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Abstract

The production rate of SiO gas from industrial quartz and silicon has been investigated by
isothermal heat treatment experiments at elevated temperatures. Mixtures of silicon and differ-
ent quartz samples has been heated to temperatures ranging from 1650 to 1950°C and held for
30 to 120 minutes before cooling. The weight loss of each sample has been correlated to degree
of reaction and a model for the reaction rate of Si + SiOs has been developed based on these
values. Five different types of industrial quartz were used in the experiments and there was not
found any significant difference between their reaction rate, even though there is a significant
difference between the content of impurity, melting rate, decrepitation and phase transformation
rate of each sample. It is therefore shown that the reaction rate of silicon mixed with various
types of quartz can be described by one Arrhenius equation, given by Equation 1. A reaction
constant (ko) equal to 6.25 - 10857 'm~2g and an activation energy (Q) equal to 557k.Jmol "
were obtained by an Arrhenius plot of the experimental data. The degree of reaction («) is

increasing with an increasing available reaction area (A), temperature and time.

le—(; =9.81-10"- A-exp(—

3
2T (1)
The main goal of this project is a better understanding of the overall SiO, loss in silicon
furnaces. The obtained reaction rate for the Si + SiOy reaction has therefore been compared
to reaction rate of the other SiO(, producing reaction in a silicon furnace, reaction between
silicon carbide and silica. It is shown that their rate is within the same range as long as their
available reaction area is within the same range, the reaction rate of both reactions increases
with temperature and available reaction area. The production rate of SiO gas in a silicon furnace
is therefore highly dependent on the distribution of silicon, silica and silicon carbide in the hot

temperature zone of the furnace.
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Sammendrag

Reaksjonshastigheten til den SiO produserende reaksjonen, reaksjon mellom silisium og silika er
undersgkt ved isoterm varmebehandling. Flere blandinger av silisium og silika har blitt varmet
opp til temperaturer fra 1650 til 1950°C og holdt i 30 til 120 minutter fgr de har blitt avkjglt.
Vekttapet til hver prgve har blitt knyttet opp mot reaksjonsgrad og en modell for Si + SiOg
reaksjonen har blitt utviklet basert pa disse verdiene. Fem ulike typer kvarts har blitt brukt
i forsgkene og det er ikke funnet noen signifikant forskjell mellom deres reaksjonshastighet, til
tross for varierende smeltehastighet, hastighet for fasetransformsjon, dekrepitering og innhold
av urenheter. Reaktiviteten til silisium blandet med ulike typer industriell kvarts kan derfor
beskrives av en likning, gitt av likning 1. Reaksjonsgraden («) gker med gkende reaksjonsareal,

temperatur og tid.

d
d—? =9.81-10"- A - exp(

557 - 103
- 1
) (1)
En bedre forstéelse av Si0 ,) tap pé silisiums ovner er hovedmalet for denne oppgaven. Reaksjon-
shastigheten for Si + SiOs reaksjonen har derfor blitt sammenliknet med reaksjonshastigheten
for den andre SiO(y)

er vist at deres reaksjonshastighet er relativt lik, sa lenge de har et relativt likt reaksjonsareal

produserende reaksjonen, reaksjon mellom silika og silisium karbid. Det
tilgjengelig og begges reaksjonshastighet gker med temperatur og tilgengelig areal. Mengden

SiO gas produsert i en silisiums ovn er dermed hovedsakelig avhengig av fordeling av silisium,

silika og silisium karbid i den delen av oven med hgy temperatur.
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1 Introduction

Silicon is produced in Norway by the use of submerged arch furnaces (SAF) with coal, charcoal,
woodchips, quartz and electricity as input and silicon, CO,) and SiO(g) as output. The total
ideal reaction is presented in Equation 2 and one of the intermediate reactions, reaction between
silicon and silica is the main focus of this work. The work presented in this report is done as
part of NTNUs participation in the project Controlled Tapping, supported by the Norwegian
Research Council (running from 2017-2021). Its overall goal is to maximize metal yield, maximize
operation load and minimize hazardous tapping conditions within silicon production and other

metallurgical industry [26].

SiOy + 2C = Si +2C0O (2)

The production of silicon is far more complicated than the equation above. Reduction of quartz
to form silicon happens in several intermediate steps and there are silicon losses in form of 570y
escaping through the exhaust, SiC build up and silicon metal lost during tapping. Industrial
measurements shows that there is a relation between an increased Si0y) loss and bad tapping of
metal, the reason for this is not agreed upon. One suggestion is that the untapped silicon reacts
with S70 in the furnace to form S iO(g). An increased amount of S iO(g) in the furnace is further
on related to increased losses. The goal of this project is hence to investigate the reactivity of
silicon and silica mixtures, described by Equation 3, to get a better understanding on its affect
on SiO(g) loss. The reactivity will further on be compared with literature on the reactivity of

SiC and silica mixtures, representing the other SiO(,) producing reaction in a silicon furnace.

SiOy + Si = 28i0 (3)

There is two SiO forming reactions within a silicon furnace, the reaction between SiC and silica
and the reaction between silicon and silica. The first reaction has been investigated by Tangstad
et al. (2019) [39] and they have developed a model for the reactivity, including a reaction
constant and activation energy. The other reaction has been investigated and there is some
literature available on the topic, but no model had been developed until last fall. Development
of a model was therefor of high interest, to be able to compare the two SiO forming reactions.
The development of a model was therefor started by Sindland as part of a specialisation project
last fall (2019) [35], where one type of quartz mixed with silicon was heated and hold at different
temperatures. The goal of this master thesis is to further develop and improve the model, as
well as including multiple industrial types of quartz. Five different types of quartz will be mixed
with silicon, in a 1:1molar ratio, heated and hold at given temperatures for a given time. The
weight loss of the samples will further on be correlated to formation of SiO gas and reactivity.
13 experiments were performed during the fall of 2019 and another 17 experiments are planned

for this master thesis, giving a total of 30 data point for the model of silicon/silica reactivity.



The over all goal is to get a better understanding of silicon and silica reactivity, as function of
temperature, time, available reaction area and quartz quality, all giving a better understanding

og SiO losses in a silicon furnace.

1.1 Metallurgical production of high silicon alloys

Silicon is produced by carbothermic reduction of silica (silicon dioxide). Silica and carbon are
added to the top of the furnace, molten silicon are tapped at the bottom of the furnace and a
mixture of CO and SiO gas escapes at the top of the furnace. The simple and idealised version
of silicon production is summarised by Equation 2 and does not include losses in form of SiO

gas and SiC build up in the furnace.

The silicon furnace is normally divided in two zones, a cold upper zone with temperatures
ranging from 700 - 1300 °C, Tangstad [38] and a hot lower zone close to 2000 °C. Production of

silicon happens in multiple steps in these two zones, schematically described in Figure 1.

Figure 1: A simple sketch including reactions, material flow and temperature in a silicon furnace.

The figure is inspired by figure 5-9 in Metal production in Norway by Tangstad (2013) [38].

Carbon will react in the cold temperature zone according to equation 4 and silicon and silica
will be formed from the condensation reaction given by the reverse of equation 3. The inputs in
the hot zone is therefor SiOs, C, SiC and Si. The main silicon producing reaction is happening
within the hot zone and it is given by Equation 5. The source of SiO gas is reaction between
silicon and silica as well as silica and silicon carbide, according to equation 3 and 6. The CO
gas formed in the hot temperature zone and any SiO that does not react according to Equation

5 will rise to the low temperature zone. Some of the rising SiO gas will condensate according



to the reverse of equation 3, while the rest will rise further and oxidise before it leaves the
furnace as SiO9 in the exhaust system. The silica can be collected from the off gas and sold as
a valuable product to the concrete industry. Regardless of its value it is wanted to be able to
control the amount of silica in the off gas and investigation of the SiO producing reactions is

one step towards a more controlled SiO loss.

S’LO(g) + QC(S) = SZC(S) + CO(g) (4)
SiC(s) + SiO(g) = 2Si(l) + CO(g) (5)
2510951y + SiC(5) = 3510y + CO(y) (6)



2 Theory

Thermodynamic relations and properties within the silicon, oxygen and carbon system will be
discussed in this section. Isothermal heating of silicon and silica in a graphite crucible is the
main experiments in this thesis and equilibrium with carbon is therefor considered, in addition
to equilibrium between silicon and silica them self. There is two SiO forming reactions in a
silicon furnace, the one investigated in this thesis and the reaction between silica and silicon
carbide. The SiC + SiOs reaction is a reference to the Si + SiO5 reaction and relevant literature

on both reactions is therefor presented towards the end of this chapter.

A review of relevant theory and literature on reactivity of silicon and silica was carried out by
the author in a specialisation project preceding this thesis, Sindland [35]. Some of the sections
below are therefor containing content from the specialisation project in addition to discussion

of papers that have been studied this spring.

2.1 Silicon

Silicon has a melting temperature in the range of 1400-1420°C, depending on the reference [32,
p. 21] [6] and a density of 2.3g/em ™2 at room temperature [6]. The viscosity of silicon as function
of temperature is presented in Figure 2 [31]. It can be speculated if the higher viscosity values in
the figure, measured by Glasov, Kakimoto and Sasaki is due to particles in the alloy and hence
that the true viscosity is close to the lowest measurements. Excluding the high measurements in
the figure and including values obtained by Nishimurab et al. [23]| gives a viscosity in the range
of 5 —9-1073 Poise from 1420°C to 1650°C.
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Figure 2: Viscosity of molten silicon obtained for various materials of crucibles with literature

values obtained by Y. Sato et al. [31].

2.2 The Si-O system

A mixture of silica and silicon will be solid up to the melting point of silicon at 1405°C, according
to the phase diagram in Figure 3. Liquid silicon will be present along with solid silica up to its
melting point around 1700°C. Silicon and silica are both present as liquid at higher temperatures
and the two liquids will stay separated. Liquid silica tends to be present as a layer on top of
molten silicon due to density differences. It should be noted that the presence of tridymite in
pure silica as shown in the phase diagram in Figure 3 is debated. This is further discussed in

section 2.3.1.
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Figure 3: Phase relations in the Si-O system as determined by Johnson and Muan [16]. Dashed

lines represent boundary curves whose existence is inferred and the phase diagram should only

be used for qualitative information.

Silicon and silica in solid and/or liquid phase will be in equilibrium with SiO, gas [7]. This
gas is stable at higher temperatures and will condense when temperature is decreased. Brewer
and Edwards |7] claim that SiO exists as a meta stable phase at higher temperatures, but it will
be converted to SiO2 and Si at lower temperatures and SiO is not stable at room temperature.
Literature studies and experiments done by Schnurre et al. [33] points out that amorphous
silicon mono oxide SiO,,) can exist at room temperature, only showing an inhomogeneity at

nano scale. Condensed SiO is however not easily found and it is a common belief that the

condensed SiO will be mainly a mixture of Si and SiO2.

2.3 Quartz

Quartz is a crystalline mineral where silicon-oxygen (SiOi_) tetrahedrons are arrayed in a regular
and ordered manner, giving it the chemical formula SiOy and a density of 2.65 g/cm? at room
temperature. The mineral is abundant in the earths crust and can be found with a low impurity
content, which is beneficial for the production of high purity silicon. Quartz is a low temperature

polymorph and the phase transformations happening within quartz at higher temperatures is



discussed in the next section. Melting, softening and viscosity of quartz as well as decrepitation
are factors that affect the flow of silica and gas in a silicon furnace as well as reactivity of the

material. Available literature on these topics have therefor been studied as well.

Figure 4: A silicon-oxygen (SiO}~) tetrahedron [8].

2.3.1 Phase transformation in quartz

Quartz goes through multiple phase transitions when heated from room temperature to 1800°C.
The stable phase at room temperature is « - quartz which will transform into 8 - Quartz at 573°C.
Transition into HP-Trydimite occur at 870°C before it is transformed into 8 - Christobalite at
1470°C and melting occur at 1728°C, according to Klein and Hulbert |22, p. 530]. Melting occur
at 1713°C according to SI-chemical data [6]. The transformation to tridymite as described by
Klein and Hulbert [22, p. 530] is debated [36] [18] [21]. It is shown that tridymite is an impurity
derived structure and not stable in pure silica. Transition from quartz to cristobalite seems to

occur via a non-crystalline transition phase and can be described by Reaction 7.
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Figure 5: The different polymorphs of silica (Si0O3) as function of temperature at 1 atm. The
figure is adapted from the phase diagram by Klein and Hulbut [22, p. 527].

Quartz — Amorphousphase — cristobalite (7)

Phase transformation in industrial quartz has been investigated by Jusnes and some of the
results are presented in an unpublished article [18]. Additional results have been obtained and

will be included in her PhD monograph [17]. Multiple figures have been made available for this



report and the most relevant figures are included below. The three quartz called A, D and F in
her work have been used in this master thesis as well but with different labels. Figure 6 shows
the phase distribution in four different samples before heating while Figure 7 shows the phase

distribution after heating to 1600°C and held from 0 to 120 minutes before cooling.

There is no significant different between the phase composition of the various quartz types
before any heating and after heating for 120 minutes at 1600°C. During heating there is however
a significant difference in the transformation of each quartz. The transformation rate of quartz
F is higher than quartz D which is again higher than quartz A. The samples have to be heated
and held at 1600°C for 0, 20 and ~ 120 minutes for quartz F, D and A respectively to reach a

content of less than 10% quartz.

Phase composition in unheated material

1/l Quartz
[ JAmorphous
1/ Cristobalite

Amount of phases[wt %]

Figure 6: Phase composition of different industrial quartz before any heating. Results obtained
by Jusnes [18].
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The results are obtained by Jusnes [17].

Figure 7: The phase composition of quartz after heating to 1600°C and held for 0 to 120 minutes.



Type F, 1600°C, 10 g
100

90 ° - -

80

Quartz exp
70 A Amaorphous
® exp
2 &0 Cristobalite
g exp
=2 uartz mod
& 50 “
—
[=]
= -=-- Amorphous
é 40 mod
Z Cristobalite
30 mod

20

T e e

0 20 40 - 60 80 100 120

Time [min]
Figure 8: The phase composition of quartz after heating to 1600°C and held for 0 to 120 minutes.
The results are obtained by Jusnes [17].

2.3.2 Melting and softening of quartz

The softening and melting of quartz used in industry have been investigated by Nordnes in her
specialisation project [24] and master thesis [25]. Figure 9 shows the melting and softening
point of four types of quartz heated at a rate of 5°C/min before isothermal heat treatment at
different temperatures. Nordnes report a melting temperature of quartz in the range of 1730-
1850°C. Softening is reported to occur before melting, at temperatures in the range of 1690-
1740°C. Samples heated to temperatures above 1800 °C melted before isothermal temperature
was reached while heating to temperatures below 1800°C required some holding time to reach
complete melting. Figure 10 shows melting rate at different holding temperatures below 1800 °C.
The results from the work done by Nordnes indicates that quartz has a slow melting rate that
increases with increasing holding temperature as well as amount of impurities. There was not
found any correlation between phase composition after heat treatment to 1650°C and melting
rate. Modelling performed by Nordnes indicated that heat transfer is negligible when it comes
to melting rate in the experiments. It should be noted that Jusnes and Nordnes used different
letters to label the same type of quartz samples, quartz A presented in the work done by Jusnes

is not the same as quartz A investigated by Nordnes.
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Figure 9: Heat treatment of four different types of quartz in argon atmosphere done by Nordnes
[25]. The letters in the legends indicate the different types of quartz and three of them are used

in this thesis.
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Figure 10: Average melting rate at holding temperature for four different quartz types, measured
by Nordnes [25]. The letters in the legends indicate the different types of quartz and three of

them are used in this thesis.

The viscosity of silica is calculated to be 2 - 107 Poise at the melting temperature [29] and its

behaviour is close to a solid until the temperature is increased further. The viscosity is above

11



2-10° Poise up to temperature of about 1875°C and decreases drastically at higher temperatures
[29]. Tt should be noted that the viscosity of silica is significant higher than the viscosity of

silicon.
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Figure 11: The viscosity of silica as function of temperature calculated by the use of FactSage

by Halvor Dalaker and Kai Tang, Sintef [29].

2.3.3 Decrepitation of quartz

Shock heating of quartz will lead to decrepitation, the sample dissintegrate into smaller particles.
Decrepitation of industrial quartz has been investigated by multiple people and some of the work
has been summarised by Jusnes [19], presented in Figure 12. Jusnes found that disintegration
after shock heating to 1500°C varies more between different types of quartz than between the
parallels for each sample. The amount of particles smaller than 10mm after shock heating varies
from 5% for the most stable sample to 75% for the most fragile sample. Decrepitation of quartz
will increase the amount of fines in the furnace and further reduce the gas permeability of the
charge. It will also increase the available reaction area for formation of SiO gas in a silicon
furnace due to higher surface area per mass unit, and this might lead to SiO formation higher

up in the furnace. Both cases are unwanted.
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Figure 12: Cumulative representation of different quartz samples after shock heating to 1500°C
by Jusnes [19]. The interval which most of earlier results by Ringdalen [27] and Paulsen and
Bakken [3] fall into, are shown as a shaded area. The letters in the legends indicate the different

types of quartz where three of them is used in this thesis as well with different labels.

2.4 The Si-C system

Silicon will react with carbon to form SiC at temperatures below 2800°C, as seen in Figure 13.
This means that there will be formed SiC at a graphite/silicon interface. It can also be seen
that the solubility of carbon in liquid silicon increase with temperature. This means that silicon
carbide will be precipitated during cooling liquid silicon that has been in contact with carbon

at high temperatures.
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Figure 13: Phase relations in the Si-C system by Bandyopadhyay [4].

2.5 The Si-O-C system

There are multiple possible reactions in a Si-O-C system, all of them represented in the equations
below. The stability of each reaction is plotted as function of temperature and SiO pressure in
Figure 14 32, p. 29]. The total pressure of the system is assumed to be 1bar = Ps;0 + Pco. A
red line is added to Figure 14 to highlight the reaction investigated in this report. Silicon and
silica react to form SiO gas at SiO pressures below 0.1 bar when the temperature is 1600 °C, at
pressures below 0.6 bar when the temperature is 1800 °C and at any pressure when temperature

is increased above 1850°C.

SiOy(s,1) + 2C(s) = SiO(g) + CO(g) 8)
25i05(s,1) + SiC(s) = 35i0(g) + CO(g) (6)
SiOy(s,1) + Si(s, 1) = 25i0(g) (3)
SiO(g) +2C(s) = SiC(s) + CO(g) (4)
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Si0(g) + SiC(s) = 2Si(s,1) + CO(g) (5)
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Figure 14: Stability diagram of the Si-O-C system by Schei et al. [32, p. 29|, calculated from
the JANAF Thermochemical Tables. The red line is added by the author of this report. Broken

lines indicate that the gas composition lies in an unstable area.

2.5.1 Wetting in the Si-C-O system

The wettability of a phase towards another phase is defined by the contact angle between the
two phases, noted as ©, in Figure 15. A liquid droplet shows wetting behaviour towards a
substrate if the contact angle is less than 90°and a non-wetting behaviour if the contact angle is

more than 90°.

Fluid

Liguid

Figure 15: Measurement of the contact angle of a three-phase system [13].

Silicon on graphite has an initial contact angle of about 120 °, but liquid silicon will eventually

wet the substrate due to formation of a SiC layer at the interface. The equilibrium contact
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angle of silicon on a graphite substrate is reported to be 3-40°by the use of sessile drop technique
[10][11]. The finale angle is depending on the surface roughness and is obtained after 5-10 min
of heating [10].

According to Alphei et. al [1] silicon has a contact angle of 90°on solid silica substrates. They
observed that silicon droplets vibrate on silica substrates, resulting in an oscillating contact
angle and further on spreading due to changes in the solid liquid surface tension, as shown in
Figure 16. An apparent average wetting angle between 90° and 95° is reported by other sources
that also observed vibration of the silicon droplet|20][14], where experiments were performed in
1 atm Ar atmosphere. Formation and release of Si0y) is a suggested cause of vibration and no
secondary phase was found on the silicon/silica interface [20]. Leakage paths like dimples and
grooves are found to reduce the amount of vibration and a more constant wetting angle was

observed in this case compared to heating on a smooth substrate [20].

(a) equlibrium: p=pg,* (b) non equilibrium: p<p,.*®

Ys>Tio Sio,

Figure 16: Schematic model of the droplet in it’s a equilibrium and b non equilibrium state.

Due to changes in the solid liquid surface tension the droplet starts spreading|1]

Heating of brown condensate in a sessile drop furnace has been performed by Vangskaasen
[40]. The condensate consisted mostly of silicon and silica, products from the condensation of
510y, represented by the reaction in Equation 3 reversed. The silicon in the brown condensate
melted away from the surrounding SiO9 at temperatures above 1395°C. The separation of silicon
happened most rapidly above 1700°C. The remaining amorphous SiOs retained its shape up to
the maximum temperature of the furnace at about 1850°C and showed no signs of melting. The

two phases, silicon and silica did not wet each other.
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Figure 17: Heating of brown condensate in a sessile drop furnace was performed by Vangskaasen
[40]. The silicon was melted and separated from the SiO2 matrix during heating of the conden-

sate.

There is not much literature on the wetting of silica on graphite substrates but melting and
softening experiments were performed with silica on a graphite substrate in a sessile drop furnace
by Nordnes [25] as mentioned earlier. The images of completely melted samples show a contact

angle above 90°C, and show that the silica does not wet the graphite substrate.

Boron nitride (BN) is one of the very few materials that are non-wetted by liquid silicon [12]. The
contact angle between the two materials has been reported to be somewhere between 105°and
145°[12][42][9], all within the non-wetting area (6 > 90°).

2.6 The reactivity of silicon and silica mixtures

The rate of reaction between silicon and silica in pellets, described by Equation 3, increase from
1550°C to its maximum at 1820°C, according to Bao et al. [5]. The reaction rate decrease at
higher temperatures and two possible reasons are given: the reaction between silica and silicon
are exothermic and the Si vapour increases at higher temperatures, leaving a very low reduction
area between Si02 and Si. The reactivity of silicon/silica pellets was calculated to be higher
than the one of silica/SiC pellets at temperatures below 1820°C and the opposite was measured
for temperatures above 1820°C. The difference at high temperatures was assumed to be due to

a low silicon /silica reactivity.

Andersen [2] reported an exponential increase of reaction rate from 1450°C to 1723°C, a reduced
reaction rate from 1723°C to 1860°C and finally a significant increase of reaction rate at 1910°C.
Bubbeling in the mixture was observed during heating of silicon and silica pellets between
1750°C and 1869°C in a wettability furnace, indicating formation of SiO gas at the silicon/silica
interface. The drop in reactivity at these temperatures was therefor related to a high viscosity
of the liquid silica and a low gas removal rate. The equilibrium pressure of SiO gas exceeds
1 bar around 1860°C and this is pointed out as a possible reason for increasing reactivity at
high temperatures. An activation energy between 438 kJ/mole and 528 kJ/mole is reported by
Andersen [2].
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Experiments on silicon and silica reactivity of particles were conducted by Sindland in the
summer and fall of 2019 [35][34]. It was shown that the reactivity increases with time and tem-
perature and can be described by Equation 9. The model is based on isothermal heat treatment
experiments, performed at temperatures from 1650°C to 1950°C, in two different furnaces. 20g
of raw materials was either layered or mixed in a graphite crucible and no significant difference
between the two methods were discovered. The weight loss as function of time can be found in
Figure 19 along with lines indicating the modelled weight loss. It was observed that silicon and
silica agglomerate at temperatures above the melting point of silica, as seen in Figure 18. The
two phases seems to agglomerate and separate from each other when both phases are liquid,
which reduces the available reaction area significantly. One experiment was performed with a
boron nitride (BN) crucible and the silicon and silica agglomerated in this case as well and the
silicon did not drain, it stayed on top of the silica phase. It was therefor concluded that the
agglomeration was due to silicon/silica interaction and not due to silicon wetting the graphite

crucible.

dav 3 552 - 103

Where « is the degree of reaction [ ], t is the time [s], ko is the reaction constant [s~! - em ™2,
Ay is the initial reaction area [em?], Q is the activation energy [J/mol], R is the gas constant
and T is the temperature [K]. It should be noted that Sindland used an initial area with units

of em? (instead of em? - g~!) making the model specific to a set-up of 20g sample.

Increasing degree of reaction

Figure 18: Phase distribution in silicon/silica samples heated by Sindland [35]. The Figure
show distribution in graphite crucibles for increasing degree of reaction. The first crucible
shows an experiment that was terminated before isothermal heat treatment was started. The
other crucibles shows samples heated at an increasing time and temperature. The silicon and
silica seems to agglomerate during isothermal heat treatment and the reaction area decrease

drastically.

18



Weight loss as function of holding time for different temperatures
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Figure 19: Weight loss as function of holding time for different temperatures. The points are
experimental values for weight loss while the dotted lines are weight loss predicted by the model

developed by Sindland [35].

Sindland observed that a stable SiC layer was formed after heating for short time at a low tem-
perature and no correlation between thickness of the layer, time and temperature was observed.
Weather the weight loss due to SiC formation was significant was therefor dependent on the
over all weight loss. Weight loss due to interaction with crucible and formation of CO gas was
calculated to be 20 to 50% of the total weight loss of samples heated to 1650°C for 120 minutes.
But the weight loss due to SiC formation was found to be less than 10% of the overall weight
loss for samples hated to 1850°C for 60 minutes. The weight loss was found to be significant at

low temperatures but it was neglected for the entire temperature range.

The rate of a heterogeneous reaction is dependent on the steps listed below [30]:

—_

. Supply of the reactant in the direction of fluid flow
2. Diffusion of reactant to the interface

3. Interface reaction

4. Diffusion of products from the interface

5. Removal of products in the direction of fluid flow

Depending on the system, the rate can be significantly slower for one of the steps, making that
step rate determining. Reaction between silicon and silica will result in formation of SiO gas
which does not react with either silicon or silica. Contact between silicon and silica is therefor
required for any reaction to happen, and the produced gas is not diffusing through any liquid

of solid. Diffusion is therefor not a limiting step as long as we are talking about relatively pure
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reactants and step 1 and 3 will therefor determine the rate of reaction. It should however be
noted that step 2, diffusion of reactants to the interface can be a limiting factor is we are talking
about reaction between silicon and a slag containing silica. The activity of SiOs in bulk will
affect the concentration gradient between bulk and reaction interface and therefor affect the

diffusion of Si0s to the interface, described by step 2.

The reaction rate of the silicon /silica reaction is highly dependent on the available reaction area,
as descried by step 1, supply of reactants. The available reaction area will be dependent on the
melting point, viscosity and wettability of both phases. The second rate determining step for the
silicon/silica reactivity, interface reaction, is dependent on temperature. The over all reaction
rate of a silicon/silica mixture is therefor determined by the available reaction area and the

interface reaction, where the interface reaction rate is increasing with temperature.

2.7 The reactivity of silica and silicon carbide mixtures

The second reaction producing SiO gas in the silicon furnace (in addition to Si/SiO; reaction) is
Reaction 6 where Si04 reacts with SiC to SiO and CO gas. It is interesting to look at litterature
regarding the reactivity of this reaction, to be able to compare the two Si0,,) producing reactions
and further on comment their impact on SiO losses in industrial furnaces. The reaction rate of
the reaction between SiC and silica has been measured by Tangstad et al. [39] and they found
it to be described by Equation 10, under the assumption that the surface area of Si0O5 is rate
limiting. Their obtained values for reaction constant and activation energy is presented in Table

1. The measurements were done on pellets which gives a high reaction area.

do —
W ko Ao (1-0) - eap( D) (10)

Where a is the degree of reaction | ], t is the time [s], ko is the reaction constant [s~-cm™2g], A
is the initial reaction area [cm? - g71], Q is the activation energy [J/mol|, R is the gas constant

and T is the temperature [K].

Table 1: Reaction constant and activation energy for 25i0y 4+ SiC = 3570 + CO, measured in

pellets [39], ko is for the case where the surface area of SiOs is limiting,.

ko [s7!1-em™2g]  Q [kJ/mol]
1,9-10° 424-464

Tangstad et al. [39] found that the difference in reaction rate is insignificant between pellets of
quartz and SiC compared to pellets of cristobalite and SiC, as seen in Figure 20. It was believed
that the cristobalite would have a higher reaction rate due to a lower density and hence a higher

volume, in addition to a higher surface area as it will crack in the transformation from quartz
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to cristobalite. This was however not the case as seen in Figure 20, where the quartz is on the

top of the curve, with insignificantly higher conversion.
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Figure 20: Conversion (wt.%) after 60 minutes at different temperatures (°C). Quartz and

cristobalite are used as raw materials. [39]

The reactivity of silica and SiC pellets has also been investigated by Bao et al. |5]. They heated
pellets of silica and SiC at 1550, 1730 and 1820°C at a heating rate of 15°C/min and held it for
a given time. They found that the reaction rate is almost constant at 1550°C and then increases
exponentially to 1730 and 1820°C, until the samples are almost consumed. Temperature acceler-
ates the reaction substantially. Andersen [2] found that the reaction rate increase exponentially
from 1450°C to about 1700 °C, it had a constant or reduced rate during melting and a rapid

increase from 1770°C.
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3 Experimental

This chapter describes the experimental procedures, raw materials and apparatus. The main
experiments have been isothermal heat treatment of 1:1 molar mixtures of silicon and silica
in graphite crucibles. 17 experiments have been performed at temperatures between 1650 and
1950°C, at holding times between 30 and 120 minutes and with a heating rate of 50K /min
until isothermal temperature was reached. The weight loss of each sample has been measured
and correlated to formation of SiO gas and reaction rate. Macro, SEM and LOM images have
been taken of the heat treated samples and a chemical analysis of the raw materials have been
performed. Further analysis of the different quartz samples have been performed to distinguish
them and their properties. The wettability of silicon on the different quartz samples has been
measured in a sessile drop furnace and the phase composition after heat treatment of the quartz

samples has been measured by XRD.

Five different quartz samples have been investigated this spring, where one of them is the same
as the one used by Sindland in previous work on silicon/silica reactivity in 2019 [35]|34]. Only
one type of silicon has been used, a silicon of metallurgical grade. Most of the experiments were
performed with particles of size fraction 1-2mm, except the experiments with quartz A which
had a size fraction equal to the one used in previous work done by Sindland (2-4.7mm). In
addition to this, three experiments with quartz of higher fraction (2-5 and 5-8mm) have been

performed, to investigate the affect of particle size on reactivity.

3.1 Raw materials

Chemical composition and particle size of the silicon and quartz used in the experiments is
presented in Table 2. The silicon is the same as the one used by Sindland [35] in earlier exper-
iments, four different size fractions have been used. The first four experiments done as part of
this master thesis (the experiments with quartz A) were from the exact same batch as the one
used by Sindland in the fall and the rest of the experiments used silicon of same quality but from
a different batch and size fractions. The first four experiments were run with the same quartz
as the one used by Sindland in the fall, and the rest of the experiments were run with different
industrial quartz qualities of a 1-2mm size fraction, in addition to three experiment with larger
size fractions of quartz E. The method used for chemical analysis of silicon is unknown and the

quartz was analysed by XRF, except quartz A which was analysed by ICP-OES.
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Table 2: Composition and size of the raw materials.

a) Silicon
Particle size Si Fe Ca Ti P
mm wt% wt% wt% ppmw  ppmw

1-2, 2-4.7, 2-5 and 5-8 Min 99.0 Max 0.40 Max 0.10 200-300 20-40

b) Quartz. The rest is assumed to be SiOs. *Above calibration limit and must be seen as guidance.

Particle )
Name Al Fe K Ca Ti Mg Na P
size
mm wt% wt%  wt% wt% wt% wt% wt% wt%
A 2-4.75 0.031 0.012 0.009 0.0046 0.002 0.0017 0.001 0.0003
B 1-2 0.006 0.006 0.002 <0.0011 <0,001 0.0005 <0.0011 <0,0004
C 1-2 0.211 0.192 0.063 0.0026 0.017  <0.0005 0.0022 0.0016
D 1-2 0.038 0.010 0.017 0.0415 0.001  <0.0005 0.0125 <0.0004
1-2, 2-5,
“ g 0.505 0.111 0.126 0.0324 0.016 0.0071 0.027* 0.0016

The theoretical product of the investigated reaction is Si0(y) and it was therefor aimed for a 1:1
molar ratio between oxygen and silicon in the samples. A total weight of 20g silicon and quartz
was prepared for each sample. The weight ratio between the raw material is presented in Table

3 and calculated as described by Sindland in the spesialization project report [35].

Table 3: The weight of each raw materials in a sample of 20g

Material<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>