature of 2300°C)
using Teflon bellows. An optical pyrometer and an 818 controller, supplied by EuroTherm,
were used to control the furnace temperature. The viscometer was calibrated periodically at
both room and experimental temperatures. Five standard mineral oils with viscosities of
0.049, 0.098, 0.484, 0.980, and 4.940 Pa.s, were applied for the calibration at room
temperature; a reference slag (Al2O3-Li2O-SiO2) was employed for calibration at high
temperatures. The crucible, containing the pre-melted slag samples, was then placed in the
even temperature zone (±3°C) of the furnace. A Pt-10% Rh/Pt thermocouple (B-type) was
positioned in contact with the base of the crucible to measure the sample temperature
accurately. The samples were heated up to 1300°C at a heating rate of 5°C.min-1. Flow of
argon (50 ml.min-1, 99.999% pure, supplied by AGA Gas, Sweden) was passed through the
reaction tube for 3 hours before the samples were heated. On reaching 300°C, the flow rate
was changed to 210 ml.min-1 and maintained during the experiments. Based on the earlier
studies, the holding time at each measurement temperature was chosen to be 30 minutes; after
this duration at 1300°C, the spindle rotating at 10 rpm was immersed into the molten slag by
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adjusting the length of Teflon bellows. The tip of the spindle was kept at 2 cm above the
bottom of the crucible, while the length of the shaft immersed in the slag was about 1.0 cm.
Measurements were carried out using 5 different rotation rates at each temperature to ensure
the adhesion of the melt to the Newtonian manner. The spindles required 2 minutes before
reaching the mechanical steady-state condition at each rotation speed. The measurements
were performed during the cooling cycle, but to verify the experiments, some measurements
were carried out during the heating cycle as well. No attempt was made to control the oxygen
partial pressure of the gas phase, since local equilibrium with iron crucible was attained in the
samples. Application of iron crucibles posed a limitation for the maximum experimental
temperature (1300°C), above which, extensive thermal expansion of this type of slag,
compared to that of crucible, resulted in appearance of cracks in the crucible, and trial was not
possible. The lower temperature limit of the measurements, however, determined by the
fraction of the solid particles in the melt, was associated with spindle blockage in the material.
The experimental setup and procedures applied have been described in detail in an earlier
publication (Persson et al. 2007).

C. Software products used for viscosity predictions
1) Thermoslag®1.5, which applies the proposed model by Seetharaman et al. (Seetharaman
and Sichen 1994; Seetharaman and Sichen 1997; Sichen et al. 1994), has been developed at
the Division of Materials Process Science, Royal Institute of Technology (KTH), Stockholm,
Sweden. It is a semi-empirical model that utilizes the Arrhenius/Eyring equation and
interaction parameters in analogy with the modelling of Gibbs energies of mixing for silicate
melts. For calculations with Thermoslag®1.5, the chemical compositions of the samples were
normalized to the quaternary system of “FeO”-Al2O3-CaO-SiO2.
2) FactSageTM6.2, applies a structurally-based “modified quasichemical model” (Bale et al.
2009) for viscosity predictions. For calculations with FactSageTM, the chemical compositions
of the samples were normalized to the FeO-Fe2O3-Al2O3-CaO-MgO-ZnO-SiO2 system. The
model can only predict the viscosities for fully liquid slags; therefore, the Einstein-Roscoe
equation (Roscoe 1952; Wright et al. 2000) (equation 2) was used to re-calculate the
viscosities of liquids containing solid particles.

K K0 1  af

n

[2]
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where Ș and Ș0 are the viscosities of solid-containing and fully liquid slags, respectively. f is
the fraction of solid particles in the melt, which was calculated using the “equilib” module of
the FactSageTM6.2. The software applies the Gibbs free energy minimization to calculate the
most stable phases at a given temperature and composition. The proposed values of 1.35 and
2.5, for spherical particles of uniform size, have been used for a and n constants, respectively.

III. RESULTS
The measured viscosities and the corresponding sample temperatures are shown in Table 2.
Slag 4 exhibited a non-Newtonian behaviour over the entire experimental temperatures, and
relatively high viscosities were measured. Thermodynamic calculations showed that the
liquidus temperature of this sample is higher than the maximum experimental temperature of
this study (1300°C); therefore, it never reached a completely homogenized liquid phase
during the trials. Presence of coarse solid particles with different shapes and sizes did not
allow appropriate viscosity evaluation for this sample.
The temperature dependence of slags 1-3 could fit in an Arrhenius-type equation, in the
temperature range of around 1100°C to 1300°C, Fig. 1. Below 1100°C, signs of deviation
from Newtonian behaviour were observed for all samples. An increase in viscosity due to
alumina addition to the system is clear in the measured values.
The calculated viscosities using Thermoslag®1.5 are shown in Table 3. The same trend of
increase in viscosity as a result of alumina addition at a given temperature can be seen in
predictions using Thermoslag®1.5. The liquidus temperatures of the slags 1-4 are calculated
by FactSageTM6.2 to be 1170, 1167, 1250, and 1348°C, respectively. Calculated viscosities by
FactSageTM6.2, solid fraction (f), modified values (using the Einstein-Roscoe equation), and
corresponding temperatures are shown in Table 4.
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Table 2: Measured viscosities (P) and corresponding temperatures (°C) for slags 1-4
Slag 1
Temperature
1293
1275
1258
1245
1215
1194
1179
1165
1149
1124
1106
1093

Slag 2
Viscosity
0.95
1.11
1.35
1.49
2.07
2.44
2.88
3.39
3.99
5.27
9.93
23.19

Temperature
1294
1279
1261
1247
1233
1220
1203
1195
1188
1180
1173
1167
1156
1149
1141
1124
1111
1096
1082

Slag 3
Viscosity
1.28
1.48
1.77
2.04
2.34
2.65
3.21
3.43
3.68
3.89
4.28
4.55
4.96
5.31
5.80
6.99
8.25
13.07
21.65

Temperature
1295
1282
1270
1256
1239
1225
1212
1197
1183
1167
1153
1136
1121
1106
1092
1079
1064

Slag 4
Viscosity
2.21
2.42
2.83
3.09
3.59
4.03
4.58
5.34
6.09
7.05
8.04
9.52
11.13
13.36
16.81
21.82
29.53

Temperature
1296
1289
1276
1263

Viscosity
7.43
8.27
10.58
13.23

The increase in viscosity at a given temperature, due to alumina addition, is also supported by
FactSageTM6.2; excluding one exception for slag 3 in the temperature range between 1250°C
and 1300°C, where lower viscosities than that of slag 2 are calculated. Quite high viscosities
are obtained from the calculations for solid-containing liquids at temperatures below 1150 °C.
“N/A”-viscosity means that the amount of solid particles exceeds the maximum tolerable limit
for the melt to have a viscous flow (Wright et al. 2000).

Figure 1: The measured viscosities fit in an Arrhenius-type equation

8

Table 3: Calculated viscosities (P) by Thermoslag®1.5, and corresponding temperatures (°C)
Temperature (°C)
1100
1125
1150
1175
1200
1225
1250
1275
1300

Slag 1
8.03
6.96
6.06
5.30
4.66
4.11
3.64
3.24
2.90

Viscosity (P)
Slag 2
Slag 3
14.4
18.1
12.2
15.0
10.3
12.5
8.84
10.5
7.59
8.84
6.56
7.50
5.69
6.40
4.96
5.49
4.34
4.73

Slag 4
21.9
17.8
14.5
11.9
9.89
8.24
6.91
5.82
4.94

Table 4: Calculated viscosities, solid fractions, modified values and corresponding
temperatures, using FactSageTM6.2
Slag 1

Slag 2

Slag 3

Slag4

T (°C)

Ș0 (P)

f

Ș (P)

Ș0 (P)

f

Ș (P)

Ș0 (P)

f

Ș (P)

Ș0 (P)

f

Ș (P)

1100
1125
1150
1175
1200
1225
1250
1275
1300

4.68
4.06
3.55
3.11
2.74
2.43
2.15
1.93
1.73

0.79
0.64
0.19
0
0
0
0
0
0

N/A
573.9
7.39
3.11
2.74
2.43
2.15
1.93
1.73

6.75
5.78
4.97
4.31
3.75
3.28
2.89
2.55
2.26

0.80
0.64
0.19
0
0
0
0
0
0

N/A
757.9
10.61
4.31
3.75
3.28
2.89
2.55
2.26

6.64
5.68
4.88
4.23
3.68
3.22
2.83
2.50
2.21

0.82
0.66
0.29
0.06
0.04
0.02
0.00
0
0

N/A
1597.6
16.92
5.16
4.23
3.46
2.83
2.50
2.21

9.63
8.13
6.91
5.91
5.09
4.41
3.84
3.36
2.95

0.82
0.69
0.40
0.16
0.13
0.12
0.10
0.08
0.06

N/A
6061.8
48.91
11.05
8.41
6.82
5.52
4.46
3.59

IV. DISCUSSION
As was expected, the viscosity is increased by reducing the temperature for all samples both
in experimental work and calculations. Viscosity data for silicate slags with similar chemical
compositions are scarce; only four comparable compositions in the quaternary system of
Al2O3-CaO-“FeO”-SiO2 could be found (Table 5). Since the viscosities are given for only two
experimental temperatures, the FeO/SiO2 ratios are different, and all of these simplified slags
are devoid of minor basic oxides that do exist in industrial slags, a thorough comparison with
earlier work is not possible. However, it is repeatedly reported that concentration of networkformer and network-breaker cations plays a decisive role in the measured viscosities.
Recently, Park et al. (2011) have investigated the influence of alumina on viscosity of
synthetic copper smelting slags in the “FeO”-SiO2-Al2O3 system, at constant Fe/SiO2 ratio,
and reported the amphoteric behaviour of alumina. Nevertheless, in the current samples,
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various charge-balancing cations are present; therefore, increasing the alumina concentration
leads to formation of AlO45 tetrahedra and contributes to polymerization of the melt
(represented by a decrease in NBO/T, Table 1).

Table 5: Viscosities of slags with comparable chemical compositions to this study
Composition mass-%

Viscosity (P)

Reference

Al2O3

CaO

FexO

SiO2

at 1250°C

at 1300°C

4.5

1.4

65.0

25.1

1.6

1.1

Kolesov (1987)*

4.4

1.4

59.6

26.5

1.2

0.3

Kolesov (1987)*

5.6

1.6

39.6

39.6

7.0

5.5

Kolesov (1987)*

10.2

1.9

47.8
39.7
10
4
* Reported in SLAG ATLAS by Mills (1995)

Izchanov (1971)*

A more polymerized melt exhibits higher viscosities as shown in Fig. 2; however, the effect is
more pronounced at lower temperatures. The explanation for this is twofold: 1) the samples
with higher alumina concentration contain a larger fraction of solid particles at lower
temperatures, and progressively show higher viscosities; 2) increased mobility of the
molecular layers, at higher temperatures, reduces the observed difference in the measured
viscosities, i.e. the difference originates merely from changes in the melt structure.

Figure 2: Measured viscosities (P) at different temperatures (°C) as a function of total alumina
concentration in the slag

The calculations support the detected increase in viscosity due to addition of alumina, with an
exception in predictions using FactSageTM6.2 for slag 3 above 1250°C. The reason is, most
probably, the fact that just above the liquidus temperature of the melt, an initial ordering
occurs in the liquid phase during the cooling, which increases the viscosity (the liquidus
temperature of this sample is calculated to be 1250°C). Since the viscosity calculations are
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based on fully liquid slags, no consideration can be made for such an ordering. Therefore,
lower viscosities than that of slag 2 are calculated for slag 3 in the temperature range between
1250°C and 1300°C.
In the results section, it was mentioned that samples start to deviate from the Newtonian
manner below approximately 1100°C. This deviation is usually accompanied by a sudden
increase in viscosity and referred to as “crystallization or solidification”. Sridhar et al.
(Sridhar et al. 2000) and Mills et al. (Mills et al. 2004) explained that this phenomenon is
associated with a change in slope or a “break” in curves for viscosity as a function of
reciprocal temperature. Fig. 3 shows the curves and the so-called break temperatures for the
investigated samples in this study. The intensity of this change in the slope of the curves is
decreased by increasing the alumina content. It was earlier reported that detection of such a
change in slope would be more difficult for a more viscous and glassy material (Sridhar et al.
2000), which confirms that by increasing the alumina concentration of the investigated slag in
this study, a more polymerized network is formed. Furthermore, change in the slope occurs at
lower temperatures as the alumina content increases (at 1124, 1111 and 1092°C for slags 1-3,
respectively). This means that by alumina addition to the system, and consequently more
polymerization of the melt, a more gradual transformation from liquid to super-cooled liquid
occurs (Sridhar et al. 2000), until the temperature at which the viscous flow is no longer
possible.

Figure 3: Viscosities of slags as a function of reciprocal temperature

It is commonly reported that the activation energy for viscous flow of a single homogeneous
liquid phase increases as the absolute value of viscosity increases (Kowalczyk et al. 1995). In
the cases of slags 1 and 2, this was confirmed in temperature ranges well-above the liquidus
temperatures. However, below the liquidus point, solid particles start to form and influence
the viscosity to a large extent (viscosity of suspensions and emulsions); consequently, the
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activation energies no longer follow the same trend of changes as viscosity. Considering the
slopes of the lines in Fig. 3 (which represent Q/R), a decreasing trend can be seen in
activation energy for viscous flow due to alumina addition (Fig. 4).

Figure 4: Variation of activation energies for viscous flow as a function of alumina
concentration in the system

Such a behaviour is well-explained by Hirai et al. (1993) with the concept of “apparent
viscosity”. They have mentioned that the torque value that is read from the viscometer and
considered the measured viscosity is, in fact, the apparent one, which depends on various
parameters including the rate of solidification. As discussed, according to the sudden change
in slope of curves for ln (Ș) as a function of T-1, the samples with higher alumina
concentration in this study have relatively lower solidification rates. This results in formation
of large and irregular-shaped solid particles, which together with more polymerization of the
melt, increase the viscosity. However, in samples with lower alumina addition and a higher
rate of solidification, formation of a large number of small diameter (spherical) solid grains,
which can be agglomerated in a network more readily, occurs. These kinds of networks can
easily be broken by an initial increase in the “shear rate” or the activation energy. Afterwards,
the material exhibits its lower regular viscosity.
For comparison of calculations and experimental work, the obtained viscosities using
different methods are shown in Fig. 5, A-D. For slags 1 and 2, there is a very good agreement
between measured viscosities and FactSageTM6.2 calculations above around 1150°C. Above
the liquidus temperature of these two samples (1170 and 1167°C for slags 1 and 2,
respectively), FactSageTM6.2 calculates slightly higher viscosities than the measured values,
which can be simply explained by the fact that all minor oxides (network-breakers) that are
present in the melt were ignored in calculations. Below the liquidus temperatures, however,
solid particles started to form and increased the measured viscosities, while calculations do
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not consider such a coexistence of solid/liquid phases; therefore, the measured viscosities
became higher than the predicted values. The modified calculations for solid-containing
materials (using the Einstein-Roscoe equation) show much higher values than the measured
viscosities below the liquidus temperatures of slags 1 and 2, which can be due to several
reasons such as: 1) the predictions of solid fractions for simplified systems (ignoring minor
components) may show higher amounts than what actually exist in the material; as a result,
higher viscosities were calculated; 2) the choice of fixed values for a and n constants in the
Einstein-Roscoe equation is not suitable for these conditions. It was shown by Wright et al.
(2000) that the coarseness of the solid particles plays an important role in choosing values of
a and n constants, and the numbers should be adjusted correspondingly; 3) the amount of
Fe3+, which forms spinels (magnetite, FeFe2O4, or hercynite, FeAl2O4) and has an immense
effect on viscosity, is just based on estimation; small variation in the ferric iron concentration
may change the calculated viscosities considerably; 4) the calculations carried out are based
on the assumption that the existing oxides are in equilibrium at the experimental temperatures,
without using any fixed partial pressure of oxygen, while the actual oxygen potential in the
experimental work is at the iron saturation limit and may vary at different temperatures.

Figure 5: A comparison of different methods; A-D represent slags 1-4, respectively
Thermoslag®1.5, on the other hand, calculates higher viscosities than the experimental
measurements for slags 1 and 2. At lower temperatures, as the samples contain larger fraction
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of solid particles (exhibit higher viscosities), the values predicted by Thermoslag®1.5 become
closer to the experimental measurements. The reasons for such a deviation are believed to be
1) calculations were carried out for lower order systems, quaternary system of “FeO”-Al2O3CaO-SiO2; 2) according to the information provided in the software, the interactions between
CaO and FeO are not totally assessed, which may bring some errors into the predicted values.
More or less, the same relative trend can be seen for slag 3, where the best fit to experimental
results is obtained using FactSageTM6.2 calculations, above the liquidus temperature of this
sample (1250°C). Between 1175°C and 1250°C the modified FactSageTM6.2 calculations, for
solid-containing material, represent slightly better approximations. For slag 4, the condition is
different; due to the experimental limitations, non-Newtonian behaviour and relatively high
viscosities were measured over the entire temperature range. However, the interesting
observation is the very good agreement between modified FactSageTM6.2 calculations (using
the Einstein-Roscoe equation) and Thermoslag®1.5, above 1175°C.

V. CONCLUSIONS
Aluminium behaves as a network-former cation in this type of slag and increases the degree
of polymerization of the melt, which was represented by a decrease in NBO/T. Consequently,
slag viscosity increases at any given temperature. Another important influence of alumina is
an increase in the samples’ solid fraction, within the experimental temperatures. Considering
the effect of solid particles, by 15 wt-% alumina addition to the system, the measured
viscosity would rise from almost 1.4 to 13.3 Poise at the industrial operating temperature (§
1250°C). From an industrial perspective, this means that the mechanical entrainment of
valuable metals would increase, and slag foaming characteristics may be adversely affected.
The calculated viscosities, using Thermoslag®1.5 and FactSageTM6.2, were compared with the
experimental work. It was shown that FactSageTM6.2 provides reliable viscosity predictions
for slags at temperatures above the liquidus point. Modification of the calculated values using
the Einstein-Roscoe equation gave better approximations for one of the samples (slag 3, in
temperature range between 1175°C and 1250°C), just below its liquidus temperature.
Predicted values using Thermoslag®1.5 were generally higher than the measured viscosities.
Present work shows the need for experimental viscosity measurements for solid-containing
complex slags.
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Influence of alumina on physical properties of an industrial zinccopper smelting slag-Part 2: Apparent density, surface tension
and effective thermal diffusivity

ABSTRACT
Apparent density, surface tension and effective thermal diffusivity of an industrial ironsilicate-based slag and mixtures of this slag with 5, 10 and 15 wt-% alumina addition were
measured using the sessile-drop and the laser-flash techniques, respectively. A comparison is
made between corresponding values obtained from the commonly applied models and the
experimental measurements. Results show that increasing the alumina concentration in slag
increases the degree of polymerization of the melt and, consequently, its effective thermal
diffusivity. By alumina addition to the system, the surface tension increases progressively
from 338 (mN.m-1), in the reference slag sample, to 488 (mN.m-1) in the mixture of slag and
15 wt-% alumina addition. The apparent density of the liquid-solid-containing slag is
continuously decreased due to the increased alumina concentration. However, the effect is
more pronounced between 8 and 12 wt-% total alumina content in the slag.

Keywords: Apparent density, Surface tension, Effective thermal diffusivity, NBO/T

I. INTRODUCTION AND BACKGROUND
Slag density and surface tension directly control the physical separation of the valuable
metals, kinetics of the slag/metal interactions (Utigard et al. 1987) and nucleation of nonmetallic inclusions (Iida and Guthrie 1993). Thermal conductivity or thermal diffusivity of
slag is required for heat and mass transfer modelling and calculations (Susa et al. 2007). As a
result, access to reliable measurement data of these properties is essential for optimization of
the pyrometallurgical processes. Review of the literature reveals that although numerous
investigations have been carried out, finding appropriate data for a specific set of conditions
that can be directly used in an industrial application is not always straightforward. The aim of
the current work, therefore, is to study the influence of increased alumina content of an
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industrial zinc-copper smelting slag (including all minor elements) on its apparent density,
surface tension and effective thermal diffusivity. Deviations in the measured data in this study
from the simplified approaches reported in the literature (which is mainly for lower-order
systems) and predictions made by using the commonly applied models are discussed. In the
following section, an attempt is made to summarize the current knowledge of each property
relevant to that of base-metal production slags.

A. Density
Molar volume, which is the reciprocal of density, has received considerable attention over the
last several decades. Additive function (equation 1) has been recommended (Mills 1993) as a
basic method to estimate the molar volume of chemically complex molten systems from the
partial molar volumes of constituent oxides.

j

V

¦X V
i

[1]

i

i

where Xi is the mole fraction and V i is the partial molar volume of oxide components. But
discrepancies were observed between calculated and measured molar volumes for multicomponent silicate slags. Mysen (1988) noted that individual contributions may be cancelled
out in a complex system. Keene and Mills (1995) have mentioned that presence of chains,
rings and basic silicate units in a complex slag is dependent on the silica concentration and
nature of the cations present; therefore, estimation of density using a constant value for partial
molar volume of SiO2 will not be reliable. To avoid limitations with the additive function,
Persson et al. (2007a; 2007b) have developed an alternative model based on the concept that
the cation-anion attraction forces should be reflected in both relative integral molar enthalpies
of mixing and the molar volume of the silicate melts. The model applies the relationship
presented in equation 2, in which VM and HM are the relative integral molar volume and
enthalpies of mixing, respectively. The

¦ xV

i m ,i

is the average integral molar volume, and R,

T and Ȝ are the gas constant, temperature and a constant (Persson et al. 2007a; 2007b),
respectively. It is reported that the model values have an error inherent in them and,
especially, for systems containing CaO, deviations can be seen between experimental and
calculated values (Muhmood and Seetharaman 2010).
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Apart from the modelling approaches, most of the experimental work has been carried out for
iron- and steel- making slags. Consequently, a majority of the investigated melts contained
high amounts of SiO2 or CaO and temperatures were above 1350°C, which is inappropriate
for the current investigation. A few studies on slags with chemical compositions comparable
to those studied in this work have been found; these studies report that increasing the alumina
content in iron-silicate-based slags decreases the melt density (Utigard 1994; Tomasek et al.
1975).

B. Surface tension
It is known that surface tension is not a bulk property (in contrast to density or thermal
diffusivity) (Mills 1993), but it has been repeatedly reported that surface tension is affected by
the structure of the melt (Nowak et al. 1995; Boni and Derge 1956). Changes in the chemical
composition or very small concentration of surface-active components such as Cr2O3, Fe2O3,
K2O, Na2O, P2O5 may change the surface tension considerably (Keene 1995). Additive
function can be used for estimation of the surface tension of slags using that of pure
components; however, Boni and Derge (1956) have calculated surface tension “factors” to be
used in the additive function, which is proven to be more reliable. Nakamoto et al. (2007)
have developed a thermodynamic model to determine the surface tension of molten mixtures
based on the ionic radii. There are some compositional and temperature differences between
their investigated slags and that of the current study; however, an increase in surface tension
due to alumina addition is reported. Densities and surface tension of different slag
compositions in the SiO2-“FeO”-Al2O3-CaO and SiO2-“FeO”-Al2O3 systems have been
studied by Elliott and Mounier (1982) using the twin-tube maximum bubble pressure method
at 1200°C. A decrease in density and an increase in surface tension due to higher amounts of
alumina in a given system are evident in their results.
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C. Thermal diffusivity
Thermal conductivity is usually calculated from measurements of the thermal diffusivity by
using equation 3 (Mills and Susa 1995).

Oeff

D eff C p U

[3]

where Oeff and D eff are the effective thermal conductivity and diffusivity, respectively. C p is
the isobaric heat capacity, and ȡ is the density. The term “effective” is often used, since there
are contributions of different heat-transport mechanisms in the measured thermal diffusivities,
i.e., the lattice thermal conductivity ( D phonon ), the radiation conductivity ( D photon ), or
electronic thermal conductivity ( D electron ), equation 4 (Mills and Susa 1995).

D eff

D photon  D phonon  D electron

[4]

D eff represents the effective thermal diffusivity. For complex slag systems, including the
current investigated samples, it is difficult to distinguish the extent of involvement of each
mechanism; hence, the term “effective” is used to represent the overall diffusivity by the
measured values. It is generally accepted that thermal conductivity is a structure-based
property and depends on the nature of chemical bonds in silicate slags, where two types of
bonds do exist, namely, covalent bond, which links silicon to a bridging oxygen, and ionic
bond, connecting a cation of basic oxide to non-bridging oxygen (Kang and Morita 2006;
Susa et al. 2007). The heat transfer is more effective across the stronger covalent bonds (Kang
and Morita 2006). The best representation of the influence of structure on thermal
conductivity was given by Mills (1993). He proposed that thermal conductivity along a
certain chain or ring is much greater than that associated with the movement of phonons from
chain to chain; therefore, the thermal conductivity of silicates, at the melting point, decreases
proportionally with an increase in the degree of depolymerization of the melt, which can be
represented by the ratio of non-bridging oxygen atoms over the number of tetrahedrally
coordinated atoms (NBO/T). The correlation has been supported by several researchers
(Eriksson et al. 2003; Eriksson and Seetharaman 2004; Hayashi et al. 2004; Susa et al. 2007).
More recently, Kang and Morita (2006) used the hot-wire method to measure thermal
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conductivity of the CaO-Al2O3-SiO2 system and found that thermal conductivity decreases as
the basicity of the melt increases.

II. EXPERIMENTAL
A. Materials
An iron-silicate-based slag from the zinc slag fuming furnace at the Rönnskär smelter of
Boliden Mineral AB, Sweden, has been used for the current investigations. One reference slag
sample and mixtures of this slag with 5, 10 and 15 wt-% alumina addition were prepared
(represented as slags 1-4, respectively). The additive was 99.9% pure alumina (Nr. Eg: 215691-6) supplied by Alpha Aesar, Germany. The mixtures were pre-melted in alumina
crucibles using a Tamman graphite furnace, at 1300°C, for half an hour, while continuous
flow of N2 (99.996% pure, supplied by AGA Gas, Sweden) was used as the protection gas.
The solidified materials were then ground and sent to a certified laboratory, ALS Scandinavia
AB, Sweden, for chemical analysis using inductively coupled plasma methods (ICP-AES and
ICP-SFMS). The concentration of major oxides was normalized to 100 wt-% and is shown in
Table 1; however, that of FeO and Fe2O3 were calculated based on the assumption that 5 wt% of the total analysed iron is present as Fe3+. Due to the reducing condition prevailing during
the zinc slag fuming process, this assumption is quite reasonable; however, it should be noted
that the actual ratio of ferrous to ferric iron may influence the contribution of electronic
thermal conductivity to the measured thermal diffusivities.

B. Measurement of apparent densities and surface tensions
Density and surface tension measurements of the samples at high temperature have been
carried out using the sessile-drop method. The applied unit was a high-temperature horizontal
furnace with a recrystallized alumina tube and a EuroTherm 808 controller, coupled with an
imaging unit consisting of a CCD (charge-coupled device) camera with a digital noisereduction system. Radiation shields were applied to provide a good even temperature zone for
the furnace. The temperature of the sample was measured by a calibrated B-type
thermocouple, with variations within ±1°C. Calibration of the sessile drop measurements was
carried out using pure copper and nickel metals on alumina substrate in a pure argon
atmosphere. For the current experiments, cylindrical pellets of samples (diameter of 7 mm and
height of 5 mm) were prepared and placed on alumina pedestals and then positioned in the hot
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zone of the furnace. The system was then evacuated and filled with argon gas (99.999% pure,
supplied by AGA Gas, Sweden) three times, before each trial.

Table 1: Concentration of major oxides in the investigated samples
Oxide
FeO*
SiO2

Slag 1
49.75
36.29

Slag 2
47.05
35.03

Slag 3
45.34
32.63

Slag 4
43.31
30.44

Al2O3

3.98

8.38

12.72

17.46

Fe2O3*

2.91

2.75

2.65

2.53

ZnO

1.97

1.83

1.68

1.68

CaO

1.68

1.60

1.48

1.38

MgO

1.15

1.09

0.96

0.82

K 2O

0.24

0.25

0.23

0.20

Cu2O

0.78

0.84

1.17

1.08

MnO

0.28

0.27

0.25

0.23

Na2O

0.37

0.36

0.34

0.36

Cr2O3

0.26

0.24

0.25

0.24

P 2O 5

0.17

0.16

0.15

0.14

TiO2

0.16

0.15

0.14

0.13

Calculated Liquidus Temperature (°C), using FactSageTM6.2
*Calculated

1170

1167

1250

1348

It is well-known that when samples have different liquidus temperatures, the thermal vibration
states of atoms are different at any given temperature, and it would be more reliable to
compare their thermo-physical properties at a normalized temperature (e.g. T/Tliq.), rather than
a fixed arbitrary temperature (Susa et al. 2007). However, for industrial applications, it would
be more practical to evaluate the changes in slag behaviour at a certain given temperature. In
order to obtain reliable data for density and surface tension, two sets of measurements were
carried out for each sample. In the first set of trials, the samples were heated up to 1200°C and
densities and surface tensions have been measured by intervals of 10°C. It was found that
above almost 1080°C, the sessile drops for all samples are symmetrical and rather stable. At
higher temperatures, however, for the slag 1 of this study, uncertainties associated with
measurements for drops with contact angles less than 30° arose. Hence, experimental
temperature was chosen to be 1100°C, at which the samples inevitably contain solid particles.
Therefore, the term “apparent” is used to represent the densities of the solid-containing
liquids. In the second set of trials, the samples were heated up to 1100°C at 10°C.min-1 and
then, based on earlier studies, held at this temperature for half an hour, before the
measurements. The obtained experimental pictures were analysed using an image analysis
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program, developed at the Division of Materials Process Science, KTH (Stockholm), in
conjunction with software developed by the Department of Materials Science and
Engineering, Carnegie-Mellon University (Pittsburg PA) (Jimbo and Cramb 1992). For the
sake of comparison, the samples densities have been calculated at 1100°C using the model
proposed by Persson et al. (2007a; 2007b) in which chemical composition of the materials
were normalized to the ternary systems of “FeO”-SiO2-Al2O3. A comparison has also been
made with calculated densities using the additive function. Two sets of partial molar volume
of oxides have been reported by Mysen (1988) and SLAG ATLAS (Keene and Mills 1995) at
1250°C and 1500°C, respectively. The calculations were made using both sets of data; and the
recommended temperature coefficient of 0.01 %K-1 by SLAG ATLAS has been applied to
estimate the densities at 1100°C. In these calculations, the chemical compositions of the
samples were normalized to FeO-Fe2O3-SiO2-CaO-MgO-Al2O3 and FeO-Fe2O3-SiO2-CaOMgO-MnO-Al2O3 systems, respectively. The orders of systems were chosen based on the
availability of the partial molar volumes of pure components. The surface tension was
calculated according to Boni’s model (1956), using the surface tension factors of oxides at
1400°C. Then the recommended temperature coefficient by Mills and Keene (1987) (dȖ/dT =
-0.15 mN.m-1K-1) was used to recalculate the values at 1100°C. For this purpose, the chemical
compositions of the samples were normalized to the quaternary system of “FeO”-SiO2-Al2O3CaO.

C. Effective thermal diffusivity
Effective thermal diffusivities were measured using the three-layered cell arrangement of the
laser-flash method. The applied apparatus was a Sinku-Riko, Model TC-7000H/MELT with a
maximum sample temperature of 1600°C, in which a thin film of the liquid sample was
sandwiched between two platinum crucibles. Before starting the experiments, the contact
point between the two crucibles in the cell arrangement was accurately determined.
Afterwards, almost 1 g of the sample was placed in the lower crucible and the cell
arrangement was then positioned in the even temperature zone of the furnace. The lower
crucible containing the slag sample had an inner diameter of 18 mm and height of 11 mm.
The upper platinum crucible had an outer diameter of 14 mm and height of 20 mm. The
samples were heated up to 1260°C at the rate of 6°C.min-1 in a flow of argon gas (99.999%
pure, supplied by AGA Gas, Sweden). After holding the samples at 1260°C for half an hour,
the top surface of the upper crucible was exposed to a laser pulse by Nd glass laser (2.4 kV).
The temperature rise of the rear surface of the bottom crucible was monitored using gold8

plated mirrors and a photovoltanic InSb infrared detector. To avoid uncertainties associated
with the estimation of thickness of the liquid slag film at high temperatures, the differential
three-layer analysis method was used. With this method, the measurements are carried out at
two different sample thicknesses, with a known relative difference in thickness, and two
different response curves are produced. The thermal diffusivity of the liquid sample can then
be calculated from these two temperature responses without knowing the absolute thickness
of the liquid sample. Therefore, after the first laser pulse and its corresponding measurement,
the lower crucible, containing the liquid slag sample, was raised by 0.2 mm accurately using a
micrometre screw gauge, and the measurement was repeated to produce the second
temperature response curve. The thermal diffusivity calculations were then carried out by
using a software package, based on the differential three-layer analysis method developed by
Waseda et al. (1994). The sample temperature was measured using a Pt-13%Rh/Pt (R-type)
thermocouple, which has been placed in an alumina tube, in contact with the lower part of the
sample container. The thermocouple has been calibrated, every other year, using standard
thermocouples. Before the experiments at high temperatures, alignment of the gold-plated
mirrors was validated by room temperature measurement of thermal diffusivity of a solid
stainless steel (SUS 304) sample with a well-known thermal diffusivity value. In addition, the
reliability of the change in relative thickness and corresponding thermal diffusivity
calculations for liquid samples was also verified by measuring the thermal diffusivity of liquid
lithium nitrate (LiNO3) in the temperature range of 200-300°C. More details of the principles
and the apparatus applied here have been reported elsewhere (Eriksson and Seetharaman
2004).

III. RESULTS
The measured and calculated values of different properties are presented in Table 2. In order
to minimize the operational errors, associated with density and surface tension calculations
based on the shape of the droplets, the obtained images from the sessile-drop experiments at
1100°C have been analysed repeatedly, to reach deviations less than 3% for the reported
values.
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Table 2: Measured properties and calculated values based on the corresponding models
Property
Slag 1 Slag 2
Slag 3
Slag 4
Measured apparent density (g.cm-3)
Calculated density using Persson et al. model (g.cm-3)
Calculated density using Mysen’s data (g.cm-3)
Calculated density using SLAG ATLAS data (g.cm-3)
-1
Measured surface tension (mN.m )
-1
Calculated surface tension using Boni’s model (mN.m )
Measured effective thermal diffusivity ( m
NBO/T

2

.s 1 ) u 107

3.943
3.527
3.397
3.601
338.1
450.0

3.875
3.452
3.347
3.590
366.2
455.8

2.424
3.425
3.330
3.599
409.1
466.5

2.077
3.406
3.303
3.590
488.4
477.2

1.80
2.27

2.43
1.84

3.58
1.55

1.26

The thermal diffusivity measurements have been carried out in duplicate for all samples,
where the actual sample temperatures have been 1260±10°C. The average values of duplicate
trials are included in Table 2. Thermal diffusivity of slag 4 has been measured repeatedly, but
irreproducible and unreliable values were detected. It is believed that as this sample has a
higher liquidus temperature than the current experimental temperature (Table 1), solid
particles with different shapes and sizes are present in the melt and hinder accurate evaluation
of the thermal diffusivity. When the material is in the two-phase region, the laser energy leads
to a partial melting; this causes variations in the measured thermal diffusivities in different
trials. The ratio of the number of non-bridging oxygen atoms over tetrahedrally coordinated
atoms (NBO/T) was calculated in the manner explained by Mills (Mills 1993) and is included
in Table 2. Alumina addition to the slag increases the surface tension and effective thermal
diffusivity and decreases the apparent density, Table 2 and Fig. 1. The trends of changes for
surface tension and density are supported by the applied models (except for slight deviation in
density calculations using data from SLAG ATLAS); whereas, discrepancies can be observed
between the absolute calculated values and the experimental measurements, Table 2 and Fig.
1.

IV. DISCUSSION
Silicate melts consist of polymerized SiO 44  tetrahedra in which bridging oxygen atoms (O0)
join silicon cations to form rings, sheets or chains (Wells 1984). Addition of networkbreaking cations (basic oxides) results in gradual disintegration or depolymerization of the
network and, consequently, increase in the number of non-bridging oxygen (O-) and
eventually free-oxygen ions (O2-) (Mills 1993). Network-former cations (such as Al3+ and
Ti4+), however, can form tetrahedra that fit in the silicate network and enhance the
polymerization of the melt, provided that a charge-balancing ion keeps the local neutrality
10

(Mills 1993). NBO/T considers the cations with charge-balancing duties; therefore, it is
known to be the best measure of the degree of depolymerization of the melt, which can be
correlated to most of the slag physical properties. Amphoteric behaviour of alumina,
depending on slag composition, has been reported for some silicate systems; however,
industrial iron-silicate slags contain various charge-balancing cations that can fulfil electrical
neutrality of the system. Consequently, alumina behaves as a network former oxide in this
type of slag and its increased concentration reduces the NBO/T (Table 2), i.e. the melt
becomes progressively polymerized.

A. Apparent density
Increasing the alumina concentration reduces the measured densities, which is supported by
calculations as well as earlier investigations for different slag systems (Muhmood and
Seetharaman 2010; Elliott and Mounier 1982; Vadasz et al. 2000). Since Al3+ behaves as a
network former ion in the current system, it forms “[ AlO 45 ] M2+ [ AlO 45 ]” tetrahedra and
increases the overall molar volume. Vadasz and Havlik (1995) pointed out that tetrahedrally
coordinated complexes may be joined together to form polyanionic structures, which is
associated with an increase in molar volume (decrease in density). Limited experimental
investigations for slags with comparable chemical compositions could be found in the
literature, as shown in Table 3. For the reported value by Nelson and Carmichael (1979) at
1350°C, a relationship (ȡ=3.92-0.00065.T/°C ) was provided in SLAG ATLAS (Keene and
Mills 1995) to recalculate this density for different temperatures; the presented value in Table
3 is recalculated for 1100°C. Elliott and Mounier (1982) have conducted their measurements
at 1200°C.

Table 3: Densities for slags with comparable chemical compositions (from the literature)
Named
Slag A
Slag B
Slag C
Slag D

Composition (wt-%)
Al2O3
“FeO"
CaO
SiO2
8.58
56.66
2.88
33.15
9.96
50.28
3.92
32.30
10.00
53.00
3.00
34.00
10.45
44.21
5.45
39.76
(a) (Elliott and Mounier 1982)
(b) (Nelson and Carmichael 1979)

Density (g.cm-3)

Reference

Temperature (°C)

3.30
3.32
3.23
3.20

(a)
(a)
(a)
(b)

1200
1200
1200
1100 (1350)

The chemical compositions of the slags reported in literature, with respect to alumina
concentration, lie between slags 2 and 3 of this study. The FeO and SiO2 contents of these
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slags differ slightly from that of the current samples; nevertheless, the reported densities fit
rather well with the observed trend of changes for slags 1-4 of this work, Fig. 2.
The calculated densities, however, differ from the experimental measurements. Slags 1 and 2
of this study show higher measured densities than the calculated values (Table 2 and Fig. 1).
This most probably is attributed to presence of components with low partial molar volumes
(e.g. K2O or Na2O) that have not been considered in the calculations. The decreasing trend in
the measured densities of the current samples is sharper between slags 2 and 3, which would
indicate structural change in these compositions; however, calculations do not support such a
sudden reduction. It should be noted that the samples are not homogeneous single-liquidphase at 1100°C, and according to predictions made by FactSageTM6.2 thermodynamic
package (Bale et al. 2009), the fraction of solid particles increases as the alumina
concentration is raised. The density models can only consider fully liquid melts at a given
temperature; therefore, lower measured densities than calculations for slags 3 and 4, may
partly originate from the effect of solid particles on the detected values using the sessile drop
method.

B. Surface tension
Minor concentrations of the surface-active components would be enough to reduce the surface
tension significantly; therefore, the measured surface tensions for slags 1-3 show lower values
than those calculated by Boni’s model (Table 2 and Fig. 1). Nowak et al. (1995) mentioned
that alumina addition to silicate slags shortens the Si-O bond length and consequently
increases the surface tension; their statement is confirmed by the current study. The more
important observation is the change in the rate of increase, which is progressively sharper
(Fig. 1). The reason is that continuous addition of alumina to the system decreases the
absolute concentration and effect of the surface-active components continuously. Besides,
addition of alumina leads to formation of AlO45 tetrahedra and consequently reduces the
concentration of oxygen ions that could be bond to Fe3+ and form Fe2O3 (a surface-active
component). Instead, other compounds of trivalent iron with oxygen such as FeO  may form
(Vadasz and Havlik 1995). As can be seen in Fig. 1, the surface tensions of the current
samples increase and finally reach the calculated values for slag 4 (the influence of surfaceactive components became insignificant). Four slag compositions comparable to that of the
current study could be found in the literature, the alumina concentrations of which lie between
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slags 2 and 3 (Table 4). A comparison is made with the current measured surface tensions in
Fig. 3.

Table 4: Surface tensions for slags with comparable chemical compositions (from the
literature)
Composition (wt-%)
Al2O3
“FeO”
CaO
Slag A
8.58
56.66
2.88
Slag B
9.96
50.28
3.92
Slag C
10.00
53.00
3.00
Slag E
5.69
38.55
5.08
(a) (Elliott and Mounier 1982)
(b) (Pavlov et al. 1980, taken from SLAG ATLAS 1995)
Named

SiO2
33.15
32.30
34.00
50.68

Ȗ (mN.m-1) at 1200°C

Reference

426
416
419
340

(a)
(a)
(a)
(b)

Surface tensions for slags B, C and E are in very good agreement with the observed increasing
trend of the measured surface tensions for slags 1-3 of this work. No experimental work has
been conducted previously for slags with high alumina concentrations (close to that of slag 4)
in similar systems; however, extrapolation of the existing data supports the measured value
for this sample.

C. Effective thermal diffusivity
The measured effective thermal diffusivities are plotted as a function of NBO/T in Fig. 4. It is
clear that the detected values increase, almost linearly, as the melt becomes progressively
polymerized. In the laser-flash method, radiation contribution is not fully eliminated;
nevertheless, thermal diffusivity is mainly determined by the lattice vibration (phonon
conduction); hence, an ordered structure increases the phonon mean free path and eases the
energy transfer (Aune et al. 2002). Current observation supports the indication by Mills
(1993) that the thermal conductivity of silicates at the melting point increases proportionally
as the NBO/T decreases. Furthermore, increased alumina concentration in the slag leads to
formation of strong Al-O covalent bonds, and at the same time decreases the concentration of
basic cations (number of ionic bonds between basic cations and oxygen ions); consequently,
the heat is transferred more effectively (Kang and Morita 2006). Seetharaman et al. (2003)
have also shown that increasing the alumina content in a CaO-Al2O3-SiO2 system at a
constant CaO/SiO2 ratio increases the effective thermal diffusivity by almost 25%. Eriksson et
al. (2003) have earlier concluded that polymerization of the silicate network due to
substitution of SiO2 by AlO1.5 enhances the heat transfer.
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Thermal diffusivity measurements of slags 1-3 of this study have been carried out above the
liquidus temperature of these samples (Table 1); however, presence of solid particles may
influence the results considerably (e.g. slag 4). Generally, it is well known that due to the
packed and more ordered structure, solid materials conduct energy more readily than liquid
samples. As a result, solid particles in the slag are expected to increase the detected effective
thermal diffusivities. On the other hand, during the measurements for solid containing melts
using the laser-flash method, part of the heat, which is provided by the laser pulse, may be
consumed for partial melting of the suspended solid particles in the samples. Such a
phenomenon leads to detection of lower effective thermal diffusivities. Since the effects of
solid particles contribute in opposite directions, obtaining representative thermal diffusivities,
for samples that lie in two phase region, is not straightforward.

V. CONCLUSION
A network-forming behaviour of alumina was observed in the investigated industrial slag.
Increasing the alumina content resulted in formation of AlO 45 tetrahedra, and the melt became
progressively polymerized. Evaluation of the results shows that stronger covalent Al-O bonds
were formed. Furthermore, the obtained more ordered structure increased the phonon mean
free path. Consequently, the effective thermal diffusivity of the slag increased almost linearly
as a function of NBO/T. By alumina addition to the system, the surface tension of the material
was raised due to the relative decrease in concentration of surface-active components as well
as shortening of the Si-O bond length in the silicate network. Increased alumina concentration
reduced slag apparent density, which could be attributed to formation of the complex
tetrahedral units with relatively higher molar volumes.
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Figure 1: Measured and calculated A) densities; B) surface tensions at 1100°C
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Figure 2: Measured apparent densities, in this study, are compared with the reported values
for slags A-D, shown in Table 3
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Figure 3: Measured surface tensions, in this study, are compared with the reported values for
slags A-C and E, shown in Table 4
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Figure 4: Effective thermal diffusivity as a function of NBO/T
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Influence of alumina on physical properties of an industrial zinccopper smelting slag-Part 3: Melting behaviour

ABSTRACT
A combination of different experimental techniques and thermodynamic calculations has been
used to investigate the melting behaviour of an industrial iron-silicate slag and mixtures of
this slag with 5, 10 and 15 wt-% alumina addition. Differential scanning calorimetry (DSC)
and thermo-optical observation were applied to monitor the solidus temperature and softening
behaviour of the samples, respectively. Estimation of the liquidus temperature was made
using the second derivative of activation energies for viscous flow, with respect to
temperature. All experimentally detected values were compared to predictions made using the
FactSageTM6.2 thermodynamic package. Results show that as the slag lies in the fayalite
primary phase field, the liquidus temperature decreases due to the increased alumina
concentration. In the hercynite primary crystallization phase field, however, alumina addition
to the system increases the liquidus temperature. The solidus temperature does not vary
significantly due to the current changes in the total alumina content of the slag.

Keywords: Zinc slag fuming, Softening, Melting, FactSage, Activation energy

I. INTRODUCTION
It is a known fact that silicate slags do not exhibit a well-defined melting point; instead, due to
the sluggish kinetics of melting, they soften and fuse over a relatively large temperature
interval. Different techniques must be applied in parallel to achieve a deep understanding of
the melting behaviour of a complex industrial slag. The Rönnskär smelter of Boliden Mineral
AB, Skelleftehamn, Sweden, is increasing the recycling of metal-rich waste electrical and
electronic equipment (WEEE) in its processes; as a result, the alumina content of the slag
from the zinc slag fuming process is expected to rise. The aim of the current investigation is,
therefore, to study the influence of increased alumina concentration on melting behaviour of
this industrial iron-silicate slag.
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II. LITERATURE SURVEY
Referring to the ternary phase diagram of the “FeO”-Al2O3-SiO2 system in equilibrium with
metallic iron (Levin et al. 1964), most traditional copper and zinc production slags lie in the
primary crystallization phase field of fayalite (2FeO.SiO2). Increasing the alumina content (to
above roughly 10 wt-%), leads to a change from the fayalite primary phase field to hercynite
(FeO.Al2O3), which is associated with an increase in the liquidus temperature of the system.
Furthermore, addition of alumina to this type of slag changes the chemical composition of
spinels from iron-rich (magnetite-based) to aluminium-rich (hercynite-based), with higher
liquidus temperatures. It also causes formation of another high melting temperature phase,
viz., anorthite (CaAl2Si2O8) (Mostaghel et al. 2008). Although phase diagrams form a quite
useful guide for prediction of the behaviour of slags, they are not always applicable to
complex systems for industrial purposes, where Fe/SiO2 weight ratio, presence of various
impurities, and oxygen partial pressure play important roles in the stability region of the liquid
phase. Most of the available literature in this field focuses on the liquidus surface at relatively
limited compositional range, relevant to iron- and steel-making processes. Kimura et al.
(Kimura et al. 2005) and Yajima et al. (Yajima et al. 2010) have investigated the effects of
alumina addition on the liquidus of the CaO-SiO2-FeOx systems at 1573 K and different
partial pressures of oxygen. They have reported an enlargement of the liquid phase area due to
alumina addition; however, the range of their investigated oxygen potentials and CaO
contents was not applicable for zinc slag fuming processes. An extensive research effort has
been devoted by Jak and co-workers towards the determination of the liquidus temperature
and phase equilibria in systems relevant to base-metal extraction slags (Henao et al. 2010a;
Henao et al. 2010b; Jak et al. 2008; Zhao et al. 1999b). Zhao et al. (Zhao et al. 1999a) have
investigated the influence of alumina on the liquidus temperatures of synthetic fayalite slags,
at iron saturation, using the equilibration and quenching technique. They have found that the
liquidus temperature in the fayalite primary phase field is reduced by almost 3 K for each one
wt-% alumina addition to the system. They have, recently, reported the liquidus temperatures
and phase equilibria for zinc-containing slags in the “FeO”-CaO-SiO2-MgO-Al2O3 system, at
equilibrium with metallic iron (Zhao et al. 2011); however, the CaO contents of their systems
have been much higher than that of slags of interest in the current paper. A great deal of
attention has also been paid by Kongoli and co-workers (Kongoli 2003; Kongoli et al. 2006;
Kongoli and Yazawa 2001) to description of the liquidus surface of “FeO”-CaO-SiO2 slags

3

containing Al2O3, MgO and Cu2O using thermodynamic modelling at various partial
pressures of oxygen. They have shown that in the FeO-Fe2O3-CaO-SiO2-Al2O3 system, at a
constant Fe/SiO2 ratio and PO2 equal to 10-8, alumina addition in the spinel saturation area
increases the slag liquidus temperature by 6-8°C per additional one percent Al2O3. Despite the
numerous papers that have been published in this field, there are insufficient data available for
industrial iron-silicate-based slags, including all minor elements, applicable in specific zinc
slag fuming processes. Current work applies a combination of different techniques to
elaborate the melting behaviour of this type of industrial-slag/alumina mixtures.

III. EXPERIMENTAL
A. Materials
The investigated slag in this study was provided by the Rönnskär smelter of Boliden Mineral
AB, Sweden. In order to study the influence of alumina, a chemical additive, (alumina 99.9%,
Nr. Eg: 215-691-6) from Alpha Aesar (Germany) was used and four different samples were
prepared; one reference sample devoid of additive, and mixtures of the slag with 5, 10 and 15
wt-% alumina addition. These samples are named slags 1-4, respectively. Since, by increasing
the recycling of electronic scrap in an industrial operation, only the relative concentration of
alumina is expected to rise, no attempts were made to keep the Fe/SiO2 ratio constant. Each of
these samples was initially pre-melted in alumina crucibles using a Tamman graphite furnace
at 1300°C, for half an hour, while a continuous flow of N2 (99.996% pure, supplied by AGA
Gas, Sweden) was used as the protection gas. After controlled cooling down to 1000°C at 10
°C.min-1, the samples were left in the crucible system to reach room temperature. The premelted and “semi-rapidly” solidified samples were ground and sent to a certified laboratory,
ALS Scandinavia AB, Sweden, for chemical analysis using inductively coupled plasma
methods (ICP-AES and ICP-SFMS). The chemical compositions of the pre-melted samples
were re-calculated with the elements as oxide and then normalized to 100 wt-%, Table 1. The
ratio of ferrous to ferric iron has not been measured; instead, it is calculated based on the
assumption that 5 wt-% of the total analyzed iron is present as Fe3+.
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Table 1: Chemical compositions of the pre-melted mixtures (wt-%)
Comp.
FeO*
SiO2

Slag 1
49.75
36.29

Slag 2
47.05
35.03

Slag 3
45.34
32.63

Slag 4
43.31
30.44

Al2O3

3.98

8.38

12.72

17.46

Fe2O3*

2.91

2.75

2.65

2.53

ZnO

1.97

1.83

1.68

1.68

CaO

1.68

1.60

1.48

1.38

MgO

1.15

1.09

0.96

0.82

K 2O

0.24

0.25

0.23

0.20

Cu2O

0.78

0.84

1.17

1.08

MnO

0.28

0.27

0.25

0.23
0.36

Na2O

0.37

0.36

0.34

Cr2O3

0.26

0.24

0.25

0.24

P 2O 5

0.17

0.16

0.15

0.14

TiO2

0.16

0.15
*Calculated

0.14

0.13

B. Thermo-optical observation
In order to monitor different stages of melting, a thermo-optical-observation device was
applied. The unit consists of a horizontal electric furnace with a recrystallized alumina tube
equipped with a EuroTherm 808 controller, and a video recording unit consisting of a CCD
(charge-coupled device) camera with a digital noise-reduction system. For the current
investigation, the powder samples were pressed into cylindrical pellets (diameter of 7 mm and
height of 5 mm), and each pellet was placed on an alumina pedestal. The setup was then
positioned in the even temperature zone of the furnace, and the system was evacuated and
filled with argon gas (99.999% pure, supplied by AGA Gas, Sweden), repeatedly. A
calibrated B-type thermocouple, with variations within ±1°C, was used to measure the in-situ
temperature of the sample. The specimen was heated up to 1100°C at 10°C.min-1, while the
changes in the shape of the sample-cylinders were monitored to assess the physical changes
occurring in the material. There are some German norms (DIN) or British standard (BS)
available for fusibility of ashes, but no standard could be found for non-ferrous metal
production slags. Based on the reported melting sequences in the literature (Chuang et al.
2009; Boccaccini and Hamann 1999) and to be able to have a consistent method to evaluate
obtained photographs, different stages of melting were recorded as follows. The temperature
at which the sample starts to fill out the gas volumes between the particles and rounding of the
edges occurs is referred to as “deformation” temperature, which is considered the first sign of
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melting (Chuang et al. 2009). The temperature at which the diameter of the cylinder increases
by 5% is considered the “softening” temperature, which represents a partial melting and the
temperature at which the height of the cylinder decreases by 5% is considered the “melting”
temperature. Changes in pellet-dimensions were measured by counting the number of pixels
in obtained photographs of the cylinders in an image analysis program. This experiment has
been carried out in duplicate for each sample.

C. Differential scanning calorimetry (DSC)
The pre-melted and solidified mixtures were placed in Pt/Rh sample pans and analyzed in a
calibrated differential scanning calorimeter (DSC), NETZSCH STA 409C furnace. The
amounts of materials used for the experiments have been 39±3 mg. The mean particle size,
measured using CILAS 1064, has been 40±5 m. Preliminary studies using differential
thermal analysis (DTA), with temperatures up to 1450ºC, determined the temperature range at
which detectable transitions occur for all samples. It was found that due to the high wettability
of the samples with alumina and Pt/Rh crucibles, it is not possible to detect noiseless signals
at temperatures above 1150ºC. Hence, the temperature profile for the current experiments was
defined as heating from 20 to 800ºC at 20ºC.min-1, and then further heating up to 1150ºC at
10ºC.min-1. A dynamic flow of argon (100 ml/min, 99.99% pure, supplied by AGA Gas,
Sweden) was used as the purge gas. The measurement has been conducted in duplicate for
each mixture.

D. Viscosity analysis
It is recommended not to measure the liquidus temperature of a slag sample using the DSC
method. If measurements are carried out during the heating, compositional inhomogenities
would make the results unreliable (Seetharaman et al. 2000a), whereas, if measurements are
conducted during the cooling, the supercooling effect interferes with the detected values
(Seetharaman et al. 2005). In addition, for the current samples, wettability of the slag against
the different type of crucibles hindered accurate evaluation of the results; therefore, the
proposed method by Seetharaman et al. (Seetharaman et al. 2000b), based on the second
derivative of the activation energies for viscous flow with respect to temperature, was applied
to estimate the liquidus temperature of each sample. It has been shown that this method
provides reliable estimations for multicomponent complex systems. The viscosity evaluation
of the current samples and detailed experimental procedure are presented in Part 1 of the
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current article; the measured viscosities are used here. Usually, the temperature dependence of
viscosity is expressed by the Arrhenius equation (equation 1).
K

[1]

A. exp( Q / RT )

where Ș is the viscosity, Q the activation energy, R and A are the gas constant and a preexponential constant, respectively. T is temperature in K. Based on the Arrhenius equation,
the activation energy for viscous flow can be obtained by equation 2.
w lnK
w 1/ T

Q
R

[2]

The first and second derivatives of the activation energy with respect to temperature are
expressed by equations 3 and 4, respectively.

1 wQ
R wT
1wQ
R wT 2
2

§ w ln K
w¨¨
© w 1/ T
wT

·
¸¸
¹

§ w lnK
w 2 ¨¨
© w 1/ T
wT 2

[3]
·
¸¸
¹

[4]

The activation energy is expected to be constant at temperatures well-above the liquidus
temperature; however, it will increase as it approaches the liquidus point. According to the
definition, the first derivative of the activation energies, when plotted against temperature,
should show the corresponding change. As a result, the second derivative should be zero at
temperatures “sufficiently” higher than the liquidus temperature, and exhibit a break at the
liquidus point. To apply this concept, a three-point representation of the second derivative
(Fletcher 2005) was used.

E. Thermodynamic calculations
To compare the experimentally measured solidus and liquidus temperatures using the DSC
and activation energies for viscous flow, the “equilib” module of the FactSageTM6.2
thermodynamic package (Bale et al. 2009) was applied. The Gibbs free energy minimization
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shows the most stable phases at a given temperature and composition. The Gulliver-Scheil
cooling calculation was used to consider the changes in chemical composition of the
remaining melt. For this purpose, the chemical compositions of the samples were normalized
to the FeO-Fe2O3-Al2O3-CaO-MgO-ZnO-SiO2 system. No fixed partial pressure of oxygen
was used; instead, all oxides were assumed to be in equilibrium at all experimental
temperatures.

IV. RESULTS
The typical series of video images showing evolution of the slag cylinders with increasing
temperature are presented in Fig. 1, (A): sample at low temperatures, (B): deformation
temperature, (C): softening temperature, (D): melting temperature, (E): flow temperature.
Due to formation and growth of the so-called “blisters” on top of the cylindrical pellet made
from slag 1, during all trials made for this specific sample, accurate measurement of
dimension changes was not possible. Therefore, only the deformation temperature of slag 1 is
presented (Table 2). Fig. 2 shows the DSC curves for all samples during the heating; the onset
of melting was defined as the temperature at which the first deviation from the normalized
baseline of the curves occurs (the transition starts). Interconnected successive endothermicsignals that are detected in DSC curves represent a continuous gradual transformation in all
samples, which is prolonged even at higher temperatures. Thermodynamic calculations using
FactSageTM6.2 shows a constant solidus temperature (983.22ºC) for all samples. The average
temperatures for different phenomena and deviations from the mean values are shown in
Table 2.

Table 2: The average temperatures for different phenomena
Phenomenon
Calculated solidus using FactSageTM6.2
Onset of melting using DSC
Observed “deformation”
Observed “softening”
Observed “melting”

Slag 1
983
1019±1
1016±1
-

Temperature (°C)
Slag 2
Slag 3
983
983
1016±1
1016±1
1017±1
1021±2
1027±2
1034±2
1057±1
1057±2

Slag 4
983
1017±1
1026±1
1042±3
1065±2

As mentioned in Part 1 of the current article, since the maximum temperature for viscosity
measurement was limited to 1300°C, slag 4 did not reach a completely homogenized liquid
phase. Consequently, this sample exhibited a non-Newtonian behaviour over all experimental
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temperatures. The measured viscosities, reported in Part 1, were used to calculate the second
derivative of the activation energies for viscous flow for slags 1-3, which are plotted as a
function of temperature in Fig. 3, A-C, respectively.
The sudden deviation from the zero value occurs at 1165 and 1141°C for slags 1 and 2,
respectively. Based on the temperatures at which the viscosities were measured for slag 3, a
break can be observed at 1270°C, while the actual temperature at which the second derivative
deviates from the zero value occurs at 1259°C. The dashed line in Fig. 3C represents the
expected behaviour of the curve at temperatures higher than the current experimental
temperatures if it was possible to heat the sample further. Nevertheless, in order to adhere to
the definition of the method and be consistent for all samples, 1270°C is regarded as the
estimated liquidus temperature. The estimated values using this method are compared with
predictions made using FactSageTM6.2 in Table 3.

Table 3: Experimentally estimated and calculated liquidus temperatures
Method
Estimations using viscosity data
Calculations using FactSageTM6.2

Slag 1
1165
1170

Temperature (°C)
Slag 2
Slag 3
1141
1270
1167
1250

Slag 4
1348

The order of crystallization for major phases during the cooling are predicted using
FactSageTM6.2, and presented in Table 4. It is evident that alumina addition to the system
changes the order of melting of the existing phases in each sample during the heating.

Table 4: Calculated order of crystallization for major phases
Sample
Slag 1
Slag 2
Slag 3
Slag 4

Order of crystallization for major phases
1) olivine, 2) clinopyroxene
1) orthopyroxene, 2) olivine, 3) clinopyroxene, 4) spinel
1) spinel, 2) orthopyroxene, 3) olivine, 4) clinopyroxene
1) spinel, 2) orthopyroxene, 3) clinopyroxene, 4) olivine

V. DISCUSSION
A. Liquidus temperature
The estimated liquidus temperatures, using the second derivative of the activation energies for
viscous flow, largely depend on the temperatures at which the viscosities are measured. On
the other hand, the accuracy of the liquidus temperatures calculated by FactSageTM6.2 is
dependent on several parameters: 1) the extent of the influence of minor components that
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have been ignored (calculations carried out for FeO-Fe2O3-Al2O3-CaO-MgO-ZnO-SiO2
system); 2) the accuracy of the estimated concentration of Fe3+ in the chemical composition of
the samples 3); the actual partial pressure of oxygen in the experimental work, which has been
at iron saturation limit and may vary as a function of temperature, while the calculations were
made based on the assumption that all oxides are in equilibrium over the entire temperature
range. Considering the possible experimental and calculation errors, the obtained liquidus
temperatures are in good agreement. According to the to the “FeO”-Al2O3-SiO2 ternary phase
diagram (Levin et al. 1964), by 5 wt-% alumina addition to the current slag (slag 2, with total
alumina content of 8.38 wt-%, Table 1) the primary crystallization occurs in the same region
as that of slag 1, the fayalite phase field. The estimated as well as calculated initial decrease in
liquidus temperature between slags 1 and 2 confirms the statement by Zhao et al. (Zhao et al.
1999a) that increasing the alumina content in the fayalite primary phase field reduces the
liquidus temperatures. However, the extent of the reduction, in the current multicomponent
samples is different from the 3 K per one percent alumina addition reported by Zhao et al.
(Zhao et al. 1999a). Thermodynamic calculations predicted 3°C reduction in liquidus
temperature due to 5 wt-% alumina addition to the current slag. With 10 and 15 wt-% alumina
addition to the system (slags 3 and 4, respectively), the primary crystallization phase field is
changed to hercynite and the liquidus temperature is increased. This observation confirms the
statement by Kongoli and Yazawa (Kongoli and Yazawa 2001). However, their reported
Fe/SiO2 ratio and partial pressure of oxygen were different than that of the current samples,
which may be the reason for a higher rate of increase in liquidus temperature of the current
samples. Kongoli and Yazawa (Kongoli and Yazawa 2001) reported an increase equal to 6-8
°C/1% alumina addition; thermodynamic calculations for simplified systems at equilibrium
condition show 17-20 °C/1% alumina addition, and the current experimental estimation shows
26 °C/1% alumina addition.

B. Solidus temperature
As expected, thermodynamic calculations give a constant solidus temperature for ideal
systems, corresponding to the different samples. It was shown by calculations (Table 4) that
alumina addition to the slag results in a change in the order of melting for the existing phases
in each system. In the experimental samples, minor oxides may also change the chemical
composition of the solid solutions that would primarily start to melt; therefore, a slight
variation can be seen in the measured onsets of melting, by DSC, due to the increased alumina
concentration (Table 2). The calculated solidus temperatures, onset of melting in DSC curves,
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as well as deformation, softening and melting temperatures as defined for thermo-optical
observation are combined in Fig. 4. Onsets of melting, detected using DSC, show relatively
higher temperatures than the calculated solidus temperatures, which may originate from the
following sources: 1) presence of minor elements in the industrial slag results in higher
solidus temperatures; 2) the total amount of material that participates in an endothermic
transition needs to reach a certain limit before can be detected by the DSC instrument.
However, the measured deformation temperatures using thermo-optical observation, which
can be considered the first sign of melting, are close to the detected onsets of melting, using
DSC. This suggests that the calculated solidus temperatures for simplified systems are
relatively lower than the actual values. Chuang et al. (Chuang et al. 2009) have studied the
effects of basicity and FeO content on the softening and melting temperatures of the CaOSiO2-MgO-Al2O3 slag system, and reported that exhibited trends by the deformation,
softening, and melting temperatures are rather similar, and in most cases can also be
correlated to the trend of changes for liquidus temperatures. Similar correlations can be seen
in the current observation (Fig. 4).

C. Melting interval
An important industrial property of slag is its melting interval. This investigation showed that
thermodynamic calculations using FactSageTM6.2 for simplified systems provide reliable
approximations for solidus and liquidus temperatures of the complex industrial slags.
Considering the calculated solidus and liquidus temperatures, this leads to the conclusion that
the slag melting intervals decrease by 5 wt-% alumina addition to the system (slag 2), and
then rise with further increase in alumina concentration, slags 3 and 4 (Fig. 5). A common
industrial approach to overcome the practical difficulties that are associated with increased
alumina concentration in iron-silicate-based slags is application of lime as a fluxing material.
It should be noted that increasing the amount of Ca2+ (a network-breaking cation) definitely
decreases the melt viscosity, but it does not necessarily decrease the liquidus temperature or
the risk of “magnetite precipitation”. Several researchers have clarified that behaviour of CaO
in iron-silicate-based slags, at a constant oxygen partial pressure, is strongly dependent on the
primary crystallization phase field of the system, meaning that in silica saturation areas (i.e.
fayalite or tridymite), CaO may decrease the liquidus temperature; however, it increases the
risk of magnetite precipitation in the spinel or wustite fields (Kongoli and Yazawa 2001; Jak
et al. 2008). As this slag undergoes a change in its primary crystallization phase field due to
alumina addition, application of CaO as a fluxing agent must be employed with caution.
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VI. CONCLUSIONS
DSC results showed that an increase in alumina content does not affect the solidus
temperature of the investigated slag considerably. Estimations using the second derivative of
the activation energy for viscous flow showed that alumina addition to the system reduces the
liquidus temperature if the material stays in the fayalite primary crystallization phase field (5
wt-% alumina addition). If increased alumina concentration changes the primary
crystallization phase field to hercynite (10 and 15 wt-% alumina addition), however, the
liquidus temperature increases. The thermo-optical observations showed that the trend of
changes in deformation, softening and melting temperatures are rather similar and can be
correlated to that of liquidus temperature of the corresponding sample. It was found that
thermodynamic calculations using FactSageTM6.2 for lower-order systems provide reliable
approximations for solidus and liquidus temperatures of the complex industrial slags. Based
on both experimental work and thermodynamic calculations, the melting interval shrinks by 5
wt-% alumina addition, and then will be enlarged with further increase in alumina
concentration. According to thermodynamic calculations, by 15 wt-% alumina addition to the
system, the melting interval increases by 178 °C.
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Figure 1: A typical series of photographs showing evolution of the slag cylinders with
temperature rise

16

Figure 2: DSC curves during the heating; 1-4 represent slags 1-4, respectively
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Figure 3: The second derivative of the activation energies for viscous flow as a function of
temperature; A-C represent slags 1-3, respectively
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Figure 4: Calculated solidus temperature and the measured values by using DSC as well as
thermo-optical observation
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Figure 5: The calculated solidus and liquidus temperatures of the investigated samples
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Abstract
An iron-silicate slag, from a zinc-copper smelting process, and mixtures of this slag with 5, 10 and 15 wt-%
alumina addition were re-melted, semi-rapidly solidified and characterized using scanning electron microscopy
equipped with energy dispersive spectroscopy, and X-ray diffraction. The FactSageTM6.2 thermodynamic
package was applied to compare the stable phases at equilibrium conditions with experimental characterization.
A standard European leaching test was also carried out for all samples to investigate the changes in leaching
behaviour due to addition of alumina. Results show that the commonly reported phases for slags from copper
and zinc production processes (olivine, pyroxene and spinel) are the major constituents of the current samples. A
correlation can be seen between mineralogical characteristics and leaching behaviours. The sample with 10 wt-%
alumina addition, which contains high amounts of spinels and lower amounts of the other soluble phases, shows
the lowest leachabilities for most of the elements.

Keywords: Characterization, Mineralogy, Leaching, Zinc slag fuming, Semi-rapid cooling, FactSage
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1. Introduction
Metal producers endeavour to recycle the generated slags as an alternative to landfilling [1]. It has been proven
that non-ferrous metal production slags can be given favourable physico-mechanical characteristics that make
them suitable for use as a construction material, e.g. ballast, cement additive [2], abrasive, aggregates, roofing
granules, glass, tile, etc. [3]. In Sweden, the demand for using waste and by-product materials in construction has
not been very strong due to the fact that Sweden is a sparsely populated country and is relatively rich in natural
material resources [4, 5]. However, public policy calls for a reduction of the total amount of waste to be
landfilled. In 1999, the Swedish parliament established objectives regarding the status of the environment and
use of natural resources that should be reached by 2020 [6]. Higher landfill tax and stricter regulations for
environmentally safe landfilling are some of the consequences. On the other hand, very low leachability of the
hazardous elements must be guaranteed if the industrial by-products are to be used in civil engineering
applications; therefore, assessment of leaching behaviour of the metallurgical slags is of much interest to metal
producers.

1.1. Significance of alumina
Waste electrical and electronic equipment (WEEE) is considered a valuable metal resource, and its application as
a secondary raw material has become an essential part of the pyrometallurgical processes. Therefore,
determining the consequences of changes in the feed material on products and by-products of the metallurgical
operations is necessary. Alumina is one of the most common and significant compounds associated with
electronic scrap. During the metal extraction, the main part of alumina will be accumulated in the slag and may
change its physical and chemical properties. Numerous investigations have been carried out to determine the
phase assemblage, bulk composition and environmental properties of pyrometallurgical slags [2, 7-16]; however,
systematic investigations to describe the influence of increased alumina concentrations on mineralogy and
leaching behaviour of base-metal production slags are scarce. The environmental properties of the zinc-copper
smelting slag from the Rönnskär smelter have been assessed and reported in an earlier publication [17]. It was
shown that this slag is environmentally inert and cannot be considered a source of pollution. The aim of the
current work, therefore, is to investigate the changes in slag mineralogy due to increased alumina concentration
and study the correlations between existing phases and samples’ leachabilities.
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2. Experimental
2.1. Materials
At the Rönnskär smelter of Boliden Mineral AB, Sweden, copper concentrates and fluxing materials are charged
to the electric furnace; the generated slag is sent to the fuming furnace, where it is treated by reducing gases for
zinc extraction. The fumed slag is tapped from the fuming furnace into a settling furnace for further cleaning.
Afterwards, the slag is water-granulated and sold as a construction material. The investigated slag in this study is
not the final slag product of the smelter that is sold for civil engineering applications; instead, is an iron-silicate
or “fayalite-type” slag from the fuming furnace, before entering the settling furnace. The material has been sent
to a certified laboratory, ALS Scandinavia AB, Sweden, for chemical analysis using inductively coupled plasma
methods (ICP-AES and ICP-SFMS). As is shown in Table 1, this slag mainly consists of iron and silicon with
low concentrations of elements of environmental concern. It should be noted that the ratio of ferrous to ferric
iron has not been measured; due to the reducing condition prevailing in the zinc slag fuming furnace, up to
maximum 10 wt-% of the total analyzed iron can be present as Fe3+. This estimation is in agreement with
reported concentration of Fe3+ in other zinc slag fuming processes [18] and has been used for calculations in the
current study.

Table 1: Chemical composition of the slag from the fuming furnace used in this study
Oxide
SiO2
Al2O3
CaO
Fetotal
(FeO)*
(Fe2O3)*
K 2O
MgO
MnO
Na2O
P 2O 5
TiO2

(wt-%)
38.50
4.52
5.52
34.34
39.76
4.91
0.57
1.35
0.60
0.62
0.30
0.24

Element
(mg/kg)
As
212
Ba
2490
Be
24
Cd
<0.2
Co
346
Cr
2760
Cu
8000
Hg
0.01
Mo
393
Nb
25
Ni
444
Pb
322
*Calculated

Element
S
Sb
Sc
Sn
Sr
V
W
Y
Zn
Zr
-

(mg/kg)
3150
125
3
1390
232
66
254
14
13100
473
-

To investigate the effects of alumina, four different samples were prepared; one reference slag sample, devoid of
additive, and mixtures of slag with 5, 10 and 15 wt-% alumina addition, which are named slags 1-4, respectively.
The additive was alumina (99.9% pure, Nr. Eg: 215-691-6) from Alpha Aesar, Germany. Slag and alumina
powder were mixed for 20s in a ring-mill. All mixtures were placed in alumina crucibles and re-melted in an
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induction furnace. An outer graphite crucible heated the alumina crucible and the sample evenly; nitrogen
(99.996% pure, supplied by AGA Gas, Sweden) was used as the protection gas. The applied temperature profile
was heating up to 1300ºC at a rate of 5ºC/min, then maintaining this temperature for 30 minutes, and then
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.

2.2. Methodology
X-ray diffraction (XRD) patterns of the samples were recorded by a Siemens D5000 X-ray diffractometer with
copper KĮ 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. A scanning electron microscope (SEM) coupled with
energy dispersive X-ray spectroscopy (EDS), Philips XL 30 with accelerating voltage of 20 kV, was applied for
semi-quantitative analysis. To compare the experimental characterization with stable phases at equilibrium
conditions, the FactSageTM6.2 thermodynamic package [19] was used. For calculations with FactSageTM, the
chemical compositions of the samples were normalized to the FeO-Fe2O3-Al2O3-CaO-MgO-ZnO-SiO2 system,
which covers more than 95 wt-% of the samples’ constituents. The “equilib” module of the software uses the
Gibbs free energy minimization to report thermodynamically stable phases at a given temperature and
composition. The Gulliver-Scheil cooling calculation was carried out to consider the changes in chemical
composition of the remaining melt. Partial pressure of oxygen has not been specified; instead, all oxides were
considered to be in equilibrium at the experimental temperatures.
For leaching tests, large pieces, as a result of re-melting and solidification, were crushed to a particle size less
than 4 mm and examined according to the single-stage EN 12457-2 [20] leaching test in which the slag samples
were mixed with distilled water at L/S (liquid to solid ratio) of 10 l/kg. The capped bottles, containing the
mixtures, were then placed in a rotating agitator (10 rpm) for 24 hours. After this period of time, 15 minutes
resting time was given to the suspended solid particles to be settled. The leachates were filtered over a 0.45 m
membrane filter, using a vacuum filtration device and Eh-pH values of the leachates were determined using
metal electrodes and combined glass electrodes (supplied by Metrohm, Switzerland), respectively. The leachates
were sent to ALS Scandinavia AB, Sweden, for chemical analysis. Leaching is a liquid-solid reaction [21],
where the particle size plays an important role in the detected values [22]; therefore, for the sake of a
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comparative study, the specific surface area of each sample was measured using the gas absorption measurement
technique (BET analysis) and the results are presented as specific leached amount in g/m2. Equation (1)
elaborates the calculations of the specific leached amounts.

Leached value ª Pg º
«¬ kg »¼
2
º
Specific surface area ªm
«¬ kg »¼

Specific leached amount ª Pg 2 º
«¬ m »¼

(1)

To assure representativeness of the results, leaching tests were carried out in duplicate for all samples. A good
agreement between the results was observed; therefore, the mean values are presented here.

3. Results
3.1. XRD
Although mineral names should not be used for anthropogenic substances [23], the same mineralogical
terminology for synthetic equivalents in slags is applied in the current paper for the sake of simplicity. The XRD
patterns of all samples are shown in Figure 1. Slag 1 mainly consists of olivine-group minerals (mostly fayalite,
Fe2SiO4) and pyroxene.
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Figure 1: XRD patterns of all samples

A comparison between the reference patterns of the evaluating program of the XRD instrument and observed
peaks for the different samples shows that the identified pyroxene is a solid solution of different silicates
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including: augite, Ca(Fe,Mg)Si2O6, petedunnite, CaZnSi2O6, hedenbergite, CaFeSi2O6, esseneite, CaFeAlSiO6,
and ferrosilite, Fe2Si2O6. Therefore, the peaks in the XRD patterns of the samples lie in between the reference
peaks corresponding to that of these end-members. In the case of overlapping, only the phase with the perfect
match is presented in Figure 1. Low intensity peaks of spinels (mainly magnetite, FeFe2O4) are also detected. In
the XRD pattern of slag 2, olivine and spinel peaks are seen. For slag 3, besides the olivine and spinel solid
solutions, a small amount of plagioclase (mainly anorthite, CaAl2Si2O8) is also present. For this sample, spinel
peaks are more intense and closer to that of hercynite (FeAl2O4). Spinel and plagioclase peaks are even more
intense for slag 4.

3.2. SEM-EDS
SEM images of all samples (Figure 2) show that three main phases are present in the materials. Phase 1, which
appears as the matrix is identified as pyroxene-group. Phase 2, which occurs as elongated skeletal crystals with
width of 20-50 m is the olivine-group phase, which in this paper simply is called “olivine”. Phase 3, cubic
structure with sharp angles, was identified as spinel solid solution. The texture of phases is changed in the
sample with highest amount of alumina addition (slag 4) and a more even distribution of all phases can be
observed. The amount of spinels increases continuously by increasing the alumina content.

Figure 2: Secondary electron images of the samples; a-d represent slags 1-4 with magnifications of u 650, u 800,

u 650, and u 800, respectively
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Figures 3-5 show the energy dispersive spectroscopy (EDS) mapping of slags 1, 3 and 4, respectively. Slag 2
shows a map similar to that of slag 1; hence, it is not included here. In EDS maps, phase 1 (pyroxene) is rich in
calcium and silicon; the main constituents of phase 2 (olivine) are iron and silicon with very low amounts of
other elements, while phase 3 (spinel) is rich in iron (and/or aluminium) in the absence of silicon and calcium.
EDS point analysis has been carried out repeatedly from different sections of each phase, and the reported values
in Table 2 represent the average concentrations of elements in different phases. According to EDS point analysis,
the chemical composition of the pyroxene varies due to alumina addition, while that of olivine remains almost
constant. Low magnesium concentration indicates that olivine solid solution mainly consists of fayalite with
small amount of forsterite (Mg2SiO4). Spinel solid solution is rich in iron for slag 1. The iron concentration
decreases sharply in slag 2 and the decreasing trend continues, but in a smaller scale, for slags 3 and 4. On the
other hand, aluminium concentration in spinels increases sharply for slag 2, and then rises smoother with further
alumina addition to the system (in slags 3 and 4). Presence of anorthite phase in slags 3 and 4 could be identified
using EDS point analyses, which show rather similar chemical compositions in both samples.
The amounts of lead, antimony and arsenic have been below the detection limit of the instrument, in all samples.
This shows that these elements are not concentrated in a specific phase to a large extent.

Figure 3: EDS mapping of slag 1; magnification u672
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Figure 4: EDS mapping of slag 3; magnification u800

Figure 5: EDS mapping of slag 4; magnification u800

Table 2: Average concentration of different elements in major phases, using EDS point analyses (atomic-%)
Element

Pyroxene

Olivine

Spinel

Plagioclase

Slag 1

Slag 2

Slag 3

Slag 4

Slag 1

Slag 2

Slag 3

Slag 4

Slag 1

Slag 2

Slag 3

Slag 4

Slag 3

Slag 4

Mg

0.5

0.0

0.1

0.0

3.3

3.2

2.3

2.6

1.1

0.5

0.6

0.6

BDL

BDL

Al

4.8

10.8

11.7

13.2

BDL

BDL

BDL

BDL

8.9

32.0

38.1

38.4

13.5

14.1

Si

26.3

25.1

27.3

27.4

20.4

20.9

21.4

21.7

1.6

1.0

1.3

1.4

21.5

23.8

Ca

7.6

6.4

6.8

6.1

0.7

0.4

0.6

0.5

0.3

0.1

0.2

0.1

6.1

7.3

Mn

0.2

0.2

0.2

0.3

0.6

0.6

0.6

0.5

3.2

0.9

0.3

0.2

0.1

0.0

Fe

13.2

12.7

13.8

14.1

37.9

39.8

39.9

42.1

35.4

23.1

20.6

20.1

2.5

2.2

Zn

0.7

0.6

0.4

0.2

0.9

0.8

0.5

0.3

2.6

3.9

3.5

2.6

BDL

BDL

Na

BDL

BDL

BDL

BDL

BDL

BDL

BDL

BDL

BDL

BDL

BDL

BDL

0.6

0.5

*BDL: Below detection limit

3.3. FactSageTM6.2
Thermodynamic calculations using FactSageTM6.2 confirm the overall changes observed in the experimental
work. Table 3 shows the predicted phases in each sample. Several solid solutions of different end-members do
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exist, but to simplify the presentation, only the major group of minerals and corresponding proportions are
reported. For the pyroxene, detected using SEM and XRD, it is possible to distinguish between orthopyroxene
and clinopyroxene using calculations. The olivine concentration varies slightly as a result of alumina addition.
The total calculated concentration of spinel increases from almost 3 to 20 wt-%. In samples with alumina
addition, relatively large amounts of aluminium-iron-oxides (FeFeAlO4) are observed. Calculations show
presence of plagioclase, as a single end-member (anorthite), in all samples. The calculated chemical
compositions of various phases in different samples are shown in Table 4.

Table 3: Predicted major phases using FactSageTM6.2 and corresponding proportions (wt-%)
Group-phase
Clinopyroxene
Orthopyroxene
Olivine
Spinel
Melilite
Anorthite
Tridymite

Slag 1
61.89
1.43
25.27
3.18
0.90
3.42
3.88

Slag 2
24.05
20.71
36.78
5.77
0.55
10.28
1.84

Slag 3
18.70
23.47
30.73
12.96
0.55
11.49
2.09

Slag 4
19.30
25.06
22.26
19.60
0.49
10.82
2.45

Table 4: Calculated chemical composition of major phases using FactSageTM6.2 (wt-%)
Element

Clinopyroxene

Orthopyroxene

Olivine

Spinel

Slag 1 Slag 2 Slag 3 Slag 4 Slag 1 Slag 2 Slag 3 Slag 4 Slag 1 Slag 2 Slag 3 Slag 4 Slag 1 Slag 2 Slag 3 Slag 4

O

37.8

38.3

38.3

38.4

37.8

38.3

38.6

38.7

31.7

31.7

31.6

31.5

28.0

29.4

33.1

Mg

0.8

0.2

0.2

0.2

3.0

1.5

1.5

1.5

1.1

1.0

0.7

0.5

0.2

0.2

0.6

34.5
0.8

Al

2.8

5.3

5.3

5.1

2.2

7.1

8.0

8.3

0.0

0.0

0.0

0.0

0.9

5.6

18.2

22.6
0.0

Si

19.8

19.1

19.3

19.6

19.7

17.7

17.7

17.8

13.9

13.9

13.9

13.8

0.0

0.0

0.0

Ca

5.2

6.9

6.6

6.8

0.6

0.9

0.8

0.8

0.5

0.5

0.5

0.5

0.0

0.0

0.0

0.0

Fe

33.6

30.3

30.3

30.0

36.7

34.5

33.4

33.0

47.9

49.7

49.7

49.8

70.5

64.1

46.3

39.9

Zn

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

4.8

3.2

3.7

3.9

0.4

0.6

1.8

2.2

3.4. Leaching tests
The analysis of the leachates is presented in Table 5. Reactions between the solid and liquid control the pH, and
pH may control the leaching of elements [24]. Pourbaix diagrams can often be applied to explain the leaching
behaviour based on the solubility; therefore, the pH and redox potential of the filtered leachates are presented in
Table 6. Except for zinc, none of the other major 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+ and Zn(OH)2(aq) in
different samples; the possible reaction is shown in equation (2):

Zn 2  2H 2O l Zn(OH)2 (aq)  2H 

(2)
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Theoretically, in both cases, Zn is soluble [25]; the leaching of it in the current samples, however, is quite low
and decreases by addition of more alumina.

Table 5: Specific leached amounts (g/m2); the mean values of duplicate trials
Element
Ca
Fe
K
Mg
Na
S
Si
Al
As
Ba
Cd
Co
Cr
Cu
Hg
Mn
Ni
Pb
Sr
Sb
Zn

Slag 1
369.5
12.1
BDL
66.9
46.5
53.9
270.0
43.8
0.8
1.5
BDL
0.0
0.2
4.5
BDL
0.4
BDL
0.9
0.9
1.5
1.2

Slag 2
565.6
24.6
BDL
58.1
33.6
65.9
341.1
96.0
1.3
1.3
BDL
0.0
0.2
9.4
BDL
0.6
0.1
0.6
0.9
2.1
1.5
*BDL: Below detection limit

Slag 3
185.6
12.6
BDL
26.6
28.1
21.7
160.0
35.1
0.8
1.1
BDL
0.1
BDL
4.1
BDL
8.3
1.0
0.2
0.6
9.5
0.8

Slag 4
390.8
3.4
BDL
63.4
17.6
15.0
236.6
70.3
1.3
0.3
BDL
BDL
0.2
1.8
BDL
0.1
BDL
0.5
0.5
6.0
0.2

Table 6: Redox potential and pH of the leachates
Sample
Slag 1
Slag 2
Slag 3
Slag 4

pH
8.2
9.0
7.6
9.7

Eh (mv)
196.5
189.1
224.2
145.9

4. Discussion
4.1. Mineralogy
4.1.1. Phase formation and solidification
The main phases that are present in the current slag and mixtures of slag/alumina are pyroxene, olivine and
spinel, which are repeatedly reported for base-metal smelting slags [2, 9-11, 13-15, 26]. According to the
calculations, the sequence of crystallization of the main phases for the slag sample without any additive (slag 1)
is spinel, orthopyroxene, clinopyroxene and olivine. This order of crystallization is in agreement with what has
been reported for the zinc-smelting waste dump in Poland [7], as well as old lead-zinc pyrometallurgical slag
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from the Czech Republic [8]. According to the calculations, the order of crystallization is slightly changed for
samples with alumina addition (slags 2-4), i.e. nucleation of olivine precedes that of clinopyroxene but the other
phases are formed in the same order. Another important observation is that the liquidus temperature of the melt
increases due to alumina addition to the system, and for slags 3 and 4, small amounts of spinels (around 5 wt-%)
would remain unmelted at the current experimental temperatures.
Silicate melts consist of polymerized SiO44  tetrahedral units, which are linked together by bridging oxygen
atoms (O0) [27]. Depending on the availability of the charge-balancing ions, network-former cations such as Al3+
and P5+ may become tetrahedrally coordinated and enhance the polymerization of the melt [28]. Therefore,
addition of alumina to this type of slag, in which different cations are present to maintain the electrical neutrality,
leads to formation of AlO45 tetrahedra and consequently increases the degree of polymerization and viscosity of
the melt, which has been confirmed by unpublished viscosity measurements for similar slag/alumina mixtures by
the current authors. Observed rise in viscosities due to alumina addition follows the predicted trend of changes
using the viscosity-index (vi) proposed by Manasse and Mellini [11], based on the ratio of basic oxides to acidic
oxides, as well as thermodynamic calculations using FactSageTM6.2. During cooling and solidification, a more
viscous melt exhibits a relatively more gradual transformation from liquid to super-cooled liquid [29] until the
temperature when a completely solidified material is obtained. This point suggests that slag samples with
alumina additions require progressively larger margin of under-cooling before completing the solidification. This
hypothesis could be verified using thermal analysis of similar mixtures of slag/alumina [30] and showed that the
slag sample with highest amount of alumina addition (slag 4) requires more under-cooling for solidification to be
completed.

4.1.2. Pyroxene
According to the calculations using FactSageTM6.2, the major part of the pyroxene-group, in slag 1, is
clinopyroxene, and almost 1.5 wt-% orthopyroxene (primarily ferrosilite Fe2Si2O6), see Table 3. Calculated
clinopyroxene mainly consists of pigeonite-group minerals, i.e. clinoferrosilite (Fe2Si2O6), hedenbergite
(CaFeSi2O6) and minor amount of clinoensatite (Mg2Si2O6)-clinoferrosilite solid solution. Smaller amounts of
augite (Ca(Mg,Fe,Al)(Al,Si)2O6) are also calculated. The solidified slag is rather poor in diopside (CaMgSi2O6)
and esseneite (CaFeAlSiO6). This composition for pyroxene-group is in a good agreement with Zn-smelter waste
dumps in Poland [7]. According to the EDS point analyses (Table 2), the detected pyroxene-group contains Al,
Zn and Mn. Piatak et al. [26] have studied base- and precious-metal slags from the USA, and have also reported
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that in some of their samples, pyroxene contained up to 0.95 wt-% MnO and 0.90 wt-% ZnO. Presence of zinc
may lead to formation of petedunnite (CaZnSi2O6) or hardystonite Ca2ZnSi2O7 with up to 10.5 wt-% ZnO [8];
other researchers have reported presence of up to almost 8 wt-% ZnO in clinopyroxene [7]. Manganese,
however, may appear as johannsenite (CaMnSi2O6) [8] in the pyroxene-group minerals.
By increasing the alumina content of the system (slags 2-4), the amount of clinopyroxene is decreased and
replaced by orthopyroxene. As mentioned in the previous section (4.1.1), when the material becomes more
polymerized and viscous due to alumina addition, the kinetic of solidification becomes slower. Ettler et al. [15]
have pointed out that a decrease in the rate of solidification reduces the amount of clinopyroxene; the current
study confirms their statement. According to calculations for slags 2-4, the main constituents of clinopyroxene
and orthopyroxene are similar as in slag 1, i.e. hedenbergite-clinoferrosilite and orthoferrosilite, respectively.
However, the calculated amount of augite is increased slightly, which can also be confirmed by the increased
aluminium concentration using EDS point analyses (Table 2). Thermodynamic calculation predicts that in the
sample with 10 wt-% alumina addition (slag 3), Fe-Tschermak (FeAl2SiO6) is formed and a higher amount of
this phase is present in slag 4. Kierczak et al. [10] have also seen up to almost 11 wt-% alumina in iron-rich
pyroxene with hedenbergitic compositions in slag from treatment of Ni-bearing silicate ores in southwestern
Poland. Existence of aluminous hedenbergite compositions has also been reported for lead-zinc production slags
from the Czech Republic [8] and base-metal extraction slags from the USA [26].

4.1.3. Olivine
The olivine phase obtained from both thermodynamic calculations and experimental EDS point analyses of this
study is mainly fayalite (Fe2SiO4) with a small amount of iron-magnesium-silicate (FeMgSiO4). The
concentration of forsterite (Mg2SiO4) is very small. Similar elongated olivine crystals, mainly fayalite, have been
reported for copper converter slag from China [12]. The current samples contain low amounts of larnite,
Ca2SiO4, or kirschsteinite, CaFeSiO4, which is simply due to the low initial Ca concentration in this type of slag.
Comparable Ca-poor olivine was seen in Zn-Pb metallurgical dumps from Belgium [14]. In contrast, Ca-rich
slags usually show appreciable amount of calcium in the olivine-group phases. These types of slags include zinc
smelter slag from the USA [9] and copper and lead-copper slags from Namibia [15].
Zinc can easily substitute iron in the octahedral site of the olivine structure [15], and Zn-rich members of the
olivine-group (mainly willemite Zn2SiO4) have been reported repeatedly, e.g. base-metal slag dumps from
California, USA [2] and Sierra, Spain [13]. However, Zn concentration of the detected olivine for slags 1-4 of
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this study is quite low, since Zn concentration of the original slag was small and the remaining zinc has been
effectively concentrated in spinel structure. Zn-poor olivine that is detected in this study is comparable with that
of zinc smelter slags from the USA [9].
Alumina addition to the system does not influence the chemical composition and total concentration of the
olivine-group phases considerably. The amount of Mg and Zn, however, decreases slightly with increased
alumina content, which most probably is attributed to the presence of more spinels in samples with higher
alumina addition that are concentrating these cations in the spinel structure.

4.1.4. Spinel
The chemical composition of spinels in the investigated samples falls between magnetite, FeFe2O4, and
hercynite, FeAl2O4, (Table 2). This observation is well-supported by thermodynamic calculations (Table 4). In
the case of slag 1, the composition is mainly magnetite and smaller amount of iron-aluminium-oxide
(FeFeAlO4). Iron and aluminium in the spinel structures are susceptible to substitution by other cations;
considering the EDS point analyses (Table 2), spinel is the most effective concentrator of zinc, which may lead
to formation of zinc-rich spinels such as gahnite (ZnAl2O4) or franklinite (ZnFe2O4). Magnesium forms MgAl2O4
or MgFe2O4 spinels, which are present in small concentrations in slag 1. Similar spinel compositions are seen in
Zn-Pb metallurgical dumps from Belgium [14]. Chromium and copper concentrations of the current slag are
quite low and they have neither been detected experimentally nor considered in the thermodynamic calculations.
However, these elements are likely to be present in the spinel structure as have been reported earlier [14, 15].
By increasing the alumina content of the current system, the amount of spinel increases continuously (table 3 and
Figures 2-5). The ternary phase diagram of the “FeO”-Al2O3-SiO2 system in equilibrium with metallic iron [31]
shows that most traditional copper and zinc production slags lie in the primary crystallization phase field of
fayalite. Increasing the alumina content (to above roughly 10 wt-%) leads to a change from the fayalite primary
phase field to hercynite, which is essentially associated with an increase in the amount of spinels. Jak et al. [32]
have demonstrated that addition of alumina to the FeO-Fe2O3-CaO-SiO2 system at 1250ºC reduces the required
oxygen partial pressure for the formation of spinels, which may result in a higher spinel concentration at a given
oxygen potential.
Another observation in this study is the change in chemical composition of spinels for slags 1-4 (Tables 2 and 4).
Figure 6, A and B, show the concentrations of iron and aluminium in the spinel phase using EDS point analysis
and thermodynamic calculations, respectively.
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Figure 6: Iron and aluminium concentrations in spinel structure by A) EDS point analysis (atomic-%), B)
thermodynamic calculation using FactSageTM6.2 (weight-%)

Accordingly, there is a substitution of iron with aluminium, which reaches a saturation limit. In slag 1, the spinel
phase is a magnetite-based solid solution; in slag 2, it is changed to iron-aluminium-oxide-based solid solution;
for slag 3, spinel composition reaches hercynite-based solid solution and remains the same for slag 4 (spinels are
saturated). This observation is in agreement with indications from the ternary phase diagram of the FeO-Fe2O3Al2O3 system [31].

4.1.5. Plagioclase
A discrepancy can be seen for reported concentration of the plagioclase phase between thermodynamic
calculations and experimental work. Calculations predict presence of this phase for all samples, and up to almost
10 wt-% of it in slag 2, while by SEM and XRD, plagioclase can only be detected in slags 3 and 4, where slag 4
contains a higher amount of this phase. Kierczak et al. [10] have studied slags with different alumina contents
and recognized that by up to 12 wt-% alumina in the system, no anorthite can be found whereas, in slags
containing 15-17 wt-% alumina, this phase was detectable. The same observation has also been reported by
Ettler et al. [15]. They could detect anorthite phase only in slags with almost 18 wt-% alumina. Zhang et al. [33]
have mentioned that silicate slags must become saturated in Al2O3 before the anorthite phase can be crystallized.
Considering the experimental results of this and previous studies, it is believed that the amount of anorthite
phase for slags 1 and 2 is overestimated in the thermodynamic calculations. Therefore, for the investigated
samples in this study, only the calculated anorthite concentrations for slags 3 and 4 are considered. The main part
of the detected plagioclase is anorthite with a very small amount of albite (NaAlSi3O8), Table 2, and its
composition is similar for both slags 3 and 4.
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4.1.6. Melilite
Melilite has been reported for different types of slags [8, 11-14]. In the current samples, however, only minor
amounts (< 1 wt-%) of this phase were predicted by thermodynamic calculations, Table 3. The reason is most
probably the fact that the original slag is relatively poor in calcium. Ettler et al. [8] have mentioned that melilite
crystallizes in Ca-rich melts both for slowly and rapidly cooled slags.

4.1.7. Glass
Numerous researchers have reported a glassy matrix in their investigated slags [2, 8, 26]. Glass is mostly found
on the surface of the slag dumps, where the cooling rate has been relatively faster whereas, it is well-known that
slow cooling prevents the glass formation. Samples investigated in this study have been cooled and solidified
within two hours; therefore, the total glass content is limited (refer to the XRD patterns, Figure 1). If any glass
does exist in the current samples, it is most probably hidden in the fine grains of pyroxene [9]. Such a
coexistence of pyroxene and glass, in a manner that is not distinguishable, have been reported earlier for slags
from Italy [11] and Poland [10].

4.2. Leaching tests
Due to the very low concentration of environmentally concerned elements in this type of slag, their specific
leached amounts are, as expected, quite low, Table 5. In order to understand the influence of alumina on
samples’ leaching behaviours, a comparison is made in Figure 7. With 5 wt-% alumina addition to the system
(slag 2), leachabilities of most of the elements increase. Crystalline silicates [8, 10], and more specifically
fayalite [14], have been reported to be rather stable. Besides, the concentration and composition of the olivine in
the investigated samples remained almost constant; therefore, it cannot be the major reason for the changes in
leacheabilities. Spinels are generally considered the most leaching resistant phase [8, 10, 15]; however, the total
concentration of spinel solid solution has not been changed considerably between slags 1 and 2 of this study; as a
result, this phase cannot be responsible for higher leachabilities for slag 2 either. Stefansson [34] has calculated
the solubilities of different minerals in natural water and shown that clinopyroxene is even more stable than
olivine phase. Between slags 1 and 2 of this study, the concentration of clinopyroxene decreases sharply and is
replaced by orthopyroxene minerals. The remaining alternative is that the higher leachability of this sample
originates from the higher solubility of orthopyroxene in the current system. Dissolution of major phases
controls the aqueous chemistry, and the major phases are the host of trace elements; consequently, the solubility
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of minor elements is indirectly controlled by dissolution of major phases. As a result, some elements that are not
participating in formation of orthopyroxene (e.g. As, Cu, or Mn) have also leached at higher quantities in slag 2.
With 10 wt-% alumina addition to the system (slag 3), the concentration of olivine, clinopyroxene and
orthopyroxene do not change considerably in comparison with slag 2, Table 3. Concentration of spinel (which is
a durable phase) is more than doubled, and anorthite phase, which is also considered very stable [34, 35] has
reached its highest quantity, according to calculations. Therefore, leachabilities of most of the elements in this
sample decrease considerably, Figure 7. With further alumina addition to the system (slag 4), silicon and calcium
together with some minor elements are more leachable than for slag 3. As mentioned in section 4.1.1, slag 4
undergoes a large under-cooling before the solidification can be completed; hence, this sample does not follow
the classical crystallization and growth mechanism, as can be seen in Figure 2-D. Ojha [36] has pointed out that
under-cooling enhances the formation of various metastable phases, which react more readily with the aqueous
solution in order to reach stability. Such reactions lead to a higher dissolution of the elements forming the
metastable phases. Minor elements such as As, Cr or Pb are likely to be concentrated in the residual metastable
matrix and follow the trend of higher solubility. Nevertheless, cations that may occupy octahedral or tetrahedral
sites of the spinel structures (e.g. Fe, Zn, Cu, Mg) are immobilized due to presence of more spinels in this
sample. Considering the overall leaching characteristics, mixture of slag with 10 wt-% alumina addition (slag 3)
shows the lowest leachabilities for most elements, except Sb and Mn (Figure 7). As antimony has not been
detected in experimental work and none of these elements have been considered in thermodynamic calculations,
it is impossible to draw conclusions on mineralogical reasons for their higher solubility in this sample.

Figure 7: Specific leached mounts of different elements in the investigated slag/alumina mixtures
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5. Conclusions
Pyrometallurgical slag from a Swedish zinc-copper smelting process, and mixtures of slag with 5, 10 and 15 wt% alumina addition have been characterized using SEM-EDS, XRD and thermodynamic calculations. Leaching
behaviours of the samples have also been investigated using a standard European leaching test. Results show that
the main phases of this slag are the commonly reported phases for base-metal smelter slags (pyroxene, olivine
and spinel). By alumina addition to the system, the amount of spinels increases continuously and spinels’
chemical compositions change from iron-rich to aluminium-rich solid solutions. With 10 and 15 wt-% alumina
additions, another aluminium containing phase (anorthite) is detected. Overall, there has been a good correlation
between predicted stable phases at equilibrium condition, using FactSageTM6.2, and experimental work.
However, slight deviation from the absolute concentration of the existing phases was observed. Leaching results
can be interpreted in a way that in the current system, spinels and anorthite are the most leaching resistant
phases. Olivine and clinopyroxene are rather stable, while orthopyroxene and metastable phases, which are
formed as a result of slower kinetic of solidification and under-cooling, respectively, dissolve more readily. The
mixture of slag with 10 wt-% alumina addition shows the lowest leachabilities for most of the elements, except
antimony and manganese.
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