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Abstract 
 

The amount of slag is one of the main differences between different furnaces in silicon (Si) 
and ferrosilicon (FeSi) production. Slag is primarily formed from impurities in the raw 
materials, fluxes, and electrodes. Understanding the behaviour of slag and how it reacts in 
the furnace are important to prevent accumulation of slag, and to optimize a good mass 
flow. The amount of accumulated slag is believed to be an important factor in the 
productivity of the furnace. Additionally, knowledge about the slag present in the furnaces 
is an important step towards identifying the different zones and materials in the furnaces.  

Different methods were used to gain knowledge about the slag, and this study is therefore 
divided into three parts. Part 1 focuses on slag from industrial Si and FeSi furnaces, part 2 
investigates the impurities in the quartz, who later contributes to the slag formation in the 
furnace, and part 3 studies the main action used today for removing accumulated slag from 
the industrial furnace: dissolving calcium oxide (CaO) in the slag to reduce its viscosity. 

Slag in Si and FeSi production has previously not been the focus of research. A significant 
part of the work has been to identify the slag present in the furnaces, and to investigate the 
variations between the different zones and furnaces. Slag from different zones in six 
different Si and FeSi furnaces collected during excavations, tapped slag from three different 
furnaces and slag from the charge surface of two FeSi furnaces during operation are the 
basis for the industrial part of this work.  

Accumulated slag is typically found along the furnace walls, extending sometimes all the 
way up to the charge top, and in a thick layer at the furnace bottom, which the metal must 
pass to exit the tap-hole. Slag towards the furnace walls and up in the furnace will start to 
solidify as the temperature decreases in the low temperature zone. Too much accumulated 
slag in the charge area will hinder the raw materials and narrows the reaction route. 
Accumulated slag at the bottom of the furnace affects the tapping process. Since slag is 
more viscous than the metal, an accumulation of slag near the tap-hole may hinder the metal 
flow out of the tap-hole and it can clog to the tap-hole.  

Both the accumulated slag and the tapped slag mainly contain SiO2, CaO and Al2O3. In the 
accumulated slag samples, it is found that the slag towards the furnace wall in the higher 
parts generally has a higher SiO2 content compared to the slag accumulated at the furnace 
bottom. The possible explanation suggested in this study for both the existence of slag in 
this area, and the increased SiO2 content in the slag, is a high crater pressure that pushes 
the slag towards the furnace walls and upwards.  

Furthermore, for the slag next to the tapping channel, the slag above the tapping channel 
generally has a higher SiO2 content compared to the slag below it. This is believed to be 
due to variations in the densities, where slags with higher SiO2 content have lower densities. 
No significant differences were found in the composition of the slag between different tap-
holes within the same furnace. Visually, the zones around the tapping channel appear 
similar. Next to the Si flow is a bright green layer measuring 5-15 cm in thickness. This 
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layer mainly consists of SiO2-CaO-Al2O3 slag and smaller silicon carbide (SiC) particles. 
Following the green layer is a dark grey layer that is mainly SiO2-CaO-Al2O3 slag and 
larger SiC particles. The green and grey color seem to be dependent on the size of the SiC 
particles, and not the composition of the slag.  

The tapped slags were found to be liquid during tapping at a temperature of 1800 °C, except 
for the solid SiC particles present in the slag. The main difference between the normal 
tapped slag and the slag reported as high-viscosity slag is the increased amount of SiO2 in 
the slag, and the presence of SiO2 and condensates in the samples. These SiO2 areas are 
former quartz which has melted, but not fully dissolved in the slag. The amount of slag, the 
amount of solid SiC in the liquid slag and the viscosity of the slag are three of the main 
factors that influence the flow of slag through the tap-hole. 

Impurities in quartz will affect both the SiO2 properties during heating to elevated 
temperatures and it affects the composition of the slag in the furnaces. The impurities and 
the properties in the quartz of six different quartz types suited for Si and FeSi production 
were studied. It is found that an increased amount of impurities lowers the softening 
temperature and the melting time. It is also found that SiO2 dissolves in the impurities as 
the temperature increases. Some of the SiO2 dissolves in the impurities accumulated in the 
grain boundaries and cracks, resulting in a separate slag phase with an increased amount of 
SiO2 next to the melted SiO2.  

The crack formation in quartz during heating were found to mainly happen at two 
temperature intervals, ~300-600 °C and ~1300-1600 °C. Cracks formed from 300 °C are 
from an uneven SiO2 surface, from activities in form of volume change or color change in 
the impurity areas, or from fluid inclusion cavities, while cracks occurring from 1300 °C is 
believed to be due to the volume increase and the phase transformations from quartz to 
cristobalite. The degree of cracking is also found to be different between the different quartz 
types. No correlation could be found between amounts of cracks and fines formation, nor 
between the crack formation and the impurity composition. 

CaO in form of lime (CaCO3) is commonly added as a flux in Si and FeSi production to 
lower the viscosity of the slag, which is beneficial to ensure a good flow of materials 
through the furnace. The dissolution of CaO in three different compositions of SiO2-CaO-
Al2O3 slag, similar to those found in the Si and FeSi furnaces, were investigated at 
temperatures between 1500-1600 °C. It is found that CaO dissolution into the slag is fast. 
The initial effect of increasing the CaO content in the slag from 15-21% to 25-30% gives a 
significant reduction in the viscosity.  

During the dissolution process, a boundary layer containing 35-42% CaO formed between 
the CaO particle and the slag, which corresponded to the phases CaO·Al2O3·2SiO2 or 
2CaO·Al2O3·SiO2 in this study. 

Two models were investigated to determine the dissolution rate of the three slags. In the 
first model, the CaO particle is assumed to be a smooth shrinking sphere, and the rate 
controlled by the chemical reaction rate. The second model assumes that the rate is 
controlled by mass transport and depends on the diffusion rate of CaO through a boundary 
layer on the surface of the CaO. Both models gave similar results, and a proportional 
relationship between the rate constants and the viscosities was obtained. The diffusion 
coefficients were found to be within the range of 10-6 cm2/s.  
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Chapter 1: Introduction 
 

1.1 Silicon and Ferrosilicon Production 
 

Silicon is one of the most useful elements on earth and is popular due to its semiconductor 
characteristics and its abundance in form of SiO2. Silicon metalloid is defined as a semi-
metal, but in metallurgical production it is referred to as a metal due to its similar production 
methods to metals like Si- and Mn-alloys. It can be used in a wide range of applications, 
but the three main uses are as an alloying element in aluminium production, a raw material 
in silicone production and for further processing to solar cells and semiconductors [1]. 
Ferrosilicon is normally produced for steel production. The production process for silicon 
(Si) and ferrosilicon (FeSi) are similar. Both metallurgical Si and FeSi are produced 
industrially by carbothermic reduction of quartz (SiO2) in a submerged arc furnace with 
diameter varying from 5-11m. The overall reaction can be written as in reaction 1, but the 
actual process is more complex and happens in several steps. Figure 1 illustrates the typical 
Si production plant.  

 

𝑆𝑖𝑂2 (𝑠) + 2𝐶(𝑠) = 𝑆𝑖(𝑙) + 2𝐶𝑂(𝑔)  1 

 
 

 

 

Figure 1 A typical silicon production plant, reprinted from Kero et al. [2]. Raw materials are added at the top of the 
submerged arc furnace and liquid metal is tapped at the bottom. SiO gas that condense to microsilica (SiO2) is a byproduct 
that is collected and sold as a product. The off-gas leaves the furnace at the top and is captured in an energy recovery 
unit and dust filters. 
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When the raw materials are added to the furnace, they will experience a steep temperature 
increase as they meet the charge surface that holds a temperature around 1300 °C [1, 2]. 
The Si and FeSi furnaces are normally divided into a low temperature zone that includes 
the higher parts of the furnace and along the furnace walls, and a high temperature zone in 
the lower parts of the furnace around the electrode tip [5]. The boundaries between the 
zones are diffuse and could shift during operation. The energy to the furnace is supplied by 
electricity through three carbon electrodes. As the SiO2 and C descends in the furnace, they 
react with silicon monoxide (SiO) and carbon monoxide (CO) gas. SiO gas reacts with 
carbon (C) and forms silicon carbide (SiC) according to reaction 2. The porous carbon 
material allows diffusion of SiO gas in and CO gas out of the carbon particles, which gives 
a porous SiC layer covering the carbon material. As the SiC layer becomes thicker the 
diffusion slows down. SiO gas will also dissociate to Si and SiO2 according to reaction 3 
or react with CO gas to produce SiO2 and SiC as in reaction 4. 

 

2𝐶(𝑠) + 𝑆𝑖𝑂(𝑔) = 𝑆𝑖𝐶(𝑠) + 𝐶𝑂(𝑔)  2 
2𝑆𝑖𝑂(𝑔) = 𝑆𝑖𝑂2 (𝑠,𝑙) + 𝑆𝑖(𝑙)   3 
3𝑆𝑖𝑂(𝑔) + 𝐶𝑂(𝑔) = 2𝑆𝑖𝑂2 (𝑠,𝑙) + 𝑆𝑖𝐶(𝑠)  4 

 

The high temperature zone of the furnace is where most of the electric energy is converted 
to heat through an electric arc from the electrode tip, and the temperature here will exceed 
2000 °C. SiO gas is produced in this high-temperature zone from either SiO2 and SiC, or 
SiO2 and Si, according to reaction 5 and 6. The final Si metal is produced from SiC and 
SiO gas, as shown in reaction 7. The Si yield and thus also the energy consumption of the 
process, are determined by the capture of SiO gas in the charge. SiO gas that does not react 
is lost as microsilica in the off gas.  

 

𝑆𝑖𝑂2 (𝑙) + 𝑆𝑖(𝑙) = 2𝑆𝑖𝑂(𝑔)  5 
2𝑆𝑖𝑂2 (𝑠,𝑙) + 𝑆𝑖𝐶(𝑠) = 3𝑆𝑖𝑂(𝑔) + 𝐶𝑂(𝑔)  6 
𝑆𝑖𝐶(𝑠) + 𝑆𝑖𝑂(𝑔) = 2𝑆𝑖(𝑙) + 𝐶𝑂(𝑔)  7 

 

FeSi production also includes reduction of iron oxides in the low temperature zone of the 
furnace if oxides are used as raw materials. As the iron oxide pellets mostly contains 
Fe2O3, the overall reduction reaction is shown in reaction 8. The submerged arc furnace 
and the reactions in the Si process are illustrated in Figure 2. 

 

𝐹𝑒2𝑂3 + 3𝐶𝑂(𝑔) = 2𝐹𝑒 + 3𝐶𝑂2 (𝑔)  
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Figure 2 Simple sketch of the Si furnace and the associated reactions. The red colored reactions are exothermic and 
happens higher up in the furnace, while the blue colored reactions are endothermic and occurs in the high temperature 
zone in the furnace. 

 

In Si and FeSi furnaces there are several oxide impurities present as slag. Compared to 
other metallurgical production processes such as manganese and steel, the amount of slag 
in Si and FeSi production is modest. However, slag will still be formed mainly from the 
impurities in the raw materials, fluxes, and electrodes. The impurities can either be reduced 
to their metal components and end up in the metal phase, or they can remain as oxides and 
form separate slag phases. The amount of accumulated slag is an important factor in the 
productivity of the furnace, and significant variations have been observed between different 
furnaces during several furnace excavations over the last fifteen years [6]–[11]. The slag 
present in the Si and FeSi furnaces mainly consist of SiO2, CaO and Al2O3, and different 
compositions exhibit different properties. Viscosity is one of the most important factors 
affecting the flow of the slag through the furnace. It is preferable to have a sufficient low 
viscosity to ensure a good mass flow. Slag mainly composed of SiO2 and Al2O3 are more 
viscous and can easily accumulate in the furnace. Al2O3 is a common impurity found in the 
raw material quartz, as well as the fossil carbon sources. Therefore, calcium oxide (CaO) 
in form of lime (CaCO3) is often added as a flux to lower the viscosity of the slag.  

1.2 Goal and thesis outline 
 

The primary focus in this study is to increase the knowledge about the slag in industrial Si 
and FeSi furnaces, both the accumulated slag and the tapped slag. When this work started 
in 2017, the knowledge about slag in industrial Si and FeSi furnaces was limited. The 
understanding about the slag and how it behaves and reacts in the furnace are important to 
avoid accumulated slag in the furnaces and to optimize a good flow of materials in the 
furnaces. It is also an important step towards identifying the different zones and materials 
in the furnaces. Visual inspections and sampling during operation are not possible in Si and 
FeSi furnaces, and research based on the materials present and the reported industrial 
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challenges is highly relevant and valuable on the way of mapping the Si and FeSi furnaces, 
and to optimize the furnace operation.  

It will be used different methods in the process of gaining knowledge about the slag, and 
this study is therefore divided in three parts. These parts will be described separately in the 
literature-, experimental methods-, and results chapters, but will be combined in the 
discussion chapter where the experimental results will be related to the industrial furnace 
processes.  

 
Part 1 will focus on slag from industrial Si and FeSi furnaces. Because the literature on 
slags in these furnaces is limited, a large part of the work will be to try to identify the slag 
present in the furnaces, and to investigate if there are any variations between the different 
zones and between the different furnaces. Industrial slag samples from different parts of 
the furnace will be collected and analyzed. The results from this will help to describe the 
slag present in the furnace and how it affects the operation and the mechanisms in the 
industrial furnaces. 

Part 2 will investigate the quartz upon heating to elevated temperatures. The small areas 
of impurities in the quartz will later contribute to the slag formation in the furnace. This 
study will look at the impurities behaviour during heating. From heating experiments, it 
will also be possible to look at the softening and melting properties and the crack formation 
in the SiO2. Six different quartz types suited for Si and FeSi production will be used. The 
term quartz type is used to describe the raw material quartz, while quartz refers to the silica 
polymorph.  

Part 3 will study the main action used today for removing the accumulated slag from the 
industrial furnace: dissolving CaO in the slag to reduce its viscosity. Dissolution 
experiments of CaO in three different slag compositions will be performed to investigate 
the dissolution rate and the CaO effect on the viscosity of the slag relevant for the Si and 
FeSi furnaces. 
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Chapter 2: Slag from industrial furnaces 
 

2.1 Literature review 
 

Si and FeSi are in principle defined as a slag free process. However, there will still be some 
oxide impurities present from the raw materials, fluxes and electrodes which will not be 
reduced. These will form a separate slag phase. Some slag will be tapped together with the 
final metal, and some will be accumulated in the furnace. The amount of slag accumulated 
in the furnaces is found to be one of the main differences between different Si and FeSi 
furnaces during excavations [8].  

 

2.1.1 The inner structures of furnaces from excavations 
 

Due to the high temperature and challenging environment, the interior of the Si and FeSi 
furnaces is difficult to map. Exactly how the furnaces are inside, how the materials flow 
and how the electrical current is moving are questions that are still being investigated and 
debated. The first known comprehensive studies on the furnace inside were performed in 
the 60s by Zherdev et al. [12], [13], who used electrical probes during operation to observe 
the areas around the electrode tip. From this, cavities filled with gas produced from the 
inner zone of the furnace were detected. Gas flowed through the charge material creating 
gas channels. The cavities existed around the electrode tip above the pool of liquid Si. 
Further work on the inner structure of the furnace was done by Otani et al. [14], who placed 
a visual probe into the cavity to study the surroundings of the electrode tip. From this they 
confirmed that the electrode was surrounded by a cavity, and a bottom deposit of SiC 
crystals filled with molten Si were observed 5-15 cm below the electrode tip. Otani et al. 
also observed an electric arc from the electrode to the bottom deposit.  

Excavation of pilot scale furnaces after shut-down have also been carried out. Schei and 
Sandberg [15] and Schei [16] smelted Si and FeSi in a 40 kW single-phase furnace, shown 
in the right illustration in Figure 3. This furnace was equipped with a 75 mm diameter 
electrode and bottom contact. It was run with the intention of operating it in the same way 
as an industrial furnace, but due to small size some modifications were necessary. In an 
experiment where the SiO and CO gas was cooled with alumina pellets Schei [16] found 
metal with a high Al content and slag of 86% Al2O3 – 6% SiO2 at the bottom. A small 
cavity was found around the electrode, and above the cavity there was a roof of sintered 
oxidic materials with metal droplets. Schei and Sandberg [15] tapped the furnace right 
before shut-down. They found, after cooling, partly reacted charge above the cavity, and 
then porous SiC, partly filled with metal, in the lower parts of the furnace. Based on several 
pilot scale excavations, Schei et al. [5] made a schematic figure of the inner structure of the 
industrial Si/FeSi furnace, shown in Figure 3. They found that condensate of Si, SiO2 and 
SiC glued the charge together and created a void below the charge as the raw materials 
were consumed. The cavities surrounded the electrode tip and were surrounded by charge 
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materials in various states of conversion. A mixture of mainly SiO and CO gas filled the 
cavity, in addition to some other high temperature gas species. SiC crystals were in the 
lower part of the cavity walls, with a space between the crystals partly filled with molten 
Si. They assumed that the SiC crust were sintered together, and that they made the upper 
part of the deposit firm enough to create a wall. Above the SiC, the materials close to the 
inner surface of the wall were heated enough to have some reaction, but the materials 
further behind the surface were rather inactive. The temperature at the top of the furnace 
was assumed to be in the area of 800-1400 °C [17]. As the gas species ascended into the 
charge at lower temperatures, a major part of the SiO gas reacted with the carbon materials. 

 

 
Figure 3 The first figure shows an illustration of the inner structure of a submerged arc furnace, based on several pilot 
scale experiments [5]. The illustration is based on experiments from the furnace shown in the right illustration, a 40 kW 
one-phase furnace with 7.5 cm diameter graphite electrode. 

 
It is important to point out that these results are found from a small 40 kW furnace that has 
only been run for a short time.  Many of the zones are similar to those in the industrial 
furnaces, but some of the results deviates from newer findings from excavations. E.g. the 
results from Jayakumari [18] found that β -SiC is in the metal bath, while the wall crust is 
α-SiC. It is hence not believed that the SiC crystals are sintered together in the metal/slag 
bath.  

Today’s industrial furnaces in Norway are operating at typical 30-45 MW, and are only 
shut down for short periods during maintenance or other unwanted incidents. Excavation 
of a furnace happens seldom, mainly due to damages that affects the operation, the need 
for a rebuild or marked situations. Excavations of industrial furnaces the last 15 years have 
found that the inner structure of a furnace may vary from one furnace to another. The zones 
inside the furnaces are dependent on the operational history, not only on the raw materials. 
The first described excavation of an industrial furnace in newer times was done by Tranell 
et al. [7] in 2009, who excavated a 17.5 MW FeSi75 furnace at Finnfjord. In 2013 Tangstad 



7 

et al. [6] described the findings of the excavation of a 40MW Si furnace at Elkem 
Thamshavn. Ksiazek et al. [8] compared in 2016 the findings from five different Si and 
FeSi furnace excavation; “Five furnaces, five different stories”. From these five furnaces it 
was possible to distinguish a few main zones from horizontal cross sections: 

1) Inactive zone towards the furnace walls that mostly consist of deposited slag and 
partly melted raw materials. This zone was found in all the excavations. 

2) Electrode track zone, as the furnace shell is rotating/oscillating. 
3) Inner zone located in the center of the furnace. 

The materials found in these zones, and the size of these zones, were different between the 
furnaces. Figure 4 and Figure 5 gives a vertical cross section overview of the material zones 
in the FeSi and Si furnaces in the study, respectively. For the FeSi75 furnace at Finnfjord 
large cavities were found around the electrode tip surrounded by a SiC crust with gas 
channels, but no cavities were found in the FeSi50 furnace at Elkem Bjølvefossen and the 
Si furnace Wacker no. 4, which indicate that they have been very small. For the Si furnaces 
Wacker no.1 and Elkem Thamshavn, small cavities were found below the electrode tip. 
One of the main differences between the furnaces was the extent of slag accumulated in the 
furnaces. In the FeSi50 furnace at Elkem Bjølvefossen, it was found a massive slag layer 
on the outside of the electrodes all the way up to the charge top, in addition to more than 
1m thick slag layer covering the entire bottom. Slag deposited from the bottom lining to 
the furnace top was also found in all three Si furnaces. 

 

 
Figure 4 Overview of zones after excavation of two FeSi furnaces, a) FeSi75 in Finnfjord, b) FeSi50 in Elkem Bjølvefossen 
[8]. 
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Figure 5 Schematic drawings of the zones found in three Si furnaces after excavations; a) Wacker furnace no.1, b) Elkem 
Thamshavn, c) Wacker furnace no.4 [8]. Due to lack of time and difficulties in the excavation, the bottom lining is often 
not prioritized. The lining representation is therefore often based on the furnace drawings from the company, or 
assumptions. In Wacker furnace no. 1, the lining is left out from the illustration. 

 

Nell and Joubert [19] studied digout samples from a FeSi furnace after a partial sidewall 
rebuild around two tapholes. They found significant quantities of slag containing SiC and 
refractory oxide phases between the electrode crater and the tap-hole, and they believed 
that this was the one of the main reasons causing tapping problems. The slag consisted of 
the SiO2-CaO-Al2O3 system with an unexpected high content of alumina. It was also 
commented that the samples were heterogenous in both composition and phase distribution. 
The alumina content varied as much as 30%.  

Two furnace excavations were performed in Norway during 2018. Jusnes [9] described the 
findings from the excavation of a FeSi75 furnace at Finnfjord and Ksiazek [10] reported 
the results from the excavation of a 36MW Si furnace at Elkem Salten. A vertical cross 
section overview of the material zones in the FeSi and Si furnace furnaces is shown in 
Figure 6. From the figure it can be seen that a large amount of slag was found in the 
Finnfjord furnace. Loose materials were found around the electrodes and at the charge 
surface. An area with SiC surrounded the loose materials, and next, towards the outer shell, 
was a thick layer with slag. Slag was also found in the bottom layer together with the metal. 



9 

In the Si furnace at Elkem Salten, condensate of mainly SiO2 and SiC were found towards 
the sides of the furnace. In the center of the furnace and up to the charge top, there was a 
large area with Si metal with SiC and a slag mixture. It was believed that this was due to 
the charging of large amount of metal to the furnace just before it was stopped. 

 

 
Figure 6 Overview of zones after excavation at a) Finnfjord [9] and b) Elkem Salten [10] in 2018. Due to lack of time 
and difficulties in the excavation, the bottom lining is often not prioritized. The lining representation is therefore often 
based on the furnace drawings from the company, or assumptions. 

 

Slag is found in all industrial excavations from 2009, but its oxide compositions have not 
been reported in all reports. One slag sample from Elkem Thamshavn from the slag/SiC 
layer at the bottom were analyzed [20], and Bø [21] analyzed several slag samples from the 
excavation at Wacker Chemicals Holla furnace no.4 in her master thesis. Most of these 
samples were collected from the inactive layer of the furnace. The slag compositions from 
Wacker [21], Elkem Thamshavn [20], Elkem Salten [10] and the range of normal Siltech 
slag compositions [19] are summarized in Figure 7. The slag samples from Wacker consists 
of ~30-55wt% SiO2, ~20-45wt% CaO and ~25-35wt% Al2O3. The typical Siltech slag 
consists of mainly SiO2 and Al2O3, while the slag from both Elkem Thamshavn and Salten 
have a higher CaO content around 45wt%. A short summary of the slag findings in the 
excavations from 2009 to 2018 is listed in Table 1.  
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Figure 7 The analyzed slag compositions from from Elkem Thamshavn excavation [6], from Elkem Salten excavation 
[10], from Wacker furnace no.4 [21] and the large red circle is the typical range of normal Siltech slag composition 
analyzed by Nell et al [19]. 
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Table 1 Summary of results from industrial excavations. 

Excavation Furnace Related results 
 

Furnace bottom Outside electrodes Tap hole area 
Finnfjord (2009) 
[7], [8] 

FeSi75  -Only small amounts of slag found near the furnace wall. 

Siltech (2009) 
[19] 

FeSi  -samples collected only from tap hole 
area 

-Significant 
quantities of 
slag together 
with SiC.  
-Slag rich in 
alumina  

Elkem 
Thamshavn 
(2013) [6] 

Si  -Slag, mainly 
anorthite and 
gehlenite, 
together with SiC 

-condensation layer 
with mixture of 
SiO2 and SiC 

-not specified 

Wacker 
Chemicals Holla, 
no4 (2015) [8], 
[21] 

Si  -green slag with 
some SiC 
particles 

-green 
condensation layer 
of SiC and SiO2 
-thick layer of slag  

-not specified 

Wacker 
Chemicals Holla, 
no1 (2016) [8], 
[21] 

Si furnace -a thick layer of slag covers the walls of 
the interior of the furnace 

-thick layer of 
slag 

Elkem 
Bjølvefossen 
(2016) [8] 

FeSi50  -more than 1m 
high slag layer 
with some SiC 
particles 

-massive slag layer 
from bottom to the 
top of the charge 
with some SiC 
particles 

-not specified 

Finnfjord (2018) 
[22] 

FeSi75  -Metal/slag bath 
with some SiC 
particles 

Slag layer with SiC -not specified 

Elkem Salten 
(2018) [10] 

Si  -SiC, Si and a 
slag with 
dispersed SiO2 
-slag mainly SiO2 
and CaO, with 
some Al2O3 

-condensation layer 
with SiO2 and slag 
-slag mainly SiO2 
with some CaO and 
Al2O3 

-SiO2 with 
large areas of 
Si and 
multiphase 
slag (Fe, Al, 
Ca, K, Na, 
Mg)  

  



12 

2.1.2 Stability of oxides in Si and FeSi production 
 

The Ellingham diagram shows the standard Gibbs energy of formation as shown in equation 
1, of oxides per mole of oxygen reacted and visualizes the oxides’ ability to be reduced.  

 

∆𝐺0 = ∆𝐻0 + 𝑇∆𝑆0  1 
 

Where ΔG0 is the change in standard Gibbs free energy, ΔH0 is the change of enthalpy for 
the reaction in J/mole, T is the temperature in K and ΔS0 is the change of entropy for the 
reaction in J/Kmol. 

The lower a reaction is in the diagram; the higher energy and temperature is required to 
reduce the oxide. The Ellingham diagram with the oxides relevant for Si and FeSi 
production and their stability towards carbon reduction are shown in Figure 8 [5]. For an 
oxide to be reduced with carbon, the sum of ΔG0 for those two reactions need to be zero or 
less than zero, which happens at temperatures at and above the intersection point between 
the oxide curve and the carbon curve. For some of the curves, it can be observed a change 
in the slope of the curves at different temperatures, which is a change in the entropy through 
either a melting or boiling temperature. This is the case for Ca at ~1500 °C. Oxides above 
SiO2 in the diagram, like Fe, Na and Mn are most likely to be reduced to their pure metal 
state at a lower temperature than needed for reduction of SiO2 to Si with C as a reductant. 
Below SiO2 in the diagram are the alkaline earth metal oxides, TiO2 and Al2O3, which 
require a lower oxygen potential than SiO2 to react and form metal in its standard state. The 
intersection of SiO2, CaO and Al2O3 with the CO curve is at 1550 °C, 2100 °C and 2040 
°C, respectively. For CaO and Al2O3 this happens at a higher temperature than shown in 
the diagram in Figure 8. This means that CaO and Al2O3 are more stable oxides than SiO2 
and are likely to end up in the slag phase. It should be noted that this is only valid when all 
the components are in their reference state, and in most metallurgical processes that is not 
the case. Both the metal phase and the slag phase contain several different components. 
Myrhaug and Tveit [23] and Kamfjord [24] have made overviews of where the impurity 
elements in the Si and FeSi furnace are likely to be found in the various mass flows. These 
are discussed further in the literature review in chapter 3.1.2: Impurities in quartz. 
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Figure 8 The Ellingham diagram for oxides relevant for the silicon smelting [5]. 

 

2.1.3 The SiO2-CaO-Al2O3 ternary system 
 

It is found that the slag in Si and FeSi production mainly consists of the SiO2-CaO-Al2O3 
system. The ternary phase diagram of the SiO2-CaO-Al2O3 system is shown in Figure 9 
[25], which provides a fundamental foundation for understanding the industrial behavior of 
this slag system. The diagram shows the liquidus isotherms, the boundaries between 
coexisting phases and the tie-lines between coexisting phases below solidus temperature. 
Melting of slag does not happen at a single temperature, and a slag system may contain 
both liquid matter and solid particles. It is therefore pertinent to refer to a liquidus 
temperature, which is the lowest temperature where the system is completely liquid, and a 
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solidus temperature which gives the highest temperature that the system is completely solid. 
For many metallurgical processes, the liquidus temperature of the slag is one of the most 
important properties as it is essential to maintain a liquid slag. The slag inside the Si and 
FeSi furnaces will experience different temperatures depending on where it is found in the 
furnace. Based on COMSOL simulations, Myrhaug [26] made a conceptual model of the 
temperature profile and Si flow in the Si furnace, shown in Figure 10. He also found 
temperatures >1700 °C for the tapped Si. From the liquidus isotherms in the ternary 
diagram it can be found that a wide compositional range is liquid with temperatures around 
and above 1700-1800 °C, as shown in Figure 9 [5], [27]. This means that the slag that exits 
the tap-hole is most likely in liquid state. Accumulated slag found in the higher parts in the 
furnace, where the temperature is lower, might experience precipitation of solid particles 
as the temperature becomes lower than the liquidus temperature of that composition. As 
described above, the composition of the slag accumulated in the furnace varies, both 
between different furnaces and within the same furnace, and will depend on the input of 
materials in the furnace and how the furnace is operated. Thermo-physical properties of the 
slag such as viscosity, density, and surface tension are important to optimize the high 
temperature process. 

 

 
Figure 9 The ternary phase diagram of the SiO2-CaO-Al2O3 slag system [25]. The red lines mark the liquidus area at 
1700 °C. 
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Figure 10 Temperature profile and silicon flow in silicon furnace in a vertical cross section [26]. The model is based on 
COMSOL simulations. 

 

2.1.3.1 The structure of silica melts 

 

The building block for slags that contains silica is the SiO2, with a centrally placed Si4+ ion 
surrounded by 4O2- ions in the frame of a tetrahedron. The bonds within the tetrahedron are 
covalent. In pure SiO2, each divalent O2- connects to two Si4+ tetrahedral, which gives a 
nearly perfect three-dimensional polymerized network structure, shown in Figure 11. The 
slag is of ionic nature, and the oxides can be categorized depending on their ability to form 
simple or complex bonds [28]. SiO2 is the most important acidic oxide, forming SiO4

4- as 
in reaction 9, and is referred to as a network former. CaO is a basic oxide and will form 
simple cations, Ca2+ as in reaction 10 that will break up some of the Si4+-O2- bonds and 
replace them with ionic Ca2+ bonded to two O- bonds. CaO is therefore referred to as a 
network breaker. Al2O3 is an amphoteric oxide, which means that it can both have basic 
and acidic behavior, depending on the composition of the slag. In a silicate system, alumina 
forms Al3+ ions as in reaction 10 that balances the free oxygen ions and combine with free 
oxygen ions to form AlO4

5- ions, as in reaction 11. Al3+ is more stable in an acidic region, 
while AlO4

5- in a basic region, and the relation between Al3+ and AlO4
5- ions will depend 

on the slag basicity. The ionic radii are related to the charge of an element, and generally 
cations in lower oxidation state are larger [25]. The metal-oxygen bonding in the oxides in 
lower oxidation states, like alkali and alkali earth metals, will be more ionic and hence they 
will be more basic than oxides of higher valence. Therefore, metal oxides with higher 
oxidation state, as Al2O3, are known as amphoteric, neutral. They behave like a basic oxide 
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in an acidic environment and as an acidic oxide in a basic environment. If Al2O3 is added 
to the silicate network, Al3+ ions can be absorbed into the silicate structure. Thus, addition 
of Al2O3 acts principally as network formers, but when large amounts are added to the slag 
the Al3+ ions can also act as network breakers. As there are different types of bonds between 
the Ca2+-oxygen (ionic) and within the tetrahedron (covalent), silicate slags thermophysical 
properties are therefore very dependent upon the level of polymerization in the slag.  
 

𝑆𝑖𝑂2 + 2𝑂2− = 𝑆𝑖𝑂4
4−   9 

𝐶𝑎𝑂 = 𝐶𝑎2+ + 𝑂2−  10 

𝐴𝑙2𝑂3 = 2𝐴𝑙3+ + 3𝑂2−   11 

𝐴𝑙2𝑂3 + 5𝑂2− = 2𝐴𝑙𝑂4
5−   12 

  

 
Figure 11 Schematic drawing showing the silicate (SiO44-) network system with blue bridging oxygen and one orange 
non-bridging oxygen. Cations Ca2+ and Al3+ breaks into the network. 

 
The amount of the different components in the slag will also have an influence on how the 
oxygen ions bond to the system. Oxygen ions in the slag can be classified as either bridging 
oxygen (BO) or non-bridging oxygen (NBO). A bridging oxygen is bonded to two silicon 
ions, whereas a non-bridging oxygen is bonded to only one silicon ion. The amount of NBO 
in a slag system, also explained by the O/Si ratio, gives an idea of the extent of 
depolymerization in the slag [29]. An increasing value of O/Si ratio and hence a higher 
number of NBO in a slag system breaks up the silicate structure into smaller units. The 
smaller units will have higher mobility, which affects the overall structure and behavior of 
the slag. 
 
Even though silicate melts are ionic, their thermodynamic properties must be described by 
their neutral oxides. The oxide components activities are the most common used. The SiO2 
activities within the liquid region of the SiO2-CaO-Al2O3 system at 1600C are shown in 
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Figure 12. Mao et al. [30] compares their results with earlier results from Kay and Taylor 
(1960) and Rein and Chipman (1963). The numbers in the diagram gives the activity values.  

 

 

Figure 12 Isoactivity lines of SiO2 in stable liquid at 1600 °C from Mao et al. [30]. Their results are compared with the 
results from Kay and Taylor (1960) and Rein and Chipman (1963). The numbers in the diagram give the activity values. 

 

2.1.3.2 Viscosity 

 

The viscosity of the slag is defined as the resistance to flow of one layer of molecules over 
another and is related to the silicate structures [28]. The longer silicate network structure 
(smaller O/Si ratio), the more difficult the ability to flow. Basic oxides that break up the 
silicate structure into smaller units will decrease the viscosity. The viscosity of molten slags 
is hence dependent on the composition and temperature. The viscosity of the slag is one of 
the most important factors affecting the fluid flow in the furnace and is hence an important 
process variable. It is preferable to have a lower viscosity to ensure a good flow out of the 
furnace. The basicity is the ratio between the basic and the acidic oxides in a slag system 
and gives a measure of the polymerization and hence also of the viscosity. In the SiO2-
CaO-Al2O3 system, the basicity, B can be defined as in equation 2.  

 

𝐵 =
%𝐶𝑎𝑂

%𝑆𝑖𝑂2 + %𝐴𝑙2𝑂3
 2 
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The network breaker Ca2+ breaks down the silicate chains and decrease the viscosity of the 
melt, while the network former SiO4

- increases the viscosity. Slag of mainly SiO2 and Al2O3 
are sticky and more viscous and will more easily clog the furnace. The isoviscosity curves 
for the SiO2-CaO-Al2O3 system at 1600 °C is shown in the left diagram in Figure 13. It can 
be seen that the amphoteric oxide Al2O3 acts as a network former, increases the viscosity, 
when it is added to a basic slag. The effect increases with increasing basicity. The variation 
in viscosity within the liquid range of the system Al2O3 – CaO – SiO2 at 1500 °C is shown 
in the right diagram in Figure 13. From this diagram, it can be seen that the contours are 
running nearly parallel to constant B, and that it is an escalation in the rate of viscosity at 
B<0.15. It is important to note that the basicity model is valid only for a completely molten 
slag. Presence of any solid particles in the slag melt increases the viscosity considerably. 

 

 
Figure 13 To the left in the figure is the isoviscosity curves for the SiO2-CaO-Al2O3 system at 1600 °C [31], and to the 
right is the viscosity lines for liquid Al2O3- CaO-SiO2 slags at 1500 °C [5]. 

 

The viscosity, η is also dependent on the temperature. In liquids, the viscosity decreases 
with increasing temperature and can be expressed by the Arrhenius equation as in equation 
3 [28].  

𝜂 = 𝐴 exp (
𝐸𝜂

𝑅𝑇
) 

3 

 

Where A is the frequency or pre-exponential factor, 𝐸𝜂 is the activation energy for viscous 
flow of the slag, R is the universal gas constant and T is the temperature. There is no 
negative sign in front of Eη since the equation is derived from viscosity and not from a rate. 
Increasing temperature will loosen the network structure, and hence decrease the viscosity. 
Since the viscosity is also dependent on the structure, both the preexponential factor and 
the activation energy will be dependent and vary with the composition. Eη expresses the 
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difficulty of moving the chain from one position to another, which gives that acidic slag 
systems with longer chains have higher activation energies than basic slags with smaller 
chains. Viscosity-temperature data are usually presented in the form ln η as a function of 
1/T, but for silicates this usually gives some curvature. In many cases it is found to give a 
better fit using the Weyman-Frenkel kinetic theory of liquids [32], given in equation 4. This 
equation accounts for the temperature dependency of the activation energy. 

𝜂 = 𝐴𝑤𝑇𝑒𝑥𝑝(
𝐸𝑊

𝑅𝑇
)  4 

 

Many researchers have tried to develop models to estimate viscosities of slag. The models 
are usually based on the composition and temperature dependency in various forms, e.g. 
[33]–[38]. The performance of the different models varies depending on the range of 
viscosity they cover. The estimated values from the models are expected to have 
uncertainties of ca 25%, which are in the same size range as the experimental 
uncertainties. The FactSage model for viscosity of liquid melts also relates the viscosity to 
the structure of the solution. The structure is calculated using the Modified Quasichemical 
Model. This model expresses the energy of pair formation as a function of composition for 
a multicomponent system [39], and the parameters are fitted to the experimental data for 
selected ternary oxide system. The “Melt viscosity database” is based upon measurements 
made above liquidus temperature or a bit below the liquidus for supercooled liquids. 

 

2.1.3.3 Density 

 

The density of the slag is defined as mass per unit volume and gives information on how 
the materials will distribute. The density is important in the lower parts of the furnace, in 
the silicon/slag bath and in the refining process, where it is important to have a sufficient 
metal-slag separation. Pure silicon at 1500-1900 °C has a density of ~2.4-2.5 g/cm3 [40]. 
At temperatures below 1500 °C, most SiO2-CaO-Al2O3 slag are denser than liquid silicon. 
At temperatures >1500 °C, which is the case in the lower parts of the Si and FeSi furnaces, 
the slag is in the same density area as silicon. This can be seen in the isodensity lines at 
1550 °C for the SiO2-CaO-Al2O3 ternary system in Figure 14. The density decreases with 
increasing amount of SiO2 from 2.66 g/cm3 at 50wt% SiO2 to 2.30 at 70wt% SiO2. Figure 
15 shows density data from Slag Atlas [25] at different temperatures. In the blue circle are 
two similar compositions measured at 1480 °C and 1727°C and the density decreases by 
0.1 g/cm3. When the temperature increases, objects expand and become larger and therefore 
the density decreases. The density of the slag with the same composition further down in 
the furnace is hence lower than higher up in the furnace.  
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Figure 14 Isodensity lines for the SiO2-CaO-Al2O3 system at 1550 °C [25]. 

 
Figure 15 Densities in g/cm3 for different SiO2-CaO-Al2O3 slag compositions at different temperatures [25]. In the blue 
circle is two similar compositions measured at 1480 °C and 1727°C and the density decreases by 0.1 g/cm3. 

 

As for the viscosity measurements, there are also technical difficulties and a high cost for 
doing experimental density measurements. It is therefore a high motivation for developing 
an accurate model for density calculations. Since the density is proportional to the 
reciprocal volume, most of the models are based on different ways to represent the molar 
volume. A short summary of many models were presented by Xin et al. [41], who also 
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developed a density model that calculated the molar volume of the slag according to molar 
volume of pure components and excess molar volume of the slag, as in equation 5. 
Compared with the viscosity models, the density models have small deviations from 0.12-
5%. However, in all the density models it was a problem with including the composition 
dependence of the partial molar volume, which for Xin et al. were tried to account for with 
adding the excess molar volume to the equation. 

 

𝑉𝑚 = ∑ 𝑋𝑖𝑉𝑖(𝑇) + 𝑉𝐸𝑋   5 
 

Where Vm is the molar volume of the slag, Xi is the mole fraction of component i, Vi is the 
partial molar volume of component i, T is the temperature and VEX is the temperature-
independent excess molar volume of the slag. 

The density, ρ of molten slag could then be calculated from equation 6. 

 

𝜌 =
∑ 𝑋𝑖𝑀𝑖

𝑉𝑚
  6 

 

Where Mi is the molar mass of component i. 

 

2.1.3.4 Surface tension and interfacial tension 

 

The slag formed in the silicon furnaces is often found together with SiC and/or metal. An 
interface is a dividing plane of two contacting phases. High temperature reactions as slag-
metal and slag-SiC take place at or through these interfaces. Interfacial properties are 
important thermodynamic properties which affect reaction kinetics, nucleation and 
formation of suspensions of solid particles or liquid droplets in molten slags. The surface 
or interfacial tension is defined as reversible work that is required to create a unit area of 
the surface at constant temperature, volume and chemical potentials [42], given in equation 
7. If not otherwise stated, they are recorded at equilibrium conditions.  

 

𝛾 = (
𝜕𝐺

𝜕𝐴
)𝑛,𝑃,𝑇  7 

 

Where γ is the surface or interfacial tension given in mN/m, n is the number of phases, P is 
the pressure and T is the temperature.  

Figure 16 shows the surface tensions for SiO2-CaO-Al2O3 slags at 1600 °C [25], which 
represent the trend for these slags based on a large amount of collected data. This shows 
that the surface tension decreases with increasing SiO2 content up to 40wt%. In addition, it 
is found that the surface tension of liquids decreases with increasing temperatures. Silicate 
melts rich in SiO2 have a high degree of polymerization, which gives structural changes in 
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the melt caused by dissociation and formation of smaller anionic groups at higher 
temperatures. The extent depends on the composition of the slag and it is therefore difficult 
to look at the dependence on temperature without taking into account the chemical nature 
for these SiO2-rich compositions [5]. The interfacial tension also depends on the chemical 
nature of the phases. The less energy is required, the more chemically similar the phases 
are.  

 
Figure 16 Isotension curves for SiO2- CaO-Al2O3 melts at 1600 °C [25]. 

 

Dumay and Cramb [43] investigated the interfacial tension at 1450 °C between Fe-Si-alloys 
and two different SiO2-CaO-Al2O3 slags.  

 
Slag 1: 36% SiO2-46% CaO-18% Al2O3  
Slag 2: 42% SiO2-42% CaO-16% Al2O3.  

 
Their results are summarized in Figure 17 and are based on assumption that the two phases 
are in equilibrium. From this, the surface tension decreases with increasing Si content in 
the FeSi alloy. 
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Figure 17 Interfacial tension between Fe-Si alloys and slags at 1450 °C from Dumay and Cramb [43]. 
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2.2 Experimental procedure 
 

When this work started in 2017, the knowledge about slag in industrial Si and FeSi furnaces 
was limited. Over the past 15 years, several excavations of industrial Si and FeSi furnaces 
have been conducted, and samples analyzed to increase the knowledge of the zones and 
materials within the furnaces. Previously, slag has not been the focus, but it is found that 
the amount of slag is one of the main differences between the different furnaces. Numerous 
industrial slag samples, accumulated slag from previous excavations, and slag from charge 
surface and tapped slag during operation have been collected. The primary objective has 
been to identify the types of slag present in the furnace and determine if there are any 
variations within different zones and among different furnaces. 

 

2.2.1 Industrial samples 

2.2.1.1 Accumulated slag 

 

Slag samples from five previous industrial excavations, four Si furnaces and one FeSi75 
furnace, were selected for this study. The selection of samples was based on notes and 
reports written by the current excavation team [8]–[10], [20], [21]. Figure 18 illustrates 
schematic drawings of zones identified in four of the excavations; a) Wacker furnace no.1, 
b) Elkem Thamshavn, c) Wacker furnace no.4 and d) Elkem Salten. In all four cases, 
substantial amounts of slag were observed, both along the furnace walls, all the way up to 
the charge, and a layer covering the furnace bottom. Furthermore, the author was present 
during the Furnace B excavation in August 2019, which involved a Si-producing furnace. 
During this excavation, slag samples were collected from both higher and lower parts of 
the furnace as the excavator progressed deeper in the furnace. Additionally, samples were 
obtained from the Si tapping stream and adjacent slag layers. Table 2 summarizes important 
details of the furnaces and their respective excavations. According to the Elkem Salten 
report [10], it was mentioned that visually, Elkem Salten furnace 2 is similar to Wacker 
Chemicals furnace no. 1. The author of the report, Michal Ksiazek, was present during both 
excavations, as well as during the Elkem Thamshavn and Wacker Chemicals furnace no. 4 
excavations. 
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Figure 18 Schematic drawings of the zones found in four excavations; a) Elkem Thamshavn, b) Wacker furnace no.4, c) 
Wacker furnace no.1 [8] and d) Elkem Salten [10].  
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Table 2 Furnace and excavation details from the six furnaces summarized. 

Furnace 
excavation 

Year of 
excavation 

Production Furnace and excavation details 

Elkem 
Thamshavn, no2 

2013 Si -40MW 
-4.5m high from the shell to the top of the 
charge, 11.3m diameter 
- not burned down before shut-down 
-electrodes cut before excavation start 

Wacker Chemicals 
Holla, no4 

2015 Si -33MW 
-~4m high, 8.5m inner diameter 
-not burned down before shut-down 
-electrodes cut before excavation start 

Wacker Chemicals 
Holla, no1 

2016 Si -13MW 
-~3m high, 5m inner diameter 
-not burned down before shut-down  
-stopped with electrodes down in operating 
position 

Elkem Salten 2018 Si -36MW 
-5m high, 11m outer diameter 
-burned down 
-electrodes moved down to position 60cm 
after shut-down 
-when compared with other excavated Si-
furnaces, Salten was most similar to 
Wacker 1 furnace [10] 

Finnfjord 2018 FeSi75 -30MW 
-4.7m high, 8.8m inner diameter 
-not burned down before shut-down 
-only two tap-holes in use last period 
before shut-down, and the furnace was 
therefore oscillating instead of rotating 

Furnace B 2019 Si  -40MW 
-4m high, 10m inner diameter 
-burned down before shut-down 
-tap-hole 7 last tapped 

 

The approximate position where the slag samples were collected is shown in Figure 19. All 
samples from Furnace B are collected behind the same tap-hole no.3. The dimensions and 
electrode position are not included in the figure as these varies between the different 
furnaces. Different colors represent different furnaces. Table 3 lists the samples collected, 
divided in the three main areas of the furnaces: higher parts, lower parts and the tap-hole 
area of the furnaces. The borderline between the higher and lower parts of the furnace is 
the electrode tip. Pictures of a selection of the slag samples can be seen in Figure 20. 
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Figure 19 Overview of the samples analyzed. Different colors indicate different furnace. Dimensions and the positions of 
the electrodes are not included in the figure as this varies between the different furnaces. The samples position is based 
on distance from the tap-hole.  

 

Table 3 Overview of the excavation samples analyzed and their position area in the furnace. The first letter in the sample 
ID is the same as the first letter of the plant they are collected from. The different colors are the same as in Figure 19. 

Zone in the furnace Sample ID 
Higher parts B-9, B-14, B-27, S-37, F-75, W1-33, W4-5 
Lower parts B-3, B-4, B-7, B-8, F-36, S-43, T-2 
Tap-hole area B-1, B-2, B-47, B-48a, B-48b, S-46, W1-114, W1-115, W4-20 

 

 
Figure 20 A selection of the analyzed excavation samples. Slag is most often green or grey in the furnace. Picture of T-2 
is from Ksiazek [20]. 
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2.2.1.2 Tapped slag 

 

Slag is also tapped together with the metal, and the properties of this slag will therefore 
have a great impact on the drainage of the furnace. In this study, tapped slag samples were 
obtained from two Si furnaces and two FeSi75 furnaces (located within the same plant). 
Regular sampling was conducted over a one-year period from furnace no.2 at Elkem 
Thamshavn. Additionally, three samples were collected from Furnace B in June 2020, 
approximately ten months after the excavation. An overview of dates, tap-hole, temperature 
in the ladle and electrodes position at time of sampling for the tapped slag samples from 
Elkem Thamshavn and Furnace B are listed in Table 4 and Table 5, respectively. 
Temperature measurements were carried out at various positions in the runner of the same 
furnace at Elkem Thamshavn, 6-12 months prior to the tapped slag sampling. These 
measurements revealed temperatures ranging from 1714-1830 °C [27], indicating that the 
temperature in the ladle is 100-300 °C lower than in the runner, approximately 1500-1600 
°C. It should be noted that the temperature in the ladle can vary depending on the sampling 
time and method. As the ladle is filled with molten metal from the tap-hole, its temperature 
increases. Additionally, the temperature distribution within the ladle is not necessarily 
homogenous, but will be lower at the top. The temperature in the ladle for the samples from 
Furnace B was not measured. The electrode position indicates the vertical position of the 
electrode, measured from the electrode holder, and has a maximum value of 150 cm. The 
position gives the highest point for power supply and ideally, this correlates with the 
electrode tip position. Samples of tapped slag were also collected from two furnaces at 
Finnfjord, both of which run on the same type of raw materials. Most of the samples were 
obtained from furnace O, with some additional samples from furnace R. Both furnace O 
and R produce FeSi75 and have a maximum power of 42 MW and 45 MW respectively. It 
is worth noting that furnace R experienced maintenance issues during this period, leading 
to load and rotation variations. The samples from Finnfjord AS also include five high-
viscosity slags. This is slag that is reported by the tapping operators as slag that clogs the 
tap-hole and makes tapping process difficult. Example of normal tapping slag and high 
viscosity slag can be observed in Figure 21. All samples obtained from Finnfjord AS are 
listed in Table 6. 

 

 
Figure 21 Two of the tapped samples from Finnfjord AS. TPR030122 is tapped during normal conditions, while 
TPO030322 is reported as high viscosity slag. 



30 

Table 4 Tapped slag samples collected from Elkem Thamshavn, May 2019 to May 2020. Tap-hole number, temperature 
in the ladle and electrodes position at time of sampling are also included in the table. 

Date Tap-hole 
no. 

Temperature in 
ladle 

Electrode 
pos. 

Metal in ladle 

    %Ca %Al 
19-05.24 4 1480°C * 0.542 0.683 
19-06.05 2 1500°C 1: 86cm 

2: 58cm 
3: 68cm 

0.469 0.651 

19-08.18 5 1565°C 1: 70cm 
2: 89cm 
3: 47cm 

0.589 0.651 

19-10.26 7 - - - - 
19-12.03 3 1520°C 1: 83cm 

2:123cm 
3: 99cm 

0.335 0.548 

19-12.04 3 1540°C 1: 30cm 
2: 102cm 
3: 84cm 

0.506 0.704 

19-12.07 4 1550°C 1: 81cm 
2: 110cm 
3: 82cm 

0.778 0.884 

19-12.09 5 1590°C 1: 114cm 
2: 95cm 
3: 59cm 

0.484 0.700 

20-01.10 7 1630°C 1: 75cm 
2: 90cm 
3: 91cm 

0.627 0.757 

20-02.07 5 1630°C 1: 52cm 
2: 61cm 
3: 56cm 

0.514 0.655 

20-05.05 2 1600°C 1: 59cm 
2: 113cm 
3: 105cm 

0.268 0.453 

 

Table 5 Tapped slag samples collected from Furnace B in June 2020. Tap-hole number and electrodes position at time 
of sampling are also included in the table. 

Date Tap-hole no. Electrode pos. 
20-06.09 5 1: 72.4cm 

2: 82cm 
3: 96cm 

20-06.18 6 1: 105cm 
2: 92cm 
3: 100cm 

20-06.19 6 1: 106cm 
2: 89cm 
3: 115cm 
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Table 6 Samples collected from Finnfjord AS, furnace O and furnace R. The last letter in the labeling indicates which 
furnace the samples are collected from. The samples are collected from September 2020 to March 2022. 

Sample Furnace power 
[MW] 

Position Rotation 

TPR1709a 36 Tap-hole 2 Yes 
TPR1809a 38 Tap-hole 3 Yes 
TPR1809c 37 Tap-hole 3 Yes 
TPR1909a 38 Tap-hole 3 Yes 
TPR2209a 31 Tap-hole 3 No 
TPR2309a 34 Tap-hole 3 Only 2 hours 

ahead 
TPR2309b 34 Tap-hole 3 No 
TPR2210a 30 Tap-hole 6 Yes 
TPR2710 37 Tap-hole 7 Yes 
TPR2810 35 Tap-hole 7 Yes 
TPR0411 34 Tap-hole 1  Yes 
TPR1311 24 

 
Tap-hole 2  No 

Sample Furnace power 
[MW] 

Position Comments 

TPO2209 40 Tap-hole 6  
TPO2210a 35 Tap-hole 4  
TPO1311 44 Tap-hole 1  
TPO2311 32 Tap-hole 5 High-viscosity 

slag 
TPO1701a 44 Tap-hole 3 Rotation 
TPO1701b 44 Tap-hole 3 Rotation 
TPO1701c 44 Tap-hole 3 Rotation 
TPO2601 44 Tap-hole 1 Rotation 
TPO2302  41  High-viscosity 

slag 
TPR3101 33 Tap-hole 4  
TPR0102.T3 23 Tap-hole 3* No rotation 
TPR0102.T5  23 Tap-hole 5 High-viscosity 

slag 
TPR1202 33 Tap-hole 6  
TPR1402 32 Tap-hole 6  
TPR1802 27   
TPR0903 32 Tap-hole 7  
TPR1703N 19   
TPR27421 21 Tap-hole 5  
TPR261121 34 Tap hole 7  
TPX2022   High-viscosity 

slag, unknown 
furnace 

TPR030122 35 Tap-hole 3  
TPO030322 32 Tap-hole 1 High-viscosity 

slag 
*Not the active tap-hole 
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2.2.1.3 Charge surface samples 

 

Samples were also collected from the charge surface of Finnfjord furnace O and R. The 
identification of materials present at the charge surface is valuable to help explain the 
furnace operation. When the operation is in good condition, only heated raw materials will 
be present at the charge top. When deviation from this situation occur, the materials may 
give knowledge on reactions in the furnace. The distribution of raw materials within the 
charge significantly affects the furnace operation. Sampling during operation, or short 
operational stops, can be related to the furnace condition during operation, and are in 
addition more economic, efficient and exact compared to samples taken during furnace 
excavations. The furnaces have a maximum power of 42 MW and 45 MW, respectively. 
The sampling was done in a period of 6 months. An overview of the samples is listed in 
Table 7. Some of the samples have also been used in another study by Jusnes et al. [44]. 
Most of the samples were large and heterogenous, as depicted in Figure 22, and were 
divided into multiple pieces. Different areas were selected for sampling. Many of the 
samples were classified based on visual observations, such as S for slag, P for porous, M 
for metallic, and K for quartz. 

 

Table 7 Samples collected from the charge top. Sample CPR1809a, CPR1809b, CPR1809c and CPR0211 are also used 
in another study [44]. 

Sample Comment 
CPR1809a Same time of 

sampling, different 
location 

Charge top, unknown position 
CPR1809b Viscous matter between two electrodes 
CPR1809c 0.5m from crust edge 
CPR0211 Viscous matter 
CPO1101 Large sample. Viscous and hard charge surface. 

Divided into S (slag), BK (brown condensate), M 
(metallic), K (quartz), P (porous), U (unknown) 

GR1602 Viscous matter, glued together 
CPR2502 Large sample. Divided into k (quartz), m 

(metallic), y (edge), a, b  
CPR1903 Large areas with brown condensate 
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Figure 22 Sample CPR1809a, b, c and CPO1101, S and BK. The charge surface samples were heterogenous, and several 
samples were analyzed based on visual differences. 

 

2.2.2 Collecting slag from industrial furnaces 

2.2.2.1 Excavation of Furnace B  

 

Samples obtained from furnace excavations play a vital role in mapping the zones and 
understanding the Si and FeSi processes since it is not possible with sampling inside the 
furnace during operation. The author was present during excavation of Furnace B. The 
sampling process during the excavation was carried out in collaboration with plant 
employees and a hired company responsible for the physical excavation. Communication 
was carried out through the use of walkie talkies, enabling continuous sample collection as 
the excavator progressed. The excavator collected samples after instructions from the 
metallurgists. The position of the samples is approximate, as it is not possible to physically 
enter the furnace and mark the exact positions due to health, safety, and environmental 
(HSE) restrictions. The positions are therefore based on images captured just before 
collecting the specific sample. Furnace and excavation details can be seen in Table 2. The 
furnace was opened from the side, outside tap-hole 3 and samples were collected 
continuously. In Figure 23 is picture at the start of the excavation and after 12 hours of 
excavation. Most of the sampling were done within the first 48 hours of the excavation. All 
collected samples were numbered, pictured, and stored for further investigation. Among 
the samples were several lumps obtained from different tap-holes, including zones around 
the Si tapping channel, as shown in Figure 24. One of these lumps was sent to Nidaros 
Domkirkes Restaureringsarbeider, where a cut-out plate was created, framed, and displayed 
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on the wall. The author organized the transportation of the sample and provided instructions 
during the cutting process. After the cutting, Dr. Michael Ksiazek and the author mounted 
the plate in cement and framed the plate. 

 

 
Figure 23 Furnace outside tap-hole 3 before excavation start (left) and after 12 hours of excavation (right). 

 

 
Figure 24 Sample including the Si tapping channel and the zones right next to it. 
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2.2.2.2 Slag from previous Si and FeSi excavations 

 

In the recent years, several excavations of Norwegian Si and FeSi furnaces have been 
conducted, with a metallurgical team from NTNU frequently present to collected samples 
for analysis. The objective for the sampling is to increase the knowledge of the zones and 
materials in the furnaces. Although slag has not been the focus of previous studies, reports 
indicate that several slag samples have been collected. The author has therefore retrieved 
samples from 5 previous Si and FeSi excavation from the archive. These excavations 
include Elkem Thamshavn in 2013, Wacker Chemicals Holla no2 in 2015, Wacker 
Chemicals Holla no 4 in 2016, Elkem Salten in 2018 and Finnfjord AS in 2018. The author 
has specially selected and gathered some of the reported slag samples for further analysis.  

 

2.2.2.3 Tapped slag 

 

For the tapped slag samples from Elkem Thamshavn and Furnace B, a sampling technique 
using compressed paperboard was employed, as shown in Figure 25. The design was 
created in collaboration with employees at Elkem Thamshavn. The paperboard is attached 
to a steel rod, which can be utilized in the multitool tapping platform. It is designed to be 
used as a “spoon” to extract slag coming out from the tap-hole. Paperboard is used to avoid 
contamination of metals that affect the composition analysis. Due to the limited lifespan of 
the paperboard before it is burned, the sampling needed to be effective and new equipment 
was required before each sampling. To obtain slag with composition without any 
contamination it is important to find the optimal time for sampling. Tappers must regularly 
use equipment to maintain good drainage from the furnace, and some of them may affect 
the slag composition. For instance, blowing of oxygen through either aluminum or iron 
lances will consume the lances and result in higher Al- and Fe content in the slag. Therefore, 
sampling is conducted when the slag flows naturally from the tap-hole, rather than 
immediately after the use of other metals near the tap-hole. The author did the organizing 
before sampling and was present at the plant during the sampling of the first five samples, 
and the sample collected in January 2020. It was the same tapping operator, Sissel Mjøen, 
who collected the seven last samples and did the temperature measurements in the ladle 
and metal analysis with XRF. Information regarding the electrode tip position, metal 
analysis and tap-hole number were noted after instructions from the author. 
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Figure 25 Equipment used for sampling of tapped slag. The compressed paperboard is designed to be used as a “spoon” 
to dig out slag from the tap-hole. 

 

At Finnfjord AS, slag samples were collected during or right after tapping using a carbon 
cup. At this time, a stream of slag often drips behind the flow of FeSi metal, as depicted in 
Figure 26. If the slag was not dripping, it was carefully knocked off and collected. Due to 
the distance of over 1000 km between Finnfjord AS and Gløshaugen NTNU, 
communication was carried out online. Dr. Karin F. Jusnes organized the sampling at 
Finnfjord AS and the author and held periodic meetings with Dr. Jusnes to ensure effective 
communication and ensure proper exchange and handling of information, and to make 
agreements before the next samplings.  

 

 
Figure 26 Solidified slag behind the FeSi metal flow in the tapping channel [44]. 
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2.2.2.4 Charge surface samples 

 

Samples from two different FeSi75 furnaces, O and R, were collected from the charge 
surface. The samples were dragged out of the furnace with a stoking car by furnace 
operators when the furnace operation was reduced or during a planned maintenance stop.  

 

2.2.3 Characterization 

2.2.3.1 Electron probe micro-analysis 

 

Electron probe micro-analysis (EPMA), JEOL JXA 8500 was used to investigate all 
industrial slag samples. EPMA images were captured at magnifications of 40X, 200X and 
400X. Higher magnifications are used for some of the samples to show finer details. 
Representative areas were chosen for images and for further analysis. To quantify the 
different elements in the samples, the oxide compositions were found using wavelength-
dispersive X-ray spectrometer (WDS). The composition of the samples can be determined 
through either spot analysis or defocused area analysis. The last case gives the average 
composition within the selected area, typically 1 mm2. In some samples, the presence of 
small SiC particles made the oxide analyses challenging due to contamination. Most of the 
samples were analyzed using spot-analysis, but in cases where the areas were too small to 
separate different phases, defocused area analyses were conducted.  

The results are considered as reliable if the total column mass percent in the analysis falls 
within the range of 97-103. All samples were solid when analyzed, while they were most 
likely in liquid state during operation. Due to precipitation of phases during solidification 
some slag may appear as heterogenous. In those situations, an estimation of the distribution 
between the different phases is performed through visual observation of the structure. The 
lever rule is used to calculate the liquid slag composition based on the percentage 
distribution of each solidified phase, as shown for SiO2 in SiO2-CaO-Al2O2 slag in equation 
8. 

 

%𝑆𝑖𝑂2 = ∑
(%𝑆𝑖𝑂2)𝑖

(%𝑆𝑖𝑂2 + %𝐶𝑎𝑂 + %𝐴𝑙2𝑂3)𝑖
∗ (%𝑝ℎ𝑎𝑠𝑒)𝑖

𝑛

𝑖=1

 
8 
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2.3 Results 

2.3.1 Accumulated slag 

2.3.1.1 Excavation of Furnace B 

In August 2019, an excavation of an Elkem Si furnace was conducted due to damage in the 
bottom lining. The furnace had an inner diameter of 10m and 4m height. The excavation 
was carried out by opening the furnace outside tap-hole 3, and most of the samples in this 
study were collected behind this tap-hole. Photos of the furnace before excavation start and 
after the first 12 hours of excavating can be seen in Figure 27. The main focus of the 
investigation was to examine the slag in different zones of the furnace. Therefore, only 
samples believed to be slag were further investigated. However, other samples containing 
such as SiO2, SiC and condensate were also collected and stored.  

The furnace was burned down before shut-down, and a lot of slag is therefore expected to 
have escaped the furnace during this process. This means that during operation, there may 
have been more slag with different compositions around the last tapped tap-hole area. Tap-
hole 7 (sample B-47) was the last tapped tap-hole before shut-down, but no visual 
differences were observed compared to the other tap-holes.  

Figure 27 Photos of Furnace B taken right before excavation start and after the first 12 hours of excavating. The position 
of tap-hole 3 is marked in both images. 
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2.3.1.1.1 The beginning of the excavation: behind tap-hole 3 

 

During the excavation, the first samples were collected outside tap-hole 3. At this point, it 
was assumed the zones were approximately the same as when the furnace stopped. 
However, as the excavation progressed and materials were moved around, it became 
difficult to determine the exact original positions of most of the collected materials. An 
approximate range of  1m must be taken into account when considering the positions of 
the materials.  

In this study, seven samples from behind tap-hole 3 were analyzed: B-3, 4, 7, 8, 9, 14 and 
27. Table 8 provides an overview of the samples, including a short description and 
references to their figures. The approximate position of the samples in the furnace are 
marked in Figure 19 in section 2.2.1.1 Accumulated slag. All of the samples primarily 
consisted of SiO2-Al2O3-CaO slag and SiC. Some of the samples also contained areas 
with Al2O3 and some small droplets of Si and/or FeSi.  
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Table 8 Overview of the samples collected from Furnace B behind tap-hole 3. Lower parts of the furnace is below the 
electrode tip, while higher parts is above the electrode tip.  

Sample Figure Description 
Lower parts 
of furnace 

B-3 Figure 28 One of the first samples collected right below tap-hole 3. 
Two smaller areas were analyzed and are marked in the 
photo from the plant. B-3.1 contains both smaller and larger 
particles of SiC, SiO2-CaO-Al2O3 slag, in addition to some 
Al2O3 and Si. In sample B-3.2 it is mostly Si, SiC and 
Al2O3. No SiO2-CaO-Al2O3 slag phase were found in this 
sample. 
 

B-4 Figure 29 Collected near the furnace bottom. Both B-4.1 and B-4.2 
are similar and contains Si/FeSi, SiO2-CaO-Al2O3 slag, and 
larger and smaller particles of SiC. 
 

B-7 Figure 30 Collected approximately 1 m to the left side of tap-hole 3. 
Both B-7.1 and B-7.2 consist of larger and smaller particles 
of SiC together with SiO2-CaO-Al2O3 slag. Sample B-7.2 
also have some small particles containing Ti. In sample B-
7.1 the slag has solidified into two separate phases, ~80% 
darker colored and ~20% white colored.  
 

B-8 Figure 31 Collected from the lower part of the furnace. Both B-8.1 
and B-8.2 contain larger and smaller particles of SiC, SiO2-
CaO-Al2O3 slag and larger areas with Al2O3.  
 

Higher parts 
of furnace 

   
B-9 Figure 32 Was collected higher up in the furnace, approximately 1 m 

above tap-hole 3. Both B-9.1 and B-9.2 consist of SiC, 
SiO2-CaO-Al2O3 slag, Al2O3 and some Si/FeSi. In addition, 
there was a small area with particles containing Al, N, Si 
and O. This was not found in any other samples in the 
furnace. 
 

B-14 Figure 33 Collected from above tap-hole 3, approximate 1 m to the 
right from sample B-9. Both parallels consist of a SiO2 rich 

slag phase (~ 80 %), smaller and larger particles of SiC, and 
some Si droplets. Sample B-14.1 also contains SiO2. 
 

B-27  

Figure 34 

Collected from approximately 0.5 m above and 0.5 m to the 
right side of tap-hole 3. The sample has a similar look as 
sample B-8, which is collected from approximately 1 m 
below the same tap-hole. The samples consist of smaller 
and larger particles of SiC, a SiO2-CaO-Al2O3 slag phase 
and Al2O3. B-27 also look similar as B-8 in the EPMA 
images.  
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Figure 28 The top three pictures are taken at the plant and parallels of B-3 after mounted in epoxy. Below are sample B-
3.1 and B-3.2 shown with three different magnifications, 40X, 200X and 400X. B-3.1 contains mostly SiC, Al2O3 and a 
slag phase, in addition to some Si. B-3.2 contains mostly Si/FeSi, SiC and Al2O3.  



43 

 
Figure 29 The top three pictures are taken at the plant and parallels of B-4 after mounted in epoxy. Below are sample B-
4.1 and B-4.2 shown with three different magnifications, 40X, 200X and 400X. Both B-4.1 and B-4.2 contain Si/FeSi, 
SiO2-CaO-Al2O3 slag and larger and smaller particles of SiC.  
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Figure 30  The top three pictures are taken at the plant and parallels of B-7 after mounted in epoxy. Below are sample 
B-7.1 and B-7.2 shown with three different magnifications, 40X, 200X and 400X. Both B-7.1 and B-7.2 consist of smaller 
and larger particles of SiC, and SiO2-CaO-Al2O3 slag. The slag in B-7.1 has solidified into two separate phases, 80% 
darker and 20% brighter slag. The white areas in B-7.2 is titanium. 
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Figure 31 The top three pictures are taken at the plant and parallels of B-7 after mounted in epoxy. Below are sample B-
7.1 and B-7.2 shown with three different magnifications, 40X, 200X and 400X. Both B-8.1 and B-8.2 contain smaller and 
larger particles of SiC, SiO2-CaO-Al2O3 slag phase and Al2O3.  
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Figure 32 The top three pictures are taken at the plant and parallels of B-9 after mounted in epoxy. Below are sample B-
9.1 and B-9.2 shown with three different magnifications, 40X, 200X and 400X. Both B-9.1 and B-9.2 contain particles of 
SiC, SiO2-CaO-Al2O3 slag phase, Al2O3 and Si/FeSi. The slag in B-9.1 has solidified into two separate phases, 90% 
darker and 10% brighter slag. There is also found Al, N, Si and O, shown in the bottom left image. This was not found in 
any other zones in this furnace. 
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Figure 33 The top three pictures are taken at the plant and parallels of B-14 after mounted in epoxy. Below are sample 
B-14.1 and B-14.2 shown with three different magnifications, 40X, 200X and 400X. In B-14.1, there are a lot of small SiC 
particles in a SiO2-CaO-Al2O3 slag phase or a SiO2 matrix. B-14.2 contains two areas, one with smaller SiC particles 
and a SiO2-CaO-Al2O3 slag phase, and one with larger SiC particles an SiO2-CaO-Al2O3 slag. 
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Figure 34 The top three pictures are taken at the plant and parallels of B-27 after mounted in epoxy. Below are sample 
B-27.1 and B-27.2 shown with three different magnifications, 40X, 200X and 400X. Both B-27.1 and B-27.2 have two 
different areas: one with smaller particles of SiC and one with larger SiC particles, both with SiO2-CaO-Al2O3 slag and 
Al2O3. 

 

Table 9 provides the normalized results of the WDS analysis conducted on all areas with 
slag. Since elements other than SiO2, CaO and Al2O3 make up less than 1 mass percent, it 
is assumed that SiO2-CaO-Al2O3 ≈ 100%. The table also includes the liquidus and solidus 
temperature, confirming that the slag is liquid at temperatures above 1540 °C. The 
original WDS data for the samples from behind tap-hole 3 can be found in Table 46 in 
Appendix A. 

The general trend is that slag from the higher, inactive parts of the furnace has a higher 
SiO2 content. Sample B-9, B-14 and B-27, which were collected higher up in the furnace, 
also contain smaller amounts of K2O and/or MgO. This is most likely from the impurities 
in the raw materials. It can also be noticed higher viscosity values for most of the slag in 
the higher parts of the furnace both at 1600 °C and 1800 °C.  
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Additionally, in sample B-9, areas containing oxynitride were found. The element analysis 
for these areas are listed in Table 10. Oxynitride was not found in any of the other samples 
from the Furnace B excavation, and the author have not found any mention of this in reports 
from previous Norwegian Si and FeSi excavations.  

 

Table 9 Normalized WDS analysis for B-3, B-4, B-7, B-8, B-9, B-14, B-27. Liquidus and solidus temperature are found 
from the ternary diagram and are given in °C. The viscosity data are calculated from FactSage 8.1, given in Poise. 

Sample Oxide analysis  Tliquidus Tsolidus Viscosity [Poise] 
 SiO2 CaO Al2O3 K2O MgO [°C] [°C] 1600°C 1800°C 
B-3.1 37 26 37   1490 1265 17 4 
B-4.1 44 21 35   1540 1170 39 8 
B-4.2 44 21 35   1540 1170 39 8 
B-7.1 34 37 29   1440 1265 5 2 
B-7.2 44 21 35   1540 1170 39 8 
B-8.1 46 21 33   1530 1170 44 9 
B-8.2 45 21 34   1530 1170 41 8 
B-9.1 49 17 33  1 1540 1512 69 12 
B-9.2 67 10 23   1500 1512 519 67 
B-14.1 85 2 9  4 1520 1170 5260 557 
B14.2 79 4 13 3 1 1450 1170 2274 249 
B27.1 49 19 32   1530 1512 63 12 
B27.2 51 17 32   1520 1512 86 15 

 

Table 10 Oxynitride analysis for sample B-9. 

Sample Solidified 
phase 

Al N Si O Total 

B-9.1 Oxynitride 1.1 28.1 50.3 15.4 95.0 
B-9.2 Oxynitride 0.7 27.0 51.1 16.1 94.9 

 

2.3.1.1.2 Samples next to the Si tapping channel 

 

Five samples were collected from three different tap-holes, which included parts of the 
tapping channel together with the adjacent zones. While the other samples were from 
different parts in the furnace behind tap-hole 3, these have known position next to the tap-
hole. These samples are B-48a and B-48b from tap-hole 1, B-1 and B-2 from tap-hole 3, 
and B-47 from tap-hole 7. Visually, the zones around all the tap-holes appeared similar.  
Closest to the Si channel is an approximately 5-15 cm thick green layer, followed by a dark 
grey layer.  

Unfortunately, one of the samples from tap-hole 3 (B-2) and the sample from tap-hole 7 
(B-47), were crushed into smaller pieces at the plant due to a misunderstanding with the 
excavators. Consequently, the analyzed samples were chosen based on their colors.  

This result chapter includes EPMA images from sample B-48a, both from the green and 
grey zones. Table 11 lists an overview of all collected tap-hole samples, and a short 
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description. All pictures from the plant and all EPMA images are included in Appendix A 
and are referenced to in the table. 

 

Table 11 Overview of the tap-hole samples collected from taphole 1, 3 and 7. In all samples there were a green zone next 
to the Si, and next a dark grey zone. Both the green and the grey zone consists of SiO2-CaO-Al2O3 slag and SiC. 

Tap-hole 
no. 

Sample Figure Description 

1 B-48a Figure 35, 
Figure 36, 
Figure 37 

From the upper part of the Si tapping channel. A cross 
section plate that shows the zones next to the Si canal 
was made from this sample.  

 B-48b Figure 180 
Figure 181 
Figure 182 

From the lower part of the Si canal 

3 B-1 Figure 184 
Figure 185 

From below the tap-hole. B-2 was unfortunately crushed 
into smaller pieces by the excavators. The analyzed areas 
are therefore chosen based on colors. 

 B-2 

7 B-47 Figure 188 
Figure 189 
Figure 190 

This sample did originally contain the zones from both 
above and below the Si tapping channel. Unfortunately, 
this sample was crushed into smaller pieces by the 
excavators. The analyzed areas are therefore chosen 
based on colors. 

 

A cross section plate was made from sample B-48a (tap-hole 1), which includes the zones 
adjacent to the Si tapping channel. Figure 35 displays, with the left image showing the tap-
hole during the excavation of Furnace B, and the right image showing the cut-out plate of 
B-48a that visualizes the typical look of the zones around the Si tapping channel. The 
analyzed areas are marked in orange on the plate, corresponding to the numbers in Figure 
36 and Figure 37.  

Figure 36 shows the EPMA images from the green zone next to the Si tapping channel. 
Sample B-48a 1 is from the layer closest to the Si canal and closest to the tap-hole. The 
first parallel consists of mainly SiO2, and the white areas are Si. This is most probably from 
condensed SiO gas as in reaction 3. The second parallel contains SiC particles, and SiO2-
CaO-Al2O3 slag that has solidified into two phases.  

B-48a 2 is also from the layer closest to the Si channel, but from deeper in the furnace. Both 
parallels contain SiC particles, SiO2-CaO-Al2O3 slag and some smaller Si droplets.  

EPMA images from the grey zone are shown in Figure 37. B-48 3, 4 and 5 are large particles 
of SiC, SiO2-CaO-Al2O3 slag and Al2O3.The samples from the grey area have larger SiC 
particles compared to those in the green zone.  

 

2𝑆𝑖𝑂(𝑔) = 𝑆𝑖𝑂2 + 𝑆𝑖  3 
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Figure 35 Picture during the excavation of Furnace B showing the area around tap-hole 1, and the cut out plate of sample 
B-48a, visualizing the Si tapping channel and the zones next to it. Marked in orange on the sample are the analyzed areas 
which corresponds to the number on the EPMA images and the WDS analysis in the next figures and tables. 

 

 
Figure 36 In the top left image is sample B-48a 1.1 which appears to be condensate. The analyzed grey area is mainly 
SiO2 and the white areas are Si. Sample B-48 1.2 consists of a SiO2 rich slag phase and SiC particles, in addition to some 
Si and FeSi. Both 2.1 and 2.2 contain mostly SiC and SiO2-CaO-Al2O3 slag, and some Si.   
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Figure 37 B-48a 3.1 and 3.2 consist of larger SiC particles, SiO2-CaO-Al2O3 slag and Al2O3.  Some smaller droplets of 
Si are also present. All parallels from B-48a 4 and 5 are similar as sample B-48 3. The appearance is different due to a 
different use of contrast on the images. 
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The normalized WDS results conducted on the samples adjacent to the tapping channel are 
listed in Table 12. The table also includes the liquidus and solidus temperature, which 
confirm that the slag is liquid at temperatures above 1550 °C. The SiO2 content varies from 
17wt% to 81wt%, but 85% of the samples are within 30-70wt%. There is no significant 
difference between the slag composition in the green zone and the dark grey zone. The 
CaO/Al2O3 ratio is approximately the same, ~1/1 for almost all analyzed slag. The viscosity 
of the slag next to the tapping channel ranges from 1 to 2346 Poise. The original WDS data 
can be found in Table 47, Table 48, Table 49 and Table 50 in Appendix A. 

For tap-hole 1 and 3, the samples were collected from above (B-48a) and below (B-48b and 
B-2) the Si tapping channel. Generally, a higher SiO2 content is found above the Si channel.  

Tap-hole 7 (B-47) was the last tapped tap-hole before shut-down. Although the furnace was 
burned down before shut-down, no visual differences or significant compositional 
differences were found in the slag compared to tap-hole 1 and 3. Burning down the furnace 
may result in larger amount of slag and/or other accumulated matter in the furnace area 
around the last tapped tap-hole, but this was not found in this study.  
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Table 12 The normalized WDS analysis for B-48 a and b from tap-hole 1, B-1 and B-2 from tap-hole 3, and B-47 from 
tap-hole 7. The liquidus and solidus temperature are found from the ternary diagram and are given in °C. The viscosity 
data are calculated from FactSage 8.1, given in Poise. The numbers after the samples name correspond to the marked 
analyzed number shown in earlier figures and includes slag from both the green and grey zones in all samples. 

Sample From  
zone 

Oxide analysis Tliquidus Tsolidus Viscosity [Poise]  
B- SiO2 CaO Al2O3 K2O [°C] [°C] 1600°C 1800°C 
48a 1.2 Green 63 15 22  1400 1170 226 36 
48a 2.1 Green 46 21 33  1530 1170 44 8 
48a 2.2 Green 46 21 33  1530 1170 44 8 
48a 3.1 Grey 42 22 36  1540 1170 32 7 
48a 3.2 Grey 43 23 34  1540 1170 30 6 
48a 4.1 Grey 56 15 29  1490 1170 144 23 
48a 4.2 Grey 66 9 25  1650 1512  62 
48a 5.1 Grey 68 8 24  1650 1512  75 
48a 5.2 Grey 68 8 24  1650 1512  75 
48b1.1 Green 36 31 33  1390 1265 10 3 
48b1.2 Grey 37 30 33  1400 1265 11 3 
48b2 Grey 30 35 35  1470 1265 6 2 
48b3 Grey 36 29 35  1420 1265 12 3 
48b4 Grey 35 30 35  1390 1265 10 3 
48b5 Grey 69 18 13  1400 1170 176 34 
1.1 Green 34 30 36  1380 1265 10 3 
1.2 Green 27 35 38  1500 1385 5 2 
1.3 Grey 33 32 35  1400 1265 8 2 
2.1 Green 17 33 50  1550 1485 5 1 
2.2 Green 37 28 35  1450 1265 14 3 
2.3 Grey 56 15 29  1480 1345 144 23 
47 1.1 Green 45 19 36  1550 1512 49 9 
47 1.2 Green 53 16 31  1510 1512 107 18 
47 2.1 A1: grey 72 12 16  1400 1170 604 87 
 A2: grey 66 14 20  1350 1170 310 48 
47 2.2 Grey 81 4 11 4 1500 1170 9597 861 
47.3 Grey 36 29 35  1430 1265 12 3 
47.4 Grey 37 29 34  1430 1265 12 3 
47.5 Grey 47 22 31  1530 1170 41 8 

 

2.3.1.1.3 Tapped slag from previous tapping 

 

In Si and FeSi production, all tapped metal and slag end up in the same ladle and are later 
separated. At Elkem Plant B, the slag is stored in a separate pile outside. This pile is emptied 
approximately every sixth weeks. During a break in the excavation process, three visually 
different samples were collected from the slag pile. These samples were brought back and 
analyzed to compare with the samples from inside the furnace.  

The EPMA images for all tapped slag samples can be seen in Figure 38. B-tap 1.1 and 1.2 
consist of SiC and SiO2-CaO-Al2O3 slag, along with some Si. The slag has solidified into 
two separate phases. The darker area is SiO2 together with some Si. B-tap 2 is visually 
slightly darker than B-tap 1. Both parallels contain mostly SiO2 and some Si. Sample 2.1 
does not contain any slag, while sample 2.2 has a small area with SiO2-CaO-Al2O3 slag. B-
tap 3.1 and 3.2 both contain mostly slag and some SiC. Sample 3.1 also have areas with 
Al2O3.  



55 

 
Figure 38 The collected earlier tapped slag samples. B-tap 1.1 and 1.2 contain SiO2, SiC, SiO2-CaO-Al2O3 slag and some 
Si. B-tap 2.1 and 2.2 contain mostly SiO2, and some SiO2 rich SiO2-CaO-Al2O3 slag in sample 2.2. B-tap 3.1 and 3.2 
contain SiO2-CaO-Al2O3 slag solidified into two phases, some SiC. Sample 3.2 also have some Al2O3. 
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Table 13 presents the normalized WDS results for the previous tapped samples. The 
original data can be found in Table 51 in Appendix A. The analysis of the darkest areas for 
Btapp-3.1 (EPMA image at the bottom left in Figure 38) is valuable only for indicating the 
phases present, not the percentage distribution. This is due to topography, which makes the 
analysis uncertain. The result is therefore not used in the table for normalized data, but it 
shows that the slag consists of SiO2, CaO and Al2O3, which is consistent with the other slag 
samples.  

The table also includes the liquidus and solidus temperature, which confirms that the slag 
is liquid with tapping temperatures around 1700-1800 °C. In B-tap 2, both parallels consist 
mostly of SiO2, with a smaller area of SiO2 rich slag observed in sample 2.2. The viscosity 
data indicates this slag is very viscous.  

The slags from sample Btapp-1 and 3 are within the same area as for many of the 
accumulated slag samples from Furnace B, and consist of an approximately 1-1-1 ratio of 
SiO2-CaO-Al2O3. At 1800 °C all slags are < 7 Poise, which gives that this is normal tapped 
slag. 

 

Table 13 The normalized WDS analysis for the collected earlier tapped samples B-tap 1 and, B-tap 2 and B-tap 3. The 
liquidus and solidus temperature are also included in the table, given in °C. Viscosities are calculated using FactSage 
8.1 and are given in Poise. 

Sample    Tliquidus Tsolidus Viscosity [Poise] 
 SiO2 CaO Al2O3 [°C] [°C] 1600°C 1800°C 
Btapp-1.1 33 32 36 1400 1265 8.2 2.2 
Btapp-1.2 41 28 31 1490 1265 15.6 3.8 
Btapp-2.1 - - - - - - - 
Btapp-2.2 78 6 16 1500 1512 2209.0 230.6 
Btapp-3.1 38 27 35 1500 1265 16.0 3.8 
Btapp-3.2 41 22 37 1550 1385 30.5 6.2 

 

2.3.1.2 Slag samples from five previous excavations of Norwegian Si and FeSi furnaces 

 

Several excavations have been conducted in Norwegian Si and FeSi industrial furnaces 
during the last years. In this study, samples from five of these are analyzed and compared. 
The slags samples were categorized based on their origin: higher parts in the inactive zone, 
lower parts close to the furnace bottom, or near the tapping channel. Table 14 lists the 
collected samples, categorized into these three main areas. The first letter in the sample ID 
corresponds to the first letter in the furnace they were collected from. The approximate 
positions of the samples in the furnace can also be seen in Figure 19 in section 2.2.1.1 
Accumulated slag. It is important to note that the given position is based on reports and 
notes from other researchers as the author was not present during these excavations.  

EPMA images of the samples from the higher parts and the lower parts in the furnace can 
be seen in Figure 39 and Figure 40, respectively. Detailed images at different magnification 
can be found in Appendix A.   
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Most of the slag are found together with SiC, but the size and amount vary. Melted, or 
partly melted, SiO2 is often found in the inactive zones of the furnaces. In W4-12, W4-20 
and S-43, most of the samples are SiC. There were only small areas with slag, and some 
SiO2 for W4-12. Those are shown in the images, but are not a large part of the samples. 
Sample T-2 is from the slag/SiC layer and is the same sample that were mentioned and 
analyzed earlier [20]. The images from this study are similar with those in the excavation 
report. This sample contains mainly smaller SiC particles and SiO2-CaO-Al2O3 slag, which 
has solidified into two phases. S-46 was collected from the outer edge of a tap-hole and 
consist of mainly SiC and SiO2. Here it was only found a small area with slag. 

Two samples from Wacker Chemicals furnace no 1 are from the zones next to the tapping 
channel. The EPMA images can be seen in Figure 41. Figure 42, shows a picture of the 
tapping channel in Wacker Holla furnace no. 1 with marked sample position of W1-115. 
Here is also a green layer of slag next to the Si tapping channel, followed by a dark grey 
area. W1-115 consists of slag and SiC, similar as in the green zone in Furnace B. W1-114 
is mostly SiO2 with slag in between grain boundaries and cracks, and some SiC particles.  

 

Table 14 Overview of the excavation samples analyzed and their approximate position area in the furnace. The first letter 
in the sample ID is related to the first letter in the furnace they are collected from.  

Sample ID Approximate position in the furnace 
Higher parts in the 
furnace 

S-37 near the furnace wall, between two tap-holes 

 F-75 approximately 1.5m above tap-hole 
 W4-5 above the tap-hole close to the electrode, 

from the beginning of the excavation. 
Lower parts of the 
furnace 

F-36 in the slag/metal bath in the furnace bottom 
S-43 1.8m above the flat furnace bottom, close to 

the electrode 
 T-2 slag/SiC layer at the bottom of the furnace 
 W1-33 slag layer below the electrode. 
 W4-12 big lump from the bottom side of the 

electrode 
 W4-20 behind the tap-hole, deeper in the furnace  
 S-46 the outer edge of a tap-hole 
Next to tapping 
channel 

W1-114,  
W1-115 

next to the Si tapping channel 
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Figure 39 EPMA images with magnification 400X of slag from the higher parts in Si and FeSi furnaces. All samples 
contain SiC particles and SiO2-CaO-Al2O3 slag. F-75 also contain Al2O3. W4-5 and S-37 contain SiO2 where the grain 
boundaries are still intact, while the SiO2 in B-9 has a different look. 
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Figure 40 EPMA images with magnification 400X of slag from lower parts in Si and FeSi furnaces. All samples contain 
SiC particles and SiO2-CaO-Al2O3 slag. B-3 also contain some Al2O3. S-43 and W4-20 consist mainly of SiC and only 
small areas with slag were found here. W4-12 also have some SiO2. 

 

 
Figure 41 EPMA images with magnification 400X of slag from the zones next to tapping channel in Si furnaces. S-43 
contain mostly SiC in addition to some SiO2 and slag. W1-114 is mostly SiO2 with slag in between grain boundaries and 
cracks, and some SiC particles. W1-115 is slag and SiC. 
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Figure 42 Picture of the tapping channel from Wacker Chemicals Holla, furnace no.1 [45]. Marked in the picture is also 
the position of sample W1-115. 

 

Table 15 provides the normalized WDS results for the slag samples obtained from previous 
excavations. Generally, there is a higher content of SiO2, >50wt%, in the slag collected 
from higher parts in the furnace, except for sample F-75. The CaO/Al2O3 ratio varies 
between 0.4-1.8. Furthermore, it is also found a higher content of other elements than SiO2, 
CaO and Al2O3 in the samples collected higher up in the furnace, such as K2O, MgO and 
Na2O3. The slag in W4-5 contains multiple oxides. From the notes of the present excavator 
from NTNU it says that it is collected in the very beginning of the excavation, while it is 
placed deeper in the furnace on the sample map in the report [21]. The table also presents 
the liquidus and solidus temperatures of the slag. Some of these samples have liquidus 
temperature close to and above the assumed furnace temperature in the inactive zone, as 
seen in the case of F-75. The viscosity of the slag is generally high in the higher parts of 
the furnace. 

In the lower part of the furnace, 80% of the slag have SiO2 content <50wt%. The CaO/Al2O3 
ratio ranges from 0.6 to 4.4. The composition variations are also smaller in the lower parts 
of the furnace. Three of the samples from the lower parts of the furnace have a higher SiO2 
content, S-43, W4-12 and W4-20. These samples are mainly SiC, with smaller areas of slag 
“encapsulated”, and are believed to be from the SiC crust area. The liquidus temperature 
for all the slags in the lower parts of the furnace are < 1540 °C, which confirms liquid slag 
in the high-temperature zone. The viscosities at 1800 °C are < 8 Poise for all the slag from 
the lower parts of the furnace.  

The position for sample W1-115 is above the tapping channel and confirms a higher content 
of SiO2, similar as found for the samples close to the tapping channel in Furnace B. The 
slag in between the SiO2 in sample W1-114 has similar composition as in W1-115. The 
liquidus temperatures confirm liquid slag with a tapping temperature around 1700-1800 °C 



61 

[27], [46]. The viscosities at 1800 °C for W1-114 and 115 are 23 and 32 Poise, respectively, 
which corresponds to the viscosity of maple syrup.  

 

Table 15 Normalized WDS results for slag samples. Oxide analysis are given in mass percent. Viscosities are calculated 
using FactSage 8.1. 

 Sample 
ID 

Oxide analysis  Tliquidus 

[°C] 
Tsolidus 

[°C] 

Viscosity [Poise] 
SiO2 CaO Al2O3 K2O MgO 1600°C 1800°C 

Higher 
parts in 
the 
furnace 

S-37 66 19 12 2 1 1390 1170 101 22 
F-75 45 20 35   1550 1170 46 9 
W4-5  57%SiO2 - 5%CaO - 21%Al2O3 - 1%K2O - 3%MgO - 

11%FeO - 2%Na2O3 

77 16 

Lower 
parts in 
the 
furnace 

S-43 62 31 7   1350 1170 16 5 
F-36 34 38 28   1430 1265 4 1 
T-2 39 30 31   1420 1265 12 3 
W1-33 35 38 27   1440 1265 4 1 
W4-12 43 33 24   1380 1265 9 2 
(In 
SiO2) 

76 15 10   1490 1170 415 75 

W4-20  56 26 18   1310 1170 30 7 
Next to 
tapping 
channel 

S-46 52%SiO2 - 20%CaO - 3%Al2O3 – 9%FeO – 16%MgO 2 1 
W1-114 63 19 18   1320 1170 119 23 
W1-115 63 16 21   1390 1170 195 32 

 

2.3.2 Tapped slag 
 

As mentioned earlier, slag is tapped together with the metal, and samples of tapped slag 
give valuable information about the slag present in the furnace. In this study, tapped slag 
samples were obtained from two Si furnaces and two FeSi75 furnaces. A total of 11 samples 
were collected from furnace no. 2 at Elkem Thamshavn over a one-year period from May 
2019 to May 2020. Additionally, three samples were collected from Furnace B in June 
2020, approximately ten months after the excavation. Furthermore, 34 samples were 
collected from two FeSi furnaces at Finnfjord, furnace O and R, from September 2020 to 
March 2022. The time intervals between the collected samples ranged from a couple of 
months to several samples a day.  

Figure 43 shows three typical images of the normal tapped slag samples, one from each 
plant. All samples have presence of SiC and some metal along with the slag. In some 
samples from Finnfjord AS, small amounts of carbon were also observed, which is assumed 
originate from the tap-hole clay. The oxide composition, liquidus and solidus temperature, 
as well as the viscosities at 1600 °C and 1800 °C for the tapped slag at Elkem Thamshavn, 
Furnace B and Finnfjord AS, are presented in Table 16, Table 17 and Table 18, 
respectively. The original WDS analysis can be found in Table 53, Table 54 and Table 55 
in Appendix A. Assuming a tapping temperature range around 1700-1900 °C, the liquidus 
temperatures confirm liquid slag for all collected samples.  

The SiO2 content in the slag from Elkem Thamshavn ranges from 40-70wt% and the 
viscosity values ranges from 1-34 Poise. The CaO/Al2O3 ratio is approximately 1.6. The 



62 

slags with higher SiO2 content have higher viscosity values, and some of the slag found in 
this study could potentially cause accumulation. However, this was not reported, which 
could be that there were limited amounts of slag present by the tap-hole during sampling 
time of this slag.  

The slags from Furnace B have a lower CaO/Al2O3 ~0.6, an also a lower SiO2 content, 30-
50wt%. The samples from Furnace B have a higher Al2O3 content compared with Elkem 
Thamshavn and Finnfjord AS. This was expected, as this furnace generally has a higher Al 
content than the average Norwegian Si plants.  

The slag collected during normal tapping conditions at Finnfjord AS has a CaO/Al2O3 ratio 
around 0.9, and SiO2 content ranging from 32wt% to 44wt%. Traces of Na2O, MgO and/or 
BaO were also detected in several of the samples. At Elkem Thamshavn and Furnace B, 
only normal tapping conditions were reported at sampling times. However, at Finnfjord 
AS, 5 out of 34 samples were reported as high-viscosity slag, which means that there were 
challenging tapping conditions with slag clogging the tap-hole and poor drainage at the 
sampling time. For the high-viscosity slag, the CaO/Al2O3 ratio is both lower ~0.4 and 
higher ~1.6 compared to the normal tapped slag. However, these samples have a significant 
higher SiO2 content in the slag. Figure 44 shows EPMA images of the high-viscosity slag. 
In addition to a SiO2-rich slag phase, areas of SiO2 are often present. These SiO2 areas are 
former quartz which has melted, but not fully dissolved in the slag. These will later be 
referred to as SiO2 areas. Softened and molten SiO2 are known to be very viscous and are 
not ideal to have in the tapping area. Iron oxide (FeO) is also found in some of the high-
viscosity slags. This is due to use of blowing oxygen through iron lances, which is normal 
procedure during difficult tapping conditions.  

 

 
Figure 43 EPMA images of normal tapped samples. To the left is from is from Elkem Thamshavn 19-10.26 with 
magnification 40X, in the middle is Furnace B 20-06.18 with magnification 100X, and to the right. Is from Finnfjord AS 
20-10.22 with magnification 40X. All samples are mainly slag together with some SiC and Si. Small cracks are in the slag 
phase from Elkem Bremanger, while small SiC particles are in the slag phase from Elkem Thamshavn.   
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Figure 44 The five samples with high viscosity slag from Finnfjord AS, Two areas from TPO231120, TPO0102_T5, 
TPO230221, two areas from TPO030322 and TPX2022. The high-viscosity slag consists of SiO2-rich slag, in addition to 
some SiC and FeSi. In addition, several samples have SiO2, and some have condensate of SiO2 and Si. Many of the 
samples are also porous. 
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Table 16 WDS results for the analyzed slag for the tapped samples collected from Elkem Thamshavn. Oxide analysis are 
given in mass percent. Viscosities are calculated with FactSage 8.1. 

Date  Tap-
hole 
no. 

Oxide analysis  Tliquidus 

[°C] 
Tsolidus 

[°C] 
Viscosity [Poise] 

SiO2 CaO Al2O3 Na2O MgO 1600°C 1800°C 

19.05.24 1 4 67 21 9 3  1400 1170 83 20 
2 53 27 20   1350 1170 24 6 

19.06.05 1 2 39 34 27   1350 1265 7 2 
2 46 31 23   1390 1265 12 3 

19.08.18 1 5 46 41 13   1350 1265 4 1 
 2  46 33 21   1370 1265 9 3 
19.10.26 1 7 54 29 17   1300 1170 18 5 

2 63 25 12   1300 1170 42 11 
19.12.03 1 3 53 26 21   1400 1170 28 7 

2 52 25 23   1400 1170 32 7 
19.12.04 1 3 59 25 16   1200 1170 38 9 

2 58 27 15   1200 1170 27 7 
19.12.07 1 4 59 28 14   1200 1170 24 6 

2 50 30 20   1380 1170 15 4 
19.12.09 1 5 55 26 19   1390 1170 30 7 

2 56 28 17   1390 1170 23 6 
20.01.10 1 7 42 36 23   1300 1265 6 2 

2 69 15 13  3 1390 1170 150 30 
20.02.07 1 5 53 31 16   1300 1170 13 4 

2 49 28 23   1410 1170 19 5 
20.05.05 1 2 45 23 29 3  1500 1170 28 6 

2 54 20 19 7  1350 1170 50 6 
 

Table 17 WDS results for the analyzed slag for the tapped samples collected from Furnace B. Oxide analysis are given 
in mass percent. Viscosities are calculated with FactSage 8.1. 

Date  Tap-
hole 
no. 

Oxide analysis Tliquidus 

[°C] 
Tsolidus 

[°C] 
Viscosity 
[Poise] 

SiO2 CaO Al2O3 Na2O 1600 
°C 

1800 
°C 

20.06.09 1 5 40 22 35 3 1510 1265 26 6 
2 50 19 31  1520 1170 67 12 

20.06.18 1 6 30 27 43  1510 1385 12 3 
2 31 26 43  13 3 

20.06.19 1 6 46 20 34  1550 1170 48 9 
2 34 25 41  1510 1385 17 4 
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Table 18 WDS results for the analyzed slag for the tapped samples collected from Finnfjord AS. Marked with (H) are the 
high viscosity slags. Oxide analysis are given in mass percent. Viscosities are calculated with FactSage 8.1. 

Sample ID Tap-
hole 

Oxide analysis Tliq Tsol Viscosity [Poise] 

  SiO2 CaO Al2O3 MgO BaO [°C] [°C] 1600°C 1800°C 
TPR170920a 2 33 28 38  1 1370 1385 11 2 
TPR180920a 3 37 27 35  1 1460 1385 16 3 
TPR180920c 3 35 24 39 1 1 1490 1385 21 5 
TPR190920a 3 36 26 37  1 1495 1385 17 4 
TPR220920a 3 37 27 36   1490 1265 16 4 
TPR230920a 3 37 24 37 1 1 1500 1385 16 4 
TPR230920b 3 37 25 36 1 1 1500 1265 17 4 
TPR221020a 6 34 29 38 1 1 1490 1460 17 4 
TPR271020 7 34 34 31  1 1450 1265 13 3 
TPR281020 7 37 28 33 1 1 1450 1265 13 3 
TPR041120 1 39 28 31 1 1 1460 1265 13 3 
TPR131120 2 36 28 34 1 1 1450 1265 12 3 
TPO220920 6 34 31 35   1350 1265 9 2 
TPO221020a 4 42 23 33 1 1 1540 1265 32 7 
TPO131120 1 35 31 33  1 1390 1265 10 3 
TPO231120.1 
(H) 5 

71 8 21 1  1550 1512 897 106 

TPO231120.2 56 12 30 1 1 1550 1512 180 27 
TPO170121a 3 35 33 32   1400 1265 8 2 
TPO170121b 3 35 32 33   1400 1265 8 2 
TPO170121c 3 35 33 32   1400 1265 8 2 
TPO260121 1 37 32 31   1410 1265 9 2 
TPO230221 
(H) 

 56 27 17   1300 1170 26 7 

TPR310121 4 36 36 28   1400 1265 6 2 
TPR010221.T3 3* 42 35 23   1340 1265 7 2 
TPR010221.T5 
(H)  

6 64% SiO2 – 6% CaO – 11% Al2O3 – 9% FeO 49 12 

TPR120221 6 35 35 30   1410 1265 6 2 
TPR140221 6 32 36 32   1480 1265 5 2 
TPR180221  37 34 29   1390 1265 7 2 
TPR090321 7 35 37 28   1440 1265 5 2 
TPR170321N  40 29 31   1460 1265 13 3 
TPR27421 5 35 30 35   1390 1265 10 3 
TPR261121 7 33 37 30   1420 1265 5 2 
TPX2022 (H)  66% SiO2– 12% CaO – 20% Al2O3– 2% FeO 317 48 
TPR030122 3 38 27 36   1500 1265 16 4 
TPO030322.1 
(H) 

1 74% SiO2– 1% CaO – 3% Al2O3 – 22% FeO 259 52 

TPO030322.2 
(H) 

80% SiO2– 1% CaO – 3% Al2O3 – 16% FeO 1144 180 

*Not the active tap-hole 
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2.3.3 Slag and condensate from the charge surface in FeSi75 furnaces 
 

The raw materials will experience a steep temperature increase as they meet the charge 
surface that holds a temperature around 1300 °C [3], [4]. During normal conditions, it is 
only expected to find lumpy materials that have not reacted with each other on the charge 
top. When deviation from this situation occur, the materials from the charge top can give 
knowledge on the reactions in the furnace. In this study, partly melted samples from the 
charge surface are analyzed. Some of the samples were collected during troubling 
conditions and are referred to as viscous and “glued” together. In this chapter, the main 
focus will be on condensates and slag formation from SiO2. All EPMA images from the 
charge surface can be seen in Figure 196-214 in Appendix A.  

 

2.3.3.1 Brown and white condensates 

 

In many samples, areas of SiO2 were covered with a thin layer of brown condensate, and 
in some cases brown and white condensate, as shown in Figure 45. EPMA images of the 
same samples are shown in Figure 46. The brown condensate consists of a SiO2 matrix with 
small Si spheres from condensation reaction 3, which is the same as Broggi [47] found in 
his samples. For the samples with both white and brown condensate, the white area is SiO2 
and SiC from condensation reaction 4. 

 

2𝑆𝑖𝑂(𝑔) → 𝑆𝑖(𝑠,𝑙) + 𝑆𝑖𝑂2 (𝑠,𝑙)   3 

3𝑆𝑖𝑂(𝑔) + 𝐶𝑂(𝑔) → 2𝑆𝑖𝑂2 (𝑠,𝑙) + 𝑆𝑖𝐶(𝑠)  4 
 

 
Figure 45 Pictures of charge top samples: CPO1101_BK.1, CPO1101_BK.2, CPR1903, CPR1809b and CPO1101_P.2, 
that consist of brown, and brown and white condensates. 
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Figure 46 EPMA images of CPO1101_BK.1, CPO1101_BK.2, CPR1903, CPR1809b and CPO1101_P.2. The brown 
condensate consists of SiO2 matrix with Si spheres. In sample CPO1101_BK.2 and CPO1101_P.2 are both brown and 
white condensate, and in the white areas it is also found SiC.  

 

2.3.3.2 Slag formation from SiO2 

 

As mentioned earlier, it is expected to find accumulated oxide impurities in the form of slag 
in Si and FeSi furnaces. The raw materials used contain varying amounts of impurities. As 
the temperature increases downwards in the furnace, the impurity oxides less noble than Si 
will be reduced from the SiO2. In this study, the borderline between slag and SiO2 is defined 
as 90wt% SiO2. Initial slag formation was observed in several of the charge surface 
samples. Figure 47 and Figure 48 show pictures and EPMA images of samples containing 
SiO2 and slag. Initially, slag accumulates at the grain boundaries and in the cracks in the 
SiO2. As the SiO2 melts, a bright grey slag phase can be found next to the melted SiO2. 
SiO2-rich slag can also be seen as the brighter grey-colored phase within the SiO2 matrix. 
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Figure 47 Pictures of charge top samples, slag: CPR1809a, CPO1101_S.1, CPR2502b, CPO1101_P.1, CPO1101_M.1, 
CPO1101_K.2 and CPO0211.3. Many of the samples were named after visual observation. S: slag, P: porous, M: metallic 
and K: quartz. 
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Figure 48 EPMA images of initial slag formation from SiO2: CPR1809a, CPO1101_S.1, CPR2502b, CPO1101_P.1, 
CPO1101_M.1, CPO1101_K.2 and CPO0211.3. It is found the slag in grain boundaries and cracks in the SiO2.  

 

Table 19 lists the compositions for the slags found in the charge surface samples in this 
study. The slag mostly contains SiO2 in addition to FeO, Al2O3 and traces of alkali oxides 
Na, K, Mn, Mg and Ca, which are common impurities in the SiO2. The existence of FeO in 
the slag probably comes from iron oxide pellets that are added together with the raw 
materials. As the temperature increases, the alkali oxides and the FeO will be reduced from 
the slag. By summarizing the basic oxides and fitting the slag system into the SiO2-FeO-
Al2O3 or SiO2-CaO-Al2O3 system the liquidus temperatures can be found, given in the right 
column in Table 19. The liquidus temperatures give an indication of the charge surface 
temperature. It can be noticed that the slags in the grain boundaries and cracks in the SiO2 
have a liquidus temperature around the expected charge surface temperature around 1300 
°C. An increased SiO2 content to > 80 wt% increases the liquidus temperature considerably 
to >1600 °C. Softened/melted SiO2 and SiO2 rich slag around its liquidus temperature are 
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viscous, which gives a sticky and compact charge surface. Several of the samples were 
reported as viscous during sampling.  

 

Table 19 Composition of the main slag phases found in the charge surface samples. Compositions are given in wt%. 

Sample SiO2 Na2O K2O MgO CaO FeO Al2O3 TiO2 Tsol. Tliq. 

CPR1809a.1.1 64 0.3 0.4 0.4 1.7 11.7 21.1 0.4 1365 1490 
CPR1809a.1.2 
(in between 
SiO2) 

54 0.1 0.1 0.7 2.9 24 18 0.6 1200 1350 

CPR1809a.2.1 84 0.1 0.4 0.3 1.6 8 5.7 0.1 1465 1610 
CPR1809a.2.2 
(in between 
SiO2) 

51 0.2 0.5 1.1 5.1 24 18 0.2 1200 1310 

CPR1809c.1.1 83 0.4 0.9 0.2 0.7 10.3 4 0.2 1465 1640 
CPR1809c.1.2 
(in between 
SiO2) 

43 0.2 0.3 0.1 2.4 43 9.6 0.4 1200 1250 

CPR1809c.2.1 87 0.5 1.7 0.7 0.6 5.5 3.4 0.1 1465 1620 
CPR1809c.2.2 
(in between 
SiO2) 

73 0.8 2.2 1.7 1.6 15 6.1 0 1465 1650 

CPR0211.3.1 72 1.0 2.4 2.0 1.2 21 0.4 0 1190 1690 
CPR0211.3.2 
(in between 
SiO2) 

50 0.5 2.2 3.2 1.4 42 0.6 0 1465 1560 

CPO1101.S1 80 2.3 7.3 1.6 1.2 5.5 2.6 0 1465 1660 
CPO1101.S2 86.2 1.7 6.0 6.0 0 0 0 0 1465 1700 
CPO1101.M1 85.3 1.9 2.9 2.5 2.3 0.1 1.7 SO3: 

2.5 
  

CPO1101.M2* 80.9 2.7 3.8 3.7 1.0 0.4 0.4 SO3: 
15.0 

  

CPO1101.P1 79.1 0 9.3 0 0 0.2 11.4 0 1170 1500 
CPO1101.U 83.2 1.7 5.8 1.5 1.9 2.0 3.5 0.4 1512 1650 
CPR2502m 55 0 0 2 11 0 32 0 1170 1570 
CPR2502b 81 0 0 0 6 0 13 0 1170 1480 
CPR2502a1 81 0 0 0 6 0 13 0 1170 1480 
CPR2502a2 86 0 0 0 5 0 9 0 1170 1550 

* Analysis are only valid to know which oxides are in the sample, not the amount. 
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Chapter 3: Changes in quartz during heating 
 

3.1 Literature review 
 

Quartz is one of the raw materials in Si and FeSi production, and its high temperature 
properties are an important factor when studying the furnace operation. The quartz 
impurities have an influence on both the composition of the final metal product and the 
slag, and hence the slag accumulation in the furnace. Its softening and melting properties, 
and crack formation will affect the charge properties and the reaction zones in the furnace. 
To ensure a good furnace operation it is important to have raw materials with optimal 
properties suited for the production. 

 

3.1.1 Quartz in Si and FeSi production 
 

Quartz is a mineral that consists of mainly SiO2, around 99%. Several types of quartz can 
be used for Si and FeSi production, and how the quartz behaves at elevated temperatures is 
an important factor when selecting quartz for production. SiO2 can react in both solid and 
liquid form with either liquid Si or SiC to produce SiO gas, as can be seen in reaction 5 and 
6, respectively. It is preferable that these reactions happen in the lower, high temperature 
parts of the furnace. The metal producing reaction with SiO gas and SiC forming CO gas 
and Si, reaction 7, requires a temperature above 1811°C in addition to a SiO partial pressure 
>0.67bar. This is believed to happen around the electric arc below the electrodes.  

 

𝑆𝑖𝑂2 (𝑙) + 𝑆𝑖(𝑙) = 2𝑆𝑖𝑂(𝑔)  5 

𝑆𝑖𝐶(𝑠) + 2𝑆𝑖𝑂2 (𝑠,𝑙) = 3𝑆𝑖𝑂(𝑔) + 𝐶𝑂(𝑔)  6 

𝑆𝑖𝑂(𝑔) + 𝑆𝑖𝐶 = 2𝑆𝑖 + 𝐶𝑂(𝑔)  7 

 
Schei et al. [5] divided the requirements for selection of the raw material quartz into three 
categories. They are listed together with a short summary of their impact in Table 20. 
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Table 20 Important factors for selection of quartz in silicon and ferrosilicon production. 

Important factor Affects Consequence 
Impurity content Final Si/FeSi product 

Slag production 
-Elements more noble than Si will be 
reduced into the Si product and may 
be difficult to remove afterwards.  
-Impurities will also have an 
influence of the components and the 
composition in the slag that are 
produced in the furnace. 
 

Size fraction and 
degradation properties 

The charge properties It is preferrable with size fraction 10-
150 mm. Too much fines present will 
affect the gas flow in the charge. 
 

Melting properties Reaction zones It is important that the quartz does 
not melt too high up in the furnace to 
ensure that reaction 5 and 6 happens 
in the high temperature zone. 

 

3.1.2 Impurities in quartz 
 

Quartz can carry impurities in three different forms: structural impurities, fluid inclusions 
and minerals (solid inclusion). Structural impurities are interstitial or substitutional point 
defects in the lattice structure, and are the most common impurity form in quartz due to its 
open structure [48]. Impurities in the quartz will affect the properties upon heating to 
elevated temperatures. Typical impurities and their content in quartz used for Si and FeSi 
production are given in Table 21. From this, Al, Fe, Ca, K, Mn, S and Ti are the most 
common impurity elements in the quartz. 

 

Table 21 Typical content of trace elements in quartz used for Si and FeSi production [48]. All units except Hg are in 
ppmw. Some analyses are below detection limit and are marked by <. 

Element Amount 
[ppmw] 

Element Amount 
[ppmw] 

Element Amount 
[ppmw] 

Al 300-3200 Fe 100-1500 Sb <0.1-0.9 
As <1-3 Hg <5-10 ppbm Se <2-5.2 
B <10-45 K <75-1700 Sn <0.5-2.2 
Ba 0.5-25 Mg 20-140 Sr <0.5-12 
Be <0.5-0.6 Mn 3-600 Ti 20-200 
Bi <0.5 Mo <2-8 V <1-4 
Ca <75-160 Na 50-170 W <0.5-640 
Cd <0.1-1.5 Ni <1-9 Zn <1-3 
Co <1-200 P <50-170 Zr <0.5-3.3 
Cr 3-25 Pb <1-9   
Cu 1-3 S <5-1400   
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All impurities in the Si and FeSi furnace are either from the raw materials, the electrodes 
or in the added fluxes. The impurity content in the quartz is therefore an important factor 
in the operational process and the final Si and FeSi product. Impurities in the quartz will 
follow the same path in the furnace as the SiO2. Volatile elements escape with the off-gas, 
while some will follow the SiO2. Bernardis [49] investigated Fe, Ti and Ca from SiO2 and 
C during carbothermic reduction. She found that the impurities in the silica melt tend to 
cluster along solid-liquid interfaces between crystalline and molten silica. At higher 
temperatures, impurities were located along liquid-gas interfaces between silica and 
gaseous inclusions. She also found that Fe reduces late in the reduction process. It was 
suggested that the silica melt would hinder the gases present in the furnace and hence 
minimizing Fe reduction. 

The impurities in the producing furnace will either be in the liquid metal, in the microsilica, 
in the off gas, in the condensate or form a separate slag phase. Myrhaug and Tveit [23] 
found that the distribution of impurities in the metal, off-gas and slag was mainly 
determined by the boiling temperature of the different elements. They made an overview 
of where the impurity elements are likely to be found in the various mass flows of the 
furnace, shown in Figure 49. Kamfjord [24] made a similar investigation of the element 
distribution and the boiling point of each element, shown in Figure 50. In the figure from 
Kamfjord, slag is included in the “metal” group, and coarse particles included in the “silica 
fume” group. Some slag will also be tapped from the furnace with the liquid Si. These two 
figures are in general quite similar. The major differences are found for the elements P, S, 
As, Se, Sb and Mn. From the figures, it appears as more than 80% of the Si, 70% Al and 
60% Ca, which are the main oxide components in the slag that are tapped out from the 
furnace, go to the final metal product. It should be mentioned that these two models both 
consider the elements in their pure state, and both Myrhaug and Tveit, and Kamfjord 
believed that deviations in the model could be due to formation of oxides, sulfides or other 
chemical compounds that changes the boiling point. It should also be mentioned that the 
recoveries will be different for FeSi production. 
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Figure 49 The distribution of trace elements as a function of the boiling temperature of different elements [23]. Slag is 
also tapped from the furnace and is here included in the metal. 

 
Figure 50 The distribution of trace elements as a function of the boiling temperature of different elements [24]. Slag is 
also tapped from the furnace and is here included in the metal. 
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Dal Martello et al [50] examined the behaviour of trace elements in hydrothermal quartz 
and quartzite in reaction with Si or SiC. Pellets or lumps of SiO2, SiC and Si were heated 
to 1650 °C and 1850 °C in high purity graphite crucibles under Argon gas flow. The phases 
present in the reacted charge and the collected condensates were analyzed after the 
experiments. They found that Muscovite, which is a common mineral phase in the quartz, 
formed two immiscible liquids during melting of quartz. One Al-rich melt placed at the 
core of the mineral, and one SiO2-rich melt at the mineral boundaries. During heating in 
reducing atmosphere to temperatures above 1650 °C, B, Mn, Zn and Pb were removed from 
the SiO2. With presence of silicon, Mn, Fe, Al, Zn and B diffused from SiO2 into the silicon. 
In the second part of their work [51] it was investigated which volatile impurities that went 
into to the gas phase and the conditions which enhance gaseous compound’s formation. 
They found that each impurity element in the initial quartz entered the gas phase during 
SiO2 reduction to some degree. The average measured volatilities of B, P, K, Fe, Al, Mn, 
Zn and Pb are shown in Table 22. Fe and Al showed limited volatility compared to the 
other elements. It was also found that fluid inclusions enhance the distribution of the 
contaminants to the gas phase. 

 

Table 22 Average measured volatilities of B, P, K, Fe, Al, Mn, Zn and Pb determined experimentally [51]. 

B P K Fe Al Mn Zn Pb 
11% 25% 26% 4% 1% 38% 10% 36% 

 

3.1.3 Changes in quartz during heating  
 

The quartz properties will undergo several changes during heating. Those who are most 
relevant for the Si and FeSi furnaces are the degradation properties and the properties that 
might affect the reaction rates, such as structural changes due to phase transformations and 
melting. These changes may be different between the different quartz types, and it is 
therefore important to compare knowledge on the properties of several quartz types before 
selecting the most suitable quartz as a raw material for production.  

3.1.3.1 Polymorphs of silica 

 

The simplest building block of SiO2 is the Si atom surrounded by four oxygen atoms. To 
have the correct 2:1 ratio, the Si atoms are shared with neighboring oxygen atoms, making 
a tetrahedra. When SiO2 is heated, it changes into different SiO2 polymorphs, which means 
that these tetrahedrons changes and can be arranged in numerous ways. The phase diagram 
of silica with the most common polymorphs are shown in Figure 51. 
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Figure 51 The phase diagram of silica [52]. 

 

α-quartz is the low temperature form and the predominant phase of SiO2. Quartz transforms 
to β-quartz at 573°C. This transformation is a displacive transition, which means that means 
that it flips the Si-O-Si bonds to a tilted SiO2 tetrahedra. No bonds are broken, which means 
that this transformation has a smaller energy barrier to happen. Low α-quartz has a trigonal 
crystal structure, while β-quartz has a hexagonal crystal form. The densities in α-quartz and 
β-quartz are similar with 2.65 g/cm3 and 2.53 g/cm3, respectively [53]. When β-quartz is 
cooled down, the framework changes to a denser α-quartz configuration [54]. According 
to the phase diagram, β-quartz will transform to tridymite around 870 °C. However, several 
researchers have suggested that this phase needs addition of certain impurity elements to 
be stable [55], [56]. Sodium and aluminium stabilize the structure of tridymite. It is 
therefore debated if tridymite is a pure phase of its own or just an impurity derived structure. 
The next transformation is to β-cristobalite around 1470 °C, but this phase has also been 
detected already at 1000 °C [57]. The transformation is reconstructive, which means that it 
breaks up Si-O bonds and rearrange the atoms positions. As this is a more comprehensive 
transformation, it is also slower than the displacive transformations. While quartz has a 
closely packed spiral form, cristobalite in the high temperature form has a more open 
structure where oxygen atoms are arranged in a cubic structure with repeating three-layer 
stacking sequence. The open structure gives a low density of 2.20 g/cm3 [54]. Different 
densities means that during the transformation from quartz to cristobalite, the volume will 
increase. The theoretical volume increase is about 17%, but experimental studies have 
found that some quartz types may increase their volume up to 44%  [58], [59].  

The β-quartz to β-cristobalite transformation is also found to go through an amorphous 
intermediate phase [60]–[63]. Amorphous silica has no long-range, periodic atomic 
structure. The short-range order is commonly specified by stating that each Si atom is 
surrounded almost tetrahedrally by four oxygen atoms, while each oxygen atom bridges 
between two Si atoms at the same distance. Amorphous silica has a density range of 2.0-
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2.20 g/cm3. The most common coordination of the network structure in amorphous silica 
is the 6-membered ring, but other forms can also be present. A random network hypothesis 
allows several forms of coordination [64]. While tridymite and cristobalite has a void space 
of 51.7% and 48.4%, respectively, amorphous silica has a void space of 57% [65]. Presser 
and Nickel [66] therefore believed that gas diffusion is faster in amorphous materials 
compared to crystalline phases. 

 

3.1.3.2 Softening and melting properties 

 

As mentioned earlier, the softening and melting properties of the SiO2 have a great impact 
on where SiO2 reacts with either Si or SiC in the furnace, and hence for the reaction zones 
in the furnace. Before SiO2 melts it will soften, which is described by Ringdalen et al [67] 
as when the shape of the quartz sample has lost its sharp edges. The softening and melting 
of quartz will affect the mass flow in the furnace [11], [68]. Pure SiO2 melts around 1720 
°C, but for industrial quartz sources exposed to conditions as in industrial furnaces, there 
are found softening and melting temperatures between 1600-1800 °C [59]. It is preferable 
to have high softening and melting temperatures so that melting of SiO2 happens as deep 
in the furnace as possible. Softened SiO2 is very viscous and if SiO2 starts to soften at a 
higher position in the furnace, it might cause a more compact charge which again decrease 
the gas permeability. 

Nordnes [69] created a temperature profile for a FeSi production furnace with different 
zones for heating, softening and melting of quartz, shown in Figure 52. This was done based 
on calculated temperature data obtained from Elkem, and the zones were created based on 
her experiments on softening and melting temperatures for three different quartz types. For 
two of the quartz types, it was observed a large softening zone. This could mean that the 
quartz uses longer time to melt. It was suggested that charge materials that were glued 
together by softened and melted quartz in the charge area would become electrically 
conductive and alter electrical paths in the furnace. This would in worst case reduce the 
power in the arc. 
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Figure 52 Modelled temperature distribution for selected industrial FeSi and Si furnaces with calculated depth for 
softening and melting of different quartz sources [69]. 

 
The border line between softened and melted quartz may also be diffuse and the exact 
determination of temperature/time depends on the eye of the operator. Jusnes [70] presented 
some criteria to determine the difference: 

- Melted particles have more round shape than softened.  
- Melted particles have adjusted themselves to the surroundings, softened have not. 
- Melted particles may have melted together, forming larger particles. If there still 

exists a boundary between the particles, they are softened. 
 

A number of recent studies have been performed on softening and melting temperatures of 
quartz [58], [67], [70]–[72]. These show that there are variations in the softening and 
melting temperatures between different quartz types. It was also found that the heating rate 
affects the softening and melting temperature. A slower heating rate gives lower softening 
and melting temperatures, which means that melting of SiO2 takes time. Nordnes [69] 
believed that this was due to the high viscosity of the SiO2 at its melting point, and a change 
in the shape is therefore difficult to observe.   

Impurities in the quartz can affect the softening and melting temperature. The effect will 
depend on the impurity, but contaminants are expected to give lower softening and melting 
temperatures. Contaminants will break up the SiO2 network structure and create bindings 
between dislocation cores, which will decrease the system energy and thus lower the 
melting temperature [73]. It has also been suggested that impurities will catalyze the 
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movement on the crystal- liquid interface, when the crystal is covalently bonded [74]. In 
addition, type and amount of fluid inclusions can influence the melting behaviour of SiO2 
[75]. 

Ringdalen and Tangstad [58] found no clear correlation between observed softening 
temperatures and content of Al2O3 or alkalis in the quartz, but found that softening 
temperature decreased with increasing content of FeO in their work.  Nordnes [69] also 
studied the effect of impurities on the melting rate of quartz in her work. She found a that 
the rate of melting increased with increasing impurity concentration. 

 

3.1.3.3 Disintegration of quartz 

 

When quartz is added to the furnace, it will experience a steep temperature increase from 
room temperature to the charge top temperature around 1300 °C [3], [4]. The temperature 
on the charge surface can be higher than in the charge [76], and is most probably due to 
exothermic combustion of SiO and CO gas. The shock heating might cause the quartz to 
disintegrate, and this can again have a negative effect on the furnace operation. Too many 
fine particles in the charge will agglomerate or melt together and may hinder an even flow 
of materials and gases [5], [77]. Course particles ensures a good charge permeability and 
enables the ascending gas to interact and react with the carbon materials. Clogging of the 
furnace leads to creation of gas channels and can cause small outbursts of gas. The gas 
channels have less interaction with the descending raw materials and more SiO gas will 
escape the furnace, decreasing the total Si yield. A good permeability of the charge mixture 
requires raw materials with a good size distribution, giving more space around the raw 
materials and enables an even gas flow. Ideal lump size for the quartz used in Si and FeSi 
furnaces are 10-150 mm [78], and fine particles are defined as materials below 10 mm. 

Several studies [9], [77]–[79] have shown that different quartz types will disintegrate 
differently, but the reason for this is not clear. Mechanical handling before heating and 
thermal strength during heating could both be contributors to production of fines upon 
shock heating. There are three main factors which contributes to the crack formation in 
SiO2 [80]: 1) low density high temperature silica polymorphs, 2) presence of fluid 
inclusions and 3) mineral inclusions at the grain boundaries. 

 

1) When quartz is heated, it will transform into different SiO2 polymorphs. As earlier 
described in 3.1.3.1: Polymorphs of silica, this will cause a volume change due to 
different densities in the different phases. Crack formation occurs when grains 
expand differently in different directions and induce stress in the crystal group [78].  
 

2) The internal partial pressure of fluid inclusions in the quartz will increase with 
increasing temperature until they escape the SiO2, normally in the temperature 
range from 200-600 °C. The fluid inclusions in the quartz mainly consists of water 
or water+CO2. Water inclusions have a higher internal pressure and will decrepitate 
at a lower temperature than water+CO2. With increasing internal pressure, cracks 
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will develop in the SiO2 and enable degassing of water and CO2 from the inclusions 
[81]. 

 

3) Mineral inclusions in the quartz are most often present at the grain boundaries. 
Typical impurities in the quartz are muscovite (KAl2(Si3Al)O10(OH,F)2) and 
feldspar (KAlSi3O8 – NaAlSi3O8 - CaAl2Si2O8). These minerals have a lower 
melting temperature than SiO2 and heating can therefore lead to crack formation. 
 

To investigate the extent of disintegration for different quartz types, shock heating 
experiments have been performed. Jusnes [9] studied the degree of disintegration for ten 
different quartz types used in Si and FeSi production. This was done by inserting a ~200 g 
sample in a preheated carbon crucible at 1500 °C for 10 minutes. Her results can be seen 
in Figure 53, which shows the amount of fines below 10 mm after shock heating. Large 
variations were found between the different quartz types, from around 5 wt% up to 85 wt%. 
CT-scans were performed on some of the samples to measure the crack area before and 
after heating, and it was found a correlation between measured cracks and amount of fines 
produced during shock heating. By FT-IR, it was found that the quartz with larger grain 
sizes created more fines than the quartz with smaller grains. It was also found that the quartz 
containing more impurities of muscovite, produced the least amount of fines. It was 
suggested that the layered structure of muscovite would absorb some of the tension created 
during shock heating. The phase transformation from quartz to amorphous phase and to 
cristobalite happens around 1300 °C and 1470 °C, respectively [54], and it was believed 
that the volume increase during this transformation would cause disintegration in the SiO2 

[79]. Jusnes did not find any correlation between the amount of amorphous phase and 
cristobalite, and the amount of fines after shock heating.  
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Figure 53 Fines below 10 mm given in wt% after shock heating at 1500 °C for ten different quartz types [9]. 

 

The same method for shock heating of quartz at 1500 °C was also earlier used by Ringdalen 
[77]. Her results were combined with the work of Paulsen and Bakken. Figure 54 shows 
the cumulative percentage of the different size fractions. Similar to the results from Jusnes 
[9], it can also here be observed large variations between the different quartz types. The 
amount of fines varied from 10% to 87%.  

 



82 

 
Figure 54 Cumulative percentage of different size fractions after 10 minutes shock heating at 1500 °C for 11 quartz types 
[77]. Fines are defined as particles <10 mm.  

 

Aasly et al. [82] studied fines generation for six different quartz types after shock heating 
to 1300 °C. They also found that the amount of fines produced varied between the different 
quartz types. In addition, samples were compared before and after heating by microscopic 
methods. Fluorescent epoxy filling micro cracks, grain boundaries and cavities in the 
samples were visualized in polarized light microscopy. From this, it could be seen that 
heating of the samples opened the grain boundaries in most samples, leading to micro 
cracks. In addition, a network of micro cracks was observed in the fluid inclusion planes as 
a result of fluid inclusion decrepitations. This was not in agreement with the results from 
Birkeland and Carstens, sited by Aasly [82], which concluded that the fluid inclusion were 
not important for the crack generation in quartz. 
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3.2 Experimental procedure 
 

To ensure a raw material quartz with optimal properties suited for the production, more 
knowledge about the different quartz types, its impurities and how it behaves at elevated 
temperatures are important. The behaviour at high temperature has a great impact on the 
initial reacting process in the higher parts of the furnace, and hence also the further 
production of Si. Slag originates mainly from the impurities in the quartz. Heating 
experiments were performed to study the impurities behavior, the melting properties, and 
the crack formation during heating up to softening and melting temperatures. The main 
goal in this investigation is to study the impurities behaviour in the quartz during heating 
and to verify earlier experiments on quartz disintegration and melting properties with 
comparable results.  

 

3.2.1 The quartz types 
 

Six different quartz types were used for the quartz experiments, shown in Figure 55. The 
quartz names are anonymized and are labelled with a letter, quartz A, B, C, D, F and G. 
The quartz types were chosen based on the expected amount of impurities and expected 
degree of degradation during heating. Table 23 lists the general ICP-MS analysis, which 
gives the initial chemical composition. It is important to note that when working with 
natural materials, inhomogeneity must be expected, and variations may therefore occur. 
The analysis will still provide an indication of the degree of impurities in the quartz. Quartz 
B, C and D have the highest degree of impurities ~1%, while quartz A, F and G contain 
~99.9% SiO2. The pseudonym for quartz type A, D, F and G are the same quartz as used in 
Jusnes [9] doctoral thesis. Quartz B and C are Qz8 and Qz35, respectively. 

 

 
Figure 55 Quartz type A, B, C, D, F and G used in this study. °C 



84 

Table 23 ICP-MS analysis for quartz A, B, C, D, F and G [9].  

Quartz type % Al2O3 %K2O %FeO/Fe2O3 %CaO %MnO 
Quartz A 0.020 0.002 0.003 0.0004 ~0.4 ppm 
Quartz B 0.613 0.154 0.0771 0.0084 0.9 ppm 
Quartz C 1.19 0.180 0.09 0.09 0.140 
Quartz D 0.492 0.075 0.314 0.005 <0.1 ppm 
Quartz F 0.017 0.005 0.003 0.001 ~1 ppm 
Quartz G 0.015 0.002 0.003 0.004 ~0.4 ppm 

 

3.2.2 Quartz heating experiments 
 

3.2.2.1 Sessile drop furnace 

 

Heating experiments with quartz were conducted in a sessile drop furnace. A schematic 
overview of the furnace is shown in Figure 56. The furnace consists of a horizontally 
oriented enclosed chamber where the sample is placed, with graphite heat elements. 
Surrounding the heater are graphite radiation shields, and a water-cooling system is 
connected to remove heat from the components during heating. The temperature is 
measured with a B-type thermocouple measures, which has a limited of 1800 °C. However, 
the furnace can be operated at a maximum temperature of 2400 °C. An additional 
temperature control is provided by a pyrometer. Regular calibrations with Fe are performed 
to ensure accurate temperature measurements. 

Quartz cylinders measuring 2-3 mm in height and 4 mm in diameter were placed on a 3 
mm high graphite substrate with a diameter of 10 mm (made from ISO88 (Tanso)). These 
components were then positioned on the sample holder and inserted into the inner chamber 
of the furnace. The furnace operates in a reducing atmosphere. Prior to heating and purging 
the process gas, it is necessary to establish vacuum conditions. This is obtained by using a 
vacuum pump to evacuate gas from the chamber until a sufficient vacuum level of 10-1 
mbar is reached. The addition of gas is controlled by mass flow controllers. For the 
experiments in this study, argon gas with a flow rate of 0.1 l/min is used as process gas. 
Argon is an inert gas that does not react with the quartz samples or the graphite substrate. 
The same heating profile, as shown in Figure 57, is used for all experiments. A firewire 
digital video camera equipped with a telecentric lens is mounted in the front of a window 
on the heater, allowing continuous observations and recording of images from the furnace 
during the heating experiments. 
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Figure 56 Schematic overview of the sessile drop furnace. This is a revised figure from Bao et al. [83]. 

 

Softening and melting experiments to 1750 °C were conducted in the sessile drop furnace. 
This temperature is just above the theoretical melting temperature of pure SiO2, which is 
around 1720 °C. To ensure reproducible results, three repetitions were performed for each 
quartz type. After the temperature reached 1750 °C, it was held until the SiO2 samples were 
completely melted. 

Furthermore, heating experiments were carried out to investigate the behaviour of the 
impurities in the quartz during heating to elevated temperatures. Samples of quartz C, D 
and F were heated to 1600 °C and 1800 °C, which are slightly below and above the 
theoretical melting temperature of pure SiO2. An overview of all the quartz sessile drop 
experiments is listed in Table 24, and the heating profiles are shown in Figure 57.   

 

Table 24 Heating experiments in the sessile drop furnace. All experiments were run in Argon atmosphere 0.1l/min. 

Quartz type Softening and melting exp. [#] Impurities behaviour [#] 
 1750°C Initial 1600°C 1800°C 
Quartz A 3    
Quartz B 3    
Quartz C 3 1 2 2 
Quartz D 3 1 2 2 
Quartz F 3 1 2 2 
Quartz G 3    
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Figure 57 Temperature profile for the sessile drop experiments. The argon flow rate was the same 0.1 l/min for all 
experiments. For the melting experiments, the temperature was held until the SiO2 samples were completely melted. 

 

3.2.2.2 High temperature confocal microscope experiments 

 

To study the behavior of SiO2 during heating, a high temperature confocal microscope 
(HTCM) was used. This equipment possesses the function of metallographic analysis and 
laser confocal real-time analysis. In total 18 experiments were conducted, and an 
overview is listed in Table 25. The quartz samples were sent to Beijing and the 
experiments were performed at the University of Science and Technology Beijing. The 
sample surface is observed and monitored from room temperature and up to 1600 °C [84]. 
Continuous information about the surface structure, crack occurrence, the impurities 
behavior and other phenomena during heating are obtained, and this gives valuable 
information about the quartz behavior at different temperatures. The HTCM consists of a 
laser confocal microscope, type VL2000DX, and a high temperature heating furnace, type 
SVF17SP [85]. Figure 58 shows an overview of the basic components of the HTCM. 
Quartz cubes with lengths of 5.5×5.5 mm and a height of 3.5 mm are placed in an 
alumina crucible with a diameter of 8 mm, and then placed in the microscope. Pictures of 
the sample before and after a HTCM experiment are shown in Figure 59. Next, the 
samples are heated with a heating rate 100 °C/min up to 1000 °C, and 25 °C/min up to 
1650 °C in argon atmosphere. The beam from the light is first focused on the surface of 
the sample. The reflecting light source on the surface of the sample returns along the 
original light path, and it focuses again through the semi-reflected and semi-transmitted 
light in the middle. The pinhole effect enables the light to image on the photoreceptor and 
the image information with high resolution and contrast can be obtained. 
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Table 25 High Temperature Confocal Microscope experiments. All experiments were conducted with the same heating 
rate; 100 °C/min up to 1000 °C and 25 °C/min up to 1650 °C. 

Quartz Repetitions 
Quartz A 3 
Quartz B 3 
Quartz C 3 
Quartz D 3 
Quartz F 3 
Quartz G 3 

 

 
Figure 58 The components of the high temperature confocal microscope [84]. 

 

 

Figure 59 Picture of the prepared quartz sample before and after a High Temperature Confocal Microscope experiment. 

 

3.2.3 Characterization 

3.2.3.1 Electron probe micro-analysis 

 

EPMA, JEOL JXA 8500 was used to investigate the quartz samples after the sessile drop 
furnace experiments. Representative areas were chosen for imaging and for further analysis 
with WDS. The equipment and experimental work are the same as for the industrial samples 
and are described in section 2.2.3.1. 
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3.2.3.2 Field emission scanning electron microscope 

 

To study the surface of the quartz surface before and after the HTCM experiments, a field 
emission scanning electron microscopy (FESEM), JSM-6701F, at the University of Science 
and Technology Beijing was used. Secondary imaging mode was applied for these samples. 
The equipment is attached with a NS7 type X-ray energy spectrometer (EDS) which allows 
for semi-quantitative microchemical analysis of the sample. EDS was used to analyze the 
impurity areas in the quartz samples both before and after the HTCM experiments. 
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3.3 Results 
 

When quartz is added as a raw material to the Si/FeSi furnace, it will experience a steep 
temperature increase from room temperature to the charge top temperature around 1300 °C 
[3], [4], [76]. How the SiO2 and its impurities behave at elevated temperature are hence 
important for the furnace operation, and different quartz types have been found to behave 
differently [9], [58], [59], [77]. Six types of quartz used for Si and FeSi production are 
therefore used in this study for comparison.  

 

3.3.1 Softening and melting of SiO2   
 

Images of the different quartz types at softening and melting point are shown in Figure 60. 
The softening temperatures and the melting times for the different quartz types are 
summarized in Figure 61. It can be seen that there are significant differences between the 
different quartz types. Quartz B and C have the lowest softening temperatures, ranging 
from around 1670 °C to 1700 °C, and shorter melting times. Quartz G has the highest 
softening temperature at 1745 °C and takes approximately 80 minutes at 1750 °C to melt 
completely. The lower softening temperatures and melting times were expected for quartz 
B and C, as these two quartz types have higher impurity contents. Figure 62 presents graphs 
illustrating the relationship between impurities content in the quartz and the softening 
temperature on the left, and melting time at 1750 °C on the right. Generally, a higher 
impurity content correlates with lower softening temperatures and shorter melting times. 
However, Quartz D has one of the highest impurity content, but also has a higher softening 
temperature and a longer melting time than Quartz B and C. Figure 63 and Figure 64 show 
the same graphs, this time focusing on the amount of Al2O3 and K2O as a function of the 
softening temperatures and melting times, respectively. The melting times increases with 
decreasing amount of both Al2O3 and K2O. In addition to Al2O3 and K2O, Quartz D also 
contains 0.314% FeO/Fe2O3, while quartz B and C have iron oxides contents of 0.08% and 
0.09%, respectively. Based on this, it appears that Al2O3 and K2O impurities have more 
influence on the softening and melting properties than FeO/Fe2O3. 



90 

 

Figure 60 Images of each quartz type A, B, C, D, F and G at 900 °C, softening temperature, and complete melting. 
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Figure 61 Overview softening and melting temperatures for quartz A, B, C, D, F and G. 

 

 
Figure 62 The total amount of impurities given in % as a function of the softening temperature (left) and melting time at 
1750 °C (right) for quartz A, B, C, D, F and G. 

 

 
Figure 63 The amount of Al2O3 given in % as a function of the softening temperature (left) and melting time at 1750 °C 
(right) for quartz A, B, C, D, F and G. 
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Figure 64 The amount of K2O given in % as a function of the softening temperature (left) and melting time at 1750 °C 
(right) in quartz type A, B, C, D, F and G. 

 

3.3.2 Volume expansion during heating 
 

The volume expansion for the experiments in the sessile drop furnace was measured using 
ImageJ through a custom-made software that analysis the experiments video. Figure 65 
illustrates the results, showing the volume expansion as a function of temperature up to 
1750 °C. For all the quartz types, the volume increased with increasing temperature. The 
measurements showed volume expansion from 5% and up to 31%. Most of the samples 
have a linear increase up 1500 °C, followed by a steeper volume increase. The 
transformation from α-quartz to β-cristobalite happens from around 1470 °C, which is 
expected to cause a volume increase due to different densities of quartz and cristobalite 
polymorphs. The maximum volume was found in the temperature interval 1600-1700 °C.  
The decrease in volume after 1700 °C is most likely that the melting of the SiO2 has started. 
Quartz B was the quartz type that in this study had the smallest volume expansion. All three 
parallels increased less than 8%. Quartz G experienced the largest volume increase where 
two of the samples increased to around 30%, while the third increased with around 19%.  

 

 
Figure 65 Volume expansion as a function of temperature up to 1750 °C for quartz A, B, C, D, F and G. 
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3.3.3 Impurities behaviour during heating 
 

3.3.3.1 Heating experiments from sessile drop furnace  

 

Quartz type C, D and F were heated to 1600 °C and 1800 °C in the sessile drop furnace and 
the impurities in the SiO2 were studied. Based on the ICP-MS analysis presented in Table 
23 in section 3.2.1. The quartz types, it was expected that quartz C and D would contain 
more impurities compared to quartz F. Backscattered images focusing on the impurities are 
shown in Figure 66, Figure 67 and Figure 68. The normalized WDS results are presented 
in Table 26, while the original results can be found in Table 56, Table 57 and Table 58 in 
Appendix B. Generally, the amount of SiO2 in the impurity areas increases with increasing 
temperature. It should be noted that these analysis are performed on different samples. It is 
therefore not the development of the same impurity areas that were analyzed. These results 
are still used to see the trend, that amount of SiO2 in the impurities increases with increasing 
temperature. It is also worth noting that the viscosities for many of the impurity 
compositions are very high. 

For quartz C, the impurities mainly consisted of SiO2, Al2O3 and K2O. In the initial sample 
and the samples heated to 1600 °C, the SiO2 content was approximately 50% and 70%, 
respectively. In the sample heated to 1800 °C, the impurity areas consisted of 88% SiO2.  

In the case of quartz D, the impurities primarily contained SiO2, FeO and Al2O3. In the 
initial sample, the impurities contained around 60% FeO. In one of the quartz D samples 
heated to 1600 °C, two different impurity areas were found: one white colored and one 
bright grey, with SiO2 content of 61% and 83%, respectively. The other sample had areas 
with 92% SiO2. In the two samples heated to 1800 °C, the SiO2 was melted. There were 
some brighter areas in both samples, both consisting of >93% SiO2. A SiO2 content ~90-
95% could be attributed to SiO2 contamination in the analysis due to a thin impurity area.  

No impurities were found in the quartz F samples heated to 1600 °C and 1800 °C. Although 
brighter areas can be observed on the EPMA images, the WDS results indicates that this is 
99% SiO2. The initial quartz F contained one impurity “spot” consisting of SiO2, K2O and 
Al2O3. From the ICP-MS analysis, it was determined that quartz F is 99.9% SiO2, and 
impurity areas are therefore seldomly found.  
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Table 26 Normalized WDS results for sessile drop experiments for quartz C, D and F. Oxide analysis are given in wt%. 
Viscosities are calculated using FactSage 8.1. 

Quartz Type SiO2 Al2O3 FeO K2O MgO MnO TiO2 Viscosity [Poise] 
        1600°C 1800°C 
Cinitial 1 50.4 35.9 2.1 10.3 1.3   1.8·102 3.1·10 

2 52.8 33.7 1.5 9.3 1.4  1.3 2.1·102 5.6·10 
C1600°C (1) 70.3 23.1  6.7    2.3·103 1.0·103 
C1600°C (2) 66.9 23.4  9.7    4.3·103 1.7·102 
C1800°C (2) 87.6 7.4  1.7 1.3 2.1  4.4·104 4.4·104 
Dintial 22.6 14.0 59.7 3.7    3.0·10-1 8.0·10-2 
D1600°C (1) 91.8 4.7 3.5     7.0·104 4.8·103 
D1600°C (2) white 60.9 13.8 23.0 2.3    9.6·10 2.7·10 
 grey 83.3 9.7 4.9 2.1    1.1·104 8.3·103 
D1800°C (1) 93.2 1.6 2.9    2.2 2.0·105 1.2·105 
D1800°C (2) 95.0 2.4 1.3    1.3 9.2·105 8.1·105 
Finitial 57.2 31.5 2.3 9.0    4.0·102 9.1·10 
F1600°C (1) 99.9       

  F1600°C (2) 99.9       
F1800°C (1) 99.9       
F1800°C (2) 99.8       
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Figure 66 Backscattered images of quartz C; initial, and heated to 1600 °C and 1800 °C, with focus on the impurity 
areas. 
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Figure 67 Backscattered images of quartz D: initial and heated to 1600 °C and 1800 °C, with focus on the impurity areas. 
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Figure 68 Backscattered images of quartz F: initial and heated to 1600 °C and 1800 °C, with focus on the impurity areas. 

 

3.3.3.2 Heating experiments from HTCM 

 

Samples of all quartz types, A, B, C, D, F and G were studied in HTCM during heating up 
to 1600 °C. Specially, samples containing areas with impurities were selected as the 
behaviour of these impurities was one of the focus areas in this study. Prior to and after the 
HTCM experiments. the samples were also studied in FESEM. The FESEM images, along 
with the HTCM images, for quartz A, B, C, D, F and G are presented in Figure 69, Figure 
70, Figure 71, Figure 72, Figure 73 and Figure 74, respectively.  

During heating in the HTCM, it was observed that certain impurity areas expanded, as seen 
in B.1, B.3, C.2, which contained SiO2 and Al2O3, or SiO2, Al2O3, FeO and TiO2. However, 
other impurities with the same oxides did not experience similar expansion, and it can 
therefore not be concluded any consistent trend. Some of the impurities underwent a color 
change, as observed in C.1, C.3, D.1 and D.3, all containing ZrO2. This color change is 
likely due to the phase transformations in ZrO2 from monoclinic structure to tetragonal 
structure. The temperature of this transformation is dependent on both the grainsize and the 
stress in the ZrO2, but is typically around 1200 °C [86]. Many impurities also induce 
cracking, which will be the focus in the next subchapter. The impurity area in A.1 remained 
visually unchanged, but in general, the trend was that the impurities triggered activity in 
form of cracking in the SiO2, expansion, or color change during heating.  
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EDS analysis were performed on many of the impurities, and the numbered boxes on the 
FESEM images corresponds to the area analyzed, given in Table 27. EDS analysis are 
used to identify the elements present and provides an indication of their distribution. It 
should also be noted that there is a high risk of SiO2 contamination from the SiO2 matrix 
during these analysis, as many of the impurities are very small. For many of the samples, 
the analysis revealed a similar trend as for the samples run in the sessile drop furnace: an 
increased SiO2 content in the impurities after heating. However, in some areas, different 
additional oxides were detected in the EDS analysis conducted after the HTCM 
experiment compared to the initial sample. This may be due to a slight shift in the EDS 
analyzer, meaning that it is not the exact same spot that was analyzed. This further 
indicates that some of the impurity areas are very heterogenous. 

 

 
 

Figure 69 SEM images and images from high temperature confocal microscope experiments for quartz A, with focus on 
the impurities. The numbered boxes on the SEM images are related to the area analyzed with EDS in Table 27. 
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Figure 70 SEM images and images from high temperature confocal microscope experiments for quartz B, with focus on 
the impurities. The numbered boxes on the SEM images corresponds to the area analyzed with EDS in Table 27.  
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Figure 71 SEM images and images from high temperature confocal microscope experiments for quartz C, with focus on 
the impurities. The numbered boxes on the SEM images corresponds to the area analyzed with EDS in Table 27. 

 

 



101 

 
Figure 72 SEM images and images from high temperature confocal microscope experiments for quartz D, with focus on 
the impurities. The numbered boxes on the SEM images corresponds to the area analyzed with EDS in Table 27. 
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Figure 73 SEM images and images from high temperature confocal microscope experiments for quartz F, with focus on 
the impurities. The numbered boxes on the SEM images corresponds to the area analyzed with EDS in Table 27. 

. 
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Figure 74 SEM images and images from high temperature confocal microscope experiments for quartz G, with focus on 
the impurities. The numbered boxes on the SEM images corresponds to the area analyzed with EDS in Table 27. 
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Table 27 EDS results from the High Temperature Confocal Microscope experiments. The results are used to identify the 
elements present in the impurities, and to give an indication of the composition. 

Quartz Initial sample After HTCM exp. 
 Area 1 Area 2 Area 3 Area 1 Area 2 Area 3 
A 1 Al2O3 Al2O3 52% SiO2 

48% Al2O3 
65% SiO2 
35% Al2O3 

60% SiO2 
40% Al2O3 

97% SiO2 
3% Al2O3 

 2 Not 
analyzed 

69% SiO2 
31% Al2O3 

 63% SiO2 
36% Al2O3 
1% Na2O 

90% SiO2 
10% Al2O3 

 

 3 99% SiO2 
1% Al2O3 

SiO2  * 

B 1 47% SiO2 
40% Al2O3 
13% K2O 

  * 

 2 50% SiO2 
50% FeO 

Not 
analyzed 

 73% SiO2 
27% FeO 

98% SiO2 
2% Al2O3 

 

 3 Al2O3 60% SiO2 
40% Al2O3 

Not 
analyzed 

Not 
analyzed 

SiO2 81% SiO2 
14% Al2O3 
5% K2O 

C 1 67% ZrO2 
33% SiO2 

71% ZrO2 
29% SiO2 

Not 
analyzed 

63% SiO2 
37% ZrO2 

Not 
analyzed 

51% SiO2 
35% Al2O3 
12% K2O 
2% FeO 

 2 Al2O3 41% Al2O3 
34% FeO 
19% SiO2 
6% TiO2 

 * 

 3 74% ZrO2 
26% SiO2 

Al2O3  99% SiO2 
1% Al2O3 

51% Al2O3 
43% SiO2 
5% K2O 

 

D 1 78% SiO2 
22% Al2O3 

63% SiO2 
37% ZrO2 

 71% Al2O3 
29% SiO2 

69% SiO2 
31% ZrO2 

 

 2 97% SiO2 
3% Al2O3 

  81% SiO2 
17% Al2O3 
1% K2O 

  

 3 53% SiO2 
47% ZrO2 

85% SiO2 
9% Al2O3 
4% K2O 
2% FeO 

 60% SiO2 
40% ZrO2 

63% SiO2 
27% Al2O3 
5% FeO 
4% K2O 

 

F 1 93% SiO2 
7% Al2O3 

  * 

 2 No impurities found 
 3 64% SiO2 

21% Al2O3 
14% K2O 
1% Na2O 

58% SiO2 
31% TiO2 
7% Al2O3 
3% K2O 
1% Na2O 

 * 

G 1 No impurities found 
 2 81% Al2O3 

19% SiO2 
 

Not 
analyzed 

 84% SiO2 
15% Al2O3 
1% Na2O 

53% SiO2 
46% Al2O3 
1% Na2O 

 

 3 46% FeO  
39% Al2O3 
15% SiO2 

  64% Al2O3 
35% SiO2 
1% Na2O 

  

*Sample too fragile for FESEM 
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3.3.4 Disintegration of quartz during heating 
 

The shock heating experienced when quartz is added to the Si/FeSi furnace may cause 
disintegration of SiO2. The figures below show images from the HTCM experiments taken 
at 20 °C, 600 °C, 1200 °C and 1600 °C for all the quartz types. For some of the samples, 
the carbon coating loosened, showing as black and shiny spots on the surface. For those 
experiments it was impossible to quantify the crack formation, and those images are not 
included in this report. It should also be noted that different magnifications are sometimes 
used at different parallels in the same quartz type. 

Figure 75 shows images from the HTCM experiments for quartz A. In A.1, the black, 
prominent impurity is identified as Al2O3. During heating, it is observed that the extension 
of the impurity circle appears to detach from the surface and move towards the left. Most 
of the cracks seem to form between 1200-1600 °C. The second parallel A.2, there is also a 
significant impurity area consisting of Al2O3 with some Na2O. This impurity area 
experiences a small volume increase. The crack formation is less than for A.1, but some 
cracks can be observed in the middle of the image. Most cracks developed before 600 °C.  

The images from the HTCM experiments for Quartz B are shown in Figure 76. For both 
parallels B.2 and B.3, cracks are formed from expanded impurity areas, and they continue 
between the impurities. The impurities in these samples consist of Al2O3 and FeO for B.2, 
and A2O3 and K2O for B.3. Most of the cracks form before 600 °C.  

Figure 77 shows the images from HTCM experiments for quartz C. In both C.1 and C.3, 
the cracks form mainly between 1200-1600 °C. Also, black dots can be observed from 600 
°C. These are believed to be fluid inclusion that escapes the SiO2 surface.  

Figure 78 shows all three parallels of the HTCM experiments for Quartz D. In D.1 it can 
also be seen that the impurities are at the SiO2 grain boundaries. These are more visible 
during heating, and it can also be seen some crack formation from the grain boundaries.  

HTCM images for all three parallels of Quartz F are shown in Figure 79. Quartz F is 99.9% 
quartz, and only small impurity areas were found. It is also only small amounts of cracks 
developed during heating. In the second parallel, no impurities were found. The crack 
formation is here from an uneven SiO2 surface. For F.1 and F.3, the cracks develop from 
the impurities before 600 °C. Some crack formation is also observed after 1200 °C.  

Figure 80 shows the HTCM images during the quartz G experiments. For both parallels, 
the crack formation is observed from the impurity areas between 1200 °C and 1600 °C. 
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Figure 75 Quartz surface during high temperature confocal microscope (HTCM) experiments at temperatures 20 °C, 600 
°C, 1200 °C and 1600 °C for A.1 and A.2. The magnification is 275X for both Qz41.1 and Qz41.2. 

 

 

Figure 76 Quartz surface during high temperature confocal microscope (HTCM) experiments at temperatures 20 °C, 600 
°C, 1200 °C and 1600 °C for B.2 and B.3. The magnification is 1100X for B.2 and 275X for B.3. 
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Figure 77 Quartz surface during high temperature confocal microscope (HTCM) experiments at temperatures 20 °C, 600 
°C, 1200 °C and 1600 °C for C.1 and C.3. The magnification is 550X for both C.1 and C.3. 

 

 

Figure 78 Quartz surface during high temperature confocal microscope (HTCM) experiments at temperatures 20 °C, 600 
°C, 1200 °C and 1600 °C for D.1, D.2 and D.3. The magnification is 550X for D.1, 275X for D.2 and 550X for D.3. 
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Figure 79 Quartz surface during high temperature confocal microscope (HTCM) experiments at temperatures 20 °C, 600 
°C, 1200 °C and 1600 °C for F.1, F.2 and F.3. The magnification is 275X for F.1, 550X for F.2 and 550X for F.3. 

 

Figure 80 Quartz surface during high temperature confocal microscope (HTCM) experiments at temperatures 20 °C, 600 
°C, 1200 °C and 1600 °C for G.2 and G.3. The magnification is 550X for G.2 and 275X for G.3. 



109 

The quantification of crack formation during heating is summarized in Figure 81. The 
different quartz sources have earlier shown different behaviour upon heating [9] and it can 
also be observed large differences between the different quartz types in this study. Quartz 
C, D and G have the highest crack formation, >10 mm/mm2, while quartz A and F forms 
less cracks, < 8 mm/mm2. Furthermore, it is found variations within the same quartz type, 
which can be explained by natural differences in the samples heated, e.g., impurities, grain 
size, damages in the SiO2 surface and other textural properties. The crack formation for A.1 
and A.2 are 12.2 mm/mm2 and 4.7 mm/mm2, respectively. From the initial HTCM images, 
it can be seen that A.2 has a more uniform surface. More damages in the SiO2 surface are 
more prone to the stress which causes microcracks. Most of the cracks in A.1 form at 
temperatures >1300 °C, at which the phase transformation from quartz to cristobalite 
happens. Additionally, quartz A contains two domains with different grain size. Domain 1 
has medium to coarse grained quartz in the mm and μm scale, while the grains in the second 
domain are stretched and deformed: 10-200 μm thick and a few mm long [11]. However, 
since these two samples are from the same stone, grain size differences are not likely to be 
the reason for different degree of cracking. 

 

 
Figure 81 Summary of the crack formation for all the quartz types after heating to 1600 °C. The amount of cracks is given 
in mm/mm2.  
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Chapter 4: CaO dissolution in SiO2-CaO-Al2O3 slag 
 

4.1 Literature review 
 

CaO, in the form of CaCO3, is often added as a flux in Si and FeSi production. Its purpose 
is to reduce the viscosity of the slag and thereby prevent accumulation. Too much 
accumulated slag is negative for the furnace operation. CaCO3 is also added to the metal 
during the refining process to ensure sufficient Ca relative to Al and a suitable viscosity for 
optimal slag/metal separation. Therefore, the dissolution rate of CaO into SiO2-CaO-Al2O3 
slag plays an important role on the slag properties in the furnace and it is of interest to 
investigate the kinetics of this process. 

 

4.1.1 CaO properties  
 

CaO is one of the light alkaline-earth oxides. At normal conditions, CaO is of ionic nature 
and crystalizes into the cubic rock salt (NaCl) structure. In the simplest model, solid state 
CaO is formed by highly ionic bindings between Ca2+ cations and O2- anions. Because of 
the basic catalytic activity of the CaO surfaces, CaO is a popular chemical compound. It is 
the cheapest, most widely used alkali in the world [87]. It is a paramagnetic insulator 
material with a wide bandgap of 6.25 eV [88], but it also has properties typical of a 
semiconductor with a high dielectric constant of 11.95 [89]. CaO is a caustic crystal that 
reacts with atmospheric CO2 to form calcium carbonate, as in reaction 13. It is therefore 
unstable at room temperature conditions.  

𝐶𝑎𝑂 + 𝐶𝑂2 (𝑔) → 𝐶𝑎𝐶𝑂3  13 
 

CaO is considered to be a basic oxide in slags, which means that Ca2+ ions will break up 
some of the Si4+-O- bonds in the SiO4

4- network system. A thorough description of the slag 
network system can be read in section 2.1.3.1: the structure of silica melts. A measure of 
the electron donor power of different ions relative to that of CaO is the optical basicity (Λ) 
[90]. The shift in frequency of the absorption band observed in the UV region of the 
spectrum can be related to the basicity of a slag. This is a useful measurement to 
differentiate between different cations on the structure, and it can also be used to measure 
the depolymerization of the melt.  The values for optical basicity for CaO, SiO2 and Al2O3 
are given in Table 28. Optical basicity equation for a multicomponent slag is given in 
equation 9 [28].  

 

Λ =
∑ 𝑋𝑖𝑚𝑖Λ𝑖𝑖

∑ 𝑋𝑖𝑚𝑖𝑖
  9 
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Table 28 Experimental values of optical basicity (Λ) for CaO, SiO2 and Al2O3 from measurements of UV shift [25]. 

 CaO SiO2 Al2O3 
Λ 1.0 0.48 0.605 

 

Natalie and Evans [91] studied the relationship between lime properties and the rate of 
dissolution in molten SiO2-CaO-FeOx slags. They found that pretreatment of lime had 
significant effect on the reactivity result. Soft burned lime gave larger pores and a higher 
porosity, which also increased the reactivity. The rate of dissolution was found to be 
directly dependent on the pore surface area. They suggested that the dissolution of CaO 
happens in the pores by penetration of slag into the CaO. Maruoka et al. [92] and Kitamura 
[93] studied the possibility of CaO where a core of CaCO3 remained and suggested that the 
increased porosity with CO2 formation inside the pores and slag penetration may break the 
2CaO:SiO2 layer formed on the lime surface and hence increase the diffusion rate.  

Vieira et al. [94] studied the effect of the lime particle size, and the lime calcination level 
80% and 100% on the dissolution into SiO2-CaO-FeO slags. They found that smaller 
particle sizes, that favor a larger area of specific contact of the particle with the slag, gave 
higher dissolution rates. And similar as Natalie and Evans [91] they found that the lowest 
level of calcination gave the highest dissolution rates. They also found that an increased 
ratio between FeO and SiO2 in the slag, which increases the basicity, decreased the 
dissolution rate. This was explained with the decrease in the percentage of CaO saturation 
as a consequence of an increase in the lime activity. From this, they concluded that the 
lime-slag contact area and percentage of CaO saturation had a more significant impact on 
the dissolution rate than the basicity of the slag. The effect of a reduced amount of lime 
dissolved in slag with increasing lime particle size is also confirmed by [93], [95], [96].  

 

4.1.2 Theoretical mechanisms of CaO dissolution 
 

The rate of a reaction is defined as the amount of product formed per time unit and is 
dependent on several properties, as mentioned in the previous subchapter.  The reaction can 
either be controlled by the rate of the chemical reaction or by mass transfer. In the following 
subchapters, both mechanisms are described in relation to CaO dissolution in SiO2-CaO-
Al2O3 slag. 

 

4.1.2.1 Chemical reaction control: Shrinking sphere model 

 

The first case assumes that the dissolution is controlled by the rate of chemical reaction. 
The shrinking sphere model [97], [98] describes the concentration of the dissolved CaO as 
a function of time and it assumes that the rate of reaction depends only on the surface area 
of the CaO. The dissolving CaO is regarded as a shrinking smooth sphere. The rate of CaO 
dissolution in SiO2-CaO-Al2O3 slag is proportional to its surface area and the model 
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assumes that the mass transport is fast relative to the surface chemical reaction. This gives 
the equation of the rate is as in equation 10.  

 

𝑅 = 𝑘𝐴  10 
 

Where R is the rate of dissolution, k is the rate constant, and A is the surface area of the 
CaO. The mechanism of CaO concentration as a function of distance from CaO/interface 
is illustrated in Figure 82. 

 

 
Figure 82 Schematic illustration of chemical reaction being the rate determining step for CaO dissolution in liquid SiO2-
CaO-Al2O3 slag. 

 

It is assumed that the particle of CaO added together with the slag is a smooth sphere with 
an initial radius r0. The initial surface area of the total CaO added is then as in equation 11. 

 

𝐴0 =
3𝑀0

𝑟0𝜌
  11 

 

Where A0 is the initial surface area of the total amount of CaO added, M0 is the initial mass 
of added CaO and ρ is the CaO particle density. 

The surface area of CaO decreases as the mass of the undissolved CaO decreases by the 
relationship given by equation 12. 

 

𝐴 = 𝐴0 (
𝑀

𝑀0
)

2

3  
12 
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Where A is the surface area of the CaO at time t and M is the mass of CaO remaining 
undissolved at time t.  

The mass of undissolved CaO can be related to the concentration of CaO in the slag by the 
relationship given in equation 13. 

 

𝑀 = 𝑀0 − (𝐶 − 𝐶𝑖)𝑉  13 

 

Where Ci is the initial CaO concentration in the slag, C is the CaO concentration in the slag 
at time t and V is the volume of the slag. 

In order to simplify the equations, ΔC is defined as ΔC=C-Ci. An expression for the CaO 
dissolution rate as in equation 14 can then be obtained by using the shrinking sphere model. 

 

𝑅 =
𝑑𝐶

𝑑𝑡
𝑉 = 𝑘𝐴0 (1 −

𝑉

𝑀0
∆𝐶)

2

3  
14 

 

By rearranging equation 14, integrating with respect to concentration and time, and obtain 
the integration constant from initial conditions t=0 and ΔC=0, an expression for time as a 
function of the CaO concentration is obtained as in equation 15. 

 

𝑡 =
3𝑀0

𝐴0𝑘
[(

𝑉

𝑀0
∆𝐶 − 1)

1

3
+ 1]  

15 

 

And to give the concentration of CaO, ΔC, equation 15 can be rearranged to equation 16 
[98]. 

 

∆𝐶 =
𝑀0

𝑉
[1 + (

𝐴0𝑘

3𝑀0
𝑡 − 1)

3

]  16 

 

 

4.1.2.2 Mass transport control 

 

The second mechanism assumes that the rate of dissolution is mass transfer controlled and 
includes the influence of concentration difference of CaO between the CaO and the slag. 
Dissolved CaO diffuses into the bulk of the slag. The higher the solubility of CaO in the 
slag, the larger the driving force to dissolve in the slag. The dissolution rate may then be 
given by a first order reaction as shown in equation 17.  
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𝑑𝐶

𝑑𝑡
= 𝑘2𝐴(𝐶𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑 − 𝐶)  17 

 

Where k is the rate constant, A is the interfacial contact area, Csaturated is the 
saturated/equilibrium concentration of CaO in the slag and C is the concentration of CaO 
in the slag at time t.  

It is assumed that diffusion is one dimensional through a boundary layer with constant 
thickness, and that this boundary layer is not affected by the particle size. This mechanism, 
illustrated with CaO concentration as a function of distance from CaO/interface is shown 
in Figure 83.  

 

 
Figure 83 Schematic illustration of mass transfer kinetic control being the rate determining step for CaO dissolution in 
liquid SiO2-CaO-Al2O3 slag.  

 

With the assumption of excess CaO, CaO will dissolves into the slag until the saturated 
concentration is reached. This is illustrated in Figure 84, which shows the concentration 
curves in the sample with increasing time t1-t4. 
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Figure 84 Schematic illustration of mass transfer kinetic control being the rate determining step for CaO dissolution in 
liquid SiO2-CaO-Al2O3 slag, given concentration curves with increasing experimental holding time.  

 

With the same relations as in chapter 4.1.2.1, the rate equation can be written as in equation 
18 [97]. 

 

𝑅 =
𝑑𝐶

𝑑𝑡
𝑉 = 𝑘2𝐴(𝐶𝑠𝑎𝑡 − 𝐶) = 𝑘2𝐴0 (1 −

𝑉

𝑀0
∆𝐶)

2

3
(∆𝐶𝑠𝑎𝑡 − ∆𝐶)  

18 

 

Where ΔC is the concentration at time t minus the initial concentration and ΔCsaturated is the 
saturation concentration of CaO dissolved in a SiO2-CaO-Al2O3 slag with a specific 
composition minus, Csat the initial concentration, Ci, given in equations 19 and 20. 

 

∆𝐶 = 𝐶 − 𝐶𝑖  19 

∆𝐶𝑠𝑎𝑡 = 𝐶𝑠𝑎𝑡 − 𝐶𝑖  20 
 

The diffusion coefficient of a solute in a melt is a fundamental constant required to 
characterize mass-transport rates. The diffusion coefficient describes how easy a particle 
can move through a given volume. It is a physical constant dependent on molecule size and 
other properties of the diffusing substance and the medium it is moving through, in addition 
to temperature and pressure.  

If it is assumed that the composition of the liquid slag phase is constant, the diffusion 
coefficient would also be constant. On the particle surface is a local equilibrium condition 
established, where the slag is saturated with CaO. The diffusion coefficient could then be 
found from the boundary layer thickness, δ and the rate constant, given by equation 21 [97]. 

  𝑘2 =
𝐷

𝛿
  21 
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4.1.3 Research on CaO dissolution in slag 
 

The literature available on CaO dissolution in SiO2-CaO-Al2O3 slag is related to the steel 
industry. The progress of slag-metal reactions in basic oxygen and electric furnaces is 
strongly influenced by the CaO content, and accordingly also by the dissolution rate of CaO 
into slag. It is also believed that this dissolution rate would have an influence on the blast 
furnace condition and its productivity. Thus, a lot of research has been conducted on this 
dissolution reaction, with slag compositions similar to those in steel production, which is 
around 40wt% SiO2 – 40wt% CaO – 20wt% Al2O3. This CaO content is slightly higher 
than the slag in Si and FeSi production.  

The experimental techniques used to study lime dissolution in SiO2-CaO-Al2O3 slag have 
been divided into four types:  

1) static conditions  
2) using rotating rod/disc  
3) increased or forced convection  
4) direct observation  

The experimental techniques and a short summary of the results are summarized in Table 
29.  
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Table 29 Summary of experimental methods and results for CaO dissolution in SiO2-CaO-Al2O3 slag. 

Experimental 
condition 

Description and references Findings 

Static conditions Heated slag with a piece of 
lime [99]–[101], placing lime 
in preheated liquid slag [102] 

2CaO·SiO2 or 3CaO·SiO2 
boundary layer at the lime-slag 
interface act as kinetic barrier 
for lime dissolution. Dissolution 
rate increased with decreasing 
slag basicity. 
 

Rotating rod/disc Rotating a lime disc/cylinder 
in molten slag [103], [104] 
 

Mass transfer in the slag is the 
limiting step of lime dissolution 

Forced convection Stirring slag using sapphire 
disc, Eccentrically stirring the 
molten slag (containing a 
lime cube) using sapphire 
disc [102], argon gas 
bubbling in slag via an iron 
tube [105] 
 

Increased mass transfer in slag  

Direct observation Observation of lime particle 
dissolution in slag using HT-
CLSM [106] 

Lime dissolution influenced by 
temperature and slag chemistry. 
Slag penetrates along cracks in 
CaO and enhance lime 
dissolution 

 

From the experimental research it is found that the mass transfer in the slag is the rate 
determining step for the CaO dissolution in SiO2 – CaO – Al2O3 slag. A number of 
researchers have also deduced the diffusivity from dissolution rate data [107]–[112], [104], 
[113], [114]. A short summary with the diffusion coefficients together with the respective 
slag composition and temperature are listed in Table 30. 
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Table 30 Summary diffusion coefficients from literature.  

Authors Slag composition Temperature  D Ea Comment 
 SiO2 CaO Al2O3     
 [wt%] [°C] [cm2/s] [kcal]  
Towers et al. 
[107] (1953) 
 

40 40 20 1450 1.3·10-6 7020 Radioactive Tracer 
Technique, Ca45 

Towers and 
Chipman 
[108] (1957) 
 

40 39 21 1430 1·10-6  Radioactive Tracer 
Technique, Ca45 

Niwa [109] 
(1957) 

40 40 20 1350 3.3·10-7 7020 Radioactive Tracer 
Technique, Ca45 1400 6.2·10-7 

1450 1.3·10-7 
39 43 18 1350 5.2·10-7 3015 

1400 6.4·10-7 
1450 9.5·10-7 

71 11 18 1350 0.39·10-7 
· 

 

1400 3.2·10-7  
Saitô and 
Maruya 
[110] (1958) 

41 40 19 1350 3.9·10-7 5020 Semi-infinite medium, 
Ca45 1395 6.9·10-7 

1440 10·10-7 
37 43 20 1440 8·10-7  

1510 10·10-7 ·· 
39 49 12 1440 11.5·10-7  

1510 17·10-7  
36 45 19 1510 8.5·10-7  

1530 9.9·10-7  
34 46 20 1440 3.8·10-7  

1485 7.1·10-7  
1510 8.4·10-7  
1530 10.3·10-7  
1575 13.0·10-7  

31 48 20 1540 5.5·10-7  
1565 8.1·10-7  

Goto et al. 
[111] (1977) 

40 40 20 1400 9.2·10-7   Calculated values from 
Nernst-Einstein 
relation 
 

1450 1.6·10-6  
1500 
 

2.6·10-6  

Liang et al. 
[112] (1996) 

60 30 10 1500 7.41·10-7  Isotope tracer method, 
Ca40 and Ca42 55 25 20 5.18·10-7  

65 20 15 3.3·10-7  
65 25 10 4.78·10-7  
55 30 15 7.12·10-7  
60 20 20 3.66·10-7  
60 25 15 4.5·10-7  
45 35 20 9.32·10-7  
40 40 20 1.34·10-6  

Amini et al. 
[104] (2006) 

8 50 42 1500-1600 In the 
range  
10-5-10-4 

55 Calculated from forced 
convection dissolution 
rate data using known 
mass-transfer 
correlations 
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Authors Slag composition Temperature D Comment 
 SiO2 CaO Al2O3    
 [wt%] [°C] [cm2/s]  
Zhang and 
Chou 
[113] 
(2011) 

40 40 20 1350 9.0·10-7 Calculated values from 
Nernst-Einstein 
relation 

1400 1.3·10-7 
1450 1.9·10-7 
1500 2.8·10-7 

Ren et al. 
[114] 
(2013) 

25 46 29 1350 3.74·10-7 Model from relation 
between diffusion 
activation energy and 
optical basicity 

1395 6.13·10-7 
1440 9.8·10-7 

 27 49 24 1440 8.80·10-7 
1510 18.90·10-7 

 45 45 10 1350 3.14·10-7 
1400 5.72·10-7 
1450 10.6·10-7 

 44 47 9 1350 8.39·10-7 
1400 11.43·10-7 
1450 15.28·10-7 

 25 49 26 1350 2.64·10-7 
1500 16.67·10-7 
1540 25.88·10-7 

*Low value of diffusion coefficient most likely due to solid phase in the slag 
** Accuracy is somewhat reduced 

 

The chemical and physical properties in the slag are important factors when describing the 
rate of dissolution reactions in oxides. The earliest calculations on the diffusion coefficient 
used its relationship with the electrical conductivity. The electrical conductivity studies 
have shown that the molten slag is ionic in nature. Herasymenko [115] proposed already in 
1938 the theory that liquid slags consisted of cations, anions and anion complexes. Under 
the external electrical field, the different ions have different mobilities. The ions with 
smaller charge and small radius generally have a significant role in the transport process. 
From the similar micro-mechanism between the diffusion and ionic electrical conduction, 
it was assumed that there was a relationship between the diffusion coefficient and the ionic 
conductivity.  

The first studies on the diffusion process of the Ca ion into SiO2-CaO-Al2O3 slag were done 
by using the radioactive tracer technique and the capillary method [107]–[109]. In this 
technique, the diffusion ion Ca2+ is replaced with its isotope Ca45 and the diffusion process 
would then be tracer diffusion. It is assumed to give the same results as in self-diffusion 
since tracer diffusivity is considered to be equivalent to self-diffusivity in liquids [25]. The 
results suggested that the diffusion coefficient for Ca diffusion in ~40wt% SiO2 – 40wt% 
CaO –20wt% Al2O3 is in the range of 10−7–10−6 cm2/s in the temperature range of 1350–
1550 °C. Saitô and Maruya [110] used the semi-infinite medium method in the temperature 
range 1350-1600 °C to measure the self-diffusion coefficients of calcium in several 
compositions of molten SiO2-CaO-Al2O3 slags. As Towers et al. and Niwa, the radioactive 
calcium Ca45 were used. From the experiments the concentration-penetration curve of Ca45 

was obtained and Fick’s second law of diffusion were used to calculate the diffusion 
coefficient. The diffusion coefficients were found to be in the order of 10-6~10-7 cm2/s. 
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Goto et al. [111] calculated diffusion coefficients for 40wt% SiO2 – 40wt% CaO –20wt% 
Al2O3 slag in the temperature interval 1350-1500 °C based on Nernst-Einstein relation, as 
given in equation 22. This equation can be used when there is only one ion dominating in 
the transport process. 

 

𝜎 =
𝑛𝑖(𝑧𝑖𝑒)2

𝑘𝑇𝑓𝑡𝑖
𝐷𝑖

𝑡𝑟  22 

  

Where σ is the conductivity in A/V*cm, 𝐷𝑖
𝑡𝑟 is the tracer diffusivity of an ionic species i in 

cm2/s, ni, zi and ti are the concentration, valency, and transference number the ionic species 
i, respectively. e is the unit charge 1.6*10-19 A s, k is the Boltzmann constant 1.38*10-23V 
A s/K, T is the absolute temperature and f the correlation factor of successive jumps of the 
tracer [116], [117]. It was also assumed that f and the transference number of Ca2+ would 
be unity. The purpose was to examine its validity on multi-component oxide slags. For this, 
they compared with experimental data from Towers et al. [107], [108], Niwa [109] and 
Saitô and Maruya [110]. Zhang and Chou [113] used the same method to estimate the 
diffusion coefficient of calcium ions in the same slag in the same temperature interval 1350-
1500 °C. They also used the relation between the calcium ion concentration and 
diffusivities to calculate the diffusion coefficient, as in equation 23.  

 

𝐷𝑒𝑓𝑓 =
𝜅𝑅𝑇

𝐶𝐶𝑎2++𝑍
𝐶𝑎2+
2 𝐹2  23 

 

Where Deff is the apparent diffusion coefficient in cm/s, κ is the ionic conductivity in Ω/cm, 
CCa2+ is the concentration of the mobile Ca2+ ion in mol/cm3, ZCa2+ is the valence of the ion 
and F is the Faraday constant 96 485 C/mol. 

For both Goto et al. and Zhang and Chou, the calculated results were larger than the 
experimental values. Zhang and Chou suggested that the deviation was that interactions 
among different ions are omitted in the Nernst-Einstein relation. A stricter relation between 
the ionic conductivity and the diffusion coefficient, which considers the transport 
coefficients of Ca2+, Si4+, Al3+ and O2- in SiO2-CaO-Al2O3 liquid slag, were proposed for 
further work, as in equation 24.  

 

𝜅 = 𝐹2(
4𝐶

𝐶𝑎2+ 

𝑅𝑇
𝐷𝑒𝑓𝑓 + 8𝐿12 + 6𝐿13 − 4𝐿10)  24 

 

Where L12, L13 and L10 are the transport coefficient in mol/J s. Suffix 1, 2, 3, 0 means Ca2+, 
Si4+, Al3+, O2- in SiO2-CaO-Al2O3 liquid slag. 

Liang et al. [112] measured the diffusion coefficient of Ca40 and Ca42 at 1500 °C and 1GPa 
for several slag compositions using the isotope tracer method. Their results for 40wt% SiO2 

– 40wt% CaO –20wt% Al2O3 are similar as the results from Towers and Chipman [108]. 
They also found that the self-diffusion coefficient increased with decreasing viscosity of 
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the slag, i.e., with decreasing SiO2 and Al2O3 content in the slag. However, they did not 
obey the Stokes-Einstein equation 25 or the Eyring equation 26.  

 

𝐷 =
𝑘𝑇

6𝜋𝜂𝑎
  25 

 
𝐷 =

𝑘𝑇

𝜆𝜂
  

 
26 

 

Where k is the Boltzmann constant, T is the absolute temperature, η is the viscosity, a is 
the radius of the sphere, and λ is the particle's mean jump distance. 

The Eyring equation has often been used to relate melt viscosities with diffusion 
coefficients [25]. Eyring et al. [118] suggested that the driving force for diffusion resulted 
from the concentration gradient of diffusion ions, and that the standard free energy changed 
with the jumping distance. The structure and physical properties of molten slags may then 
change with the increasing content of CaO, which again changes the jumping distance of 
Ca ion and the value of the diffusion activation energy. Self-diffusion coefficients of alkali 
and alkaline earth elements in molten silicates, however, did not follow this simple relation, 
which was also supported by [119]–[121]. 

The diffusion coefficient is strongly influenced by the viscosity of the slag. The viscosity 
will affect the mass transfer of ions between the CaO and slag interface, and through the 
liquid slag. The viscosity in SiO2-CaO-Al2O3 slag is earlier described thoroughly in 
subchapter 2.1.3.2: Viscosity. The viscosity of a slag depends on composition and 
temperature. Dogan et al. [95] found that with increased slag density, which in their case 
decreased the viscosity, the diffusivity of slag in SiO2-CaO-FeO also increased. This gives 
that the slag structure is an important factor for the diffusion of CaO in slag.  

Ren et al. [114] developed a model for estimating the diffusion coefficient related to the 
structure of the slag instead of viscosity and electrical conductivity. The structure of the 
slag is often described by optical basicity, free oxygen, bridging oxygen, non-bridging 
oxygen and the ratio of non-bridging oxygen to tetrahedral cations. The optical basicity 
was used to both describe the structure of the slag and to estimate its physical properties. 
They used equation 27 from Mills [35] for optical basicity that accounts for the cations 
required for the charge balance of AlO4

5-. The valence of Al3+ is lower than Si4+, so Ca2+ is 
needed to keep the charge balance and forming [½Ca(AlO4)]4-. 

 

Λ𝑐𝑜𝑟𝑟 =
1.0(𝜒𝐶𝑎𝑂−𝜒𝐴𝑙2𝑂3)+0.6∗3𝜒𝐴𝑙2𝑂3+0.48∗2𝜒𝑆𝑖𝑂2

(𝜒𝐶𝑎𝑂−𝜒𝐴𝑙2𝑂3)+3𝜒𝐴𝑙2𝑂3+2𝜒𝑆𝑖𝑂2

  27 

 

Where Λcorr is the corrected optical basicity, xi is the mole fraction of each component, and 
the coefficients 1.0, 0.6 and 0.48 are the optical basicities of CaO, Al2O3 and SiO2, 
respectively. 
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Next, they plotted Λcorr as a function of B=E/R, and found the approximate relation as in 
equation 28. R is the universal gas constant 8.314 J/K mol. 

 

𝐵 = 𝑎Λ𝑐𝑜𝑟𝑟3 + 𝑏Λ𝑐𝑜𝑟𝑟2 + 𝑐Λ𝑐𝑜𝑟𝑟 + 𝑑  28 
 

The constants a, b, c and d were optimized for using the same experimental data as Goto et 
al. [111] and Zhang and Chou [113], shown in Table 31. Figure 85 shows the comparison 
between the measured diffusion coefficients for Ca2+ in for 40wt% SiO2 – 40wt% CaO –
20wt% Al2O3 slag [107]–[110] with the calculated values from Goto et al. [111], Zhang 
and Chou [113] and Ren et al. [114]. In the model from Ren et al., there was an increasing 
function relationship between the logarithm of pre-exponential factor and the diffusion 
activation energy calculated by optical basicity. With increasing polymerization degree of 
molten slag, the diffusion coefficient of calcium ions decreases. They explained that a 
decreasing concentration of free Ca2+ and weaker mobility of these calcium ions in 
[1/2Ca(AlO4)]4- resulted in a lower diffusion coefficient because of the charge balance in 
the CaO–Al2O3–SiO2 slag. 

 

Table 31 Parameters for model, developed by Ren et al. [114]. 

a b c d 
1.7565·109 -3.2773·109 2.037·109 -4.2172·108 

 

 
Figure 85 The estimated diffusion coefficient values of Ca diffusion in 40wt% SiO2 – 40wt% CaO –20wt% Al2O3 from 
Zhang and Chou. [113], Goto et al. [111] and Ren et al. [114] compared with the measured values from Towers et al. 
[107], [108], Niwa [109] and Saitô and Maruya [110]. The figure is revised from [114].  
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Amini et al. [104] calculated the diffusivity of lime in 8wt% SiO2- 50wt% CaO- 42wt% 
Al2O3 slag from experimental results on dissolution rate in the temperature interval 1500-
1600 °C. A rotating disc was used during the dissolution rate experiments, and calculated 
the diffusion coefficient via the total mass flux, as given in equation 29. 

 

𝑗𝑡𝑜𝑡𝑎𝑙 = 𝑗𝑑𝑖𝑠𝑘 + 𝑗𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟  
 
𝜅𝑡𝑜𝑡𝑎𝑙𝐴𝑡𝑜𝑡𝑎𝑙Δ𝐶 = 𝜅𝑑𝑖𝑠𝑘𝐴𝑑𝑖𝑠𝑘Δ𝐶 + 𝜅𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟𝐴𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟Δ𝐶  

 
 

29 
 

By using Levich equation [122] relates the mass-transfer coefficient to the angular velocity 
of the disk and the physical properties of the liquid phase, and a derived modified 
correlation analysis of dissolution of rotating cylinders in various molten metallic systems 
from Kosaka and Minowa [123], the diffusion coefficient could be calculated from 30.  

 

𝑘𝑡𝑜𝑡𝑎𝑙 = 𝐷
2

3(𝐴𝜔
1

2 + 𝐵𝜔
3

4)  30 

 

Where D is the chemical diffusivity in cm2/s, ω the angular velocity of the disk in rad/s, 
and A and B are constants including the density of the slag, the radius of rotating sample 
and the depth of the immersion of the sample in the melt. 

They found that the diffusion coefficient was in the range of 10-4 cm2/s. As the diffusion 
coefficient was calculated from dissolution data under forced convection, it is expected to 
give a higher value than for self-diffusion. They also looked at the effect of adding 5wt% 
SiO2 to the slag, which decreased the CaO diffusivity.  
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4.2 Experimental procedure 
 

The aim of these experiments is to study the dissolution rate of CaO in SiO2-CaO-Al2O3 
slag. Many Si and FeSi plants add calcium in form of lime together with the raw materials 
to ensure sufficient low viscosity of the slag.  

 

4.2.1 Materials  
 

4.2.1.1 Industrial lime  

 

Industrial lime was supplied by Franzefoss Minerals AS. Product data are listed in Table 
32. 

 

Table 32 Chemical analyses and density for industrial lime (CaCO3) from Franzefoss Minerals AS. 

Parameter Method Result Parameter Method Result 
CaO 

WD-XRF 

>54% Hg 

ICP-AES 

0,0053 
ppm 

MgO 0,4% As n.d. 
SiO2 0,2% Pb n.d. 
Al2O3 0,1% Cd n.d. 
Fe2O3 <0,12% Al 60 ppm 
Na2O 0,01% B <20 ppm 
K2O 0,02% Fe 364 ppm 
MnO 0,005% Ni <2 ppm 
P2O5 0,005% Na 2 ppm 
TiO2 0,01% Cu 6 ppm 
Density Pycnometer 2.7kg/dm3 Mn 45 ppm 
   Cr <2 ppm 

 

4.2.1.2 SiO2-CaO-Al2O3 slag  

 

Based on slag compositions found in the industrial samples, a master SiO2-CaO-Al2O3 slag 
was made. It is beneficial to have a similar slag composition as in the Si and FeSi furnaces 
so that experimental results can be compared with the industrial production. Powder of 
SiO2, limestone and Al2O3 with weight ratio 2:1:1 was mixed and melted in an induction 
furnace. To ensure a homogenous slag phase, the slag mix were remelted three times up to 
1800 °C. This was well above the expected liquidus temperature for this mix. The 
composition in the final slag mix is given in Table 33, referred to as “Slag 1”. Additionally, 
two other slags from Kristiansen [124] were used. Table 33 presents the compositions of 
all three slag compositions along with their respective liquidus and solidus temperature. 
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Table 33  SiO2-CaO-Al2O3 slags used in the dissolution experiments. The amounts are given in wt% and the viscosities 
are calculated with FactSage 8.1. 

Slag SiO2 CaO Al2O3 Tliquidus Tsolidus Viscosity [Poise] 
 [wt%] [wt%] [wt%] [°C] [°C] 1500°C 1550°C 
1 56 15 29 1490 1170 456 250 
2 38 20 42 1550 1385 - 48 
3 56 21 23 1420 1170 180 108 

 

4.2.2 High temperature experiments 

4.2.2.1 Calcination of limestones  

 

At elevated temperatures, limestone decomposes to CaO. It is assumed that CaO reacts with 
the slag in the industrial furnace, and CaO will hence be used in these experiments. To 
prepare the CaO for the dissolution experiments, limestones from Franzefoss were calcined 
in a muffle furnace. Calcination is decomposition of carbonate ores, which in this case is 
to drive off the carbon dioxide according to reaction 14. This reaction occurs at 900 °C to 
1050 °C. 

𝐶𝑎𝐶𝑂3 (𝑠) → 𝐶𝑎𝑂(𝑠) + 𝐶𝑂2 (𝑔)  14 
 

Cracks may form during heating, and a slow heating rate is used to ensure no damage in 
the final CaO. Different heating rates were tested and 5.6°C/min was found suitable for 
these experiments. The limestones were calcined at 1000 °C for 1 hour. The CaO were then 
stored in a desiccator to avoid reactions with the humidity or atmospheric CO2 before the 
dissolution experiments. Pictures of limestone and CaO before and after calcination is 
shown in Figure 86. 

 

 
Figure 86 Picture of the original limestone to the left, and after calcination 1h at 1000 °C to the right. 

 

Compression tests were performed on the original limestones, and on CaO heated with two 
different heating rates: 5.6 °C/min and 1.7 °Cmin. The objective was to investigate whether 
varying heating rates influence the strength of the material. Prior to the calcination and 



127 

tests, the limestones were cut into 2cm cubes to ensure consistent contact area and volume 
of the stones. The compression tests were carried out using an MTS 880, which is a servo 
hydraulic universal testing machine. The MTS 793 software was used to download the 
force results data. 

 

4.2.2.2 Dissolution experiments in graphite tube furnace  

 

The first dissolution experiments were conducted using a graphite tube furnace under an 
inert gas atmosphere. A picture of the furnace is shown to the left in Figure 87. This furnace 
has a maximum temperature of 1700 °C and is equipped with a resistant graphite element 
for heat supply. The furnace temperature is controlled by a B-type thermocouple, and 
additionally, a C-type thermocouple is placed right above the sample. ~1-3 g CaO and ~25-
30 g of slag 1 were placed in a graphite crucible with a 40 mm diameter and 55 mm height, 
as shown in the top right picture in Figure 87. The crucible is placed in the reaction chamber 
in the furnace. A vacuum pump evacuates the gas from the furnace before it is filled with 
argon process gas. All experiments were run in argon atmosphere with a gas flow rate of 
~2.5 dm3/min. Several pilot heating sequences were conducted to find the correct 
temperature settings. The samples were heated with three different heating rates up to 1600 
°C, which is well above the liquidus temperature of slag 1 of 1490 °C, and different holding 
times were used as shown in Figure 88. An overview of all the experiments is listed in 
Table 34.  

 

 
Figure 87 A picture of the graphite tube furnace, TF2 (left) and the crucible setup (right). The top right picture is the 
initial crucible with CaO and SiO2-CaO-Al2O3 slag and the bottom right shows the same crucible after heating to 1600 
°C.  
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Figure 88 Heating profiles for the dissolution experiments in the vertical tube furnace. 

 

Table 34 The dissolution experiments, CaO in 56wt% SiO2- 15wt% CaO- 29wt% Al2O3 slag. The sample ID gives the 
heating rate to 1200 °C and the holding time. 

Sample 
ID 

Heating rate 
[°C/min] 

Holding time 
[min] 

Mass 
[g] 

 

To 1200°C 1200-1600°C  CaO  Slag  CaO/slag 
Pure slag 50 25 0 - 25.30  
50-0.1 50 25 0 2.30 23.0 0,10 
50-0.2 50 25 0 2.19 25.93 0,08 
50-0.3 50 25 0 3.72 32.86 0,11 
50-10 50 25 10 3.00 28.17 0,11 
50-20 50 25 20 2.21 22.43 0,10 
50-30 50 25 30 2.75 28.30 0,10 
50-40 50 25 40 2.43 29.56 0,08 
50-60.1 50 25 60 1.93 27.57 0,07 
50-60.2 50 25 60 1.85 27.47 0,07 
25-0 25 15 0 1.20 24.03 0,05 
25-40 25 15 40 2.17 27.32 0,08 
25-60 25 15 60 2.34 27.36 0,09 
15-40 15 10 40 3.06 31.95 0,10 

 

4.2.2.3 Dissolution experiments in the sessile drop furnace 

 

In total 29 dissolution experiments were conducted in the sessile drop furnace. This is the 
same furnace as used for the quartz heating experiments and a thorough description of the 
furnace can be found in subchapter 3.2.2.1. Approximately 0.2 to 0.3 g of slag and 0.04 to 
0.07 g of CaO with physical contact were placed on a 3 mm high graphite substrate with 
10 mm diameter. Initially, two experiments with slag 1 and CaO were heated to 1600 °C. 
During the experiments, it was observed that the dissolution reaction accelerated in the 
temperature interval 1450-1500 °C. Based on this, it was decided to run experiments at 
1500 °C and 1550 °C. An overview of the experiments is listed in Table 35. Pictures of the 



129 

slag and CaO prior to experiment and the slag after experiment can be seen in Figure 89. 
Additionally, three experiments with slag 1 and CaO were heated to 1000 °C, 1200 °C and 
1400 °C to illustrate the visual changes during heating. It was also attempted to do 
experiments with slag on a lime substrate. However, due to fast dissolution and 
pulverization of excess CaO during cooling, the samples could not be analyzed after the 
experiments. 

 

Table 35 Dissolution experiments in sessile drop furnace. 

 Slag composition  Tliq  Experiments at 1500°C Experiments at 1550°C 
 SiO2 CaO Al2O3  0 5 10 20 30 0 10  20  
 [wt%] [°C] [min] [min] 

1 56 15 29 1490 3 1 2 1 2 1   
2 38 20 42 1550 1 1 3 1  1 1 1 
3 56 21 23 1420 1 1 2 1  1 1 (17min) 

 

 

 
Figure 89 Slag and CaO before sessile drop experiment and slag after dissolution experiment. 

 

4.2.3 Characterization 
 

4.2.3.1 Computed tomography (CT-imaging) 

 

X-ray computed tomography (CT) was performed on three samples from the graphite tube 
furnace experiments; 50-0, 50-20 and 50-40, to have a 3D view of the distribution of CaO 
in the SiO2-CaO-Al2O3 slag. The scans were performed with a Nikon XT H 225 ST 
Instrument. The instrument uses x-rays to measure the loss of flux intensity through the 
sample. From this, it is made a three-dimensional representation of the scanned sample, and 
different slag compositions and CaO are separated by different intensities, which is due to 
different atomic mass in Si (28g/mol), Ca (40g/mol) and Al (26g/mol). However, the 
difference between these components is small, which may result in small shading 
differences in the final CT images. The instrument was run with 175kV and 86μA, and each 
sample was scanned for about an hour. The software ImageJ was used to optimize color 
and contrast on the resulting CT images.  
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4.2.3.2 Electron probe micro-analysis  

 

EPMA, JEOL JXA 8500 was used to investigate the CaO and slag after both the graphite 
tube furnace experiments and the sessile drop furnace experiments. The equipment and 
experimental work are the same as earlier described in section 2.2.3.1: Electrone probe 
micro-analysis (EPMA). 

Si, Al and Ca elemental mapping were also performed on selected samples from the 
graphite tube furnace experiments to see the spatial distribution of the different oxides in 
the slag. 
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4.3 Results 
 

Understanding the mechanism and rate of CaO dissolution in SiO2 – CaO – Al2O3 slag is 
important in Si and FeSi production, as it is currently the main action used for removing 
accumulated slag in the furnaces. The available literature on this reaction primarily focuses 
on the steel industry, but this study aims to provide results more specific for the Si and FeSi 
production. 

 

4.3.1 Mechanical strength of CaCO3 and CaO 
 

To investigate how easily the lime would fracture before it reaches the slag in the furnace, 
the compression strength was measured. The compression strength of limestone and 
calcined CaO heated with two different heating rates up to calcination temperature 1000 
°C were done in an MTS 880 servo hydraulic universal testing machine. The results are 
listed in Table 36, and the mass before and after calcination is also included in the table. 
More force is needed to induce cracks in the limestones than in the CaO, as expected. For 
the CaO heated with two different heating rates, the strength is similar. It was therefore 
also assumed that the heating rate up to calcination temperature of 1000 °C had no effect 
on how easily it fractured in the later dissolution experiments. 

 

Table 36 The compression tests performed on limestone and CaO, calcined with two different heating rates 5.6 °C/min 
and 1.7 °C/min. 

Sample  Mass w.l. Force Area Strength Ave. Std. 
  Initial CaO       
  [g] [g] [%] [N] [mm2] [N/mm2]   
Original 
limestone 

1 24.9 - - 20 260 40 507 

658 131 

2 26.5 - - 25 718 40 643 
3 22.9 - - 26 213 40 655 
4 24.0 - - 33 046 40 826 

Calcined at 
1000°C with 
heating rate 
5.6°C/min 

1 22.7 12.7 43.9 7 985 40 200 

220 18 
2 25.9 14.6 43.8 9 415 40 235 
3 22.6 12.7 43.9 8 953 40 224 
4 25.4 14.3 43.7 - - -   

Calcined at 
1000°C with 
heating rate 
1.7°C/min 

1 25.7 14.5 43.7 8 029 40 201 

200 17 

2 26.2 14.7 43.8 8 377 40 209 
3 23.0 12.9 43.7 8 566 40 214 
4 26.0 14.7  7 022 40 176 
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4.3.2 Dissolution experiments in graphite tube furnace 
 

The first dissolution experiments were performed in a graphite tube furnace placing CaO 
in the bottom of a graphite crucible together with slag 1, with CaO/slag ratio of 0.1. 
Fourteen experiments were performed, and after the experiments, a Dremel was used to 
remove the graphite crucible from the sample. The bottom of the samples was first imaged. 
Initial slag, and two of the samples heated with the fastest heating rate, 50 °C/min to 1200 
°C and 25°C/min to 1600 °C, with 0- (50.0.1) and 60 minutes (50.60.2) holding time are 
shown in Figure 90. WDS analyses across the samples as shown in Figure 91 were also 
performed on all samples. The results are graphed in Figure 92 and Figure 93. No CaO 
were found in any of the samples, which means that the dissolution is fast. A brighter color 
with more CaO in the slag could be found in the samples with shortest holding times, seen 
as peaks in the graphs. From 10 minutes to 60 minutes holding time, the CaO concentration 
in the bottom slag decreases.  

 

 
Figure 90 EPMA images of horizontal section in the bottom of pure slag and samples heated with heating rate 50 °C/min 
to 1200 °C and 25°C/min to 1600 °C with 0 minutes (50.0.1) and 60 minutes (50.60.2) holding time. 

 

 
Figure 91 Horizontal section of the sample after experiment showing the analysed areas with WDS given in x- and y-
direction. 
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Figure 92 Results of WDS analysis horizontal section, x-direction close to the crucible bottom for the samples with heating 
rate 50 °C/min to 1200 °C and 25 °C/min to 1600 °C. The CaO/slag ratio was 0.1. 

 

 
Figure 93 Results of WDS analysis horizontal section, y-direction for the samples with heating rate 50 °C/min to 1200 
°C and 25 °C/min to 1600 °C. The CaO/slag ratio was 0.1. 

 

Next, the samples were cut in two to study the vertical section with EPMA. X-ray 
diffractions (XRD) with Si, Al and Ca elemental mapping were also conducted to see the 
spatial distribution of the different oxides in the slag. The EPMA images together with the 
spatial distribution of Ca for the samples with fastest heating rate are shown in Figure 94. 
The complete XRD images are shown in Figure 215-222 in Appendix C. These images 
confirm a small concentration gradient, also after 60 minutes holding time. From this, it 
appears as the dissolution is very fast in the beginning before it slows down after around 
20 minutes.  
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Figure 94 EPMA image to the left and Ca spatial distribution in the right image for samples with heating rate 50 °C/min 
to 1200 °C and 25 °C/min to 1600 °C with holding times 0-, 10-, 20-, 30-, 40- and 60 minutes. The CaO rich slag phase 
is found in the bottom of the sample. 

 

This is also confirmed by the WDS analysis for the vertical samples, given in Figure 95. 
For every sample, three lines are analyzed from bottom to top. The slope of the curves 
decreases from 10 minutes to 60 minutes. For the 0-minute experiments, most of the 
samples are slag close to the initial concentration. This is believed to be due to the small 
lumps of CaO. In the horizontal section, it was also found concentration differences in the 
0-minute experiments and based on this, in is believed that the initial CaO lump 
decomposes into smaller lumps before it dissolves in the slag. The analysis will hence 
depend on the analyzed area includes one of these lumps. 
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Figure 95 Results of WDS analysis vertical section for the samples with heating rate 50 °C/min to 1200 °C and 25 °C/min 
to 1600 °C. The CaO/slag ratio was 0.1. 

 

No effect of heating rate up to 1600 °C was found. The composition results for the samples 
with slower heating rates are shown in Figure 96. Figure 97 displays the EPMA images 
together with the spatial distribution of Ca. It is not observed any differences in the slag 
structure for the different heating rates, and it is found that the curves are similar with 
similar slopes. The bottom slag in the 15+10 °C/min experiment has a higher CaO 
concentration, ~28-29%, compared to the 50+25 °C/min and 25+15 °C/min experiments, 
~26-28% CaO. The solidus temperature for the heated slag is 1170 °C, and a slower heating 
rate facilitates more time in the temperature range 1200-1600 °C, which would expect some 
more reaction for the slowest heating rate. This was not observed in this study, and it is 
believed that the dissolution rate is slow before the liquidus temperature of the slag at 1490 
°C. The concentration difference could also be explained by the location of the cross section 
in the sample. All samples are cut right in the middle, but the CaO rich slag phase is not 
symmetrical in the sample, which can be seen previous images and analysis.  
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Figure 96 Results of WDS analysis vertical section for the samples with heating rate 25 °C/min to 1200 °C and 15 °C/min 
to 1600 °C, and heating rate 15 °C/min to 1200 °C and 10 °C/min to 1600 °C. The CaO/slag ratio was 0.1. 

 

 
Figure 97 EPMA image to the left and Ca spatial distribution in the right image for samples with heating rate 25 °C/min 
to 1200 °C and 15 °C/min to 1600 °C with holding times 0-, 40- and 60 minutes, and one sample with heating rate 15 
°C/min to 1200 °C and 10 °C/min to 1600 °C with holding time 40 minutes. The CaO rich slag phase is found in the 
bottom of the sample. 

 

4.3.2.1 CT-imaging 

 

Three of the samples with the fastest heating rates from the graphite tube furnace 
experiments were analyzed with CT: 0 minutes holding time in Figure 98, 40 minutes 
holding time in Figure 99, and 60 minutes holding time in Figure 100. These images 
confirm the observations from EPMA. CaO forms a CaO rich slag phase at the bottom of 
the sample before it dissolves into the slag. It can also be observed footprints of CaO rich 
slag further up in the sample. This indicates that the CaO disintegrates before liquidus 
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temperature of the slag at 1490 °C and to some degree spread in the slag. This might also 
be due to convection due to the difference of density between the CaO and the slag. This 
creates a circulating flow of some of the CaO or CaO rich SiO2-CaO-Al2O3 slag. 

 

 
Figure 98 CT images of the second parallel heated to 1600 °C with heating rate 50 °C/min up to 1200 °C and 25 °C/min 
up to 1600 °C with 0 minutes holding time. To the left is an image from the top of the sample, and the right image is a 
vertical cross section in the center of the sample. The yellow line in the vertical section marks the height of the horizontal 
image. More CaO in the slag can be observed as the brighter grey color. The darkest grey color is the graphite crucible. 

 

 
Figure 99 CT images of sample 50.20, which is heated to 1600 °C with heating rate 50 °C/min up to 1200 °C and 
25°C/min up to 1600 °C with 20 minutes holding time. To the left is an image from the top of the sample, and the right 
image is a vertical cross section in the center of the sample. The yellow line in the vertical section marks the height of the 
horizontal image. More CaO in the slag can be observed as the brighter grey color. The darkest grey color is the graphite 
crucible. 
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Figure 100 CT images of sample 50.40, which is heated to 1600 °C with heating rate 50 °C/min up to 1200 °C and 
25°C/min up to 1600 °C with 40 minutes holding time. To the left is an image from the top of the sample, and the right 
image is a vertical cross section in the center of the sample. The yellow line in the vertical section marks the height of the 
horizontal image. More CaO in the slag can be observed as the brighter grey color. The darkest grey color is the graphite 
crucible.  

 

4.3.3 Dissolution experiments in a sessile drop furnace 
 

Based on the previous graphite tube furnace experiments, it was decided to do small-scale 
experiments. Experiments with CaO and slag 1 were first heated and stopped at different 
temperatures up to 1500 °C. The images after these experiments are shown in Figure 101. 
It was observed that the dissolution accelerates at approximately 1400 °C, and at 1500 °C, 
the slag has encapsulated the CaO. Dissolution experiments in the sessile drop furnace were 
conducted with different holding times at 1500 °C up to 30 minutes, and at 1550 °C up to 
20 minutes. SiO2-CaO-Al2O3 slag with three different compositions are used as shown in 
Table 33. The CaO content ranges from 15-21%. Slag 3 has the lowest liquidus 
temperature, while for slag 2 many of the experiments were run below the liquidus 
temperature.  

 

 
Figure 101 Sessile drop experiments with CaO and 56% SiO2 - 15% CaO - 29% Al2O3 slag heated to 1000 °C, 1400 °C 
and 1500 °C. 
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Table 33 The three master slags used for the dissolution experiments in sessile drop furnace. The viscosities are calculated 
with FactSage 8.1. 

Slag SiO2 CaO Al2O3 Tliquidus Tsolidus Viscosity [Poise] 
 [wt%] [wt%] [wt%] [°C] [°C] 1500°C 1550°C 
1 56 15 29 1490 1170 456 250 
2 38 20 42 1550 1385 - 48 
3 56 21 23 1420 1170 180 108 

 

4.3.3.1 Slag 1: 56% SiO2 – 15% CaO – 29% Al2O3  

 

An overview of all the dissolution experiments with slag 1 is shown in Table 37. It was 
also attempted to do experiments with excess of CaO to see the effect on the dissolution 
rate. However, because the materials decripitated in room atmosphere it was not possible 
to do any analysis of the materials after the materials were cooled down. 

 

Table 37 Dissolution experiments with CaO and 56% SiO2-15% CaO-29% Al2O3. 

Temp Holding time  CaO/slag ratio %CaO at 100% dissolved 
[°C] [min]   [wt%] 
1500 0 #1 0.40 39 
 0 #2 0.36 38 
 0 #3 0.15 26 
 5  0.15 26 
 10 #1 0.15 26 
 10 #2 0.36 37 
 20  0.30 35 
 30 #1 0.46 42 
 30 #2 0.38 39 
1550 0  0.20 29 

 

Three parallels with heating up to 1500 °C and 0 minutes holding time were performed, 
with different CaO/slag ratio of 0.40, 0.36 and 0.15. The images captured during the 
experiments are shown in Figure 103, and EPMA images after the experiments in Figure 
105. For all three experiments it can be observed disintegrated CaO in the slag matrix. For 
the first and third parallel, it is found a concentration differences in the slag, as can be seen 
as a brighter color of the slag next to the CaO. In the second parallel, this is also observed 
in a small area at the bottom of the sample. Generally, the thickness of the slag in this 
sample is very thin. 
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Figure 102 Images captured during and after experiments of CaO and 56% SiO2- 15% CaO-29% Al2O3 slag heated to 
1500 °C with 0 minutes holding time. The CaO/slag ratio is 0.40, 0.36 and 0.15 for parallel 1, 2 and 3, respectively. 

 

 
Figure 103 Cross-section images and EPMA images of CaO and 56% SiO2- 15% CaO-29% Al2O3 slag heated to 1500 
°C and with 0 minutes holding time. The CaO/slag ratio is 0.40, 0.36 and 0.15 for parallel 1, 2 and 3, respectively. 
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WDS line analysis were conducted on all samples after the experiments, and the results are 
graphed in Figure 104. A concentration gradient was observed in all experiments at 0 
minutes, 5 minutes and 10 minutes holding time. Additionally, the CaO appeared to be 
dissolved after approximately 20 minutes at 1500 °C. In cases where CaO formed a CaO-
rich slag phase, it is assumed that the CaO/slag interface is located at the point with the 
highest CaO concentration. For many of the experiments, analysis could be performed on 
both sides of the CaO particle, which are labeled as “left” or “right” on the graph. The 
CaO/slag ratio varies across the experiments, so the graph does not include the 100% 
dissolved concentrations.  

 

 
Figure 104 WDS results for the experiments at 1500 °C with CaO and slag 1.  

 

Experiments were conducted at 1500 °C with holding times 0, 5 and 10 minutes, using a 
CaO/slag ratio of 0.15. The images captured during the experiments are shown in Figure 
105, while the EPMA images after the experiments can be seen in Figure 106. The red line 
is the analyzed line. In the 5-minute experiment, both sides of the cut sample were analyzed. 
On one side, disintegrated CaO can be observed, while the other side includes only a CaO 
rich slag, indicating a very small CaO particle at this point. No CaO was found after 10 
minutes.  

It can be observed that the 0- and 5-minute experiments are not fully liquid, despite the 
experimental temperature being above the liquidus temperature of 1490 °C. This may be 
due to small temperature differences. The furnace thermocouple was changed between the 
0- and 5-minute and the 10-minute experiments. Calibrations were performed for both 
thermocouples, but small variations may still occur. As 1500 °C is close to the liquidus 
temperature, even minor deviations might be visible in the experiments. 
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Figure 105 Images captured during and after experiments for the 1500 °C experiments of CaO and slag 1, with 0-, 5- 
and 10 minutes holding time, and CaO/slag ratio of 0.15.  

 

 
Figure 106 Cross section images and EPMA images after experiments for the 1500 °C experiments with CaO and Slag 1 
with 0-, 5- and 10 minutes holding time, and with CaO/slag ratio of 0.15.  
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One experiment was conducted at 1550 °C with 0 minutes holding time. The images 
captured during the experiment, the cross-section image and the EPMA image after the 
experiment are shown in Figure 107. The red line is the analyzed line, and the 
corresponding results are graphed in Figure 108. The results are similar to those of the 1500 
°C - 0 minutes experiment, wherein disintegrated CaO and slag with the initial composition, 
with a CaO rich boundary layer in between. 

 

 
Figure 107 Images captured during the experiment, cross section and EPMA images after experiment for CaO and slag 
1 heated to 1550 °C with 0 minutes holding time.  

 

 
Figure 108 WDS results for the experiment heated to 1550 °C with CaO and slag 1. 
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4.3.3.2 Slag 2: 38% SiO2 – 20% CaO – 42% Al2O3 

 

An overview of the experiments conducted with slag 2 is shown in Table 38. The liquidus 
temperature of slag 2 is 1550 °C, which is above the experimental temperature of 1500 °C.  

 

Table 38 Dissolution experiments with CaO and 38% SiO2-20% CaO-42% Al2O3. 

Temp Holding time  CaO/slag ratio %CaO at 100% dissolved 
[°C] [min]   [wt%] 
1500 0  0.25 36 
 5  0.25 36 
 10 #1 0.42 44 
 10 #2 0.14 30 
 10 #3 0.25 36 
 20  0.17 31 
1550 0  0.33 40 
 10  0.41 43 
 20  0.27 37 

 

Three parallels with holding time 10 minutes at 1500 °C were performed, with CaO/slag 
ratios of 0.42, 0.14 and 0.25. The images captured during the experiments are shown in 
Figure 109, and EPMA images after the experiments are displayed in Figure 110. For the 
first and third parallel with the CaO/slag ratio of 0.42 and 0.25, there is still CaO left after 
10 minutes at 1500 °C. For parallel 2 with lower CaO/slag ratio, there is only a CaO rich 
slag phase, seen as the brighter color in the EPMA image.  

 

 
Figure 109 Images captured during and after experiments for the three parallels of CaO and slag 2 at 1500 °C with 10 
minutes holding time. The CaO/slag ratio is 0.42, 0.14 and 0.25 for parallel 1, 2 and 3, respectively. 
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Figure 110 Cross section images and EPMA images after experiments for the three parallels of CaO and slag 2 heated 
to 1500 °C and with 10 minutes holding time. The CaO/slag ratio is 0.42, 0.14 and 0.25 for parallel 1, 2 and 3, 
respectively. 

 

The analyzed results for the 1500 °C experiments are shown in Figure 111. From the 10-
minute experiments curves, the CaO concentration showed several small peaks. From the 
EPMA images it can also be observed that the brighter slag does not appear glassy, but 
have crystallized. This is believed to have happened during solidification. Smaller CaO 
peaks can also be observed in the 20 minutes sample, and towards the end of the sample 
the concentration is close to equilibrium concentration, which is concentration with 100% 
dissolved CaO. 

 
Figure 111 WDS results for the experiments at 1500 °C with CaO and slag 2. 
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Experiments with CaO/slag ratio of 0.25 were conducted at 1500 °C with 0-, 5- and 10 
minutes holding times. The images captured during the experiments are shown in Figure 
112, and EPMA images after the experiments in Figure 113. After all experiments, there 
are still remaining CaO.  

 

 
Figure 112 Images during and after experiments of CaO and slag 2 with CaO/slag ratio of 0.25 for the 1500 °C 
experiments with 0-, 5- and 10 minutes holding time.  

 

 
Figure 113 Cross section images and EPMA images after experiments of CaO and slag 2 for the experiments with 
CaO/slag ratio of 0.25 for the 1500 °C experiments with 0-, 5- and 10 minutes holding time.  
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Furthermore, three experiments were conducted at 1550 °C with holding times 0-, 10- and 
20 minutes. Figure 114 and Figure 115 shows the images captured during the experiments 
and the EPMA images after the experiments, respectively. In the EPMA image at 0 minutes, 
some remaining CaO can be observed in the bottom right corner. In the 10-minute 
experiment, a black area is seen at the bottom, but this is epoxy. The analysis curves in 
Figure 116 show that the CaO is dissolved at both 10- and 20 minutes. 

 

 
Figure 114 Images during and after experiments with for the 1550 °C experiments of CaO and slag 2 with 0-, 10- and 20 
minutes holding time. The initial slag had composition 38% SiO2- 20% CaO-42% Al2O3. 

 

 
Figure 115 Cross section images and EPMA images after experiments for the experiments at 1550 °C experiments of 
CaO and slag 2 with 0-, 10- and 20 minutes holding time.  
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Figure 116 WDS results of CaO and slag 2 heated 1550 °C with 0-, 10- and 20 minutes holding time. 

 

4.3.3.3 Slag 3: 56% SiO2 – 21% CaO – 23% Al2O3 

 

An overview of all the dissolution experiments with slag 3 is shown in Table 39. The 
liquidus temperature for slag 2 is 1420 °C, which is the lowest in this study. 

 

Table 39 Dissolution experiments with CaO and 56% SiO2-21% CaO-23% Al2O3. 

Temp Holding time  CaO/slag ratio CaO conc. if 100% 
dissolved 

[°C] [min]   [wt%] 
1500 0  0.41 44 
 5  0.41 44 
 10 #1 0.50 47 
 10 #2 0.41 44 
 20  0.28 38 
1550 0  0.36 42 
 10  0.2 34 
 17  0.15 31 

 

Two parallel experiments were conducted at 1500 °C with a holding time of 10 minutes, 
with CaO/slag ratios of 0.50 and 0.41. The images captured during the experiments are 
presented in Figure 117, while the EPMA images after the experiments are shown in Figure 
118. In both parallels, undissolved CaO can be observed. Figure 119 displays the analyzed 
results. In the second 10-minute parallel, there are two analyzed lines, labeled “line 1” and 
“line 2”. Both lines appear homogenous on the EPMA images. In the first line is a 
concentration gradient ranging from 41-36%, whereas in line 2, the concentration ranges 
from 37-35%. This indicates that there are differences within the same sample. After 20 
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minutes, the concentrations are close to the concentration of 100% dissolution, which in 
this case is 38%. 

 

 
Figure 117 Images during and after experiments for the three parallels of CaO and slag 3 heated to 1500 °C and with 10 
minutes holding time. The CaO/slag ratio is 0.50 and 0.41 for parallel 1, and 2, respectively. 

 

 
Figure 118 Cross section images and EPMA images after experiments for the three parallels of CaO and slag 3 heated 
to 1500 °C and with 10 minutes holding time. The CaO/slag ratio is 0.50 and 0.41 for parallel 1, and 2, respectively. 
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Figure 119 WDS results for the experiments at 1500 °C with CaO and slag 3. 

 

Experiments with a CaO/slag ratio of 0.41 were conducted at 1500 °C with holding times 
0-, 5- and 10 minutes. The images captured during the experiments are shown in Figure 
120, and EPMA images after the experiments in Figure 121. Undissolved CaO are observed 
for all the experiments. Slag 3 has the lowest liquidus temperature of 1420 °C, but also the 
highest CaO/slag ratio. Reaction between the slag and CaO was observed during the 
experiments at a lower temperature for slag 3, around 1300 °C, compared to 1350 °C for 
slag 1 and 1400 °C for slag 2. 

 

 
Figure 120 Images during and after experiments for CaO and slag 3 with CaO/slag ratio 0.41 for the 1500 °C experiments 
with 0-, 5- and 10 minutes holding time.  
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Figure 121 Cross section images and EPMA images after experiments for the experiments of CaO and slag 3 with 
CaO/slag ratio of 0.41 for the 1500 °C experiments with 0-, 5- and 10 minutes holding time. 

 

Three experiments were also performed at 1550 °C with holding times 0-, 10- and 17 
minutes. Figure 122 and Figure 123 show the images captured during the experiments and 
the EPMA images after the experiments, respectively. The analyzed results are shown in 
Figure 124. After 10 minutes, the CaO concentration curve is ~34% throughout the sample. 
The CaO particle is fully dissolved. It was intended to have 20 minutes holding time, but 
the sample rolled of the carbon substrate after 17 minutes. It was therefore not possible to 
do EPMA and WDS on this sample. 

 

 
Figure 122 Images during and after experiments with for the 1550 °C experiments of CaO and slag 3 with 0-, 10- and 17 
minutes holding time. 
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Figure 123 Cross section images and EPMA images after experiments for the experiments at 1550 °C experiments of 
CaO and slag 3 with 0- and 10 minutes holding time.  

 

 
Figure 124 WDS results for the CaO and slag 3 heated to 1550 °C with 0- and 10 minutes holding time. 
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Chapter 5: Discussion 
 

The previous chapters presented the results obtained from the industrial samples, from the 
quartz experiments and from CaO dissolution in SiO2-CaO-Al2O3 slags. The industrial 
samples included slag samples from excavations, tapped slag and materials from the charge 
surface from Si and FeSi furnaces. The literature review summarized previous findings on 
slag from excavations in both industrial furnaces and pilot scale experiments in a 50kW 
furnace. The second part of this study focused on impurities in the quartz behaviour during 
heating, in addition to SiO2 disintegration upon heating and softening and melting 
experiments for different quartz types. The last part looked at the dissolution of CaO in 
three different compositions of SiO2-CaO-Al2O3 slags. The experimental results from this 
research will be discussed and compared with earlier research. The focus will be on how 
the results affect the Si and FeSi furnace operation. Slag in different zones will be 
described, and various factors that affects the slag and its effect on the furnace operation 
and the tapping conditions will be discussed. Condensates are also found in different parts 
of the furnace and an evaluation of these are included in this subchapter. The next section 
looks at how different quartz behaves when they experience a steep temperature increase 
similar as when they are added as a raw material to the furnace, and an evaluation of the 
findings from the charge surface. From the CaO dissolution experiments, it will be 
evaluated its effect on the slag viscosity and the mechanism in the dissolution. Further, the 
experimental results will be used to model the dissolution rates for the slag compositions 
in this study.  

 

5.1 Slags in different parts of the furnace 
 

In this research, slag from different zones in six different Si and FeSi furnaces have been 
analyzed. Furthermore, tapped slag samples from three different furnaces and slag from the 
charge top of two FeSi furnaces during operation are obtained. These results are used to 
describe different features of the slag in the different zones of the furnace.  

From Norwegian excavations of industrial Si and FeSi furnaces, it is found that the extent 
of slag varies between different furnaces. In comparison to other metallurgical production 
processes, such as manganese and steel, the amount of slag in Si and FeSi production is 
modest. However, in recent years there has been an increased focus on the effect of the slag 
on the production process. Accumulated slag is typically found along the furnace walls, 
sometimes all the way up to the charge top, and in a thick layer at the furnace bottom, which 
the metal must pass to exit the tap-hole. Figure 125 summarizes four different cases 
illustrating different amount of slag. The exact geometry will depend on the operational 
history of the furnace.  

In case a, there is almost no slag present along the furnace wall, allowing sufficient space 
for the raw materials to descend and react throughout the furnace. Case b represent a more 
average situation, where the presence of slag may affect the furnace operation. Slag in the 
higher parts of the furnace along the furnace walls will start to solidify as the temperature 



154 

decreases in the low temperature zone. Too much accumulated slag in the charge area will 
hinder the raw materials and narrows the reaction route. Case c illustrates an accumulated 
situation with very little room for the reacting materials to descend.  

Accumulated slag at the bottom of the furnace will affect the tapping process, which plays 
an important role in the Si and FeSi production. To obtain an optimal production yield, it 
is essential to have good draining of the furnace. If Si is accumulated over time, it might 
react with C or SiO2 and hence decrease the Si-yield. Slag is more viscous than the metal, 
and accumulated slag in the tap-hole area might hinder the metal flow to the tap-hole and/or 
clog to the tap-hole walls. The following use of tapping tools and equipment to maintain 
good drainage may also influence the quality of the melt. In Si and FeSi production, it is 
one tap-hole open at the time for the materials to exit. The tappers must work their way 
through the slag layer to the metal bath. Since slag is more viscous than the metal, it might 
clog the tap-hole and it is necessary to take actions such as blowing oxygen through Al or 
Fe lances, or stoking the tap-hole with soaked wooden poles to keep the tap-hole and runner 
“clean”. During tapping, some slag will also be tapped together with the metal. From the 
industry, it is referred to both normal, viscous and solidified lumps of slag that exit the tap-
holes. The last case d shows a furnace with no slag in the bottom layer.  

 

 
Figure 125 Schematic figures illustrating the interior of a Si furnace. Case a) have almost no slag along the furnace 
walls. Case b) shows an average situation with slag/inactive zone that may affect the furnace operation. Case c) shows 
an accumulated furnace. Case d) has SiC, but no slag in the furnace bottom. The SiC crust is found to vary between 
different furnaces, ranging from almost zero to the size illustrated in this figure. 
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As mentioned earlier, Si and FeSi furnaces are divided in a low temperature and a high 
temperature zone. This is a simplification. Inside the furnace there are several temperature 
gradients. Figure 126 shows an illustration of a Si furnace, including the main zones and 
approximate temperatures at different positions. The figure is based on modelled 
temperatures from Myrhaug [26]. The highest temperatures can be found right below the 
electrodes, by the arc. Below the cavity is the metal bath, which inside the furnace holds a 
temperature around 1900-2000 °C. With increasing distance from the arc, upwards in the 
furnace and towards the furnace lining, the temperature decreases. Above the tap-hole and 
in the slag/inactive zone, the temperature ranges from around 1000 °C to 1500 °C. The slag 
in the furnace will therefore experience different temperatures, depending on where it is 
located.  

 
Figure 126 Illustration of a Si furnace including the main zones and approximate temperatures at different positions. The 
temperatures are based on modelled temperatures from Myrhaug [26].  

 

5.1.1 More SiO2 in the higher parts of the furnace 
 

It is found that the samples higher up in the furnace, above the electrode tip level and close 
to the furnace wall in the inactive zone, generally contain more SiO2 compared to the lower 
parts of the furnace close to the tapping channel and in the Si/SiC/slag bath. This can be 
seen in the SiO2-CaO-Al2O3 ternary diagram in Figure 127, which includes all the 
accumulated slag samples. The CaO/Al2O3 ratio is approximately the same within the same 
furnace. The samples from Furnace B contain a higher amount of Al2O3. This was expected, 
as Furnace B generally has a higher Al content compared to the average Norwegian Si 
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plant. The samples collected higher up in the inactive zone have a SiO2 content >50%, 
whereas samples below the electrode tip level generally have SiO2 content below 50%. 
Among the different samples from Furnace B, marked with blue color in the figure, it can 
be observed that the composition variations are lower in the lower parts of the furnace. Two 
samples from the lower parts have a higher SiO2 content, S-43 and W4-20. In addition, the 
slag found in between the SiO2 in W4-12 has a SiO2 concentration of 76%. However, these 
three samples are collected from deeper in the furnace and the samples contain mainly SiC. 
In the EPMA images it was found larger areas with SiC with slag in the SiC pores, which 
suggests that the samples are from the SiC crust area.  

 

 
Figure 127 Analyzed accumulated slag samples from six different Norwegian Si and FeSi furnace excavations divided 
into higher and lower parts of the furnace. 

 

The existence of slag higher up in the inactive zone could be explained by slag being pushed 
towards the furnace walls and upwards from the lower parts. An increased amount of SiO2 
in the slag in the higher parts would then be due to dissolution of descending quartz in the 
ascending SiO2-CaO-Al2O3 slag. A 24 MW Si furnace adds materials in the order of 1 l/s, 
which gives a SiO and CO gas volume in the crater in the order of 10 m3/s [125]. A 
significant production of process gas in the lower parts of the furnace and a dense charge 
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area, result in a higher pressure in the crater compared to the external pressure. The pressure 
in the crater was measured at Icelandic Alloy plant in Iceland [126] and at Elkem 
Thamshavn furnace 2 in an internal Elkem report mentioned in [125]. They both found the 
crater pressure to be between 2-19 kPa. This high pressure may hence be an important 
source for pressing the slag from the bottom to the lining, and up to the charge top. 
Kadkhodabeigi [127] modelled the effect of the crater pressure on the melt flow pattern in 
the furnace bottom and found that a high crater pressure pushes the melt towards the furnace 
walls. This model does not include slag in the melt, which has a higher viscosity than the 
metal. However, the findings of slag higher up in the furnace in the inactive zone indicate 
a sufficient high crater pressure to move the slag in the same way as the metal to the furnace 
wall and upwards. 

Slag and a higher content of SiO2 in the slag in the higher parts of the inactive zone could 
also suggest that slag is formed in the higher parts of the furnace. Since quartz is added as 
a raw material at the top of the furnace, it is likely to have a higher content of SiO2 in the 
slag phase at the start of the reaction path. As the temperature increases further, SiO2 will 
be reduced from the slag. The reduction reaction of SiO2 from SiO2-CaO-Al2O3 slag is 
strongly dependent on temperature [128], [129]. Increasing temperature increases the SiO2 
reduction rate, and lower amounts of SiO2 in the slag phase further down in the furnace is 
therefore expected. However, this requires sufficient high temperatures in the higher parts 
to form slag. The liquidus temperatures for the slag found in the higher parts in the furnace 
ranges from 1390-1550 °C, with an average of ~1500 °C. The charge surface temperature 
is assumed to be around 1300 °C [3], [4], but next to the wall it is expected lower 
temperatures, around 1000-1200 °C, as seen in Figure 126. Figure 128 shows an example 
of how a slag would be in the furnace based on temperatures found from [26]. The 
temperature increases downwards in the furnace, but the high liquidus temperature of the 
slag suggests a higher temperature in the charge than expected. Heating of materials, 
including the core of the lumps, takes time. The gas temperature is 1000-1400 °C, but it 
might be that the materials are only heated at the surface when they enter the lower, high 
temperature part of the furnace.  

 
Figure 128 How the given slag composition will be in the furnace; liquid, liquid+solid, or solid, based on temperatures 
found from [26]. 
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A similar trend was observed for the slag next to the tapping channel, with an increased 
SiO2 content in the slag above the tapping channel compared to below, as can be seen in 
Figure 129. These samples are from the Furnace B excavation and are from two different 
tap-holes. The slag above the Si has a higher SiO2 content than below. The CaO/Al2O3 ratio 
is approximately the same. The slags from above the tapping channel are marked with the 
dark blue color and have a SiO2 content >50%. The higher content of SiO2 could be 
explained by the density. Increasing amount of SiO2 decreases the density in the slag [25]. 
A higher SiO2 content above the tapping channel is therefore expected due to the lower 
density. At 1550 °C, the difference from 30-65% SiO2 is 2.66-2.30 g/cm3. Pure silicon has 
a density of ~2.4-2.5 g/cm3 at 1500-1900 °C [40], which is in the same density area as this 
slag.  

Another factor could be the viscosity. Increasing amount of SiO2 in the slag also increases 
the viscosity, which means that the slag above the tapping channel is more viscous than 
below. Additionally, a lower temperature in this zone would suggest a viscous slag in the 
inactive zone of the furnace. The liquidus temperature for some of the slags in the inactive 
zone are higher than the expected temperature in that area, around 1000-1500 °C [26], and 
the slag system may therefore only be partly liquid. Higher viscosity is more resistance to 
flow, and it is likely to have the high viscosity slag at the top.  

 

 
Figure 129 Analyzed slag samples next to the Si tapping channel divided into above or below the channel. All samples 
are from the Furnace B excavation and are from two different tap-holes. 
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5.1.2 Alkalis in the slag 
 

In addition to SiO2, FeO and Al2O3, most of the slag from the charge surface have alkali 
and alkaline earth oxide content >5%. This was also found in some of the samples from the 
inactive zones. Potassium (K), magnesium (Mg) sodium (Na) are expected as impurities in 
the quartz with 75-1700 ppmw, 20-140 ppmw and 50-170 ppmw, respectively [48]. Their 
stability decreases with increasing temperature due to the low melting and boiling point of 
their metal. The boiling temperatures of K, Mg and Na are 760 °C, 1090 °C and 880 °C, 
respectively. These are therefore expected to leave the furnace in the off-gas system when 
reduced. However, oxides of K, Mg and Na are also found in some of the excavation 
samples, in addition to SiO2, CaO and Al2O3. Additionally, traces of Na2O, MgO or BaO 
were found in several of the tapped slag samples. Hoover et al. [130] similarly found both 
slag and condensates containing K2O and Na2O during the excavation of a 160 kW pilot 
scale Si furnace that had operated continuously for approximately 80 hours. This suggests 
that Si and FeSi furnaces have alkali circulations, which is also discussed in Mn-ferroalloy 
furnaces and blast furnaces.  

K2O, MgO and Na2O may be reduced with carbon and form their respective gas phases 
according to reaction 15, 16 and 17. 

 

𝐾2𝑂 + 𝐶 = 2𝐾(𝑔) + 𝐶𝑂(𝑔)  15 

𝑀𝑔𝑂 + 𝐶 = 𝑀𝑔(𝑔) + 𝐶𝑂(𝑔)  16 

𝑁𝑎2𝑂 + 𝐶 = 2𝑁𝑎(𝑔) + 𝐶𝑂(𝑔)  17 

 
The alkali vapors are then carried upwards along with the other process gases. In the higher 
parts of the furnace, these vapors can either leave as gases in the off-gas system or condense 
onto the charge materials before descending again in the furnace. During excavations, the 
materials in the furnace are cooled down with water. The water dissolves the alkalis and 
hence only traces of potassium, magnesium and sodium in the furnace would be found in 
the slag during excavations. Most of the slag samples do not contain these oxides, and it is 
therefore still an open question whether alkali circulation is an important feature. 

 

5.1.3 Silicon carbide particles in the slag  
 

In all slag samples in this study, including the accumulated slag from excavations and the 
tapped slag, SiC was found together with the slag. SiC is in solid form until 2730 °C, which 
means that it will be solid in Si and FeSi furnaces. No analyses were performed on the SiC 
in this study, and this subchapter is based on visual observations. It is not found a clear 
trend with more or less SiC in the higher or lower parts of the furnace, as seen in the two 
EPMA images in Figure 130. The left image is a sample from the lower part in the furnace, 
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while the right image is from the inactive zone. The distribution of SiC is similar in those 
two images.  

 

 
Figure 130 EPMA images of B-8.1 and B-27.2 which are collected from a lower and a higher point in the furnace in the 
Furnace B excavation. 

 

SiC is found both as smaller particles ranging from ~10-200μm, and in larger areas. In the 
last case it is often more SiC than slag in the samples and look similar to the SiC crusts. 
Accumulation of SiC have earlier also been reported from several Norwegian excavations 
[6]–[8]. At the Elkem Thamshavn excavation in 2013 [6], the SiC deposits were present 
from about 0.5m below the charge top and all the way down to the electrode tip position, 
which were about 2.5m in height. In the SiC crust, there are gas channels for ascending 
gases in the furnace. 

It is observed significantly more SiC in the accumulated slag compared with the tapped 
slag, including the high-viscosity slag. This can be seen in Figure 131, which is two typical 
EPMA images of an accumulated sample to the left and a tapped sample to the right. The 
carbon content in the charge mix and properties of the selected carbon will have an 
influence on the Si yield [131]. If too much carbon is added to the furnace, a large amount 
will react with SiO gas to form SiC. Accumulated SiC might increase the electrical 
conductivity of the materials in the high-temperature zone. Additionally, with an increased 
amount of solid SiC in the slag, the viscosity will also increase considerably and not be 
easily drained during tapping. Hence the slag would more easily accumulate in the furnace.  
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Figure 131 EPMA image of a tapped slag sample to the left and an accumulated slag sample to the right collected during 
excavation. Both samples are from furnace B. 

 

SiO2-CaO-Al2O3 slag and SiC wet each other well and by looking at the activity of the SiO2 
in the slag, it is possible to look at the stability of SiO2 in the slag and how easy it will be 
reduced with SiC to produce CO gas and either SiO gas or Si through reaction 6 and 18, 
respectively. Reaction 6 will preferrable happen in the high temperature zone of the furnace 
to form SiO gas for the metal forming reaction with CO gas. The reaction between SiO2 
and SiC to form Si and CO gas is not one of the main reactions in the Si or FeSi furnaces, 
but the reversed reaction of Si spheres reacting with surrounding CO gas has been proposed 
as an option related to the SiO2-SiC condensate in the furnace [68].  

 

2𝑆𝑖𝑂2 + 𝑆𝑖𝐶 = 3𝑆𝑖𝑂(𝑔) + 𝐶𝑂(𝑔)  6 

𝑆𝑖𝑂2 (𝑠,𝑙) + 2𝑆𝑖𝐶(𝑠) = 3𝑆𝑖(𝑙) + 2𝐶𝑂(𝑔)  18 

 

The stability of SiO2 over the temperature range 1600-2000 °C for two slag compositions,  

50% SiO2 – 25% CaO – 25% Al2O3   
70% SiO2 – 10% CaO – 20% Al2O3 

is graphed in Figure 132. With 50% SiO2, the activity will increase with 0.02 from 1600 
°C to 2000 °C, and 0.1 for the slag with 70% SiO2. The reaction quotient, Q, compared to 
the equilibrium constant K, can be used to determine the progression of the given reactions. 
Q can be calculated from the activities and partial pressures. The activity of SiC and Si are 
equal to 1 since they are in their reference state. The total gas pressure in the furnace is 
equal to the atmospheric pressure, and a normal first approximation is to assume that CO 
and SiO are the only gas species in the system. This gives pSiO+pCO = 1 bar. In this case, 
the partial pressures of SiO and CO in reaction 6 are assumed to be 0.67 bar and 0.33 bar, 
respectively. The partial pressure of CO is set to 1 bar for reaction 18. This is because the 



162 

reaction happens in the slag sample where there is no available SiO gas. Q for reaction 6 
and 18 for this given case for the two slag compositions are then as listed in Table 40. The 
equilibrium constants, K for the reactions in the temperature interval 1700-1860 °C are 
shown in Figure 133. From this it can be seen that Q < K for reaction 6 at around 1820 °C 
for 70% SiO2 and 1860 °C for 50% SiO2, which means that SiO2 in the slag will react with 
SiC to form SiO and CO gas from these temperatures. For Reaction 18, neither slags will 
react with SiC to form Si and CO gas before 1900 °C.  

Figure 134 shows the change in Gibbs free energy for the two reactions in the temperature 
interval 1600-2000 °C, and from this it can be seen that reaction 6 is in equilibrium at 
around 1860 °C and reaction 18 around 1900 °C, when all species are in their standard 
state. 

 

Table 40 The equilibrium constant K and the change in Gibbs free energy ΔG0 for two SiO2-CaO-Al2O3 slag compositions 
at 1800 °C. The given activities are found with FactSage 8.1, and the equilibrium constant K found with HSC Chemistry. 

Slag composition  2𝑆𝑖𝑂2 + 𝑆𝑖𝐶 = 3𝑆𝑖𝑂(𝑔) + 2𝐶𝑂𝑔 𝑆𝑖𝑂2 + 2𝑆𝑖𝐶 = 3𝑆𝑖 + 2𝐶𝑂(𝑔)  

 aSiO2 QSiO  QSi  
50% SiO2 – 25% CaO – 25% Al2O3 0,34 0.86  1.08  70% SiO2 – 10% CaO – 20% Al2O3 0,77 0.17 1.29 

 

 

 
Figure 132 The activity of SiO2 in 50% SiO2 – 25% CaO – 25% Al2O3 and 70% SiO2 – 10% CaO – 20% Al2O3 in the 
temperature interval 1600-2000 °C. The activities are calculated with FactSage 8.1.  
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Figure 133 The equilibrium constants for reaction 6 and 18 over the temperature interval 1700-1860 °C. 

 

 
Figure 134 The change in standard Gibbs free energy for reaction 6 and 18 over the temperature interval 1600-2000 °C. 

 

5.1.4 Condensation of SiO gas and CO gas in the furnace 
 

In Si and FeSi furnaces, there are mainly two types of condensates: brown and white. These 
are generated from the gas mixture of mainly CO and SiO according to reaction 3 and 4, 
respectively. SiO and CO gas are created in the high temperature zone and ascend to the 
low temperature zone. Condensates will stick firmly to any raw material and create a crust. 
The crust in the charge area is referred to as the stoking crust. Too much condensate in the 
charge might reduce the charge permeability. The condensate can clog the charge and result 
in peaks of high pressure in the furnace, which again could cause gassing through the tap-
hole [132]. Figure 135 shows where the condensates are likely to be found in the furnace, 
and are based on previous results from several Norwegian Si and FeSi furnace excavations 
[6]–[10], [21].  
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2𝑆𝑖𝑂(𝑔) → 𝑆𝑖𝑂2 (𝑠,𝑙) + 𝑆𝑖(𝑠,𝑙)  3 

3𝑆𝑖𝑂(𝑔) + 𝐶𝑂(𝑔) → 2𝑆𝑖𝑂2 (𝑠,𝑙) + 𝑆𝑖𝐶(𝑠)  4 

 

 
Figure 135 Illustration of where the condensates are likely to be found in the Si and FeSi furnaces. 

 

White-green condensate of SiO2 and SiC together with a SiO2 rich slag was found in sample 
B-14.1, which is from the higher, inactive part of the furnace. Condensates were also found 
in the charge top samples from Finnfjord AS. Most of the condensates here were brown 
and covering SiO2, but some of the samples also included some white condensate. Brown 
and white stripes of condensate were observed, which were observed as different areas with 
SiO2+Si and SiO2+SiC in the EPMA images, as highlighted in Figure 136. Areas with Si 
spheres embedded in the SiO2 matrix are from the brown-colored area, while the white area 
is SiO2 and SiC from condensation reaction 4. Materials from the charge area have earlier 
been analyzed during excavations [6]–[8], [11], and it is found glassy condensates with 
white, brown, and in some cases green color that are covering and holding together partly 
melted raw materials. Broggi [47] characterized the product of reaction 3 and found that the 
brown condensate consists of a mixture of Si spheres embedded in a SiO2 matrix, which is 
the same as found in this study. He also found that this condensate generates in the 
temperature interval from 1400 °C to 1780 °C. The expected charge surface temperature is 
around 1300 °C [3], [4]. The white condensate consists of a SiO2 matrix with SiC.  
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Figure 136 Sample CPO1101_P.2 which is from the charge top at Finnfjord AS. The picture from the left is the mounted 
sample showing the brown and white condensates, which is shown as areas with SiO2 and SiC, and SiO2 and Si in the 
right EPMA image. 

 

Condensates were also found in some of the samples in the tapping channel, and in some 
of the high-viscosity tap slag from Finnfjord, shown in Figure 137 and Figure 138, 
respectively. Here, both brown and white condensates were found. From equilibrium 
calculations and temperature measurements, Broggi [47] found that the brown Si-SiO2 
condensate develops from 1400-1780 °C with SiO partial pressures of 0.58-0.99. White 
SiO2-SiC condensates is produced in the temperature range 920-1800 °C and pSiO ranging 
from 0.53-0.99. This means that condensates are not expected to be found in the tapping 
area where the temperature is ~1900 °C during production [26]. In the case of excavation 
samples, the condensate might have formed during cooling after shut-down.  

However, this is not possible for the tapped slag samples, which were collected during 
production. A possible reason is that the slag has descended from the slag above the tapping 
area, in the layer along the furnace wall. In this zone the temperature is around 1300-1500 
°C [26].  

Another option is that the condensates were formed when the tap-hole was closed. During 
this time, the temperature might be lower and condensate could form close to the tap-hole. 
When the tap-hole is opened for tapping, it will be tapped out together with the slag and 
SiC.  

A third option is that the temperature during tapping were lower than expected, which may 
occur. The temperature in the tapping area during normal operation is expected to be >1800 
°C when the tap-hole is open [27], [46]. Tapping operators have reported “cold” conditions 
and then actions to increase the temperature must be done. These samples were collected 
during challenging conditions, and the slag were reported as high-viscosity slag. A lower 
tapping temperature could be a likely explanation of the condensate formation.  
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The firth option is that the slags were exposed to SiO gas at the end of the runner, where 
the temperature is sufficient low for SiO to condense. 

 

 
Figure 137 Green and white condensate from the zones next to the Si tapping channel from the Furnace B excavation. 

 

 
Figure 138 Brown and white condensate from high-viscosity slag from Finnfjord AS. 

 

5.1.5 No differences in slag composition between different tap-holes 
 

Five samples from three different tap-holes were obtained from the Furnace B excavation 
which included parts of the tapping channel together with the adjacent zones. It is found 
that the tapping channel goes through a thick layer of slag, which is the same as Ksiazek 
found [11]. This is shown for three different tap-holes in Figure 139. Visually, the zones 
around all the tap-holes appear similar. Next to the Si is a 5-15 cm bright green layer which 
consists of mainly SiO2-CaO-Al2O3 slag and smaller SiC particles. Next is a dark grey layer 
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which is mainly SiO2-CaO-Al2O3 slag and larger SiC particles. In both layers there are also 
some samples with Si and/or Al2O3.  

 

 
Figure 139 Images from Furnace B excavation and Wacker Chemicals [11] showing that the Si metal goes through a 
slag and SiC layer when exiting the tap-hole.  

 

Figure 140 shows the oxide analysis for the tap-hole samples, grouped by whether they are 
from the grey or green colored area. No significant difference was found between the slag 
in the green and grey layers. Previous suggestions indicate that slag with green color 
contains more Al2O3 [5], but this was not the case in this study. In this study, it appears as 
the color is more dependent on the amount and size of the SiC particles. Figure 141 shows 
the analyzed slag from all three tap-holes plotted in the SiO2-CaO-Al2O3 ternary diagram. 
Different shapes and shades of blue separate the different tap-holes and the slags within the 
same tap-hole are circled in the diagram. ~90% of the samples are within 30-70% SiO2.  

The furnace was burned down before shut-down, which may result in larger amounts of 
slag and other accumulated matter around this area. Tap-hole 7 (B-47) was the last tapped 
tap-hole, but it was not observed any visual differences, and it is not found any differences 
between the slag composition in tap-hole 7 compared to tap-hole 1 and 3.  
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Figure 140 Slag from the samples including the zones next to the Si tapping channel for tap-hole 1, 3 and 7 from the 
Furnace B excavation. The green or the grey color gives if they are from the green or the grey colored layer in the sample. 

 

 

Figure 141 Slag from the samples including the zones next to the Si tapping channel for tap-hole 1, 3 and 7 from the 
Furnace B excavation. The tap-holes are separated with different shapes and different shadings of blue. 
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In order to find any potential differences in the slag composition of tapped slag samples 
from different tap holes, the SiO2 content as a function of tap-hole were plotted in Figure 
142 for the samples from Furnace R at Finnfjord AS. The standard deviation calculations 
only consider the normal tapped slags. For tap-hole 1, 4 and 5, only one slag sample from 
each tap-hole were obtained, with SiO2 content 40%, 36% and 35%, respectively. For tap-
hole 2, 3, 6 and 7 the average concentrations were 35%, 38%, 34% and 35%. For the tap-
holes including several samples, it can also be seen that the standard deviations overlap 
between the tap-holes. This supports that there are no significant differences between the 
different tap-holes. 

 

 
Figure 142 The SiO2 content in the tapped slag samples from Furnace R at Finnfjord AS as a function of the tap-hole 
they came from. The vertical lines are the standard deviations.  

 

5.1.6 Tapped slag  
 

This study includes tapped slag samples from four different Si and FeSi furnaces, from 
three different plants: furnace no. 2 at Elkem Thamshavn, Elkem Furnace B and two 
furnaces at Finnfjord AS. The slag compositions for all the tapped samples are plotted in 
the SiO2-CaO-Al2O3 phase diagram in Figure 143.  
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Figure 143 The composition of all tapped slag samples collected during operation. 

 

The main difference between the normal tapped slag and the slag reported as high-viscosity 
slag is the increased amount of SiO2 in the slag, and the presence of SiO2 areas and 
condensates in the samples. Areas of SiO2 and condensates were also found in some of the 
previously tapped slag, collected during the Furnace B excavation. As earlier mentioned in 
chapter 5.1.4 Condensation of SiO gas and CO gas in the furnace, the condensates might 
be from the slag layer above the tapping area. Presence of SiO2 areas might be from quartz 
“falling” down into the metal flow. A high amount of SiO2 in the high-viscosity slag also 
suggests presence of solid SiO2 which dissolves in the slag. Kristiansen [124], [133] 
modelled the dissolution rate of three different SiO2-CaO-Al2O3 slags in SiO2 at 1500 °C 
and 1550 °C. For slag with initial SiO2 content of 38%, 50% and 62%, he found that the 
dissolution rate constants, k were in the range of 10-3 g/s for 38% and 50% SiO2 and 10-4 
g/s for the slag with 62% SiO2 at 1550 °C. Additionally, he found that the SiO2 
concentration experienced a rapid increase up to 75-80%. This suggests that the presence 
of small particles of solid SiO2 next to normal tapping slag with SiO2 concentrations of 30-
40% would rapidly increase the SiO2 concentration to similar concentrations as found in 
the high-viscosity slag. It is likely that this high-viscosity slag has formed in the lower part 
of the furnace. If it was formed in the higher parts, the high viscosities of these slags 
suggests that the flow down through the furnace would be very slow.  
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The amount of slag, the amount of solid SiC in the liquid slag and the viscosity of the slag 
are three of the main factors that influences the flow of slag through the tap-hole. The 
viscosity is a measure of how easy the melt will flow. The liquidus temperature data for the 
collected slag samples are listed in Table 41. The metal that is tapped from the furnace was 
earlier assumed to hold a temperature around 1500-1600 °C [5], which were based on the 
temperatures measured in the ladle. However, temperature measurements from 2018 in the 
runner at Finnfjord AS and 2019 in the runner at Elkem Thamshavn have found 
temperatures around 1700-1900 °C [27], [46]. This confirms that all collected slag samples 
in the tapping area in this study are liquid during tapping. This is also the case for all slag 
next to the tapping channel from the Furnace B excavation. The liquidus temperatures 
ranges from 1170 °C to 1550 °C. With assumption of ~1800 °C tapping temperature, the 
viscosities range from 1-34 Poise for the reported normal tapping slag, and from 12-180 
Poise for the slag that is reported as high-viscosity slag. Some of the slag samples collected 
at Elkem Thamshavn have viscosities that are in the same range as the slag reported as 
high-viscosity slag at Finnfjord AS. At Elkem Thamshavn, tapped slag was only collected 
during normal tapping conditions. This could be because the amount of slag during 
sampling time at Thamshavn was too small to have a negative effect in the same way as it 
was reported at Finnfjord for the high-viscosity slag, or that the tapping temperature was 
higher.  

 

Table 41 The lowest and the highest liquidus and solidus temperature found for slag samples in this study. 

Zone in the furnace  Tliquidus [°C] Tsolidus [°C] 
Higher parts of furnace 1390–1550 1170–1512 
Lower parts of furnace 1310–1540 1170–1265 
Tap-hole area 1310–1650 1170–1512 
Tapped slag (Thamshavn) 1200–1500 1170–1265 
Tapped slag (Furnace B) 1510–1550 1170–1385 
Tapped slag (Finnfjord) 1350-1550 1170-1512 

 

From the viscosity data it can be noted that samples with a higher SiO2 content have higher 
viscosities. Figure 144 gives the viscosity in a logarithmic scale for a fixed CaO/Al2O3 ratio 
of 0.25 and 2 at 1600 °C and 1800 °C, with increasing amount of SiO2. The viscosity areas 
in the SiO2-CaO-Al2O3 ternary phase diagram in Figure 143 are shown as blue and red 
arrows. The graph confirms increasing viscosity with increasing amount of SiO2, and the 
effect increases with higher concentrations of SiO2. The difference is significant, also at 
1800 °C. Also, presence of any solid particles in the sample would increase the viscosity 
further. This is not accounted for in the viscosity calculations in FactSage, and this means 
that the viscosity numbers for the different samples are higher than what is given in the 
figure in the cases where solid SiC is found together with the slag. However, it is not 
observed an increased amount of SiC in the reported high-viscosity slags, and this indicates 
that the main factor influencing the slag in the tapping area is the concentration of SiO2 in 
the slag. Small variations have a great influence. A significant amount of slag with an 
increased SiO2 content would easier accumulate next to the tap-hole and clog the tap-hole, 
which would hinder the metal drainage. 
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Figure 144  Viscosity versus %SiO2 at temperature 1600 °C and 1800 °C. The CaO/Al2O3 ratio is kept constant at 2 and 
0.25. The viscosities are calculated using FactSage 8.1. 

 

5.1.6.1 Evaluation of the viscosity data 

 

The viscosity data are calculated with Factsage 8.1, which relates the viscosity to the 
structure of the solution. The structure is calculated using the Modified Quasichemical 
Model. Several researchers have tried to develop models to estimate viscosities of slag, and 
these are usually based on the composition and temperature dependency in various forms 
[33]–[38]. Table 42 lists the viscosity data for four of the tapped slag compositions using 
two different viscosity models: FactSage 8.1 and Tang et al. [38]. The last model uses the 
modified Vogel-Fulcher-Tammann (VFT) formalism and the Mauro equation. The 
viscosity results from the models are in the same size range, but the difference increases 
with increasing viscosity. This shows that different models give different results. The 
estimated values from viscosity models are expected to have uncertainties up to 25%. The 
viscosity data in this study are mainly used to give an estimate of how the slag behaved in 
the tap-hole area. It can be seen that the viscosity data for the slags that are reported as 
high-viscosity slag have significantly higher values than for the normal slag. 

 

Table 42 Calculated viscosities at 1600 °C and 1800 °C using two different viscosity models. The viscosity data are given 
in Poise. 

SiO2 CaO Al2O3 Factsage 8.1 Tang et al. [38] 
 [wt%]  1600°C 1800°C 1600°C 1800°C 
70 21 9 105 24 157 36 
55 27 18 25 6 33 10 
39 34 27 7 2 9 3 
46 31 23 12 3 7 3 
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5.1.6.2 The effect of temperature and furnace load 

 

From the curves showing the effect of increasing SiO2 concentration in the SiO2-CaO-
Al2O3 slag in Figure 144, it can also be noticed the effect of temperature. Normal tapping 
temperature is around 1800-1900 °C [27], [46], but deviations may occur. The temperature 
in the ladle at sampling time were measured for most of the samples collected at Elkem 
Thamshavn. The temperature is measured by dipping a thermocouple connected to a lance 
in the ladle, approximately 10-20 cm below the metal level. This temperature will not be 
the same as in the runner, but it might indicate if there are variations in the tapping 
temperature. Figure 145 shows the measured temperature in the ladle as a function of the 
SiO2 content in the slag. The trendline shows a small decrease in SiO2 concentration in the 
slag with increasing temperature. However, the difference is <5%. The correlation 
coefficient, R2, which is a number between 0 and 1, is the statistical measure of how much 
of the variation is explained by the model parameters. In this case, R2 0.0066, which means 
that the temperature changes in the ladle only explain a very small fraction of the change 
in SiO2 content in the slag at sampling time. Nor any correlation was found between the 
measured temperature and the CaO or Al2O3 concentration in the slag. The tapping 
temperature is believed to mostly have an influence on the viscosity of the slag during the 
process of draining the furnace. Decreasing the temperature increases the viscosity 
significantly. A lower temperature of the tapped metal will also have an influence on the 
refining and the casting process. The melting temperature of silicon is 1410 °C. With 
temperatures close to this the metal could solidify and create a crust at the top of the ladle.  

 

 

Figure 145 Temperature measured in the ladle compared with the SiO2 content in the slag collected from the tap-hole. 

 

The furnace power gives how much energy is supplied to the furnace. Typically, more 
power is applied to the furnace to increase the furnace temperature and to increase the 
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production. The furnace power given in MW for the tapped slag samples from Finnfjord 
AS at the sampling time and the amount of SiO2 in the slag samples can be seen in Figure 
146. There is an indication that a higher load has a lower SiO2 content in the slag. An 
increased temperature in the furnace as a result of more energy supplied to the system could 
affect the reduction of SiO2 from SiO2-CaO-Al2O3 slag, which is strongly dependent on 
temperature [128], [129]. Increasing temperature increases the SiO2 reduction rate and lower 
amounts of SiO2 in the slag phase.   

 

 
Figure 146 The amount of SiO2 in the slag as a function of furnace load for the tapped slag at Finnfjord AS. 

 

5.1.7 Al2O3 phase in slag samples 
 

In many of the accumulated slag samples, it was found an Al2O3 phase together with SiO2-
CaO-Al2O3 slag and SiC, both in the higher and the lower parts of the furnace. Pure Al2O3 
is not added to the furnace, but Al2O3 is an expected impurity in the raw materials. Oxides 
of aluminium are the most common impurity in quartz, often in form of muscovite 
(KAl2(Si3Al)O10(OH,F)2) or feldspar (KAlSi3O8 – NaAlSi3O8 - CaAl2Si2O8). Al2O3 
requires higher energy and temperature than SiO2 to be reduced, and for Al2O3 to be 
reduced with carbon, a temperature above ~2040 °C is needed. In a Si or FeSi furnace, that 
is only the case below the electrode next to the arc. Al2O3 is therefore expected to be found 
in the slag phase. Figure 147 shows an overview of all the analyzed accumulated slag from 
the six excavations. The samples which contain a pure Al2O3 phase are marked in red. For 
many of the samples the SiO2-CaO-Al2O3 slag is close to the Al2O3 boundary line. This 
means that Al2O3 most likely has precipitated during solidification. However, for some of 
the slag samples next to the tapping channel, there is not likely to have any precipitation. 
For those samples it is believed that the Al2O3 is from the tap-hole clay. 
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Figure 147 Analyzed accumulated slag from Norwegian silicon and ferrosilicon furnace excavations. Samples marked in 
red are those samples which contain Al2O3. 

 

5.1.8 Oxynitride found in Furnace B 
 

In both parallels of sample B-9 from the excavation of Furnace B, it was found areas with 
oxynitride. Oxynitride is formed when Si fines are heated and react with both the oxygen 
and nitrogen in the air. However, it is not expected inside the furnace where the gas 
atmosphere is mainly SiO gas and CO gas. B-9 was from the higher parts of the furnace 
and approximately 1-2 m from the furnace wall. Nitrogen gas (N2) could originate from the 
impurities in the carbon materials. However, for oxynitride to be the stable phase, the N2 
partial pressure must be several magnitudes higher than pO2. This can be seen in Figure 148, 
which shows the stable phases of oxynitrides [134] for temperatures up to ~1700 °C. It is 
also possible that N2 gas in air enters the furnace through the furnace wall due to thermal 
buoyancy. The oxygen in this air reacts with C or Si. At a point, pN2 is sufficiently higher 
than pO2 in this air so that the nitrogen reacts with the Si. This can only happen in areas 
whit no overpressure of SiO gas and CO gas. However, it is also likely that the oxynitride 
was formed during the excavation, where the samples were exposed to air during cooling. 
A similar effect is seen during casting. When Si metal is tapped from Furnace B, it is casted 
directly in molds. The molds are then sprinkled with Si fines. Oxynitride is often found in 
between the cast Si and the Si fines. 
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Figure 148 Stable phases as a function of temperature and N2 and O2 relation [134].  

 

5.2 SiO2 properties affecting the furnace 
 

5.2.1 Disintegration of SiO2 
 

As mentioned previously, quartz experiences a steep temperature increase when it is added 
to the charge surface, which during normal operation holds a temperature around 1300 °C 
[3], [4], [76]. The shock heating might cause the SiO2 to disintegrate, and this might have a 
negative effect on the operation. Too much fine particles in the charge will clog the furnace 
and hinder an even flow of materials and gases[5], [59], as shown in the right illustration in 
Figure 149. Clogging of the furnace decreases the gas permeability and leads to creation of 
gas channels that can cause small outbursts of gas. Gas in the channels has less interaction 
with the descending raw materials and more SiO gas escapes the furnace. It is preferrable 
to have a charge with a good permeability so that all raw materials meet the ascending SiO 
and CO gas. A good permeability of the charge mixture requires raw materials with a good 
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size distribution, giving more space around the raw materials and enables an even gas flow. 
This is illustrated to the left in Figure 149. 

 

 
Figure 149 Illustration of gas permeability in a charge with a low amount of fines (left) and a high amount of fines (right). 

 

Crack formation is the first start of fines formation. In this study it is found that crack 
formation in the quartz mainly happens at two temperature intervals, ~300-600 °C and 
~1300-1600 °C. This is similar with what Aasly [82] found in his work where he also found 
two main temperature intervals for crack formation, ~180-573°C and from ~1200 °C. A 
summary of the crack formation and the mechanism in this study is shown in Table 43. It 
should also be mentioned that the degree of cracking is found to be different between the 
different quartz types, which is also confirmed by several other researchers [9], [77]–[79]. 
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Table 43 A summary of the crack formation and mechanism in quartz type A, B, C, D, F and G. 

Quartz type Crack formation 
[mm/mm2] 

300-600°C 1300-1600°C 

A 12.2 and 5.2 Crack formation from fluid 
inclusions. 

Crack formation due to 
volume change: expanding 
cracks and new formation of 
cracks from fluid inclusions 
and cracks from impurities. 

B 8.4 and 2.4 Crack formation from 
volume change in impurity 
areas. 

Crack formation due to 
volume change: cracks 
initiating both from existing 
cracks and from impurities 
with changing color on the 
HTCM image. 

C 14.2 and 34 Crack formation from fluid 
inclusions. 

Crack formation due to 
volume change: cracks 
initiating both from existing 
cracks and from impurities 
with changing color on the 
HTCM images. 

D 16.7, 9.4 and 20.4 Crack formation from 
impurities. In the D.2 there 
was no crack formation 
before 1300°C. 

Crack formation due to 
volume change. Cracks 
initiates from impurities with 
changing color on the HTCM 
images and expanding grain 
boundaries. 

F 5.1, 6.9 and 2.6 Crack formation due to 
uneven SiO2 surface. In F.3 
it was also crack formation 
due to volume change in 
impurities 

Existing cracks expand due to 
volume change 

G 17.8 and 14.6 No crack formation Crack formation due to 
volume change. Cracks 
initiates from impurities. 

 

The crack formation from 300 °C is in most cases from an uneven SiO2 surface, from 
volume changes in the impurity areas or from fluid inclusion cavities, illustrated in Figure 
150, Figure 151 and Figure 152, respectively. The uneven surface is most likely from the 
cutting process. If the cut is close to or at the edge of an impurity area or a fluid inclusion, 
this would result in an uneven or damaged SiO2 surface. A damaged SiO2 surface is prone 
for more damage, as cracking, during heating. Also, changes in the molecular structure of 
the impurities during heating, e.g., phase transformations, can induce cracking. Most of the 
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impurities in this study contain Al2O3, which were found to induce different degree of 
cracking.  

Escape of fluid from fluid inclusions were also observed for several of the quartz samples 
from 300 °C. With increasing temperature, the internal partial pressure of the fluid 
inclusions in the quartz will increase until they escape the SiO2, which contributes to 
fracture. It was observed small black “dots” that appeared on the surface and cracks that 
induced from these. The relation between cracking from 300-400 °C and fluid inclusions 
were discussed already in the 1960’s by Birkeland and Carstens in an internal report, 
referred to by Aasly [135]. Aasly also found in his work [82] the importance of fluid 
inclusions, who believed that the low temperature interval below 573°C could be significant 
for the thermal properties of the quartz. Martinsen, also referred to by Aasly [135], studied 
the fluid inclusions for quartz which were classified with “good” or “bad” thermal 
properties and found it reasonable that the fluid inclusion composition in the quartz has an 
influence on the quartz quality as a raw material for the Si and FeSi process.  

 

 
Figure 150 Images from high temperature confocal microscope (HTCM) experiment for B.2 at 20 °C and 300 °C, showing 
crack formation from impurity areas. 

 
Figure 151 Images from high temperature confocal microscope (HTCM) experiment for F.2 at 20 °C and 600 °C, showing 
crack formation from uneven SiO2 surface. No impurity areas were found in this sample. 
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Figure 152 Images from high temperature confocal microscope (HTCM) experiment for A.2 at 300 °C and 600 °C, 
showing crack formation from cavities from escaped fluid inclusions. 

 

Cracks occurring from ~1300 °C is believed to be due to the SiO2 phase transformation 
from quartz to cristobalite. Cristobalite has a lower density than quartz and the volume will 
increase as more quartz transforms to cristobalite. The grains will then expand and induce 
stress that causes microcracks, as illustrated in Figure 153. The volume increase also causes 
more tension in the existing cracks, leading to more crack formation. Gemeinert, referred 
to by Aasly [135], observed in his experiments that the properties of the fluid inclusions 
increased the speed of the β-quartz → β-cristobalite phase transformation. A faster phase 
transformation would expect to also cause a faster volume increase. In this study it was also 
found that the crack formation from fluid inclusions further developed from ~1300 °C. The 
volume increase as an important parameter for disintegration of SiO2 were also proposed 
by Ringdalen [77]. A volume increase was observed during heating up to 1750 °C for all 
the quartz types in this study.  

 

 
Figure 153 Images from high temperature confocal microscope (HTCM) experiment for D.2 at 1200 °C and 1600 °C, 
showing crack formation from expanding grain boundaries. 
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Figure 154 compares the degree of cracking with the maximum volume increase. The 
maximum volume increase varied from 5% to 31% in this study, which is similar with 
Ringdalen’s [59] results. An increased volume expansion is expected to cause more 
disintegration. This is also the main trend and shows that the phase transformation from 
quartz to cristobalite have a great influence on the crack formation in the quartz. However, 
neither Jusnes [9] or Ringdalen and Tangstad [58] could find any correlation between the 
amount of cristobalite and the amount of fines formed during heating. A volume increase 
around 22% is expected to be due to the phase transformation to cristobalite, and the higher 
results for some of the quarts types suggests that there are more factors that affects the 
volume expansion during heating. It was found that Quartz G and A have the largest volume 
increase, and it is also found that most of the crack formation for these developed after 
1300 °C. This was also the case for quartz C and D. Quartz B has both a low degree of 
crack formation and the lowest volume expansion. For quartz F, most of the cracks occurred 
before 1200 °C, even with a volume expansion of ~12-18% at 1600-1700 °C. This could 
most likely be due to larger grain boundaries in the F quartz, which is found to be both in 
the range 70-130μm and ≥ 1cm [9]. In the smaller samples heated in this study, it could be 
that the cube only contained one set of grains.  

 

 
Figure 154 Crack formation at 1600 °C and the maximum volume expansion during heating to 1750 °C for quartz A, B, 
C, D, F and G.  

 

Figure 155 compares the amount of cracks produced during heating to 1600 °C in this study 
with amount of fines produced from shock heating to 1500 °C from Jusnes [9] and 
Ringdalen [77]. Jusnes investigated the fines formation for quartz A, D, F and G and 
Ringdalen for quartz B after shock heating to 1500 °C. Fines were defined as material below 
10 mm. The following descriptions of the nature of the quartz are found from Elkem reports 
referred to by Jusnes [9]. From Figure 155 it can be noticed that quartz D, which has a high 
degree of cracking, has the lowest wt% of fines produced. Quartz F has the highest 
formation of fines, but the lowest formation of cracks. This is believed to be due to the 
different nature of these two quartz types. Quartz D has more impurities on the grain 
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boundaries. These melts and binds the grains together and will also absorb a lot of the stress 
from the SiO2 volume increase. Less fines will then be produced, even with a higher degree 
of crack formation. Quartz F has larger grain boundaries and the impurities have therefore 
no binding effect in the SiO2 matrix. It should also be mentioned the internal variations in 
fines formation for Quartz G. Quartz G has three regimes where the grain sizes, the degree 
of recrystallization and the temperature experienced are different. Regime 1 produced the 
largest amount of fines, while regime 2 and 3 produced less [9]. The fines formation of 
quartz type G is therefore divided in two areas in the figure. It is not known which regime 
the samples in this study are from. Quartz B has a low degree of both fines and cracks. 
Ringdalen [77] could not find the main causes for disintegration of quartz, but suggested 
fluid inclusions, impurities in the quartz and volume changes as possible parameters. Jusnes 
[9] investigated the effect of initial microcracks in the quartz and found that an increasing 
amount of initial cracks gave an increased number of fines. Aasly [82] found the same trend 
after shock heating of six quartz types up to 1300 °C, which is before the α-quartz → β-
cristobalite transformation. This suggests that the initial microcracks have a larger effect 
on the fines production than the crack formation during heating. It is not possible to find a 
correlation between amount of cracks and fines formation based on these results, and 
further work is needed to clarify. 

 

 
Figure 155 Crack formation at 1600 °C and fines production from shock heating to 1500 °C [9] for quartz type A, D, F 
and G. The result from quartz B is from Ringdalen [77]. Fines are defined as particles <10 mm. Crack formation is given 
in mm/mm2, while fines production is given in wt%. 

 

5.2.2 Softening and melting of SiO2 
 

Deciding the softening and melting temperature for quartz is a semi-quantitative method. 
Softening of quartz is defined as when the shape has lost its sharp edges [67], i.e. the 
temperature at which the SiO2 starts to melt. This study shows that different quartz types 
have different softening temperature and melting time, which is also found in earlier heating 
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experiments [59], [70], [71]. Increasing heating rate also increases the softening and melting 
temperature [71], which gives that melting of quartz takes time or that the melting is 
influenced by the heat transfer rate. The melting properties influences where SiO2 melts in 
the furnace. It is important that the SiO2 have sufficient long melting time to ensure that its 
reactions with Si, reaction 5, and SiC, reaction 6, happen in the high temperature zone. 

 

𝑆𝑖𝑂2 (𝑙) + 𝑆𝑖(𝑙) = 2𝑆𝑖𝑂(𝑔)  5 

2𝑆𝑖𝑂2 (𝑠,𝑙) + 𝑆𝑖𝐶(𝑠) = 3𝑆𝑖𝑂(𝑔) + 𝐶𝑂(𝑔)  6 

 

The general trend in this study is that a higher impurity content gives a shorter melting time, 
which is in agreement with Nordnes’ results [69]. Contaminants may break up the SiO2 
network system and create bindings between dislocated cores. Quartz B, C and D, which 
have the most impurities in this study, melts before quartz A, F and G. For the softening 
results it is found lower softening temperatures for quartz B and C, but quartz D has one of 
the highest softening temperatures. Quartz C has a higher total impurity content around 
1.6% than quartz B around 0.8%, but it is found the lowest softening temperature for quartz 
B. The same trends are found when comparing the amount of Al2O3 or K2O, which is the 
most common impurity oxides in this study, with the softening temperature and melting 
time. From the ICP-MS analysis it can be seen that quartz D also contains 0.314% 
FeO/Fe2O3, in addition to Al2O3 and K2O. The iron oxides content for quartz B and C are 
0.08 and 0.09, respectively. Ringdalen and Tangstad [58] suggested that the softening 
temperature decreased with increasing FeO/Fe2O3 content. This is not confirmed in this 
study. The results from their study compared to this study are shown in Figure 156. Their 
main correlation is seen for quartz with FeO content up to ~0.120%, which is ~1/3 of the 
iron oxide content in quartz D. Ringdalen and Tangstad did not find any clear correlation 
between the observed softening temperatures and the content of Al2O3 or alkalis in the 
quartz. It is also not known if their results include experiments with different heating rates. 
In the later years it is found that increasing heating rate also increases the softening 
temperature and melting time [70]–[72], which is also mentioned by Ringdalen and 
Tangstad in their paper. Different heating rates would then affect the results when 
comparing the impurity content with the softening temperature and melting time. 
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Figure 156 Softening temperature compared with %FeO with results from Ringdalen and Tangstad [58] and this study. 

 

5.2.3 The effect of impurities and initial slag formation 
 

Impurities that enter the Si furnace embedded in the quartz will follow the same path as the 
quartz. The impurities effect on SiO2 upon heating is hence an important factor when 
studying the behaviour of SiO2 in the furnace. It is found that the SiO2 dissolves in the 
impurities with increasing temperature, as can be seen in Figure 157. For the quartz samples 
in this study, it is found that the impurities consist of mostly Al2O3 and K2O, and FeO for 
quartz D. This is consistent with the ICP-MS analysis. The results from this study indicate 
that SiO2 dissolve in the impurities as the temperature increases.  

 

 
Figure 157 Amount of SiO2 in the impurity areas in the SiO2 as a function of temperature. The SiO2 content in the 
impurities increases with increasing temperature. 
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The impurities in the SiO2 will contribute to the slag formation in Si and FeSi furnaces. In 
several of the charge surface samples from Finnfjord AS, it was found slag together with 
the SiO2. During normal conditions, the charge surface temperature is around 1300 °C [3], 
[4], and it is expected to only contain heated raw materials and some melting of the 
impurities inside the raw materials. Slag formation in this area might indicate a higher 
temperature than expected. The slag at the charge surface mostly contains SiO2 in addition 
to FeO, Al2O3 and traces of alkali oxides Na, K, Mn, Mg and Ca, which are common 
impurities in the SiO2. The existence of iron is expected since iron oxide pellets are added 
together with the raw materials. Saadieh [136] did small scale experiments to simulate FeSi 
production with experimental temperatures 1850 °C and 1900 °C. He found in his 
experiments that the iron ore pellets were reduced at the top of his crucible, and that the 
iron reduces to its metal component long before SiO2 and FeO dissolves with each other. 
Findings of FeO in the slag indicates that the temperature increase in the furnace is 
sufficient fast so that melting happens before the iron oxide reduces to its metal component. 
Figure 158 shows the binary phase diagram of the FeO-SiO2 system. The solidus 
temperature is just below 1200 °C, which is below the expected charge surface temperature 
~1300 °C. The liquidus temperature gives an indication of the charge surface temperature. 
The FeO content in the slags in this study ranges from 5-43 wt%, which corresponds to 4-
39 mole%. From the phase diagram it can be seen that FeO-SiO2 slag with FeO > 39 mole% 
is all liquid at approximately 1400 °C.  

 

 
Figure 158 The binary phase diagram of FeO and SiO2 [137]. 

 

One of the main observations from the charge surface samples is that slag initiates from the 
grain boundaries and the cracks in the SiO2, and it is also often a SiO2 rich slag next to the 
melted SiO2. This is shown in Figure 159. SiO2 is not expected to melt before ~1700 °C, 
but impurities may lower the melting temperature and time [13, 14]. However, melted or 
partly melted SiO2 indicates a temperature <1600 °C. Since melting of SiO2 takes time, the 



186 

SiO2-rich slag is most probably the initial formation of slag from SiO2 areas with increased 
content of impurities.  

 

 
Figure 159 Initial slag formation in sample CPR1809a.2. Slag accumulates in the grain boundaries and cracks in the 
SiO2, shown as white color. An area with slag is also found together with the melted SiO2, shown as brighter grey color. 

 

The SiO2 content in the slag inside the grain boundaries and cracks in the SiO2 are lower 
than the slag phase next to the SiO2, which can be seen in Figure 159. It can also be noticed 
that the slags in the grain boundaries/cracks in the SiO2 have liquidus temperatures around 
the expected charge surface temperature. The increased SiO2 content in the slag next to the 
SiO2 also increases the liquidus temperature considerably to >1600 °C. The existence of 
this slag composition in the charge surface means either the slag has been pushed upwards 
from deeper in the furnace, or that the charge surface temperature is sufficient high to 
produce this slag composition. This is described thoroughly in section 5.1.1More SiO2 in 
the higher parts of the furnace. Softened/melted SiO2 and SiO2 rich slag around its liquidus 
temperature are viscous, which gives a sticky and compact charge surface. Several of the 
samples were reported as viscous during sampling.  

Droplets of FeSi were also observed in several of the charge surface samples, which can be 
seen to the top left in Figure 159. This also substantiates either that materials have been 
pushed upwards from deeper in the furnace, or that the charge surface temperature is higher 
than expected. A too high temperature in the charge might have a negative effect on the 
furnace conditions. The high temperature might come from gas outburst from deeper in the 
furnace, which is caused by an increased pressure in the lower parts of the furnace [138]. 
The main outlet for the process gas is the charge, and the increased temperature in the 
charge might be from hot ascending process gas with sufficient energy to melt the materials 
in the charge. If the pressure build-up in the crater is too high, it will be released by blows 
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of gas through the charge mixture. This will most likely bring some materials from the 
lower part of the furnace up to the charge surface. 

 

5.3 CaO dissolution in SiO2-CaO-Al2O3 slags  
 

CaO in form CaCO3 is often added as a flux in Si and FeSi production. CaO lowers the 
viscosity of the slag, which is beneficial to ensure a good flow of materials through the 
furnace. The compositions, the liquidus and solidus temperatures, and the viscosities at 
1500 °C and 1550 °C for slag 1, 2 and 3, used in this study, are listed in Table 33. These 
are slags with typical CaO content found in the higher, inactive parts of the furnace. The 
solidus temperatures are 1170 °C and 1385 °C, and it is observed that the slag encapsules 
the CaO particle during heating around 1300-1400 °C for the slag compositions used in this 
study. Some slag was also observed on the CaO particle already at 1000 °C for slag 1. This 
means that dissolution of CaO into the accumulated slag in the Si and FeSi furnaces may 
also happen if slag is present in the inactive zones, where the temperature is above the 
solidus temperature of the slag.  

 

Table 33 SiO2-CaO-Al2O3 slags used in the dissolution experiments. The amounts are given in wt% and the viscosities 
are calculated with FactSage 8.1. 

Slag SiO2 CaO Al2O3 Tliquidus Tsolidus Viscosity [Poise] 
 [wt%] [wt%] [wt%] [°C] [°C] 1500°C 1550°C 
1 56 15 29 1490 1170 456 250 
2 38 20 42 1550 1385 - 48 
3 56 21 23 1420 1170 180 108 

 

The observed dissolution of a CaO particle into slag 1 at 1600 °C for different holding times 
are illustrated in Figure 160. The initial CaO particle disintegrates between 1400-1500 °C, 
and dissolve. As the temperature reaches 1600 °C, there are CaO footprints in the slag. This 
was observed both in the CT images and as peaks of CaO in the oxide analysis in the bottom 
layer close to the crucible. It was also observed a layer with a brighter color in the EPMA 
images, surrounding the CaO particle, in the 1500 °C experiments in this study. After 10 
minutes at 1600 °C, a CaO rich slag forms as a bottom layer in the crucible, with CaO 
concentration around 35%. The CaO concentration near the crucible bottom decreases with 
increasing holding time at 1600 °C up to 60 minutes. After 60 minutes at 1600 °C, only a 
small concentration gradient is measured in the vertical section of the slag, and the CaO 
concentration in the bottom slag near the crucible is close to 100% dissolution of the CaO. 
These observations indicate that the CaO dissolution into slag 1 is fast. 
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Figure 160 The observed dissolution of a CaO particle into 56% SiO2 – 15% CaO – 29% Al2O3 at 1600 °C for different 
holding times. 

 

5.3.1 The effect of CaO on slag viscosity in the Si and FeSi furnaces 
 

The main purpose of adding CaO to Si and FeSi furnaces is to lower the viscosity of the 
accumulated slag in the furnace. Too much accumulated slag is negative for the operation 
and a sufficient low viscosity is important to ensure a stable flow of materials through the 
furnace. However, with increasing amount of CaO added to the furnace, more SiO2 will 
enter the slag phase and hence decrease the Si yield. It is therefore beneficial to add the 
least amount of CaO that would decrease the slag viscosity sufficient to have a stable flow 
of materials through the furnace. The viscosities as a function of increasing CaO 
concentration for the slags used in this study can be seen in Figure 161. The initial CaO 
concentration for slag 1, 2 and 3 is 15%, 20% and 21%, respectively, and it can be observed 
a great initial effect of dissolving more CaO into the slag systems. For slag 1 at 1600 °C 
the viscosity decreases to 1/12 of its initial value by increasing the CaO concentration to 
30%. From 30-35% CaO, the viscosities decrease is smaller. The accumulated slag 
analyzed in this research have found CaO concentrations varying from ~10-30% in the 
higher, inactive parts of the furnace, which are similar with slag 1, 2 and 3. The dissolution 
reaction between CaO and SiO2-CaO-Al2O3 slag were in this study found to start between 
1300-1400 °C. When lime (CaCO3) is added together with the raw materials at the charge 
top where the temperature is around 1300 °C [3], [4] it will calcine to CaO according to 
reaction 19. It was found in the compression tests that the mechanical strength of the CaO 
is considerably lower than the initial CaCO3. The heating rate up to calcined temperature 
had no effect on how easily it fractured in the later dissolution experiments. 

 

𝐶𝑎𝑂 + 𝐶𝑂2 (𝑔) → 𝐶𝑎𝐶𝑂3  19 
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Figure 161 Viscosity with increasing %CaO for Slag 1, 2 and 3 at temperature 1600 °C and 1800 °C. The viscosities are 
calculated using FactSage 8.1. 

 

In the Si and FeSi furnaces, the CaO is expected to disintegrate and dissolve in any slag 
close by. With increasing temperature, the dissolution rate also increases. The viscosity of 
the SiO2-rich slag is therefore expected to decrease rapidly in contact with the CaO. The 
CaO concentration in the slag collected in the lower parts of the furnace is ~20-40%, and 
for the tapped slag ~15-40% at the Elkem Thamshavn, ~20-30% at the Furnace B, and ~20-
40% for the normal slag at Finnfjord AS. During the sampling period at Finnfjord AS, there 
were certain periods lime was added together with the raw materials: 10th to 25th of February 
2021, 19th to 27th of March 2021 and 15th of November to 5th of December 2021. These 
additions resulted in a generally higher CaO content around 35-37% for the slag collected 
the 12th and 14th of February 2021, the 9th of March 2021, and the 26th of November 2021. 
From the viscosity curves in Figure 161, it can be seen that by increasing the CaO 
concentration from 20-21% to 35-40%, the viscosity reduces from 13 Poise to 1 Poise for 
slag 1 and 3 at 1800 °C. In the lower parts of the furnace, where the temperature is around 
2000 °C, the change in viscosity and its effect on the accumulated slag would be less 
significant. However, there may be situations where the temperature in the tapping area 
might be lower than normal. In these situations, the CaO concentration has a great effect 
on the viscosity, and a sufficient high level can prevent challenging conditions for the 
tapping operators. 

The rate of dissolution of CaO into the SiO2-CaO-Al2O3 slag is expected to be directly 
related to the saturation concentration. The further from saturation, the larger driving force 
for the solid CaO to dissolve in the slag. The saturation concentration for this dissolution 
reaction is the phase boundary line for the CaO phase in the SiO2-CaO-Al2O3 ternary 
diagram, as shown in Figure 162. For slag 1, 2 and 3, the CaO boundary line is 69%, 66% 
and 70% CaO, respectively. However, the dissolution rate is also influenced by the 
temperature. In the oxide system, there are a liquidus and a solidus temperature, which 
means that there are temperature intervals where both liquid and solid phases will be present 
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in the system. This will also affect the dissolution rate. If the liquidus temperature falls 
below the experimental temperature during the dissolution path, solid particles will start to 
precipitate, and the dissolution rate also decreases due to higher viscosity. Figure 163 shows 
the liquidus and solidus temperatures for slag 1, 2 and 3 with increasing amount of CaO in 
the slag. The effect of the liquidus temperature is also seen in this study. Slag 2 has similar 
initial CaO concentration as slag 3, but significantly higher liquidus temperatures compared 
to slag 1 and 3. Slag 2 start to melt at 1385°C, while slag 1 and 3 begin at 1170 °C. The 
experimental temperatures at 1500 °C and 1550 °C are close to the initial liquidus 
temperatures. As more CaO dissolves into the slags, the liquidus temperature decreases for 
slag 1, 2 and 3, and are below 1500 °C until 39% CaO for slag 2, and until the 2CaO·SiO2 
phase boundary line at 49% CaO for slag 1 and 3, marked in Figure 162. With a further 
increase of the CaO concentration from 39% for slag 2 and from 49% for slag 1 and 3, the 
liquidus temperatures also increases. This is expected to slow down the dissolution rate 
considerably. Görnerup and Wijk [139] did experiments to determine the saturation lines 
for CaO, 2CaO·SiO2 and 3CaO·SiO2 in the SiO2-CaO-Al2O3 system at 1600 °C and 1700 
°C. Slag mixtures close to saturation in contact with its saturation phase were heated until 
its liquidus temperatures and run until equilibrium, which at 1600 °C-1700 °C was around 
6 hours. With lower experimental temperatures in this study, the time until equilibrium is 
expected to further increase.  

 
Figure 162 The SiO2-CaO-Al2O3 ternary phase diagram with 1500 °C liquidus area marked in bright blue. Slag 1, 2 and 
3, their dissolution path and the two saturation concentration at the 1500 °C and the CaO phase boundary line are 
marked with blue, red and green. 
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Figure 163 The liquidus and solidus temperature with increasing %CaO for Slag 1, 2 and 3. The temperatures are found 
from the SiO2-CaO-Al2O3 ternary phase diagram.  

 

Also, in this study it was observed a layer with brighter color on the EPMA images around 
the CaO particle for both the 1500 °C and 1550 °C experiments, as are highlighted between 
the red lines in Figure 164. A 2CaO·SiO2 or 3CaO·SiO2 boundary layer next to the slag at 
the CaO-slag interface has earlier been found by several researchers [99]–[102]. However, 
the CaO concentration in these layers are between 35-42%, which is close to the 1500 °C 
liquidus line for slag 2 and somewhat lower than the 2CaO·SiO2 phase boundary line. The 
boundary layers are in this study is the CaO·Al2O3·2SiO2 for slag 1 and 2CaO·Al2O3·SiO2 
for slag 2 and 3. 

 

 
Figure 164 Cross-section images and EPMA images after experiments with CaO and slag 1 at 1500 °C (left) and 1550 
°C (right) with zero minutes holding time. The red lines highlight the boundary layer between the CaO and the slag.  
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5.3.2 Modelling the dissolution rate of CaO in SiO2-CaO-Al2O3 slag 
 

This subchapter shows two models for the dissolution rates of CaO in slag 1, 2 and 3. The 
rate of a reaction gives the degree of conversion per unit time, and gives knowledge about 
the effect of adding CaCO3 together with the raw materials in the Si and FeSi furnaces. In 
the first model, the CaO particle is assumed to be a shrinking smooth sphere and the rate 
controlled by the rate of chemical reaction. The second model assumes that the rate is 
controlled by the mass transport and depends on the diffusion rate of CaO through a 
boundary layer at the surface of the CaO. The basis for the models is the experimental 
dissolution curves shown in Figure 165, Figure 166 and Figure 167. The %CaO from 
outside the boundary layer are calculated by using the average slag concentrations, which 
are shown as the black, flat lines in the figures. The dissolution of CaO in SiO2-CaO-Al2O3 
slags has been studied by a wide range of researchers, i.e. [93], [99]–[104], [106] and it is 
found that the mass transfer in the slag is the rate determining step. Ions of Ca2+ and O2- 

transfer through a 2CaO·SiO2 or 3CaO·SiO2 boundary layer next to slag at the CaO-slag 
interface. As the %CaO is not equal to the saturation CaO at the surface of the CaO particle, 
this is not the case here. 

Most of the existing literature data on the dissolution rates and diffusivities are mostly 
related to the steel industry and includes CaO concentrations around 40%. The initial CaO 
content in the slag in Si and FeSi furnaces before addition of lime is expected to be lower, 
around 10-20%, which would increase the driving force of CaO mass transfer in the slag 
and hence increase the reaction rate. 

 

 
Figure 165 Dissolution curves for slag 1 for the experiments at 1500 °C with 0-, 5- and 10 minutes holding time. 

 



193 

 
Figure 166 Dissolution curves for slag 2 for the experiments at 1500 °C with 0-, 5- and 10 minutes holding time. 

 

 
Figure 167 Dissolution curves for slag 3 for the experiments at 1500 °C with 0-, 5- and 10 minutes holding time. 

 

5.3.2.1 Dissolution rate controlled by chemical reaction – shrinking sphere model 

 

The shrinking sphere model describes the solid sphere CaO being consumed by dissolution 
into the liquid SiO2-CaO-Al2O3 slag. A simple illustration of the process is shown in Figure 
168. The rate depends on the rate of the surface reaction involving the breaking of the CaO 
network and is proportional to the CaO surface area. The dissolution rate expression is then 
as in equation 14 [98]. 

𝑅 =
𝑑𝐶

𝑑𝑡
𝑉 = 𝑘1𝐴0 (1 −

𝑉

𝑀0
∆𝐶)

2

3  
14 
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Figure 168 Schematic representation of the shrinking sphere model. The chemical reaction of CaO dissolving into the 
slag happens at the CaO particle surface and the reaction continuous until the whole CaO particle is consumed. 

 

The modelled dissolution rates using the shrinking sphere model together with the 
experimental results at 1500 °C for slag 1, 2 and 3 are shown in Figure 169, Figure 170 and 
Figure 171, respectively. The modelled rate equation is fitted to the experimental data by 
using the Solver function in Excel, to obtain an optimal value of the rate constant, k1. The 
rate data which were found to be the best fit from this model are listed in Table 44. The rate 
constants are in the order 10-5-10-4 g/s·cm2. Slag 3 is found to have the highest dissolution 
rate constant and slag 2 the lowest.  

 

Table 44 Rate data obtained from shrinking sphere model. k1 is the rate constant in the dissolution rate equation given in 
g/s·cm2. 

Slag (SiO2-CaO-Al2O3) k1
 

[wt%] [g/s·cm2] 
1: 56-15-29 1.2·10-4  
2: 38-20-42 9.0·10-5 
3: 56-21-23 2.9·10-4 
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Figure 169 Modelled dissolution rate curve using the shrinking sphere model and the experimental results for slag 1 at 
1500 °C. R gives the correlation error. 

 

 
Figure 170 Modelled dissolution rate curve using the shrinking sphere model and the experimental results for slag 2 at 
1500 °C. R gives the correlation error. 
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Figure 171 Modelled dissolution rate curve using the shrinking sphere model and the experimental results for slag 3 at 
1500 °C. R gives the correlation error. 

 

5.3.2.2 Dissolution rate controlled by mass transfer of CaO 

 

In addition to the rate constant and the surface area, the second model takes into account 
the diffusion of dissolved CaO away from the solid CaO into the slag. A simple illustration 
of the process is shown in Figure 172. It is assumed that the diffusion is one dimensional 
through a constant thick boundary layer, which is also constant with respect to the CaO 
particle size. The driving force for this diffusion is the concentration difference in dissolved 
CaO between that at the surface of the CaO, which is the saturated concentration, and that 
of the bulk of the SiO2-CaO-Al2O3 slag. The dissolution rate can then be expressed as in 
equation 18 [97].  

𝑅 =
𝑑𝐶

𝑑𝑡
𝑉 = 𝑘2𝐴(𝐶𝑠𝑎𝑡 − 𝐶) = 𝑘2𝐴0 (1 −

𝑉

𝑀0
∆𝐶)

2

3
(∆𝐶𝑠𝑎𝑡 − ∆𝐶)  

18 

 

 
Figure 172 Schematic representation of dissolution of CaO into SiO2-CaO-Al2O3 slag by mass transport control. The 
process involves transport of ions through a constant thick boundary layer around the CaO particle into the slag. 
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Equation 18 is solved numerically in MATLAB R2022a using the ode45 method. Ode45 
uses the Runge-Kutta method to find the solution, which is an effective and widely used 
method for solving the initial-value problems of differential equations [140]. The modelled 
dissolution curves for slag 1, 2 and 3 together with the experimental results at 1500 °C can 
be seen in Figure 173, Figure 174 and Figure 175, respectively. The rate data which were 
found to be the best fit from this model are presented in Table 45. Similar as for the 
shrinking sphere, Rslag 1 > Rslag 3 > Rslag 2.  

 

 
Figure 173 Modelled dissolution rate curve using mass transport model and the experimental results for slag 1 at 1500 
°C. The R2 number gives the correlation error. 

 

 
Figure 174 Modelled dissolution rate curve using mass transport model and the experimental results for slag 2 at 1500 
°C. The R2 number gives the correlation error. 

 

https://www.sciencedirect.com/topics/physics-and-astronomy/operators-mathematics
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Figure 175 Modelled dissolution rate curve using mass transport model and the experimental results for slag 3 at 1500 
°C. The R2 number gives the correlation error. 

 

Table 45 Rate data obtained from the mass transport model. k2 is the rate constant in the dissolution rate equation given 
in cm/s using the 1500 °C liquidus as the saturation concentration. 

Slag k2 
[cm/s] 

D 
[cm2/s] 

1 5.5·10-5 1.7·10-6 
2 4.0·10-5 1.2·10-6 
3 1.4·10-4 4.2·10-6 

 

The diffusion coefficient, D describes the amount of CaO that diffuses per time unit and 
can be found from relationship between the rate data and the boundary layer thickness, δ 
through equation 21 [97]. The boundary layer in this case is the CaO·Al2O3·2SiO2 for slag 
1 and 2CaO·Al2O3·SiO2 for slag 2 and 3 layers, which is found outside the remaining CaO 
particle. The boundary layer thickness is assumed to be constant 0.3 mm for all three slags. 

 

  𝑘2 =
𝐷

𝛿
  21 

 
The diffusion constants for the three slag compositions are presented in Table 45 together 
with the rate data. They are found to be in the order of 10-6 cm2/s, which is somewhat higher 
than literature data for similar slags. Liang et al. [112] used the isotope tracer method and 
found the diffusion coefficients for 65% SiO2 – 20% CaO – 15% Al2O3 to be 3.3·10-7 cm2/s 
and for 60% SiO2 – 20% CaO – 20% Al2O3 to be 3.66·10-7 cm2/s at 1500 °C. In these 
experiments, the diffusion coefficient for slag 3, which has the most similar composition 
56% SiO2 – 21% CaO – 23% Al2O3, is found to be 5.7·10-6 cm2/s. For the most studied 
composition 40% SiO2 – 40% CaO – 20% Al2O3, the diffusion coefficients at 1500 °C are 
1.34·10-6 cm2/s [112] and 2.6·10-6 cm2/s [111]. The last case is calculated from the Nernst-
Einstein relation. At lower temperatures it is found to vary between 1.6·10-6-1.3·10-7 cm2/s 
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[107]–[111], [113]. This slag composition is on the same dissolution path as for slag 1, 56% 
SiO2 – 15% CaO – 29% Al2O3, where the diffusion coefficient was found to be in the same 
order, at 10-6 cm2/s.  

The diffusion coefficient is often found to be proportional with the viscosity, η, as derived 
from both Stokes-Einstein [25] and Eyring [118] equations for diffusivity. The calculated 
viscosities for slag 1, 2 and 3 at 1500 °C using FactSage 8.1 are 456 Poise, 82 Poise and 
180 Poise, respectively. However, this model does not consider solid particles in the slag. 
The liquidus temperature of slag 2 is 1550 °C, which means that presence of solid particles 
in the melt increases the viscosity considerably. It is therefore assumed that slag 2 has the 
highest viscosity, and hence ηslag2> ηslag1> ηslag3. This is consistent with kslag3>k slag1>k slag2. 

 

5.3.2.3 Evaluation of the dissolution mechanisms  

 

Theoretically, a reaction can be controlled by the rate of the chemical reaction, by mass 
transfer or a mix of both factors. From the experimental dissolution curves presented 
earlier, it is found that in this study, the dissolution process is a mix, as illustrated in Figure 
176. Models based on either chemical or mass transfer control will therefore have some 
deviation from the actual dissolution rate curves. However, both models show similar 
results, and it is therefore assumed that the models are an acceptable approximation. 

 

 
Figure 176 Schematic illustration of mass transfer kinetic control or chemical reaction being the rate determining step 
for CaO dissolution in liquid SiO2-CaO-Al2O3 slag. The red curve gives the experimental results in this study, which is a 
mix. 

 

Both models for the dissolution rates found similar curves for dissolution. However, the 
models are based on small amounts of CaO and slag, <5 g, whereas in Si and FeSi 
production, CaCO3 is added as lumps with sizes up to 2-3 cm radius. Figure 177 presents 
upscaled modelled results using the mass transport model, where 250 g of CaO is added to 



200 

1 kg of slag. The results show that slag 3 uses 10 h, slag 1 uses 15 h, and slag 2 uses 30 h 
until the CaO lump is dissolved. In the industrial furnace, it is assumed the particles will 
remain in the furnace for around 8-12 h, which means that particles of this size will not 
dissolve completely at 1500 °C for slag 1 and 3. However, it is likely that the CaO will 
disintegrate into smaller particles in the furnace, as observed through the poor mechanical 
strength of CaO in compression strength tests and the disintegration of the CaO during 
heating in the graphite tube furnace. With smaller particle sizes, the CaO will dissolve faster 
in the slag. CaO is rarely found during excavations. Therefore, it is likely that the CaCO3 
added to the furnace at an early stage will calcine and disintegrate to smaller fractions. 
These smaller fractions of CaO will then likely have sufficient time in the furnace to 
dissolve completely.  

 

 
Figure 177 Upscaled modelled dissolution curves using the mass transport model. 250 g CaO are added to 1 kg slag.  

 

5.3.3 Effect of temperature 
 

The temperature dependence for the dissolution of CaO into SiO2-CaO-Al2O3 slag is 
assumed to be expressed by the Arrhenius equation as in equation 31. 

 

𝐷 = 𝐷0 exp (
𝐸𝑎

𝑅𝑇
) 31 

  
Where D is the diffusivity, D0 is a constant for the given solute and is independent of 
temperature, Ea is the activation energy, R is the universal gas constant and T is the 
temperature.  

From this expression, an increased temperature is expected to increase the diffusivity and 
hence also the dissolution rate. Increased dissolution was observed in this study for all three 
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slag compositions for the experiments in the sessile drop furnace at 1500 °C and 1550 °C. 
Figure 178 compares the EPMA images of cross sections after dissolution experiments of 
slag 3 and CaO at both 1500 °C and 1550 °C with 0- and 10 minutes holding time. At 1500 
°C there is still remaining CaO and a concentration gradient through the boundary layer for 
both the 0 minutes and 10 minutes experiments, which is the two top images in the figure. 
At 1550 °C – 0 minutes, both the measured oxide compositions and the EPMA images are 
similar with the 1500 °C – 0 minutes experiment. However, after 10 minutes at 1550 °C 
there is no remaining CaO nor a concentration gradient in the final slag solution. A pore 
can be observed down to the right in the EPMA image, the bottom right image in the figure. 
This is assumed to be gas trapped during the melting process. The final slag composition 
also confirms a homogenous slag and that the CaO particle has dissolved 100%. 

 

 
Figure 178 EPMA images of cross section after dissolution experiments of slag 3 and CaO at both 1500 °C and 1550 °C 
with 0- and 10 minutes holding time.  
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Chapter 6: Conclusions and future work 
 

The main focus of this study has been to increase the knowledge about the slag in the Si 
and FeSi furnaces. This has been done by looking at and analyzing a number of different 
slag samples collected from different parts of the industrial furnaces during excavations. In 
addition, several samples are collected from tapping slag and from the charge surface 
during operation. The behaviour of the impurities in the quartz, which contributes to the 
slag formation in the furnace, the SiO2 disintegration and the melting behaviour of SiO2 
have been studied for six different quartz types in both a sessile drop furnace and in a high 
temperature confocal microscope (HTCM). In addition, the dissolution of CaO in SiO2-
CaO-Al2O3 slag has been investigated through experiments in both a graphite tube furnace 
and a sessile drop furnace, and the results characterized with EPMA, WDS, elemental 
mapping and CT. 

 

6.1 Slags in different parts of the furnace 
 

Slag from different zones in six different Si and FeSi furnaces collected during excavations, 
tapped slag from three different furnaces and slag from the charge surface of two FeSi 
furnaces during operation are the basis for these conclusions. It is found that slag 
accumulates typically along the furnace walls, sometimes all the way up to the charge top, 
and in a thick layer at the furnace bottom, together with the metal and SiC. The slag mainly 
consists of SiO2, CaO and Al2O3. In the accumulated slag samples, it is found that the slag 
towards the furnace wall in the higher parts generally has a higher SiO2 content than the 
slag accumulated at the furnace bottom. The CaO/Al2O3 relation is approximately the same 
for all slags within the same furnace. The possible explanations for the existent of slag and 
the increased SiO2 content in the slag suggested in this study are either by a high crater 
pressure that pushes the slag towards the furnace walls and then upwards, or by a higher 
temperature in the inactive zone than expected.  

It is also found that the metal tapping channel passes through a thick layer of slag before it 
enters the tap-hole. Additionally, the slag above the tapping channel in this area has a higher 
SiO2 content compared to the slag below it. This difference is believed to be due to varying 
densities, where slags with higher SiO2 content have lower densities, or it may be 
influenced by the higher viscosity of the slag with an increased SiO2 content. No difference 
in slag composition were found between the different tap-holes in the same furnace. 
Visually, the zones around the tap-holes look similar. Next to the metallic Si is 5-15 cm 
bright green layer which consists of mainly SiO2-CaO-Al2O3 slag and smaller SiC particles, 
and then a dark grey layer that is mainly SiO2-CaO-Al2O3 slag and larger SiC particles. The 
green and grey color seem to be dependent on the size of the SiC particles, and not the 
composition of the slag. 

In almost all the accumulated slag samples and the tapped slag samples, it was found 
presence of SiC particles. Significantly higher amounts of SiC were observed in the 
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accumulated slag compared with the tapped slag, including the high-viscosity slag. The 
increased amount of SiC in the accumulated slag increases the viscosity considerably, 
making it more difficult to drain during tapping. Furthermore, at sufficient high 
temperatures, the SiO2 in the slag may also react with the SiC and form SiO and CO gas, 
or CO gas and Si. 

Most of the slag from the charge surface have alkali and alkaline earth oxide content >5%, 
and traces of these were also found in some of the samples from the inactive zone and in 
the tapped slag samples. This indicates that silicon and ferrosilicon furnaces have alkali 
circulations. 

All of the tapped slag were found to be liquid during tapping at a temperature of 1800 °C, 
with solid SiC particles. The main difference between the normal tapped slag and the slag 
reported as high-viscosity slag is the increased amount of SiO2 in the slag, and the presence 
of SiO2 and condensates in the samples. The amount of slag, the amount of solid SiC in the 
liquid slag and the viscosity of the slag are three of the main factors that influences the flow 
of slag through the tap-hole. 

Brown condensates formed from SiO gas and white condensates from SiO and CO gas were 
found in one sample from the higher, inactive part of the furnace and in the charge top 
samples, where it is expected to find condensates. However, condensates were also found 
in some of the samples close to the tapping channel and in several of the tapped slag 
samples reported as high-viscosity slag, where the temperature is believed to be too high 
for condensation formation. This is therefore believed to be slag that has descended from 
above the tapping area in layer along the furnace wall, where the temperature is lower. 

 

6.2 Impurities and properties in SiO2 affecting the Si and FeSi 
furnaces 

 

The impurity behaviour and the properties of six different quartz types; A, B, C, D, F and 
G, suited for Si and FeSi production were studied during heating to 1600 °C, 1750 °C and 
1800 °C. It is found that an increased amount of impurities in the quartz lowers the 
softening and melting temperature. It is also found that SiO2 dissolves in the impurities as 
the temperature increases. The impurities in the SiO2 will contribute to the slag formation 
in Si and FeSi furnaces. In several of the charge surface samples from Finnfjord AS it was 
found slag together with the SiO2. Some of the SiO2 dissolves in the impurities accumulated 
in the grain boundaries and cracks and forms a separate slag phase with an increased 
amount of SiO2 next to the melted SiO2. This slag phase has a higher liquidus temperature 
than the expected charge surface temperature. 

The disintegration of SiO2 were studied and it is found that crack formation mainly happens 
at two temperature intervals, ~300-600 °C and ~1300-1600 °C. The degree of cracking is 
also found to be different between the different quartz types. The crack formation from 300 
°C is from an uneven SiO2 surface, from activity in form of volume change or color change 
in the impurity areas, or from fluid inclusion cavities, while the cracks occurring from 1300 
°C is believed to be due to the volume increase and the phase transformations from quartz 
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to cristobalite. When comparing the crack formation with the fines formation [9], no trend 
could be found. This supports that there are more factors than cracking which contributes 
to the fines formation. No correlation could be found between the impurity composition 
and the crack formation. Most of the impurities in this study contain Al2O3, which were 
found to induce different degree of cracking.  

6.3 CaO dissolution in SiO2-CaO-Al2O3 slags  
 

The dissolution of CaO in three different compositions of SiO2-CaO-Al2O3 slag similar as 
in the Si and FeSi furnaces were investigated through experiments up to 1600 °C.  

 
Slag 1: 56% SiO2 – 15% CaO – 29% Al2O3 
Slag 2: 38% SiO2 – 20% CaO – 42% Al2O3 
Slag 3: 56% SiO2 – 21% CaO – 23% Al2O3 

 

It is found that the initial CaO disintegrate during heating before it dissolves in the slag. 
The dissolution reaction between CaO and the slag in this study were found to start between 
1300-1400 °C. During the dissolution process, a boundary layer with 35-42% CaO is 
formed between the CaO particle and the slag, which for slag 1 correspond to 
CaO·Al2O3·2SiO2, and 2CaO·Al2O3·SiO2 for slag 2 and 3. This is different from earlier 
research [99]–[102], which has found a 2CaO·SiO2 or 3CaO·SiO2 boundary layer next to 
the slag at the CaO-slag interface. 

It is also found that the initial effect of increasing the CaO content in the slag from 15-21% 
to 25-30% gives a significant reduction in the viscosity.  

Two models for the dissolution rate for the three slags in this study were made. In the first 
model, the CaO particle is assumed to be a smooth shrinking sphere, and the rate controlled 
by the rate of chemical reaction. The second model assumes that the rate is controlled by 
the mass transport and depends on the diffusion rate of CaO through a boundary layer at 
the surface of the CaO. In both models it was found that kslag 3> kslag 1> kslag 2, which is 
consistent with the proportional relationship with viscosities. The diffusion coefficients are 
found to be in the range of 10-6 cm2/s.  

Based on the model, it is found that particles of 250g CaO added to 1kg slag would use 15h 
to dissolve in slag 1, 30h in slag 2 and 10h in slag 3. In the industrial furnace, it is assumed 
the particles will remain in the furnace for approximately 8-12h, which implies that 
particles of this size will not fully dissolve at 1500 °C for slag 1 and 3. However, it is likely 
that the CaCO3 added to the furnace at an early stage will calcine and disintegrate into 
smaller fractions. Smaller fractions of CaO will then most likely have sufficient time in the 
furnace to dissolve completely.  
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6.4 Future work 
 

To further investigate and gain knowledge about the slag and how it affects the Si and FeSi 
furnace operation, one could look at the following topics: 

- Alkalis and alkaline earth metal have been found in the slag, both in the inactive 
zone and to some extent in the tapped slag samples. Na, K, Mn, Mg and BaO are 
all common impurities in the quartz. Previously, it was assumed that these would 
leave with the off-gas. The discovery of alkalis and alkaline earth metal in the slag 
raises questions about whether there are alkali circulations in the furnace, which has 
also been discussed in Mn-ferroalloy furnaces and blast furnaces. However, there 
are still several samples that have been found without any content of these, so 
further research is needed to answer this. 
 

- The discovery of slag in the higher, inactive zone of the furnace and on the charge 
surface is not expected, and further research is necessary to determine the cause of 
this. In this study, a high pressure in the crater has been proposed as the most likely 
cause, pushing the slag towards the furnace walls and then upwards. Simulations on 
how different crater pressures affect the mass flow, including the slag, in the furnace 
would be interesting. This would help determine if it is possible to generate enough 
pressure to push the slag all the way to the charge top. Another possible option that 
has been suggested includes formation of slag in the inactive zone. However, this 
assumes that the temperature in the inactive zone is sufficient high to facilitate slag 
formation. If so, more research is needed to identify the reason(s) that causes the 
elevated temperatures. 
 

- Slag is almost always found together with SiC particles in the industrial slag 
samples. Solid particles of SiC in the liquid slag would increase the viscosity 
considerably and the slag would easier accumulate. More research on how SiC and 
slag behave and react at elevated temperature would give more answers on the 
mechanisms in the furnace. 
 

- It is found that slag initiates from grain boundaries and cracks in the SiO2, and there 
is often a slag phase next to the SiO2. This slag often contains FeO and other typical 
impurities from the quartz. For further research, it would be interesting to 
investigate the subsequent formation of slag. There is a higher amount of slag found 
than what the impurities in the quartz suggest. More research with SiO2 together 
with K2O, Al2O3, CaO and/or other typical impurities at higher temperatures, with 
focus on slag formation and how the slag behaves next to the SiO2, could be 
interesting. 
 

- It is found that the dissolution of CaO into SiO2-CaO-Al2O3 slags with CaO 
concentrations from 15-21% is fast. The existing literature today on CaO 
dissolution is related to the steel industry. For further research customized for the 
Si and FeSi production it is suggested to do more experiments to confirm the results 
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in this study, and to further test for more slag compositions similar to those in the 
Si and FeSi furnaces. 
 

- It is also found that the dissolution rate of CaO in the SiO2-CaO-Al2O3 slag is 
controlled by both chemical reaction and mass transport. For further modelling of 
the dissolution rate, a model that considers both these mechanisms should be 
developed. 
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Appendix A: Analysis of the industrial samples 
 

A.1 Excavation of Furnace B 
 

A.1.1 The beginning of the excavation: behind tap-hole 3 
 

The excavation dig-out started outside tap-hole 3. Table 46 lists the full WDS analysis for 
the samples B-3, -4, -7, -8, 9-, -14 and -27. The oxide analysis are given in wt%. 

 

Table 46 Original data from WDS analyses of slag from behind tap-hole 3 from Furnace B excavation. 

 

 

A.1.2 Samples including the zones next to the Si tapping channel 
 

A.1.2.1 Tap-hole 1  

 

Two samples from tap-hole 1 were collected, sample 48a from the upper part, and 48b from 
the lower part. Sample B-48a is described in section 2.3.1.1.2 Samples next to the Si tapping 
channel. The full WDS analysis for the samples from B-48a are listed in Table 47. The 
WDS results for the slag in sample B-48b are presented in  

Table 48. Picture of B-48b is in Figure 179. Marked in orange on the samples are the 
analyzed areas which corresponds to the number on the EPMA images and the full WDS 
analysis in the next figures and tables. Five samples were analyzed.  
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B-48b 1.1, -1.2, -2 and -3 were from the green color zone closest to the Si canal. EPMA 
images of the samples are in Figure 180 and Figure 181. They all consist of SiO2-CaO-
Al2O3 slag, SiC and some Si. Sample B48a 1.1 and -1.2 also have some Al2O3.  

Sample B-48b 4 and -5 are from the grey colored zone. EPMA images are shown in Figure 
182. The samples are mainly larger areas with SiC, SiO2-CaO-Al2O3 slag and smaller 
droplets of Si.  

 

 
Figure 179 Picture of sample B-48b. Marked in orange on the samples are the analyzed areas which corresponds to the 
number on the EPMA images and the WDS analysis in the next figures and tables. 

 

Table 47 WDS results for samples collected from B-48a, from the lower parts of tap-hole 1. 

 
 

Table 48 WDS results for samples collected from B-48b, from above tap-hole 1. 
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Figure 180 EPMA images of sample B-48b 1.1 and -1.2 with three different magnifications; 40X, 200X and 400X. Both 
samples consist of SiO2-CaO-Al2O3 slag, SiC, Al2O3 and some Si. 
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Figure 181 EPMA images of sample B-48b 2 and -3 with three different magnifications; 40X, 200X and 400X. Both 
samples consist of SiO2-CaO-Al2O3 slag, SiC and some Si. 
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Figure 182 EPMA images of sample B-48b 4 and -4 with three different magnifications; 40X, 200X and 400X. Both 
samples consist of SiC, SiO2-CaO-Al2O3 slag and some Si. 

 

A.1.2.2 Tap-hole 3 

 

Sample B-1 and B-2 were collected from tap-hole 3. The full WDS results for the slag in 
sample B-1 and B-2 are presented in Table 49. Figure 183 shows pictures of B-1 and B-2 
taken at the plant. Marked in orange are the analyzed areas which correspond to the number 
on the EPMA images and the WDS analysis in the next figures and tables. B-2 was 
unfortunately crushed into smaller pieces by the excavators by a misunderstanding. The 
analyzed samples are therefore chosen based on colors. The black colored layer seen to the 
left in B-2 is clogging paste.  
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B-1 and B-2 are both from below the tapping channel. B-1 1 and -2, and B-2 2 are from the 
green zone. All three samples consist of SiO2-CaO-Al2O3 slag, SiC and some Si. Sample 
B-2.1 are taken in the transition between the green and the grey zone and contains both. 
Area 1 is from the green area and Area 2, as can be seen in the third line in Figure 185. 
Both Area 1 and 2 consist of SiO2-CaO-Al2O3 slag, SiC and some Si, but the difference is 
the size of the SiC particles.  

B-1 3 and B-2 3 are from the grey colored zone and are in Figure 185. In addition to SiO2-
CaO-Al2O3 slag, SiC and Si, those two also have some Al2O3.  

 

 
Figure 183 Sample B-1 and B-2. Marked in orange on the samples are the analyzed areas which corresponds to the 
number on the EPMA images and the WDS analysis in the next figures and tables. 

 

Table 49 WDS results for sample B-1 and B-2, from above and below tap-hole 3, respectively. 
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Figure 184 EPMA images of sample B-1.1 and -1.2, B-2.1 Area 1 and -2.2 with three different magnifications; 40X, 200X 
and 400X. All samples consist of SiO2-CaO-Al2O3 slag, SiC and some Si. 
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Figure 185 EPMA images of sample B-1.3, -2.1 Area 2 and -2.3 with three different magnifications; 40X, 200X and 400X. 
All samples consist of SiC, SiO2-CaO-Al2O3 slag and some Si or FeSi. Sample B-1.3 and -2.3 also have areas with Al2O3. 
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A.1.2.3. Tap-hole 7 

 

Sample 47 includes the Si tapping channel and the zones around from tap-hole 7, as seen 
in Figure 186. Unfortunately, this sample was crushed into three pieces. The following 
analyzed samples are collected from the three pieces. It is not possible to place an exact 
position on the original sample picture, and analyzed samples are therefore based on visual 
colors. Table 50 lists the full WDS results for the analyzed slag in B-47. 

Sample B-47 1.1 and 1.2 is collected from the green zone from the piece marked with one 
dot. EPMA images are shorn in Figure 187. Both samples contain mostly SiO2-CaO-Al2O3 
slag and SiC particles in addition to some areas with Al2O3 and Si.  

Sample B-47 2.1 and 2.2 is from the grey colored area from the piece marked with one dot 
and are shown in Figure 189 and Figure 188, respectively. In sample B-47 2.1 small SiC 
particles are covering large areas of the sample, and SiO2-CaO-Al2O3 slag have solidified 
into several phases. Larger areas with Si were also observed. Sample B-47 2.2 is taken right 
next to -2.1, but this sample is condensates of both Si and SiO2, and SiC and SiO2.  

B-47.3 and -4 are from the grey colored zone in the piece marked with two dots, and B-47 
5 is from the grey colored zone in the piece marked with three dots. They can be seen in 
Figure 189 and Figure 190. The samples are similar with larger SiC particles, SiO2-CaO-
Al2O3 slag, Al2O3 and some Si. 

  

Table 50 WDS results for the slag analyzed in sample B-47, which includes the zones around tap-hole 7. 
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Figure 186 The left picture shows the collected sample at the plant, B-47 from tap-hole 7, and right picture shows the 
sample crushed into three pieces. The pieces were marked with One, two or three orange dots. 

 
Figure 187 EPMA images of sample B-47 1.1 and 1.2, with three different magnifications; 40X, 200X and 400X. Both B-
47 1.1 and 1.2 consist of SiO2-CaO-Al2O3 slag, SiC, Al2O3 and some Si.   
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Figure 188 EPMA images of sample B-47 2.2, with three different magnifications; 40X, 200X and 400X. The sample 
consists of mostly SiO2, condensate of SiO2 and Si, and condensate of SiO2 and SiC. Only a small area with SiO2-CaO-
Al2O3 slag with SiC particles around were observed. 
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Figure 189 EPMA images of sample B-47 2.1 and 3 with three different magnifications; 40X, 200X and 400X. B-47 2.1 
consists of SiO2-CaO-Al2O3 slag, SiC, Al2O3 and some SiC. Sample B-47 3 consists of the same materials, but with larger 
SiC particles. 

 

 



232 

 
Figure 190 EPMA images of sample B-47 4 and 5 with three different magnifications; 40X, 200X and 400X. Both samples 
consist of SiO2-CaO-Al2O3 slag, SiC and Al2O3. Sample B-47 4 also have some Si. 
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A.1.3 Collected tapped slag samples at the plant from previous tapping 
 

At Furnace B, all metal and slag are tapped into the same ladle and separated in a later step. 
The slag is stored in a pile outside the plant and three visually different slag samples, B-tap 
1, -2 and -3, were collected for further analysis. Table 51 lists the full WDS analysis for the 
tapped slag samples. Figure 191 and Figure 192 shows the EPMA images with three 
different magnifications: 40X, 200X and 400X.  

B-tap 1.1 and 1.2 consist of SiC and SiO2-CaO-Al2O3 slag, in addition to some Si. The slag 
has solidified into two separate phases. The darker area is SiO2 together with some Si.  

Both parallels of B-tap 2 contain mostly SiO2 and some Si. Sample 2.1 does not contain 
any slag, but sample 2.2 has a small area with SiO2-CaO-Al2O3 slag.  

B-tap 3.1 and 3.2 both contain mostly slag and some SiC. Sample 3.1 also have areas with 
Al2O3. 

Table 51 Full WDS results for the collected earlier tapped slag samples B-tap 1, -2 and -3. 

 

 
Figure 191 EPMA images of sample B-tap 1.1 and 1.2 with three different magnifications; 40X, 200X and 400X. B-tap 
1.1 and 1.2 are mainly SiO2-CaO-Al2O3 slag and SiC, and some Si and areas with SiO2. 
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Figure 192 EPMA images of sample B-tap 2.1, 2.2, 3.1 and 3.2 with three different magnifications; 40X, 200X and 400X. 
B-tap 2.1 and 2.2 are SiO2. B-tap 2.2 has a small area with SiO2 rich slag. The small white circles are SiO2, which 
indicates that this is condensate. Both B-tap 3.1 and 3.2 are mainly SiO2-CaO-Al2O3 slag and some SiC. Sample B-tap 
3.2 also have some Al2O3. 
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A.2 Slag samples from five previous Norwegian excavations 
 

Slag samples from five earlier Norwegian silicon and ferrosilicon furnace excavations 
were found from the archive and analyzed. Elkem Thamshavn furnace no. 2, Wacker 
Chemicals Holla no.4 and no.1, Elkem Salten and Finnfjord AS. The full WDS analysis 
are given in Table 52.  

Figure 193 shows the EPMA images from the higher parts of the furnace. S-37 consists of 
SiO2-CaO-Al2O3 slag, SiC and SiO2. F-75 consists of SiO2-CaO-Al2O3 slag, SiC, FeSi and 
Al2O3. W4-5 consists of SiO2-CaO-Al2O3 slag, Si and SiO2, and W1-33 of SiC, SiO2-CaO-
Al2O3 slag and some Si. The EPMA images from the lower parts of the furnace are shown 
in Figure 194. 

Four slag samples were collected from the lower parts of the furnace, F-36, T-2, W4-12 and 
W4-20. F-36 and T-2 are mostly slag with smaller SiC particles. F-36 also has FeSi. In W4-
12, W4-20, and S-43, most of the sample is SiC. There were only small areas with slag and 
for W4-12 some SiO2.  

Two samples from Wacker Chemicals furnace no. 1 were collected from the zone right next 
to the Si tapping channel and S-46 from Elkem Salten was collected from the outer edge of 
a taphole. W1-115 consists of slag and SiC similar as in the green zone in Furnace B. W1-
114 is mostly SiO2 with slag in between grain boundaries and cracks, and some SiC 
particles. S-46 consist of mainly SiC and SiO2. Here only a small area with slag is found. 

 

Table 52 Full WDS results for the slag in the earlier excavation samples. The first letter in the sample ID refers to the 
first letter in the furnace they are collected from; Elkem Salten, Finnfjord AS, Wacker Chemicals and Elkem Thamshavn. 
The oxide compositions are given in wt%. 
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Figure 193 EPMA images of samples from the higher parts of the furnace, S-37, F-75, W4-5 and W1-33 with three different 
magnifications; 40X, 200X and 400X. S-37 consists of SiO2-CaO-Al2O3 slag, SiC and SiO2. F-75 consists of SiO2-CaO-
Al2O3 slag, SiC, FeSi and Al2O3. W4-5 consists of SiO2-CaO-Al2O3 slag, Si and SiO2, and W1-33 of SiC, SiO2-CaO-Al2O3 
slag and some Si. 



237 

  
Figure 194 EPMA images of samples from the lower parts of the furnace, F-36, T-2, W4-12 and W4-20 with three different 
magnifications; 40X, 200X and 400X. F-36 and T-2 consist of SiO2-CaO-Al2O3 slag and SiC. F-36 also has some FeSi. 
W4-12 and W4-20 consist of mostly SiC and some SiO2-CaO-Al2O3 slag. W4-12 also has some SiO2. 
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Figure 195 EPMA images of samples from the zone next to the tapping channel, W1-114 and -115 with three different 
magnifications; 40X, 200X and 400X. Both samples consist of SiO2-CaO-Al2O3 slag, SiC and some Si. W1-114 also has 
some SiO2. S-46 consists of mostly SiC and some SiO2 and slag of SiO2, MgO, CaO, FeO and Al2O3. 

  



239 

A.3.Tapped slag 
 

In addition to Si and FeSi, slag is also tapped from the tap-hole. Slag samples from three 
different furnaces have been collected and analyzed in this study. Elkem Thamshavn from 
May 2019 to May 2020, Furnace B in June 2020 and Furnace O and R, at Finnfjord AS 
from September 2020 to March 2022. Table 53, Table 54 and Table 55 list the original 
WDS oxide analysis for all the slag samples. 

 

Table 53 Original WDS results for the analyzed slag for the tapped samples collected from Elkem Thamshavn, furnace 
no. 2. Oxide analysis are given in mass percent. 

 
 

Table 54 Original WDS results for the analyzed slag for the tapped samples collected from Furnace B. Oxide analysis 
are given in mass percent.  
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Table 55 Original WDS results for the analyzed slag for the tapped samples collected from Finnfjord AS. Oxide analysis 
are given in mass percent. 

 

 

A.4 Samples from the charge surface at Finnfjord AS 
 

From Finnfjord furnace O and R, there were also collected six large samples from the 
charge surface from September 2020 to March 2021. These furnaces have a maximum 
power of 42 MW and 45 MW, respectively. The sampling was done in a period of 6 months. 
The following figures shows pictures of the samples taken at the plant and EPMA images. 
When examining the samples in the microscope, it could be seen that many visually 
different samples contained the same components. 
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A.4.1 Sample CPR1809 
 

The 18th of September 2020, three samples were collected from the charge top by the 
stoking car. CPR1809 a, b and c, which are from different locations at the charge top. The 
position of CPR1809a is unknown. Picture and EPMA images are shown in Figure 196. 
The sample consist of mostly SiO2 and slag and some FeSi. CPR1809a.1 also has some 
Al2O3. 

CPR1809b were described as viscous matter which were located just between two 
electrodes. This sample is mostly brown condensate on carbon, as can be seen in Figure 
197. 

Sample CPR1809c was taken around 0.5m from the edge of the crust. At this sampling 
time, the charge had stopped being viscous. Both parallels of sample c are SiO2 and some 
SiO2 rich slag. In between the SiO2 is also a white slag phase. 

 

 
Figure 196 Sample CPR1809a.1 and a.2 with two different magnifications; 40X and 200X. The samples are mostly SiO2, 
slag and some FeSi. CPR1809a also has some Al2O3. The top left picture is taken at the plant and marked with 1 and 2, 
which corresponds to a.1 and a.2. 
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Figure 197 Sample CPR1809b with three different magnifications; 40X, 200X and 400X. The sample is brown condensate, 
as can be seen in the top left picture taken at the plant. 

 
Figure 198 Sample CPR1809c.1 and c.1 with two different magnifications; 200X and 400X. Both samples are SiO2 and 
slag. 
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A.4.2 Sample CPR0211 
 

The sample CPR0211 was taken from an area with viscous matter, between two electrodes. 
Three visually different samples marked in the top left picture in Figure 199 were analyzed. 
The first is from the brown colored area which is brown condensate of SiO2 and Si covering 
quartz. The second sample is more green/white/brown and is SiO2 with some SiO2+Si in 
between the grain boundaries and cracks. The last sample is from the red and dark grey 
area. The overview EPMA image to the bottom left is divided in two areas to highlight the 
contrasts. Area 1 is a mix of slag, SiO2 and FeSi. The slag is both next to the SiO2 and in 
between the grain boundaries and cracks. Area 2 is carbon and slag. The dark grey areas on 
the EPMA image are some epoxy left from the sample preparation. 

 

 
Figure 199 Sample CPR0211 1, 2 and 3 with three different magnifications; 40X, 100X and 200X. The top left picture is 
the whole sample taken from the furnace with marked position of sample 1, 2 and 3. CPR0211.1 is brown condensate of 
SiO2 and Si covering quartz and CPR0211.2 is SiO2 with some SiO2+Si in between the grain boundaries and cracks. 
CPR0211.3 is divided in two areas, marked in the bottom left image. Area 1 is a mix of slag, SiO2 and FeSi and Area 2 is 
carbon and slag. The dark grey areas on the EPMA image are some epoxy left from the sample preparation. 

 

A.4.3 Sample CPO1101 
 

Sample CPO1101 was collected from Furnace O at the charge surface and is a large sample 
of around 0.5m. It was reported from the operators that the charge was viscous at sampling 
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time and that the area around the sample was hard. The sample is divided into several 
smaller samples which are named after what they were believed to be.  

CPO1101.S was believed to be slag with some brown condensate and the analysis S.1 and 
S.2 can be seen in Figure 200. It was observed several areas on the main sample which 
were hard and appeared as solidified slag. The EPMA images shows that both analysis 
samples from this area is SiO2 rich slag and brown condensate of SiO2 and Si. 

CPO1101.BK is brown condensate which were also observed in several areas on the main 
sample. Pictures taken at the plant and EPMA images of the two analysis samples can be 
seen in Figure 201. In some areas there were also layer by layer with brown condensate of 
SiO2+Si and white condensate of SiO2+SiC, which can be observed in the right image of 
BK.2 in the figure. 

 

 
Figure 200 Sample CPO1101 S.1 and S.2 with three different magnifications; 40X, 200X and 400X. Both analysis samples 
from this area is SiO2 rich slag and brown condensate of SiO2 and Si. 
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Figure 201 Sample CPO1101 BK.1 with magnification 1000X and BK.2 with magnifications 40X and 400X. Both samples 
are brown condensate of SiO2 and Si. BK.2 have several layers with brown and white condensate. The white condensate 
is SiO2 and SiC. 

 

Further inside the main sample it was observed what appeared to be gas channels where 
SiO and CO gas have found its way through the hard and compact charge, seen in Figure 
202. From deeper in the furnace, four visually different samples were collected. 

 

 
Figure 202 Picture of sample CPO1101 and what appeared to be gas channels where SiO and CO gas have found its 
way through the hard and compact charge.  
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CPO1101 M was observed to have what was called “a metallic glance” and was believed 
to contain some FeSi. The two analyzed samples M.1 and M.2 are shown in Figure 203. 
Some FeSi were found, as can be seen in M.1, but most of the samples were SiO2, both 
with grain boundaries and partly melted, and SiO2 rich slag. Some brown condensates of 
SiO2 and Si were found in M.2. 

The main sample was compact, but some parts also contained some porous areas. CPO1101 
K was collected from here and was believed to be the raw material quartz. This was 
confirmed by the two analyzed samples K.1 and K.2 shown in Figure 204. Both samples 
also contain impurities in the SiO2 and K.2 also have some Fe. 

Sample CPO1101 P was also from the porous area with white and green colors. The two 
analyzed samples P.1 and P.2 can be seen in Figure 205. P.1 is white and is SiO2 and some 
initial formation of slag. The sample also have some small particles of FeSi. The second 
analyzed sample P.2 is brown and white condensate in layer. 

Sample CPO1101 U can be seen in Figure 206. This is a dark grey sample with a thin red 
layer outside, which is found to be FeO. The sample is mainly SiO2 and SiO2 rich slag. 
Also, some particles with FeSi were observed.  

 

 
Figure 203 Sample CPO1101 M.1 and M.2 with two different magnifications; 40X and 200X. Both samples are mostly 
SiO2 and SiO2 rich slag. Some FeSi was found in M.1, and some brown condensate were found in M.2. 
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Figure 204 Sample CPO1101 K.1 and K2 with three different magnifications; 40X, 200X and 400X. The top left pictures 
are taken at the plant. Both samples consist of SiO2 and its impurities. Some Fe is also found in K.2. 



248 

 
Figure 205 Sample CPO1101 P.1 and P.2 with two different magnifications; 40X and 200X. The top left image is picture 
of the sample taken at the plant. Sample P.1 is mainly SiO2 and initial formation of slag. P.2 is layered by brown and 
white condensate of SiO2+Si and SiO2+SiC, respectively.  

 

 
Figure 206 Sample CPO1101_U with three different magnifications; 40X, 200X and 400X. The sample consists of mainly 
SiO2, a SiO2 rich slag, and some FeSi particles. A thin layer of FeO is covering the sample.  
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A.4.4 Sample GR1602 
 

Sample GR1602 was taken from the charge surface during challenging conditions and was 
described as matter melted together. The sample analyzed is covered with a thin red layer 
which is found to be FeO. In the sample is mainly SiO2, and in between the grain boundaries 
is slag. It is also found particles of FeSi in the sample. 

 

 
Figure 207 Sample GR1602 with three different magnifications; 40X, 200X and 400X. The sample consists of mainly SiO2 
and has a thin layer of FeO surrounding the sample. In the sample is also particles of FeSi. 

 

A.4.5 Sample CPR2502 
 

Sample CPR2502 from Furnace R was a large, heterogenous sample, as can be seen in 
Figure 208. It was reported several large and viscous pieces at the charge top during 
sampling time. The sample is divided into five smaller samples and some of them are named 
after what they were believed to be.  

Sample CPR2502k was believed to be SiO2, and this was confirmed as shown in Figure 
209. In between the grain boundaries were some impurity oxides. 

CPR2502m was named based on its “metallic glance”. The analyzed sample is shown in 
Figure 210. For the sample analyzed it was found several smaller and larger areas with 
FeSi. Most of the sample were carbon and smaller SiC particles covering either SiO2 or 
SiO2-CaO-Al2O3 slag.  

CPR2502y is taken from the outer edge of the sample. It has a black color on the outside, 
but also areas of white when it was crushed in smaller pieces. Figure 211 shows the 
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analyzed sample and it can be seen that the sample is SiO2 and some areas with small Si 
particles in the SiO2. 

Both sample CPR2502a and CPR2502b are from an unknown position and has a dark color. 
Two samples were analyzed from sample a and one for b, and these are shown in Figure 
212 and Figure 213, respectively. All three samples consist of SiO2 and a SiO2 rich slag 
phase, in addition to some particles of FeSi. 

 

 
Figure 208 The left picture is the whole sample CPR2502, while the picture in the middle an to the right shows different 
parts of the sample. 

 
Figure 209 Sample CPR2502k with two different magnifications; 40X and 200X. This was confirmed to be SiO2. Some 
impurity oxides were found in between the grain boundaries and cracks. 
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Figure 210 Sample CPR2502m with three different magnifications; 40X, 200X and 1000X. In the sample was mostly 
carbon, but also several smaller and larger FeSi areas. Small SiC particles were covering either slag or SiO2. 

 

 
Figure 211 Sample CPR2502y with two different magnifications; 40X and 200X. The sample is mostly SiO2 and areas 
with small Si particles in the SiO2. 
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Figure 212 Sample CPR2502 a.1 with two different magnifications; 40X and 200X and a.2 with magnification 40X. Both 
samples consist of SiO2 and a SiO2 rich slag phase, in addition to some particles of FeSi. 

 

 
Figure 213 Sample CPR2502b with two different magnifications; 40X and 200X. The sample consists of SiO2 and a SiO2 
rich slag phase, in addition to some particles of FeSi. 
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A.4.6  Sample CPR1903 
 

For sample CPR1903 it was not given any information about the furnace condition at 
sampling time. One representative sample was chosen for analysis. Covering the main 
sample is a layer with brown condensate of SiO2 and Si. The analyzed sample consists of a 
96% SiO2 phase with traces of mainly Al2O3, CaO and K2O. In the sample is also particles 
of FeSi. 

 

 
Figure 214 Sample CPR1903 with three different magnifications; 40X, 200X and 1000X.The sample consists of SiO2 with 
some particles of FeSi. It is found that the matrix is ~96% SiO2 with traces of mainly Al2O3, CaO and K2O.  
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Appendix B: Changes in quartz during heating 
 

Six different quartz types were used for the quartz experiments in this study: A, B, C, D, F 
and G. The pseudonym for quartz type A, D, F and G are the same quartz as used in Jusnes 
[9] doctoral thesis. Quartz B and C are Qz8 and Qz35, respectively. 

 

B.1 Trace element behaviour 
 

The original data for the WDS analysis performed on the impurities found in the Quartz C, 
D and F samples, presented in Table 56, Table 57 and Table 58, respectively. 

 

Table 56 The original WDS results for the impurities found in the quartz C samples. 

 

 

Table 57 The original WDS results for the impurities found in the quartz D samples. 

 

 

Table 58 The original WDS results for the impurities found in the quartz F samples. 
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Appendix C: CaO dissolution into SiO2-CaO-Al2O3 slag 
 

C.1 X-ray diffraction 
 

X-ray diffractions with Si, Al and Ca elemental mapping were done after dissolution 
experiments with CaO and 56% SiO2 – 15% CaO – 29% Al2O3 to see the spatial distribution 
of the different oxides in the slag. The results are shown in Figure 1-12. 

 

C.1.1 Heating rate 50 °C/min to 1200 °C and 25 °C/min to 1600 °C 

 

 
Figure 215 Si, Al and Ca elemental mapping on the sample 50.0.1, which is heated with 50 °C/min up to 1200 °C and 25 
°C/min to 1600 °C with 0 minutes holding time. 
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Figure 216 Si, Al and Ca elemental mapping on the sample 50.0.2, which is heated with 50 °C/min up to 1200 °C and 25 
°C/min to 1600 °C with 0 minutes holding time. 

 
Figure 217 Si, Al and Ca elemental mapping on the sample 50.10, which is heated with 50 °C/min up to 1200 °C and 25 
°C/min to 1600 °C with 10 minutes holding time.  
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Figure 218 Si, Al and Ca elemental mapping on the sample 50.20, which is heated with 50 °C/min up to 1200 °C and 25 
°C/min to 1600 °C with 20 minutes holding time.  

 
Figure 219 Si, Al and Ca elemental mapping on the sample 50.30, which is heated with 50 °C/min up to 1200 °C and 25 
°C/min to 1600 °C with 30 minutes holding time. 
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Figure 220  Si, Al and Ca elemental mapping on the sample 50.40, which is heated with 50 °C/min up to 1200 °C and 25 
°C/min to 1600 °C with 40 minutes holding time. 

 
Figure 221 Si, Al and Ca elemental mapping on the sample 50.60.1, which is heated with 50 °C/min up to 1200 °C and 
25 °C/min to 1600 °C with 60 minutes holding time. 
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Figure 222 Si, Al and Ca elemental mapping on the sample 50.60.2, which is heated with 50 °C/min up to 1200 °C and 
25 °C/min to 1600 °C with 60 minutes holding time. 
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C.1.2 Heating rate 25 °C/min to 1200 °C and 15 °C/min to 1600 °C 
 

 
Figure 223 Si, Al and Ca elemental mapping on the sample 25.0, which is heated with 25 °C/min up to 1200 °C and 15 
°C/min to 1600 °C with 0 minutes holding time. 
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Figure 224 Si, Al and Ca elemental mapping on the sample 25.40, which is heated with 25 °C/min up to 1200 °C and 15 
°C/min to 1600 °C with 40 minutes holding time. 

 
Figure 225 Si, Al and Ca elemental mapping on the sample 25.60, which is heated with 25 °C/min up to 1200 °C and 15 
°C/min to 1600 °C with 60 minutes holding time. 
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C.1.3 Heating rate 25 °C/min to 1200 °C and 15 °C/min to 1600 °C 
 

 
Figure 226 Si, Al and Ca elemental mapping on the sample 15.40, which is heated with 15 °C/min up to 1200 °C and 10 
°C/min to 1600 °C with 40 minutes holding time. 

 

C.2 Dissolution experiments in the sessile drop furnace 
 

Small-scale experiments with CaO and three different compositions of SiO2-CaO-Al2O3 
slag were done in a sessile drop furnace. The figures below show images of all the 
experiments during heating and the EPMA images taken of a vertical cross section after the 
experiments for the experiments that is not shown in the Results chapter in section 4.3.3. 

 

C.2.1 Slag 1: 56% SiO2 – 15% CaO – 29% Al2O3 
 

Figure 227, Figure 228 and Figure 229 show the results from CaO and slag 1 heated to 
1500 °C with 10 minutes (second parallel), 20 minutes and 30 minutes holding time.  
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Figure 227 At the top are the images taken during and after experiments for the second parallel of CaO and 56% SiO2- 
15% CaO-29% Al2O3 slag heated to 1500 °C and with 10 minutes holding time. Below are the cross-section image and 
the EPMA image after experiment. The initial CaO/slag were 0.36. 

 

 
Figure 228 At the top are the images taken during and after experiment for the sample of CaO and 56% SiO2- 15% CaO-
29% Al2O3 slag heated to 1500 °C and with 20 minutes holding time. Below are the cross-section image and the EPMA 
image after experiment. The initial CaO/slag were 0.30. The camera on the furnace did not work until the end of the 
experiment and it is therefore not obtained the images during the experiment at 900 °C and right after reached 1500 °C. 
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Figure 229 At the top are the images taken during and after experiments for the first and second parallel of CaO and 
56% SiO2- 15% CaO-29% Al2O3 slag heated to 1500 °C and with 30 minutes holding time. Below are the cross-section 
images and the EPMA images taken after experiment. The initial CaO/slag were 0.46 and 0.38 for the first and second 
parallel, respectively. 

 

It was attempted to do experiments with excess of CaO to see the effect on the dissolution 
rate. However, because CaO decomposes in room atmosphere it was not possible to do any 
analysis of the materials after the materials were cooled down. This can be seen in Figure 
230. 

 
Figure 230 Images taken during and after experiment for the experiment run with slag on a lime substrate. The sample 
was heated to 1550 °C and held there for 10 minutes. 
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C.2.2 Slag 2: 38% SiO2 – 20% CaO – 42% Al2O3 
 

Figure 231 shows the results from CaO and slag 2 heated to 1500 °C with 20 minutes 
holding time.  

 

 
Figure 231 At the top are the images taken during and after experiment for the sample of CaO and 38% SiO2- 20% CaO-
42% Al2O3 slag heated to 1500 °C and with 20 minutes holding time. Below are the cross-section image and the EPMA 
images after experiment. The initial CaO/slag were 0.17. 
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C.2.3 Slag 3: 56% SiO2 – 21% CaO – 23% Al2O3 
 

Figure 232 shows the results from CaO and slag 2 heated to 1500 °C with 20 minutes 
holding time.  

 

 
Figure 232 At the top are the images taken during and after experiment for the sample of CaO and 56% SiO2- 21% CaO-
23% Al2O3 slag heated to 1500 °C and with 20 minutes holding time. Below are the cross-section image and the EPMA 
images after experiment. The initial CaO/slag were 0.28. 
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