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Abstract

The purpose of this work was to re-assess the metal forming reactions taking place in the 
electric arc furnace during ferrosilicon production. The different phases and reaction 
zones close to, or nearby the crater walls formed by the electric arc, were of special 
interest in this thesis.

Samples were deeper investigated with Light Optical Microscope (LOM), Electron Probe 
Micro Analysis (EPMA) and X-Ray Diffraction (XRD) for establishing the different 
phases present in mentioned areas.

The crater walls have three phases presents as the most, a carbide-silicon phase where α-
SiC is the most common, a ferrosilicon phase where Fe3Si is found through the entire 
wall and at some areas a silicon phase. There is a slag phase present at the lower parts of 
the crater wall where the material is denser at two points in a macro point of view. The 
slag phase can be found in veins surrounding the carbide phases; nitrogen exists in this 
oxide phase.

Iron ore is disintegrated into small droplets at the surface of the furnace and reduced.
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 1 Introduction

The purpose of this work was to re-assess the metal forming reactions taking place in the 
electric arc furnace during ferrosilicon production. The different phases and reaction 
zones close to, or nearby the crater walls formed by the electric arc, were of special 
interest in this thesis. 

The investigation was based on samples and observations from two excavated and/or 
core-drilled industrial FeSi furnaces, the Finnfjord No 1 furnace in March/April 2009 and 
the Thamshavn No 2 furnace in February 2003.

The main bulk of material examined came from an extensive excavation of the Finnfjord 
AS No. 1 furnace, which was carried out during a schedule furnace re-lining / production 
stop. Observations with description of the position and surroundings of the samples taken 
out for further investigation were important during the excavation. The excavation was a 
joint activity between staff at Finnfjord, NTNU and SINTEF. The excavation was done 
by hand and by blasting. Core drilling on a cross section of the furnace was performed by 
Geo Drilling AS. Drill samples are perhaps the best way to ensure the exact location of a 
specific material. The material on the furnace charge surface was glued with epoxy to 
avoid any unwanted mixture during the excavation. Samples originating from the cavity 
wall were analysed for phases and elements with the Electron Probe Micro Analysis, 
XRD, and Light Optical Microscopy. 

In addition to samples from the Finnfjord furnace, the present work also examined drill 
cores from a previous project that was performed in February 2003 at Elkem Thamshavn 
furnace 2. Eight samples from regions close to the electrodes were extracted from these 
drill and examined in a light optical microscope and quantitative analysed by Electron 
Microprobe. Extra material from the same locations was analysed with XRD. Sixteen 
samples that had already been mounted in epoxy resin where also studied in the 
microscope and quantitative analysed.

The type of analysis method and exact location of all investigated samples are gathered in 
Appendix 1.

 2 Background

 2.1 Process

The production processes for ferrosilicon and metallurgical silicon (MG-Si) are in 
principle very similar and primarily involves the reduction of silicon dioxide with carbon 
in an electric arc furnace. The main difference in the ferrosilicon process is that iron 
oxide is added to the charge.
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A flow sheet of a silicon production plant is shown in figure 2.1. Silicon based ferro 
alloys are produced by adding quartz, iron ore and carbon materials to an electric arc 
furnace. The difference of the mixture between these reactants depends on the silicon 
content in the ferro alloyed product. 

Figure 2.1. Flow sheet of the production[1].

A typical diameter for a Si furnace is 10 m. Three electrodes submerged into the charge 
supply a three phase current that passes through the charge of the furnace and the 
productions demands 11-13 MWh/ton produced silicon metal. The furnace is rotating in a 
very slow manner that could be from 10 to 40 days[1]

. There are some furnaces that are 
rotating in a oscillating movement, the furnace rotates for as sample clockwise 180o and 
returns counter clockwise at starting point. The furnace consists of a hood at the upper 
part of the furnace that directs the hot gases to a chimney that transport these to a gas 
cleaning system. The material quartz/quartzite, iron ore, coke/coal and wood chips are 
transported on conveyor belts and stored separately in bins where they are charged and 
mixed through charging tubes. These tubes are located with outlets towards the 
electrodes. The number of tubes surrounding the electrodes differs from furnace to 
furnace. The charged material is at the same level as the floor outside the furnace 
surrounded by a hood that has stoking gates at different sections and these sections can be 
opened during a stoking period. The stoking charging cycle is a operational cycle. The 
stoking is carried out by a special truck equipped with a stoking rod that is mounted in 
front of the truck. The unevenly charged burden can be distributed with the truck through 
the stoking gates. Old charged material at the surface is distributed towards the electrodes 
where depressions have formed around the electrodes [1]. These depressions are formed 
by the hot reactions zone in the cavity. The product of liquid alloy is tapped from a tap 
hole in the furnace lining. The number of tap holes varies from furnace to furnace. The 
tap hole can be opened either mechanically or chemically. The tap hole is closed with a 
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special clay mixture. Impurities in the alloy such as for example aluminium and calcium 
can be removed with oxygen and air while the metal is in its molten state in the ladle 
before casting. The melt is tapped from the furnace into a steel ladle which interior is 
protected with a high temperature resistant refractory material and subsequently cast into 
special steel moulds. The moulds are prepared by adding a layer of silicon fines on the 
mould surface. The cast material is removed from the mould when it has cooled down to 
a level where the material strength is high enough to be removed and stacked in piles for 
further cooling. The final product is manufactured to customers requirements by crushing 
and sieving. The melt can also be granulated.

The off gases are filtered to extract a dust containing mainly amorphous condensed SiO2 

which can be used as filler in concrete, ceramics, refractory and other suitable 
applications. A furnace produces 0.2-0.4 tons of silica per ton of silicon metal[1]. The 
filtered gases contains mainly of SO2, CO2, CO and NOx . The heat from the furnace can 
be utilized as energy to produce electricity or for general heating purposes.

The process scheme is almost similar in a ferrosilicon production plant where the iron 
bearing raw material is added under similar conditions as the process for metallurgical 
silicon. The main iron-bearing raw material is iron oxide in the form of pelletised 
hematite. The hematite is reduced with coal and the product in this process is a 
ferrosilicon alloy. The amount of silicon content differs depending on the wanted 
product.
  
 2.2 Raw material and products

The raw materials in the production are as mentioned quartz, hematite (pellet), coke/coal 
and wood chips.

The wood chips originate from hardwood or from other wood materials that are 
convenient for the factory location. It is not only used as reductant but to enhance the 
permeability of the charged material to achieve good gas flow. The wood chips undergo 
pyrolysis where carbonisation occurs at higher temperatures to form charcoal. 

Higher need for purity favors the use of quartz over quartzite for silicon production. The 
raw material quartz contains impurities and the main elements are Al, Ca, Fe, B, P and 
Ti. Size of the material differs from plant to plant but 10-150 mm is a general size 
requirement[1]. Quartz is the mineral form of SiO2. It occurs in igneous, sedimentary, 
metamorphic and hydrothermal mineral environments. It is generally colourless but 
different variable colours have been described as pink ,purple (amethyst), yellow (citrine) 
and smoky quartz[5]. The stable polymorphs at atmospheric pressure at different 
temperatures are α-quartz, β-quartz, HL-tridymite and β-cristobalite[6]. 

The quality of the reduction materials is important to achieve high silicon yields since 
reactivity of carbon will affect the process performance and metal purity. Coal is 
structurally a complex system where organic material is the dominating species, these 
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organic materials occur in various different petrografic types called macerals. Various 
amounts of inorganic material are also present in the coal. The structure of coal is an 
extensive network of pores which gives coal a high surface area [8]. The carbon size used 
in the production is 1-30 mm. Coke is a sintered product that is produced in an anaerobic 
environment which is heated up to 1000oC. The coke product is porous with coarse pores 
larger than 10 μm of the size and contains both macro pores in the range of 10 nm-10 μm 
and micro pores around 0.5 nm[7]. 

Silicon, in the form of oxide, is the second most abundant element making up 25.7% of 
the Earth's crust by mass. Silicon is a grey metallic looking crystalline solid. It is not 
classified as a metal because of its low electrical conductivity. The element crystallizes in 
the same pattern as a diamond in two inter-penetrating face centred cubic[3]. Silicon is 
used for desoxidation and alloying of steel or alloying of other metals (mainly 
Aluminium). It could also be used as raw material in chemical industry and raw material 
for semiconductor industry.

One of the intermediate reaction product within the furnace is SiC (s). The most 
commonly encountered carbide formed above 2000oC is alpha silicon carbide (α-SiC) 
that has a hexagonal crystal structure which is similar to wustite. Another common 
structure is beta modification (β-SiC) which has similar structure as zinc blende and it is 
formed at temperatures below 2000oC. Silicon carbide is bright green when it is pure[9]. 
SiC is a covalent compound without congruent melting point. This fact makes it 
impossible to grow single crystal in its stoichiometric liquid.

Either iron containing scrap or pellets is used in ferrosilicon production. The pellets is an 
agglomerated sintered product with a size from 8 to12 mm. The iron oxide is in the form 
of hematite Fe2O3. Ferroalloys produced in this process are of different qualities and the 
most common are namely FeSi 45%, FeSi 75% and FeSi 90%, the content of silicon is 
the major difference in these products[10]. The most common phases of ferrosilicon are 
Fe3Si (Suessite or Gupeite), FeSi2 (Ferdisilite) and FeSi (Fersilite).

 2.3 Theory 

 2.3.1 The Si-O-C system

The production of silicon can be described with reaction (2.1) but the reactions in the 
furnace are complex due to the different temperature zones inside the furnace. The gas in 
the hottest zone has a high content of SiO gas that has to be recovered in the outer charge 
layers if the silicon recovery is to be high. This recovering reaction occurs in the outer 
charge layers where they heat the charge to a very high temperature. The outlet gas from 
the furnace contains silicon dioxide, which is often recovered in a micro silica plant. The 
formation of liquid silicon goes through several intermediate reactions.

SiO2 s +2C  s =Si  l +2CO g  (2.1)
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Gibb´s phase rule can be used to determine the system containing silicon, carbon and 
oxygen with equation (2.2).

P+F=C+2 (2.2)

The numbers of components C are three which gives several combinations to determine 
the system. P is the number of phases present and the gas phase is always present in the 
reduction process of silicon [1]. This gives a invariant system with four condensed phases 
and a gas phase.

There are 4 known condensed phases namely silicon dioxide, silicon carbide, silicon and 
carbon in the Si-O-C system. This would give six different combinations in a divariant 
system with two condensed phases together with a gas phase. Two of these combinations 
are ruled out because of carbon and silicon together can not be present at equilibrium 
conditions [4], this can be explained with reaction (2.3) which is impossible. One of the 
possibilities for silicon to react with carbon would be if silicon is dissolved in iron.

Si+C=SiC (2.3)

In equilibrium there would be five reactions and (2.4) is a solid solid reaction that 
produces gases in form of silicon monoxide and carbon monoxide.

SiO2 s +C s =SiO g +CO  g  (2.4)

The divariant system can be determined if the total pressure is 1 atmosphere and the 
activity for the condensed phases are set to one. The system Si-C-O at equilibrium can be 
seen in figure 2.1. This system is calculated with thermodynamic data from FactSage 5.3 
with the compound data base FACT 53. Polymorphism of silicon dioxide has been taken 
into account with the most common or stable phases that have been found in a FeSi-
furnace. Excavation of this type of furnace has revealed that some of these have been 
found, especially Quartz, Trimydite and Cristobalite. Trimydite has been found close to 
the refractory walls where the residence time of the material is longer than the material 
that descends down close or nearby the electrodes[6]. The following transformation 
sequence have been used for the calculation of the Si-C-O system where the phase 
transformation temperatures in Kelvin are 848 K α to β Quartz, 1140 K β Quartz to 
Tridymite and 1738 K Tridymite to Cristobalite.

α−Quartz β−QuartzHL−Tridymite β−Cristobalite

The two triple points are at similar points comparing to thermodynamic diagram based on 
data from from JANAF(1985). Reaction (2.4) starts at temperatures below the triple point 
at approximately 1785 K (1512oC ). Temperatures above this point favour the formation 
SiC thermodynamically according to reaction (2.5).

SiO g 2C  s  =SiC  sCO g  (2.5)
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The product of silicon carbide is the reactant in reaction (2.6) where two condensed 
phases are producing gaseous products. Formation of silicon monoxide increases more 
than carbon monoxide and thereby increasing the fraction at elevated temperatures. 
Reaction (2.6) takes place at the second triple point where the temperature is at 2084 K 
(1811oC). Reaction (2.7) occurs where silicon in its liquid phase reacts with quartz 
forming gaseous silicon monoxide.

2SiO2  s  +SiC  s =3SiO  g  +CO g  (2.6)

SiO g +SiC s =2Si l  +CO g  (2.7)

SiO2 s +Si l =2SiO  g  (2.8)

The equilibrium system of Si-C-O shown in figure 2.2 gives a fairly large information 
about the reduction path of the silicon dioxide. The path towards silicon is in in general 
SiO2(s)-SiO(g)-SiC(s)-Si(l,s). All of the three reactions (2.4),(2.6) and (2.8) gives only 
gaseous products. Each of these reactions splits the area in the figure [4]. The gas is 
unstable in gas compositions corresponding to points to left of them. A composition or 
temperature that has such a order results in gas condensation or reversed reaction. 
Reaction (2.5) consumes the produced silicon monoxide gas over a large temperature 
region. The stable silicon carbide needs higher temperature also above 2084 K to be 
converted to pure silicon.

Figure 2.2 Equilibrium diagram of the Si-O-C system at a total pressure of 1 atm[13].The broken 
lines indicates that the gas composition lies in an unstable area.
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 2.3.2 The Fe-C-O system

Hematite in the form of pellet is added to the system in a ferrosilicon process. Reduction 
of hematite with carbon can be written according to reaction (2.9).

Fe2O3  s 3C s =2Fe  l 3CO  g  (2.9)

The real question is if hematite goes directly to metallic iron or is it going through 
intermediate stages via the product wustite in three consecutive steps according to the 
reduction step (2.10). 

Fe2O3Fe3O4FeOFe (2.10)

Hematite would disintegrate into magnetite according to reaction (2.11). This could 
probably not occur in the hottest zone since the formation of carbon dioxide is not stable 
at high temperatures. 

3Fe2 O3sCOg=2Fe3 O4 sCO2g (2.11)

The formed hematite would then react further according to reaction (2.12) with carbon 
monoxide in similar indirect reaction.

Fe3 O4 sCO g=3FeO s CO2g (2.12)
The wustite could also go through a indirect reduction with carbon monoxide according 
to reaction (2.13).

FeO s COg=Fe lCO2g (2.13)

or direct reduction with carbon according to reaction (2.14)

FeO s C s=Fe lCO g (2.14)

 2.3.3 Solution of silicon into molten iron

Molten iron dissolves carbon and droplets of carbon-saturated iron may form as low as at 
1153oC[1]. A gas that contains SiO can then react and take silicon into the solution by 
reaction (2.15).

SiO gCFe=SiFeCO g (2.15)

The capacity of iron to take silicon in solution at temperature below 1512oC is 
determined by the equilibrium of reaction (2.16).

SiO2s 2Cs =SiFe2CO g (2.16)
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The equilibrium at the temperature range between 1512oC<T<1811oC is determined by 
reaction (2.17) [1].

SiO2  s2SiC=3SiFe2COg (2.17)

 2.3.4 Reactions in a furnace

Combing the theory with the Si-C-O system and a temperature profile shown in figure 
2.3 from a simulation of a 25 MW furnace gives some information on which of the 
reactions that could take place at different levels in the furnace as the raw material is 
descending down the furnace. The retention time is defined as from charging to the raw 
material enters the craters wall. The temperature profile in this simulation gives an idea 
where some of the reactions could take place in a furnace. The depth of the excavated 
furnace from the top of the charged material to the bottom of the refractory is 
approximately 3 m.

Figure 2.3. Calculated temperature profile with the aid of SiMod of a 25 MW furnace [12].

Temperature just below the charged material has been reported to be higher then 
expected, up to 1300oC[13]. 

Additional reactions like (2.18) and (2.19) occur at the surface since both of the gaseous 
phases of carbon monoxide and siliconoxide rises from the hotter zone.

SiO g 1/2O  s 2 =SiO2  s  (2.18)

These reaction will take place since there will always be air present on top of the charge 
especially during the stoking period when the gates are opened.
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CO  g 1/2O2  g =CO2  g  (2.19)

The reverse condensate reaction 2.8 has been seen in previous work in a pilot scale. The 
temperature at approximately 0,7 meter below the surface has increased to 1600 oC. The 
reactants have been exposed to heat in form of hot gases during the descending. Direct 
reduction reactions with carbon are not thermodynamically favourable in iron oxide 
reduction but indirect reactions with carbon monoxide are more likely to occur. The 
boudard reaction (2.20) is a familiar known reaction and exists at temperatures above 
1000oC but this carbon solution loss reaction can be enhanced by alkalis as for instance 
potassium, this reaction can start at much lower temperatures due to the catalytic effect of 
the alkalis [18],[19] 

CO2 g +C s =2CO g  (2.20)

The graph in figure 2.4 shows that the yield of CO is high at temperatures above 1000oC. 
The values area calculated with data from FactSage. 

Figure 2.4. A graph of the percentage of carbon monoxide at different temperatures.

Metallic iron will be formed at the depth of 0.7 m below the surface since both the 
temperatures allow it and reductant in form of CO gas and coke/carbon are available in 
this temperature range to 1600oC. The melting point of iron oxides are in the interval 
between 1370-1600oC so there could be liquid solid reactions and liquid gas reaction, the 
reactions 2.11-2.14 are present in this temperature zone from the surface and 0.7 m down 
in the surface. Solution of silicon into iron can also be reported at this level with the 
reactions 2.15-2.17.
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The reaction between coke/carbon and SiO2 has been reported at temperatures between 
1427-1527 oC with thermodynamic calculations[20] but with the ratio of three between 
carbon and quartz. The quartz has not reached its liquid state but the polymorphism at the 
end of this temperature zone would indicate Tridymite and Cristobalite where the last 
mentioned polymorphism would be the most common of those. The gases of CO and SiO 
will pass through the material bed and not only reduce iron oxide but react with 
coke/carbon and form SiC according to reaction (2.21). 

SiO g 2C  s  =SiC  s  +CO g  (2.21)

Both of the gases can react with themselves according to (2.22) and (2.23).

3SiO g +CO  g =2SiO2 +SiC  s  (2.22)

SiO gCO g =SiO2sC  s (2.23)

The temperature zone at 1.5 m to 1.9 m further down the furnace is about 1790-2050oC. 
In this zone we would probably see molten silicon dioxide. The previously formed SiC 
needs higher temperature to react accordingly to reaction (2.7) or temperature above 
1811oC. The combination of reactions 2.6-2.8 gives the silicon producing reaction (2.23).

3SiO2  l 2SiC s =Si l 4SiO g 2CO  g  (2.23)

Metallic iron would in theory already be in its molten phase with dissolved silicon 
according to reactions (2.15-2.17) and would sink to the bottom of the furnace to form a 
metallic bath consisting of the configuration of FexSiy since the actual phase depends of 
the composition Si and Fe.

The zone at the depth of 1.9-2.7 m with temperatures between 2050-2190oC are very high 
and formation of volatile silicon compounds as for instant Si(g), SiC2 (g) and Si2C(g) at 
temperatures above 2327oC exist[20].The figure 2.5 is a sketch of a section in a furnace 
where the temperature zones are more as horizontal layers where the charged material 
close to the surface is in a pre-reaction zone. The temperature close to the cavity is also 
high.

16



Figure 2.5. A view of a cross-section of a furnace with likely temperature zones. 

The pressure in the cavity at respective electrode has been reported to be fluctuating. It 
has been noticed that the fluctuating is due to the permeability of the charge burden. High 
silica losses at under-pressure and the opposite at overpressure[13]. In theory this would 
affect the equilibrium of the reactions; the two three-point intersections would be 
different. The equilibrium temperature for these would increase at a pressure above 
ambient pressure. The opposite would it be at a pressure below ambient pressure.

 3 The excavation

 3.1 Excavation at Finnfjord

The furnace was stopped during normal conditions with the electrodes down in 
November 2008. A consumption of 70 kA and 17.5 MW was normal process conditions 
for this furnace and the rotation of the furnace was one turn in 6 weeks.1.73 tons of 
material was tapped and the tap hole was opened at 11.20 and closed at 12.05, the furnace 
was then stopped after this sequel. The process is current controlled during tapping. After 
the furnace was stopped, the charge materials at the top were stoked to get a even surface 
but the furnace was not stoked between the electrodes or between electrode 1 and the 
furnace wall. The surface in the centre of the furnace caved down approximately 53 cm 
during cooling of the furnace.
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The raw materials that were used are Quartz (Tana), iron pellets (Russian and LKAB), 
Coke (China and N. America), Coal. Somewhere around 75 tons of Quartz and 12 tons of 
reductants per day were used in the process. 

The excavation of Finnfjord furnace 1 was drilled during week 13, 2009 and primarily 
excavated the following week. The furnace has been inactive for several months so there 
was no need for cooling of the furnace. The drilling company Geo Drilling AS could 
initiate their work. The drill stand had to be jigged before the drilling could start and the 
loosely packed burden on surface was glued with epoxy to bind the material together. 
The plan was to take out cores at a cross-section of the furnace. The cross section lies 
between electrode one and three through the centre of electrode two shown in figure 3.1. 

Figure 3.1 A view from above of the Finnfjord furnace No. 1.

A total of 10 drill cores was the aim in the drilling part of the excavation. The drill cores 
were taken from the top of the furnace at the edge of the flange with declining angles 
shown in figure 3.2. Three drill cores were additionally taken from the mantle side at a 
location above the tap hole. 
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Figure 3.2. A view of the cross-section through electrode 2 of the Finnfjord furnace.

The volume of the furnace excavated jointly by NTNU/SINTEF/Finnfjord can be 
described as from the centre of electrode three towards the lining and more than 180o 

counter-clockwise towards electrode number 2 shown in figure 3.3. The excavation 
entrance was cut up as a square at the same level as the brick lining at the bottom of the 
furnace and up above the ramming paste.

Figure 3.3. A view from above of the excavated area from the Finnfjord furnace.
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The hand dug samples were taken out at different positions where it was possible. 
Photographs were taken during the excavation and all the samples were thoroughly 
positioned and labeled. A more detailed information about where the location of the drill 
cores and the main excavation are gathered in appendix 2.

 3.2 Excavation at Thamshavn

The excavation at Thamshavn furnace 2 was excavated with similar methods as was 
performed at Finnjord. Three drill cores were taken towards electrode number 3 at gate 4 
with declining angels. Three drill cores were taken between electrode number 1 and three 
towards electrode number 2 or through the electrode at gate 5 (see figure 3.4). There were 
also a few other drill cores at this furnace but the viewed cores from the figure below 
were the only one that was analysed in this thesis. Thoroughly detailed information of the 
whereabouts of the samples is gathered in appendix 1.

Figure 3.4. A view from above of the Thamshavn furnace together with the drill cores.

 4 Analysis of furnace samples

The samples from the excavation were furthered analysed with different equipment. To 
investigate reactions in the furnace in different zones requires content and phases of the 
unknown material that has been excavated from the full scale furnace.
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 4.1 Preparation

The samples that were analysed with the LOM and EPMA were prepared with a flat 
smooth surface, a slightly slope of 1o may change the adsorption correction and 
backscattering. All samples were prepared by Birgitte Karlsen at Sintef. 

The specimens were embedded in a convenient medium and in this case it was epoxy. 
Round specimen mounts are most convenient for polishing and a diameter of 3 cm with a 
maximum depth of 1 cm was chosen. The ground and polishing data are gathered in table 
4.1.

Table 4.1 Grind and polishing data

Diamond Pad 120µm

SiC-paper; 120, 320, 500, 1200

Dac m/diaproDac for fine

Nap m/diaproNap 1 Min

The polishing was done on a similar machine but on a rotating nylon cloth laps with with 
different diamond paste. Final polishing was done by hand for about 1 minute on micro 
cloth with the tabulated media. A conducting path must be available on the specimen to 
provide a path for the probe to flow to earth. The conducting coating was carbon since it 
gives less disturbance of the backscattering, carbon has only one peak. This conducting 
layer was coated after that ocular investigation with light optical microscope.

Material for the XRD analyse has to be ground down to < 50 µm with a small scale disc 
rod mill. Materials that showed indication or traces of SiC were ground for one minute 
and less reacted material that seemed to contain a lot of SiO2 were ground for 20 seconds. 
Carbide containing material from the crater walls were ground for 2 min.

 4.2 Light optical microscope

The light optical microscope is an instrument that can be used to evaluate both texture 
and structure. It is a simple instrument where different areas in the sample can be 
investigated. Dense material as for instance metals reflects light more than oxides and 
carbides. Inverted Reflected Light Axiovert 25 CA was used during the investigation of 
the samples equipped with a Baster A101 camera. The microscope was also equipped 
with a reflector slider where the DIC first order red was used sometimes to reveal metal 
phases and Polarization was also used for the same purpose. A view of the instrument 
can be seen in figure 4.1.
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Figure 4.1. A picture of the microscope

 4.3 Electron Probe Micro Analysis

This analysing equipment is based on electron bombardment to generate X-rays in the 
sample that is going to be analysed. The elements present and their concentrations may 
be estimated and identified from the intensity and wavelength of the lines in the X- ray 
spectrum. The finely focused electron beam enables chemical analyses on very small 
selected areas. The electrons have typically kinetic energies of 10-30 keV and penetrate 
the sample to a depth of 1 µm and approximately out laterally to a similar distance. The 
energy of the electrons must have sufficient energy for X-ray excitation. The X-ray 
emissions lines are produced by transitions between inner atom electron energy levels, 
such a transition is only possible by creating a vacancy with ejection of a inner electron. 
The required inner level of ionization is produced by electron bombardment with electron 
of sufficient kinetic energy. Qualitative analysis is then carried out by identifying the 
lines emitted by the specimen and thereby determining which elements are present. The 
intensity of each X-ray line of each element is measured and compared with a standard 
sample of known composition. The specimen and the electron beam that are located 
inside the equipment is under vacuum to get a electron mean free path and to avoid the 
effect of residual air on the hot tungsten filament[2].

The equipment that was used for analysis was a JXA-8500F, a field emission electron 
probe micro analyser. X-rays have characteristic energies and wavelengths and can be 
detected using either a solid state Energy Dispersive Spectrometer EDS detector or a 
diffracting crystal in tandem with a gas-filled proportional counter Wavelength 
Dispersive Spectrometer (WDS) detector [14]. WDS prevents overlapping of close X-ray 
peaks. The instrument shown below in figure 4.2 is equipped with four WDS detectors 
and one EDS detector [15]. 
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Figure 4.2. A picture of a Electron Microprobe analysing equipment [6].

 4.4 XRD

XRD is an instrument that can be used to characterize crystal structure or phases of the 
material. The most intense reflection by the x-rays can determine their d-spacing. The 
corresponding d-values can be searched in reference computer software. The equipment 
that was used during the characterizing was a D8 Advance X-ray diffractometer with a 
CuKα X-ray tube within the range 40kV and 40 mA. The samples were scanned over an 
angular area of sin2θ 2-70o with 0.02oθ/step and 0.05 seconds per step [16]. The equipment 
can be seen in figure 4.3.

Figure 4.3. A picture of the XRD instrument [17].
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 5 Results

The results consist of observations during the excavation at Finnfjord and analysis of 
selected samples. The main gathered results from all the analysis have been focused on 
the samples collected close to electrode 1 and 2 from the Finnfjord excavation. Surface 
samples and crater wall samples from electrode 1 where investigated. Crater wall samples 
and metal bath sample from electrode 2 where investigated.

Interesting observation of samples from the Thamshavn part has been in focus in that 
part. All the eight additional samples from the excavation at Thamshavn were chosen at a 
location were the material seemed to have some glossy grey colour at its surface, the 
samples were also close to the electrode. Sixteen samples that were already prepared 
were also analysed, nine of these samples were run through the Electron Microprobe but 
no XRD analysis of the sixteen samples. 

 5.1 Results from the Finnfjord excavation

 5.1.1 Observation from the Finnfjord excavation

Iron bearing materials as in pellet has not been found at lower levels in the Finnfjord 
furnace only at the surface. Small spherical particles have been found at higher levels in 
the furnace or at the surface of the charge as if the pellet has disintegrated into small 
particles in the furnace.

The excavation showed that metal was found at levels lower than the tap hole. The 
ramming paste (“stampemasse”) below the tap hole has reacted to SiC and have vertical 
and horizontal stripes with metal intrusion below tap hole level. A metal layer was also 
found above the ramming paste. The Metal layer below the tap channel increases in 
thickness from 40-100 cm inwards the furnace.

Crater walls are mainly build up of SiC. Some quartz was observed in the crater wall. 
There were several gas channels on the outside of the crater walls. The gas channels starts 
at the bottom of the crater at the outside of the crater walls. They are larger at the bottom 
of the crater and thinner at the top. There are more gas channels around electrode 1 
compared with the area at electrode 2. More gas channels between the electrode and the 
mantle wall where observed. The gas channels were typically around 20 cm wide and 
followed the outer side of the crater so they were closest to the electrode at the highest 
point of the crater

Outside of the crater zone there were vertical layers towards the furnace walls. These 
consist in addition of the gas channels of layers of different condensates.

The crater around electrode 1 is asymmetrical and larger on the outer side where good 
stoking has been difficult to maintain due to narrow space for the truck. More of the 
excavation can be read in appendix 2.
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 5.1.2 Analysis of the samples close to electrode 2

The samples location at electrode 2 is shown in the left image in figure 5.1. All of these 
samples at electrode 2 has been analysed in the order from the top of the furnace to the 
bottom, starting with P2001 which is shown in the right image in figure 5.1, the iron ore 
has been reduced high up in this furnace. The metallic/quartz area can be seen in this 
image. This material contains cubic zinc blende structure β-SiC which indicates that the 
darker area in the metal area consists of a carbide when comparing with other carbide 
phases that has been seen with LOM. The raw material quartz has already started to 
transform towards tridymite/cristobalite at the surface of this furnace. Fe3Si, Fe and Si are 
the only compounds found at this level. Carbon material is present also in this sample. A 
iron manganese silicon compound was also found in this sample which indicates a 
reduced iron ore at the surface of the furnace.

Figure 5.1. A view of the cross-section through electrode two of the Finnjord furnace in the left  
image, sample P2001 at the right image.

A larger quartz piece was collected namely P2003 which is shown in figure 5.2. This 
material was located close to the electrode which is shown in the left image in figure 5.1. 
Quartz pieces that are located very high up in the furnace or at a little depth from the 
surface has gone through very little changes inside but the surface has changed in colour 
and there are large cracks where the colour has a darker tone compared with the white 
shade, these phenomena is much easier to see without any microscope. The rim that 
surrounds the quartz piece in figure 5.2 has a grey tone and the surface is very glossy. 
This is very close to direct fusion of where the external layer has been transferred to a 
cristobalite layer. These fusion proceed from the external surface inwards[21]. The 
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formation of cristobalite is initiated at low temperatures with indication of this transfer at 
temperatures as low as 1250oC [6] has been reported.

Figure 5.2. A view of sample P2003, a quartz piece collected close to the electrode at the surface  
at the excavation at Finnfjord.

Sample P97 is a sample that belong to the cavity wall close to the electrode. Three 
samples were taken out for analysis. The three specimens' location are shown in the left 
image in figure 5.1. This sample is shown in figure 5.3. It is approximately 160 mm in 
size at its longest end. A white condensate was located at the inside of the crater wall. 
This specimen with its origin from the crater wall is not a homogeneous material; it is 
built up by small grains. 
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Figure 5.3. A macro view of sample P97 with all three samples that were taken out for analysis.

Sample P97a and P97c belongs to the same crater wall but at different distances from the 
electrode. Hexagonal wurtzite α-SiC is the most common carbide but there exists also a 
large variate of carbide structures in this crater wall. The SiC-2H was only found in 
sample P97a which is located furthest from the cavity. Quartz and cristobalite was only 
found at the cavity surface in sample P97c. Different kind of compounds with the base of 
FexSiy was found in of both of these samples, P97a contained Fe3Si (suessite), FeSi2 and 
FeSi, P97c contained Fe3Si (gupeite) and FeSi2. Graphite-2H exists in both samples. Pure 
Si and C60 were only found in sample P97c.

A view of a selected area of sample P97a is shown in the left image in figure 5.4, this 
sample is collected at the rim of the wall that is located furthest away from the electrode. 
A view of sample P97c is shown in the right image, this sample is collected at the rim of 
the wall that lies closest to the electrode. The material inside the cavity wall seems to 
differ in texture. The texture is rougher in the sample furthest from the electrode. 
Ferrosilicon phases and carbide phases can be seen in these images.
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Figure 5.4. A view of a areas of the cavity wall, left image at sample P97a and right image at  
sample P97c.

A selected area of the samples P97a and P97b are shown in figure 5.5. The cavity wall 
has very few phases present. The white areas in both of the selected areas contain FeSi 
and the dark grey areas of the selected areas is SiC. A third phase was visible in sample 
P97b which is nearly impossible to see as for sample point 4 in figure 5.5. Both of the 
samples are of a ferrosilicon mixture at analysing point 1 and 3. the carbide phase are at 2 
and 5. The third phase in at location 4 is a ferro silicon mixture but with higher amount of 
silicon compared to analysing point 3 according to table 5.1.

Table 5.1. Gathered element analyses of sample P97a and P97b.
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Atomic (%)
   No. 1 2 3 4 5
Al (%) 0 0.2 0.02 0 0.06
N (%) 0.57 0.01 0.05 0.34 0.85
Fe (%) 55.93 0.13 41.44 24.12 0.03
C (%) 7.9 39.43 12.16 15 41.5
Ca (%) 0 0 0 0 0
Si (%) 34.63 59.73 44.45 58.95 56.03
O (%) 0.98 0.49 1.87 1.58 1.53
Ti (%) 0 0 0.02 0 0
Total (%) 100 100 100 100 100
Comment  P97a.1 P97a.2 P97b.1 P97b.2 P97b.3 



Figure 5.5. A view of selected areas of sample P97a at 40x magnification in the left image and 
sample P97b at 200 magnification.

Three selected areas were analysed in sample P97c, this was done due to difference in 
texture furthest from the cavity surface. Two selected areas out of three is shown in figure 
5.6 are from sample P97c. The left image is taken 14 mm from the cavity surface and the 
right image is taken at a distance of 7 mm from the cavity surface. The content of the 
elements changes in this wall. Sample 97c that lies close to the cavity has higher amount 
of Si in the expense of Fe compare to P97a and P97b. Three areas in the same sample 
were analysed further. The point analysis at numbered areas that are gathered in table 5.2 
reveals that the third small phase has high amount of silicon.

Table 5.2. Gathered element analyses of sample P97c.
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Atomic (%)
   No. 8 9 10 11 12
Al (%) 0 0.12 0.05 0 0.03
N (%) 0.04 0.27 0.02 0.09 0.18
Fe (%) 25.23 0.01 26.41 0.33 0.04
C (%) 7.17 43.98 7.41 8.52 44.72
Ca (%) 0 0 0 0 0
Si (%) 66.93 55.25 65.77 90.59 54.83
O (%) 0.63 0.37 0.34 0.46 0.2
Ti (%) 0 0 0 0.01 0
Total (%) 100 100 100 100 100



Figure 5.6. A view of selected areas of sample P97c.3 and P97c.2 at 40x magnification. The 
selected area in the left image is at approximately 14 mm from the cavity surface. The right  
image is at a selected area at approximately 7 mm from the cavity surface.

The third selected area is shown in figure 5.7 in sample P97c. This point lies close to the 
cavity surface. The relationship between iron and silicon in the metal phase is deviating 
inside the crater wall as has been seen in sample. Number 7 is the carbide phase and the 
ferro silicon phase at point 6, the carbide phase can be seen as dark areas. The elemental 
analysis can be seen in table 5.3.

Table 5.3. Gathered element analyses of sample P97c.
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Atomic (%)
   No. 6 7
Al (%) 0 0.05
N (%) 0.23 0.38
Fe (%) 26.11 0.01
C (%) 8.02 41.45
Ca (%) 0 0
Si (%) 65.08 57.89
O (%) 0.57 0.23
Ti (%) 0 0
Total (%) 100 100



Figure 5.7. A view of selected area of sample P97c.1 at 40x magnification. A area close to the  
cavity wall surface.

 5.1.3 Crater wall at electrode 1

A view of the cross section through electrode 1 is shown in figure 5.8. Samples P35a and 
P35b have not been analysed with EPMA. Analysis of the samples from this area has 
been more of a randomly procedure starting with sample P42 which was split up into 
P42a and P42b. A additional sample from P42 was also prepared and contains some of 
the white small fibres that has its origin on the surface of the sample.
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Figure 5.8. A view of the cross-section through electrode one of the Finnjord furnace.

An example of these fibres can be seen in the marked square in figure 5.9. These fibres 
are in the size of 2-4 mm. In this large sample there were places in the sample where the 
fibres were close packed as a carpet.

Figure 5.9. A macro view of sample P42, white fibres on the surface.
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A piece of a SiC grain with furry white threads is shown in the left image figure 5.10.The 
fibres are outside the large area, they can be seen as small sticks in the right image. The 
large pink area has small white areas within its interior which could be a FeSi metal 
phase; the large main pink area is for sure SiC since the material had to be ground with 
diamond pad. A darker phase is surrounding the SiC containing material which could be 
an oxide phase.

Figure 5.10. A view of a SiC grain piece, left image at 5x magnification and right image at 50x 
magnification.

The right image in figure 5.10 at 20x magnification was deeper analyse with polarize 
reflector which is shown in figure 5.11. It gives a three dimensional structure with the 
fibres visible as glassy tubes attached to the grain.
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Figure 5.11. A view of the selected area at the rim at 20x magnification. A image with polarized 
reflector.

Samples P42a and P42b were taken out of the crater wall of P42 at the location shown in 
figure 5.12.

Figure 5.12. A macro view of sample P42.

Selected areas of sample P42b and P42a is shown in figure 5.13.The cavity wall at 
electrode one has different texture compared to the collected material from the cavity 
wall at electrode two, the material is more denser. The left image is a view at an area of a 
selected area of sample P42b at the crater wall close to the cavity. The nitrogen is high at 
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both points 14 and 17 respectively. Some resembles between both of the dense areas of 
the samples collected in the lower parts of the cavity wall shown in table 5.4. Points 14 
and 17 are oxide phases, 15 and 18 are SiC phases and 13 and 16 are FeSi phases in a 
summation of the different analysed phases.

Table 5.4. Gathered element analyses of sample P42a and P42b.

Figure 5.13. A view of selected areas of sample P42 at 40x magnification, left image is a selected 
area of sample P42b that is a sample that is located close to the crater wall at the
cavity and the area in the right image is a selected area from sample P42a that was located 
furthest from the cavity.

A additional area of sample P42b is shown in figure 5.14. This area seem to be an oxide 
phase, the tube looking phase at point 19 has higher amounts of Ca compared to the 
surrounding area at point 20 (see table 5.5.).
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Atomic (%)
   No. 13 14 15 16 17 18
Al (%) 0.03 9.94 0.09 0 7.8 0.08
N (%) 0.21 2.88 0.32 0.16 5.99 0.91
Fe (%) 27.77 0 0 27.05 0 0
C (%) 7.79 2.32 39.19 9.15 2.13 42.29
Ca (%) 0.01 6.63 0.01 0 9.52 0
Si (%) 63.46 19.94 59.92 61.75 20.33 55.48
O (%) 0.72 58.28 0.46 1.89 54.23 1.23
Ti (%) 0 0 0 0 0 0
Total (%) 100 100 100 100 100 100
Comment  P42a.1 P42a.2 P42a.3 P42b.1 P42b.2 P42b.3 



Table 5.5. Gathered element analysis of sample P42b.

Figure 5.14. A view of a selected area of sample P42b at 100x magnification.

A view of a selected area of sample P33 is shown in figure 5.15. Sample P33 is a material 
that comes from the same cavity wall as P41 and P42 but the material looks less dense 
compared to P42a, P42b and P41.No oxide phases were visible at the selected area of this 
sample. The carbide phases has almost the same split between SiC and Si compared to 
the same phase in sample P42 in the lower part of the crater wall (see the cross section of 
the furnace in figure 5.8). The almost pure Si metal that was detected (see table 5.6) is not 
possible to observe in this low magnification. Ferro silicon can be seen at point 32 and 
the carbide phase at point 34. The carbide phase seems to cover the whole area.
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Atomic (%)
   No. 19 20
Al (%) 8.08 8.18
N (%) 8.65 7.57
Fe (%) 0 0
C (%) 1.61 2.93
Ca (%) 15.59 7.64
Si (%) 17 22.36
O (%) 49.06 51.31
Ti (%) 0 0
Total (%) 100 100
Comment  P42b.4 P42b.5 



Table 5.6. Gathered data from the quantitative analysis of samples P33.

Figure 5.15. A view of a selected area of sample P33 at 40x magnification.

A view of a selected area of sample P31 is shown in figure 5.16. This sample is collected 
inside of the cavity. The pattern of this material looks similar to the material from sample 
P97c. The material SiC is visible as the darker sharp edged areas. The analysed point at 
39 has high levels of Si. The elemental data is shown in table 5.7. These areas are more 
abundant in sample P33 compare to all other analysed samples. Point analysis reveals that 
point 38 is a FeSi metal phase, point 39 a Si phase and 40 a carbide phase.
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Atomic (%)
   No. 32 33 34
Al (%) 0.01 0 0.08
N (%) 0.35 0.27 0
Fe (%) 45.55 0.06 0.06
C (%) 5.27 5.91 40.52
Ca (%) 0 0.01 0
Si (%) 48.25 93.32 58.98
O (%) 0.51 0.43 0.37
Ti (%) 0.06 0 0
Total (%) 100 100 100
Comment  P33.1 P33.2 P33.3 



Table 5.7. Gathered data from the quantitative analysis of samples P31.

Figure 5.16. A view of a selected area of sample P31 at 40x magnification.

 5.1.4 Metal bath beneath electrode 1

A view of the large piece is shown in figure 5.17. Sample P40 is a piece of the metal bath 
located below the electrode. A smaller piece was cut out at the border between the FeSi 
metal and the white material. This piece contains both FeSi and the white material.
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Atomic (%)
   No. 38 39 40
Al (%) 0.02 0 0.14
N (%) 0.12 0 0.2
Fe (%) 26.92 0.04 0.05
C (%) 5.49 7.38 40.61
Ca (%) 0 0 0
Si (%) 67.1 91.97 58.54
O (%) 0.34 0.6 0.46
Ti (%) 0.01 0.01 0
Total (%) 100 100 100
Comment  P31.1 P31.2 P31.3 



Figure 5.17. A macro view of sample P40.

The white material above the FeSi metal is a oxide material which is a slag, it is shown in 
the left image in figure 5.18. The texture of this material is not similar to as the raw 
material quartz. The image in the centre is a mixture of quartz, metal and carbon. The 
FeSi metal shown in the right image has two different phases within it; the composition 
of the different phases can be different.

Figure 5.18. A view of selected areas of sample P40 at 5x magnification. The white quartz  
looking area is in the left image, the centre image is at the border between FeSi metal and the  
quartz and the right image is the FeSi metal.

The material above the FeSi metal bath has as mentioned in optical results a white 
material that is a slag of some kind. A selected area of this oxide layer is shown in figure 
5.19. The elemental analysis in table 5.8 shows different oxide phases present in this area. 
The different elements at the selected points from 21 to 24 reveals different composition 
at each phase except 22 and 23 which are analysed at similar phases, these two were 
selected as a check of composition difference. 

39



Table 5.8. Gathered data from the quantitative analysis of sample P40 at the white area.

Figure 5.19. A view of a selected area of sample P40 at 400x magnification, the white oxide area 
or slag area.

A view of a selected are at the border between the FeSi metal and the slag is shown in 
figure 5.20.There is a mixture of elements in this area. The black area of number 29 is a 
carbon material shown in table 5.9. Familiar phases are visible in the border area, carbide 
phases (28) and ferrosilicon (26) and a more pure silicon phase (27).
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Atomic (%)
   No. 21 22 23 24 25
Al (%) 0.13 6.55 6.83 14.78 5.54
N (%) 0.07 0.26 0.43 0.22 0.05
Fe (%) 0.01 0 0.01 0 0
C (%) 2.26 2.16 2.13 3.04 2.63
Ca (%) 19.01 5.78 5.94 6.88 2.94
Si (%) 20.03 24.05 24.21 16.01 26.64
O (%) 58.48 61.2 60.44 59.07 62.2
Ti (%) 0 0.01 0.01 0 0
Total (%) 100 100 100 100 100



Table 5.9. Gathered data from the quantitative analysis of sample P40 at the border between the 
white oxide and the FeSi metal.

Figure 5.20. A view of a selected area of sample P40 at 100x magnification.

There are very few phases present in the metal area of sample P40. A selected area at the 
metal area of sample P40 can be seen in appendix 1. There are only two visible phases in 
this selected area. The difference between these phases is shown in table 5.10. The most 
common large area at point (31) contains high amounts of silicon. The smaller area at 
point (30) in the metal area is a FeSi mixture according to table.
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Atomic (%)
   No. 26 27 28 29
Al (%) 0.03 0 0.01 0
N (%) 0 0 0 0
Fe (%) 26.17 0.07 0.09 0.01
C (%) 8.7 8.89 41.62 99.44
Ca (%) 0 0 0 0.01
Si (%) 64.55 90.53 57.86 0.08
O (%) 0.54 0.5 0.43 0.47
Ti (%) 0.01 0.01 0 0
Total (%) 100 100 100 100



Table 5.10. Gathered data from the quantitative analysis of sample P40 at FeSi metal bath.

 5.2 Analysis of selected samples from Thamshavn

 5.2.1  Selected samples from gate 4, drill core 1-3 

A view of a cross section through electrode 3 is shown in figure 5.21. Samples that are 
located close to the electrode in the Thamshavn furnace have a few things in common. 
The major material is glossy grey on the surface and holds the mixture of carbon/coke 
material together, metal areas area also present in these samples. The marked out area 
close to the electrode contains similar mentioned features as is visible in the image in 
figure 5.21. The macro image is taken from sample 43495.

Figure 5.21. A view of the cross-section through electrode three of Thamshavn furnace.
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Atomic (%)
   No. 30 31
Al (%) 0.22 0
N (%) 0.72 0.12
Fe (%) 25.7 0.01
C (%) 7.56 8.8
Ca (%) 0 0
Si (%) 65.44 90.58
O (%) 0.36 0.49
Ti (%) 0 0
Total (%) 100 100



The main brown area in figure 5.22 is a selected area of sample 43430. This is one 
example how the crystal pattern of mentioned grey substance material looks like in 
optical instrument.
The main samples close to the electrode and quit deep down in the furnace is a mixture of 
materials in a agglomerated form where coke/carbon, metal areas are held together with a 
grey material. It has shown during this work that this is SiO2 but the crystal pattern is not 
the same as the original raw material, this is SiO2 that has melted and recrystallized. In 
theory the temperature should be at 1722oC [22] at the depth of these samples. 

Figure 5.22. A view of a selected area of sample 43430.

The coke/carbon material is subjected to gases and reacts. Sample 41370 is collected 
between electrode three and the crater wall. Two areas of different coke pieces in this 
sample can be seen in figure 5.23, the coke area in the right image appears to have had 
good gas flow through and reactions have occurred between the pores. The same 
reactions have occurred in the left image but the area between the pores looks differently. 
Table 5.11 shows that both of the areas measured points (1-2) contains SiC as the major 
compound but the coke area in the right image has much higher Si content. 

Table 5.11. Gathered data from the quantitative analysis of sample 41370.
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Atomic (%)

   No, O (%) Fe  (%) C  (%) Si (%)
1 0.03 1.24 0.03 47.76 0 50.94 0 100
2 0 0.51 0.08 41.33 0 58.09 0 100

Al 
(%)

Ca 
(%)

Ti 
(%)

  Total 
(%)  



Figure 5.23. A view of selected coke areas of sample 41370 at 40x magnification.

A view of a selected area of sample 42400 is shown in figure 5.24. The dark areas close 
to the grey areas were analysed at points (1-3) is a carbide phase and the analysed points 
at (4-6) is an oxide phase according to table 5.12. The grey areas close to the carbide 
phase were analysed at points (7-9) that is more of silicon phase. The points at (10-15) is 
a ferro siliconphase The different phases has similar amount of compound within 
respective areas compared to these samples. The number (10-12) was taken at a presumed 
darker white area (see figure 5.32) at the brighter white areas and this only shows there is 
no difference between the analysed points at (13-15).

Table 5.12. Gathered data from the quantitative analysis of samples 42400.
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Atomic (%)

Al (%) O (%) Fe  (%) C  (%) Ca (%) Si (%) Ti (%)
1 0 0.35 0.06 44.14 0 55.45 0 100
2 0 0.33 0.04 44.28 0 55.35 0 100
3 0 0.35 0.06 44.06 0 55.52 0 100
4 3.57 63.46 0.03 4.46 0.45 28.02 0 100
5 3.52 61.96 0.02 4.56 0.37 29.57 0 100
6 3.27 63.54 0.02 3.64 0.32 29.21 0 100
7 0 0.35 0.04 12.86 0 86.74 0 100
8 0 0.39 0.02 12.67 0 86.93 0 100
9 0 0.42 0 12.91 0 86.67 0 100
10 0 0.63 26.5 11.28 0 61.59 0 100
11 0 0.59 26.71 11.25 0 61.44 0 100
12 0 0.64 26.32 11.25 0 61.79 0 100
13 0 0.82 26.12 11.33 0 61.72 0 100
14 0 0.61 26.74 11.13 0 61.53 0 100
15 0 0.51 25.89 11.32 0 62.28 0 100

   
No, 

  Total 
(%)  



Figure 5.24. A view of selected area of sample 42400 at 200x magnification.

XRD showed that both of the samples 42400 and 41375 that was collected between 
electrode three and the mantle wall contains cristobalite but sample 41375 contains also 
hexagonal quartz. These two samples contains both cubic zincblend β-SiC and hexagonal 
wurtzite α-SiC. It's in these samples silicon oxynitride has been found. Different 
combinations of FexSiy metal (see appendix 1) but pure Fe and Si existed only in 41375. 
The samples at gate 4 are located between the refractory wall and the electrode, both of 
the tested samples that belonged in this region contained silicon oxynitride Si2N2O.

 5.2.2 Selected samples from gate 5 drill core 1-3

A view of the sample whereabouts is shown in figure 5.25, this is a cross section through 
electrode 2.The raw material quartz does not exist as a visible compound as most of the 
material that have been extracted close or nearby the cavity wall. Sample 53990 and 
53960 are samples that have had the glossy grey material on its outer surface as 
mentioned previously. Sample 53750 was collected close to electrode two but not 
between the electrode and the mantle, it the electrode side towards the centre of the 
furnace. This material has cristobalite, tridymite and hexagonal quartz present. Semi 
quantitative analyse was not possible since the information of the intensity values are to 
many. This sample contains cubic zincblend β-SiC ,hexagonal wurtzite α-SiC and 
rhombohedral polytype 15R-SiC. The FexSiy metal compounds are orthorhombic FeSi2, 
tetragonal FeSi2 and cubic Fe3Si. Nontronite Fe2O3

.4SiO2
.H2O which has its origin from 

the raw material quartz. This sample was the only one that had both nontronite and 
fayalite(2FeO.SiO2).
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Figure 5.25. A view of the cross-section trough electrode 2 of Thamshavn furnace.

Sample 53990 is the exception of those that clearly is a material within the transition of 
SiO2 polymorphism stage. It's characterized by large cracks where metal droplets exists in 
these veins. Some smaller metallic droplets are also in the outer area where the large 
veins do not exist.

Iron ore have only been found at the surface of the furnace. The metal/(metal oxide) 
appears only as small spherical droplets within the interior of the quartz or on the surface 
of the quartz, these metal phases can be found higher up in the furnace. A larger metallic 
particle with the size of approximately 0.2 mm can be seen in the figure 5.26 where a 
smaller particle is attached to the larger one. It looks like there's been some kind of liquid 
liquid interaction between these two (see right image). The large particle is iron and the 
smaller one is an iron oxide. The SiO2 texture is more disordered at areas close to the 
metal particle and close to the crack compared to quartz pieces higher up in the furnace.
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Figure 5.26. A view of selected area of sample 53990, left image at 10x magnification and right  
image at 100x.

The review of a quartz piece that is truly on the path of polymorphism. The XRD analyse 
confirms that the material of sample 53990 is on the transition path of SiO2 

polymorphisms. Semi quantitative analyse reveals that only 5% of tridymite is present 
and the remaining is cristobalite. This material is also a very pure material. The weight of 
the material is much lower then its origin and there's a lot of large cracks inside its 
interior shown in figure 5.27. The analysis at points at the main dark area of (43-45) 
consists of SiO2 with small traces of Al2O3 and the bright dark areas (46-48) that surround 
these dark areas consist mainly of SiO2, Al2O3, CaO and FeO shown in table 5.13. The 
large metal particle (52) consist of almost pure iron with small amounts of carbon, this 
could indicate that the temperature inside the material has to have been higher than 
approximately 1536oC. The analysing point at 53 is in the large particle but in a different 
shade of white, number 54 is at a small particle inside the large particle that has different 
composition of carbon and iron. Points at (55-57) are at small metal particles outside in 
the periphery which are iron droplets with some difference in composition, the droplet at 
56 has higher amount of silicon. 

47



Table 5.13. Gathered data from the quantitative analysis of sample 53990

Figure 5.27. A view of a selected area of sample 53990 at 200x magnification.

A view of a selected area of sample 52540 is shown in figure 5.28.
The analysing points at (48-50) in the upper corner in the figure shows that is is an oxide 
phase according to table 5.14. At the border area close to the oxide phase there is a 
carbide phase that have been analysed at points (51-53). The analysed points (54-56) at 
the grey areas are silicon phases and as usual are the analysed points (58-59) at the white 
areas a ferro silicon phase. 

48

Atomic (%)

O (%) Fe  (%) C  (%) Si (%)
43 0.04 65.75 0.06 5.15 0 29 0 100
44 0.03 65.64 0.08 4.59 0 29.66 0 100
45 0.02 66.3 0.02 4.08 0 29.58 0 100
46 0.41 61.83 7.08 3.33 0.07 27.24 0.02 100
47 0.42 61.61 6.91 3.31 0.07 27.66 0.02 100
48 0.64 61.59 6.86 3.7 0.08 27.1 0.04 100
49 0 65.81 29.88 3.91 0 0.4 0 100
50 0 61.66 34.44 3.68 0 0.22 0 100
51 0.01 65.68 31.21 2.8 0 0.29 0 100
52 0 0.89 91.31 7.79 0 0.01 0 100
53 0 0.95 90.28 8.73 0 0.03 0.01 100
54 0 1.32 86.8 11.88 0 0 0 100
55 0.02 1.48 90.22 7.83 0 0.43 0.01 100
56 0 0.93 69.57 8.77 0 20.73 0 100
57 0 1.77 89.94 7.71 0 0.57 0.01 100

   
No, 

Al 
(%)

Ca 
(%)

Ti 
(%)

  Total 
(%)  



Table 5.14. Gathered data from the quantitative analysis of samples 51540.

Figure 5.28. Mapping of a selected area of sample 51540 at 40x magnification.

 6 Discussion

Different compounds can be calculated with the aid of elemental analysis from the 
EMPA. The carbon content in all the electron microprobe analysis is questionable but at 
oxide phases there has been an average 2.36 atomic %. Assuming that these oxide phases 
contains no carbon and deduct this average from the element of carbon at the other 
analysing points from the other samples gives a starting point for calculation of different 
believed compounds. These calculations are useful at discussion of compounds of 
samples analysed from both of the excavations.
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Atomic (%)

   No, O (%) Fe  (%) C  (%) Si (%)
48 0.28 63.6 0.01 9.32 0.1 26.7 0 100 51540.1 
49 0.11 62.44 0 9.62 0.03 27.8 0 100 51540.2 
50 0.25 62.41 0.02 9.01 0.08 28.23 0 100 51540.3 
51 0.02 0.66 0.01 48.08 0 51.23 0 100 51540.4 
52 0.03 0.55 0.01 48.9 0 50.51 0 100 51540.5 
53 0.02 0.68 0.01 48.26 0 51.03 0 100 51540.6 
54 0.01 0.89 0.01 19.03 0 80.06 0 100 51540.7 
55 0.02 0.87 0.06 22.77 0 76.29 0 100 51540.8 
56 0 0.95 0.04 17.73 0 81.27 0 100 51540.9 
57 0 1.17 24.17 15.56 0 59.1 0 100 51540.10 
58 0 0.89 24.03 15.14 0 59.94 0 100 51540.11 
59 0 1.2 23.14 17.6 0 58.06 0 100 51540.12 

Al 
(%)

Ca 
(%)

Ti 
(%)

  Total 
(%)  Comment  



A ternary phase diagram of Fe-Si-C system is shown in figure 6.1.The phase diagram is 
calculated with FactSage 5.3 with the compound data base FACT 53. The ferrosilicon 
phases with silicon values higher then 50 at-% does not have free carbon in this 
calculated diagram. The SiC crystal growth has been found in transition metal silicone 
fluxes[23] so it is possible with this phase at high levels of silicon. 

Figure 6.1. A ternary phase diagram of the Fe-Si-C system at 25oC.

The different FexSiy compounds are calculated as elements to simplify the calculations. 
The most import thing is if it does exist free carbon in the different analysed metallic 
phases. 

 6.1 The furnace at Finnfjord

 6.1.1 The difference in elements/compounds within the cavity wall at 
electrode 2.

Sample P97(a-c) locations are shown 6.2, belongs to the crater wall at electrode 2 and has 
a macro grain structure with few dense looking areas. Sample P97 was a large piece of 
the entire crater wall located between electrode 2 and the mantle wall
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Figure 6.2 A closer look at the crater at electrode 2.

The relative calculated relationship between the different compounds of sample P97 at 
different distances from the cavity surface is shown in table 6.1. There is no or less 
oxides present in this material, the amount of oxides is the highest in the centre of the 
cavity even if it is very little. Most of the material in these walls contains two phases, a 
metal phase and an carbide phase but there is small grey metal areas that contains higher 
amount of Si but these areas are few and of significant value The two phases are called 
metal phase and carbide phase to separate these. The phase called "carbide phase" 
contains SiC and Si and the called metal phase contains Fe and Si. 
Many of the analysed points does contain small amounts of oxides containing mainly 
Al2O3 and SiO2. 

Table 6.1. Gathered data of the relative % of elements/compounds at different depth in the crater  
wall.
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Relative %

   No. Comment  Phase SiC (%) C (%) Si (%) Fe (%)
1 P97a.1 Metal phase 0 5.7 35.33 57.87 140
3 P97b.1 ” 0 10.21 45.47 43.28 70

10 P97c.5 ” 5.45 0 65.72 28.64 14
8 P97c.3 ” 5.19 0 67.06 27.36 7
6 P97c.1 ” 6.16 0 64.72 28.56 0
2 P97a.2 Carbide phase 61.77 0 37.66 0.22 140

12 P97c.7 ” 76.88 0 22.55 0.07 14
5 P97b.3 ” 68.69 0 28.44 0.06 70
9 P97c.4 ” 74.81 0 24.41 0.01 7
7 P97c.2 ” 67.01 0 32.16 0.01 0

Distance 
from the 
cavity 



The diagram shown in figure 6.3 describes the changes in composition at different depth 
through the crater wall. A total of 5 measured points were conducted during the electron 
micro probe analysis. The carbon and carbide levels in the metal phase are not accounted 
for in the diagram, the same is for iron in the carbide phase. 

A phenomenon seems to occur with the silicon in both of the carbide and metal phases 
close to the cavity surface. The changes in silicon is as if this element from the carbide 
phase is dissolved into the iron phase, there is also a possibility that the silicon is a 
product from the SiO(g) condensation reaction. The silicon content in the metal phase is 
decreasing at deeper levels inside the crater wall while opposite is true for iron. The SiC 
content in the carbide phase is decreasing at further depths inside the wall and the 
opposite is for Si. An explanation for this would be the carbon damping from the 
electrode reacting at the surface of the wall with the existing silicon phases. It is 
interesting these changes inside this wall but a good explanation for this has not been 
analysed further in this thesis.

Figure 6.3. A diagram of the compound content inside the crater wall.

 6.1.2 Likely phases in the cavity wall at electrode 1

The crater wall at electrode 1 has similar features as the crater wall at electrode 2 
especially higher up in the furnace where the location of the samples is shown in figure 
6.4. 
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Figure 6.4. A closer look at the crater at electrode 1.

The material is denser in a macro point of view at the two positions P42a and P42b 
compared to the other analysed crater wall samples. These samples have an oxide phase 
that haven't been seen in the other samples collected at the crater walls. The oxide phase 
contains SiO2, CaO and Al2O3 in decreasing order which is shown in table 6.2. There are 
some traces of nitrogen which could be part of Si2N2O which has been found with XRD 
from Thamshavn samples. The silicon oxynitride is more likely to be accounted for since 
its in a slag phase with oxide based compounds. The main dark grey area at 15 and 18 
contains SiC and Si. Sample P42a and P42b are both cut out of the larger piece at dense 
areas. Most of the material that belongs to the crater wall are not as dense as these 
samples.

Sample 33 has two main phases and that is a carbide phase and a ferrosilicon phase. 
There are also small areas that has higher yield of silicon but these areas are few and 
small. The opposite is for sample 31 that has much larger high silicon containing areas. 
The reason for this is perhaps silicon monoxide reacting with silicon carbide at the wall, 
reaction (2.7).
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Table 6.2. Gathered data of the relative % of elements/compounds of samples P42a,P42b, P33 
and P31.

A summation of likely phases is shown in figure 6.5. Higher up in the crater wall located 
to the left of the electrode are there two common phases where the carbide phase is a 
mixture of SiC and Si together with a ferro silicon phase. The crater wall to the right of 
the electrode has similar phases but with additionally high silicon rich phase. This could 
indicate that SO gas has reacted with the Sic producing Si. The left crater wall that has no 
large high silicon rich areas but the produced silicon which is not locked in the crater wall 
matrix could be present as droplet descending down in the cavity.

The crater wall is assumed to have the same phases present at both sides at the lower part 
of the crater wall. The carbide phase in these areas has a combination of SiC and Si as in 
the crater wall above. The oxide phase is one of the difference in the lower part of the 
crater wall. The high amount of nitrogen in this phase could be coming from a nitride 
compound. The origin of nitrogen is most likely carbon material but perhaps there is a 
possibility of air leakage in the furnace.
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Relative (%)

C (%)
13 P42a.1 0.36 0.02 0.01 5.9 0 0 0.23 63.11 30.36 0
14 P42a.2 57.5 16.19 21.6 0 0 4.7 0 0 0 0.02
15 P42a.3 0.26 0.07 0.02 61.04 0 0 0.54 38.07 0 0
16 P42b.1 1.06 0 0 7.6 0 0 0.18 60.74 30.41 0
17 P42b.2 47.77 12.41 30.3 0 0 9.53 0 0 0 0
18 P42b.3 0.98 0.07 0.01 70.71 0 0 1.62 26.61 0 0
19 P42b.4 26.21 12.45 48.02 0 0 13.32 0 0 0 0
20 P42b.5 45.55 13.5 25.22 0 0 12.5 0 3.24 0 0
32 P33.1 0.25 0.01 0 0 2.97 0 0.36 49.44 46.91 0.06
33 P33.2 0.23 0 0.01 0.98 0 0 0.29 98.43 0.06 0
34 P33.3 0.21 0.07 0 60.11 0 0 0 39.5 0.1 0
38 P31.1 0.16 0.01 0 0.52 0 0 0.13 70.58 28.59 0.01
39 P31.2 0.33 0 0 2.59 0 0 0 97.03 0.05 0.01
40 P31.3 0.21 0.12 0 60.5 0 0 0.34 38.74 0.08 0

   
No. Comment  

SiO2 
(%)

Al2O3 
(%)

CaO 
(%)

SiC 
(%)

Si2N2O 
(%) 

N 
(%)

Si 
(%)

Fe 
(%)

Ti 
(%)



Figure 6.5. A view of the different phases present in the crater wall and materials beneath the 
electrode.

 6.1.3 Cavity wall built up

Densification of SiC ceramics has been performed by adding boron or aluminium and 
carbon or by liquid phase sintering using oxides and nitrides where the sinter ability of 
SiC with B and C at temperatures between 2000-2100oC to nearly full density. The 
explained densification mechanism was thought to proceed by elimination of SiO2 
present on the SiC surface by carbon increasing the surface energy between SiC and the 
vapour phase and by boron segregation at the boundaries reducing the SiC grains-SiC 
grain boundary energy[25]. This mechanism could be a explanation for the dense areas of 
sample P42a and P42b.

The built up of the crater wall can be of different reactions. The growth cells of silicon 
carbide does look similar that are produced in a Acheson furnace where the reaction (6.1) 
is occurring at the temperature interval of 2200-2400oC[25]. The amount of Al-Ca is low 
but the wall has been subjected to a lot of wear and tear during production. Quartz has 
also been found with XRD at the cavity surface.

SiO23C=SiC2CO (6.1)
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Silicon monoxide reacting with carbon from the electrode is also one way for the carbide 
formation..The decomposition of silicon carbide (SiC) of a non-stoichiometric reaction 
where the products could be C(s), SiO(g), Si(g), Si2(g), Si2C(g) and SiC2(g). The solid or 
gases reacts or condensates at the wall. Carbon material has been found in the XRD as 
Graphite-2H and C-60 which could support this theory, but also as carbon damping from 
the electrode.

 6.1.4 Higher nitrogen levels in the lower part of the cavity wall

Nitrogen containing compounds in the carbon material is more likely explanation for 
these higher levels in the cavity wall. 

Nitrogen from air is another possibility but not likely. The refractory material above some 
of the tap-holes have been subjected to chemical reactions which was seen during the 
excavation.

Nitride compounds have been found in the Thamshavn furnace, so there is a possibility 
that it exist also in the Finnjord furnace.
The formation of Si2N2O is not the dominating one at lower temperatures, the fact that it 
could be produced at the surface is not likely since the more stable SiO2 is truer 
compound that would exist at the surface where the temperatures could be as high as 
1300oC. Air leakage through the tap hole is perhaps one the possibilities since the 
temperature and the compounds for the formation of silicon oxynitride according to 
reaction (6.2). The coexistence of SiO2, Si and Si2N2O can be seen in the diagram in 
figure 6.6 at point A.

Si l SiOgN2g=Si2 N2 Os  (6.2)
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Figure 6.6. Equilibrium diagram of the Si-N-O system at 1800 K. Point A represent the coexistent  
of Si+SiO2+Si2N2O and point B Si+Si2N2O+B-Si3N4

[26].

 6.1.5 Arc movement

The electrode at each crater has different shape and why is the million dollar question. 
Figures 6.7 and 6.8 are discussed with the base that the mentioned phases in figure 6.5 
exist at all the three crater walls. The crater walls are discussed more in a non stagnant 
way where the arc is mobile and not only as a intense arc impinging on the metal surface. 

Electrode 1 had been eroded more at a direction towards the mantle according to figure 
6.7. Since the electrode is eroded in this shape there could have been a movement of the 
arc towards the crater wall according to the left image. Avalanches of materials that are 
coming from the space surrounding the electrode are caved into the cavity altering the 
resistivity of the arc and a different path can be found at the cavity wall that contains SiC 
with that has lower resistivity according to table 6.3 where  is the charge resistivity.
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Table 6.3. Gathered resistivity data of the different materials at given temperatures[10].

Quartz 1800KT200K 10²m10⁴m

Carbon materials T1800K 1−2m

Silicon carbide T≈2000K ≈0.01−0.1m

Silicon (l) T≈2000K ≈10⁻ ⁴m

Sample P31 had more of high silicon phase areas where these could be a cause of the arc 
movement. Decomposition of carbide to its gas phase is possible since the temperature is 
very high at the arc. The explanation of arc burning off lumps of carbide in contact with 
the metal bath with origin from the crater wall is that electrodes may move more than 30-
70 cm up and down or even more in a fairly periodic manner (see figure 6.7). This 
behaviour is most likely the result of the arc igniting from the side of the electrode 
burning towards these lumps and melting down charge material[27].

Figure 6.7. A view of the cross section through electrode 1, suggested arcing towards crater wall  
in the left image, suggested arcing towards crater wall pieces in the right image. 

Electrode 2 had less erosion at the tip compared to electrode 1 and 3. Electrode 2 was 
more worn towards the reader so to say. A powerful arc would make a depression into the 
metal bath towards the metal/carbide layer if the arc finds it path through the metal bath. 
The suggested depression is shown in the left image in figure 6.8. The molten metal bath, 
slag and the mixture layer would probably be sprayed on to the walls. This could be an 
explanation why the dense oxide containing sample P42a and P42b exist at the lower part 
of the crater wall. An additional area of sample P42b was analysed, this area consisted of 
tube looking material that looked like the slag found above the metal bath which had high 
amount of CaO almost as high amount as analysed points at the white slag of sample P40. 
This could indicate that the molten slag above the metal bath is ejected towards the lower 
part of the cavity walls. These material which had two apparent dense areas which could 
be a kind of evidence that reveals cavity wall degradation, a crater wall is built up and 
densified at the bottom and as the arc is tearing down the wall a new crater wall is built 
up from lower section of the cavity and upwards the furnace.
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Figure 6.8. A view of the cross section through electrode 2 in the left image, right image is a view 
of the cross section through electrode 3.

 6.2 The furnace at Thamshavn

 6.2.1 Reduction of iron oxide impurity found within a quartz piece

The cross section through electrode 2 is shown in the left image in figure 6.9. A view of a 
selected area of sample 53990 is shown in the right image. All carbon content has been 
accounted for in this sample during the calculation of compounds and elements.

The existence of tridymite in this level of the furnace indicates that the charged material 
probably have caved in after the furnace was shut down. This piece of material was also 
intact which means that it had not begun melting. The smaller particle that seem to been 
attached to the larger is a oxide material where the closest material that ads up 
stoichiometric is fayalite but with to little silicon, suggested compound is Fe2O3 with an 
excess of oxygen which is shown in table 6.4. The average values at the dark areas at (43-
45) have high values of SiO2. The average values at the grey areas are also an oxide phase 
that has FeO as addition. The large particle contains iron with different content of Fe and 
carbon. Point 54 is at a smaller particle in the larger with much higher amount of carbon. 
The small droplets in the outer area 55 and 57 are of Fe and 56 has silicon also added to 
its content.

The large particle in the right image in figure 6.9 is located close to a large crack that 
goes through the whole sample. This large particle could have been built up by reduction 
of the hematite that exist inside the quartz as a impurity, the grey areas at (46-48) that are 
located as veins between the areas darker areas at (43-45) contains FeO and this might be 
due to that the Fe2O3 impurity in the outer area have been reduced by CO(g) and enriched 
the mentioned areas with FeO.
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At a guessed temperature of 1380oC for FeO since it appears to be in molten state 
demanded fraction of carbon monoxide and carbon dioxide from the Ellingham diagram 
is CO /CO2≈1 /25 . The temperature in this quartz piece could have been exposed to 
even higher temperature 

Figure 6.9. A view of the location of sample 53990 in the left image and a view of a selected area 
of sample 53990 in the right image at 200x magnification.

Table 6.4. Gathered data of the relative % of elements/compounds of samples 53990.
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Relative (%)

   No, C (%) Si (%) Fe (%)
43

86.32 0.04 0 0 0 0 13.47 0 0.15 0.0144
45
46

71.05 0.65 0.2 18.31 0 0 8.73 0.99 0 0.0747
48
49

0.84 0.01 0 0 44.44 0 10.26 0 44.44 050
51
52 0.01 0 0 0.88 0 0 7.86 0 91.25 0
53 0.03 0 0 0.9 0 0 8.81 0 90.24 0.01
54 0 0 0 1.34 0 0 12.04 0 86.62 0
55 0.44 0.01 0 0.62 0 0 7.95 0 90.97 0.01
56 1.02 0 0 0 0 9.71 0 12.23 77.04 0
57 0.58 0 0 0.64 0 0 7.85 0 90.92 0.01

SiO2 
(%)

Al2O3 
(%)

CaO 
(%)

FeO 
(%)

Fe2O3 
(%)

SiC 
(%)

Ti 
(%)



 6.2.2 Molten quartz mixed with other materials

The left image in figure 6.10 shows the location of sample 42375 and the right image is a 
view of a selected area from this sample. A coke area in this sample is mixed in a 
agglomerated state with other materials, it seems like this coke piece have be mould with 
molten SiO2 and reactions have occurred. The white areas (25-27) is a ferrosilicon metal 
and there are some scattered slag areas that contains carbide also at points (19-21) 
according to table 6.5.The porous string looking area is also a mixture with SiC, Si and 
SiO2 at points (22-24) as the main compound. The white metal areas are a FeSi mixture.

Table 6.5. Gathered data of the relative % of elements/compounds of samples 42375.

Figure 6.10. A view of the location of sample 42375 in the left image and a view of a selected 
area of sample 42375in the right image at 40x magnification.
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Relative (%)

   No, C (%) Si (%) Fe (%)
19 42375.1 92.94 6.4 0.64 0 0 0 0.01 0.01
20 42375.2 9.29 0.78 0.12 73.97 0 15.82 0.02 0
21 42375.3 11.07 0.8 0.1 61.6 0 26.4 0.01 0.02
22 42375.4 8.45 0.69 0.13 64.88 0 25.82 0.01 0.03
23 42375.5 16.31 0.99 0.14 57.94 0 24.56 0.03 0.02
24 42375.6 5.36 0.44 0.11 62.74 0 31.31 0.02 0.03
25 42375.7 

0.42 0 0 0 6.73 47.64 45.16 0.0526 42375.8 
27 42375.9 

Comment  
SiO2 
(%)

Al2O
3 (%)

CaO 
(%)

SiC 
(%)

Ti 
(%)



 6.2.3 Purer carbide phase in the center of the furnace

The right image in figure 6.11 shows the location of sample 41540 and the left image is a 
view of a selected area from this sample.
The amount of silicon carbide in carbide phase is quite high in sample 51540 compared 
to the samples collected from gate 4. This carbide phase is built p by 95 % SiC shown in 
table 6.6. This material is a mixture of SiC and metal together with oxide phases. The 
content of SiO2 is less compared to sample 51485 which is a quartz piece with almost 92 
%. the material at this position could be a material that will be more of a SiC/metal phase 
that will produce a stagnant area since this material is located between two electrodes and 
the energy is sufficient to produce silicon and this is until the position of one of the 
electrode finds it way closer to this material.

Figure 6.11. A view of the location of sample 51540 in the left image and a view of a selected 
area of sample 51540 in the right image at 40x magnification.
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Table 6.6. Gathered data of the relative % of elements/compounds of samples 51540.
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Relative (%)

   No, C (%) Si (%)
48
49 73.78 0.28 0.18 0 25.73 0 0.02 0
50
51
52 0.6 0.02 0 95.03 0 4.33 0.02 0
53
54
55 0.56 0 0 25.04 0 74.34 0.05 0
56
57
58 0.65 0 0 19.44 0 51.19 28.72 0
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 7 Conclusions

 7.1 Finnfjord Furnace

The likely reactions are pointed out as number as shown in figure 7.1.

Figure 7.1. A view of the cross section through electrode 2, likely reaction pointed out as  
numbers.

The iron ore is reduced at the very surface as for sample P2001 according to the overall 
reaction (7.1). Iron is disintegrated into small droplets at the surface.

2Fe2O3(s)+3C(s)=4Fe(l)+3CO2(g) (7.1)

Carbon is present as this level and the temperature is enough for the Boudard reaction 
(7.2).

CO2(g)+C(s)=2CO(g) (7.2)

The pure silicon that was found at the very surface with the aid of XRD reveals the 
condensation reaction (7.3).

2SiO(g)=Si(l)+SiO2(s) (7.3)
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Carbide at this level is most likely produced with reaction (7.4) since a lot of carbon/coke 
material has been subjected to silicon monoxide producing a green color at its surface.

SiO(g)+C(s)=SiC(s)+CO(g) (7.4)

Ferrosilicon does exist at this level and reaction (7.5) would be an explanation for this. 
Since iron ore is reduced at the surface of this particular furnace and silicon is dissolved 
in the molten iron.

SiO2(s)+C(s)=SiFe+2CO(g) (7.5)

The crater walls further from the metal bath contains a large variate of carbides where the 
α-SiC is the most common. Graphite and quartz does exist in the wall, this indicates both 
that reaction carbon and quartz is possible comparable with the Acheson process or 
reaction (7.6).

SiO2(s,l)+3C(s)=SiC(s)+2CO(g) (7.6)

The metal phase in the crater wall has also different configuration of FexSiy where Fe3Si 
is one of them, there is also small and large areas with a pure silicon phase. Quartz can 
react with the carbide in the crater wall to dissolve silicon into iron according to reaction 
(7.7).

SiO2(s,l)+2SiC(s)=3SiFe +2CO(g) (7.7)

Gaseous silicon monoxide is also a explainable reactant for some of the reaction in the 
cavity. Reaction (7.8) is one of the silicon producing reactions since there were some 
larger areas at the cavity surface of nearly pure silicon.

SiO(g)+SiC(s)=2Si(l)+CO(g) (7.8)

A carbide producing reaction (7.9) is also one the likely reaction path of the crater wall 
built up.

SiO(g)+2C(s)=SiC(s)+CO(g) (7.9)

Decomposition of a carbide phase (7.10) is likely to occur at high temperatures since 
graphite was found with XRD.

SiC(s)+CO(g)=C(graphite)+SiO(g) (7.10)

The crater wall closer to the metal bath has an oxide phase present compared with wall 
higher up in the furnace with some smaller amounts of nitrogen. 
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The metal bath has all the ingredients for the production of silicon. The material at the 
very border between the metal bath and the slag contains SiC, C ,Si and SiO2.
Metal bath reactions are (7.11) and (7.12)

SiO2(s,l)+Si(l)=2SiO(g) (7.11)

SiO(g)+SiC(s)=2Si(l)+CO(g) (7.12)

This investigations shows that the crater wall has a non-stagnant pattern especially from 
this particular excavated furnace since there are traces of crater wall pieces above the 
surface of the metal bath. The pure silicon areas within the wall are also an evidence of 
chemical reactions at the wall.

 7.2 Thamshavn furnace

The content of silicon dioxide in the slag phase is decreasing at deeper depth in the 
furnace in the marked area. The silicon content is increasing in the iron phase accordingly 
to the reaction shown in figure 7.2. Silicon dissolved into the iron phase indicates a 
dissolution reaction. The carbide phase has to be produced by gaseous reactant due to its 
high content of SiC. Pure silicon phases was also found in this marked area. Higher up in 
the furnace is the so called green carbide found where especially coke pieces are 
subjected to gases within its interior to produce highly pure carbide.

Figure 7.2. A view of some of the different reactions in the Thamshavn furnace, samples collected 
between electrodes.

Ferrosilicon phases were found in the marked area in figure 7.3 where similar reactions 
of silicon dissolution into iron occur. A lot of mixtures were also found and molten SiO2 
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was one of them, integrated with green carbide that has probably been produced higher 
up in the furnace.

Figure 7.2. A view of some of the different reactions in the Thamshavn furnace, samples collected 
close to the electrode.

 8 Future works

The fibres from sample P42 that was attached to the larger grains at the surface of the 
crater wall. These fibres would be interesting to analyse. The grains that have these 
attached fibres seem to have a different phase at the rim of the grain close to the fibres. 
The likely material that is at these grains is probably SiC since the material was hopeless 
to grind with SiC abrasive paper. There is areas inside these SiC grains that are of 
interest, these areas could be a ferrosilicon phase or simply pure iron.

There area a lot of samples belonging to the crater wall that have not been analysed, it 
would be of interest to see if there are any samples with a lot of high silicon containing 
areas at crater wall location as sample P31.

Samples at the crater walls that are located in the directional movement of the furnace 
should be collected in future excavations. The crater must be more of a dynamic wall that 
is tore down either by the arc or chemically by reactions.

A larger area surrounding the carbide phase was found in the optical instrument at sample 
P31 but this area was not located in the EPMA. This area could have a different 
composition with perhaps higher content of Si.
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Carbon material from different sections of the electrode should be collected and review 
the degree of graphitization and compare with the carbon material from the crater wall to 
see if the origin of this element is from carbon dumping of the electrode during its 
consumption.

Impurities inside quartz are probably reduced inside the interior and this could be created 
in a lab scale where the temperature should be kept below the melting point of quartz 
(cristobalite), maybe even as low as 1200oC or at temperature where the transformation 
towards cristobalite occurs so the material starts to form cracks. The reduction of Fe2O3 

should be tried with CO(g).

Mixed material from a industrial furnace should be if possible separated into fractions of 
different visible materials. Nearly pure quartz pieces should be cleaned from visible 
elements that can be removed. 
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Appendix 1 Analysed data

All of the material that have been investigated are gathered in this appendix. The position or 
locations where all the samples are collected is shown together with the drawing of both of the 
different furnaces of the companies. What kind of analysing equipment that have been used for each 
sample can also be read about in this appendix. There are optical images that have been 
investigated, electron microprobe images that also been investigated and some of the samples have 
been subjected to XRD analysis. The quantitative part with the atomic-% at the different measured 
points are gathered at the end of each section.
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1 Sample location from the excavations

1.1 Excavation at Thamshavn

Table 1.1.1 contains location data from the excavation at Elkem Thamshavn furnace number 2 and 
what kind of analysing equipment was used on respective samples. The data in table 1.1.2 reveals 
also the origin of collected samples but these samples where already prepared at a previously 
project.

Table 1.1.1 Gathered data of the locations of each sample.

Table 1.1.2 Gathered data of the locations of each sample. 

An overview of the drill cores is shown in figures 1.1.1, 1.1.2 and 1.1.3. Three drill cores towards 
electrode two and three drill cores towards electrode three.

Additional material from the excavation at Thamshavn

53750 5 3 15,7 6,43 3,87 Reacted material ok x x x
53960 5 3 15,7 8,45 3,3 Reacted material ok x x

53990 5 3 15,7 8,74 3,22 ok x x x
43460 4 3 40,4 2,98 2,92 Reacted material ok x x
43485 4 3 40,4 3,17 2,76 Reacted material ok x x
43495 4 3 40,4 3,25 2,69 Reacted material ok x x
41375 4 1 49,2 1,93 3,06 Reacted material ok x x x
42400 4 2 45,4 2,29 3,05 Reacted material ok x x x
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Material from the Roma project

41170 4 1 49,2 0,59 4,61 A piece of Quartz ok x
41220 4 1 50,2 0,89 4,21 A piece of Quartz ok x
41285 4 1 51,2 1,27 3,68 A piece of Coke ok x
41370 4 1 52,2 1,75 2,98 Reacted material ok x x
41380 4 1 53,2 1,76 2,86 A piece of SiC ok x
42315 4 2 45,4 1,69 3,66 A piece of SiC ok x
42330 4 2 46,4 1,76 3,51 Reacted material ok x x
42335 4 2 47,4 1,75 3,43 A piece of Quartz ok x
42375 4 2 48,4 1,97 3,1 Reacted material ok x x
43430 4 3 40,4 2,75 3,11 Reacted material ok x x
53490 5 3 15,7 3,93 4,57 A piece of Quartz ok x
51415 5 1 31,6 2,74 3,73 Reacted material ok x x

51485 5 1 32,6 3,3 3,29 ok x x
51510 5 1 33,6 3,46 3,08 Reacted material ok x x
51525 5 1 34,6 3,53 2,92 Reacted material ok x x
51540 5 1 35,6 3,6 2,76 Reacted material ok x x
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Figure 1.1.1. A view from above of the Thamshavn furnace.

Figure 1.1.2. A view of the the incision at gate 5.



Figure 1.1.3. A view of the incision at gate 4.

1.2 Excavation at Finnfjord

Table 1.2.1 contains location data from the excavation at Finnfjord furnace number 1 and what kind 
of analysing equipment was used on respective samples. A more detailed description of the 
excavation is available in appendix 2.



Table 1.2.1 Gathered data of the locations of each sample.

A view of the samples whereabouts is shown in figure 1.2.1 and 1.2.2.

Figure 1.2.1. A view of a cross section through electrode two.

Material from the excavation at Finnfjord

Macro description
P2001 2 Surface material ok x x
P2002 2 Surface material ok x
P2003 2 Surface material ok x
P95 2 Crater wall ok x x
P96 2 Crater wall ok x
P97a 2 Crater wall ok x x x
P97b 2 Crater wall ok x x
P97c 2 Crater wall ok x x x

P28 1 ok x

P31 1 Inside the crater wall ok x x
P33 1 Crater wall ok x x
P35a 1 Gas channel wall ok x
P35b 1 Gas channel wall ok x

P40 1 ok x x
P41 1 Crater wall ok x
P42 1 Crater wall
P42a 1 Crater wall ok x x
P42b 1 Crater wall ok x x
P43 1 Beneath electrode 1 ok x x x
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Figure 1.2.2. A view of the cross section through electrode one.



2 Optical microscope images

A few selected microscopic pictures from samples that were taken from Elkem Thamshavn furnace 
No. 2 and also from Finnfjord furnace No. 1 are gathered below.

2.1 Samples from the Thamshavn furnace 

The optical view of all samples have been divided into groups.

2.1.1 Drill core 1 at gate 4.

Sample 41170 consists mainly of quartz but a small area at the rim of the sample seemed to contain 
some reacted material. This material was brown in colour. There seem to be some traces of metal in 
the area at the rim of the sample which is shown on the left in figure 2.1.1.1. The right picture is 
from the main area that contains SiO2. The main large area has a little bit larger grain boundary 
areas as if the the area at the rim has been crystallized.

Figure 2.1.1.1. A view of selected areas of sample 41170 at 50x magnification.

Sample 41220 is a piece of reacted quartz or SiO2. Metal droplets is shown in the material (see 
figure 2.1.1.2). The material is grey/darkblue in colour and there are also some small white areas. A 
closer look at the particles shows no reactions at the rim of the these. 



Figure 2.1.1.2. A view of sample 41220 at 20x magnification to the left and 100x to the right.

Sample 41285 is a piece of coke/carbon that has a lot of cracks that divides the material to several 
small and large areas. The material has similar pattern over the whole area. There are also some 
metal indication close to the surface at  the material. The right image in figure 2.1.1.3 is from the 
same area and located somewhere in the brightest area.

Figure 2.1.1.3. A view of sample 41285 at 10x magnification to the left and 100x to the right.

Sample 41370 is a mixture of reacted coke particles, metallic areas and a small dense grey area. The 
area between these black pores does have some different phases between them. The right image in 
figure 2.1.1.4 shows that there's been some reactions around the pores, the grey area between the 
spherical pores could contain SiC.



Figure 2.1.1.4. A view of sample 41370 at 10x magnification to the left and 100x to the right.

In the same sample there is as mentioned a dense area, it contains metal for sure. There is a green 
substance surrounded at the rim of this area. There are some darker areas within the white area (see 
figure 2.1.1.5).

Figure 2.1.1.5. A view of sample 41370 at 100x magnification.

The metallic area of sample 41370 shown below contains not only metal but other compounds. The 
enhanced image to the right is from an area below the black spot in the left corner of the right image 
in figure 2.1.1.6.



Figure 2.1.1.6. A view of sample 41370 at 10x magnification to the left and 100x to the right..

A view of a selected area of sample 41375 is shown in figure 2.1.1.7. This agglomerated material 
readily fell apart to particles sizes of 5-12 mm. Metal phases are shown and some of these contains 
iron. A lot of green substances is covering large areas. The outer surface had similar colour as 
sample 42400.

Figure 2.1.1.7. A view of sample 41375 at 10x magnification.

A closer look at sample 41375 (see figure 2.1.1.8) showed similar colours at specific areas as 
42400. Larger brownish areas that appears to built up by relatively small grains compared to the 
metallic areas, this was a typical colour for almost all samples taken close to the cavity walls or 
close to the electrode. The brighter phase is completely surrounded with this grey phase.



Figure 2.1.1.8. A view of sample 41375at 100x magnification.

Sample 41380 is a piece that appears to contain a lot of SiC. The material has similar pattern across 
the whole area and looks metallic just by looking at it with no optical instrument. The material is 
probably a mixture of metals and SiC (see figure 2.1.1.9). There's a lot of sharp edged flake like 
areas of different sizes.

Figure 2.1.1.9. A view of sample 41380 at 10x magnification to the left and 100x to the right..

2.1.2 Drill core 2 at gate 4

Sample 42315 is a black piece with very metallic looking polished area, a view of a selected area is 
shown in figure 2.1.2.1.. Very sharp edged metal particles or areas similar of those can be seen in 
this figure. The flake looking areas could be SiC, similar pattern compared to sample 41380.



Figure 2.1.2.1. A view of sample 42315 at 100x magnification.

Sample 42330 is agglomerated material with green/yellow substance at the outer surface of the 
sample but also in smaller areas within the sample. The most apparent metallic area is shown in 
figure 2.1.2.2.

Figure 2.1.2.2. A view of sample 42330 at 10x magnification to the left and 100x to the right.

In the same sample there is a area which appears to be metallic but with a lot of green strings within 
it, seen at sample without the aid of microscope. The area with the green strings pattern seem to 
have the brown looking areas in larger grain areas (see image to the right in figure 2.1.2.3) 
compared to similar areas in previous figure.



Figure 2.1.2.3. A view of sample 42330 at 10x magnification to the left and 100x to the right.

Sample 42335 is a piece of reacted quartz. The material has been exposed to reactions of some kind. 
The exposed outer surface is blue/grey and this colour fades fades away deeper into the material. It 
is very close to white at where the material has been protected from surface reactions. The blue/grey 
colour appearance is fading away when going from right to the left images in figure 2.1.2.4. The 
image in the middle is just out of focus and thereby the blur. The differences in the different colour 
zones in the images is probably not visible in microscope but there can be different levels of 
polymorphism within the SiO2 piece. 

Figure 2.1.2.4. A view of sample 42335 at 50x magnification, left image is at an area that is more white, the 
middle image is at centre of the sample and the right image at blue/grey coloured area.

Sample 42375 is a mixture of coke, metal and SiC. One area had similar strings as previous have 
been noticed at other samples. The white areas in the image to the right in figure 2.1.2.5 reveals that 
there are metals in the sample.



Figure 2.1.2.5. A view of sample 42330 at 10x magnification to the left and 100x to the right.

As always an ocular investigation without the aid of microscope was conducted before the material 
was mounted with epoxy resin. The material of sample 42400 seemed to be built up by small 
agglomerated particles .Coke particles were surrounded with green substance (SiC) and also within 
in a string pattern. The material seemed very porous in some areas. The material had a glossy grey 
colour on the outer surface. A view of this sample is shown in figure 2.1.2.6.

Figure 2.1.2.6 A view of sample 42400 at 10x magnification.

In a microscope will different phases reflects light more or less depending of what kind of material 
it is and oxides or carbon will therefore show some darker pattern. The lighter areas are probably 
some metal containing material. The marked location has been investigated further by enlarging this 
area. The lighter areas does not reveal any other phases present within its area at this magnification 
(see figure 2.1.2.7). The light dark areas surrounded the brighter are of the same pattern in the 
whole sample, it looks like they have crystallized.



Figure 2.1.2.7. A view of sample 42400 at 20x magnification.

A magnification of 100 times reveals that the lighter areas often contains different phases or 
elements that can reduce the brightness. The white areas are often a ferrosilicon mixture and the 
surrounding grey area a carbide phase. The area outside these carbide phase is an oxide area which 
is shown in figure 2.1.2.8.

Figure 2.1.2.8. A view of sample 42400 at 100x magnification.

2.1.3 Drill core 3 at gate 4

A mixture of different phases is shown in sample 43430. There are small metallic areas and some 
larger reacted coke areas and some kind of grey substance surrounding all the different areas. The 
coke has readily filled its porous structure with probably SiC and some metal. The left image that 



has been manipulated with the DIC first order red reflector attached to the microscope reveals a 
small area that might be a metal phase (see figure 2.1.3.1).

Figure 2.1.3.1. A view of sample 43430 (coke area) at 10x magnification to the left and 100x to the right. 

The metallic area has large quantitative phases of metal shown in the figure 2.1.3.2. The right image 
is manipulated with the same reflector as in the previous figure to reveal any metal phase.

Figure 2.1.3.2. A view of sample 43430 (metallic area) at 10x magnification to the left and 100x to the right. 

The area of grey substance seem to be built up by small grains. There are some small metallic areas 
within it also (see figure 2.1.3.3).



Figure 2.1.3.3. A view of sample 43430 (grey substance area) at 10x magnification to the left and 100x to 
the right. 

Sample 43460 were also in a agglomerated state, green almost spherical particles. Visible metallic 
phases can also be seen. Some of the particles that probably are coke particles had SiC (green) 
intrusions as a string pattern that which is shown in figure 2.1.3.4.

Figure 2.1.3.4. A view of sample 43460 at 10x magnification.

The brighter metallic phase that is shown in figure 2.1.3.5 contains intrusion of some other phase in 
an irregular pattern that probably are carbide phases..



Figure 2.1.3.5. A view of a selected area of sample 43460 at 50x magnification.

Sample 43485 was similar as mentioned before in agglomerated form. There were visible metallic 
phases (iron). A porous material with green substance (SiC). The outer exposed surface was glossy 
gray. There is the same pattern of the brownish that has been discussed previous that is shown in 
figure 2.1.3.6, a metallic phase surrounded by the the small crystal pattern (brownish). The bright 
metallic area contributes to an area shaped like a wolf.

Figure 2.1.3.6. A view of sample 43485 at 10x magnification

A closer look at the area marked area of figure 2.1.3.6 magnified 50 times reveals pink coloured 
areas within the brighter area at the snout of the wolf. A closer look within the snout (see figure 



2.1.3.7) shows that the small pink area contains probably another substance than the larger grey 
area.

Figure 2.1.3.7. A view of sample 43485 at 50x magnification left image and 100x right image.

Sample 43495 has similar features as 43485 since these samples were taken only at a distance of 10 
cm from each other. There are visible metallic phases (iron). There is also a porous material with 
green substance (SiC). The outer exposed surface is glossy gray. A view of the brightest area is 
shown in figure 2.1.3.8.

Figure 2.1.3.8. A view of sample 43495 at 50x magnification.

The material that from sample 43495 seems to have several phases and not only in the dark areas 
but in the brighter areas and this is shown in figure 2.1.3.9. The brownish area seems to have some 
small areas that are less brown. The gray area seem to have small white inclusions within itself. The 
brighter areas does also not contain one phase but a darker white phase is visible.



Figure 2.1.3.9. A view of sample 43495 at 100x magnification.

2.1.4 Drill core 3 at gate 5

Sample 53490 is a sample that contains a piece of quartz and two smaller pieces of coal or coke but 
this black material reminds more of coal. A image of a selected area of the coal is shown in figure 
2.1.4.1.

Figure 2.1.4.1. A view of sample 53490 at 10x magnification.

The area between the quartz and the carbon has a brown substance that appears to glue the material 
together. Quartz is at the left side of brown substance and coal to the right of it (see figure 2.1.4.2).



Figure 2.1.4.2. A view of sample 53490 at 50x magnification.

Sample 53750 was a agglomerated reacted material but very fragile, very porous material with 
traces of coke, metal, small metal droplets and visible indication of silicon carbide (green). Outer 
exposed surface was glossy gray. Similar crystal pattern as other samples have proven to have is 
shown in figure 2.1.4.3.

Figure 2.1.4.3. A view of sample 53750 at 10x magnification.

A closer look at the almost spherical bright spot shows as often mentioned several different phases 
within the larger areas. A smaller gray particle is attached to the brighter one (see figure 2.1.4.4)



Figure 2.1.4.4. A view of sample 53750 at 100x magnification.

Sample 53960 is a agglomerated material and traces of large coke particles. Metal indication as for 
instance iron and SiC (green). The bright metal shaped like an egg area seems almost to be trapped 
in the material (see figure 2.1.4.5).

Figure 2.1.4.5. A view of sample 53960 at 10x magnification.

A closer look at the rim of the egg shaped area is shown in figure 2.1.4.6. The bright area seems to 
have darker smaller areas within itself, these bright areas could have changes in composition of iron 
or silicon.



Figure 2.1.4.6. A view of sample 53960 at 100x magnification

Sample 53990 differs a lot from the other materials that have been analysed. This material seem 
almost like lumpy piece of SiO2, it is hard to establish if the material have been involved in any 
polymorphism. There are large large cracks and in these strings there are traces of iron and SiC 
(green). The raw material seems to have been exposed to reactions since there are some different 
shades or the white colour phase is more gray in some zones. The exposed outer surface is glossy 
grey. A smaller droplet was taken a closer look at (see figure 2.1.4.7). The black string that goes 
over the whole picture from bottom to top is similar to the small cracks that have been seen on the 
sample. 

Figure 2.1.4.7. A view of sample 53990 at 10x magnification



A smaller particle is in some kind of interaction with the larger one. It can almost be seen that the 
particles together have been in a liquid liquid interaction (see figure 2.1.4.8). 

Figure 2.1.4.8. A view of sample 53990 at 100x magnification

2.1.5 Drill core 1 at gate 5

A view of selected areas of sample 51415 is shown in figure 2.1.5.1. This material is agglomerated 
with some metal particles. There is a large orange area in the centre of the material and a grey area 
near the edge of the sample. The orange coloured area has the same grain pattern as the grey area.

Figure 2.1.5.1. A view of sample 51415, left image is the orange area at 10x magnification and right image 
is the grey area at 20x magnification.

There is a small bright area in this sample with small metal droplets at this region (see figure 
2.1.5.2). The white spherical particle in the right image has a darker shade of white within its area. 



Figure 2.1.5.2. A view of sample 51415, left image at 10x magnification with DIC first order red reflector  
and right image at 100x magnification.

Three different separately pieces are gathered in sample 51485. One piece looks like a reacted 
quartz material (see figure 2.1.5.3).

Figure 2.1.5.3. A view of the quartz piece at sample 51485 at 100x magnification.

The second piece of this gathered sample is green on the outside and a green/darkgrey colour is 
visible on the interior of the sample. The material looks organic in form of a wood chip that has 
transformed to a charcoal and reacted further to form SiC (see figure 2.1.5.4).



Figure 2.1.5.4. A view of the green piece of sample 51485 at 100x magnification.

The third piece looks like relatively unreacted coal but with very little green colour on the surface 
of the specimen. The material does not look like coke which is shown in figure 2.1.5.5).

Figure 2.1.5.5. A view of the carbon piece of sample 51485 at 100x magnification.

Sample 51510 is a agglomerated material with coke pieces and a grey substance which seems to 
hold all of it together. A view of a coke piece is shown in figure 2.1.5.6.



Figure 2.1.5.6. A view of the coke piece at sample 51510, left image at 10x magnification and right image at  
100x magnification.

The grey area has similar pattern that have been seen in most of the samples that have same grey 
substance. There are some small spherical shaped metal droplets in this area (see the right image in 
figure 2.1.5.7). 

Figure 2.1.5.7. A view of the grey area in sample 51510, left image at 10x magnification and right image at  
100x magnification.

Sample 52525 is clearly a agglomerated material that has small coke pieces and also small spherical 
shaped droplets. All pieces are held together with a grey substance. There are some intrusions in the 
white area of the metal areas and there seem to be different shade at the rim of the metal particle but 
in a microscope it hard to reveal, it can also be a crater in the boundaries between the white phase 
and the darker phase (see left image in figure 2.1.5.8).



Figure 2.1.5.8. A view at three different areas of sample 51525 all at 100x magnification, right image is a 
view at the the boundary of a metallic area at 100x magnification and the left image is a view of a selected 
area at the mayor grey area at 20x magnification.

Material that is located a little bit deeper in the furnace has a lot of metallic areas and some bright 
green areas. Sample 51540 is one of these samples that has these features.
The metallic area is very dense in a metal point of view compared to similar bright metallic areas 
from samples that are located at a higher position in the furnace (see left image in figure 2.1.5.9). 
The light green area in the right image consists of small dark grey areas, these areas are probably 
not of pure metals but it could be SiC.

Figure2.1.5.9. A view of sample 51540 , left image is from a small bright metallic area at 100x 
magnification and the right image is from the bright light green area at 20x magnification.

2.2 Samples from the excavation at Finnfjord

All of the samples from the excavation that have been analysed were from the cavity walls at 
electrode one and two. Two samples that were collected beneath electrode one were additionally 
analyses.

2.2.1 Cavity wall at electrode 1

A macro view of sample P28 is shown in figure 2.2.1.1. It contains coke, small pieces of quartz. All 



these materials are agglomerated with a glossy grey substance which is probably melted SiO2. There 
are some SiC material both green and black when the material is broken down to pieces. The 
mixture has also traces of amorphous glass SiO2.

Figure 2.2.1.1. A overview of sample P28, material under electrode 1.

A close up of sample P28 is shown in figure 2.2.1.2. The glossy grey material that seem to hold the 
mixture of coke and quartz together has been seen in other samples but at different locations in 
other ferrosilicon furnaces. It is more likely that this grey phase is SiO2 that has gone through liquid 
state and then recrystallized after the shut down of the furnace. There is also a amorphous structure 
of SiO2 or glass which is shown in the figure.



Figure 2.2.1.3. A close up of sample P28.

Small pieces of different materials collected from the mixed material of sample P28 were prepared 
and mounted with the epoxy resin. The metallic looking area in figure 2.2.1.4 seem to contain SiC 
flakes and metal areas. The white area can be a mixed phase of FeSi since this is material was 
located beneath electrode. This material could have come from the crater wall.

Figure 2.2.1.4. A view of a metallic looking area of sample P28 at 5x magnification.

The area of the coke piece shown below has several different phases within it. There are some few 
small round shaped metal areas. Some crystal grains are located in the centre of the image towards 
the left upper corner, these could be SiO2 that have been melted and the crystallized (see marked 



areas in figure 2.2.1.5). The pattern looks familiar compared to other samples that have had the 
glossy grey look at the surface of the samples. There are also some larger areas which has similar 
colour as the small grain crystals that could be SiC.

Figure 2.2.1.5. A view of a reacted coke piece of sample P28 at 5x magnification.

Figure 2.2.1.6 below shows images on an another piece of coke. The small crystal grains at the edge 
of the sample comes from the glossy grey surface for certain. The liquidized SiO2 must have filled 
the porous coke piece and some reactions has occurred within its interior.

Figure 2.2.1.6. A view of selected area at a reacted coke piece of sample P28, left image at 5x magnification 
and right image at the border between the coke and quartz.

Sample P40 has also its origin beneath electrode number one (see figure 2.2.1.7). The FeSi metal 
has a white coloured material at it surface which is probably quartz, it looks like condensate. A 
small sample at the distinct borderline between the metal bath and the white material was take for 
further analysis. The FeSi metal seem to contain some SiC. The right enlarged image in the figure 
reveals some light green phase which could be SiC.



Figure 2.2.1.7. A view of sample P40, right image is a close up of the border between the metal bath and the 
surface. 

A smaller sample of P40 was collected at the border between the FeSi metal and quartz which is 
shown the right image in the figure above. The quartz area is shown in figure 2.2.2.1.8. the texture 
of quartz looking material seem to have been recrystallized. The pattern isn't similar as the 
rawmaterial quartz. There are also some small metal particles in this area.

Figure 2.2.1.8. A view of a sample P40, left image at 5x and right image at 50x.

The area at the borderline between the FeSi metal and quartz is shown in figure 2.2.1.9. The images 
are taken at a small area that appears to have a green/yellow colour. This area has a lot of different 
phases within its area SiO2 and metal are some of these.



Figure 2.2.1.9. A view of the border area located between the quartz and the FeSi metal of sample P40, left  
image at 10x magnification and right image at 50x.

The FeSi metal has a lot of small cracks inside it. There is two various phases in this metallic area, a 
white area and a darker white area (see figure 2.2.1.10). 

Figure 2.2.1.10. A view of a the FeSi metal area of sample P40.

A piece of the gas channel wall with the white side towards the crater wall is shown in sample P35 
in figure 2.2.1.11. Two samples were taken for further analysis according to the figure.



Figure 2.2.1.11. A view of sample P35.

The area close to the crater wall of the gas channel of sample P35a seem to contain SiC and metal. 
The metal area seem to be attached to the grey area (see the right image in figure 2.2.1.12)

Figure 2.2.1.12. A view of a selected area of sample P35a, left image at 5x magnification and right image at  
50x.

The area at the opposite side compared with P35a contains SiC and some metallic areas (see figure 
2.2.1.13). The right image is a close up of an area located at the centre of the right image. The 
darkgreen area between the larger areas that is shown in the right image has two different shades 
within it.



Figure 2.2.1.13. A view of a selected area located towards the mantle of sample P35b, left image at 5x  
magnification and right image at 50x.

Sample 42 is a material that comes from the cavity wall at electrode one. Two samples were taken 
for further analysis. P42b was located closest to the electrode (see figure 2.2.1.14). Common for the 
surface that is on the other surface side of the crater wall is that it has small amounts of fiber 
looking material at its surface. The more dense area that is located where the mark of P42a is 
located seem to be built up with larger crystal grains at its surface, there is a resemblant look at the 
marked location P42b.

Figure 2.2.1.14. A overview of sample P42, a piece of the cavity wall.

The area seen below shows large crystal grains of SiC and some small thin threads of the size 2-4 
mm. These threads could be SiC or SiO2 fibers, see the marked square in figure 2.2.15.



Figure 2.2.1.15. A view at a different area of sample P42. 

The fibers are attached to the grains that are the building blocks of the crater walls. One of these 
grains is shown in figure 2.2.1.16. These grains are SiC grains with some ferrosilicon phases within 
its interior.

Figure 2.2.1.16. A view of a grain collected from sample P42's surface at 5x magnification.

The are at the rim of the grain is shown in figure 2.2.1.17. The white fibers that are attached to the 
grain are do look like hollow tubes.



Figure 2.2.1.17. A view of a selected area of sample P42, left image at 50x magnification and right image at  
20x magnification with polarized reflector.

Sample P42a is located on the opposite side of the cavity wall, not towards the electrode. The major 
area that contains SiC appears to be dense with large cracks as veins inside it and some there a 
metal areas within it (see figure 2.2.1.18).

Figure 2.2.1.18. A view of a selected area of sample P42a at 5x magnification.

It is more denser area at P42a compared with P42b area (see the left image in figure 2.2.1.19). The 
green area has two different phases within its area which is shown in the right image.



Figure 2.2.1.19. A view of a selected area of sample P42b, left image at 5x magnification and right image at  
100x.

The material of sample P31 is taken from the inside of the cavity wall at electrode one. The material 
is built up by large SiC crystal grains which is shown in figure 2.2.1.20. There are some metal areas 
also, the metal areas are white in the image but there is darker white areas close to the white.

Figure 2.2.1.20. A view of a selected area of sample P31 at 5x magnification.

Sample P33 is also a material that has its origin from the cavity wall. The left image is taken at the 
rim of the sample, the right image is taken at a smaller particle outside the major sample area. Both 
of the images shows indications of SiC and metal areas. There are no typical sharp edged flake 
looking SiC areas, instead it seem to be more compact (see figure 2.2.1.21).



Figure 2.2.1.21. A view of selected areas of sample P33, left image at the rim of the sample at 5x  
magnification and the right image at the smaller particle at 50x.

Two materials were mounted on the epoxy resin that are of the same material or it comes from the 
same location marked as sample P41. The left image seem to contain more SiC and some metallic 
areas, the right image has more metallic areas compared to mentioned area when comparing both of 
the pieces ( see figure 2.2.1.22). 

Figure 2.2.1.22. A view of selected areas of sample P41 at 5x magnification, left image comes from the 
larger major area and the right image is from a smaller area outside the larger one.

The material of sample P43 is a dense material which is shown in figure 2.2.1 23. there seem to be a 
coke origin visible as the dark small porous area to the left in the left image. This could be a a 
almost fully reacted coke filled with SiC but there are some metal areas also which is shown as 
small white flakes which is shown in the right image. 



Figure 2.2.1.23. A view of a selected area of sample P43, left image at 5x magnification and right image at  
100x.

2.2.2 Cavity wall at electrode 2

Sample P97 has its origin from the cavity wall three samples were prepared, 97a at the rim of the 
sample that was located towards the mantle, 97b in centre of the sample and 97c at the rim of the 
sample towards the electrode. The cavity wall at electrode two seem to have some white material at 
the surface which could be condensate (see figure 2.2.2.1). 

Figure 2.2.2.1. An overview of sample 97.

Sample 97a is as mentioned a material that lied furthest apart from the electrode but located at a 
another open cavity which has been referred to as a gas channel. The material is built up by SiC 
sharp edged flakes with some metallic phases present between the carbide material which is shown 
in figure 2.2.2.2.



Figure 2.2.2.2. A view of a selected area of sample P97a, left image at 5x magnification and right image at  
100x.

The material in the centre of the cavity wall appears to contain SiC (see figure 2.2.2.3). Most of the 
area in the sample has the same pattern as shown in the figure.

Figure 2.2.2.3. A view of a selected area of sample P97b at 20x magnification.

The SiC flake grain crystals seem to be larger deeper into the cavity wall which is shown at sample 
P97c.. The three images can be looked at the following sequence:
The inside of the crater wall and deeper into the wall from left image to the right respectively (see 
figure 2.2.2.4).



Figure 2.2.2.4. A view of selected areas of sample P97c. The left image is at the rim of the sample towards 
the electrode, the middle image is located at the centre of the sample and the right image is taken 
approximately 14 mm from the cavity surface.

Sample P2001 is a material that was located at the surface of the furnace, this is a part of the the 
ring that existed all along the furnace attached and formed like a stagnant zone at the mantle. There 
is a quartz looking texture in the green coloured area in the left image of figure 2.2.2.5. The 
pink/white area in the same image contains similarities of slag and metal. The grey area in the right 
image reminds of SiC, there are also traces of metal areas in both of the selected areas.

Figure 2.2.2.5. A view of selected areas of sample P2001 at 20x magnification.

Sample P2002 consists of three different pieces. The left image is taken at a area of a small quartz 
piece and it appear to have both large spherical metal particles and smaller ones . The image in the 
centre of the figure is taken at a another piece of quartz and it has similar phases present as the other 
quartz piece except for the brown area that could be condensate, this brow area is shown in the 
image separating the white area and the green area. The right image it taken at a piece with large 
metallic areas (see figure 2.2.2.6). 



Figure 2.2.2.6. A view of selected area of sampleP2002 at 50x magnification.

Sample 2003 is a piece of quartz that was located at the surface close to electrode 2. The pellet has 
started to the softening and melting process on the surface of the quartz (see right image in figure 
2.2.2.7). There are also a lot of small metallic droplets on the surface.

Figure 2.2.2.7. A overview of a piece of quartz in left image, a close up of the pellet on the quartz surface in  
the right image.

The large quartz piece that is split into half seem to have a darker phase present 3-4 mm deep from 
the surface.



Figure 2.2.2.8. An overview of samples collected at the surface very close to electrode two.

A view of selected areas of a coke piece belonging to sample p2003 is shown in figure 2.2.2.9. The 
images below is taken at the rim of a piece of coke. The coke particle has been subjected to reaction 
and in this case it is SiC that surrounds the porous structure of the coke.

Figure 2.2.2.9. A view of a selected area of sample P2003, left image at 5x magnification and right image at  
50x.

A different piece from the sample P2003 is a mixture of what appears to be a pellet close to coke 
matter. A small area of the pellet is shown as a pink white area in both of the samples. The known 
pellet was established at a closer look at the material before it was mounted. The border between the 
pellet and the coke matter seem to contain SiC phase (see right image in figure 2.2.2.10).



Figure 2.2.2.10. A view of a selected area of sample P2003, left image at 5x magnification and right image 
at 50x.

Sample  P95 is  clearly  a  SiC containing  material,  the  right  image  reveals  this  fact  (see  figure 
2.2.2.11). This sample comes from the crater wall that is located at electrode two. 

Figure 2.2.2.11. A view of a selected area of sample P95, left image at 5x magnification and right image at  
100x.

A view of selected areas of sample P96 is shown in figure 2.2.2.12. This material has also its origin 
from the crater wall at electrode two. This sample could have the SiC and FeSi phases as P95 but no 
EMPA has been done on this material.



Figure 2.2.2.12. A view of a selected area of sample P96, left image at 5x magnification and right  
image at 100x.



3 Electron microprobe images

Almost all of the samples that have been analyse with Electron Microprobe have been subjected to 
quantitative measuring of the different areas where they differs in light intensity,three points at each 
light intense area where analysed at 200 times of magnification and at some samples only one point. 
Additional mapping of selected areas have also been analysed. Images with 40x magnification have 
been taken at samples that are of nearly unreacted material. The table of the at-% from the 
quantitative analysis is gathered in the end of each section. It contains the elemental analysis from 
each measured point.

3.1 Samples from Thamshavn

3.1.1 Drill core 1 at gate 4

Four distinguished areas of light intensity are the most common in sample 41375 (see figure 
3.1.1.1). Three different areas of interest were deeper analysed.

Figure 3.1.1.1 A view of an area of sample 41375 at 40x magnification

The selected area does not show any darker shades within the white areas but the at-% of element at 
different analysed points that gathered in table 3.1.1.1 reveals that the white areas do have a another 
phase present, this phase at (4-6) (see figure 3.1.1.2) has higher at-% of Si.



Figure 3.1.1.2. A view of a selected area of sample 41375 at 200x magnification

The mapping result of sample 41375 is shown in figure 3.1.1.3 It reveals that most of this area 
contains SiC and the bright white areas contains Fe. There is readily no or very little areas that 
contains any slag but there are some small scattered areas at the top of the picture that contains 
oxides in form of probably SiO2.
In the quantitative part where the light dark areas are built up by SiC and Si but previously 
mentioned is the dominating species. The dark white area contains has the opposite configuration 
compared to the light dark area where Si is dominating, Fe and SiC are of the same quantity. The 
white areas are built up by almost equal amount of Fe and Si.



Figure 3.1.1.3. Mapping result from the selected area of sample 41375 at 200x magnification.

Sample 41370 is a mixture of coke and metallic areas and the coke appeared to be porous. There 
was also a area that looked grey and dense. The coke in figure 3.1.1.4 seems to be unreacted. Small 
metallic areas are close to the coke. Quantitative analysis at a point the rim of the bubbles or pores 
confirms that SiC is present but also small amounts of SiO2, Si, Fe and Al2O3. 

Figure 3.1.1.4. A view of a selected area sample 41370 at 40x magnification.

The opposite is shown in figure 3.1.1.5 which is a selected area from the same sample but at a 



different position where the coke has been more active in the reactions. The pores is shown in the 
left lower corner in the figure. Similar quantitative analysis has been done on the area that lies 
between the bubbles or pores and it shows that the main compound is SiC but less then at previous 
analysed area. There is also less aluminium oxide and more silicon.

Figure 3.1.1.5. A view of a area of reacted coke of sample 41370 at 40x magnification

The area in figure 3.1.1.6 contains a lot of sharp edge flakes that probably contains SiC. Two points 
at different areas where subjected to quantitative analysis, the brightest area or white area and the 
area that surrounds the white area or are close to it. Both of these areas contains Fe, Si and SiO2. 
The main different is that the white area contains more iron, titanium is only reported in this area 
also. There is a little bit more carbon in the white area compared to the neighbour area.



Figure 3.1.1.6. A view of a area at sample 41370 4140x magnification

The measured points at different selected areas are gathered in table 3.1.1.1. These values belongs 
to the samples collected from drillcore 1 at gate 4.

Table 3.1.1.1. Element analysis from the different measured points. 

3.1.2 Drill core 2 at gate 4

In sample 42400 there where 5 different areas of interest that where subjected to quantitative 
analyse and the light intensity of some areas is shown in figure 3.1.2.1.

Al (%) O (%) Fe  (%) C  (%) Ti (%)
1 0 0,45 0,08 42,1 0 57,37 0 100 41375.1 
2 0 0,59 0,08 42,32 0 57,01 0 100 41375.2 
3 0 0,64 0,07 41,95 0 57,34 0 100 41375.3 
4 0 0,7 28,04 9,62 0 61,64 0 100 41375.4 
5 0,02 0,85 20,27 22,37 0 56,48 0,01 100 41375.5 
6 0 4,73 20,47 18,42 0 56,38 0,01 100 41375.6 
7 0 0,59 44,19 9,08 0 46,07 0,07 100 41375.7 
8 0,04 0,65 44,04 8,52 0 46,67 0,07 100 41375.8 
9 0 0,96 43,74 8,54 0 46,72 0,04 100 41375.9 
1 0,03 1,24 0,03 47,76 0 50,94 0 100 41370.1 
2 0 0,51 0,08 41,33 0 58,09 0 100 41370.2 
3 0 2,06 42,04 9,84 0 46 0,06 100 41370.3 
4 0 1,04 30 5,72 0 63,24 0 100 41370.4 

Atomic (%)

   No, 
Ca 
(%) Si (%)

  
Total 
(%)  Comment  



Figure 3.1.2.1. A view of an area of sample 42400 at 40x magnification

A closer look at the selected area is shown in figure 3.1.2.2 where the measured points are shown.

Figure 3.1.2.2. A view of the selected area of sample 42400 at 200x magnification

Some ideas of what kind of substances there are in the different areas can be presumed together 
with the mapping from figure 3.1.2.3. The brightest areas contains iron, the light grey area contains 
silicon and the roughly marked area seems to be a slag which is containing mostly aluminium oxide 
and calcium oxide. The major area that surrounds the mentioned areas contains silicon carbide.



Figure 3.1.2.3. Mapping result from the selected area of sample 42400 at 200x magnification.

From figure 3.1.2.2 there is shown a scale that shows the intensity of the different reflected areas 
and there seems to be 4 common intensities that makes up for almost the whole area that are above 
1 %. Looking at the data from the excel file for atomic % of each element that was selected at five 
different areas confirms that the darkest most common area consists mainly of SiC. The light dark 
or the market out guessed slag phase contains mainly of SiO2, Al2O3 and CaO. The light grey area is 
a mixture of pure Si, SiC and some small amounts of SiO2 . It is worth mentioning that the amounts 
of pure silicon is greater that than the carbide formation in this grey area.

Sample 42330 is a agglomerated mixture of small metallic areas, areas with typical green strings 
and all the material seems to be hold together with a green/yellow substance. The darker larger area 
in figure 3.1.2.4 is a area that has the mentioned green/yellow substance. 4 different areas were 
quantitative analysed close to this green/yellow area that lies close at some metallic traces. The dark 
area seem to be a mixture, all three points in the dark area are built up by a slag with Al2O3,CaO and 
SiO2 as compounds but SiC was found at one of these points at a fraction of 40 %. The dark white 
area contains Si,Fe and SiC. The green/yellow area is a mixture where SiC,Si and SiO2 are the 
dominating species and the third point contained SiO2 and SiC in decreasing order. It should be 
mentioned that the green/yellow area is only visible simple by looking into the sample without any 
instrument but in a microscope it looks brown.



Figure 3.1.2.4. A view of a area of sample 42330 at 40x magnification. 

Mapping of the selected area reveals that the white and light dark area contains iron. The area out in 
the periphery outside the iron seems to contain SiC and some small amount of slag containing Al2O3 

, CaO and SiO2 (see figure 3.1.2.5).



Figure 3.1.2.5. Mapping of a selected area 42330 at 40x magnification.

Sample 42375 is a agglomerated material that contains metallic areas, coke and an area that has the 
common green strings, the string pattern is shown in figure 3.1.2.6. Three different points at 
different areas where analysed within the green string. The outer area as for instance up in the right 
corner is a mixture of SiC,SiO2 and Si. The area with strings is also a mixture that contains SiC, Si 
and SiO2 in decreasing order. The white area is a mixture of Fe, Si and some traces of carbon.

Figure 3.1.2.6. A view of a area of sample 42375 at 40x magnification.

Mapping of sample 42375 is shown in figure 3.1.2.7.The white areas seem to contain iron as has 
been seen in most of the samples with the same light intensity areas. The remaining area consists 



SiC and some slag.

Figure 3.1.2.7. Mapping of a selected area of sample 42375 at 40x magnification.

A metallic area was additionally analysed from the same sample. The white grains that is shown in 
figure 3.1.2.8, it looks like grain growth. Both the large grains and the area that surrounds the grains 
were subjected to quantitative analysis. Both the particles and the surrounded area contains Fe and 
Si but with different fraction, the grains contains equal amount of Fe and Si, the surrounded area 
contains twice as much of Si.

Figure 3.1.2.8. A view of a area of sample 42375 at 40x magnification.



The measured points at different selected areas are gathered in table 3.1.2.1. These values belongs 
to the samples collected from drillcore 2 at gate 4.

Table 3.1.2.1. Element analysis from the different measured points.

3.1.3 Drill core 3 at gate 4

A view of a selected area of sample 43495 is shown in figure 3.1.3.1. In the optical microscope 
there were some strings of carbide containing material shown, this feature is shown  in the right 
bottom corner of this selected area. A closer look at larger magnification was done at the marked 
area.

Atomic (%)

   No, Al (%) O (%) Fe  (%) C  (%) Ca (%) Si (%) Ti (%)
1 0 0,35 0,06 44,14 0 55,45 0 100 42400.1
2 0 0,33 0,04 44,28 0 55,35 0 100 42400.2
3 0 0,35 0,06 44,06 0 55,52 0 100 42400.3
4 3,57 63,46 0,03 4,46 0,45 28,02 0 100 42400.4
5 3,52 61,96 0,02 4,56 0,37 29,57 0 100 42400.5
6 3,27 63,54 0,02 3,64 0,32 29,21 0 100 42400.6
7 0 0,35 0,04 12,86 0 86,74 0 100 42400.7
8 0 0,39 0,02 12,67 0 86,93 0 100 42400.8
9 0 0,42 0 12,91 0 86,67 0 100 42400.9
10 0 0,63 26,5 11,28 0 61,59 0 100 42400.1
11 0 0,59 26,71 11,25 0 61,44 0 100 42400.11
12 0 0,64 26,32 11,25 0 61,79 0 100 42400.12
13 0 0,82 26,12 11,33 0 61,72 0 100 42400.13
14 0 0,61 26,74 11,13 0 61,53 0 100 42400.14
15 0 0,51 25,89 11,32 0 62,28 0 100 42400.15
7 6,3 59,12 0,02 2,68 1,49 30,4 0 100 42330.1 
8 1,64 25,42 0,02 25,57 0,34 47,01 0 100 42330.2 
9 5,27 60,22 0,04 2,93 1,17 30,36 0 100 42330.3 
10 0 0,75 43,5 8,17 0 47,57 0 100 42330.4 
11 0 0,92 43,34 8,89 0 46,82 0,03 100 42330.5 
12 0 1,06 43,45 8,18 0 47,31 0 100 42330.6 
13 0 0,7 26,14 9,67 0 63,49 0 100 42330.7 
14 0 0,87 26,65 10,38 0 62,09 0 100 42330.8 
15 0 0,97 27,07 9,67 0 62,29 0 100 42330.9 
16 0 15,09 0,02 34,96 0,01 49,93 0 100 42330.10 
17 0 67,77 0 4,36 0 27,87 0 100 42330.11 
18 0 30,8 0,02 25,22 0,01 43,95 0 100 42330.12 
19 3,82 58,49 0 11,91 0,19 25,59 0 100 42375.1 
20 0,8 10,75 0,01 37,78 0,06 50,6 0 100 42375.2 
21 0,86 13,18 0 32,93 0,05 52,96 0,01 100 42375.3 
22 0,74 10,34 0,01 35,13 0,07 53,7 0,02 100 42375.4 
23 1,02 18,36 0,02 29,76 0,07 50,76 0,01 100 42375.5 
24 0,51 6,93 0,01 35,78 0,06 56,69 0,02 100 42375.6 
25 0 0,7 44,9 6,47 0 47,87 0,05 100 42375.7 
26 0 0,97 44,41 6,7 0 47,87 0,05 100 42375.8 
27 0 0,88 45,63 5,57 0 47,86 0,06 100 42375.9 
28 0 0,87 44,84 5,95 0 48,34 0 100 42375.10 
29 0 0,95 27,76 6,36 0 64,94 0 100 42375.11 

  Total 
(%)  Comment  



Figure 3.1.3.1. A view of a area of sample 43495 at 40x magnification.

Four of the highest intensity areas were chosen from sample 43495. There is a darker phase 
surrounded at the rim of the largest white particle (see figure 3.1.3.2). Some areas of the rim was 
looked at a three dimensional point of view and some of these areas were just craters but the largest 
area within this white particle was not.
The mapping of the selected area shows that the white small particles contains iron. There's a lot of 
Al2O3 containing material surrounding the second largest white particle. The darker area seems to 
contain some small amounts of titanium. There is a broad span of SiC below these particles.

Figure 3.1.3.2. A view of selected area of sample 43495 at 200x magnification.



Mapping of a selected area of sample 43495 is shown in figure 3.1.3.3. The darkest area contains 
mostly SiO2 but there are some small amounts of Al2O3 and SiC. The light dark area has SiC as 
common compound. There were some white areas that was integrated with a darker shade of white 
and the white area contained mostly of Si,Fe and C but in the integrated darker shaded area there is 
a significant higher amount of Ti.

Figure 3.1.3.3. Mapping of sample 43495 the selected area at 200x magnification.

Sample 43460 which is a material located further from the electrode. The material appears to have a 
lot of small cracks within its interior (see figure 3.1.3.4). There are not so much of the white areas 
in the whole sample.



Figure 3.1.3.4. A view of a area of sample 43460 at 40x magnification.

The marked area shown in the figure above can be seen in figure 3.1.3.5 shows that there are 
several cracks in the selected area of different magnitude. Three different areas are analysed further 
namely the white, the light dark and the darkest outer perforated area.

Figure 3.1.3.5. A view of the selected area of sample 43460 at 200x magnification.

Mapping of a selected area of sample 43460 is shown in figure 3.1.3.6.The white areas contains 
mostly Fe as has been seen in most of the samples that have these white intense colour. Si and SiC 
is the dominating area close to the white areas. The outer perforated area seems to be a slag, 
containing mostly Al2O3, CaO and SiO2. Three areas where subjected for quantitative analysis 
where the white area contains Si and Fe where the the amount of Si is almost twice as high as Fe. 
SiC is the dominating compound in the light dark area and the perforated area but there are some 



slag inclusion in the perforated area containing SiO2, Al2O3 and some small amounts of CaO.

Figure 3.1.3.6. Mapping of the selected area of sample 43460 at 200x magnification.

A view of a selected area of sample 43485 is shown in figure 3.1.3.7. This sample had similarities 
with neighbour samples. There is four major different shades of brightness in this area shown 
below. Small and large metal areas shattered in the whole area.

Figure 3.1.3.7. A view of a area of sample 43485 at 40x magnification.

The selected area resembles of a camouflage pattern, scattered pieces of metal and some very large 
light dark areas (see figure 3.1.3.8).



Figure 3.1.3.8. A view of the selected area of sample 434485 at 200x magnification.

Mapping of a selected area of sample 43485 is shown in figure 3.1.3.9.The white areas consists 
consists of Fe and the light dark areas are of almost pure Si and the major part of the selected area is 
SiC. There is no indication of a slag presence. Four different areas were quantitative analysed. The 
white area contains Si and Fe and the silicon content is twice as high as for iron. The grey area 
contains almost 90 at-% Si. The light dark area is dominated by SiC together with a lesser amount 
of Si. The dark area contains mostly SiO2 and Si.

Figure 3.1.3.9. Mapping of the selected area of sample 43485 at 200x magnification.

A view of a selected area of sample 43430 is shown in figure 3.1.3.10. This material is a mixture of 



coke, small metallic areas and a areas that seem to hold the mentioned material together, it looks 
grey without any instrument and brown built up grains at a deeper look with microscope. Three 
points where quantitative analysed at a similar area that contains some metal also. The larger outer 
area is a slag that contains mainly SiO2, Al2O3 and CaO in decreasing order. The light dark area 
contains mostly Si and some smaller amounts of carbon but there is some smaller amounts of SiO2. 
The white areas contains 26 % Fe and 65% Si and some smaller amounts of carbon. As often there 
is traces of titanium in the white areas where the most of the iron can be obtained.

Figure 3.1.3.10. A view of a area of sample 43430 at 40x magnification.

Mapping of the selected area is shown in figure 3.1.3.11. The white areas contains iron, the grey 
areas contains Si with small amounts of carbon. The larger outer periphery area contains mostly 
Al2O3, SiO2 and some smaller amounts of CaO, some area are enriched with aluminium oxide.



Figure 3.1.3.11. Mapping of a selected area of sample 43430 at 40x magnification.

The measured points at different selected areas are gathered in table 3.1.3.1. These values belongs 
to the samples collected from drillcore 3 at gate 4.



Table 3.1.3.1. Element analysis from the different measured points.

3.1.4 Drill core 1 at gate 5

Sample 51415 has some porous areas, metallic particle and a major area that has as often mentioned 
a grey area, three areas where quantitative analysed. The most common area or the outer large area 
contains mainly SiO2 . The large white particle contains Fe and Si with iron twice as much. The 

Atomic (%)

O (%) Fe  (%) C  (%) Si (%)
16 0,24 66,98 0,01 4,89 0,02 27,85 0 100 43495.1
17 0,53 66,81 0,01 4,94 0,04 27,67 0 100 43495.2
18 0,14 67,52 0,01 4,91 0,02 27,4 0 100 43495.3
19 0,08 1,01 0,04 43,46 0,01 55,39 0 100 43495.4
20 0,69 4,51 0,02 42,16 0,03 52,59 0 100 43495.5
21 0,04 0,99 0,04 43,51 0 55,41 0 100 43495.6
22 0,01 0,74 29,1 11,07 0 58,88 0,19 100 43495.7
23 0,02 1,36 27,74 10,61 0 57,16 3,11 100 43495.8
24 0,02 1,37 27,16 10,5 0 56,44 4,51 100 43495.9
25 0 0,76 44,56 9,95 0 44,65 0,08 100 43495.1
26 0 0,88 44,33 9,86 0 44,85 0,07 100 43495.11
27 0,01 0,92 43,97 9,91 0 45,11 0,08 100 43495.12
10 0 0,76 25,13 8,78 0 65,33 0 100 43460.1 
11 0,02 0,76 25,82 8,92 0 64,47 0,01 100 43460.2 
12 0,02 0,8 25,82 9,06 0 64,3 0 100 43460.3 
13 0,06 0,3 0,39 41,78 0 57,45 0 100 43460.4 
14 0,12 0,17 0,38 42,55 0 56,77 0 100 43460.5 
15 0,05 0,29 0,23 42,09 0 57,34 0 100 43460.6 
16 2,23 10,99 0,03 35,87 0,53 50,35 0,01 100 43460.7 
17 1,72 5,71 0,01 39,48 0,36 52,72 0 100 43460.8 
18 1,43 8,92 0 36,44 0,33 52,88 0 100 43460.9 
19 0 0,66 25,77 9,37 0 64,19 0,01 100 43485.1 
20 0 0,5 25,67 9,31 0 64,51 0 100 43485.2 
21 0 0,54 25,67 9,33 0 64,45 0,01 100 43485.3 
22 0 0,43 0,03 10,05 0,01 89,48 0 100 43485.4 
23 0 0,5 0,01 9,77 0 89,72 0 100 43485.5 
24 0 0,45 0,01 9,9 0 89,63 0 100 43485.6 
25 0,06 0,22 0,02 42,04 0 57,66 0 100 43485.7 
26 0 0,26 0,1 41,83 0 57,8 0 100 43485.8 
27 0,05 0,41 0,03 42,03 0 57,49 0 100 43485.9 
28 0,18 67,15 0,02 3,71 0,05 28,89 0 100 43485.10 
29 0,17 67,13 0 3,75 0,04 28,91 0 100 43485.11 
30 0,18 66,6 0,03 3,86 0,05 29,3 0 100 43485.12 
30 5,33 64,86 0 2,55 0,65 26,6 0,01 100 43430.1 
31 5,41 64,36 0 2,78 0,67 26,78 0 100 43430.2 
32 5,41 64,2 0,03 2,75 0,69 26,93 0 100 43430.3 
33 0 1,34 0 7,95 0,01 90,7 0 100 43430.4 
34 0 1,87 0 7,84 0 90,29 0 100 43430.5 
35 0 1,58 0,03 7,42 0 90,97 0,01 100 43430.6 
36 0 0,95 26,38 7,79 0 64,88 0 100 43430.7 
37 0 0,96 26,1 7,93 0 65 0,01 100 43430.8 
38 0 0,9 25,73 7,97 0 65,39 0,01 100 43430.9 

   
No, 

Al 
(%)

Ca 
(%)

Ti 
(%)

  Total 
(%)  Comment  



smaller white particle has similar compounds as the larger (see figure 3.1.4.1).

Figure 3.1.4.1. A view of a area of sample 51415 at 40x magnification

A view of a selected area of sample 51485 is shown in figure 3.1.4.2.There are three different 
separately pieces in this sample, namely almost inactive carbon material, reacted carbon/coke and a 
piece of quartz that has gone through some kind of reactions. The almost inactive carbon piece can 
be see in this image where the material has been subjected to surface reactions at the rim of the 
piece and stopped, the SiC layer at the surface is very thin and it does not cover the hole surface 
area of the sample. This piece of sample had green coloured surface but not within. The other two 
pieces were quantitative analysed, the quartz piece contains SiO2 and the reacted carbon piece 
contains mostly of SiC and some smaller amounts of SiO2 and Si.



Figure 3.1.4.2. A view of a area of sample 51485 at 40x magnification

Sample 51510 is a sample that is a mixture of coke pieces and as often held together with a grey 
substance. Some of the areas contains porous quartz. Less reacted coke and reacted coke is shown 
in figure 3.1.4.3. The larger grey area which is very porous was analysed quantitatively and it 
contains SiO2 and some smaller amounts of SiC.

Figure 3.1.4.3. A view of a area of sample 51510 at 40x magnification



A view of selected areas of sample 51525 is shown in figure 3.1.4.4. Metal particles, slag and coke 
could be found in this sample. There was also two areas of appears that have been exposed to 
reactions with different magnitude. The carbon/coke area in the left image has been subjected to 
less reactions within it then the coke piece visible in the right image. There seem to be a gas flow 
through the reacted coke piece. This sample was not quantitative analysed.

Figure 3.1.4.4. A view of two different coke/carbon areas of sample 51525 at 40x magnification, less reacted 
coke/carbon in left image and reacted coke in right image.

A view of a selected area of sample 51540 is shown in figure 3.1.4.5. Metallic areas and some green 
areas in this sample. Four different areas have been quantitative investigated where the condensate 
or dark area contains SiO2 and some carbon. The area close to the quartz/condensate contains SiC. 
The light grey area contains mostly Si and SiC and finally the white area contains is a compound 
mixture containing Si, Fe and SiC. Both the grey area and white areas are containing SiC because 
the amount of carbon was to much to be negligible but it could also be carbon mixed in the areas.



Figure 3.1.4.5. A view of a area of sample 51540 at 40x magnification

Mapping of a selected area of sample 51540 is shown in figure 3.1.4.6.The white areas contains iron 
as in the most cases, the iron areas looks very scattered. SiC seem to be the most common 
compound in this sample. The grey area in contact with the white area contains silicon. There is 
also a slag that contains Al2O3, SiO2 and CaO. Mapping of this sample reveals similarities to other 
samples with the same texture or pattern.



Figure 3.1.4.6. Mapping of a selected area of sample 51540 at 40x magnification.

The measured points at different selected areas are gathered in table 3.1.4.1. These values belongs 
to the samples collected from drillcore 1 at gate 5.



Table 3.1.4.1. Element analysis from the different measured points. 

3.1.5 Drill core 3 at gate 5

Sample 53960 was a material that was located close to electrode 2 towards the mantle of the 
furnace. A closer look at the area that appeared to be coke is shown in figure 3.1.5.1. There are 
some distinct difference in the white/darkwhite areas and cracks within it.

Atomic (%)

O (%) Fe  (%) C  (%) Si (%)
5 0,04 70,91 0 2,43 0 26,62 0 100 51485.1 
6 0,02 6,37 0,13 39,43 0,02 54,03 0 100 51485.2 
39 0,02 69,89 0,01 2,28 0 27,79 0 100 51415.1 
40 0 70,19 0,01 2,27 0 27,53 0 100 51415.2 
41 0 68,98 0,01 2,84 0 28,18 0 100 51415.3 
42 0,03 1,77 60,15 8,43 0 29,61 0 100 51415.4 
43 0,02 2 55,12 8,8 0 34,04 0,02 100 51415.5 
44 0,03 2,8 60,07 7,38 0 29,71 0,01 100 51415.6 
45 0 68,68 0 4,12 0 27,19 0,01 100 51510.1 
46 0 68,52 0 4,06 0 27,41 0 100 51510.2 
47 0 68,98 0 4,03 0 26,98 0 100 51510.3 
48 0,28 63,6 0,01 9,32 0,1 26,7 0 100 51540.1 
49 0,11 62,44 0 9,62 0,03 27,8 0 100 51540.2 
50 0,25 62,41 0,02 9,01 0,08 28,23 0 100 51540.3 
51 0,02 0,66 0,01 48,08 0 51,23 0 100 51540.4 
52 0,03 0,55 0,01 48,9 0 50,51 0 100 51540.5 
53 0,02 0,68 0,01 48,26 0 51,03 0 100 51540.6 
54 0,01 0,89 0,01 19,03 0 80,06 0 100 51540.7 
55 0,02 0,87 0,06 22,77 0 76,29 0 100 51540.8 
56 0 0,95 0,04 17,73 0 81,27 0 100 51540.9 
57 0 1,17 24,17 15,56 0 59,1 0 100 51540.10 
58 0 0,89 24,03 15,14 0 59,94 0 100 51540.11 
59 0 1,2 23,14 17,6 0 58,06 0 100 51540.12 

   
No, 

Al 
(%)

Ca 
(%)

Ti 
(%)

  Total 
(%)  Comment  



Figure 3.1.5.1. A view of a area of sample 53960 at 40x magnification.

There is a larger crack in the darker white selected area. The coke appears to have had good 
permeability since there is a reacted layer surrounding all of the different round sized areas which is 
shown in the right upper corner in figure 3.1.5.2.

Figure 3.1.5.2. A view of the selected area of sample 53960 at 200x magnification.

Mapping of a selected area of sample 53960 is shown in figure 3.1.5.3. The second brightest areas 
contains iron and SiC seems to surround these islands. The mentioned bubbles or round shaped 



areas in the right upper corner has SiC at the rim of its area. Four areas where subjected to 
quantitative analyse, the white areas are built up by almost equal amount of Fe and Si, the dark area 
contained similar elements as the white area but with twice as much of silicon compared to iron. 
The light dark area is a slag that contains SiO2, Al2O3 and CaO in a decreasing order of content. The 
dark area is built up by SiC and some free Si.

Figure 3.1.5.3. Mapping of the selected area of sample 53960 at 200x magnification.

Sample 53750 was taken behind electrode number 2 or closer to the centre of the furnace. The 
selected area was chosen for the quantitative analyse (see figure 3.1.5.4).

Figure 3.1.5.4. A view of a area of sample 53750 at 40x magnification.

The material in 53750 had some inclusions or structure pores. There seem to be two dark areas and 



less dark area together with to different bright (see figure 3.1.5.5). Five areas are to be investigated 
for element analysis.

Figure 3.1.5.5. A view of the selected area of sample 53750 at 200x magnification.

Mapping of the selected area is shown of sample 53750 is shown in figure 3.1.5.6.The brightest 
area contains as often iron and SiC can be found like swarms which is shown in  the figure. There's 
also a large slag area containing Al2O3, CaO and some intrusions of SiC as small areas in the slag 
zone. 
From the data of the atom percentage shows that the darkest areas contains mostly SiO2 and some 
small amounts of SiC where less dark areas contains mostly SiC. The light dark areas is a slag 
phase containing SiO2, Al2O3, SiC and small amounts of CaO. The less brighter areas contains Fe, 
Si and SiC. The brightest areas contains similar elements as previous mentioned but much more Fe 
and less Si but the amount of carbon is similar.



Figure 3.1.5.6. Mapping of the selected area of sample 53750 at 200x magnification.

Sample 53990 hasn't the same particular features as all the other samples since the material looks 
like a quartz with visible metal droplets located at small cracks on the material (see figure 3.1.5.7).

Figure 3.1.5.7. A view of a selected area of sample 53990 at 40x magnification.

The selected area from figure 3.1.5.7 is shown in figure 3.1.5.8. The silicon dioxide have more or 
less been subjected to heat since there is a lot of cracks, a volume expansion could be a result of this 
.



Figure 3.1.5.8. A view of the selected area of sample 53990 at 200x magnification.

Mapping of the selected area of sample 53990 is shown in figure 3.1.5.9.The mapping shows that 
the outer dark area consists mainly of SiO2 and the largest of the two particles contains iron and 
some carbon. The second largest particle that lies close the larger particle seems to contain iron 
oxide.

Figure 3.1.5.9. Mapping of the selected area of sample 53990 at 200x magnification.



Quantitative analysis of seven different areas were conducted on sample 53990.The darkest area 
contains mostly SiO2 . The light dark areas are probably a slag phase containing SiO2 and small 
amounts of Al2O3 and CaO, this slag phase has also some traces of iron oxide that could be wustite 
since the percentage of oxygen is enough to build up FeO in the same area. The little particle at the 
rim of the larger one has excess of oxygen, the weight percentage of the different elements are close 
to fayalite but there's to little silicon for the built up. The large particle is almost made out of pure 
iron and some smaller amounts of carbon. There is a small small darker area inside the large particle 
that was subjected to analyses also and it showed that the amount of carbon was higher compared to 
the major part of the large particle, iron/iron oxide and carbon are the main elements in this area. 
Small metal droplets in the outer area of the sample were also analysed and two of these droplets 
contained iron, carbon and very little silicon. A third droplet had similar elements within its area but 
with much more silicon added in the phases mixture.

The measured points at different selected areas are gathered in table 3.1.5.1. These values belongs 
to the samples collected from drillcore 3 at gate 5.



Table 3.1.5.1. Element analysis from the different measured points. 

3.2 Samples from Finnfjord

Ten samples from the excavation at Finnfjord was investigated with the microprobe. No samples at 
the cavity wall at electrode three were investigated. 

Atomic (%)

O (%) Fe  (%) C  (%) Si (%)
28 0,04 67,15 0 4,86 0,01 27,94 0 100 53750.1
29 1,59 65,89 0,01 5,04 0,35 27,12 0 100 53750.2
30 0,19 66,58 0,02 4,97 0,03 28,21 0,01 100 53750.3
31 0,02 0,96 0,02 42,85 0 56,15 0 100 53750.4
32 0,03 1,08 0,01 42,53 0,01 56,35 0 100 53750.5
33 0,03 0,84 0,01 43,19 0 55,93 0 100 53750.6
34 4,55 61,41 0,02 4,74 0,62 28,66 0 100 53750.7
35 3,46 61,67 0,01 4,79 0,31 29,76 0 100 53750.8
36 3,71 61,43 0,02 5,53 0,35 28,97 0 100 53750.9
37 0 0,53 27,13 11,63 0 60,71 0 100 53750.1
38 0,01 0,54 27,42 11,73 0 60,3 0 100 53750.11
39 0,02 0,7 24,68 11,6 0 62,99 0 100 53750.12
40 0 0,43 43,67 10,16 0 45,67 0,07 100 53750.13
41 0 0,79 43,01 10,17 0 45,96 0,07 100 53750.14
42 0 0,5 43,59 10,1 0 45,75 0,07 100 53750.15
43 0,04 65,75 0,06 5,15 0 29 0 100 53990.1
44 0,03 65,64 0,08 4,59 0 29,66 0 100 53990.2
45 0,02 66,3 0,02 4,08 0 29,58 0 100 53990.3
46 0,41 61,83 7,08 3,33 0,07 27,24 0,02 100 53990.4
47 0,42 61,61 6,91 3,31 0,07 27,66 0,02 100 53990.5
48 0,64 61,59 6,86 3,7 0,08 27,1 0,04 100 53990.6
49 0 65,81 29,88 3,91 0 0,4 0 100 53990.7
50 0 61,66 34,44 3,68 0 0,22 0 100 53990.8
51 0,01 65,68 31,21 2,8 0 0,29 0 100 53990.9
52 0 0,89 91,31 7,79 0 0,01 0 100 53990.1
53 0 0,95 90,28 8,73 0 0,03 0,01 100 53990.11
54 0 1,32 86,8 11,88 0 0 0 100 53990.12
55 0,02 1,48 90,22 7,83 0 0,43 0,01 100 53990.13
56 0 0,93 69,57 8,77 0 20,73 0 100 53990.14
57 0 1,77 89,94 7,71 0 0,57 0,01 100 53990.15
31 0 0,72 44,19 7,72 0 47,36 0,01 100 53960.1 
32 0 0,71 44,35 7,76 0 47,19 0 100 53960.2 
33 0 0,58 44,07 7,78 0 47,56 0 100 53960.3 
34 0 0,51 27,7 8,87 0 62,92 0 100 53960.4 
35 0 0,42 29,35 8,67 0 61,55 0,01 100 53960.5 
36 0 0,35 30,02 8,61 0 61,02 0 100 53960.6 
37 8,44 59,25 0,03 3,61 3,34 25,33 0 100 53960.7 
38 8,12 59,51 0 2,79 3,3 26,27 0 100 53960.8 
39 8 58,87 0 3,39 2,97 26,77 0 100 53960.9 
40 0,05 0,6 0,05 42,49 0,01 56,79 0 100 53960.10 
41 0,07 0,94 0,08 41,66 0,01 57,24 0 100 53960.11 
42 0,07 0,98 0,08 42,27 0,01 56,59 0 100 53960.12 

   
No, 

Al 
(%)
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3.2.1 Cavity wall at electrode 1

Sample P43 is one of the samples that has been obtained from the crater wall, a cavity wall that is 
located at electrode one and towards the centre of the furnace. There are few different present in this 
sample which is shown in figure 3.2.1.1. The major area of the crater wall has similar pattern over 
the whole sample. The main phase is dark grey and it contains SiC according to the atomic-% and 
lesser amount of Si. The white areas has two different phases within itself, both of these is a FeSi 
phase but the iron content in the brightest area is increasingly more.

Figure 3.2.1.1. A view of a selected area of sample P43 at 100x magnification.

Mapping of a the selected area of sample P43 is shown in figure 3.2.1.2.The mapping of this sample 
gives similar data as the the mentioned three different phases. The main area consists SiC and the 
brighter areas FeSi. A slag area can also bee seen in the figure., the slag phase contains Al2O3,FeO 
and SiO2.



Figure 3.2.1.2. Mapping of a selected area of sample P43 at 100x magnification.

Sample P31 is a piece collected from the inside of the crater wall that is located towards the centre 
of the furnace at electrode one. A view of a selected area of this sample is shown in figure 3.2.1.3. 
Three points where analysed to confirm the different phases present in this selected area of the 
sample. The white area contains FeSi metal. The grey area contains mostly Si and the dark areas 
contains SiC and Si.



Figure 3.2.1.3 A view of a selected area of sample P31 at 40x magnification.

Mapping of a selected area is shown in figure 3.2.1.4. The white areas seem to contain FeSi metal 
as mentioned previously, some small slag areas is shown in the upper left corner which contains 
Al2O3,CaO and SiO2. 

Figure 3.2.1.4. Mapping of the selected area of sample P31 at 40x magnification.



Sample P33 is also a sample that has been collected at the cavity wall that is locate towards the 
centre of the furnace. The texture of these material is more dense packed compared to sample P31. 
The pattern of this material is similar of the entire sample area, the pattern is shown in figure 
3.2.1.5. Three points were also analysed more deeply and it confirms that the white areas contains 
FeSi metal, the bright grey area which lies close to the white areas contains almost pure Si and the 
main dark grey area contains SiC and Si.

Figure 3.2.1.5. A view of a selected area of sample P33 at 40x magnification.

Mapping of the selected area is shown in figure 3.2.1.6. The main area contains SiC and the white 
areas contains FeSi metal. There are some scattered small areas that contains Al2O3, CaO and SiO2.



Figure 3.2.1.6. Mapping of the selected area of sample P33 at 40x magnification.

Sample P40 does not belong to the crater wall. This material has been collected beneath electrode 
one. The material was a large piece which is shown in the optical images and the mounted sample 
came from the border of FeSi metal and white material. No mapping of the areas was done on this 
sample but different points at selected areas was analysed. A selected area of the white area that lies 
above the FeSi metal is shown in figure 3.2.1.7. The white areas contains equal amounts of SiO2 

and CaO and the bright grey areas contains mainly SiO2, CaO and Al2O3 in decreasing order. The 
dark grey areas contains equal amounts of CaO and Al2O3 but with twice as much of SiO2 compared 
to the other two compounds, these dark grey areas looks like long rectangular sticks. There some 
areas that appears to be slightly rougher or perforated in the downer left corner in the image where 
the amount of SiO2 is the highest compared to all phases in this selected area. All mentioned phases 
have some smaller amounts of Si and different amount of the stable CaO and Al2O3 which could 
indicate that this material have been melted and dissociated into SiO (g). 



Figure 3.2.1.7. A view of a selected area at the white area of sample P40 at 40x magnification.

The border between the FeSi metal and the white are is shown in figure 3.2.1.8. The white area 
contains FeSi with twice as much as silicon and the bright grey contains mostly Si. The large dark 
area close to the black area contains mainly SiC and Si. The black area is a carbon material. This 
carbon material seem relatively non-reactive, few SiC areas within its interior are found.



Figure 3.2.1.8. A view of a selected area at the border between the FeSi metal and the white area of sample 
P40 at 100x magnification.

The metal area is shown in figure 3.2.1.9 It appears to be only to different phases in this selected 
area. The white area contains approximately 58 wt-% of Si and 45 wt-% of Fe. The dark area at (31) 
contains mostly Si. 



Figure 3.2.1.9. A view of a selected area at the metal area of sample P40 at 40x magnification.

Sample P42 is a sample collected from the lower part of the cavity wall that is located towards the 
centre of the furnace. Two samples were mounted from this material, P42a was collected from the 
area that was located towards the centre of the furnace. A view of a selected area is shown in figure 
3.2.1.10. Three points were analysed where the white area contain FeSi and the main large area 
contains SiC and Si. The main area has intrusive veins that contains SiO2, CaO, Al2O3 and Si2N2O 
in decreasing order with some small amounts of Si that is left of the built of the siliconoxide. The 
oxynitride is of small quantities but it has been found with the XRD. It is more likely to be a 
oxynitride since it is in a oxidative phase compared to that a nitride compound would coexist in this 
environment. 



Figure 3.2.1.10. A view of a selected area at the metal area of sample P42a at 40x magnification.

Mapping of the selected area of sample P42a is shown in figure 3.2.1.11. The main area seem to 
contain SiC and the small white areas contains FeSi. The intrusive veins confirms that the area 
contains different oxides as have been discovered at point analyse but its hard to reveal small 
amounts nitrogen present all though there is traces of this element.



Figure 3.2.1.11. Mapping of the selected area of sample P42a at 40x magnification.

A view of a selected area of sample P42b is shown in figure 3.2.1.12. This material is located closer 
towards the electrode. Three different areas where analysed in this sample. The white area in figure 
below contains FeSi and some carbon or SiC that can't be ignored, the amount is to large to come 
from the graphite layer on the surface of the sample. The main grey area contains SiC and as the 
bright grey intrusive vein looking areas contains SiO2, CaO, Al2O3 and Si2N2O in decreasing order 
with some small amounts of Si as previously discussed sample but with higher content of oxynitride 
in this area.



Figure 3.2.1.12.A view of selected area of sample P42b at 40x magnification.

Mapping of the selected area of sample P42b is shown in figure 3.2.1.13. The main area seem to 
contain SiC and the white areas are FeSi metal. The scattered small grey areas is a slag that contains 
Al2O3, CaO and SiO2.

Figure 3.2.1.13. Mapping of the selected area of sample P42b at 40x magnification.



A view of another selected area of sample P42b is shown in figure 3.2.1.14. Two points were 
analysed in the eutectic looking area. The bright grey areas that looks like rectangular sticks 
contains CaO, SiO2, Al2O3, Si2N2O and Si. The grey area contains between the sticks contains 
similar compounds but with higher content of SiO2.

Figure 3.2.1.14. A view of a selected area of sample P42b at 100x magnification.

Mapping of the selected area of sample P42b is shown in figure 3.2.1.15. The bright grey area that 
is located in the centre of the image contains CaO, SiO2, Al2O3.. The main grey area contains similar 
compounds as for the bright grey area but with higher content of SiO2. The main outer area
contains SiC.



Figure 3.2.1.15. Mapping of a selected area of sample P42b at 40x magnification.

The measured points at different selected areas are gathered in table 3.2.1.1 and table 3.2.1.2. These 
values belongs to the samples collected close to electrode 1.

Table 3.2.1.1. Element analysis from the different measured points. 
Atomic (%)

O (%) C  (%) Si (%) Comment  
1 0,01 0,46 44,76 5,63 0 49,11 0,02 100 P43.1 
2 0 0,39 29,78 6,3 0 63,53 0 100 P43.2 
3 0,05 0,22 0,26 40,08 0 59,37 0 100 P43.3 

   
No, 

Al 
(%)

Fe  
(%)

Ca 
(%)

Ti 
(%)

Total 
(%)  



Table 3.2.1.2. Element analysis from the different measured points. 

3.2.2 Cavity wall at electrode 2

Sample P95 is one of the crater wall specimen that is located close to the metal bath at electrode 
two towards the mantle. A view of a selected area from this sample is shown in figure 3.2.2.1. 
Three points were analysed and the white areas contains FeSi with almost three times as much of 
silicon. The dark grey area at (36) close to the white areas contains mostly Si but with some small 
amounts of SiC. The darker area located in the porous area contains SiC and some small amounts of 
Si. 

Atomic (%)

Al (%) N (%) Fe (%) C (%) Ca (%) Si (%) O (%) Comment  
13 0,03 0,21 27,77 7,79 0,01 63,46 0,72 0 100 P42a.1 
14 9,94 2,88 0 2,32 6,63 19,94 58,28 0 100 P42a.2 
15 0,09 0,32 0 39,19 0,01 59,92 0,46 0 100 P42a.3 
16 0 0,16 27,05 9,15 0 61,75 1,89 0 100 P42b.1 
17 7,8 5,99 0 2,13 9,52 20,33 54,23 0 100 P42b.2 
18 0,08 0,91 0 42,29 0 55,48 1,23 0 100 P42b.3 
19 8,08 8,65 0 1,61 15,59 17 49,06 0 100 P42b.4 
20 8,18 7,57 0 2,93 7,64 22,36 51,31 0 100 P42b.5 
21 0,13 0,07 0,01 2,26 19,01 20,03 58,48 0 100 P40.1 
22 6,55 0,26 0 2,16 5,78 24,05 61,2 0,01 100 P40.2 
23 6,83 0,43 0,01 2,13 5,94 24,21 60,44 0,01 100 P40.3 
24 14,78 0,22 0 3,04 6,88 16,01 59,07 0 100 P40.4 
25 5,54 0,05 0 2,63 2,94 26,64 62,2 0 100 P40.5 
26 0,03 0 26,17 8,7 0 64,55 0,54 0,01 100 P40.6 
27 0 0 0,07 8,89 0 90,53 0,5 0,01 100 P40.7 
28 0,01 0 0,09 41,62 0 57,86 0,43 0 100 P40.8 
29 0 0 0,01 99,44 0,01 0,08 0,47 0 100 P40.9 
30 0,22 0,72 25,7 7,56 0 65,44 0,36 0 100 P40.10 
31 0 0,12 0,01 8,8 0 90,58 0,49 0 100 P40.11 
38 0,02 0,12 26,92 5,49 0 67,1 0,34 0,01 100 P31.1 
39 0 0 0,04 7,38 0 91,97 0,6 0,01 100 P31.2 
40 0,14 0,2 0,05 40,61 0 58,54 0,46 0 100 P31.3 
32 0,01 0,35 45,55 5,27 0 48,25 0,51 0,06 100 P33.1 
33 0 0,27 0,06 5,91 0,01 93,32 0,43 0 100 P33.2 
34 0,08 0 0,06 40,52 0 58,98 0,37 0 100 P33.3 

   
No. 

Ti 
(%)

Total 
(%)



Figure 3.2.2.1. A view of a selected area of sample P95 at 40x magnification.

Mapping of a selected area of this sample is shown in figure 3.2.2.2. The white area contains FeSi 
metal and the grey area contains high amounts of pure Si. The dark main area contains SiC. The 
area in the upper left corner seem to contain Al2O3, SiO2 and CaO.

Figure 3.2.2.2. Mapping of the selected area of sample P95 at 40x magnification.



Sample P97 was a large piece that was collected in the middle of the hight of the crater wall 
towards the mantle. This specimen was divided into three pieces.  A view of a selected of sample 
P97 is shown in figure 3.2.2.3, this sample is located at the rim of the large material that was 
located close to the referred gaschannel. Two points were analysed where the white areas is a FeSi 
metal with almost twice as much of iron content. The darker area close to the white areas contains 
SiC and Si.

Figure 3.2.2.3. A view of a selected area of sample P97a at 40x magnification.

Mapping of sample P97a is shown in figure 3.2.2.4. The white area contains FeSi with higher iron 
content and the main dark grey area contains SiC and Si. There area also some scattered areas that 
contains SiO2 and Al2O3.



Figure 3.2.2.4. Mapping of the selected area of sample P97a at 40x magnification.

Sample P97b is collected at the centre of the cavity wall. A view of a selected area of this sample is 
shown in figure 3.2.2.5. There's hidden darker areas within the white area. The white area contains 
FeSi and SiC, the darker white phase within this area contains similar compounds as the main white 
area but with higher amount of Si and SiC. The darker area outside the white area contains SiC and 
Si.



Figure 3.2.2.5. A view of a selected area of sample P97b at 200x magnification.

Sample 97c is the one that is collected at the rim of the major large sample and which have had its 
surface close to the electrode. Three selected areas were investigated and one of those was located 
at the very rim of the sample that has been subjected to the outer space of the cavity, a selected area 
at the very rim is shown in figure 3.2.2.6.The white areas contains FeSi and the darker areas 
contains SiC and Si.



Figure 3.2.2.6. A view of a selected area close to the crater wall surface of sample P97c at 40x 
magnification.

Mapping of this selected area of this sample is shown in figure 3.2.2.7. There's no appearance of 
many different phases. The white area contains FeSi metal and the dark grey areas contains SiC .

Figure 3.2.2.7. Mapping of the selected area close to the crater wall surface of sample P97c at 40x 
magnification.



A view of a selected area at approximately 7 mm from the crater wall surface is shown in figure 
3.2.2.8. The white areas is FeSi metal and the darker main areas contains SiC and Si.

Figure 3.2.2.8. A view of a selected area close to the crater wall surface of sample P97c at 40x 
magnification.

Mapping of the selected area at the centre of the sample is shown in figure 3.2.2.9. The white area 
contains FeSi as often have been discovered and the dark grey contains SiC.



Figure 3.2.2.9. Mapping of a selected area in the centre of sample P97c at 40x magnification.

The selected are shown in figure 3.2.2.10 is located approximately at15 mm from the crater wall 
surface. Three points were analysed and it revealed that the white areas are FeSi metal, the darker 
areas within the white areas contains almost pure Si and the major dark area that is surrounding the 
white areas contains SiC and Si.



Figure 3.2.2.10. A view of a selected area close to the crater wall surface of sample P97c at 40x 
magnification.

Mapping of the selected area that is located furthest from the crater wall surface of sample P97c is 
shown in figure 3.2.2.11. The white area contains FeSi metal as usual. The large dark grey area 
contains SiC. It appears to exist some small amounts of slag at the rim the selected area.



Figure 3.2.2.11. Mapping of a selected that lies furthest apart from the crater wall surface of sample P95 at  
40x magnification.

The measured points at different selected areas are gathered in table 3.2.2.1. These values belongs 
to the samples collected close to electrode 2.

Table 3.2.2.1. Element analysis from the different measured points.
Atomic (%)

N (%) Fe (%) C (%) Si (%) O (%)
1 0 0.57 55.93 7.9 0 34.63 0.98 0 100 P97a.1 
2 0.2 0.01 0.13 39.43 0 59.73 0.49 0 100 P97a.2 
3 0.02 0.05 41.44 12.16 0 44.45 1.87 0.02 100 P97b.1 
4 0 0.34 24.12 15 0 58.95 1.58 0 100 P97b.2 
5 0.06 0.85 0.03 41.5 0 56.03 1.53 0 100 P97b.3 
6 0 0.23 26.11 8.02 0 65.08 0.57 0 100 P97c.1 
7 0.05 0.38 0.01 41.45 0 57.89 0.23 0 100 P97c.2 
8 0 0.04 25.23 7.17 0 66.93 0.63 0 100 P97c.3 
9 0.12 0.27 0.01 43.98 0 55.25 0.37 0 100 P97c.4 

10 0.05 0.02 26.41 7.41 0 65.77 0.34 0 100 P97c.5 
11 0 0.09 0.33 8.52 0 90.59 0.46 0.01 100 P97c.6 
12 0.03 0.18 0.04 44.72 0 54.83 0.2 0 100 P97c.7 
35 0 0.33 27.04 7.93 0 63.84 0.87 0 100 P95.1 
36 0 0 0.12 9.64 0 89.66 0.58 0 100 P95.2 
37 0.03 0 0.07 39.6 0 59.88 0.41 0 100 P95.3 

   
No. 

Al 
(%)

Ca 
(%)

Ti 
(%)

Total 
(%)

Comment 
 



4 XRD

Selected samples from both of the excavations were analysed with XRD.

4.1 Samples from the excavation at Thamshavn

Four samples were analysed with the xrd equipment, all of the found compounds are gathered in 
table 4.1.1. Sample 53990 was semi-quantitative analysed and it contained 95% cristobalite and 5% 
tridymite. The other samples 42400, 41376 and 53750 could not be semi-quantified since the 
information of the intensity values were to many. It is interesting to see that silicon oxynitride 
Si2N2O can only be found in samples that are located between the electrode and the mantle. There is 
a variety of SiC structures present in all of the analysed samples. A view of the XRD-scans is 
shown in figures 4.1.1-4.1.4.

Table 4.1.1. Gathered data from the XRD analysis.
290189 290190 290191 290192
53990 42400 41376 53750

X X X X
X X

X X
X X X
X X

X
X X
X

X X X

X X

X X
Fe X

X
X
X

Jnr
Sample nr.
Cristobalite
Tridymite
Quartz
Moissanite-3C
Moissanite-2H traces
Moissanite-15R
Silisium oxsynitride
Silisium
FeSi

2
 Orthorombisk

FeSi
2
 Tetragonal

Fe
3
Si

FeSi
Nontronite
Fayalite



53990

01-086-0681 (*) - Tridymite, syn - SiO2 - Y: 0.94 % - d x by: 1. - WL: 1.5406 - Triclinic - a 15.02100 - b 8.60040 - c 16.43379 - alpha 90.000 - beta 91.512 - gamma 90.000 - Base-centered - C1 (1) - 48 - 2122.29 - I/Ic P
01-074-9378 (*) - Cristobalite - SiO2 - Y: 76.38 % - d x by: 1. - WL: 1.5406 - Tetragonal - a 4.98360 - b 4.98360 - c 6.95490 - alpha 90.000 - beta 90.000 - gamma 90.000 - Primitive - P41212 (92) - 4 - 172.734 - I/Ic PD

Operations: Background 2.138,1.000 | Import
53990 - File: 290189wr.raw - Type: 2Th/Th locked - Start: 2.000 ° - End: 71.779 ° - Step: 0.021 ° - Step time: 87. s - Temp.: 25 °C (Room) - Time Started: 21 s - 2-Theta: 2.000 ° - Theta: 1.000 ° - Chi: 0.00 ° - Phi: 0.00 °
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Figure 4.1.1. A figure of the XRD scan of sample 53990.

42400

00-005-0565 (A) - Silicon, syn (NR) - Si - Cubic - Fd-3m (227) - I/Ic PDF 4.7 - 

00-033-1162 (A) - Silicon Oxide Nitride - Si2ON2 - Orthorhombic - Ccm21 (36) - 
01-074-5104 (I) - Moissanite 2H - SiC - Hexagonal - P63mc (186) - I/Ic PDF 1.8 - 

00-020-0532 (I) - Iron Silicon - FeSi2 - Orthorhombic - Cmca (64) - 
00-035-0519 (N) - Suessite - Fe3Si - Cubic - Im-3m (229) - 
00-029-1129 (I) - Moissanite-3C, syn - SiC - Cubic - F-43m (216) - 
01-074-9378 (*) - Cristobalite - SiO2 - Tetragonal - P41212 (92) - I/Ic PDF 5.9 - 

Operations: Background 1.000,1.000 | Import
42400 - File: 290190wr.raw - Type: 2Th/Th locked - Start: 2.000 ° - End: 71.779 ° - Step: 0.021 ° - Step ti
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Figure 4.1.2. A view of the XRD scan of sample 42400.



41376

01-089-2024 (D) - Iron Silicon - FeSi2 - Tetragonal - P4/mmm (123) - I/Ic PDF 3.3 - 
00-038-1397 (*) - Fersilicite, syn (NR) - FeSi - Cubic - P213 (198) - 
00-033-1162 (A) - Silicon Oxide Nitride - Si2ON2 - Orthorhombic - Ccm21 (36) - 

00-046-1045 (*) - Quartz, syn - SiO2 - Hexagonal - P3221 (154) - I/Ic PDF 3.4 - 
00-020-0532 (I) - Iron Silicon - FeSi2 - Orthorhombic - Cmca (64) - 
00-001-1267 (D) - Iron - Fe - Cubic - Im-3m (229) - 

01-072-4250 (*) - Gupeiite, syn - Fe3Si - Cubic - Fm-3m (225) - I/Ic PDF 10.2 - 
00-029-1129 (I) - Moissanite-3C, syn - SiC - Cubic - F-43m (216) - 
00-039-1425 (*) - Cristobalite, syn - SiO2 - Tetragonal - P41212 (92) - I/Ic User 1.
Operations: Displacement -0.089 | Displacement -0.122 | Displacement -0.109 | Displacement -0.115 | Ba
41376 - File: 290191wr.raw - Type: 2Th/Th locked - Start: 2.041 ° - End: 71.812 ° - Step: 0.021 ° - Step ti
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Figure 4.1.3. A view of the XRD scan of sample 41376.

53750

00-002-0784 (D) - Fayalite - Fe2+2SiO4 - 

00-020-0532 (I) - Iron Silicon - FeSi2 - Orthorhombic - Cmca (64) - 
00-002-0219 (D) - Nontronite - Fe2O3·4SiO2·H2O - 
01-089-2024 (D) - Iron Silicon - FeSi2 - Tetragonal - P4/mmm (123) - I/Ic PDF 3.3 - 

01-074-5104 (I) - Moissanite 2H - SiC - Hexagonal - P63mc (186) - I/Ic PDF 1.8 - 

01-072-4530 (N) - Moissanite 15R - SiC - Rhombo.H.axes - R3m (160) - I/Ic PDF 0.9 - 
01-071-0261 (*) - Tridymite - SiO2 - Triclinic - F1 (1) - I/Ic PDF 1.4 - 

00-045-1207 (C) - Gupeiite, syn - Fe3Si - Cubic - Fm-3m (225) - I/Ic User 5.
00-046-1045 (*) - Quartz, syn - SiO2 - Hexagonal - P3221 (154) - I/Ic PDF 3.4 - 

00-029-1129 (I) - Moissanite-3C, syn - SiC - Cubic - F-43m (216) - 
01-074-9378 (*) - Cristobalite - SiO2 - Tetragonal - P41212 (92) - I/Ic PDF 5.9 - 
Operations: Background 1.000,1.000 | Import

53750 - File: 290192wr.raw - Type: 2Th/Th locked - Start: 2.000 ° - End: 71.779 ° - Step: 0.021 ° - Step ti
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Figure 4.1.3. A view of the XRD scan of sample 53750.

4.2 Samples from the excavation at Finnfjord



Three samples were analysed with the XRD instrument, the found compounds are gathered in table 
4.2.1. The most common carbide structure of the selected samples is α-SiC but there are other 
structures present according to table 4.1.1. The XRD-scan of the individual sample is shown in 
figures 4.2.1-4.2.3.

Table 4.2.1. Gathered data from the XRD analysis.
Jnr. 290334 290335 290336
Sample nr. 97a 97c P2001
Moissanite-15R x x
Moissanite-6H x x
Moissanite-4H x x
Moissanite-3C x x x
Moissanite-2H x
Quartz x x
SiO2 x
SiO2, Tridymite x x
SiO2 Cristobalite x x
Fe3Si, Suessite x x
Fe3Si, Gupeite x x
FeSi2 x x
FeSi2, Ferdisilicite x
FeSi, Fersilicite x
Fe2MnSi x
C x x
Graphite-2H x
C60 x
Si x x
Fe x



97a

00-038-1397 (*) - Fersilicite, syn (NR) - FeSi - Cubic - P213 (198) - S-Q 1.5 % - I/Ic PDF 1. - 

00-020-0532 (I) - Iron Silicon - FeSi2 - Orthorhombic - Cmca (64) - S-Q 0.4 % - I/Ic PDF 1. - 
00-042-1401 (I) - Tridymite-O - SiO2 - Orthorhombic - F (0) - S-Q 0.1 % - I/Ic PDF 1. - 
00-029-0085 (Q) - Silicon Oxide - SiO2 - S-Q 0.5 % - I/Ic PDF 1. - 

00-041-1487 (I) - Graphite-2H - C - Hexagonal - P63/mmc (194) - S-Q 0.1 % - I/Ic PDF 7.8 - 

00-035-0519 (N) - Suessite - Fe3Si - Cubic - Im-3m (229) - S-Q 2.2 % - I/Ic PDF 1. - 
00-039-1196 (C) - Moissanite-15R, syn - SiC - Rhombo.H.axes - R3m (160) - S-Q 2.6 % - I/Ic PDF 1. - 

00-029-1127 (C) - Moissanite-4H, syn - SiC - Hexagonal - P63mc (186) - S-Q 3.6 % - I/Ic PDF 1. - 
00-029-1126 (C) - Moissanite-2H, syn - SiC - Hexagonal - P63mc (186) - S-Q 2.5 % - I/Ic PDF 1. - 

00-029-1131 (*) - Moissanite-6H, syn - SiC - Hexagonal - P63mc (186) - S-Q 29.8 % - I/Ic PDF 1. - I/Ic Us
00-029-1129 (I) - Moissanite-3C, syn - SiC - Cubic - F-43m (216) - S-Q 56.5 % - I/Ic PDF 1. - 
Operations: Strip kAlpha2 0.500 | Background 1.000,1.000 | Import

290334 - File: 290334wr.raw - Type: 2Th/Th locked - Start: 10.000 ° - End: 80.003 ° - Step: 0.021 ° - Step
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Figure 4.2.1. A view of the XRD scan of sample P97a.
97c

00-035-0822 (*) - Ferdisilicite, syn (NR) - FeSi2 - Tetragonal - P4/mmm (123) - S-Q 1.1 % - I/Ic PDF 1. - 
00-046-1045 (*) - Quartz, syn - SiO2 - Hexagonal - P3221 (154) - S-Q 0.3 % - I/Ic PDF 3.4 - 
00-049-1718 (I) - Carbon - C60 - Orthorhombic - P (0) - S-Q 0.5 % - I/Ic PDF 1. - 
00-045-1207 (C) - Gupeiite, syn - Fe3Si - Cubic - Fm-3m (225) - S-Q 0.6 % - I/Ic PDF 1. - I/Ic User 5.

00-027-1402 (*) - Silicon, syn - Si - Cubic - Fd-3m (227) - S-Q 0.7 % - I/Ic PDF 4.7 - 
00-039-1425 (*) - Cristobalite, syn - SiO2 - Tetragonal - P41212 (92) - S-Q 0.6 % - I/Ic PDF 1. - I/Ic User 

00-041-1487 (I) - Graphite-2H - C - Hexagonal - P63/mmc (194) - S-Q 0.1 % - I/Ic PDF 7.8 - 
00-020-0532 (I) - Iron Silicon - FeSi2 - Orthorhombic - Cmca (64) - S-Q 1.8 % - I/Ic PDF 1. - 

00-039-1196 (C) - Moissanite-15R, syn - SiC - Rhombo.H.axes - R3m (160) - S-Q 4.6 % - I/Ic PDF 1. - 
00-022-1317 (I) - Moissanite-4H, syn - SiC - Hexagonal - P63mc (186) - S-Q 11.1 % - I/Ic PDF 1. - 
00-029-1131 (*) - Moissanite-6H, syn - SiC - Hexagonal - P63mc (186) - S-Q 4.9 % - I/Ic PDF 1. - I/Ic Use
00-029-1129 (I) - Moissanite-3C, syn - SiC - Cubic - F-43m (216) - S-Q 73.8 % - I/Ic PDF 1. - 
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Figure 4.2.2. A view of the XRD scan of sample P97c.



P2001

01-072-1088 (N) - Silicon - Si - Cubic - Ia-3 (206) - S-Q 1.0 % - I/Ic PDF 4. - 
01-089-8491 (C) - Carbon - C - Orthorhombic - Pban (50) - S-Q 1.4 % - I/Ic PDF 1.5 - 

00-001-1267 (D) - Iron - Fe - Cubic - Im-3m (229) - S-Q 2.2 % - I/Ic PDF 1. - 
00-055-0395 (*) - Iron Manganese Silicon - Fe2MnSi - Cubic - Fm-3m (225) - S-Q 3.8 % - I/Ic PDF 0.5 - 

00-035-0519 (N) - Suessite - Fe3Si - Cubic - Im-3m (229) - S-Q 2.2 % - I/Ic PDF 1. - 

00-045-1207 (C) - Gupeiite, syn - Fe3Si - Cubic - Fm-3m (225) - S-Q 0.4 % - I/Ic PDF 1. - I/Ic User 5.
00-029-1129 (I) - Moissanite-3C, syn - SiC - Cubic - F-43m (216) - S-Q 16.3 % - I/Ic PDF 1. - 

00-039-1425 (*) - Cristobalite, syn - SiO2 - Tetragonal - P41212 (92) - S-Q 20.4 % - I/Ic PDF 1. - I/Ic User

00-018-1170 (I) - Tridymite-M, syn - SiO2 - Monoclinic - Cc (9) - S-Q 17.2 % - I/Ic PDF 1. - 
00-046-1045 (*) - Quartz, syn - SiO2 - Hexagonal - P3221 (154) - S-Q 35.1 % - I/Ic PDF 3.4 - 
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Figure 4.2.3. A view of the XRD scan of sample P2001.
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 1 Introduction

A careful excavation of the smaller furnace number 1 at Finnfjord AS was carried out during a 
schedule furnace re-lining stop or in this case it was a furnace that had been out of production since 
December 2008. Drill cores were taken at the top of the furnace with different declining angles 
from two sides like a cross section. Hand picked samples were taken from the top of the surface and 
deeper down towards the bottom of the furnace at a selected sector. An excavator dug from the side 
of this sector and samples were taken where it was possible during the machines work through the 
furnace. Observations with description of the position of the samples were important during the 
excavation. The excavation was a joint activity between staff at Finnfjord, NTNU and SINTEF. 
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 2 Background
Furnace number 1 at Finnfjord furnace has a approximately diameter of 6m. A view of a furnace is 
shown in figure 2.1. Three electrodes are submerged into the charge and supplies a three phase 
current that passes through the charge of the furnace. The furnace is rotating in a very slow manner 
that could be from 40 to 50 days. The furnace consists of a hood at the upper part of the furnace that 
directs the hot gases to a chimney that transport these to a gas cleaning system. The material quartz/
quartzite, ironore and coke/coal are the main raw material that are used, it's transported on conveyor 
belts and stored separately in bins where they are charged into a special ladle that is mounted on a 
stoking truck. The mixed material is then distributed at the surface of the furnace. The stoking truck 
is shown in the image, it is located at the same level as the surface of furnace.

Figure 2.1 A View f the furnace [1].

The charged material is at the same level as the floor outside the furnace surrounded by a hood that 
has stoking gates at different sections and these sections can be opened during a stoking period. The 
stoking charging cycle is a operational cycle. The stoking is carried out by a special truck equipped 
with a stoking rod that is mounted in front of the truck. The unevenly burden can be distributed with 
the truck through the stoking gates]. The product of hot silicon metal is tapped from a pre-prepared 
hole in the lining. The amount of tapping holes differs depending on furnace. The tapping hole can 
be opened either mechanically or chemically. The tap hole is closed with a special clay mixture.
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A schematic view of the production of silicon is shown in figure 2.2. The melt is poured into a steel 
ladle which interior is protected with a high temperature resistant refractory material. The hot melt 
is poured out in the open on the ground where this casted relatively large area is enclosed by 
barriers that are built up by FeSi fines. The cooled casted material is removed and manufactured to 
customers requirements by crushing and sieving.

Figure 2.2. A schematic picture for the production of FeSi [1].

The reducing material for producing ferroalloys is coke/carbon and the simplified reactions are 
gathered as reactions (1) and (2) below. The temperatures from the surface of to the cavities 
surrounded the electrode tip are approximately from 1000-2200oC.

SiO2 s +C s =Si  s +CO g  (1)

Fe2O3  s +C s =Fe s  +CO g  (2)

Both hematie and quartz yields carbon monoxide which is oxidized further with air to 
carbondioxide according to reaction (3). 

CO  g 1/2O2  g =CO2  g  (3)

 2.1 Process conditions before the shut-down

Furnace Nr.1 at Finnfjord was run at normal conditions before the production stoped. The furnace 
normally run with 70 kA and around 17.5 MW and the furnace rotation was one turn in 6 weeks 
before the shut-down. 1.73 tons of material was tapped and the taphole was opened at 11.20 and 
closed at 12.05, the furnace was then stopped after this sequel. The process is current controlled 
during tapping. After the furnace was stopped, the charge materials at the top were stoked to get a 
even surface but the furnace was not stoked between the electrodes or between electrode 1 and the 
furnace wall. The surface in the centre of the furnace caved down approximately 53 cm during 
cooling of the furnace.

The raw materials that were used are Quartz (Tana), iron pellets (Russian and LKAB), Coke (China 
and N. America), Coal. Somewhere around 75 tons of Quartz and 12 tons of reductants per day 
were used in the process. 
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 3 The excavation
The excavation contained two methods where one of these was drilling. The drilling was done by 
the company GeoDrilling AS from 23-26 of Mars 2009 , a total of nine drill cores were taken out 
from the furnace. The other excavation was done from 30 of Mars to 1 of April with the aid of a 
excavator, where different samples were taken at representative areas or locations which means that 
the samples were attached to something and not loosely packed. The hand picked samples had to be 
removed with the aid of tools. The figure below shows the locations of the cross section or where 
the drill cores are placed.

Figure 3.1. A view from the above of the furnace.

The angles and location of the drill cores is shown in figure 3.2.
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Figure 3.2. A view in front of the furnace at the cross section.

The large excavated area is shown in figure 3.3, it includes all crater zones at each electrode.

Figure 3.3. A view above the furnace with the selected excavation area.
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 3.1 Drilling

The cross section of the furnace was between electrode one and three through electrode two which 
is shown in figure 3.1, the numbers in the picture are electrode numbers. Three drill cores between 
electrode one and three and four drill cores in front of electrode two. Two additional drill cores 
where taken below furnace floor above the tap hole in front the mantle. All cores lies in the incision 
of the cross section of the furnace. Epoxy glue was poured at the surface at the cross section.

Figure 3.1. A view where the first three drill cores where excavated.

A view of the position of the drill machine is shown in figure 3.2. Three drill cores were taken at 
this position where the two first cores started from the same position approximately 32 cm from the 
edge of the furnace flange. The third core seemed to be slightly displaced a few degrees from the 
cross section or from drill core one and two where the starting point is 27 cm from the edge of the 
furnace. 

Figure 3.2. A view of the drill machine installed for the first drill hole.
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A lot of the material during the drilling was to loose packed to be excavated like a core which gave 
some empty spaces in the core boxes especially in the upper part of the furnace and a little bit from 
the refractory walls below the surface of the burden. The voids in all of the cores has to be 
considered sometimes as loose material instead of cavities. The first drill core at 21o angle can be 
divided into six drill section. The material at 1) 0-0.6 m is a slag of some kind together with some 
some pieces of coke and quartz (see figure 3.3). A green coloured material was visible at area 3) 
0.9-1.35 which probably contains reacted coke/coal that has traces of SiC. The material at 5) 5.8-6.1 
m at the end of the core is a mixture where condensate is shown at the beginning of this range 
followed by a small piece of assumed electrode and SiC/Si at the tip of the electrode .The empty 
spaces at 2) 0.6-0.9 m and 4) 1.35-5.8 m could be loose material that is difficult to collect or drill 
since it will be pressed out in the periphery in the furnace or it could be cavities. 

Figure 3.3. A view the first drill core KH-01, 1) Refractory, 2) Loose material or cavity, 3) Coke/Coal with 
SiC, 4) Loose material or cavity and 5) Condensate, Graphite and SiC/Si.

Drill core 2 started at previous drilled hole but with an angle of 27o. The core can bee divided into 
six sections where the empty spaces or cavities are at 1) 0-1.5 m, 3)1.95-4.25 m and 5) 4.55-4.9 m 
(see figure 3.4). The first void is probably due to that the drill core started from the same point as 
the first drill core. The material at 2) 1.5-1.95 m contained coke/carbon,SiC and quartz. There was a 
loose mixture of material at 4) 4.25-4.55 that is coloured green (SiC containing) and quartz. FeSi 
metal was found at tip of the core or at 6) 4.9-5.2.

Figure 3.4. A view the second drill core KH-02, 1) Loose material, 2) Coke/Carbon and quartz in a mixture,  
3) Loose material or cavity, 4) A mixture with green substance on the surface (SiC), 5 Loose material or  
cavity and 6) FeSi metal at the tip of the core.
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The third core drill core or the last one from this point had an angle of 37o. The empty spaces or 
cavities are at 1) 0.-0.3 m, 3) 1.2-1.6 m and 5) 2.3-3.25 (see figure 3.5). The material at 2) 0.3-1.2 m 
contains refractory and approximately at 0.85-1.2 m there is some reacted coke/coal and 
condensate. 4) 1.6-2.3 m contains reacted coke/carbon material. The material at the end of the drill 
core at 6) 3.25-3.7 contains reacted coke and SiC. The drilling had to be stopped since the material 
was very hard.

Figure 3.5. A view the third drill core KH-03, 1) Loose material, 2) Refractory followed by coke/coal and 
condensate, 3)Loose material, 4) SiC and melted quartz, 5) Loose material, 6) SiC.

Four drill cores where taken at a point that is shown in the left image in figure 3.6. The machines 
drill arm that is shown in the right image is a long beam that demanded space and some of the 
angles had to be chosen for practical reason. The first drill core or KH-04 was taken at a point 20 
cm from the edge of the flange, KH-05 37 cm from the edge of the flange, KH-06 60 cm from the 
edge of flange and finally KH-07 27 cm from the edge of the flange.

Figure 3.6. A view of the drill point, left images shows the drill point which is the left red dot of the two in 
front of electrode 2 and right image is a view of the machine jigged and in place.

Drill core 4 was taken at 55o angle and the core can be divided into five sections (see figure 3.7). 
The empty spaces or cavities are at 2) 0.6-1.55 m and 4) 1.7-2.45 m. The refractory material can be 
found at1) 0-0.6 m. The small piece of the core at 3) 1.55-1.7 m contains reacted coke/carbon and 
SiC. The final section contains loose material of reacted coke/carbon and SiC at 5) 2.45-2.9 m 
where at approximately there is an indication of graphite or a piece of a electrode, the remaining 
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core from 2.9-3.3 contains FeSi.

Figure 3.7. A view the fourth drill core KH-04, 1) Refractory, 2) Loose material, 3) Coke/carbon with SiC,  
4) Loose material or cavity and 5) SiC; Graphite and FeSi.

The fifth drill core was taken at 44o angle. There are only three distinct sections at this core (see 
figure 3.8). The material at 1) 0-0.3 m should contain some refractory but there are traces of quartz 
within this black material that could be a slag. 
The following empty space or cavity is at 2) 0.3-1.55 m. The final length at 3) 1.55-1.7 m is a 
mixture of both reacted coke/coal and quartz but there is clearly a green coloured piece also (SiC 
containing) and a piece of graphite or electrode material.

Figure 3.8. A view the fifth drill core KH-05, 1) Quartz within a black material, 2) Loose material or cavity  
and 3) A mixture of reacted Coke/carbon, SiC and graphite .

Drill core six or KH-06 was taken at an angle of 37o and it was a empty core besides two pieces of 
quartz of the size 2 cm that has a grey tone on its surface that appears to be condensate. These 
pieces were found at a depth of 0.9-1.0 m.

A additional drill core was taken at this point towards electrode 2 at an angle of 47o. The material at 
1) 0-0.2 is a slag that contains reacted coke/coal and quartz. Two empty spaces or cavities are 
located at 2) 0.2-0.3 m and 4) 0.65-1.55 m (see figure 3.9). The material at 3) 0.3-0.65 contains 
refractory. The remaining tip of the core is mixture of coke/coal and condensate from 5) 1.55-1.7 
and the tip to 1.9 m seem to be graphite or a piece of a electrode.
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Figure 3.9. A view the seventh drill core KH-07, 1) Reacted coke/coal and Quartz, 2) Loose material or  
cavity, 3) Refractory, 4) Loose material or cavity and 5) A mixture of coke/coal, condensate and and 
graphite at the tip of the core.

The drill cores taken above the taphole in the cross section is shown in figure 3.10. KH-08 was 
taken at a point 60 cm above the taphole and 15 cm displaced to the left from the taphole. KH-09 
was taken 13 cm above KH-08. KH-10 was taken exactly 40 cm above the taphole. 

Figure 3.10. A view the drill during the installation of drilling above the taphole.

The eight drillcore was taken at an angle of 14o which can be divided into three sections. The 
material at 1) 0-0.6 contains refractory. An empty space or cavity 2) 0.6-0.9 exists which is shown 
in figure 3.11. The material at 3) 0.9-1.5 is a mixture that contains at some green coloured material 
(SiC) at the beginning up to 1.2 m in this range, the rest of the material in this rang contains 
coke/coal and SiC. The tip of this core 1.3-1.5 m should be graphite or a piece of a electrode but the 
material does not remind of it but some carbon containing material is it.
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Figure 3.11. A view the eight drill core KH-08 1) Refractory, 2) Loose material or cavity and 3) A mixture  
different materials.

Next drill core was taken at an angle of 16o. Five distinct sections is shown in figure 3.12. The 
material at 1) 0-0.6 m contains refractory followed by an empty space or cavity at 2) 0.6-0.7 m. The 
material from 3)0.7-0.9 m is green coloured that probably contains SiC. A shorter empty space is 
revealed at 4) 0.9-1.3 m that could be a cavity space. The final tip of the core at 5) 1.3-1.45 m 
should be a piece of the electrode but it does not remind of graphite but contains carbon for sure, 
SiC is not impossible. 

Figure 3.12. A view the ninth drill core KH-09, 1) Refractory, 2) Empty space, 3) SiC containing,4) Empty 
space or cavity and 5) Tip of the core (SiC?)

The last drill core 40 cm above the taphole at an angle of 5o was the final drill core. The final drill 
core contains refractory material at 1) 0-0.45 m (see figure 3.13). The drilling had to be stoped since 
it was to hard.
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Figure 3.13. A view the tenth drill core KH-10, 1) Refractory.

 3.2 Hand excavation

Additional surface samples were taken at three different location that were located perpendicular 
towards each electrode (see figure 3.14). The samples were taken at the inner and outer diameter of 
the ring that seem to be formed inside the furnace at the surface. At electrode 1 are the bags labeled 
with Electrode Nr/Distance from the electrode/Surface depth , where the notations are in meter. At 
electrode 2 and 3 are the bags labeled according with Electrode Nr/Distance from the edge of the 
flange/ Surface depth. The third location lies between the electrode and the formed ring where most 
of the material contains dust but larger pieces where also found. Some of the collected samples 
whereabouts can be found in the appendix in this report.

Figure 3.14. A view of the samples taken towards each electrode. This picture is taken at electrode 1.

A selected sector or where the steel mantle has been removed that forms an area that is measured 
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from the bottom of the furnace up to approximately 2.8 m in height and in the centre of this area is a 
taphole located. The horizontal location is between two tap hole sections. A view of this sections is 
shown in figure 3.15.

Figure 3.14. A view of opened mantle where the excavator going to remove the materials inside the furnace.  
The machine was equipped with a hydraulic hammer.

A figure of the taphole is shown in figure 3.15. SiC material is surrounded the taphole at a 
approximately radius of 0.5 m. There is also slag containing material to right of the taphole. Its 
located horizontally 1.5 meter from the taphole. Samples were taken at these positions.
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Figure 3.15. A view of the taphole after the refractory have been removed.

There has been some leakage in the carbon material where hot metal has drained down in the 
material and reacted. The silicon metal has reacted with carbon forming SiC. These built of veins 
look like a brick-wall which is shown in figure 3.16.

Figure 3.16. A view of the leakage in ramming paste material and its SiC veins.

Some of the refractory have reacted with hot gases which is shown in figure 3.17.It's probably hard 
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to see but there were some metal containing material close to the steel mantle, this cold be a slag 
also. The mantle is located in the upper right corner of the picture. The picture is taken up at the 
refractory wall close to the upper right corner of the open sector. The light green coloured string 
area contains probably SiC.

Figure 3.17. A view of the cross-section of the refractory and charged material. The picture is taking at the  
upper opening close to electrode 1.

The refractory wall seem to be relatively untouched higher up in the furnace but the refractory is 
more eroded at the same level and above the carbon material close to the wall. Sample of the green 
material that is located in these area have been taken.

Figure 3.18. A view of the cross-section of the refractory. The picture is taking at the right opened sector  
close to electrode 1.
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There are several small gas channel that are located between the crater wall and refractory (see 
figure 3.19). These channel seem to reach very high up in the furnace. Samples where taken from 
the walls of the channels.

Figure 3.19. A view of the gas channel that are located close to electrode one.

A cavity can been seen at electrode one (see figure 3.20). the material beneath the electrode 
contains different layers of material. SiC material lies close to the carbon material which had to be 
blasted to proceed with the excavation.
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Figure 3.20. A view of electrode one and its cavity.

Electrode number one is very pointy at the tip or very eroded at a direction towards the mantle. 
electrode but not perpendicular against the wall.

Figure 3.21. A view of electrode 1, left image is from the opened sector and right image is taken from the  
side of electrode one.

Electrode number two seem to be more flat at its tip (see figure 3.22). Samples were taken at the 
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cavity wall to the right of the electrode. A large piece of quartz was collected within the cavity.

Figure 3.22. A view of electrode number two.

The charged material a the surface was very hard forming a thin crust. Large pieces of redbrown 
quartz pieces were located beneath this crust which is shown to the right upper corner of figure 
3.23. The colour of the quartz piece was visible only on it's surface since it's interior appeared to be 
white.
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Figure 3.23. A view of electrode number three.

There was a lot of loose fine material within the cavity walls at electrode three (see figure 3.24). 
Samples were taken of the cavity wall to the right of electrode 3.
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Figure 3.24. A view of electrode number three.

 4 Results

A material at the surface that is located around the furnace close to the refractory wall forming a 
larger ring. The ring seem to contain pieces of quartz locked in to a black coal slag looking material. 
A large piece of quartz was found at electrode 2 from the sample E2/1.30/0.15 that had a lot of 
condensate at its surface. There is a lot of condensate further or deeper down the furnace. Electrodes 
number 1 and 3 had much more pointier tips than number 2. The cavity at electrode number one 
seemed much larger, there were more loose material within the cavity at electrode three. Gas 
channels outside the cavity and between the refractory was observed at all three electrodes. The 
carbon mass that lies above the refractory bricks from the bottom of the furnace had a lot of SiC 
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veins in it. There was a hard SiC layer above this mass and FeSi above the silicon carbide layer.

The collected material in each drill core is shown in figure 4.1. 

Figure 4.1. A view of the drill cores whereabouts and collected material. 

The different areas of visible changes of the material is shown in figure 4.2. These areas are 
suggested areas that are drawn with the aid of the drill cores and observations from the excavated 
part. Some of the samples whereabouts are pointed out in the drawing of the interior of the furnace. 
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Figure 4.2. A view in front of the furnace at the cross section through electrode two with suggested phases  
and cavity at the cross section. 

The cavity at electrode one is larger compared with the cavity at electrode two. The electrode is 
much more eroded at a direction towards the refractory.

Figure 4.3. A view in front of the furnace at a cross section through electrode one with suggested phases and 
cavity at the cross section.
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 5 Observations

Some of the most important observations during the excavation are gathered here. Metal was found 
at levels lower than the tap hole. The ramming paste (“stampemasse”) below the tap hole has 
reacted to SiC and have vertical and horizontal stripes with metal intrusion below tap hole level. A 
metal layer was also found above the ramming paste. The Metal layer below the tap channel 
increases in thickness from 40-100 cm inwards the furnace.

Crater walls are mainly build up of SiC. Some quartz was observed in the crater wall. There were 
several gas channels on the outside of the crater walls. The gas channels starts at the bottom of the 
crater at the outside of the crater walls. They are larger at the bottom of the crater and thinner at the 
top. There are more gas channels around electrode 1 compared with the area at electrode 2. More 
gas channels between the electrode and the mantle wall where observed. The gas channels were 
typically around 20 cm wide and followed the outer side of the crater so they were closest to the 
electrode at the highest point of the crater

Outside of the crater zone there were vertical layers towards the furnace walls. These consists in 
addition of the gas channels of layers of different condensates.

The crater around electrode 1 is asymmetrical and larger on the outer side where good stoking has 
been difficult to maintain due to narrow space for the truck.

Quartz lumps from top down to around 20 cm below charge level electrode where visible then all 
quartz appeared to have been disintegrated. The operators found it unlikely that quartz around the 
electrodes is a result of stoking

The crater under electrode 2 was filled with a porous SiC/Si mixture that reached from 15 cm to 40 
cm below electrode tip.
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 6 Discussion

Some of the empty spaces in the drill cores are not always empty but contains loose material that is 
difficult to cut with the diamond drill head since high revelation speed and pressure is needed for 
hard material. As the drill meets medium hard material at the surface and meets softer loose burden 
that readily will move away the from drill head which will repost as empty cores. But some of these 
empty spaces are probably belonging to the origin of the cavity. The top surface was reported to be 
at same level as normal when the production was stoped but there is a concavity that is proximately 
0.5 m measured at the centre of the furnace. A lot of large quartz pieces that appeared to have 
melted surface or it is condensate layers but the material has very soft corners, some pieces were 
collected higher up inside the cavity walls. These samples are probably not representative since they 
are not agglomerated or attached to the walls, the quartz pieces were just lying loosely and the exact 
location within the cavity walls can only be speculated. A lot the material beneath the surface in the 
centre of the three electrodes were loosely packed. Large red coloured quartz pieces were lying 
from the surface and a few decimetre below. The large pieces were surrounded with fine dust that 
probably contains a lot of micro silica. This mixture of material lies probably from the centre of the 
furnace towards the electrodes and at a radius distance from the electrode and towards the mantle 
wall that lies between the electrodes. 

Drill core 1-3 had to be adjusted from the starting point for drill since the refractory material at drill 
core 3 does not ad up (see figure 4.1). The angle for drill core three could also be fault. An angle of 
47o would be more accurate but all cores have been moved 200 mm from the intended starting 
points. The intended starting points is shown in figure 3.2. These drill cores position are for sure 
questionable.
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Appendix 1

Cross section through electrode 1
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Cross section through electrode 2
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Cross section through electrode 3
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