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Abstract

Silicon and ferrosilicon producers worldwide are using quartz as the raw material for their
production. Several types of quartz can be used, but there are some general limitations to the
quartz selected. First, the lump size is important, and should ideally be 10-150 mm. The impurity
content is also important for the final product. Mechanical strength is a key property that could
affect the furnace operation in several ways. Even if the production of silicon and ferrosilicon has
been going on since the end of the 19" century, there is still much knowledge to uncover when it
comes to the behavior of the quartz inside the furnace. If the relationship between the quartz
properties and their behavior at high temperature is understood, it will be very beneficial
information when looking for new quartz types to mine. More knowledge could lead to more
efficient furnace operations, better understanding of the process and improved selection of raw
material quartz for the desired product.

In this thesis the thermal degradation and phase transformations in industrial quartz used in the Si
and FeSi production are investigated to obtain a deeper understanding of the behavior of the
quartz at temperature relevant for the Si and FeSi furnace. Ten different quartz types were shock
heated at 1500 °C for ten minutes to determine the amount of phase created. The amount of fines
below 10 mm varied from around 5 wt % up to 85 wt% between different quartz types. To explain
the large differences in disintegration, the silica phases, the grain size, preexisting cracks and
impurities were investigated. From these experiments it seems that grain size in the quartz type is
important for the disintegration. Quartz types with smaller grains disintegrate less than quartz
types with larger grains. A correlation was also seen between the amount of preexisting cracks
and the amount of disintegration. The quartz types were investigated with FT-IR spectroscopy to
determine the relative content of water inclusions. The method also showed to be useful for the
determination of clay impurities. Based on the FT-IR results and a principal component analysis
comparing the FT-IR spectra and the disintegration data, the quartz types with high muscovite
(KAI(SizAlO10)(OH)2) content disintegrated the least. The water content did not seem to have a
large effect, at least the effect was overshadowed. Neither a correlation between the amount of
amorphous silica or cristobalite and the disintegration could be found.

The phase composition in four different quartz types was investigated by heating 10 g and 100 g
samples to 1600 °C and 1700 °C with holding time up to 120 minutes. A clear difference in the
ability to transform to amorphous phase and cristobalite was seen for the types A, D, F and G.
The amount of transformed quartz correlated with the alkali and alkali earth elements, but not
with the Al content. A correlation with preexisting cracks was seen, and it is speculated if types
with a higher amount of lattice defects will transform faster to amorphous phase and cristobalite
because there are more favorable nucleation sites. No size effect was seen between the 10 g and
100 g samples. This suggests that the mechanism is independent of the size, and thus the
transformation happen throughout the sample at the same time.

A model of the phase transformations from quartz to amorphous phase and cristobalite was made
for the quartz type A, D, F and G. The rate constants at 1600 °C for the different types were
determined to be 0.02 min™, 0.07 mint, 0.07 min™ and 0.12 min™ for type A, D, F and G
respectively. The calculated activation energies were found to be 400 kJ/mol, 200 kJ/mol, 500
kJ/mol and 100 kJ/ mol for type A, D, F and G respectively, with accompanying pre exponential
factors of 4.5x10'°, 3.2x10%, 1.2x10" and 4.1x107.

Overall, both the disintegration and phase transformation in industrial quartz vary a lot between
the different types, and could therefore affect the furnace operation. The variations seen could be
correlated with the properties of the quartz types.
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1 Introduction

1.1 Silicon and Ferrosilicon Production

Quartz, a mineral consisting of mainly SiO, is the raw material used for production of silicon, Si,
and ferrosilicon, FeSi. Quartz is also the low temperature, atmospheric pressure polymorph of
silica. Together with energy and various carbon sources, Si and FeSi are produced in a submerged
arc furnace. The simplest equation for the reaction for Si production is given in equation 1.1

SiO(s) + 2C(s) = Si(l) + 2CO (g) 1.1

Silicon has a number of applications in our everyday life. It is used as an alloying element in
aluminum, in electronics and in solar cells. Also, silicon is the starting material for the chemical
processing of silicones used in cosmetics, paint, coatings, medical equipment, etc. [1]. Silicon
mixed with iron, ferrosilicon, is widely used in the steel industry for removing oxygen, increasing
properties as strength, wear resistance and increase elasticity. Worldwide, Norway is one of the
largest producers of silicon and ferrosilicon [2].

The production process of silicon and ferrosilicon is much more complex than suggested in
equation 1.1. Silicon carbide and silicon monoxide gas are also stable components in a system
containing silicon, carbon and oxygen. These compounds affect the production process. A more
thoroughly description of the process can be found in the book Production of High Silicon Alloys
by Schei et al. [3]. Figure 1 shows an overview of a silicon production plant. Raw materials are
added to the furnace from the top. In the furnace itself, the raw materials are heated by electricity
through three carbon electrodes.



@ RAW MATERIAL HANDLING
AND TRANSPORT

RECOVERED
ENERCY

SILICA

A

© TAPPING AND g
REFINING o
5

o

a7 @ CRUSHING AND 4

SIZING OF PRODUC a

@ SOLDIFICATION SIZING OF PRODUCT 5

=

5

&

&

SILICON

Figure 1: A typical silicon production plant, reprinted from Kero et al. [4]. Raw materials are
introduced to a submerged arc furnace at the top. The product is tapped at the bottom of the
furnace, and the off gas leaves the furnace at the top through an energy recovery unit and dust
filters.

When the raw materials are added at the top of the furnace they will meet a charge surface which
holds a temperature between 700 °C and 1300 °C [5]. This will cause the raw materials to be
shock heated. The temperature will increase further as the raw materials are descending in the
furnace. The upper part of the furnace is called the low temperature zone, and the lower part is
called the high temperature zone due to the increasing temperature downwards in the furnace. The
boundary between the zones is diffuse and could shift during operation. In Figure 2 the different
zones in a furnace are illustrated together with the material flow and the reactions occurring.
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Figure 2: An overview of the reactions in a silicon furnace, the material flow and the low and
high temperature zone.

Quartz can react in both solid and liquid form with either silicon carbide or liquid silicon. Both
these reaction produces silicon monoxide and carbon monoxide gas, like seen in reaction 1.2 and
1.3.

25i04(s, ) + SiC(s) = 35i0(g) + CO(g) 1.2
SiO(s, 1) + Si(l) = 25i0(g) 13

The SiO gas produced in these reaction will ascend in the furnace, meet carbon and react
according to reaction 1.4. This reaction is between a solid and a gas, and the reaction rate is
affected by the SiO reactivity of the carbon. Hence, the reaction is a Si recovering reaction, since
it stops the Si to leave the furnace as SiO gas.

Si0(g) + 2C(s) = SiC(s) + CO(g) 14

Silicon will be produced in the lower part of the furnace, where the temperature is at its highest.
SiC and SiO gas will react to produce Si and CO gas according to reaction 1.5. For this reaction to
be thermodynamically possible, the temperature must be above 1811 °C and the partial pressure
of SiO above 0.67 atm. This can be seen in the diagram in Figure 3, where the partial pressure of
SiO in equilibrium with SiO,, SiC and C is plotted as a function of temperature.

SiO(g) + SiC(s) = 2Si(l) + CO(g) 15
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Figure 3: Partial pressure of SiO gas in equilibrium with SiO- , SiC and C as a function of
temperature [3].

To ensure optimal furnace operation it is favorable that the SiO gas is produced in the lower part
of the furnace where it is used in reaction 1.5 to produce silicon. Therefore, quartz should not start
to react at too low temperatures. The SiO gas produced in the upper part of the furnace, could
condensate according to reaction 1.6 and 1.7, or it could leave the furnace. This will lower the
silicon yield of the process. The condensate generated will also contribute to a more compact
charge and prevent gas and raw material flow.

2Si0(g) = Si(s) + SiOx(s) 1.6
3SiO(g) + CO(g) = 2Si0Ox(s) + SiC(s) 1.7

If the SiO or CO gases leave the charge top without condensation, they will oxidize according to
reaction 1.8 and 1.9, and leave the furnace into the heat exchanger and dust filter. The filter will
collect small particles of silica, called microsilica. This byproduct is sold for suitable applications
such as concrete fillers.

25i0(g) + 05(g) = 2Si0x(s) 1.8

2C0O(g) + Ox(g) = 2C04(s) 1.9

When quartz and various carbon sources are loaded on to the top of the furnace, they will
descend. The retention time for a quartz in 25 MW Si furnace is calculated to be 5.7 hours on
average, but could also be as short as 1 hour [6]. After shock heating to 700 °C-1300 °C, the



retention time will give a temperature increase of approximately 200 °C per hour. The quartz will
then reach a temperature around 2000 °C, and silicon will be produced. Material flow closer to the
electrodes will be faster than out in the peripheral areas of the furnace because of higher
temperature around the electrodes. An area in the center of the furnace will probably also have a
lower temperature and hence a slower mass flow [6].

1.2 Goal and thesis outline

Different commercial quartz types are being used today. They have different chemical and
physical properties which will affect the furnace operations in various ways. The relationship
between a property and its effect is not fully understood, yet. It is therefore important to relate
specific properties of high temperature quartz to the furnace process.

This thesis aims to investigate high temperature properties of quartz. By knowing how different
quartz types will behave at high temperatures, and why, the industry could increase their
knowledge base when selecting new quartz types for their production. Further, the furnace
operations can be improved which means that energy consumption, raw material consumption and
CO; emissions could decrease. Hopefully, it will also be possible to reduce interventions in nature
if one can determine the behavior for a certain quartz type before full scale production is started.
In more detail, this study will look into the following aspects of four different quartz types:

e The amount of fines generation, and properties enhancing fines generation

e Phase transformations from quartz to amorphous intermediate phase and cristobalite, and
properties that enhance the transformations

o New methods for investigating properties of quartz that can be determining for high
temperature behavior

e Summary of earlier investigations of high temperature behavior of quartz

Four different quartz types were selected to be studied thoroughly. An additional six quartz types
were used in some experiments for a broader basis for comparison. The term quartz type is used
to describe the raw material quartz, while quartz refers to the silica polymorph. The four main
quartz types differ in geological origin as well as chemical composition. They are all suited for
either silicon or ferrosilicon production. This research project is a part of High Temp Quartz, a
collaboration between Elkem, Sintef and NTNU, and is financially supported by the Research
Council of Norway, project number 256788.



2 Theory and Literature

This chapter is divided into two parts. The first part focuses on the silicon and ferrosilicon furnace
and how the furnace operation is affected by quartz properties. The second part summarizes
earlier investigations of quartz and silica, with emphasize on phase transformations, thermal
degradation and quartz properties.

2.1 The furnace and its inner structure

How the inside of the furnace looks like, how the materials flow and how and where the electrical
currents are moving are questions which are hard to answer. Due to aggressive surroundings and
high temperatures, it is difficult to do measurements inside a furnace during operation. Several
attempts to observe the furnace interior have, however, been made. Experiments were performed
in the 60s by Zherdev [7], [8] and Ontani [9]. They both inserted a probe into a furnace in
operation and were able to observe the areas around the electrode tip. The results from these
experiments concluded a cavity existed around the electrode tip during operation. A reef-like
bottom deposit of SiC crystals filled with molten silicon was observed 5-15 cm below the
electrode tip. Ontani also observed an electric arc from the electrode to the bottom deposit.
Further investigation from 1979 and 1982 mentioned by Schei et al.[3] confirmed that an electric
arc was observed. It shifted position relatively often, but it could stay at one place for many
seconds. This observation was found in a 50 kW furnace, and confirmed in a 500 kW furnace.
Compared to today’s industrial scale furnaces at 30-45 MW, the test furnaces were small. In the
60s the first furnace excavations also took place [3]. One of the excavations was from a 50 kW
pilot furnace with one electrode with bottom contact. Based on several excavation of such kind,
the drawing in Figure 4 was made of the inner structure of a furnace. For a long time, this was the
accepted structure for all furnaces. Recent investigation has revealed that the inner structure of a
furnace is very different from one furnace to another, and the existence of a cavity is not clear in
every excavation.
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Figure 4: An illustration of furnace structure based on several pilot scale experiments in the 60s
and 70s. The figure is from Schei et al. [3].



In a publication from 2016 by Ksiazek et al. [10], five different furnace excavations were
compared. The result was five different stories. For the furnaces, it was possible to distinguish
some main material zones:

1. Inactive zone towards the side of the furnaces. This zone mostly consisted of deposited
slag and some partly or fully melted raw materials. The inactive zone was found in all the
excavations, independent on the product of the furnace.

2. An electrode track zone, as the outer shell is rotating.

3. Aninner zone located in the center of the furnace between the electrodes

Apart from these three common observations, the structure of the inner environment varied. For
one furnace at Finnfjord producing 75 FeSi excavated in 2009, large cavities were found
underneath and around the electrode tip. On the other hand, no cavities were found in the furnace
at Elkem Bjglvefossen producing FeSi50. An overview of the material zones in these two
furnaces can be seen in Figure 5. It must be mentioned that in the furnace from Elkem
Bjalvefossen the electrodes were moved after shutting down. This could have affected the
appearance of the material zones.
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Figure 5: Material zones observed after excavations in a) 75 FeSi furnace from Finnfjord (17.5
MW), and b) 50 FeSi from Elkem Bjglvefossen [10].

For the 75 FeSi furnace excavated in 2009 at Finnfjord, the inside of the furnace can be seen in
Figure 6. In the photograph, two of the electrodes can be seen. Underneath the electrodes a thin
metal layer was found, and around the electrodes there were rather large cavities. A SiC crust was
found outside the cavities. The furnace was operated at 17.5 MW and was about 5 m in inner
diameter and 2.5 m high.




Figure 6: Overview of a 75 FeSi furnace during excavation in 2009 at Finnfjord [10].

The existence of a large cavity seen in Figure 4 around the electrode tip, is debated since it is not
a common observation from all the excavations. A cavity was observed in the excavation of the
Finnfjord FeSi75 furnace in 2009 [11]. The sketch in Figure 4 is based on excavation of a one-
phase pilot furnace. Both the pilot furnace and the FeSi75 furnace excavated in 2009 had very
high energy density, and it is speculated that such condition could cause the large cavity
formations.

Ksiazek et al. [10] also compared three Si-producing furnaces. No cavities were observed
underneath or around the electrode tips. For two of these furnaces, the electrodes were moved
after shutting down, and it is therefore not possible to rule out any cavity existent. Also due to
excavation techniques, the existence of cavities cannot be ruled out. In Figure 7 the observations
from the three Si furnaces can be seen. The investigation concluded that the inner structure of a
furnace is determined by the furnace operations and not by the raw materials. The reason for this
conclusion is that two furnaces at the same plant were operated with the same raw material
composition, but they had large differences in the inner structure.
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Figure 7: Material zones observed after excavation of a) Si Wacker furnace 1 (13 MW), b) Elkem
Thamshavn furnace (40MW) and c) Wacker furnace 4 (33MW) [10].

2.2 Quartz in the Si and FeSi Production

The industry has put up a list where the requirements for a good quartz are given. A good raw
material will give a better product, and optimize the process. The definition of furnacability can
be found in Aasly’s thesis [6] after Kallfelz.

A quartz is of good “furnacability” when all its chemical and physical criteria are such to
make it an appropriate silica raw material for the production of first grade silicon metal
at high rates of process performance.

The definition is vague, and it does not give any quantitative description of what a good quartz
can be. More specific requirements for quartz concerning parameters important for the operation,
has been proposed by Schei et al. [3]:

e Impurity content
e Fines (dependent on mechanical and thermal strength, lump size 10-150 mm)
e Softening properties



Impurities enter the furnace through the raw materials and the electrodes. The total content of
impurities determines the grade of the ferrosilicon or silicon produced. Different grades have
different applications, and have different specifications when it comes to impurity levels. The
lowest grade of silicon with high impurity level, is mainly used as alloying element in other
metals, especially aluminum. A purer product can be used in the chemical industry to produce e.g.
silicones. The highest grade with the lowest impurity level can be used for semiconductor
industry. This requires a content if impurities in the ppb and ppm range for electronic devices and
photovoltaic cells respectively [12]. Typical impurity content in quartz used for FeSi and Si
production is given in Table 1. It can be seen that Al, Fe, Ca, K, Mn, S and Ti are the most
common impurity elements in quartz used for FeSi and Si production.

Table 1: Typical content of trace elements in quartz used for Si and FeSi production. The list is
made by Myrhaug [12] and is based on several raw material analysis. All units except one are in
ppmw. Some analyses are below detection limit and is marked by <.

Element Amount Element Amount Element Amount
[Ppmw] [Ppmw] [Ppmw]

Al 300-3200 Fe 100-1500 Sh <0.1-0.9

As <1-3 Hg <5-10 ppbm | Se <2-5.2

B <10-45 K <75-1700 Sn <0.5-2.2

Ba 0.5-25 Mg 20-140 Sr <0.5-12

Be <0.5-0.6 Mn 3-600 Ti 20-200

Bi <0.5 Mo <2-8 \% <1-4

Ca <75-160 Na 50-170 w <0.5-640

Cd <0.1-1.5 Ni <1-9 Zn <1-3

Co <1-200 P <5-50 Zr <0.5-3.3

Cr 3-25 Pb <0.1-9

Cu 1-3 S <5-1400

Impurities that enter the silicon furnace embedded in the quartz will follow the same path as the
quartz. Some elements will escape as the temperature increases, but some, for example transitions
metals, will follow the quartz until it is melted and has reached the bottom of the furnace. From
there, the impurities will be tapped together with the liquid product [13]. Myrhaug and Tveit [14]
found that the distribution of impurities in metal, off-gas and slag was determined mainly by the
boiling point of the different elements. All the impurities enter the furnace either through the raw
materials or the electrodes. The impurity content of quartz is therefore crucial regarding the final
silicon product. Figure 8 gives a graphic representation of the boiling points of the different
impurity elements, whereas Figure 9 shows where the elements are likely to be found in the
various mass flows of the furnace.
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Figure 8: The boiling point of various trace elements found in the silicon and ferrosilicon process
[14].
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Figure 9: The distribution of trace elements as a function of the boiling point of different elements
[14].

The lump size is also important for furnace operation due to clogging and decreased gas
permeability with smaller particle sizes. The desired size for raw material quartz is 10-150 mm. If
there are many fines in the furnace, the gas flow will be hindered. A pressure could build up in the
charge and create small outbursts of gas or channeling. This will lead to decreased SiO capture
through reaction 1.4. Both the mechanical and thermal strength can affect the amount of fines
generated. It is also speculated if much fines can alter the reaction rates in the furnace because the
reaction area will increase.
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Preliminary studies of how different quartz fractions affect the pressure drop through a test cell,
by Edfelt and Nordnes [15], showed that the pressure drop increased with decreasing quartz size.
They tested quartz fractions from 8 mm to below 250 pm. For all experiments with quartz below
1 mm, channels were created in the charge mix due to pressure buildup. This can be seen in
Figure 10.

Figure 10: Channel formation in the permeability test cell with charge materials and quartz
below 1 mm [15].

Nordnes and Edfelt [15] tested both a mixed charge and a charge where some of the quartz was
put in a layer in the test cell. They found that the layered setup gave a higher pressure drop since
the gas permeability would increase over the quartz layer. The pressure drop for each quartz size
and the different charge distributions can be seen in Figure 11. These data are scaled to the flow
rate assumed to exist in an industrial furnace of 1.2 m/s.
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Figure 11: Pressure drop as a function of quartz size and distribution of the quartz in a test cell
[15].
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Further studies and improvements in the method by Edfelt [16] found that fines between
0.23-1.99 mm and 1.99-4.76 mm caused the greatest pressure drop, and hence a decrease
in charge permeability. A schematic overview of the test cell and the positions of the
materials and the pressure sensors can be seen in Figure 12. The results from her study can
be seen in Figure 13, where the effects of size on the pressure drop is presented. Edfelt [16]
suggested that the quartz fines of size 0.00-0.23 mm caused no pressure drop in the furnace,
since the material was too small to clog the porous material of quartz, carbon and
woodchips in her experiments. In a real furnace, this could also be the case for the 0.23-
1.99 mm fraction of quartz. She also concluded that a quartz layer at a lower position in the
test cell caused a higher pressure than a quartz layer at a higher position. No pattern was
observed between a pure quartz layer and a charge where the quartz was blended in the
carbon materials. One explanation of this could be that the size of the layer was too small
to cause a noticeable difference.
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Figure 12: Schematic overview of the test cell and the layered and mixed charge positions [16].
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Figure 13: The pressure drop in a test cell with cold charge as a function of the gas flow [16] .
Different size fractions have been investigated, and all the sizes are in mm. The smallest size
group did not stay in the test tube during the experiment, so the result can be ignored as the test
conditions were different. The quartz was placed in a mixed bed with 80 % carbon materials

Before melting of quartz starts, it tends to soften. In a silicon furnace, it is ideally that this
softening temperature is close to the melting temperature and occur as deep in the furnace as
possible. If the quartz starts to soften at a lower temperature, i.e. at a higher position in the
furnace, it might cause a more compact charge and lower the gas permeability. Softened quartz
might also be more reactive, and alter the reaction rates in the furnace. This could decrease the Si-
yield of the process, and be economically unfavorable.
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Based on data obtained from Elkem, Nordnes [17] created a temperature profile for a FeSi
production furnace, where the different zones for heating, softening and melting of quartz are
marked. The zones are divided based on her results from testing different softening and melting
temperatures for three different quartz types A, B and C (different A, B and C than tested in this
thesis). The temperature profile can be seen in Figure 14, and in Table 2 the depth of the different
zones is given. The softening zone in the furnace is relatively large. This could have a negative
effect on the furnace operations since the large softening zone could correspond to a low melting
rate, meaning the quartz would use longer time to melt. It is also suggested by Kallfelz in the
work by Nordnes [17] that charge material glued together as a consequence of softening and
melting in the upper parts of the furnace would become electrically conductive and alter the
electric paths in the furnace. In worst case, this will cause a reduction of the power in the arc.

Table 2: Zones in a silicon production furnace. The data are from Nordnes [17].

Zone Distance from charge top [m]
Solid quartz heating zone 0-0.8
Softening zone 0.8-1.9
Melting zone 19-21
Molten quartz zone 21-24
Q
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Figure 14: Temperature distribution in a production furnace based on data obtained from Elkem.
The figure is from Nordnes [17]. Apparent zones for softening and melting of quartz are marked
on the figure.

Nordnes [17] showed that melting of silica is a process that takes time. If the heating rate is too
large, the melting will first be observed at a higher temperature than the actual melting
temperature. This is further discussed in section 2.4.3. The retention time for quartz in the furnace
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will affect the softening and melting of the quartz, and hence the furnace operations. Phase
transformations in quartz can also be affected by the time it takes to descend. The phase
transformations in quartz are discussed later in this chapter. Earlier investigation by Foss et al.
mentioned by Aasly [6], gives an average retention time of approximately 5.7 hours. This is for a
25MW Si-furnace, with an inner furnace height of 2.7 m. The retention time is calculated using
SiMod software. Another software tool, FeSiMod, developed for simulating furnace behavior was
used in this study to calculate the retention time of quartz for a 40 MW Si furnace with inner
height 3.6 m. The retention time was approximately 6 hours in this furnace as well.

2.2.1Reaction kinetics

Silica will react with either SiC or liquid Si through reaction 1.2 and 1.3 respectively, in a Si or
FeSi furnace. Tangstad et al. [18] investigated the reaction between SiO; and SiC pellets at
temperatures between 1650 °C and 2000 °C. They found that the reaction was dependent on the
reaction area either determined by the SiO- or the SiC. The reaction rate was also dependent on
the fraction of reacted sample, hence it would be faster in the beginning. The activation energy for
the reaction was reported to be between 426-464 kJ/mol for the experiments performed. Both
cristobalite and quartz polymorphs were tested in the study, but no significant difference was
observed in the reaction rate with varying quartz and cristobalite. The reaction rates as a function
of polymorphs are discussed later in this section.

The reaction between SiO; and Si was investigated by Sindland [19]. She found that the reaction
rate increased with temperature and time, like seen in Figure 15. The reaction rate was modelled,
and as for Tangstad et al. [18] it was found that the reaction rate was dependent on the reaction
area. The activation energy for the reaction between Si and SiO, was found to be 552 kJ/mol.
Compared to the activation energy for SiO,+SiC (426-464 kJ/mol) this number is in the same
range. If the available area for reaction is very different it will determine which reaction
contributes the most to formation of SiO-gas.
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Figure 15: Weight loss as a function of time and for different temperatures for the reaction
between SiO, and Si [19].

The effect of quartz, amorphous material and cristobalite on the reaction between SiO; and SiC,
has been investigated by Folstad [20] and Tangstad et al. [18]. In both studies, pellets of SiC and
SiO2 were heated to an isothermal temperature, and the weight loss and gas produced recorded. As
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the reaction between SiO, and SiC produces gases, the weight loss recorded can be related to the
reaction rate. Folstad found no significant difference between 1700 °C and 1900 °C that could be
related to the amount of phases of silica in the sample heated. Some of her results can be seen in

Figure 16, where the weight loss is plotted as a function of amorphous silica for different heating
rates, and temperatures.
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Figure 16: Weight loss recorded when heating pellets of SiO, and SiC to 1700-1900 °C with

varying heating rate. Here the weight loss is plotted as a function of the fraction of amorphous
silica [20].

No correlation between the amount of cristobalite or quartz with the weight loss of the pellets was
seen [21]. This is in agreement with similar investigations by Tangstad et al. [18]. They
investigated the reaction between SiO, and SiC for both quartz and cristobalite in the temperature
range 1650-2000 °C. Based on the results, Figure 17 was made. It shows no significant difference
in the weight loss between pellets containing quartz or cristobalite when reacting with SiC.
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Figure 17: Weight loss after heating SiC and SiO2 pellets to different temperatures and holding
them there for 60 minutes [18].

The independence of quartz or cristobalite on the conversion rate for SiC and SiO; to SiO- and
CO-gas, is not in agreement with Wiik [22]. He performed experiments with quartz or cristobalite
together with a graphite charge at a pressure 1.066 bar CO at 1558 °C. The weight loss of the
material was measured after cooling. He measured a rate almost twice as high with cristobalite
versus quartz. This can be seen in Figure 18. It must be mentioned that Wiik’s experiments are
not directly comparable to Tangstad el al.’s [18] and Folstad’s [20] since the temperature was
different. Wiik explained the increased rate by the lower density and hence higher volume and
surface of the cristobalite phase versus the quartz phase. He also explained that when cristobalite
is cooled it will transform to its low-temperature configuration, the a-cristobalite. This
transformation could have caused microcracks increasing the surface that is avaliable for reaction.
In Tangstad et al.s investigations the cristobalite phase was also created in a separate heating
before turned into pellets. Their results still showed no significant difference. Folstad [20] tried to
take this into consideration when conducting her experiments. Both experiement where the
cristobalite was formed before and during the heating experiments with the pellets were done.
Still no significant difference of the reaction rate between quartz, cristobalite and amorphous
phase was observed.
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Figure 18: Rate of weight loss with use of thermogravimetry for heating different silica sources
with graphite to 1558 °C and with 1.066 Bar CO [22].

It was shown by Hakamada et al. [23] that at 1773 K the reaction between SiO- and C, produced
SiC at a higher rate when the silica source was amorphous silica refined from diatomaceous earth
rather than quartz. As SiC is an important intermediate specie in the silicon production they
concluded that amorphous silica seemed to be a good silica source for Si production. Further, it
was also shown in the same study that the reaction between SiO; and SiC producing Si above
2073 K, had a higher yield of Si when the amorphous silica was used.

When two solids react without interaction from gas or liquid, the reaction happens at contact
points. As the reaction proceeds, there will be a layer of reaction product between the two solids
which slows down the reaction rate because the reactants must diffuse through a product layer. In
theory, silica and carbon will react through this mechanism. Investigations by Motzfeldt and
Steinmo [24] showed that the reaction between silica and carbon was more likely to happen
through a gas phase. This has later been verified by Fei [25]. For silica and carbon, the reaction
goes through a gas phase of CO and CO.. This reaction mechanism is also accepted from iron
oxide reduction. SiO; will first react with CO gas to produce SiO and CO; gas according to the
reaction in Figure 19. Further, the CO. gas can react with C to produce CO gas, or after some time
the CO2 gas can react with the SiC layer. The SiO gas produced could also react with the solid
carbon. Figure 19 shows an idealized sketch of the reaction between SiO; and C. This mechanism
is more likely than a solid-solid reaction.
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Figure 19: Mechanism for reaction between SiO, and C through a gas phase consisting of CO
and CO: [3].

There has been some doubt whether the partial pressure of CO- gas is sufficient to explain the
reaction mechanism. This has been thoroughly studied by Wiik [22], and it is shown that when
heating SiO with CO gas present, SiO gas and CO2 gas will be produced. Therefore, the reaction
described is likely to happen. It is also suggested by Wiik [22] that the mechanism for the reaction
between SiO; and SiC also goes through a gas phase. Schei et al. [3] propose a reaction scheme.
When equilibrium is disrupted in a system containing SiC, SiO,, CO and SiO gas, silica will react
with CO gas according to reaction 2.1, and make a gas film at the surface of the silica particle.
Further, the CO; gas will react with SiC according to reaction 2.2.

SiO(s)+ CO(g) = SiO(g) + CO2(g) 21
2C0,(g)+ SiC(s) = 3CO(g) + SiO(qg) 2.2

This mechanism has not been thoroughly tested. SiC can also react with liquid SiO». The contact
area between the two phases will then increase, and the temperature will be above 1723 °C. This
is believed to increase the reaction rate, but it has not been thoroughly tested. Results from
Folstad [20] where pellets of SiO, and SiC were heated to different target temperatures, show that
when exceeding the melting point of quartz, the SiC particles will be dispersed in a melted SiO;
matrix. Figure 20 and Figure 21 show pellets consisting of silica and silicon carbide heated to
1700 °C and 1900 °C respectively. It is clear that the contact area between SiO; and SiC increases
as the SiO, melts. The images are taken with scanning electron microscope.
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Figure 20: Backscattered image to the left and chemical composition Si-O-C to the right, for a
pellet heated to 1700 °C with a heating rate of 23 °C/min. The images have magnification 80X
[20].

Figure 21: Backscattered image to the left and chemical composition Si-O-C to the right, for a
pellet heated to 1900 °C with a heating rate of 32 °C/min. The images have magnification 80X
[20].

2.3 Formation, occurrence and geological aspects of quartz

Silica is found in nature as the low temperature and low pressure polymorph quartz. It has a wide
area of use from component in concrete, ceramic materials, oscillator in electric circuits,
membrane in ultrasonic devices and raw material for silicon and ferrosilicon production [26].
Quartz is the second most abundant mineral in the earth’s crust, and it is found around the world
in various forms. This chapter will focus on the aspects of quartz considered important for
metallurgical aspects.

Several types of quartz are used as raw material for the metallurgical processes. Different
geological environments and the formation conditions affect the properties of the quartz. For
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rocks in general, there are three types: igneous, sedimentary and metamorphic rocks. The first
one, igneous, is formed when magma solidifies. This can happen at the surface of the crust or in
the interior of a planetary body. Different minerals together with quartz will crystallize when the
magma cools. Very pure quartz can be formed in the latest stage of recrystallization from a
cooling magma. Sedimentary rocks are formed of layers or erosion products of other rocks,
chemical precipitates and also organic materials. Due to its chemical and physical resistance to
corrosion, quartz is concentrated under sedimentary processes. Quartz is hence relatively stable
against chemical weathering. Metamorphic rocks are either igneous or sedimentary rocks that has
experienced changes in temperature and /or pressure which has caused recrystallization into new
rocks. Quartz can be formed as products in mineral reactions during metamorphism. In addition,
hydrothermal processes play an important role in the formation of quartz. Si rich thermal fluids
entering into fracture systems of the host rocks of the upper crust can crystallize quartz when
temperature and pressure drops. For today’s metallurgical processes lumps of quartz are used.
This rule out sand as a possible source. In the future, pellets could be used as raw materials, but
the method is still being investigated [25].

Different quartz deposits will contain quartz with different properties. It is important to know the
origin of the quartz in order to explain its behavior and properties. The quartz deposits that are
used in metallurgical industry are listed in Table 3 [6]. It also summarizes typical features of the
deposits.

Table 3: Different types of quartz used for silicon and ferrosilicon production.

Type of quartz deposit Features

Hydrothermal quartz This type could be very pure (those are selected for
silicon production). It is formed by precipitation of
quartz from hot aqueous fluids which flows through
fractures or other openings in rocks. A hydrothermal
quartz veins is created. Such veins can be less than a
cm wide with length up to several meters. It is also
possible to find veins that has a width of tens of
meters, and length in the km scale [6], [27].

Quartzite This type is formed during medium to high
metamorphism of quartz sandstone by
recrystallization. Depending on the condition,
quartzite could be very strong and uniform, but the
strength will vary. The purity is high, and impurities
are often mica, clay minerals, feldspar and other more
durable minerals. The color is usually white, but iron
or other impurities can give color to the quartzite [6],
[27].

Pegmatite quartz This type is a typically coarse grained igneous rock.
High purity quartz can often be found in the core
which tends to be surrounded by a zone of albite and
potassium feldspar and fine-grained granitic boarder
zone [28]. This type is not widely used as a raw
material for Si and FeSi production, but could be a
potential source in the future [6].
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For metallurgical aspects, one often distinguishes between rock and gravel quartz which is quartz
mined by blasting and drilling operations, and quartz taken from fluvial deposits by more gentle
excavation techniques. Gravel quartz is often more resistant to size reduction because of the
natural transport through fluvial deposits where only mechanical strong lumps have survived.
Rock quartz on the other hand, could be weakened from the blasting and drilling operations, and
is believed to disintegrate more easily [6].

The void space of quartz is fairly limited [13]. This results in a low tolerance for impurity atoms.
The most common impurities in quartz are aluminum, iron, lithium, sodium and potassium. These
impurities may give rise to different colors of the quartz [29]. AF* is the most general abundant
impurity due to similar ionic radius to Si and common appearance in the earth’s crust [28]. If the
quartz contains fluid inclusions and solid inclusion, this can contribute to an increased amount of
trace elements [30].

Impurities in quartz can be carried in three different forms. First, there can be structural
impurities, where the Si** is replaced in the lattice structure. These are substitutional impurities.
To balance the charge, interstitial impurities can also exist. These are mostly small monovalent
ions, that can fit into the structure [30]. Solid inclusions are foreign minerals that grow inside of
or between the quartz grains [13].

The impurity content in quartz vary with the specific geological formation. Quartzite has more
impurities than pegmatite and hydrothermal quartz. Crystallization at higher temperatures will
give a quartz with higher purity [31]. In general, solid solubility impurities are very low in quartz
because of the strong Si-O covalent bond. Trace elements will gather at grain boundaries and
make structural defects [32]. When quartz is heated, it will undergo phase transformation to a
more spacious polymorph. These crystallographic configurations have shown to hold
substitutional impurities more easily. The diffusivity of trace elements in high temperature
polymorphs depends on the cation charge. Univalent cations are faster than divalent, and so on
[13]. Since quartz has a closed crystallographic structure with limited amount of void space,
impurities segregate towards grain boundaries, sub-grain boundaries and dislocations [13], [33].
These inclusions can be removed by acid leaching before carbothermic reduction of quartz. In that
way, low-purity silica sources such as quartzite can be used as a raw material for solar grade
silicon production [13].

The trace element composition of quartz can also be significantly influenced by fluid and mineral
inclusions. Fluid inclusions could either be a liquid and/or a gas trapped in the crystal structure.
These are created as the minerals grow or deform in the presence of a fluid [34]. The inclusions
could give information about geological history such as temperature of formation, formation
paragenesis and chemistry of mineralizing fluids [28], [35].

In the assessment of high purity quartz resources, fluid inclusions are being investigated using
several techniques such as optical microscopy, micro thermometry and Raman spectroscopy to
determine the orientation of the fluid inclusion (along cracks or scattered), the chemical
composition and pressure. The orientation of the fluid inclusion might be important if they are
aligned along tracks that will be opened during treatment [36]. All these techniques use smaller
samples sizes and several samples are needed to obtain information about the bulk quartz
deposits. Using optical microscopy, fluid inclusion can be imaged. An example of two-phased
fluid inclusions in quartz can be seen in Figure 22.
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Figure 22: Secondary aqueous two-phase liquid-vapor inclusions in quartz, marked with red
circles. The image is taken using plane polarized light and is retrieved from Gotze et al. [36].

In general, microscopic cracks, pores, and other flaws such like inclusions will weaken a rock.
Therefore, if a quartz sample has more microcracks, or solid or fluid inclusions it may weaken the
strength of the sample compared to a sample with less flaws [37]. The existence of fluid
inclusions in quartz can also modify the shapes and texture. When a quartz crystal experiences
strain, inclusions within the crystal can deform and generate microcracks [38]. It is also suggested
that if quartz is plastically deformed, fluid inclusions can migrate to grain boundaries. The
consequence of this is that plastically deformed quartz grain contain fewer and smaller inclusions
than adjacent undeformed crystals. If undeformed quartz crystals have primary fluid inclusions,
plastic deformation can often decrepitate the primary fluid inclusions and redistribute the water
into many smaller secondary inclusions. Tarantola et al. [38] investigated fluid inclusion in quartz
and found that in areas where fluid inclusions were present, deformation were more frequently
observed than in areas with no fluid inclusions, which seemed undeformed. The existence of
fluid inclusion and especially water inclusion has been blamed for decreased thermal stability, as
the fluid inclusions decrepitate during heating [6]. Investigations by Simon [39] found two H-
reservoirs in quartz: fluid inclusions and structurally bounded water in small, homogeneously
distributed micro-clusters. Often, such micro-clusters could be accompanied by other impurities
such as AP**, K*, Na" and Li*. An illustration of these clusters can be seen in Figure 23.
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Figure 23: Theoretical arrangement of micro-clusters in quartz containing alkali ions and
hydrogen, OH- groups and water [40]. The A in the illustration can represent hydroxyl-attracting
ions such as P5*, B®* and Fe®*. These sites are a transition between lattice defects and inclusions.

To measure the water content in quartz, FT-IR is the only method that can define both the
quantitative distribution and the speciation. Structural water in the form of H,O, H" and OH" in
quartz will give absorption band in a FT-IR spectra between 3000 and 3700 cm™ [41]. In Aines’
et al. [42] study it was reported that it is possible to distinguish isolated water molecules and
hydroxide ions. At 1630 cm™ there is an absorption due to bending of the H,O molecule, and at
3220 cm™ there is a stretching absorption with an antisymmetric stretching absorption at 3445 crm
!, The presence of H.O molecule is also confirmed by bending absorption at 5200 cm™. If the
bending absorption (at 1630 cm™ and 5200 cm™) is absent it indicates that the sample does not
contain molecular H,O, only OH"groups. To distinguish between liquid water and water bounded
to other molecules one can inspect the two stretching modes near 3400 cm™. If the water is bound,
it produces sharper peaks around 3400 cm™ than liquid water [42]. Fukuda [43] investigated the
water content in chalcedonic quartz, which contained fluid water at intergranular regions and -OH
groups in quartz crystal structure. He also reported that fluid water would give an asymmetric
broad band ranging from 2750 to 3800 cm™, with a shoulder at around 3260 cm™. In chalcedonic
quartz the -OH groups are mainly trapped as Si-OH, and at 3585 cm™ the sharp band of the OH-
band can be observed. A typical IR-spectrum from Fukuda [43] is shown in Figure 24. The image
includes the spectrum for a thicker sample thickness (Imm), which shows combination modes of
the stretching and bending modes at 5200 and 4500 cm™ for fluid water and Si-OH respectively.
By using the molar absorption coefficients, the contents of H,O and Si-OH can be calculated. The
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reported absorption coefficients in Fukuda’s work are 0.761 and 1.141 L mol™* cm™ for H,O and
Si-OH, and hence the content calculated is 0.32 wt% H,O and 0.28 wt% Si-OH.

2
0.85
1.8 1 H,O stretch + bend Si-0
1.6 081 ,-'**, [
4 Si-OH stretch
14 075 N S pend/
| LAY
8 12- o7 -
c 1 mm thickness J
g 1 0.65 T T T T T
S - 5500 5000 4500 4000
@ Si-OH ‘“ f
2 08 / 1
< | / i U \
— '
0.6 f \ ’ J | gj \
04 - f \ Y
0.2 1 H]— H,0 —\w
/ 2 e S PP 100 um thickness
0+ | T T I T T T T T | T
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)
Figure 24: A typical IR-spectrum of chalcedonic quartz at room temperature [43].

Other impurities such as muscovite (KAIx(SisAlO10)(OH)2) will have a peak in the IR-spectrum
at 3425 cm™ and 3625 cm™, the latter due to the stretching of Al,-OH bond [44]. Kronenberg et al.
[45] investigated quartzite with FT-IR and found that mica would have a peak around 3600 cm™?,
while water showed a broader absorption band around 3400 cm™. These could be distinguished as
seen in Figure 25. In Kronenberg study [45] they suspected the mica absorption peak to be
muscovite. This could be confirmed by peaks at 3311, 3146 and 3035 cm™. These peaks are not
seen in Figure 25, due to the broad OH-band from molecular water. The OH-band at around 3600
cm™ could also indicate biotite (K(Mg/Fe)sAlSisO10)(F/OH)). This is confirmed by absorption
peaks at 3648, 3614, 3258, 3043 and 2829 cm™. The latter peak should be visible in the spectrum
in Figure 25 if biotite was present. Broad absorption band at 3695 cm™ and 3530 cm™ can in
general be assigned to hydroxyl stretching modes [46]. An overview of different IR-spectra of
clays can be found in Madejova et al. [47].
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Figure 25: FT-IR spectrum of quartzite containing both molecular water and muscovite
impurities. The OH-band in muscovite causes a relatively sharp absorption peak at around 3600
cm?, while the OH-band in the molecular water causes a broader absorption band around 3400
cm® [45].

2.4 Changes in quartz upon heating

As the quartz is heated in a silicon or ferrosilicon furnace, many of its properties will change. The
most relevant changes are those connected to mechanical and thermal strength and to changes that
could affect the reaction rates, such as melting. The bond strength might also change while the
phases are changing. These changes in properties are different amongst quartz types. Therefore,
the information on how much a property will change in one quartz type compared to another is
important information when selecting the most suitable quartz for the silicon and ferrosilicon
production.

2.4.1Phases of silica

Silicon is mostly bounded as silicon dioxide, also called silica. The simplest building block
consists of 4 oxygen atoms surrounding one silicon atom. The silicon atoms are shared with
neighboring oxygen atoms, which makes the atom ratio 2:1. A drawing of this tetrahedra is seen
in Figure 26. These tetrahedrons can be arranged in numerous ways to create different phases of
silica. The mean Si-O-Si bond angle is 109°, and the bond has mostly a covalent character [48].
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Figure 26: Silicon-oxygen tetrahedron, SiO4* [48].

a-quartz is the predominant phase of silica, as low temperature and ambient pressure favors this
configuration [29]. The most common phases of silica are shown in the phase diagram in Figure
27. a-quartz is the most stable configuration at room temperature and atmospheric pressure. At
573 °C the transformation to B-quartz will occur. This transformation is displacive, which means
that no bonds are broken, only shifted, which leads to a small energy barrier for the
transformations. Upon cooling, the reverse transformation will happen [29]. According to the
phase diagram, B-quartz will transform to tridymite just below 900 °C. Several researchers have
investigated this transformation and it is suggested that the tridymite phase is not a pure silica
phase, but needs certain impurity elements to form [49], [50]. This statement is however also
debated [51], [29], and a common conclusion is not accepted. Earlier investigation of the phases
in quartz used for silicon and ferrosilicon production did not find any tridymite [52]. If tridymite
is not considered as a pure silica phase, the next phase transformation is from p-quartz to -
cristobalite. In the phase diagram this transformation is suggested to happen at 1470 °C, but
cristobalite has been detected at much lower temperatures [53]. Hence, the reaction rate may be
quite slow, and in real life it is therefore more expedient to talk about a transformation interval,
where an increase in temperature will increase the rate of transformation [54]. This transformation
is shown to go through an amorphous intermediate phase [55], [56], [57], [58]. The
transformation is reconstructive, meaning the bond between atoms are broken and rearranged.
Such transformation requires more energy than a displacive transformation [13], [59]. A more
detailed explanation of the transformation from B-quartz to cristobalite is given later in this
chapter.
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Figure 27: The phase diagram of silica [60].
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A schematic representation of some phase transformations for silica is shown in Figure 28. The
type of transformation is also indicated in the figure. It must be mentioned, that silica also has
other configurations as the energy barrier between different phases are low. The number of silica
phases is not exact, but numbers above 15 and up to 30 are mentioned in the literature [28], [61].
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Figure 28: Phase transformations in silica [62].

In Table 4 the 15 known silica modifications are grouped and listed. The table is after Gotze et al.
[28], but is based on data from Mineralogical Tables by Strunz and Tennyson (1982). Trigonal a-
quartz is the most common in nature. Due to its hardness (7 on Mohs scale) and its low solubility
in water, o-quartz is preserved during chemical weathering, making it one of the most common
minerals in sedimentary rocks [29].

Table 4: Different silica modifications and their crystal structure [28].

Group Name Crystal structure
Quartz-tridymite- Low (o)-quartz Trigonal
cristobalite group -
(atmospheric and low High (p)-quartz Hexagonal
pressure) Tridymite Monoclinic
High-tridymite Hexagonal
(a)-Cristobalite Tetragonal
High (B)-cristobalite Cubic
Melanophlogite Cubic

Fibrous SiO2 (syn.)

Orthorhombic

Moganite

Monoclinic

Keatite (syn.)

Tetragonal
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Keatite-coesite-stishovite Coesite Monoclinic
group (high and ultra-high <hovi I
pressure) Stishovite Tetragona

Seifertite Orthorhombic
Lechatelierite-opal group Lechatelierite Natural silica glass
(amorphous phase) . —

Opal H.-bearing, solid SiO; gel

As quartz is used for the silicon and ferrosilicon production, it is further discussed together with
its phase transformation products cristobalite and amorphous silica. In Table 5, the density,
transformation temperature and the crystal structure of the relevant phases are given. It can be
seen that the densest silica phase is a-quartz. The density is less for both tridymite, cristobalite
and amorphous silica compared to quartz.

Table 5: Properties of different phases of silica which are in the same temperature and pressure
area as the production of silica [29], [28].

Silica structure Density Transformation Crystal
[kg/dm®], [29] | temperature [°C], | structure, [28]

[29]

a-quartz 2.6495 573 (from o- to Trigonal
B-quartz)

B-quartz 2.5334 Hexagonal

Tridymite 2.183 970 (from pB- Monoclinic
quartz)

a-cristobalite 2.333 272 (from B- to Tetragonal
a- cristobalite)

B-cristobalite 2.205 1470 (from B- Cubic
quartz or
tridymite)

Amorphous ~2.0-2.2 ~ 1300 [49]

Amorphous phase

Amorphous, meaning having no fixed form or shape, categories a crystal structure (or lack of
such) where there is no long-term repeatability in the positioning of the atoms. Conversely,
amorphous liquids and solids may contain organized atom groups giving them a short-term order.
In silica, five different amorphous states have been reported [59]. They differ in the density of the
material and are sensitive to the pressure experienced. Liquid state silica also has an amorphous
appearance.

One can distinguish between true amorphous solids and highly disordered nano crystalline solids.
In the latter, there exists some order at the nano scale [63]. Traditionally, glassy amorphous
materials are formed from a melt which is cooled at a rate that will avoid crystallization. The
difference between a melt, which is also amorphous, and an amorphous solid is not distinct. There
have been several ways to define the amorphous liquid-solid boundary:

30



¢ Rheological definition: As the temperature of a super cooled liquid decreases, Kinetics
slows down and the viscosity increases. An arbitrary viscosity limit is set, where flow is
practically not observed any longer [64].

e Thermodynamic definition: the dependence of heat capacity is distinctly different for
liquids and solids, with a discrete drop observed during solidification. At some point
during cooling, the heat capacity of the super cooled liquid will drop down to the level of
the solid, even without crystallization, entering a non-ergodic state. This can be seen in
Figure 29, which shows the heat capacity as a function of temperature for Se.

e Ideal gas transition temperature: the difference in heat capacity between a liquid and a
solid, results in an entropy difference between the super cooled liquid and the crystal. By
extrapolation of heat capacity from stable through super cooled liquid, it is found that the
system entropy at some point will drop below that of the crystal. Consequently, the melt
must enter the solid glassy state at this temperature to avoid a so-called entropy crisis.
The temperature where this happens is called the ideal glass transition temperature or the
Kauzmann temperature [61]. Figure 30 shows the entropy of a melt as it cools and
becomes a solid. At the temperature Ty, the super cooled liquid will start to form a glass.
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Figure 29: Heat capacity of Se as a function of temperature [61].
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Figure 30: The entropy of a liquid as a function of temperature. The extrapolation of the entropy
of the liquid will cause an entropy crisis, and an amorphous solid will form [61].

Amorphous, or non-crystalline, silica is also a stable structure of silica. The density of this phase
ranges from 2000 to 2200 kg/m®. Compared to the crystalline phase cristobalite and tridymite,
which has a void space of 48.4 % and 51.7 % respectively, amorphous silica has a void space of
57 % [65]. It is therefore reasonable to believe that gas diffusion is faster in amorphous material
compared to crystalline phases [62]. A possible SiO, tetrahedral arrangement in amorphous silica
can be seen in Figure 31 [66]. Both a random network hypothesis [67] and a microcrystalline
theory of amorphous silica [68] exist. For the random network hypothesis, the SiO4™ unit cells will
have varying bond angels between the bonds. The unit cells still share one corner with each other
as in crystalline phases. In the microcrystalline model, there are sub-unit-cell sized crystallites of
one form of SiO,. These two models can also converge, and both are observed by experimental
data [69].
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Balek et al. [70] claims that several researchers have found natural silica to have an outer layer of
amorphous silica. This layer is not more than 30 nm. Grinding of silica will also contribute to an
amorphous layer of up to 100 nm according to Balek et al.[70]. If a spherical particle with
diameter 1 cm has an amorphous layer, this will make a negligible wt% of the total particle.

Phase transformations

The phase diagram represents the phase that are thermodynamically stable under certain
conditions. In addition, there are other effects that will determine what phases are present. Energy
barriers to the stable phase must be overcome. This is the case for reconstructive transformations,
where energy is needed to break the bond between the atoms before a new phase can be created.
The previous structure and change in surroundings could also influence the phase formed [59].

a-quartz to p-quartz

Up to 573 °C, a-quartz is the stable phase before it transforms to B-quartz. This transformation is
displacive and happens rapidly. It is also reversible, so when cooled to room temperature the -
quartz will transform back to a-quartz. During this transformation there will exist an intermediate
phase which is stable over a temperature interval of 1.3 °C. This phase consists of dauphine micro
twins that are disproportional oriented [29].

B-quartz to B-cristobalite

At around 1400 °C, B-quartz will change to B-cristobalite. This transformation is a reconstructive
type where bonds have to break and atoms have to diffuse to build the new phase [29]. A study
by Marians and Hobbs [56] suggested that a third of the bonds have to break for this
transformation to occur. They also found that the transformation goes through an amorphous
transition phase. The following reaction equation is proposed by Stevens et al. [49] for the phase
transformation from quartz to cristobalite:
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approx. 1300 °C

Quartz - Transition phase - Cristobalite 2.3

Sosman [59] mentions a study that recognized the first cristobalite formed as a disordered
cristobalite (called cristobalite D), but not fully amorphous. X-ray patterns indicated ordered
structure in two dimensions, but not in the third. With time, the cristobalite D phase became more
perfect crystalline, and did not go back to disordered cristobalite. Sosman suggests that
cristobalite D could be a version of the amorphous transition phase that was observed around the
same time by Chaklader and Roberts [55].

Initially the transformation from quartz to cristobalite will be slow due to a nucleation period. A
more rapid nucleation will follow as the nucleated zones propagate [55]. The nucleation from
amorphous phase to cristobalite has been found to reach its maximum at 1677 °C. Schneider et al.
[71] also investigated the quartz to cristobalite transformation between 1100 and 1600 °C by
firing 3 g samples to different temperatures in a tube furnace. They also found that the
transformation proceeds through an amorphous intermediate state. New research has also
investigated the phase transformation. Kjelstadli [57] measured the amount of quartz, cristobalite
and amorphous phase in several silica samples heated to selected temperatures and with varying
holding times at maximum temperature. Different sizes were also tested in her study, to see if
there were any considerable effect of size on the phase transformation. At 1600 °C no size effect
was found, but when the temperature was raised to 1700 °C, an effect was seen. Kjelstadli
explains this with thermal diffusion being a limiting factor as the temperature is raised to 1700 °C.
Results from the study also showed that the transformation from B-quartz to amorphous phase was
rapid, while the limiting step was the last conversion from amorphous state to cristobalite. This
can be seen in Figure 32, where quartz samples are heated to 1700 °C. The size effect is existing
from 0 to 30 minutes.
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Figure 32: Amount of phases after heating an industrial quartz to 1700 °C, and held at this
temperature for increased time. The figure is based on data from Kjelstadli [57].

34



Another study by Kjelstadli [72], investigated the amount of phases for different quartz types. She
found that the ability to transform into amorphous state and cristobalite was highly dependent on
the type of quartz. This can be seen for the amorphous amount in Figure 33 where the amount of
amorphous content is measured for three different quartz types, at three different holding times
and for two different sizes at 1600 °C. The largest variation is seen between the different types of
quartz, no trend is seen in the sizes of the samples. For many of the samples the highest amount of
amorphous content is found after 10 minutes, indicating that the phase is been created and then
consumed as cristobalite is created.
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Figure 33: The amorphous content as a function of holding time at a temperature of 1600 °C for
the three quartz types Qz9, Qz29 and Abodiab. The figure is based on results from Kjelstadli [72].

It is debated if the phase transformation from quartz to cristobalite starts at the surface of a quartz
sample, or if it happens throughout the sample. Wiik [22] suggested that the phase transformation
from quartz to cristobalite is homogeneous, and does not start at the surface. The phase
transformation to cristobalite origins from nucleation sites evenly spread through the sample.
Because quartz is of higher density than the transition phase between quartz and cristobalite, the
transition phase will occupy a larger volume. This causes tension in the sample that will cause
cracks in the parts still being quartz. The reconstructive transformation involving breaking of the
Si-O bonds will result in an extensive fragmentation of the transition phase. It is mentioned by
Wiik [22] that partially converted quartz samples, containing large portions of transition phase but
no cristobalite, easily crumbled under pressure from the fingers. This supports the theory that the
transition phase is fragmented, and therefore nucleation and growth of cristobalite would be
available. The formation of cristobalite would then occur throughout the whole volume of the
transition phase, not only at the outer surfaces as suggested by Ainslie et al. [73]. They reported
that a glassy silica phase formed on the external surface of a quartz crystal. After heating several
samples to 1570 °C and 1740 °C, they measured the thickness of any glassy silica layer on top of
the quartz substrate. An example of their samples can be seen in Figure 34, where the glassy silica
phase G covers the surface of the quartz substrate Q. This was the observation for all their
samples, except the samples where cracks were present in the crystals. As the viscosity of the
glass phase is still very high at 1740 °C, the shape of the heated sample is not considerably altered
during heating, and a relationship between time and thickness could be constructed. The thickness
as a function of time at 1570 °C and 1740 °C is presented in Figure 35. From the graph, it can be
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seen that the thickness of the glassy layer increases with both time and temperature. The
relationship is, within reasonable uncertainty limits, linear.

Figure 34: Section of quartz crystal heated to 1740 °C for 15 minutes in air. The formation of
glass phase, G, is over the quartz substrate, Q [73].
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Figure 35: The thickness of glassy silica layer as a function of time for two temperatures, 1570 °C
and 1740 °C.

According to Breneman et al. [74] the nucleation of cristobalite from amorphous silica starts at
the surface. A cristobalite shell layer forms around an amorphous core. Cristobalite will nucleate
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at internal free surfaces, and leave an amorphous core as seen in Figure 36 where backscattered
electron images are seen of epoxy-impregnated specimens polished to 0.05 um finish. These
samples are heated to the temperature interval 1200 °C -1350 °C where the densification is
minimal.

Figure 36: Backscattered electron imaging of silica samples with 11 %, 25 %, 55 % and 84 %
cristobalite for a,b,c and d respectively.

Effect of particle size on p-scale
Pagliari et al. [75] investigated the effect of particle size on the formation of cristobalite. Quartz
powder was tested with XRD after heating to 1200 °C and 1300 °C. It was found that 4.135 pm
powder converted more easily to cristobalite than powder with an average particle size of 15.78
pm and more. The difference is very clear from 4.135 to 15.78 um, but from 15.78 to 28.38 um
the effect is smaller. It could therefore be proposed that the effect decreases as the particle size
increases, and that the size effect is only significant for particle sizes under 15.78 um. The effect
of particle size seems to decrease as the average particle size increases. In the same study it was
also found that if the powder was wet, it would enhance the formation of cristobalite at 1200 °C.
Pagliari et al. [75] explained this with increased particle contact for wet powder compared to dry.
In addition, the heat transmission between particles would be better.

The effect of particle size on the amount of phases formed during heating was also investigated by
Dapiaggi et al. [76]. Quartz powder with a grain size of 4, 16 and 28 um were heated to
temperatures of 1000 °C and 1200 °C. No clear trend was seen between the amount of phases and
the size of the particles. All samples were soaked in either KOH or NaOH prior to heating in
order to see the effect of selected impurities and the amount of them. Na favored the formation of
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high temperature silica phases compared to K at 1000 °C. Increasing the temperature to 1200 °C
seemed to eliminate the difference. Due to the amount of impurities, tridymite was also formed in
these experiments. The effects of particle size and mineralizers can be seen in Figure 37 and
Figure 38 for 1000 °C and 1200 °C respectively.
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Figure 37: The effects of particle size on the formation of high temperature silica phases for two
different mineralizers and two different soaking times for each mineral. All samples were heated
to 1000 °C [76].
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Figure 38: The effects of particle size on the formation of high temperature silica phases for two
different mineralizers and two different soaking times for each mineral. All samples were heated
to 1200 °C [76].

Effect of crystallinity on Kinetics
Wahl et.al [77] investigated the phase transformations in silica by XRD and found that the higher
the crystallinity of the starting material the higher was the conversion temperature to cristobalite.
Six different silica samples with varying degree of crystallinity were heated to 1400°C with a
heating rate of 5 °C/min inside an x-ray diffraction unit. The samples were rock crystal quartz,
chalcedony, opal, silica gel 42 and silicic acid. The conclusions from Wahl et al.’s study [77] was
that there was a correlation between the structural perfection of the a-quartz and the crystallite
size of B-quartz. They suggested that larger crystallite sizes were capable to withstand a higher
temperature before transformation to cristobalite, hence a more perfect a-quartz, would have the
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slowest transformation to cristobalite. It was also reported that no tridymite formation was
observed. The findings are listed in Table 6.

Table 6: Reported cristobalite formation temperature of different quartz types [77].

Silica source Crystallinity Cristobalite Comments
formed at [°C]

Rock crystal quartz Very good 1200

(Hot Springs Arkansas)

Chert (Dover, England) | Medium 1050

Chalcedony ( Middle Medium 950

Park, Colorado)

Opal (Guanajuato, Medium 1000 Only diffraction

Mexico) effects for
cristobalite

Silica gel grade Amorphous 900 No quartz observed

42(Davison Chemical

company)

Silicic acid, 100 mesh Amorphous 900 No quartz observed

(Mallinckrodt Chemical

Works)

The effect of impurities
It has been shown by several researchers that impurities in quartz also affect the kinetics of the
phase transformation. As mentioned earlier Dapiaggi et al. [76] showed that increased amount of
KOH and NaOH would speed up the transformation from quartz to other silica phases. Schneider
et al. [58] also investigated the effect of alkali and alkali earth element impurities on the
transformation speed. They found that the mentioned impurities would speed up the nucleation
and the growth of cristobalite. In fact, the formation could be so fast that no amorphous phase
would be detected if the sample was quenched. The proposed mechanism is explained as
formation of liquids of low viscosity below the melting point of silica. Such liquids would easily
spread throughout the sample and favor the dissolution of quartz. They would also increase the
mobility of diffusion species. It is also possible that the impurities themselves break up Si-O
bonds also in the solid state, making the structure more plastic and easier to rearrange to other
phases.

Chaklader [50] investigated the effect of Al2Os. It was found that a content of Al,Os up to 0.44 %
would speed up the transformation, but addition beyond this amount would slow down the
transformation again. The mechanism proposed was that the catalyst Al.Os; would first nucleate
on the quartz grains, thereafter a diffusion layer produced by the penetrating catalyst would
propagate. Brown et al. [78] also reported that Al,Os would speed up the transformation from
amorphous phase to cristobalite. They also argued that up to a certain limit AI** would increase
the growth rate rapidly. This is shown in Figure 39.
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Figure 39: Growth rate of cristobalite layer from SiO. glass samples as a function of AI** content

in the silica sample [78].

Table 7 summarizes the main results from some studies on phase transformations in silica and
what affects them. Based on the information in the table, phase transformations could be affected
by size, impurities and crystallinity. The size effect is not clear, and its significance is therefore
believed to be small. Impurities and crystallinity seem to influence the formation of high

temperature silica phases.

Table 7: Summary of studies regarding high temperature phase transformations of silica, and

what affects them.

Study/paper

Any size effect on
formation of HT
silica phases

Effects of impurities

Other effects on
amount of phase
or other phase
related issues

Pagliari et al. [75]

Very small, and
decreasing with
increasing particle size

Wahl et al. [77]

No size effects

Higher
crystallinity,
higher
transformation
temperature to
cristobalite
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Dapiaggi et al. [76] No clear effect Longer soaking time,
more high temperature
phases. NaOH
compared to KOH
enhances the
formation of high
temperature phases at
1000 °C. The effect is
not seen at 1200 °C

Kjelstadli [57] Effect at 1700 °C, no Different quartz
at 1600 °C types have the
largest variation

Chaklader [50] Al;Oz up to 0.44 %
increase amorphous
phase and cristobalite
formation

Schneider et al. [58] Alkali and alkali earth
elements would
increase nucleation
and growth of
cristobalite

Models of phase transformations

Breneman et al. [74] studied the kinetics of cristobalite formation from sintered silica glass from
1200 °C to 1650 °C. They found that from 1200 °C up to 1350 °C the formation from fused silica
to cristobalite followed a Johnson-Mehl-Avrami-Kolmogorov (JMAK) model, and could be
expressed by the following expression:

k]
5_
I
Y=1—exp| (47 %x10717)e” RT ()3 24

Where Y is the amount of cristobalite formed after time t. The calculations and modeled value for
Y can be seen in Figure 40. At temperatures higher than 1350 °C the densification of the silica has
to be taken into account, and complicates the picture. According to Breneman et al. [74] the
formation of cristobalite is favored at surfaces. When the samples become more dense, the surface
area decreases, and the crystallization rate at temperatures where densification is significant,
might not be directly comparable to crystallization rates at lower temperatures. Other findings
from the study showed that fully amorphous silica powder without cristobalite seed required the
highest temperature to transform in a 1 hour annealing. Also, amorphous silica seeded with quartz
increased the crystallization rate more than cristobalite seeds.
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Figure 40: Low-temperature leg of the Time-Temperature-Transformation (TTT) plot for Y 10 %,
Y 50 % and Y 90 %. Individual points are interpolated, and the lines are plotted from 2.4. The
figure is reprinted from Breneman et al. [74].

In an earlier study by Mitra [79] a rate expression for the transformation from quartz to
amorphous phase was suggested. It was based on firing 20-40 um particles at 1400 °C forup to 5
days. By using DTA and the a-B-quartz inversion peaks, the amount of quartz and amorphous
phase was determined by assuming the total amount to be 100 %, and estimating the amorphous
content. The rate expression was as follows:

ut\3 2.5
(2

Asis the amount of remaining quartz after a time t, u is the linear rate of propagation of quartz-
amorphous phase boundary and rq is the initial radius of the particle. Mitra had calculated u and ro
earlier. He found the transformation from quartz to amorphous phase to be a phase boundary
controlled process, and the transformation from amorphous phase to cristobalite to follow a first
order concentration controlled process. The rate constant for the latter transformation was found
to be 0.03122 h™ and 0.02925 h™* for two types of quartz, Jagdishpur quartz and rock crystal,
respectively. Figure 41 shows the experimental values of Mitra’s experiments and the estimated
amount of transition phase and cristobalite based on his models.
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Figure 41: The amount of phases after firing 20-40 «m quartz particles at 1400 °C for upto 5
days. The solid lines with dots are experimental values, while the dotted lines are the modelled
amount of phase. The figure is retrieved from Mitra [79].

Another researcher who assumed a first order reaction for the phase transformation from quartz to
cristobalite was Chaklader [80]. He viewed the transformation as a twostep reaction with
amorphous phase as an intermediate state, and thus had two rate constants ki and k. for the
transformation from quartz to amorphous phase and from amorphous phase to cristobalite
respectively. At 1560 °C these rate constants were 2.20x107 s™! and 4.88x107 s”! for ky and k,
respectively. Mitra’s k2 value was 5-6 times lower. The values are not directly comparable since
the temperature at which they were calculated for was different. Also, the quartz types were not
the same, and it is likely to assume that different quartz types have different rate constants. But
the values can give an indication of the temperature dependence of k. Chaklader’s modelled
amount of phases and his experimental values are shown in Figure 42.
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Figure 42: The amount of phases after heating a brazilian quartz type to 1560 °C. The dotted line
is the modelled amount of amorphous transition phase [80].

Another study [78] on the kinetics of the phase transformations in silica suggested that the
transformation from amorphous phase to cristobalite was following a zero-order rate law, i.e. the
growth rate is linear and independent of concentration [81]. Brown et al. [78] found an expression
for the growth rate, g, in the temperature interval 1288-1457 °C, dependent on the temperature, T,
and two constant A and B, related to the concentration of trace Al,Os. The expression can be seen
in Equation 2.6.

—-B
g =ATeT 26

2.4.2Disintegration of Quartz

As the raw materials are fed to a silicon or ferrosilicon furnace, they will meet a charge top which
is 700 °C -1300 °C [5]. Because of this steep temperature increase from room temperature, the
quartz get shock heated and might disintegrate. Several studies [6], [52], [82], [83] have shown
that different quartz types will disintegrate in various amounts. The reason for this is not clear.
Ideal lump size for quartz used in a furnace is 10-150 mm [6], and if the amount of too much fine
particles becomes too large it will have negative effects on the furnace performance.

Shock heating experiments have been performed as an attempt to measure the degree of
disintegration for various quartz types. In Figure 43 the results from Ringdalen [52] and Paulsen
and Bakken [82] are combined. They used the same experimental setup. A sample of
approximately 200 g was inserted to a preheated carbon crucible at 1500 °C and held for ten
minutes. The sample was taken out and sieved. Figure 43 shows the large variation amongst
quartz types. If fines are defined as material below 10 mm, the amount of fines varies from 2-3 %
to 85 %. Considering that the production plant often sieves away fines below e.g. 10 mm before
adding the quartz the furnace, the furnace will still get a huge amount of fines if certain quartz
types are used.
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Figure 43: Cumulative percentage of different size fractions of quartz that have been shock
heated to 1500 °C. The figure includes results from both Ringdalen [52] and Paulsen and Bakken
[82].

Paulsen and Bakken also shock heated quartz samples at 1300 °C, and compared it to tests at 1500
°C. They observed that disintegration was greater at 1500 °C than at 1300 °C. There were some
exceptions from this trend. Paulsen and Bakken suggested that different sample size for the 1300
°C and 1500 °C experiment could have affected the results. Figure 44 shows the graphic
representation of the results. The dotted lines are the 1300 °C experiments, while the solid lines
represent the 1500 °C experiments.
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Figure 44: Cumulative percentage from shock heating quartz to 1300 °C and 1500 °C. The dotted
lines represent 1300 °C, while the solid line represents experiments at 1500 °C. The graph is
based on results by Paulsen and Bakken [82].

Shock heating has also been tested by Aasly [6]. He had a slightly different experimental setup
than Ringdalen and Paulsen and Bakken. Aasly sliced his samples into cubes of approximately 40
mm x 40 mm x 40 mm. He also investigated unheated and heated samples of each quartz type in
polarized light microscope, also with fluorescent light. It showed some significant differences in
unheated and heated samples. Fluorescent epoxy were used to prepare samples. It will fill micro
cracks, grain boundaries and cavities in the samples, which are visualized when fluorescent light
hits the sample surface. An increase in the intensity of the light reflected by the epoxy in the grain
boundaries was found in the heated samples, meaning that the grain boundaries were more open
after heating. The intensity of the micro cracks also increased in most samples. For sample Aa.F,
the intensity from the micro cracks suppressed the intensity from the grain boundaries. This can
be seen in Figure 45.
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Figure 45: Images of quartz type Aa.F from fluorescent light microscopy and optical light
microscope. The images to the left show unheated samples, while the images to the right are taken
of material shock heated to 1300 °C [6].

In Table 8 the results from Aasly’s [6] shock heating experiments and other observations are
summarized. The amount of fines produced during shock heating varied. Further investigation by
microscopic methods showed that during heating the grain boundaries opened, and micro cracks
developed. They were grouped either in network of connected micro cracks or as short
disconnected cracks in a dense pattern. Micro cracks also seemed to develop in the fluid inclusion
planes, and this suggests that the micro cracks are a results of fluid inclusions escaping and
causing tension in the material around it. This is not in agreement with Birkeland et al., sited by
Aasly [6], which suggested that fluid inclusion planes were insignificant for the disintegration of
quartz samples. Another factor that Malvik et al. [84], [85] claimed as important for the thermal
strength of quartz was the grain size. They argued that there would be larger expansion in one
direction, than the others when quartzite were heated. This difference would cause stresses on the
grain boundaries, and the strength were therefore directly proportional to the grain size.
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Table 8: Results and observations from Aasly from shock heating experiments and other test done
prior to heating and after heating [6].

Quartz Type Rel. grain | Other minerals | Pos. of trace | Wt% fines
type size minerals below
1.651 mm

Aa.A Hydrothermal Very None - 1.41
coarse

Aa.B Hydrothermal Very Chlorite/mica Grain 1.00
coarse boundaries

Aa.C Hydrothermal Very (mica) Scattered 1.05
coarse

Aa.D Pegmatite Fine-coarse | (mica) Scattered 0.71

Aa.E Quartzite Medium Zircon, Scattered 1.10
coarse monazite, mica,

(tourmaline?)

Aa.F Hydrothermal Medium Mica (or Grain 1.14

coarse tourmaline) boundaries

On the microscopic scale, Griggs and Balcic [86] investigated the strength of synthetic and

natural quartz as a function of strain rate and temperature. They found that quartz retains its
hardness and strength at least to 800 °C-1000 °C. The strength becomes considerably lower at 800
°C and above if water is present. The suggested mechanism for the weakening is diffusion of
water throughout the crystal hydrolyzing the Si-O bonds. This causes weaker hydrogen bonding
between some of the atoms in the crystal, thus a weaker structure.

2.4.3Softening and melting

Softening

Softening is described by Ringdalen et al. [87] as when the shape of a quartz sample starts to lose
its sharp edges. The border between softened and melted quartz is diffuse. Jusnes [88] presented
some examples of both conditions in her master thesis. The examples can be seen in Figure 46,
and the criteria used to determine the difference were as follows:

e Melted particles have more round shape than softened.

e Melted particles have adjusted themselves to the surroundings, softened have not.

e Melted particles may have melted together, forming larger particles. If there still exists a
boundary between the particles, they are softened.
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Figure 46: Examples clarifying the difference between softened (left) and melted (right) silica.
The silica pieces are surrounded by solid SiC particles and epoxy. The images are retrieved from
Jusnes [88].

Several researchers have tried to explain the softening mechanism, since the phenomena is not
thoroughly understood. According to Dash et al. [89], the disorder and mobility of atoms at the
surface of a bulk sample will increase as the temperature approaches the melting temperature, and
hence a material can start to melt at the surface before bulk-melting starts. At the start, the
disorder region will be very thin and possess the solid bulk properties. As the region becomes
thicker, the outer surface will change its properties to liquid properties more and more. It is
suggested that the systems free energy could be lowered as a consequence of the wetting of an
initially dry surface on a bulk solid below its melting temperature. There will be an energy cost of
converting a small amount of material from solid to liquid, but this is not prohibitive. This energy
cost of this conversion also determines the theoretical thickness of the pre melted layer.

Another explanation of the softening or wetting of the surface is that silica becomes more and
more fluid-like at temperatures above 1677 °C [62], i.e. more amorphous. Kuhlmann-Wilsdorf
[90] suggested that amorphous substances are understood as liquids of high viscosity. This is
explained by high frictional stress on the dislocation cores in the structure. When the free energy
of a dislocation core becomes negative, it will enter the molten phase. Several of these dislocation
cores with negative or zero free energy will build up the liquid phase of a structure. Thermal
motion reduces the frictional stress on dislocations core for a solid, as well as helps to overcome
it. This can explain gradually softening of amorphous substances on heating.

Different methods have been used to test how much different materials soften. An earlier test
method for investigating softening temperatures of refractory materials was the Seger cone test.
Materials with unknown softening temperature was compared with other materials with known
softening temperature. The cones were geometrical identical with a triangular base and a height of
about 4 cm. The cones were heated together, and afterwards it was possible to measure the
amount of bending in the cone from the material with unknown softening temperature compared
to the known materials [91]. In Figure 47, Seger cones heated to 1400 °C are shown. Normally,
the material that is being tested is in the middle between cones with assumed higher and lower
softening temperature. For the test to be precise, the experiments setup must be as identical as
possible. With this method, it is also possible to teste the same material, but with slightly different
compositions, to see how certain impurities might affect the softening of the material.
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Figure 47:Seger cones that have been heated to 1400 °C to investigate the softening properties of
a material [91].

Recent studies on softening are performed by Jusnes [88], Nordnes [17], [92] Ringdalen and
Tangstad [93], Ringdalen [94], Bao et al. [95] and Andersen [96]. One of the key challenges was
to determine the softening and melting temperature of different quartz types, if the heating rate of
the experiments was affecting the determination of the softening and melting temperature, and
how the volume changed as the quartz samples were heated. Results from Andersen [96],
Ringdalen [94] and Ringdalen and Tangstad [93] can be seen in Figure 48, where it can be seen
that the quartz heated with a slower heating rate, 5.5 °C/min , has a lower softening point than the
ones heated with the highest heating rate, 20 °C/min. It also shows that there are variations in the
softening temperature between different quartz sources.

1850

1800 | o ® . . ° .
1750 ® o .
1700 ®
1650

1600 o

1550

1500

Temperature [°C]

* * * * * * * * * * * * * * * *
¥ % ¥ W » P » " % - ¥ * * = *
v ™ fH b A B

. P

o % oW o ~ & g S s A

S U LS G G S G L N I I IO
ol AN

® Softening, 20°C/min @ Softening, 10 °C/min Softening, 5.5 °C/min

Figure 48: Softening temperatures of different quartz types, heated with different rates. The figure
is based on data from Andersen[96]*, Ringdalen [94]** and Ringdalen and Tangstad [93]***.
Parallel of the same type are marked with a number in parenthesis.

The majority of the experiments performed by Ringdalen [94], Nordnes [17], Andersen [96],
Ringdalen and Tangstad [93] and Bao et al. [95] was performed in a sessile drop furnace,
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illustrated in Figure 49. Quartz samples drilled out from a larger lump were placed on a carbon
substrate and placed inside the furnace chamber surrounded by graphite heating elements. Both a
pyrometer and a thermocouple were used to check the temperature as the heating started. The
heating rate and atmosphere in the heating chamber could be altered. A video camera was
mounted in front of a window in the heating chamber, and allowed for digital recording of the
melting process. Based on qualitative observations in the images recorded, the softening and
melting temperature could be determined. The number is rounded to the nearest 10 °C to adjust
for inaccurate observations. Images of a quartz sample at softening temperature and complete
melting are seen in Figure 50. These are retrieved from Nordnes [17], and is one of four quartz
types she investigated. She found that the heating rate affected the softening and melting
temperature. This was in agreement with earlier suggestion by Ringdalen et al. [93], that softening
and melting temperature would increase with increasing heating rate. Nordnes explained this by
the high viscosity of silica at its melting point. Due to this, the sample could behave nearly as a
solid at the melting temperature and a change in the shape would be difficult to observe. When
samples were held at a lower temperature than the first observed softening and melting
temperature, the samples would soft and melt eventually, at a lower temperature. This is
illustrated in Figure 51 where multiple experiments of each quartz type with different holding
temperature are shown.

sessile drop graphie

radlzuon shield

. |

camera/lens

pyrometer  free..l [

substrate graphite
element

vacuum chamber

Figure 49: Schematic overview of sessile drop furnace used to investigate softening and melting
behavior of quartz. The image is retrieved from Bao et al. [95].
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Figure 50: Images of quartz samples in the sessile drop furnace at softening temperature (left)
and complete melting (right). The images are retrieved from Nordnes and the temperature is
given in °C [17].
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Figure 51: Apparent softening and melting temperature for four different quartz types
qualitatively determined. The figure shows that increased heating rate will increase the observed
softening and melting temperature [17].

Nordnes [17] also investigated the effect of impurities on the melting rate. Calculations of melting
rate showed a relatively linear increase as a function of the impurity concentration. Earlier,
Ringdalen et al. [93] have investigated the effect of FeO impurities on the softening temperature.
They found the same trend that the softening point will decrease as the content of FeO increases,
as seen in Figure 52. Andersen [96] suggested that alkali impurities also would lower the
softening point. Jusnes [88] studied the softening and melting temperature of two quartz types
with different impurity level. She found that increasing amount of impurity would have a
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decreasing effect on the softening and melting point of the quartz types tested. Earlier it has also
been suggested that the softening phase could be related to the intermediate amorphous phase in
the phase transformation from quartz to cristobalite. Nordnes investigated the amount of phases
for the same quartz types she determined the softening and melting temperatures for. No
correlation was found between the amount of amorphous material and the holding time before
complete melting at 1750 °C. This can be seen in Figure 53.
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Figure 52: The effect of FeO impurities on the softening temperature of different quartz samples
[93].
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Figure 53: The amount of amorphous phase in heat treated quartz as a function of the holding
time at 1750 °C before complete melting [17].
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Melting
For a substance to melt the chemical potential, 1, must be the same for the liquid and the solid
phase as described in Equation 2.7 [61].

wo=pt 2.7

The macroscopic and thermodynamical aspects of melting are well established, but the
mechanism at microscopic level is not fully understood. Several researchers have tried to explain
the mechanism, including Lindemann (as mentioned by Ainslie et al. [73]), Kuhlmann-Wilsdorf
[90], Cotterill [97], and Thompson et al. [98]. A more recent study by Samanta et al. [99] claims
that the earlier theories contain too many simplifications. Melting is a complex process that
contain multiple and competing pathways involving formation and migrations of dislocations and
other defects. The pathways are results of different barrier crossing events arising from several
metastable states. Because atoms at the surface are more fluid-like, it is more likely that a liquid
nucleus will form here rather than inside a solid. The liquid nucleus will expand until the solid
phase becomes smaller and smaller. This is confirmed by Ainslie et al. [73] which claims that all
observations so far (up to 1961) indicate that melting is a heterogeneous process and will start at
surfaces. A liquid film will form, often at slight superheating, and propagate inwards. Melting
kinetics will be affected by the viscosity of the solid. A melt of high viscosity, like silica, the heat
absorbance will be slower and the solid can withstand high superheating. Mackenzie [100]
showed that quartz can sustain superheating of 300 °C for a considerable amount of time. For
silica, which is so viscous, it is observed, at 1730 °C, that the shape is not considerably altered
despite being 20 °C above the melting point [73].

If the quartz contains impurities, they can alter the melting temperature. The effect depend on the
impurity, and a mix of several impurities can have a complex impact [61]. It is argued that in a
dilute crystal of an alloy, the energy will be less than in a pure crystal. This is explained by the
bonding between dislocation cores and substitutional and interstitial atoms, which will decrease
the system energy and thus lower the melting temperature [90]. Others have also argued that
impurities will catalyze the movement of the crystal-liquid interface, when the crystal is
covalently bonded [101]. In addition the melting behavior of SiO; can be influenced by the type
and amount of fluid inclusions [28].

The melting of quartz has lately been investigated by Nordnes [17]. She found melting
temperatures varying between 1730 °C and 1840 °C for the same quartz type. The samples were
in mg order, and parameters such as the holding time at different temperatures was varied. The
conclusion of her work showed that when quartz was held at a temperature sufficient for melting,
the sample did melt in the end. It could take up to two hours. When a constant heating rate was
used until the sample was melted, the recorded melting temperature was higher. This indicated
that the quartz samples were superheated before melting, and the melting rate increased with
increasing temperature above the theoretical melting temperature.

Viscosity

Silica is highly viscous with a viscosity of 2x10” Poise around its melting point [102]. The
viscosity can influence a number of properties in a silica such as melting conditions, temperature
of working and annealing, rate of removal of bubbles, the maximum temperature of use and the
crystallization rate [103]. Urbain et al. [102] showed that the viscosity of pure amorphous silica
from 1200 °C to 2400 °C followed an Arrhenius - type relationship, and found the activation
energy to be 515.4 kJ/mol. Viscosity is thus highly dependent on temperature, which can be seen
in Figure 54 [104]. When other oxides are added to pure silica melt, the viscosity decreases.
Water is also known to increase the flow in crystalline silica [105]. It is suggested that the reason
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for this is water diffusing throughout the crystal and hydrolyzing the Si-O bonds. Hydrogen
bonding will then replace some of the Si-O bonds and the crystal will appear weaker [86].
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Figure 54: Temperature dependence of different silica melts. The figure is reprinted from Tang et
al. [104].

2.4.4Temperature models of quartz

A piece of quartz in the silicon or ferrosilicon furnace will instantly not have a homogeneous
temperature throughout the sample. The temperature difference will be at its largest when the
quartz is meeting the charge top which is 700 °C-1300 °C [5]. Nordnes [17] modelled the heat
distribution in different sized quartz samples. She found that for a sample with a diameter of 40
mm and varying height from 10 to 100 mm that the temperature difference from surface to center
varied from 0.05 °C to 30 °C after 1 hour at 1765 °C. Her results can be seen in Figure 55, and
they give an idea of how fast a sample of quartz is heated both in experiments and in a real
furnace.
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Figure 55: Temperature distribution in different quartz cylinders with diameter and height of 100,
80, 40, 10 and 4 mm [17].

Ksiazek et al. [106] modelled the temperature distribution in two different quartz particles as a
function of radius. In a particle with radius 4 cm the external temperature was 1000 °C, while the
temperature in the middle of the particle was 980 °C - 990 °C after 8 minutes. This is illustrated in
Figure 56 together with the temperature distribution for different ferromanganese ores.
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Figure 56: Temperature distribution as a function of time, and distance from the center for
different ferromanganese ores and quartz [106].

Kjelstadli [57] with assistance from Ksiazek modelled the temperature distribution for various
quartz sizes when heated from room temperature up to 1700 °C in a furnace. In this model it is
assumed that the thermal diffusivity coefficient of quartz is constant above 573 °C. It must also be
accounted for the 30 minutes it took to heat up the furnace to 1700 °C. In Figure 57, the
temperature in the center of quartz samples with different size can be seen. The dotted line is the
furnace temperature. As the furnace was heated together with the quartz samples it is difficult to
draw a conclusion regarding the temperature diffusivity when the heating rate is less than in this
model. For similar heating rates, it can be seen that the size of the particle only gives small
variations in the center temperature of a quartz particle for spherical pieces from 2to 5 cm in
diameter. When the samples increase in size, the time before the center is the same temperature as
the surroundings will also increases. More specific, it takes about 3 minutes longer for a 5 cm
sample to reach 1700 °C in the center of a particle compared to a 2 cm particle. This holds when
the heating rate is around 1°C/s.

57



1500

Temperature (C)

i i
0 500 1000 1500 2000 2500
Time (s)

Figure 57: Temperature in the center of quartz samples with different size. It took 30 minutes for
the furnace to reach 1700 °C [57].
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3 Characterization of quartz types

In this chapter a thorough characterization of the four main quartz types used in this study are
presented. The most important geological parameters of each quartz type are identified, and
images from microscopic investigations are given. The information is gathered from different
sources, both internal information from Elkem, earlier reports and theses. A major part of the
characterizations is done as a part of the High Temperature Quartz project by Trond Brenden-
Veisal and Anja Filipowicz. This work is found in an internal Elkem report [107].

Four different types of quartz were selected by the project group for thorough investigation. 200
kg of material were sent from different mines around the world to Trondheim. The treatment or
selection of quartz before arrival in Trondheim is not known. All four quartz types were split into
bathes of approximately 15 kg each upon arrival. This was done to ensure a random selection
when taking samples for further analysis. For additional experiments, other quartz types were also
used to obtain a broader basis for comparison. A chemical analysis was done on all the quartz
types in this study. The analysis was performed by Erimsa, and the result can be seen in Table 9
for the main quartz types A, D, F and G. The quartz names are anonymized, and are therefore
labelled with random letters. The method used for chemical analysis is inductively coupled
plasma — optical emission spectrometry (ICP-OES).

Table 9: Chemical analysis of the quartz types investigated. The analysis is performed by Erimsa,
and given in wt% if not else is stated.

Quartz | Al Fe Ti Ca Na K Mg Mn P SiO;

OPe | rwios] | [wto6] | [opm] | [wt] | [wi%] | [wive] | [wive] | [ppm] | [opm] | [wtee]

0.0106 | 0.0020 | 4.2 0.0003 | 0.001 | 0.0023 | 0.0009 | 0.3 <2.6 99.982

0.2603 | 0.2443 | 145.8 | 0.0033 | 0.0028 | 0.0626 | 0.0042 | <0.1 25.6 99.405

0.009 | 0.0020 | 4.1 0.0010 | 0.0050 | 0.0040 | 0.0010 | 1.184 | <2.6 99.977

® T o >

0.0078 | 0.0024 | 3.8 0.0031 | 0.002 | 0.0013 | 0.0007 | 0.3 <2.6 99.982

3.1 Quartz type A

Quartz type A is a gravel quartz originating from a hydrothermal metamorphic vein. In Figure 58,
a batch and a single sample of quartz type A can be seen. Type A has two domains where the
texture is considerably different. Domain 1 has medium to coarse grained quartz in the mm and
pm scale. In the second domain, the grains are 10-200um thick and a few mm long. Grains found
in this domain are stretched and deformed [107]. Layers of recrystallized material is found in
between these grains, like seen in Figure 59 [107]. A recrystallized zone is seen from the upper
right to the lower left corner. Another recrystallized area is observed in the upper left corner in
Figure 59h. Contaminants such as muscovite (KAl (SisAlO10)(OH)2) and iron hydroxide are also
observed by microscopic investigations. These are mainly found along grain boundaries of
recrystallized grains and grains between coarse-grained and fine-grained quartz. The
contaminants vary in size, but the ones observed are smaller than 25 um and up to 175 pm [107].
Figure 60 shows four images from microscopic investigations done by Brenden-Veisal and
Filipowicz [107]. Here, the inclusions can clearly be seen. Fluid inclusion occur along healed
cracks crossing several grains in a network and at the grain boundaries of recrystallized grains
[107]. This can be seen in Figure 61 [107]. In general, the amount of fluid inclusions and cracks
are low in quartz type A [107]. From one selected lump of quartz type A, a thin section suitable
for microscopic investigations was taken. Another part of the same lump was shock heated. From
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the shock heated material another thin section was prepared for microscopic investigation. In that
way it was possible to compare the images from microscopic investigation of material original
close to each other. The microscopic investigation of the thin sections can be seen in Figure 62
[107]. No major differences can be observed from the thin section before and after heating. The
fracturing seems to have occurred at random positions in the material.

a) Area of recrystallized quartz in between coarser quartz grains.
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Healed fractures

Band of
recrystallized
grains

b) Band of recrystallized quartz grains and healed fractures inside coarser quartz
grains.

Figure 59: Images from microscopic investigation of quartz type A showing the different
domains observed, and also healed fractures. The images are obtained from Brenden-Veisal
and Filipowicz [107].

61



Muscovite
and iron
hydroxides

a) Muscovite contaminant on quartz grain b) Muscovite and iron hydroxides on quartz
boundary. grain boundary.

¢) Muscovite contaminant along quartz d) Muscovite contaminant embedded in
grain boundary in recrystallized quartz elongated quartz crystal.
domain.

Figure 60: Images from optical microscope of quartz type A showing different contaminants.
The images are obtained from Brenden-Veisal and Filipowicz [107].
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a) Fluid inclusions along grain boundary of ~ b) Fluid inclusions along the boundaries of

recrystallized quartz grains sub grains.
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c) Fluidinclusions in healed fractures. The  d) Elongated and spherical fluid inclusions
inclusions are up to 75.7 um.

Figure 61: Fluid inclusions found by microscopic investigations of quartz type A. They are
found both at grain boundaries and sub grain boundaries and at healed fractures. The shape
can be both elongated and spherical. The images are obtained from Brenden-Veisal and
Filipowicz [107].
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a) Thin section of unheated quartz type A b) Thin section of shock heated quartz type A.

Figure 62: Microscopic images of thin sections of quartz type A, before and after shock
heating. The images are obtained from Brenden-Veisal and Filipowicz [107].

3.2 Quartz type D

Information about quartz type D is obtained from Aasly [6] and Pevik [108]. Figure 63 shows
lumps of quartz type D and an enlarged image of one of the lumps. This quartz type is a quartzite,
and it is mined by drilling and blasting operations. It is the quartz type with the highest impurity
level in this study, but still around 99 % SiO,. The bulk samples of quartz type D have a red color
and appear homogeneous. Microscopic investigations of this type have shown a significant
amount of pores, and that mineral inclusions often are located around these. The grains in type D
are small, typically 0.2-1 mm, and the grain boundaries are relatively open. Images from
microscopic investigation can be seen in Figure 64 [6]. Typical contaminants are sericite (fine-
grained muscovite (KAIx(SisAlO10)(OH)2), zircon (ZrSiOg), limonite (hydrated iron oxide) and
rutile (TiO2). The limonite occurs as stains between grains and frequently occur as small particles
along the rims of primary quartz grains and overgrowth areas. Muscovite is also found at the grain
boundaries, while rutile often appears as needle shaped inclusion inside quartz grains. Zircon
appears as interstitial grains of approximately 100 pm. Some contaminants can be seen in Figure
65 [107]. Some fluid inclusions can be found inside the grains, but they can also be found in
healed fractures. If the conditions under formation is optimal, a quartz sandstone will have
uniform strength [6], [108]. From one selected lump of quartz type D, a thin section suitable for
microscopic investigations was prepared. Another part of the same lump was shock heated. From
the shock heated material another thin section was prepared for microscopic investigation. In that
way it was possible to compare the images from microscopic investigation of material original
close to each other. The microscopic investigation of the thin sections can be seen in Figure 66
[107]. From the image it can be seen that the samples are more or less intact after shock heating,
and no major differences are observed in the material.
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a) Image from microscopic investigation of quartz type D showing grains
ranging from 0.2-1 mm.
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b) Image from microscopic investigation under fluorescent light. The image
shows that the grain boundaries in quartz type D are relatively open because
the light is shining through the sample at these spots.

Figure 64: Microscopic images of quartz type D [6].
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Sericite

b) Dust rims around grains possibly containing iron hydroxide.

Figure 65: Images from microscopic investigations of quartz type D. The images are
obtained from Brenden-Veisal and Filipowicz [107].
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a) Thin section of unheated quartz type ~ b) Thin section of shock heated quartz
D. type D.

Figure 66: Microscopic images of thin sections of quartz type D, before and after
shock heating. The images are obtained from Brenden-Veisal and Filipowicz [107].

3.3 Quartz type F

Quartz type F is from a hydrothermal quartz vein. Images of the quartz type can be seen in Figure
67. Since the deposit is very complex, variations within a batch are expected. Microscopic
investigations found large and deformed grains around and above 1 cm. The samples also
contained some recrystallized grains which were 70-130 um, and which were less deformed.
Healed fractures are also observed [107]. Image form microscopic investigations can be seen in
Figure 68 [109]. The most common contaminant observed is white mica, probably muscovite
(KAI2(SizAlO10)(OH),). The inclusions are relatively large, from 5 -20 pm. They are positioned
both in the quartz grains, and in between quartz grain boundaries. Calcite (CaCQOs3) contaminants
are also found, and they are observed in between quartz grains. Smaller amount of apatite
(CazP0O4sAIO10(0H)2), Fe-Mn oxides and ilmenite (FeTiOs) is also observed [107]. Fluid
inclusions are relatively abundant in quartz type F. They are often located along healed fractures,
but are also observed within quartz grains. The size of the fluid inclusion are relatively large,
above 10 um [107]. Figure 69 shows images from microscopic investigation showing a single
liquid-rich fluid inclusion and fluid inclusion along healed fractures [107], [109]. From one
selected lump of quartz type F, a thin section suitable for microscopic investigations was
prepared. Another part of the same lump where shock heated. From the shock heated material
another thin section was prepared for microscopic investigation. In that way it was possible to
compare the images from microscopic investigation of material original close to each other. The
microscopic investigation of the thin sections can be seen in Figure 62 [107]. For this quartz types
it seems like the larger grains are separated from the rest after shock heating, while the smaller
grains are clustered together. This could indicate that smaller grains have higher ability to stay
together during shock heating, while larger grain will split up.
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Figure 68: Image from microscopic investigations of quartz type F. The images are
from Seljeset [109]. Quartz grains from regime 1 is observed in the middle and
recrystallized areas with smaller grains along the sides.
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50 pm

a) Aqueous liquid-rich fluid inclusion b) Typical fluid inclusion trails [109].
[107].

Figure 69: Images from microscopic investigations of fluid inclusions in quartz type F.
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a) Thin section of unheated quartz type D.
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b) Thins section of shock heated quartz €) Thins section of shock heated quartz type
type F. F.

Figure 70: Microscopic images of thin sections of quartz type F, before and after shock
heating. The images are obtained from Brenden-Veisal and Filipowicz [107].

3.4 Quartz type G

This quartz type is a gravel type, where erosion of surrounding mountains has deposited quartz
originating from a hydrothermal vein in alluvial fans and fluvial deposits. As can be seen in
Figure 71, the individual lumps have rounded edges from interaction with other material. The
color is white, and there are large visual differences in the lumps.

Figure 71: A batch and a separate sample of quartz type G.
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Thorough investigations of quartz type G have shown that the impurity concentration of Al, Fe
and Ti is very heterogeneous. The texture of the quartz has been characterized by Filipowicz
[110], and three different regimes have been identified in the samples based on the degree of
deformation caused by temperature and pressure. Regime one, is the least deformed but has the
largest amount of fluid inclusion and traces of such. This regime has experienced temperatures up
to 400 °C. Microfractures and crosscutting fractures are also observed. Grains found in regime
one is a few cm. In the second regime, the quartz is partly recrystallized, and the grain size varies
from pum to cm. Regime two has been exposed to temperatures from 400 °C to 500 °C. The
regime has fewer fluid inclusions than regime one, and seems strain-free. Microfractures, some
crossing the entire sample, are also observed in regime two. Regime three shows dynamic
recrystallization and strain-free grains. The temperature have been 500 °C to 700 °C. Few fluid
inclusions are observed compared to regime one and two. The grain size in regime three varies
from a few tenth of pm up to 3.5 mm. The temperatures for the regimes are based on
classification of different grades of deformation and the following microstructure in quartz by
Passchier et al. mentioned by Filipowicz [110]. A rough estimate is 74 % of regime 1, 22 % of
regime 2 and 4 % of regime three. Figure 72 shows images of thin sections observed in
microscope of each regime where the grain size is clearly seen. Other textural observations like
fractures, fluid inclusions and contaminants can be seen in Figure 73 [110].

Contaminants in quartz type G, identified with microscopic methods, are mainly iron oxide and
muscovite (KAI,(SisAlO10)(OH)2). The iron oxide occurs along fractures and grain boundaries as
well as inclusions in quartz. Muscovite is also observed both at grain boundaries and inside grains
[110]. Hlite (Ko.gsAlz.o[AlogsSiza5010](OH)2) and kaolinite (Alx(Si.0s)(OH)4) are also observed,
but mainly in regime 3. An example of iron oxide impurity in a fracture can be seen in image d in
Figure 73 [110].

a) Regime 1 b) Regime 2 c) Regime 3

Figure 72: Thin sections of the different regimes in quartz type G [110].
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1000 pm

a) Arrows pointing at micro fractures b) Fractures crossing the sample from the
observed by light microscope. top left corner to the bottom right.

200 ym

¢) Fluid inclusions and fluid inclusion trails  d) Iron oxide impurities occurring in a
fracture

Figure 73: Images from microscopic investigations of quartz type G. The images show micro
fractures, fluid inclusions and impurities [110].

For quartz type G, high temperature microthermometry has also been used to observe what
happens to samples when they are heated to 1350 °C [110]. For samples from all regimes,
decrepitation of fluid inclusions starts at low temperatures from around 100 °C to 600 °C. The
decrepitation seems to cause micro fractures, and it links fractures together creating trails of
fractures. At higher temperatures, 1200 °C, more severe fracturing is observed in areas where
fluid inclusions are present. Samples from all the regimes behave in a similar way, but since
regime 1 has the highest amount of fluid inclusion fracturing is more common in such samples.
Samples with no fluid inclusions or preexisting fractures do not show any effect of heating in high
temperature microthermometry [110].

3.5 Raman spectroscopy

Quartz type A, D and F were sent to Hanyang University and investigated at the Laboratory of
High Temperature Physicochemical Processing of Materials. The analysis of the three quartz
samples showed that mainly quartz peaks were detected in all the samples [111]. This can be seen
in Figure 74. In addition, quartz type D had some additional peaks. These were determined to be
due to hematite, which is expected from the chemical analysis of quartz type D since it has a
higher content of Fe.
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Figure 74: Raman spectra of quartz type A, D and F investigated at Hanyang University [111]. In
the figure to the right quartz type D is compared with the spectra for hematite to confirm hematite
is present in quartz type D.

3.6 Reference sample

For some of the tests in this study, a high purity natural crystalline quartz sand was used as a
reference sample. The quartz sand, with product name NC4A, originates from quartz deposits in
Spruce Pine, USA. This quartz sand has a purity level at ppm level and is used as raw material for
quartz glass products for the solar and semi-conductor industries globally. The impurity level
given by the supplier is given in Table 10.

Table 10: Impurity level in high purity quartz sand, NC4A, used as a pure reference sample. The
impurity content is from the data sheet from the supplier.

Impurity Typical value [ppm] Maximum [ppm]

Al 13 18.0
B <0.1 0.1
Ca 0.5 1.0
Co <0.01 0.01
Cr <0.01 0.03
Cu <0.01 0.03
Fe 0.2 0.6
K 0.5 0.9
Li 0.4 1.0
Mg <0.1 0.1
Mn <0.1 0.2
Na 0.8 1.2
Ni <0.01 0.03
Ti 1.2 15
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3.7 Additional samples

For some of the experiments, additional quartz types have been tested to get a broader foundation
for comparison. In Figure 75 an image of each of these types can be seen, and the chemical
analysis of each type, except type B, is given Table 11. Type B is the same type as F, but with a
lower purity grade. Except for sample J, ICP-OES is used for chemical analysis, the same as for
quartz type A, D, F and G.

Ly
1 11‘: 1314 “&

Figure 75: Additional quartz types tested.
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Table 11: Chemical analysis of additional quartz types used in this study. The analysis is
performed by Erimsa and the amounts are given in wt% if nothing else is indicated.

Quartz | Al Fe Ti Ca Na K Mg Mn P SiO;
P | wioe] | wioel | fopm] | [wioe] | [wioe] | [wioe] | [weoe] | [opm] | [ppm] | [wto6]
C 0.0509 | 0.0122 | 10.1 0.0016 | 0.0019 | 0.0098 | 0.0022 | 0.4 2.2 99.920
E 0.3012 | 0.0731 | 133.6 | 0.0026 | 0.0038 | 0.0924 | 0.0057 | 2.1 29.1 99.505
H 0.0329 | 0.0172 | 10.5 0.0024 | 0.0053 | 0.0075 | 0.0019 | 0.8 15 99.932
| 0.0608 | 0.0233 | 14.8 0.0046 | 0.0068 | 0.0267 | 0.0021 | 4.6 13.7 99.872
J* 0.0900 | 0.4057 | - 0.0143 | - 0.0166 | - - - <99.47

* Analysis is performed by XRD and XRF, and some impurities are below detection limit.
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4 Experimental procedures

The two main experimental procedures in this study are the phase transformation experiments and
the shock heating of different quartz types. In addition, different techniques have been used to see
if relevant information could be obtained. These are differential thermal analysis (DTA) to
measure the enthalpy change during heating, Raman spectroscopy to identify impurities,
computed tomography (CT) imaging to detect cracks in quartz samples and Fourier transformed
infrared spectroscopy (FT-IR) to determine possible water or OH-groups in addition to clay
minerals in quartz. Multivariate analysis has also been used on some of the data obtained to detect
possible correlations between variables. All these methods are presented in detail in this chapter,
except the differential thermal analysis and the Raman spectroscopy since the method did not give
any useful results. The results from these methods are included in Appendix A: Enthalpy change
measured by differential thermal analysis (DTA) and Appendix B: Raman Spectroscopy.

4.1 Disintegration of quartz

To measure the disintegration of various quartz types, shock heating experiments were performed.
Some of the samples were analyzed with CT-imaging before shock heating in order to detect the
amount of crack in the sample before heating. After heating, some samples were analyzed with
XRD to determine the amount of phases produced during shock heating. Each part of the
experiments is described in detail later in this section. An overview of the experiment process for
quartz type A can be seen in Figure 76. A similar scheme can be made for all the main quartz
types A, D, F and G. In total 10 different quartz samples were shock heated, 4 samples were
investigated with CT and 24 samples were investigated with XRD to determine the phase
composition post shock heating.

A(1)
A2)
A(3)
A(4) A(8) A(4)_size
A(5) A(5)
A(6) Al6) A(6)_size
Time >

Figure 76: Overview of the experiments performed quartz type A. The term “size” means a
specific size fraction obtained after shock heating.

4.1.1Shock heating

A carbon crucible with height 38 cm and inner diameter 11 cm was heated to 1500 °C in an
induction furnace, called IF75. A thermocouple of type C was used to measure the temperature. It
was placed inside an alumina tube and a carbon tube to protect it. A piece of Kaowool was placed
on top of the crucible to avoid heat loss from the top. Different quartz samples were placed in the
crucible when 1500 °C was reached. The samples were 200 g + 20 g, and around 5-9 cm in
diameter. An image of each of the four main quartz types can be seen in Figure 77. After the
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sample was placed in the crucible, the furnace temperature dropped around 100 °C, but recovered
within few minutes. The sample was kept in the crucible for ten minutes. An illustration of the
experimental procedure can be seen in Figure 78. The experimental temperature at 1500 °C is
higher than an industrial furnace where the surface holds a temperature from 700-1300 °C for a Si
producing furnace. The higher temperature for the experiments was chosen to more clearly see the
differences, since disintegration is more extensive at 1500 °C than 1300 °C [82].

Figure 77: A sample from each of the four main quartz types shock heated. The samples were 200
g =20 g and 5-9 cm in diameter.
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Figure 78: Shock heating of quartz samples in a carbon crucible. The samples were shock heated
at 1500 °C for 10 minutes.

After 10 minutes holding time, the sample was poured into a cold carbon crucible, and cooled in
air to room temperature. Each sample were carefully sieved at 2, 4, 10 and 20 mm after cooling,
and each fraction weighed. For the four main quartz types in this study, several parallels were
done. Some additional quartz types were also tested for a broader basis for comparison. In Table
12 all the samples are listed, and the number of parallels within each type is given. For type G,
some samples named with an R indicates which geological regime they are from. These samples
were selected to see any internal differences based on the geological regime. The geological
regimes for type G are presented in section 3.4.

Table 12: List of samples shock heated to 1500 °C in induction furnace, and additional
information of tests performed.

Quartz No. of Sample name Comments

type samples

A 7 A1), A(2), AB3), A(4), A(5), e 3 of the samples were CT-
A(6), A(geo) scanned before heating

e The geo-sample have
thorough geological
characterization

e Silica phases measured

B 2 B(1), B(2)
2 C(), C(2)
D 6 D(1), D(2), D(3), D(4), D(5), e 2 of the samples were CT-
D(geo) scanned before heating

e The geo-sample have
thorough geological
characterization
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¢ Silica phases measured

E 2 E(1), E(2) e Silica phases measured
F 7 F(1), F(2), F(3), F(4), F(5), e 3 of the samples were CT-
F(6), F(geo) scanned before heating

e 1 of the samples were only
100 g, (F(2))

e The geo-sample have
thorough geological
characterization

e Silica phases measured

G 10 G(1), G(2), G(3), G_R1a, e 3 samples were CT-
G_R1b, G_R2a, G_R2b, scanned before heating
G_R1-2,G_R3a, G_2-3 e The R indicated geological
regime

e Silica phases measured

H 3 H(1), H(2), H(3) ¢ Silica phases measured
| 3 1(2), 1(2), 1(3) e Silica phases measured
J 1 J(geo) e The geo-sample have

thorough geological
characterization

4.1.2Computed tomography (CT-imaging)

X-ray computed tomography (CT) was done to measure cracks in the cross sections on the four
quartz types A, D, F and G. The scans were performed with a Nikon XT H225 ST Instrument. To
make the samples more stable, they were covered with aluminum foil before they were placed in
the sample holder. The settings used during the scanning were 140 kV and 200 pA. Each sample
was scanned for 1 hour. The CT imaging were done before the same samples were shock heated.
The software ImageJ was used to measure the area of cracks and the total area of the sample on
the images. An average crack thickness was used for each image, since the thickness of the crack
could vary. The area of each crack was added to obtain a percentage of crack for that sample. For
every sample, more than thousand images were created in the CT procedure. A random selection
of twenty images for each scanned sample were used for further analysis, and an average was
calculated. Figure 79 shows an image of quartz type F where all the cracks are marked and
measured.
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Figure 79: An image of type F quartz after labelling of all the cracks.

4.1.3 Impurity measurements in samples post shock heating

After shock heating of the quartz samples, some size fractions from the four main quartz types
were sent to Erimsa for chemical analysis to check if the impurities segregated during
disintegration. Erimsa did also perform the bulk analysis, thus, the uncertainty of different
measuring methods is ruled out. The samples sent to chemical analysis are listed below. The
smallest size fraction could not be measured since the total amount of this was too low.

e A410-4mm
o A420-10 mm
e D5>20mm
e F510-4 mm
e F610-4 mm

e G120-10mm
e G1>20mm

4.1.4 XRD-analysis of shock heated quartz

For 7 of the quartz types, a sample was taken from each size fraction after shock heating. These
samples were analyzed with X-ray diffraction to measure the amount of different silica phases.
The method used is the same as described thoroughly later in this chapter, in section 4.2.2 and
4.2.3. Samples from the following experiments were analyzed:

e A(6): >10 mm, 10-4 mm, 4-2 mm and <2 mm

e D(4): >20 mm, 20-10 mm, 10-4 mm, 4-2 mm and <2 mm
e E(1):>10mm

e E(2): >10mm

e F(4): >10 mm, 10-4 mm, 4-2 mm and <2 mm

e G(2): >10 mm, 10-4 mm, 4-2 mm and <2mm

e H(1): 20-10 mm

e I(1): >20mm and 10-4 mm

e [(3): >20 mm and 10-4 mm
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4.2 Analysis of phases

The pieces used for these experiments were approximately 10 or 100 g. It was difficult to obtain
the exact weight for the samples, therefore + 20 % was accepted. Larger pieces of quartz were
crushed with a hammer to obtain the preferred size. Some of the samples were crushed with a jaw
breaker because of their high strength.

4.2.1Rapid heating

The quartz sample heated was placed on an alumina plate to avoid any reaction with the furnace
interior at high temperatures. No reaction with the alumina plate was observed during the
experiments. For some experiments at 1700 °C and long holding time, some nearly melted silica
could be stuck to the alumina plate after heating. This material was not used further. The furnace
chamber with a sample ready for heating can be seen in Figure 80. The furnace front can also be
seen in the same figure. One sample was heated at time.

Figure 80: To the left, a 10 g sample of quartz is placed inside the rapid heating furnace. The
width and the height of the furnace is approximately 15 cm. In the picture to the right, the furnace
is seen from the front. The front door can be lifted, and the furnace has a programming panel at
the front.

For each sample, the maximum temperature and holding time at this temperature were set for the
furnace. The maximum heating rate was set, around 50 °C/min. To check the consistency and
reliability of this furnace, additional tests with external thermocouple were performed. The
thermocouple used for these tests was type B. This thermocouple detected a temperature
difference of 5 °C - 10 °C when the temperature was at its maximum. Figure 81 show the logged
temperatures from the additional thermocouple, both with empty furnace and with samples inside.
The figure shows that it took approximately 30 minutes for the furnace to heat up to 1600 °C, and
36 minutes to reach 1700 °C. No significant difference was observed in the heating rate when
there was a sample in the furnace compared to empty furnace. When the heating and holding time
were completed, the furnace was opened and the sample taken out and placed on a cold brick to
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cool in room temperature. All the samples were heated in the same furnace, a Nabertherm L04/08.
In the middle of the experimental project the furnace lining was changed due to damage. After
this incident, a minor increase in the heating rate was observed. This is illustrated in Figure 81 for
test 5. Repeated experiments before and after relining did not give any significant difference in
the phase composition.
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Figure 81: The heating profile for Nabertherm L04/08 furnace, tested with external thermocouple
without samples inside the furnace. During some experiments the temperature were also
externally logged. These results are compared in the figure with dotted lines.

The particle size, holding time and maximum temperature were varied in the experiments. In
Table 13 the experiments details are given for all the four main quartz types. At the end of the
table a list of additional experiments is given. These experiments were done to check the
repeatability, and to redo experiments with results deviating from the trend. Up to three
experiments with the same heating plan were done for some randomly selected experiments. The
X in AL.X represents the different parallels for experiment Al etc.

Table 13: Experiments details for rapid heating experiments of four quartz types of different size.

Experiment no. Temperature [°C] Holding time [min] | Weight [g]
Al,F1,G1,D1 1600 0

A2, F2,G2,D2 1600 120

A3, F3, G3, D3 1700 0

A4, F4, G4, D4 1700 15 10

A5, F5, G5, D5 1600 15

A6, F6, G6, D6 1700 30

A7,F7,G7,D7 1600 30

A8, F8, G8, D8 1700 45
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A9, F9, G9, D9 1600 45
A10, F10, G10, D10 | 1600 60
All, F11, G11, D11 | 1700 60
Al2, F12, G12 1600 0
Al3, F13, G13 1700 0
Al4, Fl14, G14 1700 15
A15, F15, G15 1600 15
A16, F16, G16 1600 30

100
Al7, F17, G17 1700 30
A18, F18, G18 1600 45
Al9, F19, G19 1700 45
A20, F20, G20 1700 60
A21, F21, G21 1600 60
Additional experiments
Al2 1600 0 10
Al3 1600 0 10
A3.2 1700 0 10
A3.3 1700 0 10
Al4.2 1700 15 100
Al15.2 1600 15 100
Al16.2 1600 30 100
Al7.2 1700 30 100
Ax1 1550 0 10
Ax2 1550 30 10
Ax3 1550 60 10
Ax4 1650 0 10
AX5 1650 30 10
AX6 1650 60 10
F3.2 1700 0 10
F4.2 1700 15 10
F4.3 1700 15 10
F7.2 1600 30 10
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F7.3 1600 30 10
G6.2 1700 30 10
G7.2 1600 30 10
G14.2 1700 15 100
G16.2 1600 30 100
G19.2 1700 45 100

4.2.2Pre- XRD treatment

After heating, the samples were either crushed with a hammer to obtain smaller grains that were
more suitable for further milling, or the samples had already disintegrated. To avoid
contamination from the hammer, the samples were placed inside several plastic bags. A tungsten
carbide planetary mill was used to crush the samples further into powder. Later, a stainless steel
planetary disk mill was also used. The milling was done at 700 rpm for 10 s. Some samples
needed to be crushed for a longer time period to obtain a fine powder suitable for XRD. Before
the milling was started, the equipment was washed thoroughly with ethanol, and milling with a
washing quartz was performed. After each milling the equipment was rinsed with water and
ethanol to avoid contamination.

A hypothesis that the milling procedure could cause formation of amorphous silica existed. To see
if the milling could cause any change in the phase composition, unheated sample of quartz type A
and D was crushed for 60 s instead of 10 s. The comparison between milling time of 10 s and 60 s
showed no increased amount of amorphous phase that can be related to increased milling time. In
fact, an amorphous content of 12 % was observed for type D milled in 10 s, while no amorphous
material was observed for the samples milled for 60 s. The initial phase content of the different
quartz types is discussed later, but there is no evidence that milling causes an increase in
amorphous phase. This can be seen in Figure 82. Ringdalen et al. [112] also investigated if
milling could cause any amorphous phase. They milled their samples in 18 s and 5 minutes, and
no significant amount of amorphous phase was created. It is therefore expected that milling time
up to 5 minutes will not affect the phase composition in silica samples.

100%
90 %
80%
70%
60%
50% B Cristobalite
0% B Amorphous
M Quartz
30%
20%
10%
0%

A 10s A 60s D 10s D 60s
Quartz type and milling time [s]

Amount of phases [%]

Figure 82: Amount of phases in unheated quartz type A after milling at 10 s and 60 s.
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4.2.3XRD

X-rays are electromagnetic waves, and these can be used to detect the periodicity of a crystal
lattice, and determine crystal phases in a sample. X-rays with a known wavelength are emitted
towards a sample. The radiation will interact with the atoms in the sample and monochromatic
radiation will be reflected according to Bragg’s law. Each crystalline structure gives a unique
reflection pattern, and it is therefore possible to identify different phases. It is possible to quantify
the amount of phases by comparing the intensity peaks of each crystalline structure [113].

For the XRD sample preparation, back loading sample holders were used to minimize preferred
orientation in the powder. This could cause peak intensity errors. The samples were measured
with a Bruker D8 A25 Da-Vinci X-ray Diffractometer with CuKa radiation. The detector in the
instrument was a LynxEye™ SuperSpeed Detector. The sample were scanned between 5° and 90°
for 32 minutes each.

Internal standard method

When a sample contains some amorphous material, the quantification of phases becomes more
complicated since the amorphous materials lack crystallinity and long range order. One method to
do quantitative analysis of an amorphous material is the internal standard method. It is described
by Madsen et al. [114]. First, the amount of crystalline phase present in each sample is estimated
using the following algorithm from Hill and Howard:

S (ZMV), 4.1
a 11 Si(ZMV);

Where S, is the Rietveld scale factor for phase a, ZM is the mass of the unit cell contents, V is the
volume of the unit call and n is the number of phases in the analysis. The method relies on that all
crystalline phases have been included in the analysis, and Equation 4.1 sums to unity.

An exact known amount of crystalline internal standard material, also called spike, is added to
each sample. This allows the reported amount of phases to be corrected proportionally according
to:

STDknown 42
Corr(W,) =W, —m
“ “ STDmeasured

Where Corr(W,) is the corrected weight present of phase a, STDknown is the weighted
concentration of the standard in the sample and STDmeasured iS the concentration derived from
Equation 4.1. This calculation is done for each of the crystalline phases in the sample. Then the
amount of amorphous material can be calculated using the following expression:

n 4.3
Wamorphous =1- Z COTT(VVJ-)

j=1

This method is according to Madsen et al. [114] the most common for quantitative phase analysis
via the Rietveld method. It relies on the assumption that all crystalline phases in the material have
been included in the analysis. The crystalline standard must have similar mass and mass
absorption coefficient as the sample. This is to minimize the effects of micro absorption.
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The milled quartz samples and a crystalline standard (also called spike), Al,Os, were dried
overnight in a calcination furnace at 250 °C. The aluminum oxide used, was an Al,O3 a-phase,
also called corundum. It had a 99.9 % purity. When the temperature reached 120-150 ° C in the
calcination furnace, the samples were taken out and sealed in order to prevent any humidity in the
samples before weighing. For each XRD-sample approximately 80-90 mg of silica and 20-25 mg
of spike was exactly measured and mixed. The weights were recorded for later calculations. Three
XRD parallels were taken from each sample to check for consistency and reveal any outliers. The
powders were poured into a mortar and a splash of acetone was added to ease the mixing, and the
powder were mixed with a pestle until the acetone had evaporated and the powder were
homogeneous. The powder was carefully poured back in the sample container, and the equipment
rinsed with ethanol between each mixing.

Quantitative analysis of XRD results

To identify which phases were present in the sample, the software Diffract.Eva was used. Then
the quantitative analysis of the diffraction patterns was performed using the Topas V5 software.
The exact percentage of the spike was put into the program, which then can calculates the
absolute amount of the crystalline phases after the peaks have been fitted. A standard file with
selected settings were used for all the samples, to make sure the calculations were run with the
same parameters. To make a good fit with the calculated curve, unit cell parameters and sample
displacement were refined for each sample. The Chebyshev order was kept at 4 for all the
measurements, and the instrument had a 26 angular range of 3, and a fix divergent slit (FDS)
angle of 0.3.

The initial phase composition of unheated quartz types

Uncertainty of the initial phase composition was a concern. Earlier findings could suggest that
untreated quartz also contained some amorphous content [115]. To check this, untreated sample
of A, D, F, G and NC4A were analyzed. The samples were milled in a planetary disk mill to a fine
powder, and after mixing and addition of spike, back loading samples were prepared for the XRD
analysis. As can be seen in Figure 83, all the samples contained some amorphous material before
heating. Type A contained the least amount of amorphous material, around and below 10 % for all
samples tested. All samples from quartz type F contained 15% - 19 % amorphous phase, and
hence type F had the smallest internal variance between the different samples tested. A large
variance between the samples within the type was observed for quartz type D and G. Samples
from type D contained between 6 and 22 % amorphous phase, and in type G contained the amount
of amorphous phase varied from 5 % to 20 %. Since it has been ruled out that the milling will
create amorphous phase, also concluded by Ringdalen et al. [112], the original quartz samples
probably contain some amorphous material. The variance observed both between the quartz types
and within are believed to be a consequence of heterogeneous raw material. However, the
amorphous phase is a minor phase in all samples, and does for most samples not exceed 20 %.
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Figure 83: The amount of phases in unheated quartz. All the samples have been milled to a
powder before XRD analysis.

4.3 Fourier Transformed Infrared Spectroscopy

Infrared spectroscopy is the interaction between infrared radiation and matter. Radiation with a
specific energy interacts with bonds between molecules. For a molecule to be detected by IR-
spectroscopy, it has to be IR-active. That means, it has to have a change in dipole moment when
energy is absorbed. Therefore water, or OH-bond and other dipole bonds are easily detected
compared to e.g. N2 or other homo nuclear diatomic molecules. For IR-spectroscopy the incoming
radiation is sufficient to cause molecules to rotate and, if possible, vibrate. The radiation has a
certain frequency, and when the bond in a molecule vibrates at the same frequency it can absorb
the radiation. The amplitude of the frequency will then increase, not the frequency itself. This
makes it possible to determine the type of bond based on the frequency absorbed, since it is
specific for each type of bond. An interferogram holds the spectral information collected by the
spectrometer. Since all wavelengths have been incident on the sample, the output will be a wave
combined of several cosine waves. A Fourier transformation is used to pick out the individual
frequencies for each cosine wave in the output. From these it can be determined which bonds are
present in the sample, seeing that each cosine wave corresponds to a specific frequency [116].

The most common instrument for FT-IR spectroscopy is a Michelson interferometer, illustrated in
Figure 84 [117] where four optical arms with a beam splitter at their point of intersection. The
incoming light is separated at the beam splitter along two perpendicular arms. At the end of these
arms, a mirror is placed which reflects the light back to the beam splitter where a third mirror
sends a recombined light signal to the detector. One of the mirrors can move while the other one
is fixed. This changes the path length of the arm, and the recombined light hitting the detector
[116].
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Figure 84: An illustration of a Michelson Interferometer [117].

Samples from all the quartz types A-1 were analyzed with FT-IR in order to determine the
different impurities with an emphasize on water inclusions (free H,O), OH-groups and clay
minerals. First, initial tests were done to see if the method could give any valuable results, and to
determine the most suitable sample size. Both powders below 100 um and between 100 and 250
um were tested. Also, several parallels were done on some of the samples to see if the method
was consistent. This is shown in Table 14, where all the samples investigated are listed. All the
samples in each run had to be analyzed after each other when the instrument first was calibrated.
All the samples were prepared by using a planetary disk mill. After two samples sizes had been
tested, it was decided to further use the <100 um due to better scattering of the IR-spectra
compared to samples 100-250 pm.

Table 14: Samples investigated with FT-IR. The number in parenthesis gives the number of
parallels above 1.

Run | Samples Sample size
1 A, D, NC4A <100 pm
2 A(2),D, G <100 pum
3 AD,FG 250 pm< > 100 um
4 A(2), B(2), C(2), D(2), E(2), F(2), G(2), H(2), 1(2) <100 pm

For the infrared spectral characterization, a Bruker Vertex 80v spectrometer fitted with Praying
Mantis accessory from Harrick was used. The characterization was performed by diffuse
reflectance Fourier transformed (DRIFT) spectroscopy. A potassium bromide (KBr) beam splitter
and a deutroglycine sulphate (DTGS) detector was used. By averaging 100 scans at 4 cm™
resolution over the range 4000-350 cm™ a DRIFT spectra was acquired. Due to variation in a
reflectivity of the samples, the first reflectance spectrum was divided by a KBr reference
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spectrum and normalized. The baseline from KBr was then subtracted, and the spectra was
concerted to absorbance. The FT-IR analysis was performed by Bartlomiej Gawel at NTNU.

4.4 Multivariate analysis

When dealing with multiple measurements on each experimental unit, multivariate analysis can
be used to detect correlation between the measurements. In this work, two different techniques
have been used. The first one is multivariate curve resolution (MCR). It aims to decompose a two-
way data matrix D into two matrices C and S', containing concentration profiles and spectra of
the k species investigated. The source of variation, the components and profiles contributing to the
raw measurements, could be found [118]. The number of chemical species contributing to D
which should be modelled by MCR has to be determined. An estimate for C or S™ also has to be
provided. By using alternating least squares (ALS) algorithm until convergence is reached, C and
ST are optimized. Constraints can be used in the iteration process to obtain a meaningful solution.

In this work, MCR have been made based on the disintegration data and the different quartz types
concentration of clay minerals and water to detect any possible correlation. The analysis were
performed by Bartlomiej Gawel at NTNU.

Principal component analysis is another method that uses an orthogonal transformation to convert
a set of observations of possibly correlated variables to a new set of values which are linearly
independent. The method aims to reduce the dimension of the feature space. In other words, PCA
compresses a lot of data into something that captures the essence of the original data. A technique
called feature extraction creates new combination of variables based on the observed variables.
The new combinations are constructed such that the first principal component has the highest
likely effect on the variance in the data observed [119], [120]. In Figure 85 an illustration on how
principal component 1 and principal components 2 are found from the variables, is shown. In this
case the variables will be the disintegration data and the FT-IR spectra.
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Figure 85: An illustration of how principal components 1 (PC1) and principal component 2
(PC2) are determined from two variables related to the experimental unit [121].

For the quartz types A-I a principal component analysis was done in order to find the first
principal component and the second principal component when it comes to disintegration, i.e.
what does the quartz types disintegrating easily have in common. The data obtained from
disintegration and the spectra from FT-IR analysis were combined to create principal component
1 and 2. The principal component analysis were performed by Bartlomiej Gawel at NTNU, and
the software Unscrambler was used.
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5 Results

5.1 Disintegration of quartz

In total 10 different quartz types were tested by shock heating to see how much fines they
produced. The four main quartzes (A, D, F and G) were tested more thoroughly. Properties that
might affect the disintegration, were also tested, and are presented in the sub chapters.

5.1.1 Fines production

The amount of fines below 10 mm varied from 1 wt% to 85 wt% after shock heating to 1500 °C.
All the samples were sieved at 2, 4, 10 and 20 mm, and each size fraction weighted. The wt% of
each size fraction for each sample can be seen in Table 15. When the samples were poured into
the cold crucible after the shock heating, no further disintegration was observed. The material had
already disintegrated as a consequence of the shock heating.

Table 15: Size fractions after shock heating of different quartz types to 1500 °C

Quartz | <2 24 410 | Total 1020 | >20
mm mm mm amount mm mm
wit] | [wtoe] | weee] | RS0 e | i)
mm

A() 138 197| 2318 2653 | 7347 0
AQ) 269| 324| 3576 4169| 5831 0
AQ) 222 308| 1721 251 |  6724| 1024
A@) 262| 341| 2548 3151 | 6850 0
AG) 223  263| 1514 2000| 63.66| 1634
A6) 350 | 477| 4046 4873 |  51.26 0
A(geo) 165| 271| 2812 3248| 6752 0
B(1) 591| 947| 5053 6591 |  34.09 0
B(2) 343|  409| 3335 4087 | 5913 0
cq) 11.90| 1283 | 47.97 727| 2730

cR) 600 416| 1938 2954 | 4689 | 2358
D(1) 049 036| 3.09 3.94 277 93.29
D(2) 073 o077| 378 459 647 | 8826
D) 097 096| 466 659| 1026| 83.16
D@) 091| 075| 468 634| 1438| 7928
D(5) 071 o074| 428 573| 1073| 83.54
D(geo) 031 026| 056 113 723 | 9164
E(1) 160 103| 923 1186 | 6249 2566
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EQ) 208 095| 632 935| 4136 49.29
F(1) 612 10.03| 5736 73.51 26.49 0
F(©2) 576 |  874| 39.84 5434 | 2271 2295
F(3) 597 | 9.72| 5991 75.6 | 2439 0
F(4) 531| 866| 57.70 71.67 | 2834 0
F(5) 675| 1276 | 6450 84.01 16.00 0
F(6) 8.83| 1577 | 59.74 8434 |  15.66 0
F(geo) 915| 10.81| 41.29 6125 | 3875 0
G() 337 236| 884 1457 | 27.28| 5814
GQ) 635| 1041 | 5583 7259 | 2741 0
GE) 489| 6.60| 5115 6264 | 3736 0
G(Rla) 314| 480| 4554 5348 | 4652 0
G(R1b) 482| 553| 5252 6287 | 3713 0
G(R1-2) 558 | 648 | 4935 61.41 38.59 0
G(R2a) 255| 233| 955 1443 | 3537 5020
G(R2b) 123  097| 442 6.62| 3800 5539
G(R2-3) 142| 140| 1095 13.77 | 5391| 3232
G(R3a) 180 151| 1294 1625 |  48.89 | 3487
H(1) 327 635| 4839 5801 |  41.99 0
H(2) 418| 806| 7248 8472 | 1527 0
H(3) 11.0| 377| 525 2002 | 2943 | 5055
1(1) 256 139 6.08 10.03| 3092| 59.06
1) 236| 335| 4552 5123 | 4877 0
1(3) 173|  1.63| 1425 17.61 35.67 | 46.72
J(geo) 298| 209| 13.01 18.08 | 41.05| 40.79

Based on the size fraction a cumulative representation was constructed for the four main quartz
types. It can be seen in Figure 86. In general, the difference between the quartz types are larger
than the differences within the parallels for one type. Quartz type D had a low amount of fines
after shock heating, and hence have a higher thermal strength than the other types. For quartz type
G the largest internal variation is observed for the types tested. This is further investigated in
5.1.2. Quartz type F is the type showing the highest amount of fines after shock heating. For a
simpler overview of all the different quartz types, the amount of fines below 10 mm has been
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added and presented as a bar chart in Figure 87. Here it is also clear that there are variations
between the quartz types that are in general larger than the differences between the parallels.
From this figure it can be seen that quartz type D and E produce a considerably lower amount of
fines below 10 mm. It is also clear from Figure 87 that quartz type F produces the largest amount
of fines during shock heating.
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Figure 86: Cumulative representation of the wt% fractions from shock heating of different quartz
samples to 1500 °C.
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Figure 87: The amount of fines below 10 mm after shock heating different quartz types to 1500
°C. Each letter is one quartz type, and the number indicated parallel number.

The following figures, Figure 88 to Figure 96 shows each sample after sieving at 2, 4, 10 and 20
mm. From these figures, it is also clear that the amount of fines produced for each quartz type
vary a lot.
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Figure 88: Sample A(1), A(2), A(3), A(4), A(5) and A(geo) after shock heating at 1500 °C and
sieving.

Figure 90: Sample C(1) and C(2) after shock heating at 1500 °C and sieving.
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Figure 91: Sample D(1), D(2), D(3), D(4), D(5) and D(geo) after shock heating at 1500 °C and
sieving.

Figure 92: Sample E(1) and E(2) after shock heating at 1500 °C and sieving.
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Figure 93: Sample F(1), F(3), F(4), F(5), F(6) and F(geo) after shock heating at 1500 °C and
sieving.

Figure 95: Quartz sample H(1), H(2) and H(3) after shock heating at 1500 °C and sieving

98



Figure 96: Quartz sample 1(1), 1(2) and 1(3) after shock heating at 1500 °C and sieving.

5.1.2 Amount of fines in different regimes in quartz type G

A large internal difference was observed for quartz type G. Since the quartz type has different
geological regimes, seven samples were the regime was identified before heating were selected.
Three regimes were identified, and the major difference was that samples from regime 1 had
much larger grains than samples from regime 2 and 3. Regime 1 also had more fluid inclusions
than regime 2 and 3. The number after the letter G tells which regime the samples belongs to, e.g.
sample G_R1b is type G, regime 1, parallel b. In the following Figure 97, Figure 98, and Figure
99 the samples from quartz type G with identified regime can be seen. They are sieved at 2, 4, 10
and 20 mm. A clear difference is seen between the samples from regime 1 and the samples from
regime 2 in Figure 97 and Figure 98 respectively. The samples from regime 1 has a higher ability
to disintegrate then the samples from regime 2 and 3. In Figure 100 the results are plotted in a
graph, and also here the same trend can be seen. The purple dotted lines are the first three
experiments which led to further investigation of the a large internal variation observed. When
plotting the results from the different regime samples, it divides the graph into two sections.
Samples from regime 1 disintegrates more than samples from regime 2 and 3. This explains the
internal variation observed for the initial three experiments G(1), G(2) and G(3). The results
indicate that samples with larger grains disintegrate more than smaller grains.

Figure 97: Samples from regime 1 and 1-2 of quartz type G post shock heating.
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Figure 100: Cumulative wt% of different samples from different regimes of quartz type G shock
heated to 1500 °C. The samples were the regime is identified before heating are labeled with an R
and the regime number. The samples G(1), G(2) and G(3) were initial experiments with large
internal variation leading to deeper investigations of the regimes.
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5.1.3Amount of fines and chemical compositions

For some selected fraction from the shock heating experiments, a chemical analysis identical to
the analysis of the original material, was performed. In the table below, Table 16, the chemical
analysis from each fraction post shock heating and the original chemical composition of the bulk
sample are shown. Not all size fractions could be analyzed due to lack of material in the different
size fractions. 50 g was needed to do the analysis, and all size fraction did not have this amount of
material. In Figure 101 to Figure 104 the amount of impurities in the different size fractions are
seen for type A, D, F and G respectively. The overall trend is that the size fractions below 20 mm
contains more of the impurities than the rest of the bulk. There are some deviations from the trend
but for type A, D and G almost all the impurities analyzed were larger in the small size fractions
than in the bulk. For type F this is the case for certain impurities. In type D, only pieces above 20
mm were available for analysis, and these pieces had mostly a lower impurity content than the
bulk. This means that the smaller size fraction must have a content above the bulk content. The
uncertainty of the measurements must be taken into consideration when dealing with such small
amounts.

Table 16: Impurity analysis for the different size fractions obtained after shock heating of four
different quartz types. The analysis is performed by Erimsa. All the numbers are given in wt% if
not ppm is indicated.

Quartz | Al,Os Fe 03 TiO, CaOo Na,O K20 MgO MnO P.Os

OP€ | rwtoe] | [wise] | [ppm] | [wto6] | [wio6] | wive] | [wive] | [ppm] | [ppr]

D-CT2 | 0.3077 | 0.2913 | 175.2 0.0027 | 0.0081 | 0.0441 | 0.0035 | 2.781 | <2.6
>20
mm

D bulk | 0.492 | 0.3493 | 243.3 0.0046 | 0.0037 | 0.0754 | 0.007 | <0.1 58.7

F-CT2 | 0.0216 | 0.0057 | 5.71 0.0034 | 0.0056 | 0.0044 | 0.0009 | 28.30 | <2.6
4-10
mm

F-CT3 | 0.0282 | 0.0068 | 4.129 0.0090 | 0.0102 | 0.0018 | 0.0009 | 32.713 | <2.6
4-10
mm

Fbulk | 0.017 |0.003 |6.8 0.001 | 0.007 |0.005 |0.001 |15 <2.6

A-CT1 | 0.1205 | 0.0037 | 53.5968 | 0.1163 | 0.0023 | 0.0019 | 0.0035 | 1.0257 | <2.6
4-10
mm

A-CT1 | 0.0319 | 0.0039 | 16.9946 | 0.0217 | 0.0017 | 0.002 | 0.0012 | 0.3408 | <2.6
10-20
mm

Abulk | 0.02 0.0029 | 7.0 0.0004 | 0.0013 | 0.0028 | 0.0014 | 0.3 <2.6

G-CT1 | 0.0210 | 0.0101 | 9.3754 | 0.0036 | 0.0026 | 0.0025 | 0.0021 | 0.2608 | <2.6
10-20
mm
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Figure 101: Chemical composition for different size fraction obtained after shock heating of
quartz type A. The bulk analysis is also included for comparison.
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Figure 102: Chemical composition for different size fraction obtained after shock heating of
quartz type D. The bulk analysis is also included for comparison.
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Figure 103: Chemical composition for different size fraction obtained after shock heating of
quartz type F. The bulk analysis is also included for comparison.
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Figure 104: Chemical composition for different size fraction obtained after shock heating of
quartz type G. The bulk analysis is also included for comparison.

5.1.4Phase composition in shock heated quartz

The phase composition in the different size fractions after the shock heating were measured by X-
ray diffraction. This was done in order to investigate if the smaller particles had more cristobalite
and amorphous phase than the larger particles, and hence if there were a correlation in the phase
composition and the ability to disintegrate. All quartz types contained between 12 and 32 %
amorphous material after shock heating. The amount of cristobalite varied from 0 to 19 %. No
clear trend of the different phases could be seen when comparing the different size groups.

When comparing the different types of quartz and amount of phases, some difference is observed.
Type D has the largest amount of transformed quartz (amorphous + cristobalite), around 40 % for
all samples. This can be seen in Figure 105. Quartz type A, H and | have the least amount of
transformed quartz, around 20 %, while type G and F has approximately the same amount of
transformed quartz around 30-40 %. The variation between the quartz types is not very large, and
does not seem to explain the large difference observed in disintegration upon shock heating.

103



T
30% I I I I I I I ] I
o e0% 1 i
o : .
2 1 R Cristobalite
=
b Amorphous
S 0% p
3 Quartz
£
=T
20%
0
A T P N I A G SR O b pn A P PP
2w P & Q'J e -;\“\Q’\ui\—- P XL e A A
AV S 3 Vv Al AN N B e Al N AN A AW AV o %
PO PR ATTST NY (BtTeT (Pidv Ve PO & &g

[mm]

Figure 105: Amount of phases in different quartz types after shock heating at 1500 °C.

5.1.5CT investigations pre-heating

Some of the quartz samples were investigated with X-ray computed tomography (CT) before
heating, to determine if preexisting cracks in the quartz could be correlated with the
disintegration. This method allows for non-destructive analysis of the interior of a sample. In
Figure 106, Figure 107, Figure 108, and Figure 109 CT images from sample A, D, Fand G
respectively can be seen. Cracks were observed in all the sample, but in various amount and in
different size. Some of the cracks are easily seen in the images below, while some are not visible
without magnification in the software ImageJ. The thickness of the cracks also varied from 0.05
mm to 0.2 mm. Cavities were also observed for some of the samples. These were up to 2 mm in
width. Each sample gave more than thousand images.

In Figure 106 CT images from type A is seen. The general observation for this quartz type were
few cracks. Sample A(4) was very homogeneous, while sample A(5) and A(6) showed more
cracks towards one end. One to two cavities were observed in the image series for sample A(4)
and A(5).

1 4

Figure 106: CT images from quartz sample A(4) (left), A(5) (middle) and A(6) (right).
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Two samples from type D were analyzed, and two of the images can be seen in Figure 107. The
general observations for type D were few cracks, but more than in type A. Some white small dots
were also observed, and areas with porous material. The cracks in sample D(5) were clearer than
in D(4).

Figure 107: CT images from quartz sample D(4) (left) and D(5) (right).

In Figure 108, CT-images from type F can be seen. Type F had more cracks than type A and D.
The cracks were also slightly thicker in this type. Small black cavities were also observed, also
with crossing cracks. Some white areas were observed in sample F(5). This is believed to be
impurities with a different density than quartz.

Figure 108: CT images from quartz sample F(4) (left), F(5) (middle) and F(6) (right).

CT-images from type G can be seen in Figure 109. The general observations were cracks with
cavities along. Some of these cavities were elongated. Sample G(1) had many faded cracks which
were not observed to the same extent in sample G(2) or G(3). Sample G(3) had some areas with a
different grey tone.
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Figure 109: CT images from quartz sample G(1) (left), G(2)(middle) and G(3) (right).

Twenty images were selected from each quartz type. For all the selected images, the total area, the
crack length and the average crack thickness were measured and recorded. The average crack area
was calculated, and is given in Table 17. There is some variation within the same quartz type, but
in general quartz type F seems to have the largest crack area, while quartz type A and D has the
lowest. For quartz type G a very large internal variation is observed, but the sample G(1) is
believed to be from regime 2, while sample 2 and 3 are believed to be from regime 1. This
assumption is based on similar results from shock heating from other samples from regime 1 and
2. This was previously shown in section 5.1.2.

Table 17: The crack area for each quartz sample measured from 20 CT images.

Sample % crack wt% fines < 10 mm
A(4) 0.14 315
A(5) 0.26 20.0
A(6) 0.18 48.7
D(4) 0.18 6.3
D(5) 0.26 5.7
F(4) 1.29 717
F(5) 0.56 84.0
F(6) 1.23 84.3
G(1) 1.13 14.6
G(2) 0.30 72.6
G(3) 0.47 62.6

5.2 Phase composition

In total ninety-eight experiments with different combinations of variables were performed. The
parameters varied were the quartz type, the temperature, holding time and size. For each
experiment, three XRD measurements were done in order to obtain a larger certainty of the
experiments, and to calculate sample variance. All samples were heated in a Nabertherm L04/08
furnace. General observations and summary of the phases found in the four main quartzes are
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given in Table 18. In Figure 110 to Figure 113 an example of a sample of the quartz types before
and after heating is shown.

Table 18: General observations after heating of 4 different quartz types.

Quartz type General observations

Type A In one piece after heated, but mechanically weaker.

Type F Fractured after heating, if not, easily crumbled under light pressure.

Type G Weaker than the A type, but not as weak as F type. Some samples fractures during
heating.

Type D In one piece after heating, but weaker.

Figure 110: Sample A11 before (left) and after (right) heating to 1700 °C and held for 60 minutes.
The sample were 10.8 g, and 2-3 cm in size.

Figure 111: Sample F2 before (left) and after (right) heating 1600 °C and held for 120 minutes.
The sample was 9.7 g and 2-3 c¢m in size.

Figure 112: Sample G3 before (left) and after (right) heating to 1700 °C and held for 0 minutes.
The sample were 11.0 g, and 2-3 cm in size.
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Figure 113: Sample D9 before (left) and after (right) heating to 1600 °C and held for 45 minutes.
The sample were 10.8 g.

Topas software was used to determine the phase composition of quartz, amorphous phase and
cristobalite. The three XRD measurements done for each sample showed that the sample variation
on average were 2-3 % for all the three phases quartz, cristobalite and amorphous. Some clear
outliers are left out of this calculation. These are either a natural outlier, or an incorrect
measurement by the instrument. This could happen if the surface of the sample is not
homogeneous or if the fitting of the data clearly is insufficient. The amount of amorphous phase is
calculated based on the known amount of quartz, cristobalite and spike in each sample. An
example of how a XRD spectra and the fitted calculated curve for a sample, is seen in Figure 114.
This is sample A10 and contain 20 % amorphous phase, 47 % cristobalite and 33 % quartz.
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Figure 114: A XRD diffractogram for sample A10 that contains quartz, cristobalite and
amorphous phase. The red line indicates how a sample containing quartz, cristobalite and spike
should look like ideally.

5.2.1Phase transformation and modelling

The general trend for the phase composition was that the amount of quartz decreases as the
holding time at maximum temperature increased. This were seen for all the quartz types, but in
various amounts. In Figure 115 to Figure 119 the phase composition of type A, D, F and G
respectively can be seen for samples heated to 1600 °C and 1700 °C, and with size 10 and 100 g
The dots, squares and triangles represents the measured amount of phases, while the dotted lines
are the model of the amount of phases. For some experiments several parallels were done to check
the repeatability of the experiments. It can be seen from Table 13 which experiments have been
performed additional times. In Figure 115 to Figure 119, the parallel experiments can be seen as
several dots at one time value. An example is in Figure 115a, where the experiment at 0 minutes
has been done three times. It only looks like two, because two of the experiments showed 100 %
quartz, and 0 % amorphous phase and cristobalite. The repeated experiments showed some
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variation, but not more than seen between the different holding times and between the different
types. Some experiments deviate from the trend. These are not taken into account of the amount
of phase models later, and are marked with a red circle. Since the quartz is a natural raw material
some variation is expected and unavoidable.

It can be seen for type A in Figure 115 a, b, ¢ and d that the concentration of quartz at 0 minutes is
approximately 90 and 65 wt% for the 10 g and 100 g samples heated to 1600 °C, and around 70
wt % for the samples heated to 1700 °C. The large difference at 1600 °C is believed to be because
of internal variation in the quartz. The main trend for all the quartz types is similar: the wt% of
quartz is higher at 1600 °C than 1700 °C. This is expected due to an increase in temperature and
hence an increase in phase transformation rate. There are large variations between the different
types though. If type A are considered the quartz concentration at 0 minutes are 90 wt% and 65
wit% for 10 g samples heated to 1600 °C and 1700 °C respectively, seen in Figure 115a and b. In
Figure 118a and b, type F has 0 wt% and 15 wt % quartz for 10 g samples at 1600 °C and 1700
°C respectively. This shows that type F has a higher ability to transform to amorphous phase and
cristobalite than type A. These are the two outermost types, hence the ability for type D and G to
transform is lying in between. For type D the concentration of quartz is 55 wt% and 5 wt% for 10
g at 1600 °C and 1700 °C respectively. Type G has 20 wt% and 0 wt % quartz for the 10 g
samples heated to 1600 °C and 1700 °C respectively. The ability to transform in increased order is
A, D,G,F.

When comparing the difference in phase composition for the 10 g and 100 g samples no clear
trend is seen. For type A, a faster transformation is seen for the 100 g samples at 1600 °C. At
1700 °C there is little difference between the 10 g and 100 g samples. In type F, the opposite is
seen. At 1600 °C the samples at 100 g transformed slower than the 10 g samples, and at 1700 °C
the difference is small. For type G, the 10 g samples transform faster than the 100 g samples. It
does not seem that samples between 10 g and 100 g have a consistent effect on the amount of
phases created in types upon heating to 1600 °C and 1700 °C. 100 g samples were not tested for
type D, due to no clear trend in the other three types.

For type A, 1600 °C, 100 g samples in Figure 115c the results seem to be at two levels. In the
model presented in Figure 115c, the experiments with higher cristobalite content at 0, 15 and 30
minutes were view as outliers because if compared to the 10 g samples, the cristobalite content is
quite low at these two holding times. However, it is also possible that the samples showing high
cristobalite content for the 100 g experiments are the most correct. This could be an effect of the
grain size, fluid inclusions, degree of recrystallization etc. varying in different parts of type A.
Therefore, an alternative model could be made for type A, 1600 °C, 100 g were the discarded
experiments at 0, 15 and 30 minutes are used in addition to the phase composition at 0 minutes.
The alternative model is seen in Figure 116, and hence give a different reaction rate and activation
energy for the phase transformation. The alternative reaction rate and activation energy are given
in Table 19 and Table 20 respectively.

The model for type G, 1600 °C, 100 g could also have an alternative model. It is given in Figure
120. Instead of discarding the experiments at 30 minutes as done in Figure 119c, the experiments
at 15, 45 and 60 minutes are discarded. The alternative model has an alternative k; and kz and
activation energy given in Table 19 and Table 20. The reason for differences in the amount of
phases for type G, could be related to the different regimes in type G, and hence different texture
in the sample.
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Figure 115: The phase composition for quartz type A for samples of 10 g and 100 g heated to
1600 °C and 1700 °C with a varying holding time from 0 up to 120 minutes at maximum
temperature. The dots, squares and triangles are experimental values, while the dotted lines
represent the modeled phase composition at various times. Outliers are marked with a red
circle.
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Figure 117: The phase composition for quartz type D for samples of 10 g heated to 1600 °C
and 1700 °C with a varying holding time from 0 up to 120 minutes at maximum temperature.
The dots, squares and triangles are experimental values, while the dotted lines represent the
modeled phase composition at various times.
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temperature. The dots, squares and triangles are experimental values, while the dotted lines
represent the modeled phase composition at various times.
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Figure 119: The phase composition for quartz type G for samples of 10 g and 100 g heated to
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The model for the phase composition assumes a two step reaction, with two apparent rate
constant ki and ke for the transformation from quartz to amorphous phase and from amorphous
phase to cristobalite respectively, as seen in equation 5.1. The amorphous phase is considered
as an intermediate phase, both being created and consumed at the same time. Both reaction are
assumed to be first order, as Chaklader [80] also assumed, and the reaction rates can hence be
described by equation 5.2, 5.3, and 5.4 for the change in concentration for quartz, amorphous
phase and cristobalite respectively. Based on these expressions and a numerical method, the
concentration after a time At can be calculated. The expressions for the phase concentration as a
function of time can be seen in equation 5.5, 5.6, and 5.7 for quartz, amorphous phase and
cristobalite respectively.

k1 k2 , 51
Quartz — Amorphous — Cristobalite
aQ 5.2
2 = halel
dA 53
= = kil - leo[A]
dc 5.4
dt = k(4]
[Qlns1 = [Qln — k1[Q]0AL 5.5
[Aln+1 = [Aln + k1 [Qln+1At — ky[A] At 5.6
[C] =100 —[Q] —[4] 5.7
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The ki and k2 values have been found by minimizing the difference between the measured and the
calculated values. ki and k. are assumed to follow an Arrhenius relation given in 5.8. ko is the pre
exponential factor, E is the activation energy for the transformation, T is the temperature in K and
R is the gas constant. The ki values are given in Table 19, together with the sum of the squared
difference between the measured and calculated value divided by the number of values used for the
optimization. k; at 1600 °C is ranging from 0.002 min™ to 0.184 min™, and at 1700 °C they are
ranging from 0.033 min™ to 0.363 min™. This means that the transformation from quartz to
amorphous phase generally goes faster, which is expected with increasing temperature. The k
values also listed in Table 19, are in general lower than the k; value for the same experiment. This
means that the transformation from quartz to amorphous phase goes faster than the transformation
from amorphous phase to cristobalite. The deviation to experimental value for the k, values are in
general higher than for ki, and thus ki has a better fit to the experimental data than k.
k = koe FT 58
The activation energy for the different types for the reaction from quartz to amorphous and
amorphous to cristobalite is listed in Table 20. The activation energies are calculated from the plots
in Figure 121 where In k is plotted as a function of 1/T for all the quartz types for both 10 g and 100
g samples. From Table 20 and Figure 121, it can be seen that some of the transformations have a
negative activation energy. For the transformation from amorphous phase to cristobalite, the
negative activation energy could mean that the amorphous phase is more stable at higher
temperatures. This could indicate the starting of a melting phase, as silica melts at 1727 °C. The
melted amorphous phase is not the same phase as the intermediate amorphous phase, but they
cannot be distinguished by the XRD analyses. The negative activation energy for the quartz to
amorphous phase for type F 10 g is believed to be negative due to unsuitable data to measure this.
Since the measurements starts when the remaining quartz content is only 5 wt%, the transformation
is almost finished. Therefore, to find the activation energy for the transformation from quartz to
amorphous phase from these data are meaningless.

Type A has the highest activation energy for the transformation from quartz to amorphous phase,
while F has the lowest, for 10 g samples. Compared to type A with an activation energy of 642
kJ/mol, type D and G has a considerably lower activation energy of 238 kJ/mol and 126 kJ/mol
respectively. Based on the experiments for 10 g samples at 1600 °C the temperature dependence of
the activation energy shows that type A needs a higher temperature for the transformation to start.
The temperature dependence for the different quartz type in decreasing order are A, D, G and F. At
100 g samples, the order is A-F-G. Also, for 100 g the activation energy for quartz type A at 1317
kJ/mol are considerably higher than the activation energy for G and F at 371 kJ/mol and 510 kJ/mol
respectively.
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Table 19: k; and k. values for different quartz types, temperatures and sizes. The sum of the
difference in measured and modelled squared value for each phase are also given in the table
where X, is the modelled value, x. is the experimental value and n is the number of measurements

used for the optimization.

Experiment series ki [min?] Z (X -Xe)? k2 [min] Z (Xpm-Xe)?
n n
A, 1600°C, 10 g 0.016 140 0.046 66
A, 1600 °C, 100 g 0.002 5 4.54x107 22
A, 1600 °C, 100 g, alt.mod. 0.123 1 0.188 19
A, 1700°C, 10 g 0.130 6 0.003 51
A, 1700 °C, 100 g 0.153 0 0.004 66
D, 1600°C, 109 0.073 2 0.029 52
D, 1700°C, 10 g 0.159 0 4.54%107 15
F, 1600 °C, 10 g 0.073 1 0.004 12
F, 1600 °C, 100 ¢ 0.069 40 0.048 36
F,1700°C, 10 g 0.033 46 0.098 1
F, 1700 °C, 100 g 0.363 0 0.138 7
G, 1600 °C, 10¢g 0.124 13 0.028 174
G, 1600 °C, 100 ¢ 0.184 3 0.062 98
G, 1600 °C, 100 g, alt.mod 0.006 0 4.54x107 2
G, 1700°C, 10¢g 0.187 0 0.039 1
G, 1700 °C, 100 ¢ 0.091 0 0.082 4
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Table 20: Activation energy for the different quartz types and the reaction quartz to amorphous
phase, Q = A, and amorphous phase to cristobalite, A= C. The negative activation energies are
written in italic, and are believed to be less reliable.

109 100 g
[kJ/mol] [kJ/mol]
QA | 642 1317 (alt mod:
68)
Type A
A->C | -883 1337 (alt mod:
-1223)
Q>A | 238
Type D
A->C | -1983
QA | -244 510
Type F
A->C | 990 325
Q>A | 126 -217 (alt mod:
834)
Type G
A->C | 104 80 (alt mod:
2300)
:l -2 e ] _

1.5 In k1 (A10) 4 In k2 (A10)
: = = ~lnk1(D10) £ ELsa0kifmol oo
o - o

3 - = Ink1(G10) . -7 : '

35 o+ E=1983Kk)/mo

4.5 e o

a) In ki for 10 g samples for quartz type A, b) Inkz for 10 g samples for quartz

D, Fand G.
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Figure 121: Plots of In k values for the transformation from quartz to amorphous phase (k1)
and from amorphous phase to cristobalite (k2). Four different quartz types at 1600 °C and 1700
°C for 10 g and 100 g samples are seen.

To check if the first order model assumed were correct, additional experiments were done for
type A at 1550 °C and 1650 °C. The experiments were with the same setup and with holding
times at 0, 30 and 60 minutes. The results and model of the phase composition are given in
Figure 122. The corresponding ki and k; values are given in Table 21.

100
,
80 T ® Quartzexp 80 Quartz exp
. 70 A Amorphous 70¢ A Amorphous
z exp g exp
2 60 R Cristobalite : o Cristobalite
Q y exp 2 N B | exp
£, Quartz mod ‘2 , B =" Quartzmod
g ----Amorphous s ----Amorphous
3 40 mod :E, 40 mod
E Cristobalite 5 J Cristobalite
30(8 s mod 2 i . mod
!
10 1 04
0 0
Time [min] Time [min]
0, O,
a) Quartz type A, 1550 °C, 10 g b) Quartz type A, 1650 °C, 10 g

Figure 122: The phase composition for quartz type A for samples of 10 g heated to 1550 °C
and 1650 °C with a holding time of 0, 30 and 60 minutes. The dots, squares and triangles
are experimental values, while the dotted lines represent the modeled phase composition at
various times. Outliers are marked with a red circle.
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Table 21: k; and k2 values for extra experiments at 1550 °C and 1650 °C for type A. The sum of
the difference in measured and modelled squared value for each phase are also given in the table
where xm is the modelled value, . is the experimental value, and n is the number of measurements
used for the optimization.

Experiment series ki [min™] Z (XmXe)? ka [min™] Z (X-Xe)?
n n

A, 1550°C, 10g 0.014 185 0.047 25

A, 1650 °C, 100 g 0.034 13 0.0005 14

5.3 Fourier transformed infrared spectroscopy

In order to establish whether Fourier transformed infrared spectroscopy gave any differences in
spectra for different quartz type, Type D and F in addition to the pure quartz type NC4A were
tested in an initial experiment. As seen in Figure 123 a significant difference in the spectra for
quartz type D and F were observed. It is likely that quartz type F is more similar to pure quartz
since the spectra shows little difference. Based on this initial experiment, it is likely that quartz
type D contains more water or OH-groups because of the broad band from 3000 cm™ to 3600 cm
[45]. The peak at around 3625 cm™ could indicate muscovite (KAIl(SisAlO10)(OH),) in the
sample [44].

1
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Figure 123: Spectrogram of quartz type D and F in addition to the pure quartz sample NC4A.

All the quartz types A to | were investigated with Fourier transformed infrared spectroscopy after
the initial test. The spectrogram obtain from the analysis is shown in Figure 124. There are
different intensities in the peaks at around 3400 cm™, 3625 cm™ and 3700 cm™. Quartz type E and
H have the highest intensity at the 3400 cm™ peak, while quartz type D and E have the highest
peak at 3625 cm™, and at 3700 cm™ quartz type D and H have the highest intensities. The broad
band from 3000 cm™ to 3700 cm™ indicates structural water in the form of H,O, H" and OH" [41].
Then Quartz type E, H and D are the types with the highest water content. To distinguish between
water molecules and hydroxide ions one can look closer at the bending absorption at 5200 cm’
which confirms H,O molecule [42]. The near infrared area of the specter is shown in Figure 125.
By looking at both figures it is possible to identify water molecules in both sample E and H, but
the bending absorption at 5200 cm™ is absent for quartz type D. The peaks at 3625 cm™ for quartz
type D and E could indicate the presence of muscovite (KAIz(SizAlO1)(OH),) in the sample [44].
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Quartz type B, F and A does not seem to contain either water, OH-groups or muscovite, while
quartz type C, G, and | contain some but smaller amounts than Type D, E and H.
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Figure 124: Spectrometer from Fourier transformed infrared spectroscopy for nine different
quartz types. The size of the samples was below 700 um.
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Figure 125: The near infrared region of the spectrogram for different quartz types.

To see if the different quartz types had any similarities that could determine different groups of
quartz depending on the FT-IR, and hence either water content or any other impurities, a principal
component analysis were done. The first principal component showed weight of 90 %, which
means that this component explains 90 % of the variation seen between the IR-spectra of the
quartz types. In Figure 126 the quartz types are plotted as a function of principal component 1
(PC-1) and principal component 2 (PC-2).
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Figure 126: Principal components analysis of the FT-IR data for nine different quartz types.

The principal components are linear combination of the FT-IR spectra, so it is possible to figure
out what their contributions are. The software used for the principal component analysis makes a
variable contribution plot to see which wavenumbers are contributing the most to the principal
component. Such a plot is seen in Figure 127. For PC-1 the major contributions are a relatively
sharp negative peak around wavenumber 3625 cm™, and a broader negative band around 3400 cm
L, If these wavenumbers represent muscovite (KAI»(SisAlO10)(OH)) and water respectively, it
means that quartz types having a high value for PC-1, has a lower content of muscovite and water
compared to the quartz types with a negative value for PC-1, seen in Figure 126, e.g. quartz type
D, E and H have a higher content of water and muscovite than quartz type B and F. For PC-2 a
positive contribution is seen for the broad band at around 3400 cm™, meaning quartz with higher
PC-2 value contains more water than quartz types with lower PC-2 value. Also, a sharper negative
peak is seen for the 3625 cm™ peak. As for PC-1, this means that higher PC-2 value means less
muscovite.
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Figure 127: Loadings plot for PC-1 and PC-2, which are linear combinations of the FT-IR
spectra of different quartz types.
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& Discussion

Chapter 2 presented how different quartz properties are suspected to affect the furnace operation
when producing Si or FeSi. Earlier research on the high temperature properties of quartz were
also summarized. In chapter 3, four selected industrial quartz types and their geological
appearance as well as microscopic investigation done as a part of this project, were presented. The
experimental results obtained from this thesis work were presented in chapter 5. The results
showed how different quartz types behave when shock heated. Different possible reasons for
disintegration were also presented. The second part of chapter 5 showed how different quartz
types transform to other silica polymorphs. These phase transformations were also modelled. In
the discussion chapter the results will be confronted with the literature presented, and possible
correlations between properties will be investigated. Based on the results and previous literature,
mechanisms for disintegration and phase transformation will be discussed. The sources of error of
the main results are evaluated.

6.1 Disintegration of quartz

The disintegration of quartz upon heating is important for the furnace operation because a large
amount of fine particles will clog the furnace and hinder an even flow of raw materials
downwards and off gases upwards [3], [52]. Clogging of the furnace could cause small outbursts
of gas or channeling in the furnace, and hence a lower Si-yield, as ascending SiO is not being
captured. The generation of fines is thus one of the factors affecting the furnacability of the quartz
[83]. Quartz with good furnacability have “chemical and physical criteria such to make it an
appropriate silica raw material for the production of first grade silicon metal at high rates of
process performance”. Figure 128 illustrates what happens with the gas flow (red arrows) if the
charge has much fines in it. The charge will be less permeable, and the gas will force its way up,
leading to less interaction with the descending raw material and less SiO gas recovery. If there is
more space around the raw material, the gas flow will even out and react with the raw materials.
There is no exact limit for what size is detrimental for the furnace operation, but ideal lump size is
10 — 150 mm [3]. The fines production upon shock heating could be a consequence of both
mechanical handling before heating, and thermal strength during heating. When quartz
disintegrate the surface area will increase. There might be a correlation between the available
surface area and the amount of condensate formed [122]. More condensate will also lead to a
more compact charge. Softening properties could also enhance the clogging in the furnace,
because partly melted silica will glue the charge together. The relative importance of the different
properties is not known. In this thesis the disintegration upon shock heating has been investigated,
and the possible enhancing properties are discussed.

== = woodchips

# =coal/charcoal

D =quartz

Figure 128: Illustration of gas permeability in a charge with a low amount of fines (left) and a
high amount of fines (right).
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The fines produced during shock heating at 1500 °C were measured for ten different industrial
quartz types. For the four main quartz types A, D, F and G, six to ten parallels were done to check
the repeatability and variance between the types. Lumps of 200 g + 20 g were inserted to a carbon
crucible preheated to 1500 °C. After ten minutes the sample was poured into a cold carbon
crucible to cool in room temperature. Sieving of the sample was done at 2, 4, 10 and 20 mm. In
Figure 129 the fines below 10 mm can be seen from all the experiments. The experiments are
plotted such that the amount of fines increases for each type. Large variation can be seen between
the different quartz types. The least disintegrated is type D with around 5 wt% of fines below 10
mm, while the most disintegrated is type F with up to 85 wt% of fines. There is also some internal
variation within each quartz type. For type G there are two groups of results. This is likely due to
different regimes, and will be discussed later. Variation within one type is also seen in some of
the other types, and could be linked to differences in the samples heated, e.g. impurities, cracks,
grain size and other textural properties. A quartz deposit could in general be very heterogeneous,
even though some common features of each quartz type could be identified. These differences
could appear in test results, such as during disintegration. In type A there are two domains where
the grain size is different (medium to coarse grain in mm and pm scale in domain 1, and 10-200
um in domain 2). This could explain the variance seen in the fines generated during shock heating
for type A in Figure 129. Also in type F, different textural domains which can explain the
variance are identified. Type D has a more homogeneous appearance, and it could therefore
explain less divergent results than the other types. For type B, C, E, H, I and J thorough
microscopic investigation of the texture and more parallels are needed to say why large variation
are seen in these types, but it is likely to believe that also textural differences occur in these types.

40

Finesbelow 10 mm [wt%]

Jgeo) n—

Figure 129: Fines below 10 mm after shock heating of different quartz types to 1500 °C. The
number in parenthesis indicates the parallel number. For the G samples, the R gives the regime
for the sample. The (geo) label indicates that these samples have had microscopic investigations
before and after heating.
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6.1.1Internal differences and statistical significance

One of the important observations from Figure 129, is that the differences between the quartz
types are larger than the internal differences, and hence there should exist properties in each
quartz type increasing or decreasing the amount of fines. Sample G(1), G(2) and G(3) in Figure
129, showed a very large internal variation, from 15 to nearly 75 wt% fines below 10 mm. These
samples led to deeper investigation where the regime for the sample was determined before
heating. Type G has three regimes where the grain size, the degree of recrystallization and the
temperature experienced are different. In addition, grains in regime 2 seem strain free, and grains
in regime 3 are strain free [110]. Thin sections from each regime can be seen in Figure 130, and it
can easily be seen that the grain size varies a lot between the regimes. With reference to Figure
129, sample G(R1a) and G(R1b) are samples with regime 1 identified. Sample G(R2a) and
G(R2b) are from regime 2, and G(R3a) is from regime 3. There were two samples, G(R1-2) and
G(R2-3), where the regime was difficult to distinguish. From the figure it can be seen that
samples with identified regime 1 produced the largest amount, above 55 wt%, of fines below 10
mm, while samples from regime 2 and 3 all produced less than 18 wt%. This shows that there are
internal variations in the quartz types, and these can be explained due to different regimes where
the texture of the quartz is different. Since quartz is a natural resource there will always be natural
variations in the samples collected even if they are from the same mine. For some types, e.g. type
D, the variation is much less. This could be explained by a more homogeneous quartz deposit.

a) Regime 1, up to 400 °C. b) Regime 2, 400-500 °C. ¢) Regime 3, 500-700 °C.

Figure 130: Thin sections of different regimes of quartz type G, and the temperature the regime
has experienced [110].

To test if the results for the different quartz types are in fact different, the statistical significance
has been calculated between type D and F, the least and most disintegrated type, and between type
A and F. First, the statistical significant difference between type D and F is discussed. The
standard deviation for each type is calculated using Equation 6.1, where s is the standard
deviation, x; is each individual data, x is the mean for each type and N is the number of samples
tested for each type. The data for fines below 10 mm, presented in Figure 129, are used. For type
D and F, the standard deviation is 2.03 and 11.10 respectively.
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To find the standard error between each type, Equation 6.2 is used. sq is the standard error, while
spand sg are the standard deviations for type D and F respectively, and Np and Ng are the number
of samples tested for type D and F, respectively.

o= |()-)

The standard error between type D and F is calculated to 4.28. Further, a t-score must be
calculated which allows the data sets to be compared with tabulated values for t, and the table
gives the probability of the data sets being statistically different. The t-score is calculated by using
Equation 6.3. To use the t-score table, the degrees of freedom must also be known. For type D and
F, this number is 11 as there are in total 13 different measurements.

(ur — pp) 6.3
Sa

The t-score is calculated to be 15.8. Compared to a t distribution table [123], a t-score of 4.44
would give a significance level of 0.05%, meaning there is a 99.95 % chance that type D and F
are different when it comes to disintegration. The score calculated is way above, meaning that
there is nearly 100 % statistical chance that they are different.

The same calculation was done between type A and F, as the results for them were closer. The
same procedure as described above was followed, and it gave a t-score of 7.02. When comparing
with the t-score table [123], the t-score is well above the t of 4.32 which would give a confidence
level of 99.95 %. Based on these calculations, it is safe to say that despite some internal variation,
there are differences in the amount of fines produced by each quartz type. Why there are
differences will be further discussed.

6.1.2Impurities

According to Griggs and Blacic [86] the strength of quartz would decrease above 800 °C if water
was present in the sample. Aasly [6] also argued that fluid inclusion escaping during heating of
quartz would cause tension in the material around it. For the four main quartzes, extensive
microscopic characterization showed that all samples contained fluid inclusions, but in various
amount. For quartz type A and D, a low amount of fluid inclusions were observed [6], [107],
[108] . In quartz type F, fluid inclusions are more abundant [107], [109], while in quartz type G
they are abundant in regime 1 (which counts for the majority of the samples) [110]. It is difficult
to quantitatively determine the amount of fluid inclusions based on microscopic investigations
because a very small area is investigated. Thus, to determine any bulk content multiple samples
have to be investigated. Microscopic investigation can only give a qualitative measure on
impurity elements. FT-IR is however a method that is suitable to measure the quantitative
distribution of water in quartz [40]. It is also possible to distinguish between bounded water as
OH-groups, and fluid molecular water [43]. In this thesis nine different quartz types were
measured with FT-IR to study the amount of water. The analysis suggested that type D and E
contain the highest amount of muscovite (KAIx(SizAlO10)(OH)2) and type E and H contain the
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largest amount of water. This is seen in Figure 131, where the peaks for muscovite and water are
marked. Another spectrogram of quartz containing water fluid inclusions and muscovite can be
seen in Figure 132 [45]. When comparing the spectrograms in Figure 131 and Figure 132, some
similarities are observed. It exists a broad absorption band around 3400 cm. Several studies
suggest this peak is due to water [28], [42], [43]. Based on these similarities it is likely that quartz
type D and E contain muscovite and type E and H contain water. Type H, C, | and G also seem to
contain muscovite, while type A, B and F shows no peak around 3625 cm™.

Muscovite peak
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Figure 131: Spectrogram of different quartz types used for Si and FeSi production. Two parallels
of each type are tested.
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Figure 132: FT-IR spectrum of quartzite containing both molecular water and muscovite
impurities. The OH-band in muscovite causes a relatively sharp absorption peak at around 3600
cm?, while the OH-band in the molecular water causes a broader absorption band around 3400
cm? [45].

The relative water content can be calculated from the spectrograms in Figure 131, and is
compared to the amount of fines below 10 mm in Figure 133. The average amounts of fines below
10 mm for each quartz type are used. No clear correlation between the water content and the
amount of fines can be observed. Despite this, water can still be of importance to the thermal
strength of quartz. The FT-IR does not take into account whether the fluid inclusions are located
inside grains or at grain boundaries. It could be possible that the location of fluid inclusions is
more important than the amount. The location of the fluid inclusions cannot be determined using
FT-IR. The microscopic investigations are more useful for that purpose. For quartz type A, the
fluid inclusions are observed both at grain boundaries, sub grain boundaries and at healed
fractures [107]. In quartz type D, some fluid inclusions can be found inside the grains, but they
can also be found in healed fractures [6]. Quartz type F often has fluid inclusion along healed
fractures [107]. In quartz type G the location of the fluid inclusions are along subgrain boundaries
and at intergranular microfractures [110]. When considering that quartz type D and F
disintegrated the least and the most respectively, and that they both have fluid inclusions in healed
fractures and inside grains for quartz type D, it is difficult to draw any clear conclusion based on
this information.
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Figure 133: The average amount of fines below 10 mm for different quartz type as a function of
the water content measured with FT-IR. No trend is seen between the amount of water and the
disintegration of quartz samples.

Looking back at Figure 131, at 3625 cm™?, six of the quartz types have a peak here. This is due to
OH-vibrating groups in different clays, most likely muscovite [44], [45], [46], [47]. The peak
could possibly also contain other clay types which have a vibrating OH-bond in their structures,
but since muscovite is observed in microscope in all the quartz types A, D, F and G, it is likely
that muscovite is present. Biotite (K(Mg/Fe)sAlSizO10)(F/OH)z) is also a possible clay with a peak
in the same area. Compared to muscovite, biotite contains more magnesium while muscovite
contains more potassium. As the chemical analysis of the quartz types indicates that the potassium
content is higher than the magnesium content in all the quartz types tested, it is more likely that
muscovite is responsible for the peak than biotite. The same quantitative measurement from the
FT-IR can be done with muscovite as for water. In Figure 134 this is plotted. Despite some
inconsistency in the trend in the upper left corner, an overall trend can be seen. As the clay
content increases, the disintegration decreases. Compared to silica, muscovite has a sheet
structure [124], which is weaker in one direction than the other. One possibility could be that the
muscovite easier absorbs tension when the quartz samples experience thermal stress. Another
explanation could be that the melting point of muscovite is lower than the shock heating
temperature, and that muscovite melts and glues the samples together during heating. Muscovite
melts at 1300 °C [125], and the samples were shock heated at 1500°C for 10 minutes.
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Figure 134: The average amount of fines below 10 mm for different quartz type as a function of
the clay content measured with FT-IR.

To further investigate if there was any correlation between the impurities and the fines generation,
Figure 135 was plotted from the disintegration data and the bulk impurity data. In Figure 135a,
the main quartz types A, D, F and G, with additional types C, E, H and | can be seen. Type D and
E have the highest impurity level and the lowest amount of fines produced during shock heating.
For the other 6 types, Figure 135b shows the same graph but with an enlarged x-axis to see
possible correlations more clearly. The trend for type A, F, G, H, I and J is not clear. This could
indicate that the impurity level generally is too low for the effect of impurities to be seen, or it
could be that other properties in the quartz are determining the ability to disintegrate. A
combination of the two suggestions is also possible.

130



%0 ° A1) oA

(
®A3) °A@)
80 ® A5) ® A6)
L
L4 ® Algeo) ®D(1)
= °D(2) °D(3)
' °D(4) °D(5)
= & ®D(geo) @ F(1)
E © ° . ®F3) ® F(4)
E L ®F(5) ® Fe)
S L ® ® F(geo) 6(1)
H °G(2) °G(3)
3 0 ¢ ®G[Rla) ®G[R1b)
g . ®GR1-2) ®G(R2a)
= ° G(R2b) G(R2-3)
20 o
L) G(R3a) c(1)
10 . * c(2) ®E(1)
‘ e £(2) H(1)
0 ] H(2) H(3)
0.0000 0.1000 0.2000 0.3000 0.4000 0.5000 0.6000 ® (1) ®i(2)
Impurities [wt%] ®i(3)
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Figure 135: The impurity content measured with ICP-OES, compared with the amount of fines
below 10 mm in different quartz types.

From the principal component analysis the quartz types can roughly be divided into two groups
based on the content of muscovite (KAI2(SisAlO10)(OH).) or other clay types. This is seen in
Figure 136. The first group being quartz type D and E, with high muscovite content. The other
group with quartz type A, B, C, F, G, H and | have a low muscovite content. When comparing the
two groups with the disintegration data in Figure 87, the same grouping can be seen. Quartz type
D and E have a considerably lower ability to disintegrate upon shock heating. This is supported
by Figure 137a and b, where the amount of fines is plotted as a function of PC-1, and PC-2
respectively. As both PC-1 And PC-2 are increasing, the ability to disintegrate increases as well
for most samples. There is some deviation from the trend, but there seems to be an overall trend.
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Figure 136: Principal component analysis with marked groups based on the contributions to the
different components. The blue circle marks the group with quartz type D and E, having high
muscovite content, and the red circle marks the group with quartz type A, B, C, F, G and | having
low muscovite content.
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Figure 137: The amount of fines from nine different quartz types shock heated to 1500 °C
plotted as a function of principal components of FT-IR data from the same quartz types.

6.1.3Phase composition

It was suggested by Aasly et al. [83] that the amount of cristobalite would affect the amount of
fines created during shock heating. This theory is often put forward as the volume change
between quartz and cristobalite is 17 % and would cause tension in the sample [94]. This is
illustrated in Figure 138, where the formation of amorphous phase and cristobalite causes a
volume increase and hence tension and cracking of the sample. To further investigate if this
theory was acceptable, the phases in shock heated material were measured.
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Figure 138: Illustration on how phase transformation in quartz is believed to cause tension and
cracking of the sample. The figure is not to scale, only illustrative.

The phase composition was measured in selected samples for seven quartz types after shock
heating. Since the material was quenched in air after the shock heating, it is believed that no
further phase transformation took place after removing the sample from the warm crucible. The
overall trend seems to be that 20 to 50 wt % of the material have transformed from quartz to
amorphous phase and cristobalite. The amount of cristobalite is largest for quartz type D, the type
with least disintegration. Also, quartz type E, which had the second least amount of fines, had up
to 40 wt% amorphous and cristobalite phase. This could indicate that the disintegration happens
independently of the phase transformations, or that the effect is cancelled out by other parameters.
Aasly et al. [83] claim the opposite, that cristobalite formation would enhance disintegration. It
can also be seen that there is no trend in the amount of phases in the different fractions of the
samples. If cristobalite and amorphous phase would cause, one would possibly expect to find
more of these phases in the smaller size fractions.

The amount of fines below 10 mm is plotted in Figure 139 together with the amount of
transformed quartz, i.e. amorphous phase + cristobalite. For the samples where the phase
composition is measured in different fraction, an average is used for the sample. In Figure 139 it
is clearly seen that the amount of transformed quartz does not correlate with the amount of fines
generated during shock heating. In Figure 140 and Figure 141 the amount of cristobalite and
amorphous phase are plotted independently to see if one of the phases correlated with the amount
of phase. None of these figures showed any correlation of the amount of fines below 10 mm and
different phases. This implies that the volume increase because of phase transformation does not
cause the sample to crack. The sample might increase in total volume, but in that case, it does not
cause disintegration of the sample. Other properties must be responsible for the disintegration
upon shock heating. Another explanation could be that the samples do crack as a consequence of
the phase transformations, but some samples have other properties which equalize this effect.
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Figure 139: The amount of transformed quartz (amorphous phase + cristobalite) compared with
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6.1.4Grain size

To further investigate the ability to disintegrate for different quartz types, thorough microscopic
investigations were performed before and after shock heating. A piece of quartz was selected, and
then divided into one part for shock heating and from the other part a thin section was prepared.
In that way, the thin section is more likely to represent the quartz piece being shock heating,
rather than comparing a thin section from a random quartz piece of the same type. After shock
heating, the material was used to prepare another thin section. This was carried out by Anja
Filipowicz, and presented in chapter 3 earlier [107]. The samples which were selected for these
investigations were A(geo), D(geo), F(geo) and J(geo). The amount of fines below 10 mm for
these samples can be seen in comparison with the other shock heated samples in Figure 129, and
isolated in Figure 142. The variation is large, from a few wt% of fines to above 60 wt% for quartz
type D and F respectively. In Figure 143, microscopic investigations before heating from the four
quartz types A, D, F and J can be seen. They have very different appearances. The most different
in terms of grain size would be quartz type D and F. The first has small and homogeneous grains,
while quartz type F has some very large grains and some smaller recrystallized grains. Quartz
type A and J are in the middle, showing some variation in the grain size but not as much as type
F. Comparing the amount of fines in Figure 142 and the images in Figure 143 it could seem that
larger grain size will enhance the disintegration of quartz when shock heated. When comparing
the different regimes in quartz type G given in Figure 144, a difference in the grain size can also
be seen. Regime 1 has larger grains, while regime 2 and 3 have smaller grains. When comparing
this information with the fines generation for different regimes in Figure 145, it can be seen that
samples from regime 1 with the largest grain size disintegrate more than the samples from regime
2 and 3 with smaller grain size. The samples G(1), G(2) and G(3) where the regime was initially
unknown, could then be assumed to be regime 2 or 3 for sample G(1), while sample G(2) and
G(3) seem to be regime 1. The theory that larger grain size would affect the amount of fines, is in
agreement with Malvik et al. [85] which argued that the thermal strength would be directly
proportional to the grain size. The reason for this could be that an increased amount of grain
boundaries could withstand forces by dividing them on the gain boundaries. This is a known
phenomenon from the manufacturing of steels where the grain size can be decreased to strengthen
the steel. The effect is explained by dislocations that pile up at the grain boundaries. Thus, the
more grain boundaries, the less dislocations at these pile ups and less stress on the grains [126].
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Figure 142: Amount of fines below 10 mm after shock heating to 1500 °C for four different quartz
types, also with prepared thin sections for microscopic investigation.
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¢) Thin section of quartz type F d) Thin section of quartz type J

Figure 143: Microscopic investigation of thin sections from four different quartz types
before heating. The images are obtained from Brenden-Veisal and Filipowicz [107].
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Figure 144: Thin sections of the different regimes in quartz type G [110].
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samples. For the initial samples G(1), G(2) and G(3) the regimes are now known.

When comparing the microscopic images of the thin sections in Figure 143 with the thin sections
of heated material in Figure 146, small differences are observed. Quartz type A and J, which had a
medium amount of fines after shock heating, have pieces crossing several grains. It could seem
like quartz type F has broken at the grain boundaries around the largest grains, as these are
separated in Figure 146c¢. This could support the theory that grain boundaries around large grain
experience more stress and the quartz will therefore break at these boundaries rather than

boundaries around smaller grains.
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b) Thin section of quartz type D,
after shock heating.

¢) Thin section of quartz type F, after shock heating. d) Thin section of quartz type J,
after shock heating.

Figure 146:Microscopic investigations of thin sections made from shock heated material. The
images are obtained from Brenden-Veisal and Filipowicz [107].

6.1.5 Cracks

Aasly [6] stated that micro cracks in quartz samples would reduce the mechanical strength, and
probably lead to more disintegration when shock heated. By investigating samples by high-
temperature microthermometry, it was observed that micro cracks would open during heating
and cause fracturing of the sample. Therefore, the amount of cracks were measured using CT-
scanning, before heating of the quartz samples. The images obtained were analyzed and the
crack area measured. This was carried out for several parallels of quartz type A, D, F and G
before shock heating to 1500 °C. Average crack area varied from 0.14 to 1.29 %. Some variation
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was observed within the parallels of one type, but there is larger variance between the different
types. The amount of cracks for quartz type A, D, F and G are plotted against the amount of
fines below 10 mm from the same sample. This is seen in Figure 147. For each point, an
average from 20 images has been analyzed. A trend is seen in the figure. As the amount of
cracks increases, the amount of fines below 10 mm also increases. Thus, there is correlation
between preexisting cracks and thermal stability. This confirms Aasly’s observations that micro
cracks would propagate to fracture when heated. There is one clear outlier, G(1). The internal
difference between G(1), and G(2) and G(3) could be explained by the regimes in quartz type G.
G(1) is most likely regime 2 or 3 with smaller grains, while G(2) and G(3) are from regime 1
with larger grains. G(1) is also a outlier from the general trend. It has the third largest amount of
crack, but produced a very low amount of fines. This may be due to small grain size and hence
more grain boundaries which can stop the propagation of cracks. It could mean that quartz with
smaller grain size is better equipped to withstand cracks from blasting and handling, compared
to large grains sized quartz which must be handled more delicately to avoid crack formation.
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Figure 147: Amount of fines as a function of the amount of cracks in different quartz types.

There are several properties of the quartz that seems to affect the disintegration upon shock
heating. A clear correlation is observed between the amount of preexisting cracks and the
amount of fines below 10 mm. There is no clear trend in the total amount of impurities and the
amount of fines. It could seem like muscovite prevents the sample to disintegrate, as this is seen
for sample D and E in the principal component analysis. Another explanation of the low amount
of fines in sample D could also be the smaller grains, and hence a larger amount of grain
boundaries which makes the sample stronger. No correlation was found between the amount of
phases and the amount of fines. There is also a possibility that some properties are dominating
such that the effect of other properties are not seen. If the grain size is a dominant effect, it could
hide the effect of fluid inclusions as no clear trend was seen for the water content based on the
FT-IR analysis. It is also possible that the phase transformation and the following volume
increase does enhance disintegration, but other properties equalize the effect.
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6.2 Phase transformations in different quartz types

The phase transformations from quartz to amorphous phase and further to cristobalite were
investigated in type A, D, F and G. Despite no correlation between the disintegration of quartz
samples and the amount of transformed quartz (in Figure 139), the different silica phases could
affect the furnace operations in other ways. Earlier studies [22], [23], [94] suggest that the amount
of amorphous phase or cristobalite would increase the specific surface, and thus increase the rate
for the reaction between SiO, and SiC or C. Later research [18], [19], [20] has not been able to
show that the amount of amorphous phase or cristobalite would increase the reaction rates in the
furnace. It is still possible that the amount of silica phases could affect the quartz behavior in
other ways. Softening and melting properties are suspected to be important due to clogging in the
furnace. Such properties might be affected by the silica phases. Also, the volume increase of 17 %
from quartz to cristobalite could cause a more dense charge mix which will decrease the
permeability in the furnace [52].

Phase transformations from quartz to amorphous phase and cristobalite are observed in all the
four main quartz types A, D, F and G when heated to 1600 °C and 1700 °C. However, the
different types transform at different rates. By heating to 1600 °C, type A has transformed the
least, and type F the most. After 2 hours at 1600 °C, type A had almost reached the same phase
composition as type F. This can be seen in Figure 148. Type A still has around 90 wt% of quartz
at 0 minutes holding time, while type F has around 5 wt%. This is a considerable amount, and
shows that there could be large differences in the ability to transform to other silica phases with
varying the quartz type. In terms of the quartz amount measured at 0 minutes holding time, type D
and G lie at 55 wt% and 20 wt% respectively. Based on the phase composition at 1600 °C and 0
minutes holding time, the ability to transform in increasing order is A, D, G and F. The different
abilities to transform is in agreement with earlier studies by Ringdalen [52] and Kjelstadli [57]
who also investigated quartz types used for FeSi and Si production. Mitra [79] also studied the
phase transformations in two different quartz types, and found a different transformation rate into
amorphous phase and cristobalite for different types of quartz raw material.

Amorphous
exp

Cristobalite
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! mod

Amorpheus
mad
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a) Quartz type A b) Quartz type F

Figure 148: The phase composition of quartz type A and F, after heating 10 g sample to 1600
°C with varying holding time at maximum temperature.

The initial phase composition was measured for the different types A, D, F and G before heating.
All the types showed some amorphous phase in some of the unheated samples. For type A, the
content was around 10 %, while for type D the amorphous content varied from 6-22%. The phase
composition for unheated samples can be seen in Figure 83. Samples containing 100 % quartz
before heating are also seen. In Figure 82, two parallels each of type A and D showed nearly 100
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% quartz for three of the samples. This shows that there are some variations in the initial phase
composition for the different types. It is also seen for two of the parallels of type A heated to 1600
°C with 0 minutes holding time that it contains 100 % quartz. It is likely to believe that this
sample contained 100 % quartz before heating as well, as amorphous phase is an intermediate
phase between quartz and cristobalite [49], [55], [57], [58]. The initial amorphous content
measured in the different types, is still smaller than the variations between the phase composition
in the different types observed after heating.

The ability to transform was in increased order A, D, G, F. Compared to the disintegration, type D
created the least amount of fines followed by type A, G and F. The same trend is not seen
between the ability to transform and the disintegration of the types, but the only type deviating is
quartz type D. As no correlation was found between the amount of phases and the amount of fines
there has to be different properties affecting the phase transformations and the disintegration. If
only type A, F and G are considered, the type that disintegrated the least also had the slowest
phase transformations. But, the quartz types could have other properties that affect either
behavior, such as type D, which is not following the same trend. This means that some of the
properties enhancing disintegration also could enhances phase transformations.

6.2.1 Impurities

The reasons for the different abilities to transform have earlier been investigated in several
studies. Dapiaggi et al. [76] showed that increased amount of K and Na would speed up the
transformation to high temperature silica phases, and Schneider et al. [58] claimed that alkali and
alkali earth impurities would speed up the nucleation and growth of cristobalite. To investigate a
possible correlation between the alkali and alkali earth elements for type A, D, F and G, the
amount of alkali and alkali earth elements and the amount of remaining quartz after heating to
1600 °C and holding time 0 minutes is plotted in Figure 149. No overall trend can be seen, but if
type D is discarded, a trend is seen between type A, F and G and the amount of alkali and alkali
earth elements. For sample D, there could be other factors affecting the phase transformation. For
type A, F and G, the amount of alkali and alkali earth elements seems to speed up the phase
transformation from quartz.
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Figure 149: The amount of quartz after heating to 1600 °C as a function of the alkali and alkali
earth impurity content in the different quartz types A, D, F and G. The number in the parenthesis
indicates different parallels. In the top right graph, the x-axis below 0.012 is enlarged to show the
differences between type A, F and G more clearly.

The amount of aluminum was also suspected to accelerate the transformation. Both Brown et al.
[78] and Chaklader [50] claimed that Al,Oz impurities up to a certain limit would speed up the
transformations from quartz to cristobalite. Chaklader [50] found this limit to be 0.44 %, while
Brown et al. [78] found it to be around 0.2 %. The amount of aluminum and the amount of
remaining quartz after heating to 1600 °C and no holding time is compared for type A, D, F and
G. The results can be seen in Figure 150. No trend is seen between the amount of aluminum at
this level and the amount of remaining quartz after heating. This does not rule out Al impurities as
an accelerating factor, but there could be other affecting factors dominating.
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Figure 150: The amount of quartz after heating to 1600 °C as a function of the Al content in the

different quartz types A, D, F and G. The number in parenthesis indicates different parallels. In

the top right graph, the x-axis below 0.011 is enlarged to show the differences between type A, F
and G more clearly.

6.2.2Size effect

Different researchers have investigated whether the size of silica samples affect the
transformation speed. Wahl et al. [77], Pagliari et al. [75] and Dapiaggi et al. [76] investigated the
size effect at micro scale. Neither found any clear effect of the particle size. Kjelstadli [57]
investigated samples sizes from 10 g to 200 g. At 1600 °C no size effect was seen, but at 1700 °C,
there were results indicating that the transformations took longer time in the larger particles. This
can be seen in Figure 32. Kjelstadli explained this by thermal diffusion taking longer time for the
larger particles at 1700 °C. For the quartz types A, F and G in this study 10 g and 100 g samples
were investigated both at 1600 °C and 1700 °C. The amount of phases in the different sizes
heated to 1600 °C can be seen in Figure 151, Figure 152 and Figure 153 for type A, Fand G
respectively. For type A, no trend is seen in the phase composition. For 0, 15 and 30 min the 100
g samples have a larger amount of amorphous phase and cristobalite than quartz, but for 45 and
60 minutes the opposite is seen. It must be mentioned that the 100 g samples heated for 30 min at
max temperature is believed to be an outlier, and should be neglected when looking at overall
trends. The variation seen is believed to occur because of natural variations in the quartz type
itself. For type F, a trend could be seen. At 0, 15 and 30 minutes the amount of amorphous phase
and cristobalite is larger for the 10 g samples than the 100 g. For 45 and 60 minutes the phase
composition is nearly the same. The variation seen could be due to slower thermal diffusion in the
100 g samples, but the variation could also be due to natural variation in the quartz. In type G,
there is more amorphous phase and cristobalite in the 10 g sample at 0 minutes. For the other
holding times, the phase composition is nearly the same for 10 g and 100 g. Also for this type, the
results seen could indicate that the thermal diffusion is a limiting factor at the lower holding
times, but as the holding time approaches 30 minutes and above this thermal diffusion barrier is
negligible. The reason that this is not clearly seen in type A, could be that this type uses longer
time to transform to begin with, and therefore the thermal diffusion is not a limiting step. Nordnes
[17] modelled the heat distribution in quartz cylinders with diameter of 4 cm, and height varying
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from 1 to 10 cm. She found that when held at 1765 °C for one hour, the temperature from surface
to center would vary from 0.05 °C to 30 °C for the smallest to the largest sample. The 100 g
samples tested in this thesis were approximately 5 cm large, while the 10 g samples were 1-2 cm
large. Based on the model by Nordnes [17], it is likely to believe that this difference is larger
below 1 hour, meaning that there is a larger thermal gradient in the 100 g samples compared to
the 10 g samples. Ksiazek, as mentioned by Kjelstadli [57], modelled the temperature in the
center of a spherical particle when heated to 1700 °C. He found that by heating quartz samples
with varying size, it would take about three minutes longer for a 5 cm sample to reach 1700 °C in
the center of the particle compared to a 2 cm particle. The heating rate in his model was around 1
°Cls, and it took about 30 minutes for the furnace to heat to 1700 °C. These are very similar
conditions as used for the experiments in this thesis, and it is therefore likely to believe that the
center of the 100 g samples would reach the target temperature not more than 3 minutes after the
10 g samples. Thus, a size effect might be seen for the lower holding times for type F and G, but

not for the longer holding times where the temperature has reached its target throughout the
sample.
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Figure 151: The amount of phases in samples from quartz type A, heated to 1600 °C.
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Figure 152: The amount of phases in samples from quartz type F, heated to 1600 °C.
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Figure 153: The amount of phases in samples from quartz type G, heated to 1600 °C.

To further investigate any possible size effect, 10 g and 100 g particles heated to 1700 °C, are
compared in Figure 154, Figure 155 and Figure 156 for type A, F and G respectively. For type A,
the same as samples heated to 1600 °C is seen. There is no consistent trend in the phase
composition between the 10 g and 100 g samples. In fact, the phase composition is very similar
for all holding times at 1700 °C. It could seem that the amorphous phase is very stable, and that
the transformation to cristobalite at 1700 °C is slow. This could be due to a started melting phase,
as silica melts just above 1700 °C [100], [127]. For quartz type F, in Figure 155, the phase
composition is almost the same at all holding times, except 15 minutes. This could be due to
natural variation in the quartz. An overall size effect is not seen. For type G, the same trend as at
1600 °C is seen. At the lower holding times, 0 and 15 minutes the 100 g samples show a slower
transformation than the 10 g samples. The difference diminishes as the holding time increases.
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The same argument as at 1600 °C can be used to explain this. In the beginning, the larger samples
have a larger temperature gradient to the center of the particle, and therefore the reaction has not
evolved as much as in the smaller samples.
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Figure 154: The amount of phases in samples from quartz type A, heated to 1700 °C.
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Figure 155: The amount of phases in samples from quartz type F, heated to 1700 °C.
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Figure 156: The amount of phases in samples from quartz type G, heated to 1700 °C.

The mechanism for phase transformations from quartz to amorphous phase and cristobalite is not
clear. Wiik [22] argued that the transformation would happen throughout the sample because
nucleation sites would appear evenly spread out in a sample. He also suggested that since the
amorphous phase were less dense than quartz, the transformation would cause tension in the
sample, and hence cause cracks in the remaining quartz. Neither Pagliari et al. [75], Dapiaggi et
al. [76] or Kjelstadli [57] observed any consistent size effect in their studies. If there were a size
effect and the transformation started at the surface, one should have seen a larger difference
between the different sized samples. That is not observed in this study, and it is likely to assume
that Wiik’s [22] theory of nucleation is correct. Some researchers [73], [74] disagree, and claim
that the phase transformation from quartz starts at the surface of a particle.

6.2.3 Lattice defects

Another factor that could affect the phase transformation rate is the degree of crystallinity,
according to Wahl et al. [77]. They found that the higher crystallinity of a silica sample, the
higher cristobalite formation temperature, i.e. amorphous silica would have the lowest cristobalite
formation temperature. Fluid inclusions, cracks, impurities etc. would cause lattice defects and
decrease the crystallinity. It is difficult to measure the crystallinity directly, but impurity
measurements, crack measurements and microscopic investigation could give an indication of the
degree of crystallinity. These properties are summarized in Table 22. The total impurity content is
measured with ICP-OES. For water and clay content measured by FT-IR, only the relative amount
is known, and each quartz type has achieved a score compared to the other types. The
measurement of crack area was carried out using CT-scanning. The ability to transform found
from the phase composition measurements is also presented in the table, also as a score from 1 to
4. When looking at the table, one can see that type A has the lowest impurity content, low score
for the water and clay content and the lowest crack area, i.e. it has the lowest degree of lattice
defects and hence a higher crystallinity than the other types. Type A also has the lowest ability to
transform to amorphous phase and cristobalite. This is in agreement with Wahl et al.’s [77] theory
that lattice defects would lower the cristobalite formation temperature. Wiik [22] suggested that
nucleation sites would be created throughout the sample during heating. It could be possible that
these nucleation sites easier form at defects in the sample. When looking at the other samples in
Table 22, the same clear correlation is not observed. For sample F, which had the greatest ability
to transform, the impurity content, and water and clay content are similar as for type A. The only
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property correlating with the ability to transform is the crack area. This correlation is also seen for
type D and G. If Wahl et al.’s [22] theory holds, it could indicate that cracks in the sample could
initiate the creation of nucleation point throughout the sample. The impurity content could also
affect, but the isolated effect is not seen in this study.

Table 22: Properties that could affect crystallinity in quartz type A, D, F and G, compared to the
ability to transform to amorphous phase and cristobalite.

Quartz type | Impurity Water content | Clay content Crack area Ability to
content (1=highest, 4= | (1=highest, 4= | [%] transform
Wit lowest lowest 1=highest,
[wt9%] ) ) (1=highest, Elzlovgest)
(1=highest, 4=lowest)
4=lowest)

A 0018 3 |3 4 019 4 4

D 0.595 2 1 022 3 3

F 0023 2 |4 3 1.03 1 1

G 0018 3 |1 2 063 2 2

Mechanism of transformation
Wiik [22] argued that the transformations would happen throughout the sample at nucleation
points evenly spread out. Ainslie et al. [73] and Breneman et al. [74] on the other hand argued that
the transformation would happen from the surface of a particle and propagate inwards. If this was
the case, there should have been a difference in the amount of phases between uneven sized
samples. This was not observed to any large extend by Kjelstadli [57] or on the experiments in
this thesis. The most probable mechanism for the transformation from quartz to cristobalite is
therefore nucleation of amorphous transition phase throughout the sample. As Wahl et al. [77]
showed that quartz with less defect would take the longest time to transform to cristobalite, it is
presumable that the nucleation will be favored at cracks, impurities and other lattice defects. The
crack area measured for type A, D, F and G compared to the ability to transform to cristobalite
supports this theory. Type A had the lowest amount of cracks, while type F had the highest, and
type A took the longest time to transform to cristobalite while type F took the shortest time. In
Figure 157 the mechanism for the transformation is illustrated. The figure is not to scale.
Amorphous phase will start to nucleate at grain boundaries, cracks, impurities and fluid
inclusions, and propagate through the sample. Cristobalite will eventually start to form from the
amorphous phase. Some lattice defects might be more favorable nucleation sites than other. This
is not taken into account in the illustrated mechanism in Figure 157.
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Figure 157: Illustration of the mechanism for phase transformation from quartz via amorphous
phase to cristobalite. The illustration is not to scale.

6.2.4 Choice of model for phase transformation

The models for the phase transformations assumed a first order transformation both from quartz to
amorphous phase and from amorphous phase to cristobalite. According to Helbzk et al. [81], if
the assumption is correct, a plot of In(kz) as a function of 1/T, should give a straight line. In the
experiments for the model only two temperatures were tested, and hence the plot will always be a
straight line because there are only two points. To investigate further, experiments at 1550 °C and
1650 °C for quartz type A were performed with a holding time of 0, 30 and 60 minutes. Using the
same method as for the main models presented in section 5.2.1, the k; and k; values at 1550 °C
and 1650 °C were found. The ki and k; values found for 1550 °C, 1600 °C, 1650 °C and 1700 °C
are shown in Table 23. k; is the apparent rate constant for the transformation from quartz to
amorphous phase, and k; is the apparent rate constant for the transformation from amorphous
phase to cristobalite. The ki values are believed to more reliable as they in general showed a lower
deviation from the experimental value when optimizing the value. A plot of In(k:) and a function
of 1/T can be seen in Figure 158.

Table 23: k; and kz values for the transformation from quartz to amorphous phase, and
amorphous phase to cristobalite respectively. The values are for quartz type A.

Temperature 1550 1600 1650 1700

[°C]

ki [min™] 0.014 0.0161 0.034 0.1304
k2 [min™] 0.047 0.0461 0.005 0.0026

When evaluating the regression line for the In(ks) values in Figure 158, a rough estimate could be
that the points are making a straight line, and thus confirming the first order model for the
transformation from quartz to amorphous phase. There is some deviation from the straight line,
but taking all the possible variations in the quartz itself and the uncertainty in the XRD
measurements into account, a perfect straight line is not likely. However, it could also be possible
that the most fitting model is a second order model. To get a more precise model more
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experiments are needed. Based on the experiments performed for type A, and the possible
variations and uncertainty taken into consideration, a first order model is the most robust and
flexible model at this point. Another uncertainty in the model is the amount of amorphous phase
measured close to the melting point of silica. It could be argued that the experiments at 1700 °C
are too close to the melting temperature of silica. Melting and possibly softening would also
create amorphous phase. For quartz type D, F and G the softening temperature has been measured
at 1700 °C, 1680 °C and 1690 °C by Nordnes [17] [92]. The amorphous phase caused by softening
and/or melting is not the intermediate phase, and hence it would interfere with the measured
intermediate amorphous phase.

Based on the slope in the graph in Figure 158 a new activation energy for the transformation from
quartz to amorphous phase for quartz type A, 10 g sample was calculated. The previous activation
energy was 642 kJ/mol, while the new activation energy was 441 kJ/mol. It indicates that the
activation energies calculated earlier in section 5.2.1 might be a bit high. To confirm them, the
phase composition in samples heated to around 1550 °C should be measured, to be well below the
melting temperature of silica.

Based on the k; values found in Table 23, In(kz) is plotted as a function of 1/T in Figure 158. The
values for k, does not make a straight line when comparing all the temperatures. There seems to
be two levels of k; values, one for 1550 °C and 1600 °C, and one for 1650 °C and 1700 °C. At the
low temperature level, the activation energy will be negative meaning that there is little variation
in the formation of cristobalite at 1550 °C and 1600 °C. At the high temperature level, one can
argue that the formation of amorphous phase as a consequence of softening and melting is
affecting the measurements, and the k. values found are less reliable. This could explain the
variation and the absent of a trend for the k; values.

0
5.0£-04 5.1E-04 5.2E-04 5.3E-04 5.4E-04 5.5E-04 5.6E-04
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Figure 158: In(ky) and In(kz) as a function of 1/T for 1550 °C - 1700 °C. The dotted line connects
the experiments used to find the activation energy for the transformation from quartz to
amorphous phase (ki) and from amorphous phase to cristobalite (k).

When considering what are the most reliable activation energies and the reaction rates for the
different quartz types, one must take into consideration that to obtain them several assumptions
have been made and the raw materials are natural with expected differences. Thus, the activation
energies suitable to use can be rounded to the nearest hundred. For the calculations that gave a
negative activation energy, it is believed that the experiments that were performed to find it, is not
suitable. The activation energies that should be used for the types A, D, F and G for the
transformation from quartz to amorphous phase are 400 kJ/mol, 200 kJ/mol, 500 kJ/mol and 100
kJ/mol. The calculated pre exponential factor, ko, were 4.5x10'°, 3.2x10° , 1.2x10"* and 4.1x10?
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for type A, D, F and G respectively. It should be taken into consideration that to determine the
activation energy more precisely, experiments further away from the melting temperature of silica
should be performed. As seen for type A, the activation energy decreased by 200 kJ/mol when
experiments at 1550 °C and 1650 °C where considered in the calculation. The average of the ki
values found from 10 g and 100 g experiments for 1600 °C varied from 0.02 min™to 0.12 min™.
The variance in the reaction rate between the different types is not very large. For type D and F,
the k; is 0.07 min™, while type A has the lowest reaction rate of 0.02 min™ and type G the highest
of 0.12 min™. At 1700 °C the average k; values based on the 10 g and 100 g experiments are 0.14
min for type A and G, 0.16 min™ for type D and 0.20 min™ for type F. The most reliable
activation energies for the transformation from amorphous phase to cristobalite for type A, F and
G are 1300 kJ/mol, 300 kJ/mol and 100 kJ/mol, with preexponential factor 8.3x10%2, 5.5x10” and
22.5 respectively.

6.2.5 Simulation of phase composition in industrial furnaces

Assuming first order phase transformations, the phase composition in an industrial furnace can be
estimated. By knowing the retention time of the raw materials in the furnace, the descending
speed of the raw material can be calculated, and also the temperature at this position can be
estimated. For simplicity both the speed and the temperature gradient from the charge surface are
assumed to be linear. By using Nordnes’ [17] model in Figure 14, one can estimate that at 1.5 m
depth in the furnace the temperature will reach 1700 °C. Together with the retention time of 5.7
hours [6] and an assumed furnace depth of 3.6 m, the speed will be 0.6 m/h for a quartz piece. The
calculated time for the temperature increase from 1000 °C at the charge surface to 1700 °C will
then be 2.5 hours. A model of the amount of phases as a function of furnace depth, temperature
and time can then be made. This is done for type A and F. For type A, the calculated activation
energy and pre exponential factor, ko, for the transformation from quartz to amorphous phase
found from Figure 158 are used, while the calculated activation energy and pre exponential factor
from the 100 g experiments for type A are used for the transformation from amorphous phase to
cristobalite. This choice is made because these experiments were the only one giving a positive
activation energy for this transformation for type A. The numbers from experiments of 100 g are
used for type F to calculate the amount of phases. It is also assumed that the start phase is 100 %
quartz for both types. All the numbers used for the model are given in Table 24. In Figure 159 the
models can be seen. Up to 1420 °C at 0.9 m depth the phase composition is very similar. The
large differences are being visible at 1560 °C, where type F has a larger amount of cristobalite,
around 30 %. At 1630 °C all of type F has become cristobalite while in type A there is around 35
% cristobalite and 40 % amorphous phase. The differences in the amount of phases could affect
reaction rates, and the point in the furnace where the cristobalite forms might be of importance. It
is also possible that volume expansion as a consequence of the cristobalite formation causes a
more compact charge in the furnace, which will hinder even gas and raw material flow.

Table 24: Values used for estimating the amount of phases in an industrial furnace.

Quartz type Quartz > Amorphous phase Amorphous phase = Cristobalite
Activation ko Activation ko
energy [kJ/mol] energy [kd/mol]
A 441 4.5%10"° 1337 8.3x10°?
F 510 1.21x10" 325 5.5x10’
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Figure 159: Estimated phase composition of two different quartz types as a function of

furnace depth, temperature and time. The models assume a linear temperature gradient and
linear speed of the quartz sample.
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7 Furnace excavation at Finnfjord

7.1 Observation from earlier furnace investigations

Investigations from furnace excavations have found that quartz will be altered when descending
in the furnace. Aasly [6] found quartz, cristobalite and tridymite in the samples from a FeSi
furnace running at 42 MW. The furnace was running on FeSi quality quartzite and a mixture of
coal and coke in addition to iron pellets. The findings of tridymite were done in the inactive parts
of the furnace, away from the electrodes, and possibly cavities. Aasly relates the tridymite
findings to the higher impurity content on the FeSi furnace compared to a Si furnace. In the same
investigation a pilot scale Si-furnace was also investigated, and here only quartz and cristobalite
were found. The XRD-results also showed considerable amount of background noise, which is
assumed to be amorphous silica.

To closer investigate silica samples from an industrial furnace, participation in a furnace
excavation was included in this thesis work. Samples from the furnace were collected during the
excavation and analyzed at NTNU. Both samples possibly containing silica and other samples
were collected.

7.2 Furnace information

An excavation of a 75% FeSi furnace at Finnfjord was done in June 2018. The furnace had an
inner diameter of 8.8 m, and a height of 3.7 m. Figure 160 shows an illustration of the furnace
dimensions. The position of one of the electrodes are indicated. The furnace wall had a steel
casing and a layer of bricks on the inside. The bottom of the furnace consisted of a thick layer of
bricks with carbon paste above. Only tap hole 2 and 3 were used, and in the last period before
shut down, tap hole 3 was used. The furnace was not melted down before shut down. Electrode 2
and 3 were cut off during shut down, while electrode 1 was not. Therefore, the excavation was
concentrated around electrode 1.

Figure 160: Overview of furnace excavated at Finnfjord.
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7.3 Results and discussion

7.3.10verview of the excavation

The furnace was opened towards electrode 1, where the excavation was concentrated. First, the
steel casing was removed before chiseling began. The material was very warm, so continuous
water cooling was necessary. In photograph in Figure 161, the start of the excavation can be seen.
The chiseling has just began, and glowing material can be spotted under the outer surface.

Figure 161: Photo taken during excavation of a 75% FeSi furnace at Finnfjord.

The position of samples is approximately, as it is not possible to enter the furnace and mark the
exact position because of the heat and other HSE restrictions. Samples were collected from the
start of the excavation until over half of the furnace was excavated. At that point the interior of
the furnace had been moved around too much to be able to estimate the original position of
samples. Also, electrodes 2 and 3 had been put to the bottom of the furnace before shut down.
Such actions make the area around and underneath these electrodes very uncertain. It is not
possible to figure out if the observations are such due to the electrode cut off or if it gives a
picture of how the furnace behaved during operation. Electrode 1 was not put to the bottom of the
furnace, so many samples were taken in this area and made the basis for the conclusion.

After two days of excavation, electrode 1 became visible. From this point, it was possible to
distinguish different material zones in the furnace. A photograph with approximate material zones
can be seen in Figure 162. The electrode is clearly seen. Around it, a thin layer of unreacted
charge was found near the top of the furnace. Further away from the electrode, SiC was found.
Towards the side of the furnace slag layers were observed. Underneath the electrode a very hard
layer was found. This was assumed to be a mixed metal and slag layer. Samples were taken from
the furnace, and analyzed with EPMA to confirm the suspected material zones.
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Figure 162: Material zones observed in the furnace during excavation. Electrode 1 is visible in
the middle of the picture, and SiC, slag and metal zones are indicated.

Based on the observation, a drawing of a horizontal cross section of the furnace approximately 1
m under the charge surface was made. It can be seen in Figure 163. Around the electrodes and at
the charge surface, loose material was found. Outside this layer and between the electrodes SiC
was observed. Towards the outer shell a slag layer was found and some areas of inactive zone.
The figure also shows the material zones for the whole area if it is assumed that the same
materials are found around the other electrodes. A vertical cross section of the furnace through
electrode 1 is illustrated in Figure 164. This figure tries to simplify what is visually observed in
Figure 162.
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Figure 163: Overview of material zones seen from the top of the furnace. The figure to the left is
visually observed, while the figure to the right is drawn based on the assumptions that the same
material zones are found around the other two electrodes as well.
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Figure 164: Cross section of the furnace seen through an excavation opening indicated in the
figure to the left.

7.3.2Collected samples and EPMA analysis

Approximately 80 samples were collected during the excavation. From these, eleven samples
were picked out as representative for the zone they were collected. The approximately position of
these samples can be seen in Figure 165. Some positions are better known than others. This is
indicated in the figure. These samples were analyzed with electron probe micro-analyzer (EPMA)
to confirm the material composition of the zone they were collected. For each material zone a
representative EPMA analysis is shown in the following sections. The samples collected were
crushed with a hammer to obtain a piece suitable for EPMA analysis. Samples were casted into
epoxy and polished before inserted into the microscope. All the casted samples had a diameter of
3cm.
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Figure 165: Approximately position of samples analyzed. The color indicates the precision of the
position.

Slag/metal underneath electrode

Two EPMA analysis from sample P36 are seen in Figure 166. Both samples show a metal phase
and a slag matrix with SiC particles. These analysis shows that two smaller samples from the bulk
sample contains the same phases. Each point marked on the figure has been analyzed for different
elements. The composition from each point is given in Table 25.

Figure 166: Two samples from the same bulk piece, P36. A slag phase with some SiC particles
are present in addition to a metal phase.
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Table 25: Chemical analysis of sample P36a and b collected during furnace excavation. . The
table shows an average of the position numbers listed.

Position | Sample | Element analysis (wt%) Phase
no. no. _

Si ] C Fe |Ca |Al |K |Na | Mg
12,3 P36a 56.8|04 |14 |446 |00 |03 |0.0|0.0|0.0 |FeSi
4,5,6 P36a 98804 |22 |01 (00 |00 [00]0.0|0.0 |Si
7,89 P36a 147136.9|08 |00 |195|204|0.1|0.0|0.4 |Slag

10,11,12 | P36a 148|37.0{09 |00 |18.8|21.4|0.1|0.0 |04 |Slag

13,14,15 | P36a 705|105 |333|00 (01 (01 |0.0{0.0|0.0|SiC

1,2,3 P36b 56.2 04 |12 |[451]00 |01 |0.0/|0.0|0.0|FesSi
4,5,6 P36b 98.0(04 |17 |02 (00 |0.0 [0.0]0.0|0.0|Si
78,9 P36b 158|394 |07 |00 |19.6|19.6|0.2|0.0 |0.3 |Slag
SiC sample

A SiC sample, P60, collected in the upper part of the furnace was one of three SiC samples
analyzed with EPMA. In Figure 167 the EPMA image can be seen, marked with the position
where element analysis was done. The sample consist of mainly a dense SiC phase, with some
small metal droplets. In Table 26 the element analysis from the EPMA can be seen.
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Figure 167: Sample P60 which contains a dense SiC phase with some metal droplets.

Table 26: Chemical analysis of sample P60 from furnace excavation. The table shows an average
of the position numbers listed.

Position | Sample | Element analysis (wt%) Phase
no. no. _
Si ) C Fe |Ca |Al |K |Na |Mg
1,23 P60 556|103 |07 45200 (0.0 [0.0|0.0 0.0 |FeSi
45,6 P60 988|102 |10 (03 (00 (0.0 |0.0]0.0 0.0 |Si
7,89 P60 69.1|03 |306|00 (00 |01 |0.0[0.0 0.0 |SiC
Slag phase

Two samples were collected from the assumed slag zones towards the side of the furnace. The
position of the samples can be seen in Figure 165. Sample P75c is shown in Figure 168, with the
chemical analysis in Table 27. The sample consist of a slag matrix with some SiC particles and
some metal particles.
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Figure 168: Sample P75c¢ from furnace excavation. The sample has a slag matrix with some SiC
particles and some metal particles.

Table 27: Chemical analysis of sample P75c from furnace excavation. The table shows an
average of the position numbers listed.

Position | Sample | Element analysis (wt%) Phase
no. no. .

Si (@] C Fe |Ca |Al |K |Na | Mg
1,2,3 P75c 540|02 |06 |481|00 (0.0 |0.0|0.0|0.0 |FesSi
45,6 P75c 68.8|04 |29.0|00 (00 (0.0 |0.0]{0.0]00 |SiC
78,9 P75c 28.7140.2 |05 |00 |11.0|12.0|0.4|0.0 |22 |Slag

7.3.3Quartz in the excavation

Nine samples of silica, either quartz, or visually transformed quartz, were collected in the
excavation to study how the quartz/silica is present at different positions in the furnace. The goal
was to see which, and how much of the different silica phases were present where.

Samples which were assumed to contain silica based on visual inspection, were selected. The
position of the samples could only be estimated very roughly. There are three places were suitable
samples were collected. Most of the samples were collected around the electrode tip. Some
samples were taken from a pile of material which had been dug out during excavation, and some
samples were taken from the top layer in the furnace. In Table 28 an overview of the samples and
their approximate position can be seen.
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Table 28: Samples which contains quartz from furnace excavation in Finnfjord. The position of
the samples is also indicated.

Sample | Position Visual observations

P38 Electrode tip 1 Mainly melted quartz, pores
observed.

P41 Electrode tip 1 Mainly quartz, pores
observed.

P53 On electrode 1 Mainly quartz, some slag, a
few metal droplets.

P67 On electrode 1 Quartz with SiC around.
Some C particles and slag
observed.

P70 On electrode 1 Some metal with SiC inside.

A lot of quartz as well.
Cracks at surface.

P54 Pile of excavation material Mainly quartz. Canals
observed.
P58 Pile of excavation material Melted quartz, but complex

sample with many materials

P61 Top layer Mainly quartz with pores and
slag defects, but more slag
along side. Some metal
droplets.

P79 Top layer Carbon and quartz. More
homogeneous quartz, but
melted. Intrusions in the
carbon and SiC around
carbon, meaning the carbon
has started to react at surface

Sample P38 and P41 — from electrode tip

Sample P38 was taken on the side of the electrode. Macroscopically it looked like melted silica.
In Figure 169 a photograph of the sample can be seen, along with the sample prepared for EPMA.
To the right in the figure the EPMA image with a magnification of 40X can be seen. The numbers
in red indicate were element analysis are performed. In Table 29, the wt% of different elements at
given positions can be seen. As expected, all the point analyzed showed a SiO; phase.
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Figure 169: Sample P38

Table 29: Element analysis of sample P38. The position number refers to the right picture in
Figure 169. The element analysis is an average of all the positions.

Position Sample | Element analysis (wt%) Phase
no. no.

Si O C Fe |[Ca |Al |K | Na | Mg

1,2,3456 | P38 46.31581(03 (00 |00 |02 |0.1]0.0 |0.0 |SiO2

Sample P41 were also collected form the electrode tip. It had a darker appearance than sample
P38 on the outside, but when comparing the casted and grinded sample they look the same. This
is seen in Figure 170, were also an image from the EPMA analysis is seen. The numbers on the
image refer to the point where an element analysis is done. The elements identified is listed in
Table 30, and it concludes that all the point analyzed where SiO,.

Figure 170: Sample P41

Table 30: Element analysis of sample P41. The position number refer to the right picture in
Figure 170.

Position Sample | Element analysis (wt%) Phase
no. no.

Si ] C Fe |[Ca |Al |K | Na | Mg

1,2,3,45,6 | P41 46.3 |57.6 (0.7 |00 |00 (0.1 |0.0|0.0]0.0|SiO;
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Sample P53, P67 and P70 - from electrode

Sample P53 were also collected from the electrode. It looked like it was mixed with some slag
and other impurities. A photograph of the sample together with the sample prepared for EPMA
and the EPMA image are seen in Figure 171, and in Table 31 the elements identified are listed. It
suggests that the sample contained a SiO. rich slag together with some metal.

Figure 171: Sample P53

Table 31: Element analysis of sample P53. The position number refer to the right picture in
Figure 171

Position Sample | Element analysis (wt%) Phase
no. no. .
Si o C Fe |Ca |Al |K |Na | Mg
1,2,3 P53 38.4140.1|05 |00 |02 |18 |38]|0.1 |22 |SiOrich
slag
4,5,6 P53 459 155307 |00 (00 |01 |0.4|0.0/01]|SiO;
7,89 P53 238|05 |06 |772|00 (0.0 |{0.0|0.0 |00 |FeSi

In Figure 172, an image of sample P67 is seen together with the EPMA sample and the EPMA
image. The sample contained mainly SiO., with some slag and metal in between. The element
analysis can be seen in Table 32.

Figure 172: Sample 67
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Table 32: Element analysis of sample P67.

Position Sample | Element analysis (wt%) Phase
no. no. _
Si @] C Fe |Ca |Al |K |Na | Mg

1 P67 67308 |59 |01 |00 |00 |0.0]0.0|0.0]Si*

2 P67 60.5(11.3|49 |00 (03 |17 |03|0.0|0.0|Si*

3 P67 35.0 (44508 |02 (18 [9.0 |29 |0.0 0.3 |SiO;

45,6 P67 453(531|10 {01 |01 [0.2 [0.0|0.0]0.0 |SiO;

7,8 P67 36.1 (46509 |02 (19 [84 |24|0.0 0.3 |SiOzrich
slag

9 P67 354 (06 |09 |66.4(00 [0.0 |0.0]|0.00.0|FesSi

* The total mass percent does not add up to 100 %, so there could be other elements present altering the material phase.

The next sample, P70 had a glassy surface which looked like melted quartz on a more solid core.
It was found on the electrode. In Figure 173 an image of the sample together with the EPMA
sample and EPMA image can be seen. The element analysis for the number on the EPMA image
is given in Table 31. The element analysis shows that the sample contained a SiO phase with
some metal with some SiC particles.

Figure 173: Sample P70

Table 33: Element analysis of sample P70

Position Sample | Element analysis (wt%) Phase
no. no. .

Si o C Fe |[Ca |Al |K |Na | Mg
1 P70 558103 (09 [455|00 |00 [0.0|0.0 |0.0|FeSi
2 P70 971|103 (12 |01 |00 (0.0 [0.0{0.0 0.0 |Si
34,5 P67 423|540|07 |00 |09 (32 |0.3|0.0]|0.2 |SiO;
6,7,8 P67 69.0| 1.0 [305|05 |00 (0.0 [0.0[0.0 |0.0|SiC
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Sample P54 and P58 from pile of excavated material

The next two samples, P54 and P58 were found in the pile of excavation material removed from
the furnace. Based on the appearance of the quartz it could be possible to estimate at least the
temperature it has experienced. In Figure 174 an image of the sample can be seen. It looks like a
lump of quartz that has experienced some heat. When looking at the sample prepared for EPMA
one can easily see that this is a solid piece of quartz. The EPMA image shows that there are areas
in the quartz with lighter color. The element analysis in Table 34, shows that these areas are a
SiO; rich slag. The rest of the sample is SiOs.

Figure 174: Sample P54

Table 34: Element analysis of sample P54

Position Sample | Element analysis (wt%) Phase
no. no. .
Si o C Fe |[Ca |Al |[K |Na |Mg
1,23 P54 37246104 |00 |00 |22 |33|04 |10 |SiO.rich
slag
45,6 P54 434 155505 |01 {00 |16 |16 |04 |0.2 |SiO;
7,89 P54 46.4 159504 |00 [0.0 {00 |0.0|0.0|0.0|SiO;

Sample P58 was also collected from the pile of excavation material, and the original position in
the furnace is therefore not known. From the image of the sample in Figure 175, the sample looks
very complex with different materials partly melted into each other. The same is observed in the
image of the EPMA sample. In the EPMA image a compact phase can be seen with a band of
other materials. The element analysis, given in Table 35, suggests that the major phase is SiO,
with some slag impurities in the band crossing the sample.
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Figure 175: Sample P58

Table 35: Element analysis of sample P58

Position Sample | Element analysis (wt%) Phase
no. no. .
Si ) C Fe |[Ca |Al |K |Na |Mg

1,2,3 P58 36.8|485(0.7 |00 |02 [56 |3.7]0.2 |20 |SiOzrich
slag

45,6 P58 456 (529(08 |00 (00 |01 |0.1]|0.0/|0.0]SiO;

78,9 P58 458 1534|110 |00 [0.0 |00 |00]|0.0|0.1 |SiO;

10,11,12 | P58 450 (544|110 |00 [0.0 |03 |00]|0.0|0.1 |SiO;

Sample P61 and P79 from top layer in furnace

The last two samples were collected from the upper part of the furnace, and could give
information on how the quartz is behaving at lower temperatures before it melts. In Figure 176
sample P61 is seen. From the image it looks like a solid quartz lump with some other materials
glued to it. The EPMA sample shows a grey more or less homogeneous phase. The same is
observed from the EPMA image. The sample contains mostly SiO», with some small slag and
metal impurities. Slag is also observed at surfaces, for example around analyze point 2 in Figure
176.
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Figure 176: Sample P61

Table 36: Element analysis of sample P61

Position Sample | Element analysis (wt%) Phase
no. no. _
Si o C Fe |Ca |Al |K |Na | Mg
1,23 P61 36.5[426|04 |00 (01 |50 |52]|0.00.7 |SiOzrich
slag
45,6 P61 46.3|60.2|04 |00 |00 |01 |0.1]00 0.0 |SiO;
7,89 P61 20704 |03 |817|00 (0.0 |{0.0[0.0|01 |FeSi

Sample P79 has a very complex appearance like seen from the sample image in Figure 177. It
looks like there is some quartz mixed with carbon materials and some green condensate. The
EPMA image shows a surface that is partly converted. A layer of a different material can be seen.
The element analysis in Table 37 confirms this. The core of the sample is SiO, while there is a
SiO; rich slag phase towards the surface.

Figure 177: Sample P79
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Table 37: Element analysis of sample P79

Position Sample | Element analysis (wt%) Phase
no. no. _

Si @] C Fe |Ca |Al |K | Na | Mg
12,3 P79 39.1(473|04 |00 |01 |31 [50|0.0]04 |SiO;
45,6 P79 46.1 (| 56.0 |04 |04 (00 [0.0 |0.0|0.0 0.0 |SiO;
7,8,9 P79 59.2 (6.9 |266|01 (00 [0.1 |0.2|0.0 0.0 |SiC

7.3.4 Phase composition in samples

The phase composition in the different samples was measured using XRD. Jiali He, intern student
did these measurements, under my supervision. The results can be seen in Figure 178. The overall
observation from the figure is that all the samples contain no or very little amount of quartz, hence
amorphous phase and cristobalite is the dominating silica phases in the furnace. The samples are
plotted in increasing height in the furnace along the x-axis to see any trend in the phase
composition as a consequence of the position. It was expected to see a difference in the phase
compositions from the samples taken from the top of the furnace and further down because of the
temperature difference in the furnace. At the top the temperature is from 700 °C to 1300 °C [5] ,
while at the electrode tip the temperature could be around 2000 °C [3]. A clear difference is not
observed, but this could be due to few samples available from the top of the furnace. Only two
samples were analyzed from the top, and one of them have a higher amount of amorphous phase
than the lower samples, while one has the same amount of amorphous phase. It must be taken into
account that at the time of excavation of the samples, they had experienced a high temperature for
up to 4 days. This could have caused any remaining quartz to transform to amorphous phase and
the cristobalite phase before the furnace was cooled sufficiently to stop any phase
transformations. It is also possible that some of the samples had been melted, and therefore
increased the amount of amorphous phase measured. When compared to the phase composition of
10 g samples heated to 1600 °C of quartz type D tested in the laboratory, the amount of quartz
after just two hours were 0 wt%. This is seen in Figure 117. Quartz type D is the same as used in
the industrial furnace. It was observed during excavation that liquid metal could flow out of the
excavation front. This implies that the temperature must be sufficiently high for liquid FeSi to
exist. The melting point of FeSi75 is below that for Si at 1410 °C [127]. It is therefore likely to
presume that phase transformation after shut down did happen in the furnace due to the high
temperatures. To more accurate measure the silica phases in samples from a furnace, a different
collection method where the samples can be removed more quickly from high temperature should
be considered. Another source of error are other compounds present in the samples. If they are not
identified, they will be counted as amorphous phase and hence give a higher amount of
amorphous phase than really present. This does not affect the amount of crystalline phases,
quartz, tridymite and cristobalite.
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Figure 178: Phase composition in silica samples from furnace excavation of a FeSi75 furnace.

In one of the samples, P58, tridymite was also found in addition to amorphous phase and
cristobalite. The formation of tridymite is believed to be dependent on certain impurity elements
according to several studies [49], [50]. In sample P58 a considerably amount of Mg were found.
Since both Na and K are impurities stabilizing the tridymite phase [49], it is presumed that Mg
has a similar effect, and hence explains the existence of tridymite in sample P58.
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8 Conclusions and future work

The high temperature behavior of quartz, used for Si or FeSi production, have been investigated.
More specifically, the fines generation and the phase transformations in different quartz types
have been studied. In addition, FT-IR analyses were done, and used to compare water and clay
content in different quartz types, and CT-scanning were used to determine the crack area in
samples before heating. The correlation between different properties in the quartz types and the
behavior at high temperature were studied. Four main quartz types, A, D, F and G were
thoroughly studied, and quartz type B, C, E, H, I and J were used in some experiment to obtain a
broader basis for comparison.

8.1 Fines generation

Ten different quartz types used in silicon and ferrosilicon production were shock heated at 1500
°C for ten minutes. The amount of fines after heating, were measured and compared. Type D
created the least amount of fines, around 5 wt% below 10 mm, while type F created the largest
amount of fines, up to 85 wt%. For some of the samples CT-scans were done before heating, and
the crack area were measured. A correlation was found between the measured crack and the
amount of fines created during shock heating. There was some inconsistency in the trend, but due
to natural variation in the quartz samples, such are expected. Statistical calculations showed that
despite internal variation, it was a difference between the quartz types as well. The amount of
amorphous phase and cristobalite were also measured in the shock heated material. It was earlier
believed that the cristobalite formation would cause a volume increase that would lead to
disintegration of the quartz samples [83]. No correlation between the amount of amorphous phase
and cristobalite and the amount of fines created were found. In fact, type D which disintegrated
the least had the highest amount of cristobalite after shock heating. Based on FT-IR results and
the disintegration results, a principal component analysis was done to check for correlation
between the two data sets. It was found that quartz type D and E contained the highest amount of
muscovite, and type D and E were also the quartz types creating the least amount of fines during
shock heating. It is speculated that since muscovite has a more layered structure which are
compressible in one direction, quartz types with high muscovite content could absorb the tension
created during shock heating. A correlation was also seen between the grain size in the different
samples and the ability to disintegrate. Based on microscopic investigation, the grain size in type
A, D, F and G were described. Type D had very small grains, 0.2-1 mm and disintegrated the
least. Type A and G had varying grain size from the um to cm scale. These two types had medium
disintegration upon shock heating. In type F, the largest grains were observed. Some grains were
several cm. Type F was the type creating around 70 wt% of fines upon shock heating. This theory
is supported by investigating the ability to disintegrate for different regimes in type G as well.
Three regimes were identified, and the grain size was largest in regime 1. Shock heated samples
from this regime also shows the highest amount of fines after shock heating, compared to samples
from regime 2 and 3 which has smaller grains. It could be possible that increased amount of grain
boundaries would strengthen the quartz samples [126].

8.2 Phase transformations

The phase transformation from quartz to amorphous phase to cristobalite in the main types A, D,
F and G were thoroughly investigated. Samples of 10 g and 100 g were heated to 1600 °C and
1700 °C and held up to 120 minutes for 10 g samples and 60 minutes for 100 g samples. The
ability to transform for the different types was varying. By comparing the amount of remaining
quartz at 1600 °C and no holding time, around 90 % of type A were still quartz, while in type F
only 5 % quartz were remaining. Type D and G had 55 % and 20 % remaining quartz
respectively. The phase transformations were modelled, assuming a first order reaction for both
quartz to amorphous phase transformation, and from amorphous phase to cristobalite
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transformation. It was found that the activation energy for the phase transformation from quartz to
amorphous phase varied from 642 kJ/mol for type A to -244 kJ/mol for type F. The negative
activation energy indicated that the experiments were not suitable to determine the activation
energy. The 100 g samples of type F gave an activation energy of 510 kJ/mol. Additional
experiments at 1550 °C and 1650 °C found a more fitting activation energy of 400 kJ/mol for type
A. The most reliable activation energy, rounded to the nearest hundred, found for the quartz types
A, D, F and G were 400 kJ/mol, 200 kJ/mol, 500 kJ/mol and 100 kJ/mol respectively, and the
calculated pre exponential factor, ko, were 4.5x10'°, 3.2x10% , 1.2x10" and 4.1x10? for type A,
D, F and G respectively. For the transformation from quartz to amorphous phase, the apparent rate
constant, ks, was varying from 0.002 min™ to 0.184 min™ at 1600 °C, and from 0.033 min™ to
0.363 min at 1700 °C. These values show that the transformation from quartz to amorphous
phase goes faster at 1700 °C compared to 1600 °C, as expected. Based on the average of 10 g and
100 g experiments the k; values found for type A, D, F and G at 1600 °C were 0.02 min™, 0.07
min™, 0.07 min™, and 0.12 min™ respectively. The k. values were in general lower than the k;
values, meaning that the transformation from guartz to amorphous phase is faster than the
transformation from amorphous phase to cristobalite. It is suspected that softening and melting of
quartz will cause amorphous phase when heated near the melting point of silica. This amorphous
phase will interfere with the measured intermediate amorphous phase. Hence, experiments at
lower temperatures than 1700 °C and possibly 1650 °C should be used to determine rate constants
and activation energies.

No clear size effect was seen between the 10 g and 100 g samples. This indicated that
transformation happen throughout the samples at nucleation sites, and not from the outside an
inwards.

The ability to transform for the different types were compared with the impurity content. A
correlation was found between type A, F and G and the amount of alkali and alkali earth
elements. No correlation was seen with the amount of Al content, as previously suggested in the
literature [50], [78].

It was suggested in literature [77] that more perfect crystalline samples would have a higher
transformation temperature than samples with lower crystallinity. If the crack area measured with
CT is compared with the ability to transform, a correlation is seen. The type with the lowest crack
amount, has the lowest ability to transform. This is type A. Type F had the highest amount of
cracks, and had the highest ability to transform. It is suggested that cracks, and also other lattice
defects such as impurities, creates favorable sites for nucleation of amorphous phase and hence
the transformation from quartz to amorphous phase and cristobalite speeds up.

Large variations are seen in the phase composition in one quartz type. This could be explained by
a natural and varying raw material. However, the differences seen between the different quartz
types are larger and suggests that there are differences between the quartz types that could be
significant for furnace operation. This is simulated for quartz type A and F, and the simulation
shows that the down to 0.9 m in the furnace, the majority silica phase is quartz. After this point
and down to 1.5 m the phase transformations happen with various speed. At 1.5 m depth all quartz
will have transformed to cristobalite, and will due to the temperature at this point start to melt.
Between 0.9 m and 1.5 m there is a varying phase composition depending on what quartz types is
used for production. When measuring the silica phases in samples from a furnace excavation at
Finnfjord, nearly no quartz phase was found. This is believed to be because of the time the raw
material would have been exposed to high temperatures before excavation. Phase transformation
from quartz to amorphous phase and cristobalite would have enough time to proceed up to several
days before the sample is removed from the high temperatures. From the furnace excavation, no
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trend was observed in the amount of phases as a function of position in the furnace, but few
samples from the charge top were investigated.

8.3 Future work

To further investigate and confirm what properties of the quartz cause the behavior at high
temperature, one should design experiments in such a way that only one parameter is varied each
time to see the isolated effect. This could be the grain size of the quartz. One should investigate
quartz types where the other parameters such as fluid inclusions and solid impurities are nearly
the same. This has to be determined before high temperature experiments starts. In quartz types
with large variation in the amount of fines created during shock heating, one should do a thorough
geological investigation to figure out if the deposit is very heterogeneous, and hence if there are
properties in a part of the quartz enhancing disintegration. This was seen for type G in this study,
and explained the large variation seen. Another possibility is to perform a higher number of
experiments such that the natural variations in each quartz type is easily observed.

The phase transformations in type A, D, F and G were investigated at 1600 °C and 1700 °C. In the
future, experiments should be done at other temperatures, to be able to confirm the first order
transformations assumed in this thesis. More than two temperatures have to be investigated,
because two temperatures will always seem like first order reaction. Also, experiments below
1700 °C should be done in order to avoid melting and softening of the sample and creation of
amorphous melted phase.
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Appendix A: Enthalpy change measured by differential thermal
analysis (DTA)

Differential thermal analysis, DTA, is a method of measuring the temperature differences between
a sample and an inert reference sample during heating. The sample are placed in a crucible. A
reference sample is also placed in a separate crucible. Both crucibles are heated according to a set
temperature program. The furnace atmosphere can also be adjusted. The difference in output
voltage from two thermocouples are recorded, and then converted to a temperature difference
[128]. The heat flow is then presented as a function of time. A downwards deflection on the
graph indicates an endothermic reaction, while an upward deflection indicates an exothermic
reaction. To adjust for any noise, a baseline with the same settings as the experiments has to be
made. Also, at the end of an experiment series a baseline is made. This is done in order to see the
consistency of the furnace during time. In Figure 179 an image of the instrument setup can be
seen. Two crucibles are ready to be lowered into the alumina heating tube. The crucible in the
front is filled with quartz, while the other is empty for reference.

Figure 179: An image of the differential thermal analysis instrument with two crucibles ready to
be lowered into the heating tube. One of the crucibles is filled with quartz, while the other one is
empty for reference.

Twelve experiments were done to determine if the enthalpy change associated with a phase
transformation in silica can be measured using differential thermal analysis. In addition, several
baselines were recorded. A Setsys Evolution 24 instrument was used. The gas atmosphere was
Argon 6.0 delivered by Aga. The order of the experiments and baseline can be seen in Figure 180.
Series 1 and 2 are parallels of the same experiments, just in a different order. This was done to
check the reliability of the measurements. Two samples sizes, powder and small pieces, were used
for the experiments. The powder was obtained by milling in a wolfram carbide disc mill at 700
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rpm for 10 s. The pieces were obtained from crushing a larger sample with a hammer, and
choosing the suitable pieces that would fit in the crucible. The total amount of material used for
each experiment were around 50-70 mg. A picture of the pieces and the crucible is seen in Figure
181.

Series 1
il 1 Dir;eg‘: Z)‘::dAer Baseline 2 pyesh T‘.'pe ’ T\.(pe 2 e dG Baseline 3
powder pieces pieces powder
Series 2
Baseline 4 lypel pek ype A peh ees e Baseline 5
powder pieces powder powder pieces pieces

Figure 180: Order of the baselines and experiments for the differential thermal analysis of quartz.

Figure 181: Quartz samples used for DTA experiments. The total sample weight for each
experiment were 50-70 mg.

All experiments in series 1 and 2 had the same heating rate to the same maximum temperature,
and the same cooling rate. The crucible type and the protective gas, Argon 4.6, was also the same.
The heating rate can be seen in Figure 182. The heating rate from room temperature to 1600 °C
was 11 °C /min. The holding time at 1600 °C was 60 minutes.
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Figure 182: Heating rate for the differential thermal analysis experiments.

The mass of each sample was recorded before the experiments. Table 38 shows the mass of each
sample.

Table 38: Samples analyzed with differential thermal analysis, and the mass of each sample.

Series Sample Sample mass [mg]
Type A, pieces 71.47
Type A, powder 72.66
Type F, powder 56.89
' Type F, pieces 59.90
Type G, pieces 66.06
Type G powder 49.68
Type G, powder 64.01
Type F, pieces 63.58
Type A, powder 72.21
? Type F, powder 65.16
Type G, pieces 81.93
Type A, pieces 69.26

In Figure 183, baseline 1,2,3 for series 1 and baseline 4,5 and 6 for series 2 are plotted. The
variation is large and were the main reason for the experiments not to give any concluding results.
The baselines had variations larger than the fluctuations in the heat flow from samples. More
consistent and less noisy baseline must be obtained to possibly see any differences in the heat
flow as a consequence of phase transformations. The heat flow for series 1 can be seen in Figure
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184. These data are unaltered (the baseline is not subtracted). It is also observed that there seems
to be a drift in the equipment since the heat flow is increasing as the experiments are being
conducted.
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Figure 183: Baselines obtained before, in between and after series 1 and 2. The average baseline
for series 1 is also included.
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Figure 184: Measured heat flow of quartz type A, F and G measured with DTA equipment.
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Appendix B: Raman Spectroscopy

Different chemical bonds vibrate with a specific frequency and hence have different energy. This
information can be used to determine what kind of phases are present in a sample and impurities.
Bond enthalpies can be analyzed with Raman Spectroscopy. The principle is based on light
interacting with the chemical bonds of a sample. All chemical bonds are vibrating, and interacting
light will cause an energy shift in the backscattered light from a sample. The Raman spectra
obtained is unique for every chemical composition (as for x-ray diffraction). An advantage with
the method is the non-destructive investigation [129]. Another advantage is that the instrument
can switch between optical mode and laser mode, which makes it possible to first identify the
position for Raman spectroscopic investigation. In Figure 185 the Raman spectrum for different
silica polymorphs can be seen [130].

SiO2 glass
___Cristobalite____

Tridymite

Intensity, a.u.

Coesite

| Il 4 3 ; Stishovite
___Quartz

< = o AN Eae s Si
200 400 600 800 1000 1200
Frequency, cm™

Figure 185: Raman spectrums of different SiO> crystalline polymorphs and amorphous state
[130].

Quartz type D and G were analyzed with Raman spectroscopy. An Alpha300 R Confocal Raman
Imaging equipment was used. No preparation of the samples was needed before investigations. A
more or less flat surface of the sample would give better resolution of the imaging and analyses
with the Raman microscope, but all the samples had this. Powder could also be investigated. The
pure quartz sand reference sample NC4A was also investigated to have a reference for the other
quartz types. In addition, samples of quartz type A, D and F were sent to Hanyang university and
investigated at the Laboratory for High Temperature Physicochemical Processing of Materials by
Taesung Kim and Joohyn Park.

Samples from quartz type D and G were more thorough investigated to see if any impurities could
be detected with Raman spectroscopy. As comparison, a sample of NC4A was also investigated.
An optical microscope image was taken of all the positions analyzed. The quartz matrix for each
of the quartz types was also analyzed to identify the background for the specific sample. In Figure
186, optical microscope images of the positions of the Raman spectroscopic analysis are shown,
and in Figure 187 the Raman spectra of the different positions can be seen. Position 005, called

185



“red inclusion” seems to burn of as the laser hits it. It is therefore taken out of the zoomed in
image in Figure 187b.

a) Position 010 and 011 were Raman analysis  b) Position 005 and 006 analyzed with Raman
were done on the quartz matrix. spectroscopy.

Figure 186: Optical microscope images of areas in quartz type D where Raman spectroscopic
analysis were performed.
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a) Raman spectra of different positions in a sample of quartz type D.
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Figure 187: Raman spectra of different positions in quartz type D.

The positions analyzed in sample G are shown in Figure 188, and the Raman spectra are shown in
Figure 189. It shows the same main trend as the spectra for sample D.

a) Position 005, 006, 007 and 008 analyzed. b) Position 009, 010 and 011 analyzed

Figure 188: Different positions in a sample from quartz type G.
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Figure 189: Raman spectra of different positions of quartz type G.

To compare the spectra of sample D and G with a pure quartz, sample NC4A was also analyze
with Raman spectroscopy. This sample was in powder form, while sample D and G were lumps
of around 10 g. The positions analyzed with Raman spectroscopy are seen in Figure 190, and

the Raman spectra can be seen in Figure 191.
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a) Position 003, 004, and 005 in the pure b) Position 006, 007 and 008 in the pure
sample analyzed sample analyzed

Figure 190: Optical microscope images of areas in pure quartz type N4ACA where Raman
spectroscopic analysis were performed.
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a) Raman spectra of different positions in a sample of pure quartz type NACA.
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Figure 191: Raman spectra of different positions of pure quartz type NACA.
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Appendix C: XRD diffraction patterns

Figure 192 to Figure 265 in this section shows the diffraction patterns for all the main samples
analyzed using XRD. It is stated in each figure caption what quartz type, temperature, size and
holding time was used for the experiments. For all heated samples, three XRD measurement were
done to limit the uncertainty. These are labelled a, b and ¢, and are separated in the figures to
more clearly see. Extra parallels for some of the samples were also done. They are labeled A1.1
and A1.2 for parallel 1 and 2 for sample Al e.g.
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Figure 192: XRD diffraction patterns of A1l samples (10 g, 1600 °C, 0 min).
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Figure 193: XRD diffraction patterns of A2 samples (10 g, 1600 °C, 120 min).
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Figure 194: XRD diffraction patterns of A3 samples (10 g, 1700 °C, 0 min).
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Figure 195: XRD diffraction patterns of A4 samples (10 g, 1700 °C, 15 min).
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Figure 196: XRD diffraction patterns of A5 samples (10 g, 1600 °C, 15 min).
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Figure 197: XRD diffraction patterns of A6 samples (10 g, 1700 °C, 30 min).
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Figure 198: XRD diffraction patterns of A7 samples (10 g, 1600 °C, 30 min).
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Figure 199: XRD diffraction patterns of A8 samples (10 g, 1700 °C, 45 min).
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Figure 200: XRD diffraction patterns of A9 samples (10 g, 1600 °C, 45 min).
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Figure 201: XRD diffraction patterns of A10 samples (10 g, 1600 °C, 60 min).

il

194



1 Alla
110005 1 A1b]
1_Allc

S WS T

3

2

T T T T T T T T T T T
30 40 50 60 70 80

2Theta (Coupled TwoTheta/Theta) WL=1,54060
Figure 202: XRD diffraction patterns of A11 samples (10 g, 1700 °C, 60 min).
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Figure 203: XRD diffraction patterns of A12 samples (100 g, 1600 °C, 0 min).
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Figure 204: XRD diffraction patterns of A13 samples (100 g, 1700 °C, 0 min).
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Figure 205: XRD diffraction patterns of A14 samples (100 g, 1700 °C, 15 min).

196



1 1 Al5.1a

24000 1 A15.1b
B 1 Als.ic
B 1 Al5.2a
22000-] | A15.20
| | A15.2¢
ZMK'K):
18000-]
16000
14000
£ |
§1zmn: L\—U»,__\_ Ao b A A A
UG R | G V| I VISV U WS aA

NLIHJ‘J\ }\J\Ll ,.J\‘Juxl A ,Jt L

T 1 1
60 70 80 90

2Theta (Coupled TwoTheta/Theta) WL=1,54060

Figure 206: XRD diffraction patterns of A15 samples (100 g, 1600 °C, 15 min).
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Figure 207: XRD diffraction patterns of A16 samples (100 g, 1600 °C, 30 min).
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Figure 208: XRD diffraction patterns of A17 samples (100 g, 1700 °C, 30 min).
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: XRD diffraction patterns of A18 samples (100 g, 1600 °C, 45 min).
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Figure 210: XRD diffraction patterns of A19 samples (100 g, 1700 °C, 45 min).
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Figure 211: XRD diffraction patterns of A20 samples (100 g, 1700 °C, 60 min).
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Figure 212: XRD diffraction patterns of A21 samples (100 g, 1600 °C, 60 min).
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Figure 213: XRD diffraction patterns of D1 samples (10 g, 1600 °C, 0 min).
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Figure 214: XRD diffraction patterns of D2 samples (10 g, 1600 °C, 120 min).
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Figure 215: XRD diffraction patterns of D3 samples (10 g, 1700 °C, 0 min).
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Figure 216: XRD diffraction patterns of D4 samples (10 g, 1700 °C, 15 min).
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Figure 217: XRD diffraction patterns of D5 samples (10 g, 1600 °C, 15 min).
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Figure 218: XRD diffraction patterns of D6 samples (10 g, 1700 °C, 30 min).
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Figure 219: XRD diffraction patterns of D7 samples (10 g, 1600 °C, 30 min).
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Figure 220: XRD diffraction patterns of D8 samples (10 g, 1700 °C, 45 min).
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Figure 221: XRD diffraction patterns of D9 samples (10 g, 1600 °C, 45 min).
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Figure 222: XRD diffraction patterns of D10 samples (10 g, 1600 °C, 60 min).
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Figure 223: XRD diffraction patterns of D11 samples (10 g, 1700 °C, 60 min).
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Figure 224: XRD diffraction patterns of F1 samples (10 g, 1600 °C, 0 min).
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Figure 225: XRD diffraction patterns of F2 samples (10 g, 1600 °C, 120 min).
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Figure 226: XRD diffraction patterns of F3 samples (10 g, 1700 °C, 0 min).
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Figure 227: XRD diffraction patterns of F4 samples (10 g, 1700 °C, 15 min).
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Figure 228: XRD diffraction patterns of F5 samples (10 g, 1600 °C, 15 min).

| Féa
A | Féb
| Fée:
30000
20000
£
=2
3
3]
10000—
71 W8 JLLI A}(A A TN A.Ar_n.:q\m_w_.__,_ﬂ_—».
Y I} M‘n AN .AA.A_A.A_MAJ«-A_M_K_-_,*—A
0 I J NS SO NN . .
1'0 20 3‘0 4‘0 5‘0 60 7‘0 H‘D

2Theta (Coupled TwoTheta/Theta) WL=1,54060

Figure 229: XRD diffraction patterns of F6 samples (10 g, 1700 °C, 30 min).
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Figure 230: XRD diffraction patterns of F7 samples (10 g, 1600 °C, 30 min).
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Figure 231: XRD diffraction patterns of F8 samples (10 g, 1700 °C, 45 min).
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Figure 232: XRD diffraction patterns of F9 samples (10 g, 1600 °C, 45 min).
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Figure 233: XRD diffraction patterns of F10 samples (10 g, 1600 °C, 60 min).
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Figure 234: XRD diffraction patterns of F11 samples (10 g, 1700 °C, 60 min).
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Figure 235: XRD diffraction patterns of F12 samples (100 g, 1600 °C, 0 min).
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Figure 236: XRD diffraction patterns of F13 samples (100 g, 1700 °C, 0 min).

300

280¢

260

240

220

200¢

Counts

| Fida
1 F14b
1 Flac

-
oo

2Theta (Coupled TwoTheta/Theta) WL=1,54060

;Ju'\ _)L_J\‘ A ‘_A_ | 4‘.,_,..)\._‘,‘ . ; "
50 60 70 80

T
40

Figure 237: XRD diffraction patterns of F14 samples (100 g, 1700 °C, 15 min).
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Figure 238: XRD diffraction patterns of F15 samples (100 g, 1600 °C, 15 min).
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Figure 239: XRD diffraction patterns of F16 samples (100 g, 1600 °C, 30 min).
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Figure 240: XRD diffraction patterns of F17 samples (100 g, 1700 °C, 30 min).
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Figure 241: XRD diffraction patterns of F18 samples (100 g, 1600 °C, 45 min).
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Figure 242: XRD diffraction patterns of F19 samples (100 g, 1700 °C, 45 min).
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Figure 243: XRD diffraction patterns of F20 samples (100 g, 1700 °C, 60 min).
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Figure 244: XRD diffraction patterns of F21 samples (100 g, 1600 °C, 60 min).
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raction patterns of G1 samples (10 g, 1600 °C, 0 min).
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Figure 246: XRD diffraction patterns of G2 samples (10 g, 1600 °C, 120 min).

I G3a
1 G3b
1 G3c

N RARRRRARERRARRAR)

R W W T T N
P | O e

T X T
10 20 30 40 50 60 70

2]
g

2Theta (Coupled TwoTheta/Theta) WL=1,54060

Figure 247: XRD diffraction patterns of G3 samples (10 g, 1700 °C, 0 min).
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Figure 248: XRD diffraction patterns of G4 samples (10 g, 1700 °C, 15 min).
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Figure 249: XRD diffraction patterns of G5 samples (10 g, 1600 °C, 15 min).
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Figure 250: XRD diffraction patterns of G6 samples (10 g, 1700 °C, 30 min).
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Figure 251: XRD diffraction patterns of G7 samples (10 g, 1600 °C, 30 min).
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Figure 252: XRD diffraction patterns of G8 samples (10 g, 1700 °C, 45 min).
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Figure 253: XRD diffraction patterns of G9 samples (10 g, 1600 °C, 45 min).
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Figure 254 XRD diffraction patterns of G10 samples (10 g, 1600 °C, 60 min).
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Figure 255: XRD diffraction patterns of G11 samples (10 g, 1700 °C, 60 min).
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Figure 256: XRD diffraction patterns of G12 samples (100 g, 1600 °C, 0 min).
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Figure 257: XRD diffraction patterns of G13 samples (100 g, 1700 °C, 0 min).
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Figure 258: XRD diffraction patterns of G14 samples (100 g, 1700 °C, 15 min).
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Figure 259: XRD diffraction patterns of G15 samples (100 g, 1600 °C, 15 min).
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Figure 260: XRD diffraction patterns of G16 samples (100 g, 1600 °C, 30 min).
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Figure 261: XRD diffraction patterns of G17 samples (100 g, 1700 °C, 30 min).
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Figure 262: XRD diffraction patterns of G18 samples (100 g, 1600 °C, 45 min).
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Figure 263: XRD diffraction patterns of G19 samples (100 g, 1700 °C, 45 min).
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Figure 264: XRD diffraction patterns of G20 samples (100 g, 1700 °C, 60 min).
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Figure 265: XRD diffraction patterns of G21 samples (100 g, 1600 °C, 60 min).
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