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Synopsis

High purity fused silica crucibles are commonly used in the production of monocrystalline silicon ingots

with the Czochralski (CZ) process in the solar cell industry. Due to the formation of cristobalite at the

CZ temperature, the crucibles are not reusable after the heating cycle. Consequently, a higher yield from

each crucible is desired, leading to a demand of bigger fused silica crucible. Therefore, crucibles of higher

quality and greater stability are needed. Understanding of some critical characteristics of the crucible

material like the impurities and their influences is fundamental for improving the quality of the crucible.

The aim of this project has been to show the relationship between OH-content and viscosity of fused silica

by data and to investigate the effect of drying parameters for quartz sand on the hydroxyl (OH) content

and viscosity of fused silica. The importance of this project stems from the fact that these properties are

critical for the performance of the crucible during the CZ process, while the existing studies are lacking the

data from direct measurement of these properties. It is anticipated that either higher drying temperature

and longer drying period will result in a lower OH-content and an increased viscosity of the fused silica.

A process involving both drying and melting of high purity quartz sands was established to produce fused

silica samples based on combinations of different drying temperatures and periods. The OH-content and

the viscosity of the samples were measured by FTIR spectrometer and a novel viscosity measurement

setup respectively. The bubble distribution in the samples were also studied by Micro X-Ray computation

tomography (µ-CT).

The majority of the results aligns with the hypothesis that lower OH-content leads to a higher viscosity. A

considerable difference in the OH-content was observed from the samples dried at different temperatures

for a shorter period (i.e. 1 hour). The difference in OH-content was insignificant among samples dried

for a longer period (i.e. 24 hours). The results are able to show the anticipated relationship between

OH-content and viscosity. It highlights the importance of optimal drying parameters for quartz sands for

the mechanical properties of fused silica, and, thus, the mechanical performance during CZ process.



Sammendrag

Kvartsglass av høy kvalitet brukes i digler til produksjon av monokrystallinske silisium "ingots" i solcellein-

dustrien. Monokrystallinske wafere blir laget i slike digler ved Czochralski(CZ)-prosessen. Digelen kan

ikke gjenbrukes etter en oppvarmingsyklus på grunn av dannelse av kristobalitt ved CZ-temperaturen. Det

er ønskelig å maksimere utbytte per digel, noe som fører til etterspørsel etter større digler av kvartsglass.

Derfor kreves en digel med høyere kvalitet og bedre stabilitet. Forståelsen av de kritiske karakteristikkene

til digelmaterialet, som for eksempel urenheter og hvordan disse påvirker viskositeten, er av fundamental

betydning for å forbedre kvaliteten til digelen.

Hovedformålet med denne masteroppgaven har vært å undersøke effekten av tørkingsparametrene til

kvartssand mht. hydroksyl(OH)-innhold og viskositet til kvartsglasset, samt vise forholder mellom OH-

innhold og viskositet til kvartsglass. Viktigheten av dette prosjektet underbygges av det faktum at disse

egenskapene er kritiske for ytelsen til digelen under CZ-prosessen, samtidig som eksisterende studier

mangler data fra direkte målinger av disse egenskapene. Det antas at enten høyere tørkingstemperatur

eller lengre størkingsperiode vil føre til lavere OH-innhold og høyere viskositet av kvartsglass.

En prosess ble etablert for å produsere prøver av silikaglass. Prosessen bestod av både varmebehandling og

smelting av kvartssand med høy kvalitet, basert på ulike kombinasjoner av varighet av temperatur under

størkning. Måling av hydroksylinnhold i silikaglass ble gjort med FTIR spektrometer. Et eksperimentelt

oppsett for å måle viskositet av kvartsglass ble utviklet. I tillegg ble bobler i glassene karakterisert med

Micro X-Ray Computational Tomography (µ-CT).

De fleste resultatene styrket hypotesen om at viskositet av kvartsglass øker med lavere hydroksyl-innhold.

For tørkeperiode på 1 time ble en betydelig forskjell i OH-innhold mellom prøver ved ulik tørketemperatur

observert. For tørkeperiode på 24 timer var forskjellene ikke signifikante. Resultatene bekrefter den antatte

sammenhengen mellom OH-innhold og viskositet. De fremhever viktigheten av optimale tørkeparametre

for kvartssand, for å forbedre de mekaniske egenskapene til silikaglass, og dermed den mekaniske ytelsen

under CZ-prosessen.
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1. INTRODUCTION

1 Introduction

1.1 Background

The demand for clean, renewable, and carbon free energy sources is increasing nowadays. The availability

and environmental friendliness of solar power have caused it to be one of the most popular options under

the renewable energy category, and its development has been accelerating since the 1990’s. Silicon-based

solar cells have been dominating the solar cell market for decades. However, the solar cell production

industry still faces a lot of challenges. Due to the requirement of extremely pure materials for the photo-

voltaic cell [1], the fused silica crucible, which is commonly used for monocrystalline silicon production

by a process called Czochralski (CZ) process, plays a very important role in ensuring a high quality silicon

ingot. In the production of monocrystalline solar cells, the latest process developments have yielded higher

amounts of crystals from each crucible, thus requiring larger sized crucibles. Therefore, the crucibles

should also be of higher quality and greater stability in order to minimize the negative effects on the silicon.

Figure 1.1 Schematic overview of the CZ growth process [2]

Figure 1.1 shows the schematic of the general CZ process. First, high purity silicon is melted in a fused

silica crucible which is placed on a graphite support, at a temperature which is higher than silicon’s melting

point (1414◦C), normally ca. 1500◦C. The melting process is performed with an inert atmosphere (typically

argon) in a chamber, which is typically made of steel with graphite insulation in order to facilitate the

removal of SiO. When the desired doping species is added, depending on the type of the final ingot and
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the melt is stable, a rod mounted monocrystalline seed with typical crystal orientation of (100) or (111)

is dipped into the molten silicon. It is then slowly pulled upwards with a reverse rotation to that of the

crucible. This way, a monocrystalline ingot is grown with the same crystallographic orientation as the seed

crystal.

At such a high temperature, there are a lot of uncontrollable and unexpected events. Examples of inter-

actions between the crucible and the silicon ingot include the migration of entrapped gas bubbles from

the crucible and the flaking of the formed cristobalite. They can cause potential structural loss of the

silicon ingot and the contamination of the ingot, and they have been studied by the industry for decades.

Besides, typically 1 - 2 mm of the inner wall will be dissolved into silicon melt during the process. Most

of these problems can be related to the viscosity of the crucible. The viscosity of a material decreases

with the increase of temperature. Consequently, the fused silica crucible softens at elevated temperatures.

It will eventually sag during CZ process, as it can no longer mechanically support the upper part of the

crucible. The softening of the crucible initiates the migration of entrapped gas and foreign particles from

the crucible towards the silicon ingot. To some extent, the viscosity of fused silica crucible is dependent on

the water content (mainly in the form of hydroxyl) of the crucible. The incorporation of water into fused

silica lowers its viscosity [3]. This negative impact can be related to the drying process and the melting

of the quartz sand, which can greatly influence the resulting water content of the fused silica crucible. A

better understanding of these properties of fused silica appears to be important in order to solve these

observed problems, and the knowledge can eventually contribute to improve the quality of the solar cells

and enhance the efficiency of electric power generation.

It is noticed that the relationship between viscosity and water (Hydroxyl) content in fused silica has not

been deeply investigated. The existing studies are also lacking the data of direct measurements of these

characteristics that support this relationship, explicitly for fused silica. Considering the importance of

these two properties for the crucible performance during CZ process, a quantitative study will be useful

for improving the quality of the crucibles.
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1.2 Aim and scope of the work

The aim of this work was to investigate the effect of different drying parameters (temperature and period)

for quartz sands on the viscosity and hydroxyl (OH) content of fused silica. A set of data from the direct

measurement of these properties of fused silica was created in order to highlight the relationship between

viscosity and hydroxyl (OH) content of fused silica, which will be highly beneficial to the industry.

As an extension of the previous project with commercial fused silica crucible samples, this work involves

the fused silica samples produced at NTNU, that are made of high purity quartz sand provided by The

Quartz Corp. The fused silica samples were prepared by melting the high purity quartz sands with different

drying temperatures and periods, by the use of laboratory-scale equipment. Validating melting tests and

viscosity measurements were done before the main tests started, due to the use of novel experimental

setup and new process. Their results were considered to improve and finalize the experimental of this

project. A setup involving a high temperature furnace, a displacement sensor, and so on, which was

built by O. Paulsen (SINTEF Industri), was used for viscosity measurement. OH-content measurement

was performed with Infrared spectroscopy. Entrapped gas bubble characterization was also performed

by Micro X-Ray computation tomography with the assistance from S. Rørvik (SINTEF Industri). Studies

on the kinetics of phase transformations, as well as the theories behind the viscosity measurement and

Infrared spectroscopy were also carried out. Literature studies will be presented first in this report. It will

be followed by the explanations of experimental procedures, results, and discussions.
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2 Theory

2.1 Si-O system (silica)

In the Si-O system, silica or silicon dioxide (SiO2) is the only thermodynamically stable compound. Under

atmospheric pressure, there are three stable crystalline forms of this compound: quartz, tridymite, and

cristobalite [4]. All the silica phases under atmospheric or low pressure are summarized in Table 2.1.

Table 2.1 Polymorphs of SiO2 [5]

Quartz - tridymite - cristobalite group Form Crystal symmetry

Atmospheric and low pressure α-quartz Trigonal

β-quartz Hexagonal

*α-tridymite Orthorhombic

*β-tridymite Hexagonal

α-cristobalite Tetragonal

β-cristobalite Cubic

Melanophlogite Cubic

Moganite Monoclinic

Vitreous silica -

*Not stable in pure Si-O system

The SiO4 tetrahedron is the basic building block in all silica crystalline structures. A SiO4 tetrahedron is

a silicon atom with four oxygen atoms at all four corners. The Si-O bonds have predominantly covalent

character. The phase transitions of silica can be distinguished by displacive and reconstructive. Displacive

transformations like α- to β-variant of quartz and cristobalite involve only alterations of angles and bond

lengths without any breakage of chemical bonds for stabilizing the crystal structure. Therefore, displacive

transformation can take place instantaneously upon heating or cooling. Reconstructive transformation,

such as quartz to cristobalite, requires the chemical bonds to be broken. The process of complete transfor-

mation requires a relatively long period. Rapid temperature change often results in incomplete rebuilding

of chemical structures [6].

The relevant phases to be considered in this project include quartz, tridymite, cristobalite, and silica
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glass. The thermodynamic stabilities of these phases, with respect to temperature, is shown in Figure

2.1. Cristobalite appears to be the stable phase above 1027◦C, as the formation of tridymite requires

the presence of particular impurities [7]. If pure quartz is heated directly, it passes the tridymite phase

and starts transforming to β-cristobalite directly at a lower temperature, instead of transforming at the

theoretical temperature which is 1470◦C. Cristobalite can also form below 1000◦C from silica glass [8].

The cristobalite formation temperature is strongly influenced by the atmosphere and impurity contents

in silica. The effects of these factors and the kinetics of this transition will be discussed more deeply in

Section 2.2. However, β-cristobalite formed below the theoretical temperature is a metastable phase. It

will slowly alter to another polymorph which is more stable at that temperature range [9]. Considering the

tridymite phase, cristobalite will still be the thermodynamically stable phase at above 1470◦C, as shown

in Figure 2.1. β-cristobalite phase will undergo high to low transition by displacive transformation upon

cooling (below ca. 250◦C). It will exist as α-cristobalite at room temperature.

Figure 2.1 Difference ∆G [cal/mol] in the thermodynamic potential between various forms of silica,
using high cristobalite as reference, with different transition temperatures marked with
arrows [10]
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Figure 2.2 shows the significant volume expansion associated with displacive transformations as well

as the differences in such expansion among different polymorphs. α- and β-cristobalite have average

bulk thermal expansion values of 91.7 ×10−6 ◦C−1 (28◦C - 218◦C) and 6 ×10−6 ◦C−1 (400◦C - 1200◦C)

[11][12]. The material with such notably different values of thermal expansion coefficient will likely

experience mechanical failures such as cracking upon cooling when it undergoes the transition of high to

low cristobalite. The difference of the expansions of the relevant polymorphs, quartz and cristobalite, is

severe at the temperature range of 208◦C to 573◦C. Silica glass has a significantly lower thermal expansion

coefficient of 0.5 × 10−6 ◦C−1 in the temperature range of 20◦C - 900◦C.

Figure 2.2 Linear thermal expansion of quartz, tridymite, cristobalite, and silica glass [13]

2.2 Kinetics of phase transformation of silica

2.2.1 Quartz → cristobalite transformation

At room temperature, SiO2 exists as α-quartz under atmospheric pressure. It undergoes α- to β-transition

at 573◦C. At 870◦C, β-quartz transforms to β-tridymite, and then to β-cristobalite at 1470◦C. Theoretically,

β-cristobalite is a phase that is thermodynamically stable over 1470◦C until it melts at 1705◦C.

Quartz → cristobalite is an important transformation to be considered when pure quartz is heated, as the
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tridymite phase is normally neglected, as discussed in Section 2.1. Marians and Hobbs [14] suggested

that this transformation must involve about one third of the bonds to be broken and reformed. The

consequence of this event is that the quartz phase is driven further from the crystalline state. The

contribution on bond breaking from the presence of water should also be acknowledged, and it will be

discussed in Section 2.3. Chaklader and Roberts [15] also established that this transformation is indirect,

and an intermediate transition phase is involved, which is described in Equation 2.1. The transition phase

was found to be non-crystalline by XRD and DTA.

Quar t z
k1−→ Transition phase

k2−→Cr i stobal i te (2.1)

Chaklader and Roberts [15] performed heating at different temperatures (1500◦, 1550◦, 1600◦, and 1650◦C)

with different types of quartz. The amount of transition phase was calculated by subtracting the percentage

amount of total crystalline phase (quartz and cristobalite) from 100. From their results, the total amount

of quartz and cristobalite was less than 100%, indicating that there was another present phase other

than these crystalline phases. Figure 2.3 illustrates the conversion process with a transition phase during

the transformation of Madagascar quartz. The quartz slowly transformed to the transition phase at the

beginning, followed by a more rapid conversion that represented the propagation of the nucleated zones.

The much slower formation of cristobalite can also be observed in Figure 2.3. Even all the quartz phase

was consumed after 8 hours, the amount of cristobalite was only ca. 78%. This transition behaviour was

also reported in the investigation by Kjelstadli [16]. Various types of quartz were heated up to 1600◦C

for different periods of time (15 - 60 mins), which were very short compared to other studies, which

their tests typically lasted for over 10 hours. The resulting materials consisted of higher amount of

the amorphous transition phase than that of the cristobalite phase. By considering that such a short

heating was probably just the beginning period of a complete cristobalite transformation, the formation

of cristobalite is predicted to be extremely slow until there is enough amount of transition phase, or more

accurately, high enough availability of critical-sized nuclei of cristobalite in the transition phase.
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Figure 2.3 Transformation of Madagascar quartz at 1500◦C, reprinted from [15]

Mitra [17] carried out a similar study on the phase transformation of two types of high-purity quartz. A

model was developed to describe the rate of the formation of the transition phase and cristobalite phase.

The conversion of quartz to the transition phase was found to follow the rate described by Equation 2.2:

A f = (1− ut

r0
)3 (2.2)

where A f is a fraction of the remaining unconverted quartz after time t , u is the radial velocity of decom-

position (i.e. the linear rate of propagation of quartz to transition phase boundary), and r0 is the initial

average radius of the present particles.

Mitra [17] assumed that the formation rate of cristobalite is proportional to the relative amount of present

transition phase, and the formation takes place throughout the body instead of the surface only. The

difference of the densities of quartz and transition phase (2.65g /cm2 and 2.30g/cm2 respectively) induces

stress and cracks in the material’s body, as the transition phase occupies a greater volume. Moreover, this

reconstructive transformation (quartz −→ transition phase) which involves the breakage of chemical bonds

would cause severe fragmentation in the transition phase. It was observed that the partially converted

quartz particles, which the cristobalite is absent, could easily be crushed into powder by applying pressure
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by hands. This implies that there would be high amount of well-distributed internal nucleation centres.

These are the reasons of the formation of cristobalite internally [18].

2.2.2 Glass formation

Fused silica, or quartz glass, is often needed for specific applications, even both quartz and fused silica are

considered as extremely pure materials [19]. Production of fused silica requires a minimum temperature of

1710◦C, which is the melting point of silica. In general, glass is formed by cooling a liquid of a raw material

without any re-crystallization. This process is illustrated by a qualitative specific volume - temperature plot

which can be seen in Figure 2.4. Upon cooling, nucleation and crystallization are possible events. In this

case, there will be an abrupt change in specific volume at the melting point, and the cooled material will

become crystal. If no crystallization takes place during cooling, volume will decrease at a linear rate until it

reaches the glass transformation range, where there is a decrease in the coefficient of expansion. By further

cooling the material, glass will form [20]. Glass transition temperature (denoted by Tg in Figure 2.4) is the

intersection point between the curves of the glassy state and the supercooled liquid (or rubbery state).

When the temperature of the material drops to the glass transition range, the viscosity of the material

drastically increases, resulting in a glass with extreme high viscosity, which exhibits solid-like mechanical

properties.

Figure 2.4 Schematic of specific volume against temperature
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The cooling rate strongly influences the glass formation. Normally, if the glass forming liquid is cooled

with a high enough rate, the crystallization at around the melting point is avoided and, thus, the final state

of the material will be glass. It is because the relaxation time of the system at the glass transition range

exceeds the period of the experiment, so the crystallization is avoided. If a sufficiently slow cooling rate is

adopted, crystallization may take place regionally [21]. However, silica is known as a good glass former.

Silica glass can still form even the cooling rate is extremely low [22].

2.2.3 Devitrification of fused silica

For any substance, its crystalline is always more stable than glass state. Devitrification of fused silica is one

of the limiting factors in high-temperature applications, and of great interest in this work due to its effects

on the fused silica at high temperatures. Due to hystersis, reheating the glass would lead to a different

property changing behaviour compared to cooling, as discussed in Section 2.2.2. The main difference

between reheating the glass and cooling is that the glass transition temperature is higher. It normally

takes place at temperatures over 1150◦C. It is also possible for the process to take place below 1000◦C with

the presence of impurities. The general devitrification mechanism begins at present random nuclei, and

they permeates through the whole fused silica eventually. The product of devitrification of fused silica is

β-cristobalite, which is structurally more stable. The formed β-cristobalite undergoes a transition towards

a metastable phase, followed by a high to low transition at ca. 227◦C [23].

Most of the studies used the thickness of cristobalite layer on the surface or physical appearance as an index

to quantify the effect of devitrification. One commercial report from Tosoh [24] pointed that devitrification

occurred only under specific conditions for their silica glass products made of high purity quartz sand.

The occurrence of devitrification was highly dependent to the atmosphere and presence of impurities.

Table 2.2 summarizes the observations of the effects of devitrification under different conditions. The

effect of devitrification was observed with the presence of oxygen whereas devitrification did not take

place when the samples were heated under atmospheres where oxygen and water were absent. From the

previous works of this project [25], the nucleation of cristobalite was observed to take place mainly at the

surface, and rarely in the interior.
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Table 2.2 Observations of devitrification of clear silica glass under different atmospheres. For all the
conditions, the samples were heated at 1300◦C for 72 hours [24]

Gas composition Observations
Devitrification

thickness (µm)

Air Complete devitrified surface 250

Dried O2 50% devitrified surface 100 ∼150

Industrial N2 Devitrified surface -

N2 (O2 and H2O removed) Not devitrified surface -

H2 (O2 and H2O removed) Not devitrified surface -

Ainslie et al. [26] investigated the factors that influence the devitrification kinetics of fused silica. General

Electric fused silica with a commercial designation 204A was used for most of the quantitative measure-

ments. In addition to heating the fused silica with different gas composition which is similar with Tosoh’s

works [24], the effect of different sample treatments was also investigated. A drop of tap water was added

on the surface of a flame polished specimen before it was fired at 1400◦C for one hour. A severe nucleation

of cristobalite in the middle part of the sample can clearly be seen in Figure 2.5. The nucleation was

catalyzed by the mineral residue after water evaporated. The experiment was repeated by using distilled

water instead of tap water. The resulting sample showed much less nucleation than that with tap water.

Figure 2.5 A fused silica sample, fired at 1400◦C for one hour, with a large white spot at the centre part,
which a drop of tap water was placed on the surface before the heating

The impurity contents also manipulate the devitrification rate of fused silica. In the solar cell industry,

a coating of alkaline-earth element solution at inner surface of the fused silica crucible is often used

to promote devitrification (formation of cristobalite) of fused silica crucible. An incomplete layer of
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cristobalite will develop and exist as islands with brownish rings that can possibly flake. This act can avoid

flaking of the formed cristobalite and, as a result, contamination of the silicon ingot. A complete layer of

cristobalite also acts as a wall to avoid the migration of entrapped gas bubbles in the crucible towards the

silicon ingot. Hence, dislocation and contamination in the silicon ingot can be minimized. Huang [27]

studied the effects of Ba2+ doping on the crucible surface on the cristobalite growth. It was concluded that

a white, smooth cristobalite layer was obtained when the concentration of Ba2+ doping was higher than

100 ppm. With the doping, the Ba atoms are incorporated in the network of SiO4 tetrahedra, or only exist

in the interstitial sites. In both cases, the nucleation process will still be enhanced by the presence of Ba2+.

In the former case, the growth rate will also be enhanced due to the fact that the bond energy between Ba

and oxygen atoms is lower than that between Si and oxygen atoms, and consequently the energy barrier

for devitrification becomes lower.

White spots with brown edges is a common appearance observed when devitrification of fused silica takes

place on the surface of fused silica crucible during CZ process. Yamahara et al. [28] studied the density of

the brownish spots caused by devitrification in relation to the raw material quality. Three different types

of fused silica samples were prepared by electrical fusion of three different powders including natural

quartz, synthetic silica, and Al-doped synthetic silica powder. The contamination levels in the silica

powders (except Al-doped) were given and are summarized in Table 2.3. The contamination levels in the

Al-doped were almost the same as those in the synthetic silica glass powder, except aluminium content

which was 7.9 ppm. All the fused silica samples were exposed to silicon at 1500◦C and 1600◦C with argon

atmosphere. It was observed that the density of brownish spots in Natural Quartz glass was significantly

higher than that of the rest of the samples. The number of devitrification spots formed in the interior of

the bulk of Natural Quartz glass was also noticeably larger than that of the rest of the samples. Silicate glass

incorporated with alkaline earth elements exhibited a higher tendency of crystallization. It implies that

such kind of impurities should be kept at a minimum level to avoid devitrification. It was also suggested

that aggregates with high concentration of impurities, which can be the nucleation sites for devitrification,

is one of the main reasons for the formation of brownish spots. More evenly distributed impurities in

higher concentrations can be tolerated, compared to locally accumulated impurities.
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Table 2.3 Contamination levels in the types of silica used by Yamahara et al. (wt ppb) [28]

Silica type Na K Ca Al Fe Cu Mn Ti P As B Ge U Th

Natural quartz 225 94 560 6800 180 1.3 4.8 1500 130 2.1 70 630 1.4 4.0

Synthetic silica 10 2 5 1 20 <0.5 <0.5 <1 5 0.03 3 8.8 <0.06 <0.3

2.3 Water species in silica

Water present in glass is often considered as impurity because it extensively affects the physical properties

as well as the behaviour crystallization of the glass. It is possible for water to be incorporated in quartz.

Water can exist in quartz through fluid inclusion, and be absorbed into the walls along the microfractures

within the quartz bulk, which is called free water [29]. Besides, it can be incorporated into SiO4 network by

forming chemical bonds with the host species and reacting to form OH bonds with silicon atoms.

2.3.1 Hydrolytic weakening of silica

Existing water can weaken the mechanical properties of quartz and cause mechanical defects [30]. Hy-

droxyl is introduced to silica glass which is produced by melting quartz sand in an environment where

hydrogen is present. Hydroxyl (OH-) groups dominates among other water species when silica glass is

hydrated over 550◦ [3]. OH-groups are incorporated in the quartz network, which is illustrated in Figure

2.6.

Figure 2.6 ≡Si-OH group hydrogen-bonded with ≡Si-O-Si≡ linkage [31]
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The water in silica generally undergoes the reaction shown in Equation 2.3 [32]:

SiO2 +H2O 
≡ SiOH +OHSi ≡ (2.3)

Some Si-O bonds are replaced by non-bridging OH−. The silica network is weakened when water is

incorporated into silicate structure, due to the reduced number of bridging oxygen atoms. It results in a

higher atom mobility, and, thus, a lower viscosity, higher thermal expansion, and higher possibility of local

crystallization.

Figure 2.7 Left: Effects of hydroxyl ion content on viscosity of soda-lime-silica glass. Hydroxyl ion
content of A: 110 ppm, B: 356 ppm, C: 763 ppm. Right: activation energy of viscous flow
against hydroxyl content [33]

There has been investigation on the effects of water content in glass on its physical properties such as

viscosity, fracture strength, glass transition temperature, and so on [34]. Mcmillan [33] presented the

results of the measurement of the viscosity of soda-lime-silica glass with different hydroxyl ion contents

(110, 356, and 763 ppm). The viscosity of the glasses was measured in the temperature range of ca. 550◦C

to 620◦, by fibre extension. The results showed that the viscosity of the glass (C) with the highest hydroxyl

content was the lowest at all temperature steps. However, the difference of the viscosity between glasses

decreased as the temperature increased, which also aligned with the results from the previous works of

this project [25]. Figure 2.7 illustrates the relationship between the activation energy of viscous flow and

OH-content. During CZ process, a fused silica crucible with a lower viscosity will result in a more severe
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sagging at the pulling temperatures. Besides, the entrapped gas bubbles in the crucible could grow and

migrate towards silicon melt more rapidly when the crucible softens at elevated temperature.

2.3.2 The behavior of water diffusion

Transport of water both from and into the glass are important events to be considered. Zhou [35] examined

the effect of heat treatment of fused silica (with thickness of 1 mm) with the presence of hydrogen on

the samples’ OH-contents. Same type of fused silica was heat treated at different temperatures. The OH

levels of different samples were then measured by an infrared spectrometer, and the time dependence of

dehydroxylation was studied. The results of the investigation are shown in Figure 2.8.

Figure 2.8 IR transmission spectra of fused silica after being heat treated for 2 hours [35]

It is clear that the concentration of OH in silica glass reduced as the heat treatment temperature increased.

It was also found that 90% of OH was removed after ca. 1 hr at 1000◦C, while only 45% of OH was removed

at 800◦C for the same period. It can be deduced that a higher heat treatment temperature will probably

give a steeper curve for OH-content removal. It was assumed that the OH was removed through the release

of hydrogen from the glass, by considering the measured amount of water and hydrogen released during
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the heat treatment. This reaction is shown in Equation 2.4.

≡ Si −OH+≡ Si H →≡ Si −O −Si ≡+H2 (2.4)

This hydroxyl removal process involves the breakage of SiO-H bond and the diffusion of the molecular

hydrogen. The observed difference of the activation energies for the dehydroxylation process at different

temperature ranges (254 kJmol−1 at 700◦ - 900◦C, 32 kJmol−1 at 900◦ - 1100◦C) gives the information about

which reaction is dominating the process of dehydroxylation. Referring to the binding energy of SiO-H

and the activation energy for the diffusion of molecular hydrogen in silica glass, the dominating process of

dehydroxylation in the range of 700◦ - 900◦C is the breakage of SiO-H bond, while that in the range of 900◦

- 1100◦C is the diffusion of molecular hydrogen.

A thin water layer can form on quartz surface in an atmosphere where water vapor is present. Water

molecules in the atmosphere attach to the functional groups present at the surface of quartz through

hydrogen bonding. Water adsorption at the surface of synthetic or purified quartz sand was expected to

be less severe as a great amount of functional groups was removed [36]. Silanol (Si-OH) group is one of

the species that can be found at the surface of quartz when it is exposed to water. The silanol groups are

the major sites for water adsorption on silica, due to its ability to donate or accept hydrogen bonds with

different strengths. Higher amount of silanol groups results in a more serious water adsorption at the

surface of quartz.

Gee et al. [37] analyzed the amount of silanol groups present at the surface of quartz. Around half of the

amount of silanol groups were removed at 500◦C. A minimum amount of silanol groups at the surface was

observed when the quartz was heated to a temperature above 1000◦C. The actual amount of remaining

OH groups at the surface was estimated to be ca. 0.4/Å2. A general conclusion that the amount of silanol

groups decreases with the increase of the temperature was drawn.

Ulvensøen [38] investigated the effects of different drying parameters (temperature and period) for high

purity quartz sands on their hydroxyl groups and water adsorption behaviors. The quartz sand sample

was the same as the one in this project, and the drying matrix was the same as the one shown in Table 3.3.
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The measurement was done by Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS). An

environment where water was present was created to study the water adsorption behaviour of different

dried quartz sands. The results showed that the water adsorption was severe for sample 100◦C 24hr and

600◦C 1hr, which is shown in Figure 2.9. For the quartz sands that were heat treated at 900◦C or above, the

water adsorption was very little. The less water absorption observed for samples which the sands were

dried at 900◦C or above was related to the removal of more isolated silanol groups above that temperature.

Figure 2.9 Absorbance spectra of different quartz sand samples with the wavenumber from 3800 to 3700
cm−1. The peaks are corresponding to the "free" OH. Actual sample name was hidden due to
commercial reason [38]

2.4 Fused silica for Czochralski process

2.4.1 Manufacture and composition of commercial fused silica crucibles

The manufacturing process of commercial fused silica crucibles are normally confidential, but the general

production process could be found in different published patents. The purity of the raw material is one

of the most critical factors in the production of fused silica with any fusion technology, which greatly
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affects the quality of the product. The general preparation steps of quartz powder before the fusion involve

sieving and often purification in acid leaching, followed by washing with de-ionized water and drying.

Figure 2.10 Left: A patented quartz crucible manufacturing for CZ-silicon production [39].
Right: A finished fused silica crucible for CZ process [40]

Figure 2.10 shows the manufacturing setup for a quartz-glass crucible and a finished crucible. First, silica

is fed by a spatula into a rotating graphite mould (12). The rotating mould generates centrifugal force

and keeps the silica against the mould walls. Then, the electrodes are lowered into the crucible. A high

temperature electric arc generated by the electrode (38, 40) causes the sintering of the quartz sand, and

the sands fuse into amorphous glass gradually. During the fusion process, a vacuum is applied from the

outer surface of the mould, which sucks out the entrapped air and ensures a bubble-free inner layer of

the crucible, as the melting front is moving towards the outer layer of the crucible. Half way through the

production process, the vacuum is turned off, and, as a consequence, the bubble composite layer forms

and exists as the outer layer of the crucible [39].

Figure 2.11 shows the viscosity of a commercial fused quartz product at different temperatures. Focusing

on the viscosity at the CZ pulling temperature range (typically 1400◦C to 1600◦C), it can be seen that the

viscosity range is ca. 8.5 - 10.5 log(Pa·s).
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Figure 2.11 Viscosity of a type of commercial fused quartz in a temperature range of 1000◦ to 2000◦C.
Data provided by MomentiveT M

2.4.2 Effects of devitrification

As discussed in Section 2.2.3, cristobalite develops on the surface and possibly at the interior when the

fused silica is re-heated. Cristobalite exists as a white, brittle, and non-transparent layer on the surface of

the fused silica.

Formation of cristobalite layer could be favorable for the CZ process. As the viscosity of the crucible

decreases at elevated temperatures, the presence of the cristobalite layer mechanically assists the crucible

to maintain its shape. These occurrences come with a condition that cristobalite should exist as a complete

layer that covers the quartz crucible surface. The achievement of a complete layer of cristobalite is limited

by the presence of foreign particles on the inner surface of the crucibles. The particles may act as nucle-

ation centres and cristobalite exists as islands instead of a continuous layer. These cristobalite "islands"

can be detached as particles into the silicon melt, which introduces structural loss-like dislocation in

the ingot and causes reduced mechanical properties of the silicon. Besides, the high porosity of the

cristobalite layer can cause the impurities and bubbles to enter the silicon melt during the pulling process.

Devitrification agents (typically Ba2+ are commonly used to coat or dope the surface of the material in
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order to obtain an even cristobalite layer, as discussed in Section 2.2.3.

The transition to β-cristobalite is irreversible. After the devitrification takes place, the fused silica expe-

riences transformation from β-cristobalite to α-cristobalite. Due to the structural transformation from

cubic to tetragonal, it results in a severe decrease in volume as shown in Figure 2.2. Structural defects such

as cracks will likely form in the cristobalite layer because of the shrinkage of cristobalite and the thermal

expansion coefficient mismatch of the whole material which both silica glass and cristobalite phases are

present [41]. This cooling effect is the main reason for the fused silica crucible to become non-reusable

after each pulling cycle, and it incurs a high cost (ca. 30% of the total cost [42]) to the production of silicon

ingots.

2.4.3 Bubbles

The common impurities in the quartz powder shown in Table 2.3 have major effects on bubble formation

during the fusion process. Acid leaching is often required to reduce the contaminants in quartz powder.

Guerra et al. [43] studied the difference of bubble concentration of fused silica produced by two types

of quartz powders (QP.SR and QP.KY) with different treatments. QP.SR was sieved to obtain the quartz

powder in a specific particle size range (# 80-120 mesh). Part of QP.SR was used without further purification

process, and the another part was purified by acid leaching. For the imported commercial quartz powder,

QP.KY, the as-received powder was used without any additional treatment. The concentrations of the

impurities of these two as-received quartz powders are provided in Table 2.4.

Table 2.4 Concentrations of impurities of quartz powder QP.SR and QP.KY (ppm)

Sample Al Ca Fe K Li Na Ti Others Total

QP.SR 10.6 35.7 2.2 ND 1.3 ND 1.0 5.3 56.0

QP.KY 6.0 0.2 0.3 0.4 0.3 0.9 4.5 NA NA

ND - Not detected, NA - Not available

The production of the fused silica was done by Verneuil process (flame fusion). The quartz powder was

thrown directly in the flame, and the growing ingot formed. Two critical glass production parameters and
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the bubble contents in the silica glasses are shown in Table 2.5. The bubble content in the silica glass

produced from QP.KY, which in general has lower impurity contents, was significantly lower. The reduction

in the average bubble content after the leaching process was identified. The bubble contents in QP.SR

glass were reduced to the same levels as the average content in the QP.KY glass after the leaching process.

Table 2.5 Process parameters used for silica glass production and the bubble concentration in the silica
glass samples produced from two different quartz sands with different treatment [43]

Sample Ratio (LPG/O2) Temperature (°C) Bubble (#/mm3)

QP.KY (as-received) 0.30 1550 0.38 ± 0.15

QP.SR (sieved) 0.26 1750 3.05 ± 0.39

QP.SR (leached) 0.26 1700 0.33 ± 0.04

The bubble content in the leached QP.SR was also presented with a matrix consisting of different fusion

temperatures and the ratios of GLP/O2, which can be seen in Table 2.6. It was noticed that these parameters

also have major influence on the resulting bubble concentration in the glass. The glass with the lowest

bubble concentration was produced at 1600◦C with the ratio of GLP to O2 of 0.23.

Table 2.6 The effects of fusion temperature and ratio (GLP/O2) Rz on bubble concentration (#/mm3) in
the silica glass produced from leached QP.SR

T (°C) / Rz 0.23 0.26

1600 0.25 ± 0.08 1.08 ± 0.6

1700 0.76 ± 0.11 1.11 ± 0.23

1800 0.89 ± 0.27 0.59 ± 0.14

The bubble characteristics of two quartz crucible samples from two different suppliers (A and B) was

studied by Paulsen et al. [44]. It was completed by the use of Micro X-Ray Computational Tomography

(µ-CT) with 3D analysis. The porosities of both as received samples were found to be ca. 0.4%. The

numbers of bubbles per volume in A and B were 34 and 54 mm−3 respectively. These findings indicate that

sample B had more but smaller bubbles compared to sample A, considering that they had very similar

porosities. Referring to bubble size distribution of A and B from 3D analysis, which is shown in Figure 2.12,

the peaks of bubble diameters of as received A and B occurred at ca. 20 µm. The bubble volumes were
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measured again after the crucible samples were heat treated at 1400◦C for 24 hours. After the heating, the

bubble volumes of sample A and B were found to increase for 76% and 95% respectively. Their bubble size

distributions also changed from 30 - 70 µm to 50 - 120 µm.

Figure 2.12 Bubble size distribution of, Left: sample A, Right: sample B [44]

The effect of storage conditions (humidity) for fused silica crucible was also studied. One of the crucible

samples was kept in an oven at 200◦C for 72 hours, while the another one was kept in distilled water at

20◦C for 72 hours. The crucible samples’ bubbles were characterized before and after they were being

heated at 1400◦C for 24 hours. The results showed that there was not a notable difference in their bubble

distributions between the "dry" and "wet" treated crucible samples. As the entrapped gas bubbles in

the crucible contribute to the sagging of crucible at high temperature range, the results indicated that

the humidity of the storing environment of the crucibles does not have significant effect on the crucible

performance during CZ process.

2.5 Characterization

2.5.1 Measuring hydroxyl content in fused silica

Fourier Transform-Infrared Spectroscopy (FTIR) is a characterization technique which is used to obtain

the infrared spectrum of a liquid, solid or gaseous material. When a light beam strikes a sample, different

molecules in the sample selectively absorb light at specific wavelengths, depending on molecules’ vibration
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energy levels. The absorption causes the change of the dipole moment of the molecules, as the vibration

energy levels of the molecules excite from the ground state to the excited state. The loss in intensity at

different wavelengths gives a spectrum with absorption peaks that indicate the present molecular groups

in the matrix [45]. For FTIR, instead of using a monochromatic light source, a poly-chromatic beam with

many frequencies is used. The frequencies are then changed several times to obtain new data points.

Afterwards, all the data are processed by Fourier-Transformation in a computer and an IR-spectrum is

generated.

A typical FTIR spectrometer consists of a light source, sample compartment, interferometer, detector.

amplifier, A/D converter, and a computer. The Michelson interferometer, a configuration of mirrors, is

used in FTIR. The light beam passing through the interferometer is splitted into two by a beam splitter. One

of them is transmitted towards the fixed mirror, and the another one is transmitted towards the moving

mirror.

Measuring the OH-content of the fused silica is one of the focuses in this work. Sloots (on behalf of Philips

Lighting) [46] summarized the methods that can be used for measuring the low OH-content in fused silica.

A spectrometer named Bruker Vertex 80v with special configuration was found to be capable to detect

the OH level under 0.05 ppm with a quick measuring time (1 min). This method was adopted in many

similar projects and also the previous work of this project. The calculation of the OH-content involves the

usage of a Matlab’s script, which has the features of baseline calculation, peak search, and the calculation

of the OH-content. With the thickness of the sample, the optical density β could be calculated with Beer

Lambert’s law, shown in Equation 2.5:

β= 1

d
× log (

1

Tmi n
) (2.5)

The calculation of OH-content was done by multiplying the optical density by a conversion factor, shown

in Equation 2.6 and 2.7:

OH(ppm) =β× f actor (2.6)
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f actor = MOH ×10.000

eOH ×pg l ass
(2.7)

where the molar weight of OH, MOH = 17 g/mol, the density of glass, pg l ass = 2.21 g cm-3, and the absorption

coefficient, eOH = 77.5 mol-1 cm-1.

2.5.2 Viscosity measurement

Viscosity is a measure of resistance to motion (flow) under applied force. The viscosity of the quartz

crucible is dependent on the OH level of the crucible.

A suitable type of visco-meters should be adopted according to the viscosity range of the measured sample.

A fused silica crucible has a viscosity of typically over 6.6 log(Pa·s) above the softening point. With this

range of viscosity, the suitable methods include the penetration method and the beam bending method.

Figure 2.13 Geometry and coordinate system of (a) flat-ended, (b) spherical and (c) conical indentations
[47]

The penetration method can be further classified into different groups according to the shape of indentors.

Penetration can be performed by a circular rod with a flat , sphere, or cone end. Due to the simplicity

and the adaptation to the available equipment, a circular rod with a flat end was the best option for the

samples in this project [48]. Equation 2.8 shows the relationships between indentation rate, viscosity, and

geometry factor, which is illustrated in Figure 2.13. With the steady state indentation rate and the rod

diameter, the viscosity can be calculated by Equation 2.9.
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υs = 2(1− v)P0

k f πd

1

η
(2.8)

η= (1− v)P0

2d vs
(2.9)

where υs is the rate of indentation at steady state, v is the Poisson’s ratio of the glass, k f is a constant which

equals to 4/π, η is the glass viscosity, P0 is the indentation load, and d is the rod diameter.

The viscosity can also be expressed by Arrhenium equation (Equation 2.10):

η= ηoeEa /RT (2.10)

where Ea is the activation energy for viscos flow, R is the universal gas constant (8.314 J·K−1mol−1), T is

the temperature in Kelvin, and η0 is a constant.

A straight line is expected by plotting viscosity in log scale with the slope Ea/R (Equation 2.11). The

activation energy of viscous flow can be calculated with the results from the measurement.

lnη= lnηo + Ea

R

1

T
(2.11)

Viscous flow is often considered as a thermally activated process. The molecules need to overcome the

activation energy barrier (Ea) created by the resistance of the surrounding units [49]. Activation energy

of viscous flow decreases with the increase of temperature. The major change of activation energy of

viscous flow occurs near the glass transition temperature. The rate of change depends on the enthalpy of

formation of disordered lattice defects (i.e. broken bonds) [50].
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2.5.3 Bubble density characterization

There is a lot of different techniques that are suitable for bubble density measurement. For fused silica,

Micro X-Ray computational tomography (µ-CT) has been used for this purpose. µ-CT is a prevalent

technology that offers non-destructive imaging of morphological structures investigation. It involves

the recording of 2D images, and the 2D images can be combined to generate a 3D reconstruction. The

main components of a typical µ-CT include a penetrating ionizing radiation, a sample manipulator, and a

detector.

Paulsen et al. [44] studied the bubble distribution in the quartz crucibles for CZ process by µ-CT. The

adopted model of µ-CT (Nikon XT H225ST NC) offers the possibility to detect bubbles that have a diameter

of as small as 9 µm. The accuracy of the number of bubbles and bubbles’ volumes was evaluated by

comparing the 2D and 3D analysis. It was concluded that both 2D and 3D analysis gave accurate estimation

of bubble volume. For the number of bubbles, 3D analysis is preferred as 2D analysis gave up to 9 times

higher number of bubbles than the actual number.
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3 Experimental

3.1 Materials and apparatus

Quartz sand A was the only raw material involved in this project. It was used for producing fused silica by

drying with different parameters (See Table 3.3) and melting. The quartz sand A involved in this project

was solely supplied by TQC, and stored in a plastic container. The actual name of the quartz sand was

abbreviated due to commercial reasons. In the following sections, the fused silica samples will be referred

by their drying temperatures and periods directly, followed by the number of the parallel experiment. For

example, the fused silica sample that was dried at 900◦C for 1 hour, was be named 900-01.

Table 3.1 shows the chemical analysis of quartz sand A, provided by TQC. This type of quartz sand is very

suitable for the production of crucibles for CZ purpose [51].

Table 3.1 Concentration of impurities in quartz sand A (wt ppm) [51]

The summary of the apparatus and equipment involved in this work is presented in Table 3.2. Both
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ENTECH furnaces are owned by SINTEF Industri, and maintained by P. I. Dahl (Senior Research Scientist

at SINTEF Industri) throughout this project. The novel setup used for viscosity measurement was built by

O. Paulsen (Former senior scientist at SINTEF Industri), and it is currently not commercially available.

Table 3.2 Equipment details of all experiments

Equipment Application Model & brand

High temperature furnace drying of quartz sands Nabertherm HTC 03-14

High temperature furnace Melting of heat-treated quartz sands ENTECH-ECF 20/18

Cut-off machine Fine sample cutting Struers Minitom

Polishing machine Sample polishing Labopol-21

Ultrasonic bath Sample cleaning Branson 3800

XRD Phase composition analysis Bruker D8 Focus

FTIR OH level measurement Bruker Vertex 80v

µ-CT Bubble characterization Nikon XT H225ST

High temperature furnace

(with displacement transducer)
Viscosity measurement ENTECH-STX/17

3.2 Procedure

3.2.1 Fused silica production

The production of fused silica samples involved two

major processes, which were drying and melting. The

purpose of drying was to reduce the water content in

the quartz sand before they were melted. The drying

and melting of quartz sand were completed in the same

experiment and oven. The production of all the silica

samples (except 100-24) were performed by filling a self-

produced alumina crucible with pressed raw material

quartz sand A until the sand reached the ventilation win-

dows. This production was done in an open furnace (i.e.

with ambient air). The overall heating profile for the Figure 3.1 Crucible for fused silica production
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experiment is shown in Figure 3.2. The temperature of the furnace firstly stopped at a drying temperature

for a drying period, according to the combinations in the matrix shown in Table 3.3. Afterwards, the

temperature was increased directly to the melting temperature (1800◦C). The furnace was kept at 1800◦C

for 5 hours. Different cooling rates were used in different temperature ranges during cooling. A higher

rate (300◦C/hour) was used until the melt reached the glass formation range (1300◦C). A much lower rate

(50◦C/hour) was used from 1300◦C to 1000◦C for annealing, followed by a rate of 200◦C/hour until room

temperature. A new crucible (except the top alumina plate) was used for each test.

Drying and melting during the production of sample 100-24 were performed separately in two different

ovens. The reason is that the melting oven is not capable to keep the temperature stable below 400◦C.

drying was performed with the method described in Section 3.2.2. After the drying was finished, the heat

treated sand was melted in the melting furnace (ENTECH-ECF 20/18). The heating profile used for melting

was the same as shown in Table 3.2, except that the drying step was skipped.

Figure 3.2 Heating profile for melting of quartz sand. Variables T and t represent the drying temperature
and holding time shown in Table 3.3

The crucible used for melting consisted of an alumina body cut from a long alumina tube, with a top and

bottom alumina plate, as shown in Figure 3.1. The production of the crucible body was handled by P. I.
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Dahl (Senior Research Scientist at SINTEF Industri). The crucible body had an outer and inner diameters

of ca. 85 mm and 75 mm respectively, and a height of ca. 100 mm. The thicknesses of the top and bottom

alumina plates were ca. 3 mm and 8 mm respectively. 4 ventilation windows at 2 sides at the top part of

the body were made. Each window had a height of ca. 2 mm and an arc length of ca. 60 mm. The highest

and lowest window located at ca. 5 mm and 25mm, respectively, from the top of the crucible body.

Table 3.3 Drying profile prior to melting, with heating rate of 200◦C per hour in ambient air

Sample notation Temperature T (°C) Holding time t (hr.)

100-24 100 24

600-01 600 1

900-01 900 1

900-24 900 24

1100-01 1100 1

1100-24 1100 24

3.2.2 drying of quartz sand

A part of quartz sand was without melting for extra charac-

terization and future use. The quartz sand was dried in an

cylindrical alumina crucible with an outer diameter of 50 mm,

covered with an alumina lid with a thickness of 3 mm (with a

small gap during drying for ventilation), as shown in Figure

3.3. Each drying was run in the open furnace in parallel with 2

crucibles. The crucibles were washed and brushed with soap

before each drying. The crucibles were filled with pressed

quartz sand A until the crucibles were full. The weights of the

quartz sands before and after the drying Figure 3.3 Furnace compartment

were measured. The quartz sands were heated according to the matrix shown in Table 3.3. After the drying

was finished, the crucibles with the dried sands were removed from the furnace at 100◦C, and immediately

placed inside the desiccator until they were completely cooled to avoid re-absorption of water. Same

crucibles were used for drying with all profiles. The dried sands were stored in air-tight plastic containers.

30



3. EXPERIMENTAL

3.2.3 Fused silica sample cutting

The fused silica samples were in cylindrical shapes before they were cut, as illustrated in Figure 4.7. It

was firstly separated from the crucible. Figure 3.4 shows the concept of the samples extraction. The top

layer (surface layer) of the fused silica with the thickness of 5 mm was separated for each sample. The

dimension of remaining part (bulk layer) varied among different samples, depending on how much the

glass flaked during cutting. The sides of the sample were also separated.

Figure 3.4 Schematic of coarse sample cutting; Left: side view of the sample, Right: top view of the
sample. *Thickness of the coarse cutting blade was ca. 3 mm

Only the center part of the glass was used for characterization. The centre part was further cut into 4 cubes,

which is illustrated in Figure 3.5. The vertical distances from the surface of the samples to the removed top

surface was measured.

Figure 3.5 Schematic of fine sample cutting; Left: after removal of top and bottom layers and the sides,
Right: after further separated into 4 samples for different experiments, with the remarks of
the purposes for each sample. Thickness of the fine cutting blade was ca. 0.5 mm
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Coarse cutting was performed by P. I. Dahl (Senior Research Scientist at SINTEF Industri), followed by fine

cutting according to the dimension required for each charaterization method. Figure 3.6 shows how the

coarse and fine cutting of fused silica sample were done.

Figure 3.6 Cutting of fused silica sample. Left: coarse cutting, Right: fine cutting

3.2.4 OH-content measurement

One of the fused silica cubes were further separated into 3 slices by a high precision cutter for FTIR, as

shown in Figure 3.5, The yield samples were marked with number 1 to 3. Number 1 represented the slice

that is closer to the top surface of the glass and number 3 represented the slice that is closer to the bottom.

The yielded 3 samples had a thickness of ca. 2.5 mm. The dimension of each sample was maintained at ca.

15 x 15 x 2 mm (L x W x H). Polishing of both sides of the samples was performed. The polishing was done

manually with SiC paper. The polishing steps are presented in Table 3.4. After the polishing, the samples

were cleaned with laboratory ethanol in an ultrasonic cleaner for 10 minutes.

OH levels of the 3 slices for each sample were measured by FTIR. The prepared fused silica samples

were taped onto the sample holder of the setup in the FTIR spectrometer compartment, which is shown

in Figure 3.7. The measured position was confirmed by observing the position of red laser dot on the

sample. The equipment was filled with liquid nitrogen for cooling. The compartment was evacuated to a
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Table 3.4 Polishing steps

Grid Duration (min./side)

120 0.5

320 1

500 1

800 1.5

1200 2

2400 2

4000 3

pressure of ca. 2.1 hPa for each measurement. The thickness of each measured position was measured,

and the calculation of the OH level at each position was done with the corresponding thickness in order to

minimize the calculation error.

Figure 3.7 The main components in the FTIR compartment during the measurement of OH-contents in
fused silica samples
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Figure 3.8 Examination positions on a fused silica sample

The OH level was calculated by processing the spectrometry raw data by running a script in a programming

software Matlab. The script can be found in Appendix A.1 [46]. The script uses a baseline fitting function

to calculate the minima depth Tmi n . The data within the range of 3365 cm−1 to 3850 cm−1 were used for

calculation.

3.2.5 Viscosity measurement

Two viscosity measurements were performed in parallet for eac sample. After the cutting, the surface of

each sample, which was closer to the top, was polished manually by SiC paper. The polishing steps were

the same as the one adopted for FTIR’s sample preparation, which are shown in Table 3.4. The dimension

of each sample was maintained at ca. 15 x 15 x 10 mm (L x W x H). The top (polished) and bottom surfaces

were kept as parallel as possible, by measuring the thicknesses of four corners. The samples were cleaned

with laboratory ethanol in an ultrasonic cleaner for 10 minutes, after the polishing.

An experimental setup including a high temperature furnace, a displacement transducer (LVDT), and a

type-B thermocouple, which is owned by SINTEF, was used for the measurement. The setup is shown in

Figure 3.9.
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Figure 3.9 Viscosity measurement setup, Left: External components, Right: Internal components.
Elements contributing to total loading weight are marked by letter a to e

Before each experiment started, the tip of the pushing rod which was in contact with the sample was

cut due to the reaction with the previous sample. The pushing rod was also checked visually, and it was

replaced with a new one if the rod bended. Afterwards, the total loading weight and the diameter of the

pushing rod were measured. For each test, a fused silica sample was placed on the support, and the

polished surface was in contact with the pushing rod.

The compartment was heated up with a heating profile shown in Figure 3.10. The experiment was done in

ambient air environment. There were four temperature steps for the measurement, which were 1400◦,

1450◦, 1500◦, and 1550◦C. The dwell for the first two temperature steps was 1 hour, and that for the last

two temperature steps was 0.3 hour. The furnace compartment was first heated up to 1050◦C at the rate of

250◦C per hour. Afterwards, 400◦C per hour was used until the last temperature step (1550◦C) was finished.

300◦C per hour was used as the cooling rate of the compartment until it reached the room temperature.
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Figure 3.10 Heating profile for viscosity measurement

Temperature and VDC (represented by x) were two output data from the viscosity measurement. In order

to obtain the correct displacement of the pushing rod, a polynomial, which is shown in Equation 3.1, was

used for the calibration of the displacement transducer. The calibration was done by the supplier of the

displacement transducer, and the information was provided by O. Paulsen (Former senior scientist at

SINTEF Industri). The net creep in mm was be calculated by subtracting the initial position (t = 0) by the

position at time (denoted by t).

Pos = A0 +x × (A1 +x × (A2 +x × (A3))) (3.1)

where A0 is -0.1063, A1 is 1.224, A2 is -0.00643, and A3 is 0.000777.

A plot of displacement in meter against the time in second at each temperature step was made to obtain

the creep rate at each temperature step. As the creep was not stable at the beginning of each step, only

the last 90 data points at each temperature step were taken for calculation. Trendline function in Excel

was used to obtain the creep rates (slopes). Equation 2.9 was applied for calculating the viscosity. The

Poisson’s ratio and rod diameter used in this measurement were 0.2 and 6.4 mm respectively. The loading
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was measured before every test and updated for calculation of the viscosity. Components that contributed

to the loading are indicated in Figure 3.9 by letter a to e.

3.2.6 Bubble characterization

The bubble distribution and density of 3 fused silica samples (600◦C for 1 hour, 900◦C for 1 hour, and

1100◦C for 1 hour) were studied by µ-CT, which is capable to generate 3D reconstruction of all bubbles by

scanning the whole sample. The samples for FTIR (number 1) were used for this characterization, and

no further preparation was needed. Variations of the samples’ dimensions were tolerated as only a fixed

volume (15 × 15 × 1.8 mm3) was examined at image analyzing stage afterwards.

All the samples were stacked and placed in a special plastic cylindrical container, and the container was

loaded to the machine. There were 6283 scans for a 360-degree scanning. The pictures acquired by the

equipment were compiled to generate a 3D reconstrction. Each "stack" consists of ca. 1000 pictures.

The resolution of the generated 3D model was limited to 1 voxel (a 3D pixel) which is approximately 9.1

µm. The operation of the equipment and the image file generation were completed by S. Rørvik (SINTEF

Industri). A computer program ImageJ with a plugin called "BoneJ" [52] was used for bubble analysis. A

function called "Particle Analyser" provided by this plugin was used to obtain the characteristics of all

single detected bubbles. The measuring limit of the image analyzing function was 9 µm, which means

bubbles with diameters under 9.1 µm were not detected.

3.2.7 X-ray diffraction

All heat treated quartz sands and fused silica samples were taken to perform XRD measurement. This

machine model (D8 Focus) equipped with LynxEyeT M SuperSpeed Detector operates with CuKα radiation

with a wavelength of 1.54 Å.

Each type of heat treated quartz sands was crushed for ca. 5 minutes to achieve a suitable average particle

size. The surface layer of each fused silica sample was polished with the steps presented in Table 3.4. The

polished samples were cleaned with ethanol in an ultrasonic cleaner for 10 minutes.
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For dried quartz sand samples, a typical sample holder was used. It was filled with pressed quartz sand

samples. For fused silica or solid samples, a deep sample holder was used. Small amount of rubber was

placed underneath the sample in order to fix the position of the sample. The height of the measured

surface of the fused silica sample was aligned with the the edge of the sample holder. The parameters for

the experiment is shown in Table 3.5.

Table 3.5 XRD configuration parameter for measuring both heat treated quartz sands and fused silica

2θ range Steps Step time Divergence slit

15° - 100° 6612 0.25 s 1 mm
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4 Results

4.1 Validating experiments

Different validating experiments were performed before the main part of the experiments began, due to

the use of new process and novel experimental setup. The results that had important implications are

presented in this section.

4.1.1 Production of fused silica

The development of the process for producing fused silica samples were started with a different setup.

Several trial experiments were performed. The melting experiment parameters were revised after every

trial test. A rectangular alumina with molybdenum lining was firstly used for melting of quartz sand. The

holding period at the melting temperature (1800◦C) was 1 hour instead of 5 hours. Figure 4.1 shows one

of the resulting fused silica samples after a trial melting test with the mentioned setup. It can clearly

be observed that there was a large amount of cristobalite existing on the surface. Some parts of the

molybdenum lining were attached to the silica sample.

Figure 4.1 A silica glass sample after a trial melting test with 1 hour holding period at 1800◦C. Left: a
sample in a cracked alumina crucible. Right: a part of the sample consisting of molybdenum
lining, cristobalite, and glass
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Figure 4.2 XRD pattern of the melting crucible wall after the melting of quartz, with the mullite
reference in red

Figure 4.3 XRD patterns of the top surfaces of 3 trial silica glasses (The quartz sand was heat treated at
600◦C for 1 hour) in normalized intensity

After the melting method was finalized, 3 more trial melting tests were performed with the drying profile of
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600◦C for 1 hour. These extra melting tests were to ensure a high stability of the process. The appearances

of these trial fused silica samples were similar as the one shown in Figure 4.7. The composition of the

melting crucible wall after the melting was analyzed by XRD. The result is shown in Figure 4.2. The presence

of mulite was observed from the result. These trial samples were used for validating tests for the setup and

experimental parameters for viscosity and OH-content measurements. The surfaces of the 3 trial fused

silica samples were taken to perform XRD. Figure 4.3 shows the XRD patterns of those 3 samples. There

was not any trace of crystalline phase. The broad peaks correspond to the amorphous silica phase.

4.1.2 Viscosity measurement

Several validating viscosity measurements were performed with commercial fused silica crucible provided

by TQC. The method was the same as the one in Section 3.2.5, except the shorter holding period (15

minutes) at all the temperature steps. Figure 4.4 shows that no displacement was detected at 1400◦C

and 1450◦C. A displacement curve, as shown in Figure 4.12, with negative creeps at all temperature steps

is fundamental in order to calculate the viscosities. Afterwards, it was decided to increase the holding

periods at 1400◦C and 1450◦C from 15 minutes to 1 hour, while those at 1500◦C and 1550◦C were the same.

Figure 4.4 Creep of a trial fused silica sample (dried at 600◦C for 1 hour) at each temperature step over
time
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Another validating viscosity measurement with updated holding periods was performed with another trial

fused silica sample (dried at 600◦C for 1 hour). The method was the same as in Section 3.2.5. Figure 4.5

shows a barely indented surface with a thick, complete layer of cristobalite formed. It was then decided

that the top layer (5 mm) of the sample should be removed for all samples, so that the viscosity and

OH-content measurements were done at the vertical position of 5 mm below the original top surface.

Figure 4.5 A trial fused silica sample with a thick, complete layer of cristobalite after a validating
viscosity measurement. Left: indented surface. Right: cross-section

The measurement was performed again after the decision of removing the top surface layer was made,

and an expected displacement curve (Figure 4.12) was obtained.

4.2 Heat treatment

Heat treatment was also done separately during the production of fused silica. Two crucibles were placed

in the furnace and heated in parallel with the same drying profile. The weight losses were calculated after

the heat treatment of quartz sands. Table 4.1 shows the net weights of quartz sands before and after the

heat treatment, as well as the calculated weight loss after the heat treatment. The moist content in the

quartz sand was ca. 3.5 - 4%.
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Table 4.1 Weight loss of quartz sands after drying

Samples Crucible Net weight of sand before (g) Net weight of sand after (g) Weight loss (%)

100-24
#1 112.0 108.3 3.7

#2 115.6 112.0 3.7

600-01
#1 102.3 99.1 3.2

#2 113.5 109.9 3.6

900-01
#1 115.7 112.1 3.6

#2 128.2 124.2 4.1

900-24
#1 113.7 110.0 3.7

#2 122.0 118.1 3.9

1100-01
#1 115.9 111.9 4.0

#2 126.3 122.0 4.3

1100-24
#1 109.4 105.6 3.8

#2 124.8 120.7 4.1

Figure 4.6 XRD patterns of two dried quartz sands (100-24 and 1100-24) in normalized intensity, with
pure quartz reference in red

Quartz sands that were dried with two extreme profiles in the matrix (100-24 and 1100-24hr) were taken to

perform XRD. Figure 4.6 shows the XRD patterns of both heat treated quartz sands. No additional peaks
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that do not belong to the reference of quartz can be observed. It was ensured that no foreign material was

picked up after the drying process.

4.3 Fused silica production

Figure 4.7 shows the general appearance of all the fused silica samples before cutting, except for 100-24.

The production process for 100-24 was different from the others due to the separation of heat treatment

and melting, as mentioned in Section 3.2.1.

Figure 4.7 The appearance of sample 600-01 before cutting

A much higher cooling rate from the melting temperature (1800◦C) was expected due to the loss of power.

Random milky white spots were observed on the top surface of resulting sample of 100-24. The results of

all the experiments with 100-24hr were marked with * before the sample name. All the results of 100-24

were not considered in the discussion and conclusion.

XRD was performed with all FTIR sample #1 (except 100-24) to confirm the absence of any crystalline

phase. Their XRD spectra can be seen in Figure 4.8.
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Figure 4.8 XRD spectra of the surfaces of all FTIR sample #1 except 100-24

4.4 OH-content

Figure 4.9 The transmittance at different measured positions (shown in Figure 3.8) of sample 900-01(1)
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The FTIR spectra of a fused silica sample (900-01(1)) are shown in Figure 4.9. The remaining spectra (with

the same relative scale of transmittance) of other samples can be found in Appendix A.2. The spectrum

clearly showed the peak at ca. 3650 cm−1, which represents the absorption band of bridged Si-OH species.

Table 4.2 The OH-contents in all fused silica samples (Three parallels for each sample)

Samples Average thickness (mm) Average OH-content (ppm) Error (ppm)

100°C 24hr

#1 2.0 40 4.2

#2 1.9 45 3.0

#3 1.9 41 1.1

600°C 1hr

#1 2.2 78 4.2

#2 2.0 77 9.2

#3 2.3 62 6.1

900°C 1hr

#1 2.1 81 2.5

#2 2.0 78 4.3

#3 2.3 78 1.2

900°C 24hr

#1 2.0 66 11.2

#2 2.1 63 3.9

#3 2.2 58 5.3

1100°C 1hr

#1 2.3 69 7.6

#2 2.4 49 5.6

#3 2.6 53 8.8

1100°C 24hr

#1 1.9 62 2.1

#2 1.8 57 3.2

#3 2.0 56 2.4

Table 4.2 summarizes the average OH-contents in all samples. The average thickness of each sample,

which was one of the critical calculation parameters, was also shown in the same table. As mentioned in

Section 3.2.4, sample 1 to 3 for OH-content measurement represented the vertical positions of the sample,

where sample 1 represented the closest to the top surface.

Figure 4.10 shows the OH-contents in position 1 of all fused silica samples. It was decided to focus on the

OH-contents at position 1 while relating it to viscosity because position 1 was at the same vertical position

where the viscosity measurement was performed. It shows that 900-01 had the highest OH-content (81

ppm), while 1100-24 had the lowest OH-content (62 ppm). A decline of OH-content was also observed

46



4. RESULTS

among the samples with the same drying temperature.

Figure 4.10 OH-contents in all FTIR samples #1 (shown in Figure 3.5). The viscosity measurement was
performed at the same Z-position

Figure 4.11 OH-contents in different vertical positions of all fused silica samples
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The trends in the OH-contents in sample 1 to 3 of different fused silica samples are shown in Figure 4.11.

The majority of the results exhibited a decreasing trend in OH-contents from sample 1 to 3 (top to bottom).

4.5 Viscosity

There were minor differences in loadings for each viscosity measurement. The difference was considered

in the calculation of the viscosities. The loadings for each measurement can be found in Appendix A.3.

Figure 4.12 shows the movement of the pushing rod at different temperature steps, with the sample

900-01(1). Higher indenting rate was observed with increasing temperature.

Figure 4.12 The displacement behavior of 900-01(1) at each temperature step over time in hour, with a
zoom-in illustration of the relaxation period at the beginning of 1400◦C
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Figure 4.13 The creep rates of 900-01(1) at all temperature steps

Table 4.3 Viscosities (on log scale) of all fused silica samples at each temperature step (two parallels for
each sample)

Sample
Log10 (viscosity/Pa·s)

1400°C 1450°C 1500°C 1550°C

*100-24
#1 9.6 9.3 8.9 8.5

#2 9.7 9.3 8.8 8.5

600-01
#1 9.5 9.1 8.7 8.4

#2 9.5 9.1 8.7 8.4

900-01
#1 9.6 9.2 8.8 8.4

#2 9.7 9.2 8.8 8.5

900-24
#1 9.7 9.3 8.8 8.5

#2 9.8 9.3 8.8 8.5

1100-01
#1 9.7 9.3 8.9 8.5

#2 9.6 9.2 8.8 8.5

1100-24
#1 9.7 9.3 8.9 8.5

#2 9.6 9.3 8.9 8.5

The creep rate at each temperature step was generated by using the data recorded during the last 1000
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seconds (100 data in total) at each step, which can be seen in Figure 4.13. It was done to exclude the

measured values in the relaxation period at the beginning of each temperature step. The creep rates

(slopes), which can also be seen in the same figure, were used to calculate the viscosities. The calculation

method can be seen in Section 3.2.5.

All the calculated viscosities (in log scale) at each step for all samples are presented in Table 4.3. On a log

scale, the difference in viscosities among all the samples was relatively small.

The creep rates at different temperatures from which the viscosities were calculated, as well as the in-

dented depth during the whole holding periods, are summarized in Table 4.4. More attention should

be given to the creep rate at 1500◦C, which is a common CZ pulling temperature used in the industry.

The biggest difference in the creep rates at 1500◦C was 0.74 mm/hr (600-01(1) and 1100-24(2)). Notable

differences between 2 samples from the same type of glass were also be observed. The loading forces for

the indentation were slightly different but it was small enough (ca. 0.64% difference) to be neglected. A

summary of the loading forces used for different samples can be seen in Table A.1.

Table 4.4 Creep rates at different temperature steps and the indented depth from the beginning of
1400◦C step to the end of 1550◦C

Sample
Creep rate (mm/hr.) Total indented depth from

1400°C to 1550°C (mm)1400°C 1450°C 1500°C 1550°C

*100-24
#1 0.2 0.5 1.3 2.9 2.6

#2 0.2 0.5 1.4 3.3 2.7

600-01
#1 0.3 0.8 1.9 3.6 3.5

#2 0.3 0.8 1.9 3.9 3.6

900-01
#1 0.2 0.6 1.6 3.3 2.9

#2 0.2 0.6 1.4 3.0 2.6

900-24
#1 0.2 0.4 1.4 3.1 2.6

#2 0.2 0.5 1.4 3,0 2.5

1100-01
#1 0.2 0.5 1.3 2.7 2.4

#2 0.2 0.5 1.5 3.2 2.8

1100-24
#1 0.2 0.5 1.2 2.8 2.4

#2 0.2 0.5 1.3 2.9 2.5
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Table 4.5 Activation energies of viscosity for all the samples in different temperature ranges (kJ/mol)

Samples
Temperature range (°C)

1400 - 1450 1450 - 1500 1500 - 1550

*100-24
#1 5.3 7.1 6.2

#2 6.1 7.9 6.5

600-01
#1 6.3 7.0 5.2

#2 6.2 6.6 5.4

900-01
#1 6.5 7.5 5.9

#2 7.5 7.1 5.7

900-24
#1 6.0 8.1 6.4

#2 7.6 7.8 6.1

1100-01
#1 6.6 7.2 5.8

#2 6.2 7.6 5.8

1100-24
#1 7.0 6.5 6.6

#2 5.3 7.2 6.6

The activation energies of viscosity in different temperature ranges for all samples was calculated by

Equation 2.11, and presented in Table 4.5. Most of the samples had the highest activation energy of

viscosity in the temperature range of 1450◦ to 1500◦C.

Figure 4.14 The indented surface of 600-01(2) after viscosity measurement in normalized intensity, with
cristobalite reference in red
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Visually all the samples were covered by a milky white layer after the viscosity measurement. The composi-

tion of the indented layer of 600-01(2) was analyzed by XRD after the viscosity measurement. The result is

shown in Figure 4.14, and it confirmed that the milky layer on the sample was cristobalite.

Controlled drying period

Figure 4.15 and 4.16 show the viscosities of the samples that were dried at different temperatures for 1 and

24 hours respectively. An example of the calculation of the activation energy of viscosity was also included

in Figure 4.15. The calculation was done by applying Equation 2.11. All the calculated activation energies

can be found in Table 4.5. From the graph, the lower viscosity of 600-01 was clearly identified compared to

that of the other samples. However, the viscosities of 900-01 and 1100-01 were very similar.

The viscosities of all the samples that were dried for 24 hours at different temperatures were also very close.

A slight difference in the linearity of the viscosity curves was observed especially for 900-24. No serious

conclusion should be made by considering sample 100-24 as its production process was different from the

others, as mentioned in Section 4.3.

Figure 4.15 Effects of different drying temperatures (for 1 hour) on viscosity, with the activation energies
Ea of viscosity for 600-01(2)
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Figure 4.16 Effects of different drying temperatures (for 24 hour) on viscosity

Controlled drying temperature

Figure 4.17 Effects of drying time (at 900◦C) on viscosity
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Figure 4.18 Effects of drying time (at 1100◦C) on viscosity

Figure 4.17 and 4.18 show the viscosities of the samples that were heat treated for different period of time

at 900◦ and 1100◦C respectively. In both cases, the viscosities of the samples that were heat treated for 1

hour were slight lower, compared to 24 hour. A variation of their linearities was also observed from both

figures.

4.6 Bubble characterization

FTIR sample number 1 of 600-01, 900-01, and 1100-01 (shown in Figure 3.5) were selected to perform µ-CT

scanning for bubble characterization. In this section, the data processing was done by 3-dimensional

analysis.

4.6.1 Bubble volume

The total measured bubble volumes and the samples’ porosities are presented in Table 4.6. The porosity

was obtained by dividing total pore volume by the analyzed sample volume. While 600-01 and 1100-01
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had similar total bubble volumes, the data shows a ca. 15% higher total bubble volume for 900-01. The

porosities of all samples were found to be 2.4 - 2.8 vol%.

Table 4.6 Total bubble volume and calculated porosity of samples that were heat treated for 1 hour

Sample Analyzed sample volume (mm3) Total bubble volume (mm3) Total porosity (%)

600-01 411.1 9.9 2.4

900-01 411.1 11.5 2.8

1100-01 411.1 9.9 2.4

4.6.2 Bubble distribution along Z-axis

The bubble distribution trend among sections from the top to bottom surface along Z-axis was studied

and shown in Figure 4.19. The direction of the axis can be seen in Figure 3.8. The analyzed volume was

separated into 6 sections, and the volume of each section was 15 x 15 x 0.3 mm3. The bubble volume was

generally higher in the middle sections, while it showed little difference between the numbers of bubbles

in each section for all the samples. It implies that the average sizes of bubbles in middle sections were

greater.

Figure 4.19 Bubble volume and bubble amount distribution from the top to bottom surface, along Z-axis
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4.6.3 Number of bubbles

The total number of bubbles and the average bubble concentration are summarized in Table 4.7. It was

noticed that both number of bubbles and the bubble concentration were similar. The total number of

bubbles in 600-01 was 5.4% higher than that in 1100-01.

Table 4.7 Bubble concentration in the analyzed volume

Sample Analyzed sample volume (mm3) Total number of bubbles
Average bubble

concentration (#/mm3)

600-01

411.1

11469 28

900-01 11395 28

1100-01 10885 26

Figure 4.20 and 4.21 show the plot of bubble count fraction and cumulative bubble count fraction, re-

spectively, against the bubble diameter. The curves in Figure 4.20 represented the average of 10 neighbor

data.

Figure 4.20 Bubble diameter distribution of the three examined fused silica samples
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The bubble size distribution for all samples were very similar. For all the samples, the greatest amount

(ca. 1.75%) of bubbles had the diameter of ca. 110 µm. Ca. 93% of the bubbles had a diameter below 300

µm, for all the samples. Ca. 4% of the bubbles had a diameter of over 2 mm, and they were considered as

calculation error and neglected.

Figure 4.21 Cumulative bubble diameter distribution of the three examined fused silica samples

4.6.4 Local examination

A smaller volume (1.8 x 1.8 x 1.8) mm3 at the centre of X-Y plane of all samples was examined. Their 3D

morphologies are shown in Figure 4.22. This volume of 600-01, 900-01, and 1100-01 contained 139, 151,

and 136 bubbles respectively.

The same volume at one of the corners of X-Y plane of all samples was also checked to understand the

randomness of the bubble distribution. Their 3D images can be found in Appendix A.4. Table 4.8 lists out

the number of bubbles and the total bubble volumes of different samples in different examined positions.

From the existing data, 1100◦C 1hr had the most consistent bubble distribution when its global porosity
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was compared to results of different local examinations.

Table 4.8 Properties of bubbles in a smaller analyzed volume (1.8 x 1.8 x 1.8 mm3) at different positions
on XY plane

Sample No. of bubbles Total bubble volume (mm3) Total porosity (%)

600-01
Centre 139 0.12 2.1

Corner 159 0.12 2.1

900-01
Centre 151 0.15 2.6

Corner 163 0.13 2.2

1100-01
Centre 136 0.13 2.3

Corner 137 0.14 2.3

Figure 4.22 3D view of the entrapped bubbles in a volume of 1.8 × 1.8 × 1.8 mm3 at the centre of X-Y
plane
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5 Discussion

5.1 Validating experiments

A reliable experimental setup and process for fused silica production are needed to ensure the quality of

the samples and the reliability of results. The design of melting crucibles and the heating profile were

decided by considering the results of validating experiments.

5.1.1 Development of experimental setup

A different crucible was used in the development stage. Molybdenum lining was firstly added inside the

alumina crucible. It was observed that the molybdenum lining stuck onto the resulting silica glass wall, as

shown in Figure 4.1, which was not easy to remove. Contamination could potentially happen by using

either alumina and molybdenum as the crucible material. The reaction between alumina and silica could

be observed visually after each melting. The melting crucible wall (without molybdenum) was taken to

perform XRD to analyze the composition, the presence of mullite was observed from Figure 4.2. However,

it was visually observed that the reacting zone was limited. It was then decided to perform the melting with

alumina without molybdenum because it is a prevalent material for crucible at high temperature range

and the potential reactions between silica and molybdenum was not well known. It was assumed that the

diffusion of Al was minor as the diffusion rate of Al into the glass was probably slow, and the sides of the

samples were also removed. There was also no trace of Al from the XRD results of different glass samples

(Figure 4.8). The consideration of the effect of Al contamination was excluded from the discussion. The

crucible shown in Figure 3.1 is not commercially available. The closed environment with windows on the

top part of the wall prevented the silica from being contaminated by the refractory materials from the

furnace compartment and allowed the water vapor from the sand to escape from the crucible. Pressed

sands were used to ensure the same condition for the escape of water from the sand.
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5.1.2 Development of melting procedure for fused silica

The intention of performing drying and melting of quartz sands in the same experiment and furnace

was to minimize the variables and uncertainties. A trial melting test with only 1-hour holding time at the

melting temperature was performed. Figure 4.1 shows a resulting trial glass sample in irregular shape and a

thick layer of cristobalite. The furnace lost power in the middle of the melting stage during the production

of sample 100-24. The furnace compartment was cooled without any control afterward. However, the

appearance of sample 100-24 was very similar to the rest of the glass samples, with only minor white spots

on the surface. It was assumed that the holding time at the melting stage has a much larger effect on

glass formation compared to the cooling rate, as the required cooling rate for silica glass to form has a

very high toleration, as mentioned in Section 2.2.2 [22]. Because the mechanical properties could be very

different with such a high cooling rate, the results of 100-24 were not considered. The rest of the fused

silica samples in this project also proved that 5-hour melting period gave a stable, promising outcome. It

would be beneficial to perform more experiments to identify the shortest possible melting period that

reduces the experimental time and energy usage.

5.2 OH-content in fused silica

The trend in OH-contents in the samples aligned with the hypothesis that either higher drying temperature

or longer drying period lead to a lower OH-content. This is supported by the fact that a greater amount of

water existing in the quartz sand was removed during the drying process. When the OH-contents in the

samples that were dried at the same temperature with different periods (900-01 vs. 900-24 and 1100-01

vs. 1100-24) were compared, the samples dried for 24 hours had a lower OH-content. It is because the

drastically longer drying period removed a greater amount of water in the sand. The OH-contents in

600-01 and 1100-01 also revealed that higher drying temperature results in a lower OH-content.

From Figure 4.10, 900-24, 1100-01, and 1100-24 had lower OH-contents compared to those of 600-01

and 900-01. There are two potential reasons for this observation. First, a higher amount of water was

removed from the fluid inclusions of the quartz sands during the drying process for 900-24, 1100-01,

and 1100-24. It can also be related to the humidity in the drying environment. As the whole production

60



5. DISCUSSION

process was done in an open furnace, the humidity in the furnace compartment was dependent on the

humidity in the atmosphere on that specific day. It implies that the humidities during the production of

each sample were different. However, more studies on the partial pressure of water in the atmosphere

during each production are needed, in order to understand the effects on the OH-contents in different

samples. Re-absorption of water by the quartz sand at the surface could be possible if the partial pressure

of water in the atmosphere was higher. As mentioned in Section 2.3, silanol groups are the major sites for

adsorption of water in silica. Ulvensøen [38] found that most of the isolated silanol groups were removed

when the quartz sand was heated above 900◦C. Less amount of water will be reabsorbed as there are

less available silanol groups existing at the surface. The high OH-content observed from 900-01 can be

explained by the inadequate drying period.

5.2.1 Trend in OH-contents along Z-axis of fused silica

The OH-contents at different Z positions of each fused silica sample were also measured and shown in

Figure 4.11. A water concentration gradient was expected to be built up as the top surface was the only

major interface for water to escape from the sand to the atmosphere. The majority of the results shows that

the OH-contents decreased from the top, which is the opposite of the anticipation that the OH-content

in the sample that was closest to the top should be the lowest. Only the top part of the samples (8 - 10

mm) were measured, while the bottom part (ca. 10 mm) of all fused silica samples were not used for

any measurement. It is possible that the observed trends were just a local fluctuation. Measurement

of OH-contents at the bottom part should also be performed before any conclusion is drawn. Another

possibility is that the partial pressure of the vapor in the atmosphere was high enough to re-diffuse from

the atmosphere to the sand close to the top interface, resulting in a higher OH-content.

According to the results from the previous project [25], the OH-contents in the BC layer of the used

commercial crucibles decreased for as much as 90% of that in the new crucibles, while that in BF layer

decreased for ca. 50%, which can be seen in Table A.2. It was explained by the diffusion of OH-groups

to the entrapped bubbles. As the BC layer of the crucible is full of bubbles, the short distance from any

position in the glass to the closest bubble is favorable for this event. This event would likely take place
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during the production of our samples, as the period at high temperature range (>1000◦C) after melting

was around 8 hours, which was considerably long. The effect of this event depends on the amount of

bubbles. Considering that the average porosity of our samples was over 5 times higher than that of the

commercial crucible samples [44], the effect on OH-contents can be considerably high. Referring to the

bubble distribution along Z-axis in Section 4.6.2, a variation of total bubble volume in different sections

along Z-axis was observed. It can potentially explain the decreasing trends in OH-content from the top

surface. The effect of the diffusion of OH-group to the bubbles depends on the availability of the bubbles

and their volumes. However, the bubble characterization was performed only with FTIR sample 1. It

can be possible that the bubble volumes in our samples increased globally from the top to the bottom,

causing the reduced amount of present OH groups in the glass. A better evaluation on the effect of bubble

distribution on the trend in OH-content can be done by performing the bubble characterization also with

FTIR sample 2 and 3, or even with the whole fused silica sample.

5.2.2 OH-contents in commercial fused silica crucibles

The OH-contents in commercial fused silica crucibles made of the dried quartz sands from TQC were

studied in the previous work of this project [25]. The summary of those results can be seen in Figure A.17.

OH-contents in both bubble-composite- (BC) and bubble-free (BF) layer were measured. OH-contents

in different HT samples were compared with the results in this project. Samples notations HT1 to HT4

represented the difference in the drying temperature. The drying temperature for the quartz sand was the

lowest for HT1, while that was the highest for HT4. A decreasing trend in the OH-contents in HT1 to HT4

was observed. The OH-contents in BC layer varied from 18 to 38 ppm, while those in the BF layer ranged

from 20 to 29 ppm. The OH-contents in the samples in this project ranged from 62 to 81 ppm. The average

OH-content in our samples was almost double of that in the commercial crucibles. While their sample

preparation and measurement methods were the same, the difference in the OH-contents can be related

to the process of the drying as well as the fusion. Commercial crucibles are fused with very high power

which may lower the OH-content. The commercial crucible samples were produced from quartz sands

that were dried with a robust industrial process. It is expected that the moisture content in the sand can be

removed in a more effective way, compared to the drying method used in this project.
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5.3 Viscosity of fused silica

Considering the effect of drying parameters on viscosity directly, the fused silica sample that was dried at a

higher temperature or longer period is expected to exhibit a higher viscosity. The difference in the viscosity

that aligns with the hypothesis can be distinguished for most of the samples. However, the viscosities of

the samples that were dried for 24 hours, were similar, which can be seen in Figure 4.16. The drying rate

of the quartz sand will decrease as time increases. The drying temperature would be trivial to the water

content removal if the drying period is very long.

5.3.1 Activation energy of viscous flow

As mentioned in Section 2.5.2, the slope of the curve obtained by plotting the viscosity on the log scale

against 1/T is expected to remain unchanged [48]. However, variation of linearity was observed in Figure

4.15, 4.16, 4.17, and 4.18. The activation energies at the temperature ranges of 1400◦C - 1450◦C, 1450◦C -

1500◦C, and 1500◦C - 1550◦C for all the fused silica samples were calculated. An almost 100 times difference

in the activation energy was observed when the values of our samples were compared to the values shown

in Figure 2.7 [33]. The difference is still large when the difference in their measurement temperature range

(ca. 600◦C vs 1500◦C) is considered. The same equation (Equation 2.11) was also applied to calculate

the activation energy of a commercial fused quartz with the viscosity data from MomentiveT M , shown

in Figure 2.11. The activation energy was found to be ca. 8.7 kJ/mol, assuming the viscosities at 1400◦C

and 1600◦C are 10.5 and 8.5 log(P·s) respectively. This value is on the similar scale with the calculated

activation energies of our samples. At this moment, we cannot draw any conclusions before any further

study is conducted. The activation energy at the middle temperature range (1450◦C - 1500◦C) was higher

than that at the lower range (1400◦C - 1450◦C) for most of the samples, followed by a decrease at the

highest temperature range (1500◦C - 1550◦C). It contradicts the expectation that the activation energy

decreases linearly with increasing temperature, indicating that the system had changed in the temperature

range of 1400◦C - 1550◦C. The change in the activation energy can be an indicator of the behaviour of

crystallization. The increases in activation energy from 1400-1450◦C to 1450-1500◦C among the samples

were as much as 35%. From Figure 4.22 and A.15, there was not any observed major difference in the

63



5. DISCUSSION

bubble distribution from the 3D images, as well as the data. The observed trend in the activation energy

changes was also similar for most of the samples. At this stage, it could be hypothesized that the bubble

distribution did not have major contribution to the change of activation energy.

5.3.2 Comparison between commercial and lab-produced samples

The overall viscosity of the samples appeared to be low when it was compared to that of commercial

fused silica. From Table 4.3, the viscosities of the samples varied from 8.68 to 8.89 log(Pa·s) at 1500◦C,

while the viscosity of commercial fused silica at the same temperature is ca. 9.5 log(Pa·s) (Provided by

MomentiveT M ), shown in Figure 2.11. The viscosities of new commercial crucibles made of dried quartz

sands from TQC were also measured with the same method in the previous work of this project. The

summary of those results can be seen in Figure A.16. The range of the viscosites of the commercial

crucibles were similar to those of the fused silica samples in this project [25]. No further conclusion should

be drawn before the drying temperatures for the quartz sands for commercial crucibles are known.

The creep rates at different temperatures are summarized in Table 4.4. The creep rates for different samples

were noticeably different. At 1500◦C, it can be observed that the creep rate for 600-01 was almost 50%

higher than that of 1100-24. With such a different creep rate at this temperature, a more obvious effect

on the sagging situation of the quartz crucible during CZ process can be expected, considering the long

holding period (typically ca. 24 hours) at a high temperature (ca. 1500◦C) during the CZ process. However,

these data cannot be directly translated to quantify the amount of sagging of the crucible during CZ process

because of a totally different experimental condition. Instead, this set of data highlights the importance of

the drying method for the quartz sand before fusion.

Two parallel viscosity measurements were performed for each type of samples to study the reproducibility

of this novel setup. Very similar viscosity results were observed for most of the samples. Sample 1100-01

exhibited the biggest difference in viscosity from two parallel measurements. The difference was ca. 0.07

log(Pa·s) at every temperature step, while it was ca. 0.2 to 0.3 log(Pa·s) in average for the rest of the samples.

When the viscosities at different temperatures were compared to the those of the commercial crucibles,

which can be seen in Figure A.16, it was observed that the samples in this project showed better linearities
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[25]. The existing measures for the sample preparation and the modification of the measurement process

were able to produce results with good reproducibility.

5.4 Relationship between OH-content and viscosity of fused silica

OH-contents in FTIR samples #1 were considered to compare with their viscosities as FTIR sample #1

was at the same Z-position with that of the viscosity measurement sample. As discussed in Section 2.3,

reduced viscosity is anticipated with higher OH-content. The majority of the results was in agreement

with this statement. The hypothesis could be observed when the results of the samples with same drying

temperature but different periods (900-01 vs. 900-24 and 1100-01 vs. 1100-24) were compared, shown in

Figure 4.17 and 4.18. The results presented in Figure 4.15 partially supported the statement. The viscosities

of 600-01 and 1100-01 reflected the difference in their OH-contents (78 and 69 ppm respectively).

The difference between the viscosities of some samples could not reflect the expected amount of difference

in the corresponding OH-contents. From Figure 4.15, the viscosities of 900-01 and 1100-01 were very

similar, while their OH-contents were comparatively different (81 and 69 ppm respectively). From the

same figure, a considerably large variation in viscosity of 1100-01 can be observed. Within that range, it is

still possible that the viscosity of 1100-01 was noticeably higher than that of 900-01, if only the highest

curve of 1100-01 and the lowest curve of 900-01 were considered. From Figure 2.7, the average activation

energy of viscous flow increased from ca. 110 kcal/mol (460 kJ/mol) to ca. 150 kcal/mol (628 kJ/mol)

when the OH-content decreased from 763 to 110 ppm, which was a 653 ppm difference [33]. While the

differences of the OH-contents among all the samples were only in the range of 62 - 81 ppm, the difference

in their activation energies was expected to be minor. The results of the viscosities of some samples might

not be able to show a distinct difference.

5.4.1 Effect of cristobalite formation

Even though most of the results were in agreement with the inverse relationship between OH-content and

viscosity, there were several contradicting observations. The results of the viscosity of 600-01 and 900-01

were not able to show the predicted relationship between OH-content and viscosity. While the OH-content
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in 900-01 was slightly higher than that of 600-01, the viscosity of 900-01 was notably higher than that of

600-01, which can be seen in Figure 4.15. According to Section 2.3.1, the existing OH-groups in silica glass

that cut the Si-O bonds increased the atom mobility, resulting in lower viscosity. At the same time, they

facilitated the crystallization substantially. The formation of crystalline phase or nuclei of cristobalite will

cause an increase in the calculated viscosity. From Figure 2.2, β-cristobalite has a much larger thermal

expansion coefficient compared to that of silica glass [13]. With the presence of cristobalite, the measured

displacement would be affected by the expansion of cristobalite. Therefore, it is possible that the effect of

the cristobalite formed on the surface, interior, and possibly on bubbles’ walls overshadowed the effect of

increased atom mobility on the viscosity of the samples. However, the cristobalite formation condition of

the samples should be well understood before its effect on the measurement can be quantified. Table 3.1

shows that the total concentration of Alkaline-earth elements (Mg and Ca) in quartz sand A was 0.5 - 0.6

ppm, which is considered to be low compared to the other impurities’ concentrations [51]. It was assumed

that the formation of cristobalite was not highly affected by the presence of Mg and Ca, as the formation of

a complete layer of cristobalite requires a concentration of typically 100 ppm, as discussed in Section 2.2.3

[27]. At this stage, avoiding crystallization during the viscosity measurement would be the easiest and the

most effective way to prevent the measurement results from being affected. It can be done by a control of

atmosphere (removal of O2 and H2O), as discussed in Section 2.2.3.

5.5 Possible effects of entrapped bubbles on viscosity

It is believed that bubbles in the samples weakened the mechanical strengths of the samples during

viscosity measurement. It would result in a higher creep rate and, consequently, a lower viscosity. From

Table 4.8, the porosities of the 3 samples at the centre on XY plane ranged from 2.1% to 2.6%. Paulsen et al.

[44] found that the bubble volumes in the commercial fused silica crucibles increased for 70 - 90% after the

heat treatment at 1400◦C for 24 hours. Bubble expansion was expected during the viscosity measurement,

considering the similar temperature range during the measurement (1400◦C - 1550◦C). Though there

was not sufficient information to predict the degree of expansion due to the very different heating period

compared to that in our viscosity measurement. In this case, the porosities of different samples could

vary more after the expansion. The measured viscosities of different samples could be affected differently.
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Performing bubble characterization with all samples can help understand more if there is a trend of bubble

characteristics among different samples.

Incorporated OH groups in the fused silica samples can facilitate the crystallization. The presence of H2O

and O2 can catalyze crystallization, as discussed in Section 2.2.3 [24]. If these two substances existed in

the entrapped bubbles, the walls of the bubbles could be the major sites for the formation of cristobalite

in the interior. In this case, it is possible that the entrapped bubbles caused an increase in viscosity, as the

cristobalite provided local mechanical support during the indentation. The expansion of cristobalite at

high temperature range would be measured by the displacement sensor. Analyzing the gas composition in

the bubbles would help predict the interior crystallization situation and evaluate the effect on the viscosity

more accurately. XRD or microscopy can also be used to confirm if any crystalline phase was present in

the interior of the samples after the viscosity measurement.

5.6 Bubbles of fused silica samples and commercial fused silica crucible

The properties of bubbles in the fused silica samples (600-01, 900-01, and 1100-01) are presented in Section

4.6. The porosities, bubble concentrations, and bubble size distributions of these samples were similar. It

implies that different drying temperatures did not have a major contribution to bubble formation.

These results were compared with fused silica produced by different commercial quartz sands, studied by

Guerra et al. [43], shown in Section 2.4.3. The results of sample QP.KY (an as-received imported high purity

quartz sand) were considered due to its more similar impurities’ concentrations with those in quartz sand

A. The average bubble concentration in our samples was 26 - 28/mm3, while that in sample QP.KY was

0.38±0.15/mm3. The bubble concentration in our samples was 50 - 120 times higher than that in sample

QP.KY. As the information about the raw material of QP.KY was not available, the properties of the raw

materials of our samples and QP.KY were not known. For QP.KY, the production was done by Verneuil

process (or flame fusion), while our samples were produced in an alumina crucible in an open furnace.

Considering these differences, no conclusion should be drawn before knowing their most important glass

production parameters including the atmosphere, temperature, and so on.

These results were also compared with different commercial crucibles, studied by Paulsen et al. [44]. The
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average porosity of our samples was ca. 5 times higher than that of the as-received commercial samples,

while the bubble concentrations (# per mm3) were 18 - 50% lower. The peaks of the bubble diameter of

our samples and those of the commercial samples can be seen in Figure 2.12 and 4.20 respectively. The

peaks of bubble diameter of our samples occurred at ca. 110 µm, while those of the commercial samples

occurred at ca. 20 µm. The majority of the existing bubbles in the commercial samples was comparatively

small. As the raw materials of our samples and the commercial crucibles were the same, the difference

could be related to their manufacturing processes. As discussed in Section 2.4.1, during industrial-scale

fused silica production, vacuum is applied from the outer surface of the mould where the fusion of silica

is done. Most of the bubbles formed in the fused silica will migrate towards the outer surface, and be

sucked out during the glass production process. Neither vacuum environment nor controlled atmosphere

was available during the production of the samples in this project. It is expected that the absence of a

vacuum environment, or a controlled atmosphere, during the glass production contributed to the observed

difference in bubble distribution between the commercial and our samples. In case of the presence of

carbon, the bubble formation during the silica melting can be related to the reduction of silica by existing

carbon, described in Equation 5.1.

SiO2(s)+C (s) → SiO(g )+CO(g ) (5.1)

Analyzing the gas composition in the bubbles would help understand the mechanism of bubble formation

during the melting, which is fundamental for minimizing the total volume of bubbles in the silica glass.

The main impurities in the commercial fused silica crucible and our fused silica samples could also be

different. Carbon is expected to be present in the commercial crucible as the production of the crucible is

commonly done in a graphite crucible, while our fused silica samples were produced in alumina crucible.

The bubble formation during the production can be affected by different impurities.
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6 Conclusion

A process involving both drying and melting of high purity quartz sand was established. Consistent fused

silica samples were successfully produced after optimizing the heating profile and the selection of melting

crucible materials and shapes by validating experiments. The process of viscosity measurement was

further optimized after considering the observations from the previous works of this project, resulting in a

better reproducibility. Results from XRD showed that the fused silica samples were free from crystalline

phase.

A sample set consisting of six different fused silica samples were produced based on different combinations

of drying temperatures and periods. Several conclusions were drawn from the observations:

• The majority of the results exhibits the inverse relationship between OH-content and viscosity of

fused silica

• Effect of drying temperatures on OH-contents is more obvious with 1-hour drying period compared

to 24-hour

• Optimal drying parameters have a major contribution to the mechanical performace of the crucible

during the CZ process

There were some uncertainties that could influence the results. There was limited control on the amount

and volume of bubbles in the samples, which could affect the results of both OH-content and viscosity.

The bubble distributions in the 3 samples (600-01, 900-01, and 1100-01) were found to be random.
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7 Further work

Due to the limited amount of samples, the samples at different horizontal position were used for viscosity

and OH-contents measurement. The results of viscosity and OH-content would be more relatable if the

variation of the measuring positions (relative distance to the crucible wall) can be kept minimum. The

melting process and equipment should further be optimized in order to minimize the existing uncertainties.

Controlled atmosphere during melting and viscosity measurement will help reduce the uncertainties and,

consequently, more promising results.

Composition analysis of the samples should be done at each stage to have a better understanding on the

possible events during each process, especially after reheating of fused silica (viscosity measurement).

Analysis of both exterior and interior of the samples will provide more information about the cristobalite

formation behavior during viscosity measurement. It will also be beneficial to measure the OH-contents in

the samples after the viscosity measurement. The fused silica sample produced by the developed process

should be further examined due to the observation of severe cristobalite formation on the top surface

after re-heating, which can be seen in Figure 4.5. As XRD could not detect any crystalline phase on the top

surface of the fused silica sample, use of Raman spectroscopy can be considered.

Same characterization can be performed with the fused silica samples with the same thermal treatment of

quartz sand but different melting technique. The contribution of the melting procedure to the measure-

ment result can be evaluated by comparing with the results of this project.
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A Appendices

A.1 Matlab script for OH content calculation

data = load(’DataFromFTIR.dpt’);

y = data(1:length(data),2); x=data(1:length(data),1);

[ycor r ect ,basel i ne] = bf(y,5,’confirm’); d = thickness(data);

Tmin = min(1-abs(ycorrect)); beta=(1/d)*log(1/Tmin);

factor = (17*10000)/(77.5*2.21); OHppm=factor*beta;

A.2 FTIR Spectra

Figure A.1 The transmittance at different measured positions (shown in Figure 3.8) of sample 600-01(1)
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Figure A.2 The transmittance at different measured positions (shown in Figure 3.8) of sample 600-01(2)

Figure A.3 The transmittance at different measured positions (shown in Figure 3.8) of sample 600-01(3)
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Figure A.4 The transmittance at different measured positions (shown in Figure 3.8) of sample 900-01(2)

Figure A.5 The transmittance at different measured positions (shown in Figure 3.8) of sample 900-01(3)
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Figure A.6 The transmittance at different measured positions (shown in Figure 3.8) of sample 900-24(1)

Figure A.7 The transmittance at different measured positions (shown in Figure 3.8) of sample 900-24(2)
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Figure A.8 The transmittance at different measured positions (shown in Figure 3.8) of sample 900-24(3)

Figure A.9 The transmittance at different measured positions (shown in Figure 3.8) of sample 1100-01(1)
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Figure A.10 The transmittance at different measured positions (shown in Figure 3.8) of sample
1100-01(2)

Figure A.11 The transmittance at different measured positions (shown in Figure 3.8) of sample
1100-01(3)
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Figure A.12 The transmittance at different measured positions (shown in Figure 3.8) of sample
1100-24(1)

Figure A.13 The transmittance at different measured positions (shown in Figure 3.8) of sample
1100-24(2)
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Figure A.14 The transmittance at different measured positions (shown in Figure 3.8) of sample
1100-24(3)

A.3 The measured loadings for each viscosity measurement

Table A.1 Loadings for each viscosity measurement

Fused silica samples
100-24 600-01 900-01 900-24 1100-01 1100-24

#1 #2 #1 #2 #1 #2 #1 #2 #1 #2 #1 #2

Loading (N) 4.09 4.11 4.11 4.09 4.10 4.09 4.10 4.10 4.10 4.09 4.10 4.10
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A.4 3D images of bubbles in a volume of 1.8 x 1.8 x 1.8 mm3 at a corner on XY plane

Figure A.15 3D view of the entrapped bubbles in a volume of 1.8 × 1.8 × 1.8 mm3
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A.5 Viscosities and OH contents in commercial fused silica crucibles provided by TQC

Figure A.16 The viscosities of commercial fused silica crucibles that were heat treated at different
temperatures, provided by TQC. HT1 and HT4 represent the lowest and highest temperature
respectively [25]
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Figure A.17 The OH contents in some commercial fused silica crucibles that were heat treated at
different temperatures, provided by TQC. BC and BF represent the OH contents in
bubble-composite and bubble-free layer respectively. HT1 and HT4 represent the lowest
and highest temperature respectively [25]

Table A.2 Summary of the OH contents in commercial crucibles provided by TQC. BC and BF represent
the OH contents inbubble-composite and bubble-free layer respectively. HT1 and HT4
represent the lowestand highest temperature respectively [25]

Quartz sand
New (ppm) Used (ppm)

BC BF Total BC BF Total

HT1 37.7 28.2 65.9 9.3 14.6 23.9

HT2 38.0 29.0 67.0 2.9 17.6 20.5

HT3 35.5 26.2 61.7 - - -

HT4 18.3 20.0 38.3 - - -
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