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Abstract

The presence of inhomogeneities such as bubbles and striae in glasses influences the physical and chemical
performance of glass products. Due to the negative impact of inhomogeneities on glass products, glass scien-
tists and technologists have for more than a century studied inhomogeneities and tried to eliminate them.
Despite much progress in enhancing the homogeneity of glasses, scientists and technologists are still facing
problems with quantification and elimination of inhomogeneities in glass products, and with clarification of
the sources of the inhomogeneities. Part of the reason for those problems is a lack of reliable and universal
methods for characterisation of the inhomogeneities. Another part of the reason is that the technological
possibilities available to scientists and technologists decades ago are lower than those available today.

In the present Ph. D. project, methods for quantitative characterisation of bubbles and striae in glasses
are developed. To characterise the striae, an optical image of the investigated glass is acquired and subjected
to image analysis. The presence of a stria influences the optical transmission of the glass in the striated do-
main and therefore, the striae in the glass are identified by changes in the optical transmission of the sample.
The optical transmission is recorded along a line on the acquired image, which is referred to as line scanning.
For each glass sample, 500 line scans undergo Fourier transformation in order to obtain the stria intensity as
a function of stria dimension. The stria intensity is a measure of the optical transmission difference between
the striae and the glass matrix. The striae in the glass are characterised by a characteristic dimension and
intensity or the total stria content of the glass. The bubble content in glass samples is determined by acquisi-
tion of 2D images stacks by means of optical microscopy. A computer program identifies the bubbles on the
acquired image stacks and determines the volume of each bubble.

The stria content in a glass melt is reduced by stirring the melt, increasing the melt temperature, and
prolonging the retention time. Striae are equilibrated by diffusion. Increasing melt temperature enhances the
diffusion rate, and hence, reduces the stria content in the resulting glass. A prolonged retention time increas-
es the extent of diffusion and thereby diminishes the stria content of the melt. Stirring in itself does not elim-
inate striae from the melt, but stirring reduces the dimension of the striae in the melt. The smaller dimension
of the striae allows a faster elimination of them. In an iron-bearing calciumaluminosilicate melt (melt used
for stone wool production) both striae caused by gradients in the chemical composition and striae caused by
a change in the Fe?*/Fe3* ratio have been identified. In the stone wool melt, an increase in the melt tempera-
ture causes a growth of the bubbles, whereas the overall bubble volume is unaffected by the temperature
increase. Bubbles with a diameter smaller than 25 pm are mostly filled with CH4, CO and CO, whereas the
bubbles larger than 25 pm mainly contain N>, HoS and SOs.



IV-

Dansk resume (Danish abstract)

Tilstedevaerelsen af uhomogeniteter som bobler og slirer i glas har indflydelses pa glasproduktets egenska-
ber. Pa grund af uhomogeniteternes negative indflydelse pa glasegenskaberne, er uthomogniteterne og deres
eliminering blevet studeret gennem arhundreder. Pa trods af betydelige fremskridt i den generelle glasho-
mogenitet gennem de sidste hundrede &r fordrsager kvantificeringen og elimineringen af uhomogeniteter
stadig problemer ligesom en fastleeggelse af uhomogeniteternes oprindelse er vanskelig. En del af forklarin-
gen pa de problemer der er med uhomogeniteter i glasprodukter skyldes en mangel pa palidelige og univer-
selle metoder til karakterisering af uhomogeniteter i glas. En andel del af forklaringen er at forskere tidligere
ikke har haft adgang til de samme teknologiske muligheder som er tilgeengelige for nutidens forskere.

I dette Ph. D. projekt udvikles metoder til kvantitativ beskrivelse af bobler og slirer i glasser. Slirerne
underspges ved a tage et billede af glaspreven og anvende dette til en billedanalyse. Slirer i glasser bevirker
en endring af den optiske transmission i det slirede omrade og derfor karakteriseres slirerne ud fra sendrin-
gerne i glassens optiske transmission. Glassens optiske transmission males langs en linje pd billedet, hvilket
beneevnes linjeskanning. For hver prove udferes 500 linjeskanninger der hver udseettes for Fourier transfor-
mation for at bestemme slireintensiteten som funktion af sliredimensionen. Slireintensiteten er et mal for
forskellen i optisk transmission mellem sliren og den omkringliggende homogene glas. Slirerne i en glas er
kvantificeret ud fra en karakteristisk dimension og intensitet eller glassens totale slireindhold. Bobleindhol-
det i glasprover bestemmes ved at fremstille en stak af 2D billeder ved hjeelp af optisk mikroskopi. Et com-
puterprogram identificerer boblerne i billedstakken og bestemmer voluminet af hver enkelt boble.

Slireindholdet i en glassmelte reduceres ved omrering, oget smeltetemperatur og forleenget smeltetid.
Slirer i glassmelten udlignes via diffusion. Hgjere smeltetemperatur sger diffusionshastigheden og reducerer
derved slireindholdet i smelten. En leengere smeltetid gger diffusionsomfanget og reducerer pd denne made
smeltens slireindhold. Omrering i sig selv eliminerer ikke slirer fra glassmelten, men omrgring mindsker
slirernes dimensioner i smelten. De mindre sliredimensioner ferer til en hurtigere eliminering af slirerne via
diffusion. I en jernholdig calciumaluminiumssilikat smelte (smelte anvendt i produktion af stenuld) findes
slirer der skyldes en gradient i den kemiske sammensaetning samt slirer som skyldes en i forskel i Fe?*/Fe3*
niveauet. | en industrielt produceret stenuldssmelte forarsager en foreget smeltetemperature sterre bobler,
omend det samlede boblevolumen forbliver uaendret. Bobler med en diameter mindre end 25 um indeholder

hovedsageligt CH4, CO og CO2 mens bobler stgrre end 25 um mest bestar af N>, H»S og SO..



Table of contents

1

INETOAUCHION ...t 1
1.1 MOtIVALION ...t 1
1.2 SCOPE Of the tRESIS ...ttt ettt eaene 1
1.3 OUtline Of the thesis ........ccoiiiiiii e 2

BaCKGIOUINA. ...ttt bttt eaes 3
21 GIaSS PIOAUCLION ...ttt 3
22 Origin of inhomogeneities i Glass ..o 4

221 BUDBDIES ...ttt 5

222 Undissolved raw materials (SEOMES) .......ceirirueuiririeriririeiirieieitrteie ettt ettt ettt seebenes 5

223 SHIAC ..ot 6

224  RecrystallizZed SPECIESs ... 6
23 Methods for characterisation of glass homogeneity ............cccccocviiiiiiiiiiinniiccccee 7

23.1  Christiansen filter MeEthod .........ccoviiiiiiiiiii e 7

2.3.2  Measurement of chemical COMPOSILION .....coceveuirirveuiririeiririeiniriciiee ettt saeseees 9

2.3.3  Refractive index MEASUTEMENL...........ccccuiiiuiiiiiiiiiiiciiicee e 9
24 Establishment of a stria characterisation method ... 10

241 Transmission of light through glass ... 10

2.4.2  Processing of transmission data............cocociiiiiiiiiiiiicce e 13
25 Characterisation of BUDDIES ...........ccoiiiiiiiiic s 13

Characterisation of striae and BUbDIes.............c.ocoviiiiiiiiiiiicccc e 15
3.1 Characterisation Of SEIIAE. ..ot 15

311  Image acqUiSItiON ..ot 15

3.1.2  IMAEE PIOCESSING ....ovuiiiiiiiiiiiiicic bbbt 16

3.1.3  LINE SCANIUNG .....cviiiiitiiiiiitiiiieiecte ettt s e s s st s s s ne et ene e 17

3.1.4  Fourier transformation ..........cccciiiiiiiiiiiiicece et 18
3.2 Quantification Of DUDDIE SIZE ..........ccc.oiiiiiiiiiiiceeeee ettt ettt sttt e s aeeeanee s 18

321 Image Stack aCqUISIEION ....c.cuuiuiiriiriciciciccccc et 18

3.2.2  IMAEE PIOCESSING ....voviuiiitiiiiiiiiietcc ettt s e st s e ae e en e 18

323  IMAGE ANALYSIS ..ot 19

Characterisation of iNhOMOGENETHIES........c.c.cuiiririririririiecccce e 20
41 Stria CharaCteriSAtION. ....c.coviuiiieieiieic ettt sttt 20

41.1  Characterisation of simulated StriatioNs ..........cccccoivirrrriiiieiciiiiir s 20

41.2  Characterisation of glasses from stone Wool MEILS ...........c.cccciiiinnrieieeieccirrree s 22

413 Discussion of the stria characterisation method ..........c..ccccveiciniiiiniiiniccceeees 24
4.2 Ranking the homogeneity of glass.............ccooviiiiiiiiiii 26
43 The chemical origin of the StrIAe ..........c.cecuiiiiiniccec e 29

431  Method VETIfICAtION ....c.cevviuiiiieiiiieiciiec ettt 30

43.2  Characterisation of glasses from stone wool melts ............cccoeiiiininiiiiiiic e 31
4.4 Bubble characteriSation ..ottt 33

441 Bubble size diStriDUION ......c.c.cuiuiiiiiiiiiiic s 33

442  Chemical analysis Of GASEOUS SPECIES.........cccucuiuiuiuiiririiiiiiicicicce e 34



VL

5 Influence of production conditions on iINhOMOGENEILIES. ........c.cecirirrririricieieiciiiirreeeee et 36
51 Equilibration of striae in glass MELLS........c.ccccciiinnririeieieiiciirrrrree ettt 36
51.1  Effect of stirring on striae in glass melts: Simulation studies ............c.ccccceoeeiiinnnnnnciciiiine 36
5.1.2  Effect of stirring on striae in glass melts: EXperiments..........c.c.cccerrruruerereuerecinnnnenneeerereseeeeens 38
5.1.3  Effect of melting temperature and retention time on stria equilibration .........c.cccecevvvevercuccccncnne. 39
51.4  Effect of melt viscosity on stria equilibration............cccocoeiuiiiiiininiiiiccce e 42
52 Removal of bubbles from glass MELLS ........c.ccccciirrriririeieiiieiiirrrree ettt 43
521 Influence of melt temperature on bubble CONtENt .............ccceiviirininneieicicicccirrree s 44
522 Influence of iron on bubble cONteNt............cccoviviiiiiiiiiiiiii s 45
SUINMIMNATY ...viii bbb 47
BIDHOGIAPIY ...t 49

Paper 1: Quantification of chemical striae in inorganic melts and glasses through picture processing.
Journal of the American Ceramic Society 93 (2010) 2705-2712.
Authors: M. Jensen, R. Keding & Y. Z. Yue

Paper 2: Effect of bubbles on the characterisation of striae. Glass Technology: European Journal of Glass Sci-
ence and Technology Part A 51 (2010) 147-152.
Authors: M. Jensen, R. Keding, S. Fjendbo, H. H. Poschwatta & Y. Z. Yue

Paper 3: Homogeneity of inorganic glasses: Quantification and ranking. International Journal of Applied
Glass Science 2 (2011) 137-143.
Authors: M. Jensen, L. Zhang, R. Keding & Y. Z. Yue

Paper 4: Probing iron redox state in multicomponent glasses by XPS. Chemical Geology, submitted.
Authors: M. Jensen, L. Zhang & Y. Z. Yue

Paper 5: Bubble formation in basalt-like melts. Glass Technology: European Journal of Glass Science and
Technology Part A 52 (2011) 127-135.
Authors: M. Jensen, R. Keding & Y. Z. Yue

Paper 6: Effect of stirring on striae in glass melts. Journal of Non-Crystalline Solids, under review.
Authors: M. Jensen & Y. Z. Yue

Paper 7: Effect of melting conditions on striae in iron-bearing silicate melts. Glass Technology: European
Journal of Glass Science and Technology Part A, submitted.
Authors: M. Jensen & Y. Z. Yue



1 Introduction

1.1 Motivation

Glass is a material that through the past centuries has found increased use and is now applied in many mod-
ern technologies and daily uses such as containers, telescopes, optical communication fibres, windows, insu-
lation materials, lenses, display panels, solar cell panels, composite materials and buildings. Depending on
the application fields, glass is produced by different means and from different raw materials. Despite this
diversity, the vast majority of glasses are produced through a procedure with the following common fea-
tures. Since a given glass is produced from a batch of raw materials each with a different chemical composi-
tion, the raw materials need to be mixed initially. The mixed batch is then loaded into a melting furnace
where the raw materials melt upon heating. During the melting process, the differences in chemical compo-
sition between each of the raw materials are gradually homogenised through diffusion. Besides inflicting a
melting of the raw materials, the heating of the raw materials can lead to generation of bubbles. Owing to
buoyancy, the bubbles rise to the surface, however, if the melting temperature is too low or the melting du-
ration is too short, the bubbles are entrapped in the melt. A bubble-free melt where all raw materials have
been melted and the chemical differences of the raw materials have been equilibrated is said to be homoge-
neous, whereas an inhomogeneous melt contains bubbles and/or differences in the chemical composition or
even undissolved raw materials. Any inhomogeneity present in the melt is transferred to the final glass
product, which leads to a deterioration of the performance of the product [Abrams & Green 2006; Beerkens
& van der Schaaf 2006; Lund & Yue 2008; Svecova et al 2010]. Therefore, control of the homogeneity of glass
melts is a key issue for both glass industry and glass research.

Due to the importance of homogeneity of glass, researchers have been trying to characterise and study it
and to find different approaches to enhance it for centuries [Christiansen 1884; Tooley & Tiede 1946;
Shelyubskii 1960; Varshneya et al 1985; LaTourette et al 1995; Hoffmann, 2003]. The characterisation and
evaluation of glass homogeneity have been performed by means of various methods, e.g. based on optical
measurements [Braetsch & Frischat 1988; De Freitas & Player 1995; Hoffmann 2000], compositional meas-
urements [Behrens & Haack, 2007; Wondraczek et al 2007; Chopinet et al 2010] and other kinds of measure-
ments [Jerie et al 1999; Souza et al 2005]. These methods are useful in one or another case, but are not univer-
sal, and in some situations they are complicated and inaccurate. This is often due to low sensitivity of those
methods to compositional fluctuations and redox changes and to complexity of the measurements (time
consuming measurements). Thus, a universal and simple method for characterising the homogeneity of
glasses needs to be established.

Development of one or several methods for characterisation of glass homogeneity does not in itself lead
to homogeneous glass products. Accurate homogeneity characterisation is a requisite for exploration of the
effect of melting conditions on the homogeneity of the final glass product, and for finding the sources of its

inhomogeneity.

1.2 Scope of the thesis

Studies of homogeneity can take place from the atomic scale to the macroscopic scale. In this work, focus is
on macroscopic inhomogeneities, i.e., inhomogeneities in the size range pm to cm. In this size range, homo-

geneity is controlled by several aspects such as striae, bubbles, crystals and undissolved raw materials.



Therefore, the work needs to be limited to focus on some of these factors. This work is devoted to the two

most common inhomogeneities in glasses: striae and bubbles. Therefore, the aims of the project are as fol-

lows:

1.

ISARE R

Develop methods for characterisation of striae and bubbles in glasses
Find characteristic quantities for describing homogeneity of glass
Perform a universal ranking of glasses based on their homogeneity
Explore the chemical origin of the striae in the investigated glasses

Clarify the effect of production conditions on the homogeneity of glass

1.3 Outline of the thesis

The thesis is presented as a plurality including an introductory overview followed by 7 papers based on the

research from the project (4 published and 3 submitted). The overview provides the background and key

analysis methods employed in the project. The papers are:

1.

N oD

Quantification of chemical striae in inorganic melts and glasses through picture processing
Effect of bubbles on the characterisation of striae in glasses

Homogeneity of inorganic glasses: Quantification and ranking

Probing iron redox state in multicomponent glasses by XPS

Bubble formation in basalt-like melts

Effect of stirring on striae in glass melts

Effect of melting conditions on striae in iron-bearing silicate melts



2 Background

From a physical perspective, a glass is a substance without a long range order, i.e., the substance only con-
tains domains with ordered structures smaller than ~ 10 nm. From this definition, the term “glassy” can be
used to describe a broad range of materials such as window glass, metals, chalcogenides and organic poly-
mers, etc. In the present work, description of the background of inhomogeneities solely deals with oxide
glasses, i.e., the glass contains oxygen anions and different cations.

The project is performed in the frame of collaboration between Rockwool International A/S and Aal-
borg University. The Rockwool group is the world’s leading supplier of products and systems of stone wool.
The production of stone wool insulation fibres differs from that of ordinary inorganic oxide glass products
such as container glass in some aspects. The general production steps of both stone wool fibres and common
oxide glass are discussed. The origin of inhomogeneities in glasses in general is discussed. In the present
work, samples from both stone wool melts, common oxide glasses, and glasses produced at laboratory scale

will be studied with respect to inhomogeneities.

2.1 Glass production

The main difference between common oxide glass production and the production of stone wool is the redox
conditions of the melt during the melting process. Oxide glasses are commonly produced under neutral or
oxidising conditions, whereas stone wool is produced under reducing conditions. A similarity between these
glass production processes is heating of the raw material batch to the molten state. After a certain retention
time in the furnace, the melt is cooled at a high rate. For stone wool, the cooling rate of the melt is as high as
106 K/s during the fibre spinning process [Yue et al 2004]. If a low cooling rate is applied, crystals can form
when the temperature is below the melting temperature since the crystalline structure possesses a lower
energy state than the glass structure. To circumvent crystal formation, a high cooling rate is applied, which
shortens the time window for atomic rearrangement into the ordered crystalline structure. Instead of crystal-
lising, a disordered glass structure is obtained when the melt is cooled to such an extent where a high viscos-
ity prevents further atomic movement. This point is at a viscosity of 1012 Pa s, which is also known as the
glass transition temperature (Tg) [Yue 2008].

The melting procedure of common oxide glass production can be described by considering the setup
used for the production of the highly prevalent container glass. Container glass is produced in a tank fur-
nace that is divided into two chambers: the melting chamber and the working chamber. The raw materials
are loaded into the melting chamber where the raw materials melt upon heating. The melt is in contact with
an air atmosphere above the melt. Bubbles entrapped in the melt ascend to the surface due to buoyancy un-
less the ascent is kinetically hindered by a high viscosity. After a certain retention time in the melting cham-
ber, the melt flows into the working chamber where the temperature is lower than in the melting chamber.
In the working chamber, remaining gradients in the chemical composition of the melt can be equilibrated
and the melt obtains the desired viscosity for the forming process. The furnace is commonly fired by burning
fossil fuels such as gas or coal outside the furnace followed by a direction of the flame from the combustion
process into the furnace. Since the melt is not in contact with the fuel and there is atmospheric air above the
melt in the furnace, the conditions in the container glass furnace are oxidising [Persson, 1983].

Stone wool melts belong to the iron-bearing calciumaluminosilicate system. Most stone wool melts are

produced by loading lumps of raw materials and coke into the top of a cupola furnace [Leth-Miller et al



2003]. Nozzles used for adding pre-heated air to the furnace are placed at the bottom of the furnace (Figure
2.1).

Fluegas outlet

Raw material

Figure 2.1: Illustration of a cupola furnace used in stone wool production modified from [Leth-Miller et al 2003]. Pre-
heated atmospheric air is supplied to the furnace at the nozzles.

Through reaction with oxygen in the blown-in air, coke combusts and thereby acts as energy source for the
furnace [Sirok et al 2008]. Besides reacting with molecular oxygen, coke can undergo oxidation by reaction
with iron oxides in the raw materials and this reaction is responsible for creating the reducing conditions
inside the furnace [Leth-Miller et al 2003]. Besides cupola furnaces, electric furnaces are also used in produc-
tion of stone wool melts. In the electric furnace, graphite electrodes directly heat the stone wool melt. In both
the electric and cupola furnace lumps of raw materials are loaded into furnace, but the retention time (dura-
tion between raw materials are loaded into the furnace and the melt leaves the furnace) is 10 to 20 times
longer in the electric furnace than in the cupola furnace. Both the cupola and the electric furnace operate
around a temperature of 1500 °C and under reducing conditions. Melt has also been sampled from a test
furnace where finely ground raw materials are used, but due to confidentiality no details about the operat-

ing conditions can be provided for this furnace.

2.2 Origin of inhomogeneities in glass

Inhomogeneities in glass are closely related to the glass production procedure. The composition of a glass
product is tailored from the desired properties of the product. To obtain the desired glass properties, it is
necessary to produce a batch from several chemically different raw materials. After the batch is mixed, it is
melted at an elevated temperature at which the melt fining and homogenisation processes occur. The melt-
ing temperature depends on the batch composition. If the fining process is incomplete, bubbles appear and
remain in the melt (Figure 2.2). The well fined and homogenised melt is free of bubbles and has a uniform
chemical composition. Each of the most common inhomogeneities in glasses and their origin is discussed in
subsection 2.2.1 through 2.2.4.
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Figure 2.2: Mixing of raw materials and the homogenisation that occurs during melting of the raw materials. In the
poorly homogenised melt bubbles and a domain with a different chemical composition (differently hatched area) and
three bubbles (white areas) are found

2.2.1 Bubbles

The occurrence of bubbles can have several possible origins. First, in the mixed batch, voids between the raw
materials are present (Figure 2.2). Due to the difference in chemical composition between the various raw
materials, the melting temperature between raw materials differs. When the raw material with the lowest
melting temperature melts, it flows and covers the other still solid raw materials. The consequence is an en-
capsulation of the voids between the raw materials in the initial batch and thereby these voids become gase-
ous inclusions in the freshly obtained melt. Another possibility for encapsulation of voids is sintering of raw
materials before the melting, which also causes an encapsulation of the air in the gaps between the raw ma-
terials. Second, commonly, some of the raw materials used in glass production are present as carbonates,
which upon heating decompose to oxide and CO». Third, any moisture in the raw materials is released as
water vapour upon heating. Fourth, the glass melt can dissolve the refractory stones that constitute the wall
of the furnace. For porous refractory stones, the air in the pores is released and then entrapped in the melt
[Mulfinger, 1980]. Fifth, bubble generation sources specific for a certain melting technology can exist. Such
an example is the cupola furnace which is fired by combusting coke inside the furnace. Since coke is in direct
contact with the raw materials during the combustion process, reactions between coke and species in the raw
materials or melt could take place. An example of this is the reduction of FeoOs to FeO or the reduction of
FeO to Fe’ by means of coke [Leth-Miller et al 2003]. During the reduction of both Fe;O; and FeO, coke is
oxidised to CO and/or CO depending on the local redox conditions.

2.2.2 Undissolved raw materials (stones)

As stated in subsection 2.2.1, the melting temperature of the raw materials in a batch differs. During the
melting process, the raw materials with the lowest melting point initially form a melt in which the raw mate-
rials with the higher melting temperature reside. The stones gradually dissolve in the surrounding melt as
the temperature increases. Since the dissolution of the raw materials depends on both the melting tempera-
ture and the duration at the melting temperature, a low melting temperature and short retention time can
cause incomplete dissolution of all raw materials. In that case, small grains of undissolved raw materials are

present in the melt as it leaves the furnace.



2.2.3 Striae

A stria is a domain within the glass that differs chemically and/or physically from the surrounding glass
matrix. Hence, a stria can be described as “glass in glass”. Striae can be divided into chemical and physical
ones. In the former, both the chemical and physical properties differ from the surrounding glass whereas the
latter only displays a difference in the physical properties compared to the parent glass [Briickner 1980].

The physical stria arises when the cooling rate of the melt during the casting process is inhomogeneous.
Since the energy state and volume of the glass depend on the cooling rate [Shelby 2005], a fluctuation in the-
se two parameters exists in a glass sample with a cooling rate gradient. As a consequence, a difference in
packing density between the stria and the glass is present, which among others leads to a fluctuation in the
refractive index across the physically striated region.

The chemical stria has two potential origins. It can be a fluctuation in the chemical composition or it can
be a change in redox state if the glass contains polyvalent elements. The difference in chemical composition
has several potential sources. First, the compositional difference between the raw materials in the batch is
equilibrated by the entropy driven diffusion process when the raw materials have entered the molten state.
The diffusion rate of ions in the glass melt depends on the temperature of the melt [Schoo & Mehrer 2000;
Grofmeier et al 2007; Smedskjaer et al 2010]. Hence, similar to the dissolution of raw materials described in
subsection 2.2.2, a low melting temperature and a short melting duration can be insufficient to equilibrate
the differences in chemical composition that exist immediately after the last raw materials have been dis-
solved in the melt. Depending on the extent of diffusion during the melting process, the extent of the chemi-
cal differences in the stria can vary. Due to the complexity of chemical striations, a chemical stria can be
caused by a fluctuation in a single or several species. Consequently, each chemical stria affects the chemical
and physical properties to different extents. A chemically striated glass can contain striae with fluctuations
in different chemical species, which even can possess various concentration gradients across different do-
mains of the glass. Second, alkalis can evaporate from the melt during the melting process and consequently
the surface of the glass melt is depleted in alkali ions. Third, the inside of the glass furnace tank is made by a
refractory material and during the melting process parts of the refractories can dissolve in the glass melt
[Briickner 1980].

The other type of chemical striae, the striae created by a variation in the redox state, can have two possi-
ble origins. First, local redox conditions might exist in the melt and therefore, domains with a different oxi-
dation state can occur in the glass melt. Second, after the melt leaves the furnace, it might be exposed to both
a different atmosphere (redox conditions) and a sudden temperature change. The temperature of the melt
affects the equilibrium oxidation state of polyvalent elements in the melt since the redox state shifts towards
a more oxidised state when the temperature is decreased [Dingwell & Brearley 1988; Lange & Carmichael
1989; Kukkupadu et al 2003; Kaufmann & Riissel 2010]. During the melting procedure in the cupola furnace,
some parts of the melt are in direct contact with coke, whereas others parts of the melt are less exposed to

the reducing conditions of the coke, i.e., local variations in the redox state of the melt can exist.

2.24 Recrystallized species

Crystalline domains in a glass can be both undissolved raw materials and re-formed crystals. Whereas the
undissolved raw materials in the glass are present due to an insufficient melting process (subsection 2.2.2),
the re-formed crystals are created after the melt has left the furnace, i.e., during the glass forming process.

Since the energy of the crystalline state is lower than that of the glassy one, there is a thermodynamic driving



for the crystal formation when the melt is cooled. In glass production, the crystallisation is avoided by rapid-
ly quenching the melt. Due to the high cooling rate, the available time for atoms to rearrange into the or-
dered structure is insufficient and instead the disorder of the atoms in the melt is frozen in, i.e., the glass
state forms. The cooling rate which is necessary to avoid crystal formation varies by orders of magnitudes
between different glass compositions [Shelby, 2005]. Theoretically, crystals can form in any liquids as long as

the cooling process is slow enough.

2.3 Methods for characterisation of glass homogeneity

As explained in section 2.2, inhomogeneities are very different in their chemical and physical nature and
originate from different sources. Due to this complexity, several methods have been established to character-
ise the homogeneity of glasses. Some of the methods are sensitive to few of the types of inhomogeneities
whereas others only concern a single type of inhomogeneity. In this section some of the key approaches for

homogeneity characterisation are be presented and discussed.

2.3.1 Christiansen filter method
The Christiansen filter method is based on measurement of the transmission of optical light developed by
Christiansen more than a century ago [Christiansen 1884; Christiansen 1885]. The filter contains irregularly

shaped glass grains immersed in a fluid with a refractive index close to that of the glass (Figure 2.3).
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Figure 2.3: Schematic illustration of a Christiansen filter. A monochromatic light source (typically a laser), irradiates the
irregularly shaped glass grains immersed in a fluid which leads to absorbed, reflected, refracted and transmitted light
(dashed lines).

During the operation of the Christiansen filter setup, the transmittance of light through the filter is recorded
as a function of either wavelength of the incident light or the temperature of the filter. The method relies on
the different refractive index dependence on wavelength and temperature for the glass and the immersion

fluid (Figure 2.4).
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Figure 2.4: Dependence of refractive index of the glass grains and immersion liquid on temperature at a fixed wave-
length (a) and wavelength of the incident light at a fixed temperature (b).

The refractive indices of the fluid and the glass match at a given temperature or given wavelength. At the

intersection point of the two curves, reflection and refraction of the incident light reaches a minimum, i.e.,



the transmission of the filter is maximised. The refractive index curves of the glass grains correspond to a
certain chemical composition, i.e., to a homogeneous glass. Each chemical domain in the glass exhibits its
own refractive index behaviour. Therefore, in a situation where glass grains originating from an inhomoge-
neous glass are used in the filter, the filter contains glass grains with different refractive indices at a given

temperature and grains with different dependencies of refractive index on temperature (Figure 2.5).
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Figure 2.5: Refractive index against temperature for a filter with glass grains from a chemically inhomogeneous glass.

When the filter is filled with inhomogeneous glass, the match of the refractive index between the glass grain

and immersion fluid occurs at various temperatures. Consequently, an increased optical transmission

through the filter is seen at various temperatures, e.g., at 19, 41 and 48 °C as given in the example in Figure

2.5. In real samples, however, the refractive index match is likely to occur around a single temperature and

the transmittance decays in a Gaussian manner from this temperature [Hoffmann 1999].
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Figure 2.6: Relative transmittance through the Christiansen filter at different temperatures for a relatively homogeneous
glass (Glassl) and a relatively inhomogeneous glass (Glass2). The maximum transmittance for each glass has been made
relative to 1.

In Figure 2.6, the optical transmission as a function of temperature is shown for a relatively homogeneous
glass (Glassl) and a relatively inhomogeneous glass (Glass2). The more inhomogeneous glass has a broader
peak than the more homogeneous glass, since the inhomogeneous glass has refractive index match at several
temperatures (cf. Figure 2.5). Comparison of transmission as a function of temperature does, however, only

provide a qualitative description of the homogeneity of the glass. Based on the ideas of Raman [Raman



1949], Shelyubskii has established an approach for characterisation of the refractive index homogeneity of
glass by means of Christiansen filter measurements [Shelyubskii 1960]. From the method of Shelyubskii, the
peak width of the transmission curve at half transmission maximum can be used to determine the standard
deviation of the refractive index in the glass. The formulae of Shelyubskii have intensively been applied to
determine the homogeneity of glasses by means of Christiansen filters [Schilling & Weiss 1966; Inoue et al
1984; Varshneya 1986; Braetsch & Frischat 1988; Balasubramanian et al 1992; Tenzler & Frischat 1995; Janke
& Frischat 1998]. Although critical comments from some authors [Afghan & Cable 1980; Varshneya et al
1985; Aylward et al 1986], the fact that the ideas of Raman (and consequently the extension by Shelyubskii)
are inadequate and to some extent fundamentally wrong has been ignored. As noted in Hoffmann (2003),
Raman assumed homogeneously distributed cubic grains, whereas irregularly shaped grains are randomly
dispersed in the Christiansen filter. Also Raman’s and Shelyubskii’s formula states that the transmission of
one grain with a certain diameter is smaller than the transmission through two grains with half the diameter,
although the opposite phenomenon is valid [Hoffmann 2003]. Furthermore, the thoughts of Raman did not
include contributions from Raleigh scattering, scattering between the glass, the immersion liquid and the
wall of the filter (Fresnel reflection) and change in the aperture angles due to refraction [Hoffmann 1999]. In
addition to these general issues, there are sample specific deficiencies. First, optically transparent glass
grains are required, i.e., strongly light absorbing glasses such as iron-bearing glasses must be crushed to
small pieces in order to obtain a transparent grain. As a consequence of the small grain size, only refractive
index changes that occur over small dimensions can be detected. Second, the method cannot characterise
absorption striae, i.e., the method is unable to describe changes in redox state of any polyvalent elements in

the glass.

2.3.2 Measurement of chemical composition

Measurement of the chemical composition in different domains of the glass directly addresses the chemical
nature of the striations in contrast to the optical based approach applied in the Christiansen filter method.
Previously, local measurements of chemical composition have mainly been carried out by the means of laser
ablation inductively coupled plasma mass spectroscopy (LA-ICP-MS) [Schmidt et al 2004; Trejos & Almirall
2005; Sylvester 2006; Huang et al 2007; Nehring et al 2008] or electron microprobe measurements [LaTourette
et al 1995; Canil 1999; Rocholl 1999; Pertermann & Hirschmann 2003; Behrens & Haack 2007; Vetere et al
2007; Chopinet et al 2010]. Since the equipment for direct measurement of chemical composition is more
delicate and advanced than that used in, e.g., the Christiansen filter method, direct measurement of local
chemical compositions dates only a few decades back. Many of the techniques used for measurement of
chemical composition are insensitive to changes in redox state of polyvalent elements, however, more recent
X-ray techniques such as X-ray absorption near-edge structure (XANES) and X-ray photoelectron spectros-
copy (XPS) can determine the redox state of the species [Wilke et al 2005; Villian et al 2007; Backnaes et al
2008].

2.3.3 Refractive index measurement

The refractive index across of a glass is normally measured by means of an interferometer [Puryayev 1998].
Besides being applied in refractive index quantification, interferometers can be used for qualitative descrip-
tion of striations [Kerkhof 1980]. From refractive index measurements of different spots on the glass, a

standard deviation of the refractive index can be determined, i.e., a result similar to that of the Christiansen
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filter method is obtained. However, data from interferometers are more reliable since there are fewer effects
to be accounted for. A standard equipment is sensitive to refractive index variations of about 5107 [Purya-
yev 1998], but with a more complex setup and very precise temperature control, sensitivities down to 108
can be obtained [De Freitas & Player 1995]. Due to the nature of the interferometer, only refractive index
induced striations can be measured, i.e., the method is insensitive to striae caused by changes in absorption

due to different redox states of polyvalent elements.

2.4 Establishment of a stria characterisation method

Some glasses containing polyvalent elements such as iron could contain striae that arise from differences in
the absorption of the glass. For such glasses, both the Christiansen filter method and the refractive index
measurements are incapable of describing all striations. X-ray techniques such as XANES can detect changes
in the redox state, but the measurements are time consuming. As a consequence of the slow data acquisition,
the number of measurements has to be limited, and this increases the statistical uncertainty of such meas-
urements. Especially for inhomogeneous glasses, the statistical aspect is crucial for clarifying whether a cer-
tain fluctuation of chemical composition is due to accidental presence of a lonely standing domain with dif-
ferent composition from the surrounding or is a more general feature throughout the whole sample. There-
fore, it is necessary to develop a method which is sensitive to striae caused by changes in both refractive
index and absorption of the glass and has fast data acquisition to reduce statistical uncertainty.

Measurement of the optical transmission of light through a sample is sensitive to striae caused both by
refractive index changes and by changes in the absorption. To achieve a fast data acquisition rate, it is chosen
to obtain an image of the glass. Instead of recording the transmission of the glass from the apparatus, the
transmission of the entire image can be recorded by a computer at a fast rate. In other words, by analysing
an image of the sample recorded by means of optical transmission, the requirements for a general and relia-
ble stria characterisation method could be obtained. The disadvantage of optical transmission based ap-
proaches is that the chemical nature of the striations remains hidden.

Large amounts of transmission data are, however, insufficient to characterise striae since precise and
quantitative description of striae require a solid and physically meaningful processing of the data. In order
to establish such processing procedure, it is necessary to consider the chemical nature of the striae. The
chemical striae arise since the dissolution of certain raw materials in the glass melt is incomplete. The chemi-
cal components of that raw material diffuse into the surrounding melt and create a gradient in the chemical
species of that raw material around that particle. The gradient gradually diminishes from the particle/melt
interface towards the homogenised glass melt. Therefore, chemical striae are soft oscillating changes in the
chemical composition of one or more components. Consequently, the transmission changes caused by the
striae could be mimicked by Fourier transformation, which fits sine curves to a data set. In the following
subsections, the theoretical background behind the new stria characterisation method is presented. The de-

tails of the method are presented in Chapter 3.

241 Transmission of light through glass

Transmission is the ability of a material to permit light. When the incident light encounters the material four
phenomena can occur: refraction, reflection, absorption and transmission. The extent of reflection and refrac-
tion is determined by the refractive index of the glass, i.e., the light velocity in the glass. For a chemically and

physically homogeneous glass, each of the four parameters is constant for the entire glass. If the glass, how-
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ever, contains inhomogeneities such as striae and bubbles, local fluctuations in the four phenomena are ob-

served. In the following subsections each of the four parameters is described.

Refraction
When light passes a domain with a refractive index different from that of the surrounding glass matrix, a

displacement of the light occurs. The displacement (d) over the distance / is determined by Eq. (2.1)
d=Anl (2.1)
Where An is the refractive index difference between the domain in question and the surrounding glass ma-

trix. From Eq. (2.1) it is seen that the displacement of the light depends on both the refractive index differ-

ence (the striae intensity) and the sample thickness.

Reflection
Reflection describes the phenomenon when light returns to the medium from which it originated instead
crossing the interface to the new medium. Reflection is related to the refractive index of the glass by Snell’s
law, Eq. (2.2).

sing, n,

sing, n, 22)

Where n1 and n; are the refractive indices of medium 1 and 2, respectively and 61 and 62 are the angles of the

ingoing and outgoing light, respectively. The path of light going from air to glass is illustrated in Figure 2.7.

interface

Figure 2.7: Illustration of the refraction of light that occurs when the light travels from air to glass.
After travelling through the glass, the light encounters the glass/air interface. If the glass is homogeneous, it
is seen from Eq. (2.2) that the angle of the outgoing light is similar to that of the ingoing light at the air/glass
interface. Therefore, for a homogeneous glass, light transmitted perpendicular to the glass leaves the glass
with an angle perpendicular to the glass.

In the situation where the incident light travels from glass into air, i.e., when light leaves the glass,

Snell’s law is expressed as, Eq. (2.3).

e Dy, 1 o3
sin eair nglass sin Hair r]glass

From Eq. (2.3) it can be seen that for large angles of the incident light (Og1ass), sinfair should be larger than 1 to
satisfy Snell’s law. Since this requirement is impossible to fulfil, the light is refracted. The angle at which the

total reflection sets in is denoted the critical angle (6.) and can from Eq. (2.3) be determined as:
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By varying the angle of the incident light, the critical angle 6. can be determined and from this angle, the

refractive index of the glass can be calculated. Reflection occurs at angles larger than ..

Absorption

Absorption of light occurs when species in the glass absorbs the incident light. When electrons absorb the
energy of the light, they are excited to a higher energy binding state. Since, the electrons are excited to a cer-
tain binding shell, only light with a specific energy can excite the electrons. This implies that only certain
wavelengths of the light are absorbed by a given species. Due to the nature of the absorption, it depends on

both the element in question and its oxidation state.

Transmission

The amount of light that is transmitted through a glass depends on the extent of reflection, refraction and
absorption. Reflected and absorbed light are not transmitted through the glass. Refracted light is penetrating
the glass, but since the angle of the light changes, two possibilities exist. Either, the refraction is strong and
consequently, the light does not reach the detector or for small refractions, the light is refracted to certain

parts of the detector which therefore appear brighter (Figure 2.8).

Light source

<@ Sample

L T
o '

’ v '
’ v '
4 AY] L]

Detector

Figure 2.8: Schematic illustration of how a stria with a refractive index different from that of the glass matrix (the
hatched area), refracts the light and how the transmission is affected by a stria which completely absorbs the incident
light (the black area).

From Figure 2.8 it is evident that both changes in refractive index and absorption across the sample impact
the signal received by the detector. Thus, a setup based on the illustration in Figure 2.8 is sensitive to striae
in glasses.

The transmission (T) of a glass is influenced by the thickness of the glass (I) according to the Lambert-

Beer law:
T =10+l (2.5)

Where c is the concentration of species and ¢ is the extinction coefficient. ¢ is a constant which depends on
the species in question, i.e., the chemical composition of the measured volume [Stolper 1982; Davis et al
1996]. Therefore, an inhomogeneous glass possesses a distribution of extinction coefficients. Since each stria
can have its own chemical origin, it is not possible to determine the extinction coefficient for each of the do-
mains in the glass. Therefore, the extinction coefficient of the entire glass is set to unity, i.e., a mean value is
utilised for all domains in the glass. In the glass, species enriched in some striations are consequently deplet-

ed in others, i.e., the distribution of extinction coefficients is symmetrical around a mean value. Therefore, it
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is reasonable to assume a uniform extinction coefficient for the entire glass. In the glass, the real extinction
coefficient is a distribution around the mean value, which implies that some striae have a higher extinction
coefficient than the mean extinction coefficient whereas other striae have a lower extinction coefficient than
the mean. Consequently, the impact of some striae on the optical transmission of the glass is reduced where-
as other striae contribute with an overestimated effect when all striations are assumed to have the same ex-
tinction coefficient. However, upon measurement of the transmission of the entire glass this error is re-
moved. Upon measurement of the transmission and the thickness of the glass, ¢ can be determined from Eq.
(2.5).

2.4.2 Processing of transmission data

Since dissolved raw material which partly has diffused into and mixed with the surrounding glass melt is
responsible for the generation of chemical striae, the intensity of the striae changes in a continuous manner
from the glass matrix to the centre of the striae. Furthermore, this continuous change in the striae intensity is
symmetrical around the striae when the stria is surrounded by a homogeneous melt. In other words, the
transmission around a stria is expected to change in an oscillating motion. Data sets with the measured pa-
rameter fluctuating in an oscillating motion can be analysed by Fourier transformation.

The Fourier integral can describe a set of data by fitting a function f(x), which consist of cosine and sine

contributions according to Eq. (2.6).
f(x)= J.[A(a)) cos(wx) + B(w)sin(wx)]dw (2.6)
0

where w is the angular frequency of the oscillation, x is the angle and A(w) and B(w) are trigonomic functions
[Kreyszig 1999]. To simplify the analysis, it is common to use either sine or cosine terms. As frequency is the
reciprocal dimension, w is the parameter that describes the dimension of the striae. The parameters A(w) and
B(w) determine the weight of each w to the function. In other words, they are a measure of the how much
each striae dimension contributes to the output signal (the stria intensity). After fitting Eq. (2.6) to a given
data set, the signal (which is later denoted amplitude), is obtained as a function of frequency of the striae

oscillation (reciprocal dimension of the striae).

2.5 Characterisation of bubbles

As an important and prevalent type of inhomogeneity, bubbles have attracted the interest of glass scientists
and technologists for decades. Since bubbles are chemically and physically very different from the glass,
detection of bubbles can be achieved by several means. Due to the large differences in the chemical and
physical properties between a bubble and the surrounding glass, bubbles are detectable by visual inspection.
To detect bubbles that remain hidden to the naked eye, optical microscopy can be applied as bubbles appear

on images acquired by optical microscopy.
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Figure 2.9: Cross section of a bubble containing glass.

Figure 2.9 shows a cross section of a bubble containing glass. An inspection of the glass surface reveals the
presence of bubbles, but the observed bubble diameter is smaller than true diameter of the bubble. This phe-
nomenon is caused by the spherical nature of the bubbles, i.e., the true diameter of the bubble is only visible
when the core of the bubble appears on the acquired image. In other words, a quantification of bubble sizes
or bubble volume by analysis of surface images contains a systematic error. Although mathematical correc-
tions for the systematic error have been proposed, it is desirable to measure the bubble diameter by a meth-
od which excludes the systematic error. A stack of 2D images (a kind of 3D image) has two advantages com-
pared to ordinary 2D images of the sample surface. First, the core of the bubble can be identified and at this
position the true diameter of the bubble can be found. Second, image stacks contain information from a large
volume compared to a 2D image, which reduces the statistical uncertainty. This is of particular importance

for bubble volume determination since it can be strongly affected by a few large bubbles.
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3 Characterisation of striae and bubbles

3.1 Characterisation of striae

Optical transmission analysis of images has the advantage over ordinary transmission measurements that
the measurement is orders of magnitudes faster. The fast acquisition rate enables sampling of large amounts
of data and a concomitant low statistical uncertainty. Furthermore, a spectrometer normally employed for
transmission measurements has a fixed spot size, usually in the range of 0.5 to 2 mm, i.e., the resolution of
the transmission measurement is fixed and rather larger. For image analysis, the image can be acquired in
reflection or transmission mode and by means of different techniques, e.g., by a digital camera or an optical
microscope, depending on the size of the structures of interest. Furthermore, the various image acquisition
techniques have different contrast sensitivities, i.e., some techniques such as interferometers can detect very
weak striations. In this work, it is decided to acquire the images by means of a scanner since this technique
covers the size range where most striae are found. Depending on the applied scanner, it is possible to detect

striae from ~10 pm to ~20 cm, i.e., 4 orders of magnitude with respect to size are covered by a scanner.

3.1.1 Image acquisition

In order to make the visible light transmission of glass detectable, the sample must be optically transparent.
Thus for highly absorbing samples such as iron-bearing glasses, the sample must be ground and polished to
a thickness, where light can be transmitted through the glass. The transmission ranges from 0 to 100 % and
during the digitalisation, which occurs during the image acquisition, the absolute transmission is converted

into a grey scale. The absolute transmission can be converted to either 8 or 16 bit grey scale (Figure 3.1).
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Figure 3.1: Conversion of absolute transmission to grey scale during image acquisition.

Scanning in 8 bit mode converts the absolute transmission into 256 grey values, whereas 65536 grey values
describe the transmission in 16 bit mode. Therefore, scanning in 16 bit mode provides a better precision and
an improved detection limit compared to 8 bit mode. During scanning of the glass sample, the brightness
and the contrast of the image can be adjusted to fit the transmission of the sample. Hence, instead of includ-
ing the entire transmission spectrum from 0 to 100 % a part of the spectrum can be selected and converted to

the grey scale as illustrated for 8 bit mode in Figure 3.2.
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Figure 3.2: Conversion of absolute transmission to grey scale during image acquisition when the scanning brightness
and contrast are optimised for the sample in question. In this example the transmission range 25 to 75 % is scanned.

When the brightness and contrast are optimised to each sample, the detection limit and precision are im-
proved. When the entire transmission range is scanned as in Figure 3.1, each per cent change in transmission
is described by 2.5 grey values. If the scanned transmission range is restricted to the transmission range of
the sample, as exemplified with the range 25 to 75 % in Figure 3.2, 5 grey values cover one per cent change in
transmission.

To strengthen the physical foundation of a stria characterisation based image analysis, it is desirable to
reconvert the grey values into absolute transmissions. This reconversion can be achieved through the utilisa-
tion of a calibration sheet. The calibration sheet contains domains with various, but well-defined transmis-
sions. Hence, by scanning the calibration sheet with the same settings as the sample, the grey values of the

sample can be converted to an absolute transmission (Figure 3.3).

I:T[%]

|

|

0 100
Scanning Calibration

|

|

P> Grey Value
0 255

Figure 3.3: The initial scanning of the sample converts the absolute transmission of the sample into grey values.
Through a calibration sheet, the grey values of the sample can be reconverted to absolute transmissions.

The relationship between the absolute optical transmission and the grey scale is described by a power law
where the gamma value is the exponent in the power law. Therefore, when scanning the glass samples with
a gamma value of 1, a linear relationship between the absolute transmission and the grey values is obtained.
Hence, by scanning the calibration sheet with the same settings as the sample, the equation for the linear
relationship between the absolute transmission and the grey values can be obtained.

A sample contains striae residing in different depths of the glass sample. During the image acquisition
the striae in the glass volume are projected onto the 2D image. A projection can inflict sampling errors if
striae are residing in different depths on the same area of the glass. However, for thin glass samples and
glasses of low stria content, the projection is not expected to introduce any systematic error to the stria char-

acterisation.

3.1.2 Image processing

In bubble containing glasses, the bubbles have a large impact on the stria characterisation since bubbles also
exhibit a contrast difference to the parent glass. To remove the effect of bubbles on the stria characterisation,
bubble containing images undergo an initial processing before the image analysis can be conducted. To per-

form the image processing, the freeware Image]J is used [Abramoff et al 2004]. The software offers several
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useful functions and the possibility to write own macros to automatize repeatable actions. The effect of the
bubbles can be eliminated by substituting the bubble representing pixels on the image with the average grey
value of the glass representing pixels. To perform this substitution, Image] must be capable of distinguishing
between bubbles and glass. In practice this is achieved by colouring all the bubbles of the image black.

The first step in the colouring process is to duplicate the original image in order to compare an image,
where the bubbles are coloured black, with the original image. Hence, the bubble colouring process is only
performed on one of the two images. To colour the bubbles black, the rim of the bubbles is identified by its
contrast difference to the surrounding glass by means of the “Find Edges” function. Subsequent to the iden-
tification of the position of the bubbles on the image, the modified image is made binary (i.e. all pixels on the
pixels on the image are made purely white or black) with the “Make Binary” function. To make the entire
bubble appear black on the binary image, the core of the bubble is coloured black by choosing “Fill Holes”.
Finally, the modified image is subtracted from the original one using the “Image Calculator” function. On
the resulting image, all bubbles are completely black, whereas all other areas are unaffected by the pro-
cessing. As the bubbles appear completely black, they are easy objects to recognise. By means of the “Re-
move Outliers” function, the bubbles (dark outliers) can be removed from the image by adjusting two pa-
rameters: radius of the objects and the grey value threshold of the objects that should be replaced. The radius
depends on the size of the bubbles on the image. The appropriate grey value threshold is found by measur-
ing the grey value median of the image by applying the functions “Select All”, and then “Set Measurements”
with the median marked. By choosing “Measure”, the grey value median of the image is found. The grey
value threshold is set to 1/3 of this median, i.e., pixels with a grey value that more than 1/3 below that of the
median are replaced if they are within the radius criterion. After removal of outliers, the bubbles represent-

ing pixels have been substituted with the median grey value of the image.

3.1.3 Line scanning

Since striae are a continuous fluctuation in the transmission of the glass (section 2.4), it is necessary to meas-
ure the optical transmission at a successive number of points instead of measuring it at randomly selected
single points. In practice this is obtained by measuring the grey value along a line on the image, i.e., by so-
called line scanning. In order to compare the striation extent of different glasses, it is necessary to employ a
fixed line length since a longer line length in the line scan enables the detection of transmission fluctuations
over larger lengths (i.e. larger striae). Therefore, glass analysed with a larger line length during the line scan
appear more inhomogeneous than those analysed with a shorter line length.

During line scanning, the optical transmission expressed as grey value is determined. Through the line-
ar relationship between transmission and grey value in addition to measurement of the glass thickness, the
concentration of striae (c) can be determined from Eq. (2.5). This algorithm is written into the self-build line
scan macro, which records the grey value along a line with a certain length and then recalculates the record-
ed grey values to striae concentrations. Thus, the striae concentration is determined along the inserted line.

For bubble containing glasses, the line scanning is conducted on the image where the bubbles have been
replaced with the median grey value of the glass matrix and for non-bubble containing glasses, the line
scanning is performed on the as-acquired image. To eliminate systematic and statistical errors, a macro for
automatic and random selection of the line scanning domain is constructed. Furthermore, 500 lines scans are

performed on each image.



-18-

3.1.4 Fourier transformation

The 500 line scan files, each with a fixed amount of striae concentration points, are loaded into the program
Qtiplot. A self-written script automatizes the Fourier transformation for each of the line scans. Upon Fourier
transformation of each line scan, the script ensures calculation of the average of all 500 Fourier transfor-
mations. Thus, the outcome of the Fourier transformation is the average amplitude at different frequencies
(in inverse pixels) and the standard deviation of the amplitude. By accounting for the resolution of the image

acquisition the unit of the frequency is converted from pixel? to m™.

3.2 Quantification of bubble size

Similar to the stria characterisation, the bubble analysis is performed on images. However, whereas the stria
characterisation is performed on 2D images, the bubble analysis is performed on stacks of 2D images. Due to
the similarities between the approaches, the quantification of bubble size involves three steps: image stack

acquisition, image processing and image analysis.

3.2.1 Image stack acquisition

The depth images required for a 2D stack can only be obtained by operating the microscope in transmission
mode, i.e., the inspected sample must transmit light. Furthermore, the microscope must feature an automatic
z-stage, i.e., the height of the stage (and consequently the focus of the microscope) can be adjusted and con-
trolled precisely. A random area is selected for investigation and the focus of the microscope is set 30 pm
below the surface of the sample to avoid potential dirt and scratches on the sample surface. Upon measure-
ment of the selected area, the z-stage is moved to shift the focus to a deeper layer in the sample. The distance
between each of the layers in the z-dimension is denoted the depth resolution. The acquisition of an image of
one layer followed by a change of the focus is continued until an image stack with the desired depth is ob-
tained. Since the focus is adjusted in discrete steps, the resolution of each 2D image is in most cases better
than the depth resolution. Since the argument for choosing analysis of 2D stacks is the fact that the true bub-
ble diameter solely can be determined at the centre of the bubble, the required depth resolution depends on
the size of the bubbles. This implies that large bubbles can be measured with a poorer depth resolution than

small bubbles. To reduce the statistical uncertainties, 2D stacks are acquired from four domains of the sam-

ple.

3.2.2 Image processing

To improve the bubble counting accuracy, the 2D image stacks are initially processed through a series of
steps in Image]. During the bubble counting procedure, the bubbles are recognised through their shape and
contrast difference to the surrounding glass matrix. However, since striae also possess a contrast difference
to the parent glass, it is desirable to remove some of the striae prior to the bubble counting. This is achieved
by the “Bandpass Filter” function. Structures above a certain size and structures below a certain limit can be
removed. Hence, the lower limit can be set to a few pixels to remove noise, whereas the upper limit must be
larger than the largest bubble that should be detected. In addition to the lower and upper size threshold,
“Surpress Stripes” is set to none, “Tolerance of direction” is 5 %, “Autoscale After Filtering”, “Display Filter”
and “Saturate Image when Autoscaling” are disabled. To have a clearer appearance of the bubbles on the

image, the background of the image is subtracted from the image by means of the “Subtract Background”
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function. For this process the parameter “Rolling Ball Radius” is adjustable. This parameter determines the
fineness of background subtraction. Thus, a large “Rolling Ball Radius” tends to blur the image and there-
fore impedes the bubble counting. Since the bubble counting function detects bright objects, it is necessary to
invert the image, i.e., bright areas are converted to dark ones and vice versa. The last step of the image pro-
cessing applies the “Enhance Contrast” function where the parameter “Saturated Pixels” determines the
extent of the contrast enhancement. The value determines the number of pixels that become either complete-
ly white or black and is in this work set to 0.5 %. The option “Normalize all Slices” is checked so the grey
value range is maximised after the contrast enhancement, i.e., grey values from 0-65535 are present on 16 bit
images. If “Normalize all Slices” is disabled, the grey values of the image are not recalculated after the con-

trast enhancement and consequently, the contrast difference between bubbles and glass is smaller.

3.2.3 Image analysis
To count the bubbles, the “object counter 3D plugin” is used [Bolte & Cordelieres 2006]. The plugin contains

a contrast threshold variable. The operator must decide the threshold grey value that excludes unwanted
objects without excluding bubbles from the detection. The plugin recommends a threshold, which in most
cases is very close to the operator’s assessment. After adjustment, the computer detects objects that satisfy
the contrast threshold requirements and determine position, shape and volume of the objects. Commonly,
some non-spherical objects are erroneously detected during the bubble counting. However, since the shape
of each object is determined, these unwanted, non-spherical objects can be identified and excluded from

further data processing.
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4 Characterisation of inhomogeneities

4.1 Stria characterisation

41.1 Characterisation of simulated striations

In order to test whether Fourier Transformation of transmission measurements performed on images is a
feasible method for the characterisation of striae, a simple stria simulation is initially considered. A glass
with well-defined striations is modelled by constructing an image that gradually changes from completely
black (grey value of 0) to completely white (grey value of 255) over a length of 100 pixels (see paper 1 for

details). The ideal striation and line scan on the striated image are shown in Figure 4.1.
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Figure 4.1: The simulated striation and the line scan conducted at the black line inserted in the image.

From the line scan of the simulated striation, it is observed that the grey value fluctuates between 0 and 255
over a length over 100 pixels, which is similar to the input parameter of the model. Hence, the line scanning
can characterise the grey value changes of the model. To describe the periodicity and the amplitude of the
grey value changes, the line scan is subjected to Fourier Transformation (Figure 4.2). In the Fourier Trans-
formation spectrum, the amplitude is a measure of the grey scale intensity change, i.e., a measure of the ex-

tent of the grey value change.
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Figure 4.2: Fourier transformation spectrum of the line scan on the simulated striation. The amplitude of the fitted sinus
curves is plotted as function of their dimensions (1/frequency).



21-

In the Fourier Transformation spectrum, several peaks can be observed. The largest peak occurs at 200 pix-
els, which reflects the distance in the modelled striation between a completely black pixel and the next com-
pletely black pixel, i.e., a peak in the Fourier Transformation spectrum is obtained at the dimension corre-
sponding to the oscillation period of the stria. The minor peaks in the Fourier transformation spectrum are
artefacts from the simulation. In the simulated striation, the grey value changes abruptly (discontinuously)
at the maxima and minima (see Figure 4.1). The harmonic sine curves in applied in the Fourier transfor-
mation exhibit a continuous change at the maxima and minima. Therefore, the discontinuous changes in the
grey value of the simulated striation are in contradiction with the nature of the harmonic oscillations used in
the Fourier transformation. Hence, a single sinus curve with a period of 200 pixels cannot describe the peri-
odic structure of the simulated striation. To describe an abrupt change in grey value as a function of the posi-
tion, it is necessary to incorporate sinus functions with higher frequencies (shorter dimensions) into the Fou-
rier transformation signal. These extra sinus functions with higher frequency are seen as the minor peaks at
67, 40, 29, and 22 pixels. These dimensions match the odd harmonics of the major sinus function at 200 pix-
els, i.e., the odd harmonics are 3, 5, 7, and 9 times shorter than the major sinus curve with a period of 200
pixels. By adding these extra terms to the major sinus curve, it is possible to describe the sudden changes in
the grey value at the maxima and minima. Since real glasses contain striae of different sizes and orientations,
a Fourier transformation spectrum contains broad peaks at several dimensions, which complicates the inter-
pretation of the spectrum. Therefore, the Fourier transformation spectrum is integrated over dimension
(Figure 4.3).
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Figure 4.3: The integrated Fourier transformation signal of the simulated striation.

In the integrated Fourier transformation spectrum, the integral intensity increases significantly at 200 pixels
demonstrating the presence of striations with a size of 200 pixels. These 200 pixels represent the stria size in
the simulation and are similar to the dimension exhibited in the Fourier Transformation spectrum (Figure
4.2). At dimensions below 200 pixels, the intensity continues to increase with decreasing dimension, due to
the higher frequency sinus curves required to fit the sudden grey value changes at the maxima and minima.
However, when inspecting real samples, the small peaks from the odd harmonics are not present since grey
value changes occur gradually in real striae. This implies that the oscillations of the transmission caused by

real striae better resemble those of a sinus curve as discussed in detail in paper 1.
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4.1.2 Characterisation of glasses from stone wool melts

To investigate the applicability of the stria characterisation method on real glasses, samples from stone wool
melts produced by means of three different furnaces technologies are subjected to the image analysis. The

images of each of the three samples from the different furnaces are shown in Figure 4.4.

Figure 4.4: Images of a sample from each of the three different furnaces technologies. A: cupola furnace, B: electric fur-
nace, C: test furnace. The brightness of the images is optimised for printing.

From the images of the samples it is clear that besides striae the glasses contain bubbles, in particular the
glass from the cupola furnace (Figure 4.4). Similar to striae, a contrast difference between a bubble and the
surroundings glass matrix is present. Since the contrast difference between a bubble and the glass is larger
than that between a stria and the glass, bubbles appear as very intense striations in the line scanning. Conse-
quently, the presence of bubbles causes a systematic error in the stria characterisation. To avoid the effect of
bubbles on the stria characterisation, the bubbles are prior to the line scanning removed from the image by
means of image processing (paper 2). During the image processing, the bubble representing pixels are re-
placed by pixels with the median grey value of the image, i.e., the contrast difference between the bubble
and the glass vanishes. The integrated Fourier transformation curves of the samples from the three different

furnaces used in the production of stone wool melts are shown in Figure 4.5.
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Figure 4.5: Integrated Fourier transformation curves for stone wool melt samples where the bubble representing pixels
have been substituted with the grey value median of the glass on the acquired images. For the analysis a line length of
2500 pixels (19.8 mm) has been applied for the line scan.

For all three samples, the integrated intensity increases continuously with decreasing dimension, but the rate
of the increase declines as smaller dimensions are approached and at about 40 um, a constant slope is found.
Unlike the simulated striae, there are no abrupt changes in the integrated intensity for the striae in the glass-
es as striae with various dimensions are present in real samples. The intensity is highest for the cupola sam-
ple, which implies that the contrast differences are larger on this image than the others. The larger intensity
of the cupola sample is supported by a visual inspection of the image (Figure 4.4). Since there are no abrupt
increases in the integral intensity, quantities for describing the striae in the sample must be obtained by other
means than visual inspection of the integrated Fourier transformation curve. To obtain such characteristic
quantities, two tangent lines are constructed from the integral intensity curve. The first line is plotted from
the linear part below ~40 pm, whereas the second line is plotted at the linear part at larger dimensions as

illustrated for the cupola sample in Figure 4.6.
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Figure 4.6: The integrated curve and the two tangent lines used for the determination of the two characteristic values (D

and I). The integrated curve is from the glass sample taken from the cupola furnace. The ordinate is rescaled in the inset
to show the origin of both tangent lines.

The intersecting point of the two tangent lines is used as a measure of the extent of the striations in the glass.

The abscissa value at this point represents the characteristic striae dimension (a quantity describing the striae
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size distribution) in the melt, while the ordinate value is a measure of the striae intensity (a measure of the
transmission difference between the striae and the surrounding matrix). In other words, the striations are
characterised by the two independent quantities reflecting the intensity (the degree of chemical fluctuation)
and the size of the striations. The characteristic intensity (I) and dimension (D) of the samples from the three

different furnaces are listed in Table 4.1.

Table 4.1: The characteristic intensity (I) and dimension (D) for stone wool melt samples produced by means of different
furnace technologies.

D (um)  I()
Cupola 355 11.6
Electric ~ 408 5.76
Test 471 3.99

D is smallest in the cupola sample implying that small striae constitute a larger part of the total striae frac-
tion. In both the cupola and electric furnace, lumps of raw materials are loaded into the furnace, but the re-
tention time is 10 to 20 times longer in the electric furnace than in the cupola furnace. During the melting
process, striae are equilibrated through diffusion. Since small striae are equilibrated faster than the larger
ones, some of the smaller striae have been equilibrated in the sample from the electric furnace. As a conse-
quence, some of the small striae have vanished in the sample from the electric furnace whereas the large
striations remain in the melt. The equilibration of the small striae in the electric furnaces is reflected by the
characteristic dimension (D). D is larger in the sample from the electric furnace than in the sample from the
cupola furnace, i.e., the striae size distribution is shifted to larger dimensions in the electric furnace. In addi-
tion, the large intensity of the cupola sample emphasises that only limited diffusion occurs during the melt-
ing process in this furnace. The test furnace has the highest dimension and the lowest intensity, i.e., it is the
most homogeneous of the three samples. Since the test furnace operates under conditions different from
those of the two other furnaces, it is difficult to relate the characteristic values o sample from the test furnace
to the characteristic values of the two other samples.

Since the results presented in paper 1 are obtained by the use of a different line length than the one used
for the determination of the characteristic parameters presented in Table 4.1, the results are not directly
comparable. Furthermore, the characterisation presented in paper 1 has not been performed with conversion
of grey values to absolute transmissions. A relative comparison between the two studies is, however, possi-
ble. In paper 1 the two characteristic quantities of the sample from the test furnace is similar to those of the
sample from of the cupola furnace, whereas the test furnace sample is the most homogeneous one according
to the characteristic values in Table 4.1. The test furnace sample utilised in the paper 1 is taken at a point
where the furnace was in its start-up phase whereas the sample from the test furnace shown in Figure 4.4 is
taken after optimisation of the furnace. The optimisation of the test furnace is reflected by a higher character-

istic dimension and a lower intensity.

4.1.3 Discussion of the stria characterisation method

In contrast to other methods for stria characterisation such as the Christiansen filter method (subsection
2.3.1) and refractive index measurements (subsection 2.3.3), the image analysis method can provide inde-
pendent measure of striae intensity and dimension. The light refraction changes detected by the Christiansen
filter method depend on both the refractive index difference and the thickness of the striated domain. In
other words, the Christiansen filter method provides a quantity of light refraction change, which relies on

two parameters: the chemical gradient and the thickness of the striated region. In the present method, the
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integral intensity is the sum of the transmission difference at a given dimension. Hence, many mild striae
provide the same signal as a few intense striae, i.e., it cannot be defined from the new method whether the
integral intensity arises from a few intense striae or several milder ones. Unlike, the Christiansen filter meth-
od and refractive index measurements, it is, however, possible to discriminate between striae intensity and
size. Finally, as the new method measures the optical transmission of the glass, it addresses both striae with
a refractive index gradient and striae with a gradient in visible light absorbing species. Whereas any change
in the chemical composition leads to a gradient in the refractive index, the visible light absorbing striae only
arise from gradients in certain species. Changes in the light absorption occurs if the concentration of the
light absorbing species fluctuates or if the redox state of the light absorbing species varies across the glass.
Hence, for stone wool melts, a chemical gradient in the iron oxide concentration and differences in the iron
oxidation state inflict a stria with a visible light absorption different from that of the glass matrix.

In real samples, a distribution of striae dimensions exists. Due to the irregular shape of striae, it is not
possible to describe a stria by a single dimension. In addition to the complex shape of striae, the part of the
striae measured by the line scan is randomly selected. As a consequence of the random selection of the line

scanning domain, even line scan of a square exhibits various dimensions as illustrated in Figure 4.7
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Figure 4.7 A striated region (the square) where three line scans (dashed lines) at randomly chosen positions are con-
ducted.

The randomly positioned line scans in Figure 4.7 result in different striae dimensions. In other words, for
randomly conducted line scans, even well-defined structures exhibit a broad size distribution in the Fourier
transformation spectrum. However, since real striations have a complex shape, it is not possible to define a
certain dimension for a stria. The exact measure of the size of a stria is the volume of the stria. Such meas-
urement requires the determination of a boundary between the stria and the glass matrix, i.e., criteria for the
determination of the threshold for the boundary must be found. The advantage of the present method is the

ability to describe continuous change of the chemical composition (and hence transmission).
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Figure 4.8: A stria in a homogeneous glass matrix (the white part). The stria consists of two domains with a small chem-
ical composition difference to the glass matrix (grey area) and a core (black area) with a large chemical composition
different to the glass matrix. For a line scan conducted perpendicularly on the stria, the length of each of the domains in
the stria is given.

In Figure 4.8, a homogeneous glass matrix (white area) contains a stria with two domains (grey and black
areas). The first outer domain (grey areas) has a smaller chemical composition difference to the matrix than
the inner domain (black area). A line scan perpendicular to the stria results in a Fourier Transformation spec-
trum with 3 peaks. The peak with the largest dimension (length marked as “large” in Figure 4.8) represents
the entire length of the striae. The peak at the medium dimension arises from the black core. The peak at the
smallest dimension arises from the two grey areas. Consequently, a stria with various changes in the chemi-
cal composition (i.e., transmission) is split up into sub parts during the Fourier transformation to character-
ise the stria. This splitting circumvents the problem of defining a boundary between the striae and the sur-
rounding glass.

During the determination of the characteristic quantities, the largest uncertainty is associated with the
dimension. The uncertainty arises since the Fourier Transformation determines the amplitude as a function
of frequency (reciprocal dimension). Since the characteristic dimension occurs at a low frequency, small
changes in the frequency at the intersection point of the two tangent lines have a rather large effect on the
characteristic dimension. The axis of the integral intensity is linear and therefore the characteristic intensity

is only affected to a minor extent by changes in the intersection point of the two tangent lines.

4.2 Ranking the homogeneity of glass

Nowadays thousands of technical glasses and daily life used glasses exist. Due to the large span in the appli-
cation of glasses, their homogeneity differs significantly. As an example, comparison of the glasses from
stone wool melts shown in Figure 4.4 and a window glass reveals that the window glass is the most homo-
geneous one. Similarly, it is obvious that a glass used as lens in a microscope is more homogeneous than a
bottle glass. To move beyond these straight-forward qualitative comparisons to a solid scientific comparison
of the homogeneity of different glasses, a methodology for a quantitative description of glass homogeneity
must be established. Therefore, the new method is applied to characterise the striae in different glasses and it
is explored whether the method can rank the homogeneity of different glasses.

As homogeneity is an issue that covers several aspects such as striae, bubbles and undissolved raw ma-
terials, it is necessary to select a certain type of inhomogeneity for the ranking. Stone wool melts contain

striae, bubbles and to a minor extent undissolved raw materials, but in other glasses the presence of undis-
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solved raw materials is very rare. Furthermore, bubbles are only present in limited numbers in other glasses.
Therefore, a ranking of the homogeneity of a wide selection of glasses is conducted from a characterisation
of the striations in the glasses.

To study the applicability of the stria characterisation method on other glasses and the rank the homo-
geneity of inorganic glasses in general, various glasses are selected. For the ranking, 7 industrial glasses and
6 fluoride and oxyfluoride glasses produced at laboratory scale are selected. Since all glasses in the study are
more homogeneous than the glass form the stone wool melt, it is necessary to perform the image acquisition
and processing in 16 bit mode. 8 bit mode is sufficient to characterise the intense striae in the glass from
stone wool melts, but for more homogeneous glasses an improved detection limit is required, which is
achieved by conducting the stria characterisation in 16 bit mode (see detailed discussion in subsection 3.1.1).
The striae analysis of a green bottle glass (Bottle G), a lead “crystal” glass (Lead), a window glass (Window)
and the K9 optical silicate glass (K9) is shown in Figure 4.9.
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Figure 4.9: Striae analysis of a green bottle glass (Bottle G), a lead “crystal” glass (Lead), a window glass (Window) and
the K9 optical silicate glass (K9). The stria analysis is performed on images acquired in 16 bit mode.

Since the stria analysis of the four glasses in Figure 4.9 is conducted in 16 bit mode, the integral intensities
cannot be compared with those in Figure 4.5. The shape of each of the curves in Figure 4.9 is different, re-
flecting a different striation pattern in each of the samples. During the scanning procedure, the samples are
placed on a transparent foil on the scanner as direct contact between the glass sample and the glass surface
of the scanner leads to reflection of the incident light. For the striae analysis, the difference between the line
scans performed on an image of the transparent foil and line scans performed on an image of the sample on
the transparent foil is determined. The intensity of the K9 glass fluctuates around 0, i.e., the transmission
changes in the sample is similar to that of the transparent foil. In other words, it is not possible to detect any
striations in this glass since the intensity of any possible striations is below the detection limit of the scanner.
For the window glass, the integral intensity increases at high dimensions and is then constant at low dimen-
sions. The trend of the integral intensity curve of the window glass reflects that this glass only contains large
striae. Just after the liquids temperature of the batch has been exceeded in the melting process, it is likely
that striae exist in the melt. In a glass melt with large striae, small striae must be present as well since large
striae are caused by utilisation of large raw material pieces or poorly mixed batch and the small striae arise
from a smaller raw material grains. In contrary small striae can exist in the melt without the presence of
large striae if raw materials of a small size are used in a perfectly mixed batch. The small striae that initially
were present in the window glass melt have been eliminated by diffusion. In the window glass, striae with a

size below 200 pm have been completely eliminated and the intensity of the large striae has been reduced
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during the melting process. For both the green bottle glass and the lead silicate glass, the integral intensity
increases at all dimensions, which implies that these samples contain both large and small striae. The green
bottle glass has the largest integral intensity, i.e., the largest transmission changes across the glass.

Unlike the three other glasses in Figure 4.9, the green bottle glass contains polyvalent elements, i.e., it
can contain both absorption and refractive index induced striae. As absorption induced striae strongly affect
the transmission of the glass, it is expected that the green bottle glass has a higher integral intensity than the
three others. This is further supported by a higher homogeneity of the white bottle glass compared to the
brown and green ones (paper 3).

To compare the stria characterisation by means of the image analysis method developed in this work
with a known technique, refractive index measurements are performed on the same glasses. The refractive
index (1) and the standard deviation of the refractive index (An) determined from 4 different spots on each
glass are given together with the characteristic dimension (D) and intensity (I) in Table 4.2. These four values

for all the glasses in the ranking study are listed in Table II in paper 3.

Table 4.2: Homogeneity measured by the scanner method and measurement of refractive index. The characteristic di-
mension D and the characteristic intensity I determined from the curves in Figure 4.9. Mean refractive index (1) and
refractive index variation (An), given as the standard deviation of the refractive index of the sample, arise from the re-
fractive index measurements.

Bottle G Lead Window K9

D(mm) 0115 0103  0.269 -

1() 0.0576  0.0337  0.0039 -

n () 151274 154432 152252 151495
An105 () 11 9 9 13

Unlike the two quantities (D and I) determined by the image analysis method, the standard deviation of the
refractive index (An) is almost similar for all four glasses. In fact, the refractive index measurements identify
the optical silicate glass as the most inhomogeneous of the four glasses, which appears to be an erroneous
finding. Therefore, it is concluded that the homogeneity of the glasses cannot be evaluated from refractive
index measurements. The similar An values for the glasses can have two reasons. First, for the refractive
index measurements, the spot size of the beam is a few hundred micro meters. The main difference between
the window glass and the green bottle glass is the presence of striae with a size below 200 um in the latter
glass as the integral intensity of the green bottle glass increases below 200 um whereas it is almost constant
for the window glass at these dimensions (Figure 4.9). Due to the large spot size, striations below the size of
200 pm cannot be detected and hence, the glasses cannot be distinguished from each other with respect to
small striae when refractive index measurements are conducted. Second, time consumption of the refractive
index measurements, limits the number of measurable spots on the sample, which causes a statistical uncer-
tainty in the result. The analysis of images acquired by means of a scanner can discriminate between the
glasses except for the optical silicate glass (K9), whereas the refractive index measurements are unable to
rank the glasses with respect to their striations. Therefore, the ranking is performed on the results obtained
from the image analysis method. To perform the ranking, the glasses are characterised by the homogeneity
index (H) which is defined as:

H =log (D/]) (4.1)

From Eq. (4.1), it is seen that H increases with increasing homogeneity since a homogenous glass is charac-
terised by a large dimension and a small intensity. The two characteristic quantities of the all the samples in

the ranking study are given in paper 3.
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Figure 4.10: The homogeneity index H of the studied glasses. Since the homogeneity of the K9 is better than the detec-
tion limit of the scanner, this glass is excluded from the figure. The abbreviations of the glasses can be seen in paper 3.

The glass made from stone wool melt produced in the cupola furnace (SW) is clearly the most inhomogene-
ous of the investigated glasses since it is the only glass with a negative H value. The most homogeneous
glass is the optical K9 glass, but as the homogeneity of the sample is beyond the detection limit of the scan-
ner, quantification of its homogeneity cannot be performed. The window glass is the most homogeneous of
the studied glasses within the detection limit of the scanner. The extent of the striations in this industrial
product is smaller than that in the glasses produced at laboratory scale, which is a remarkable achievement.
Obviously, the homogeneity requirements are higher for a window glass than for a bottle glass, but the high
homogeneity of the window glass demonstrates that thorough optimisation of the melting process enables
production of very homogeneous glass in furnaces with large throughputs. Disregarding the window glass,
the glasses produced at laboratory scale are in general more homogenous than the industrial glasses.

To apply the utilised stria characterisation method to the very homogeneous optical glasses, a more ac-
curate image acquisition technique is required. Such a technique could be interferometry, where refractive
index changes down to 107 (Puryayev 1998) or with a more complicated setup even down to 10 can be
measured (De Freitas & Player 1995). Through application of the image analysis used in this work on images
acquired by means of interferometry, the striations in the highly homogeneous glasses such as the K9 glass
can be described. The advantages of coupling the image analysis to images acquired by interferometry com-
pared to conventional interferometric analysis are fast generation of large data amounts, low statistical un-
certainty and independent measure of striae dimension and intensity.

This work demonstrates that most glasses can be ranked with respect to their striations by a very simple
setup. Although striations are found and used in the ranking of the homogeneity of the glasses, it is likely
that striations below the detection limit of the scanner exist in the investigated glasses. In other words, the
glasses contain more striations than those detected by the scanner. These undetected striations are very weak
striations similar to those that are believed to be present in the K9 glass. As these striations are very weak,
the effect of such striations on the integral intensity is neglect able for most glasses. Therefore, the omission

of the weak striations does not affect the stria characterisation of non-optical glasses.

4.3 The chemical origin of the striae

Although the image analysis method is proven to be a fast and reliable method for characterisation of striae
in glasses, it fails to identify the chemical background of the striae. Since chemical striations can have several

origins, a complete description of the chemical origin of all striae in a glass requires focus on several species
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and their redox state. Hence, a full description of the chemical nature of all the glasses used in paper 3 is
impossible and therefore, the study is limited to glasses obtained from the stone wool melts. As described in
subsection 2.2.3, stone wool melts can contain both variations in both the chemical composition and in the
oxidation state of iron. Since local fluctuations in chemical composition of various glasses have been de-
scribed by techniques such as electron microprobe in earlier studies (see subsection 2.3.2), focus is in this
work devoted to the description of local changes of the redox state of iron as quantification of local redox
state is an almost unexplored research area.

Commonly, the oxidation state of iron in iron-bearing glasses is determined by means of Mossbauer
spectroscopy [Fudali et al 1987; Bingham et al 1999; Kukkudapu et al 2003; Bouhifd et al 2004; Jayasuriya et
al 2004] or optical absorption spectroscopy [Kumar & Lin 1991; Ehrt et al 2001; Yamashita et al 2008]. Moss-
bauer spectroscopy is used for the characterisation of the average redox state of a glass, as a powder is em-
ployed for the analysis, i.e., the average oxidation state of the sample is obtained. In addition, the ferric iron
content must account for at least 3 % of the total iron content to be measurable. In optical absorption spec-
troscopy, areas can be selected for measurements, but due to the spot size of the incident light, the resolution
normally lies around 0.5 to 2 mm. Furthermore, if the glasses in addition to changes in redox composition
possess local changes in the chemical composition, the extinction coefficient is not uniform across the glass.
The presence of extinction coefficient variations causes errors in the determination of the iron redox state in
the glass. Therefore, optical absorption spectroscopy is not considered suitable for quantitative determina-
tion of the iron oxidation state in glasses from stone wool melts.

The binding energy of iron in glass depends on its redox state [Mekki et al 1996]. Due to the higher
charge of ferric iron, the interacting coulomb forces are stronger than those of ferrous iron and consequently
ferric iron has a higher binding energy. Therefore, measurement of the binding energy of iron in glasses
should be a feasible approach for the discrimination between ferrous and ferric iron. However, the binding
energy of the 2p electron of Fe?* in pure ferrous oxide and Fe3* in pure ferric iron oxide is 709.2 and 711.2 eV,
respectively [Brundle et al 1977]. Due to this small difference in binding energy and the fact that the binding
energy of iron in glass depends on the chemical composition of the glass [Mekki et al 1996], the applicability
of binding energy measurements in iron redox state determination must be further explored.

The binding energy of the iron ions in the glass is measured by means of X-ray photoelectron spectros-
copy (XPS). Measurements with this highly surface sensitive method can be performed on selected areas of
the sample. Due to the high surface sensitivity of the measurement only the upper ~20 nm of the sample are
measured, i.e., only the surface area and not the bulk beneath the surface area is measured. Since the meas-
ured area is determined by the operator and only the upper ~20 nm of the sample are measured, it is possi-
ble to find a striated area on the sample and exclusively measure the redox state of iron in this area. There-
fore, the technique might be valuable for the characterisation of the redox induced striae in glasses from
stone wool melts. Despite its potential, XPS has only been applied in a few studies to determine the redox
state of polyvalent elements in glass and mainly in simple glasses systems with few components [Yu et al
1997; Mekki & Salim 1999; Khattak et al 2004]. In order to strengthen the validity of the determination of the
iron redox state in glasses from stone wool melts, the reliability of the XPS technique is initially explored by

measuring the redox state of iron in well homogenised basalt glasses.

4.3.1 Method verification

To produce homogeneous basalt glasses with varying iron oxidation state, a stem glass is produced from a

basalt rock melted under reducing conditions. Due to the reducing conditions, a large fraction of the iron
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oxide in the basalt rock is reduced to metallic iron that precipitates from the glass melt. Consequently the
Fe>xO; content in the stem glass is 2.4 wt% whereas that of the basalt rock is 9.7 wt%. The iron reduction pro-
vides the possibility to investigate the reliability of the method on glasses with low iron content. To produce
a series of glasses with the same chemical composition, but varying iron redox ratio, the stem glass is melted
in AlbOs crucibles in air at different temperatures. The melting temperature is a parameter for adjustment of
the iron oxidation state since the reduced state becomes more stable at higher temperatures [Dingwell &
Brearley 1988; Lange & Carmichael 1989; Magnien et al 2008]. The XPS Fe high resolution spectra of basalt
glass produced at 1210 and 1500 °C are shown in Figure 4.11.

1210 °C
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Figure 4.11: XPS Fe high resolution spectra of two basalt glasses produced in Al>O3 crucible in air at 1210 and 1500 °C.
The satellite at 723 eV is ascribed to the presence of Fe3* [Brundle et al 1977].

At a binding energy of ~710 eV, two overlapping peaks are found. From the binding energy, the two peaks
are ascribed to Fe2* and Fe3*. To determine the iron redox ratio, the area of each of the peaks must be deter-
mined as the atomic ratio between ferrous iron and ferric iron (Fe?*/Fe3*) is equal to the peak area ratio of
the two components in the XPS spectrum. The area of the ferrous and ferric iron peak is determined by de-
convolution of the peak into the two subpeaks representing Fe?* and Fe3*. The content of ferric iron in the

stem glass and the samples produced at various temperatures in AlOs crucible in air is given in Table 4.3.

Table 4.3: The molar percentage of Fe3* of the glasses prepared at different temperatures and in different crucibles. The
standard deviation of the measurements is given.

1210 ALOs 1300 AROs 1400 ALOs 1500 ALOs 1600 ALOs;  Stem glass
Fe3* content 87.0£1.5%  83.2+3.0% 81.8+19% 773+18 % 731+1.8% 0%

The content of ferric iron increases with decreasing temperature as expected due to an entropy effect (paper
4). The determined iron oxidation states are in agreement with those found by means of Mossbauer spec-
troscopy on other iron-bearing glass systems (paper 4). Therefore, it is inferred that XPS is a suitable method

for the determination of the iron oxidation state in glasses.

4.3.2 Characterisation of glasses from stone wool melts

Mossbauer spectroscopy measurements on stone wool melts show that Fe3* constitutes less than 3 % of the
total iron content [Kirkegaard et al 2005; Lund et al 2010]. Despite this fact, small domains of the melt might

contain ferric iron in concentrations above 3 %. To explore whether some of the striae in the glass from the
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stone wool melt are caused by the presence of ferric iron, a sample from both the cupola and electric furnace

is investigated (Figure 4.12).

Cupola . Electric

5 mm

Figure 4.12: The glasses produced from stone wool melt in cupola and electric furnace. The samples are used for XPS
investigation of potential domains containing Fe3*. The brightness of the images has been optimised for printing.

Both the sample from the cupola and the electric furnace contain intense striae and these intensely striated
areas are subjected to XPS measurement. The intensely striated areas are chosen as the presence of Fe3* at the
expense of Fe?* strongly affects the optical light absorption of the glass and thereby the optical transmission
of the glass, i.e., redox induced striations appear intense on transmission images. The samples are sputtered
with argon plasma prior to the measurement to remove dust on the surface as dust leads to a lower signal to
noise ratio. The subsequent measurement is performed with a spot size of 400 pm, which allows selection of

a striated region without including the glass matrix in the analysis.
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Figure 4.13: XPS Fe high resolution measurement of an intensely striated region in glass sampled from the cupola and
electric furnace. The peak at 724 eV is a satellite associated to the presence of Fe3* [Brundle et al 1977].

The XPS spectra of the glass from the cupola and electric furnace exhibit a large peak around 711 eV with a
shoulder at higher binding energies. The peak is ascribed to Fe?*, whereas the shoulder is believed to arise
from the presence Fe3*. The iron binding energies in the stone wool melt sample are higher than those in
basalt, which is ascribed to the compositional influence on binding energy of iron. Since the iron concentra-
tion in the cupola and electric furnace is 2.5 and 3 times higher, respectively than that of the basalt glasses

used for the measurements presented in Figure 4.11, the signal to noise ratio is better in the measurements
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presented in Figure 4.13. The shoulder ascribed to Fe3* is remarkable since Mossbauer spectroscopy meas-
urements are unable to prove the presence of ferric iron, i.e., the ferric iron constitute less than 3 % of the
total iron content. Upon deconvolution of the peak into subpeaks from ferrous and ferric iron, the content of
Fe®* in the measured area is 30 and 26 % of the total iron content for the sample from the electric and cupola
furnace, respectively. Due to the detection of ferric iron, it is inferred that at least some of the intense stria-
tions in glasses shown in Figure 4.12 are caused by changes in the redox ratio of iron. As a consequence, the
presence of ~25 % Fe®* is sufficient to create a sharp transmission gradient to the surrounding non-ferric iron
containing glass matrix. The lack of a ferric iron sextet in Mossbauer spectroscopy spectra of glass from stone
wool melts can appear counterintuitive, but this can be explained by two facts. First, in the investigated
samples, the area measured by XPS constitutes about 0.02 % of the total sample area. Since only a very small
part of the sample is measured, it is feasible that the ferric iron content in the entire sample is less than 3 % of
the total iron content. Second, on purpose an intensely striated area is selected for the XPS measurement,
i.e., it is unlikely that domains with significantly higher ferric iron content are present in the glass.

From the XPS measurements it can be inferred that the glass from stone wool melt produced in cupola
and electric furnaces contains striae with a minor fraction of Fe3*. In contrast iron is solely present in its fer-
rous state in the glass matrix. These local changes in iron oxidation state can either reflect the existence of
local redox conditions inside the melting furnace or their creation can have taken place after the melt has left
the furnace, i.e., oxygen in the atmosphere has oxidised the reduced glass melt during the sampling proce-
dure. In addition to the redox induced striae, the presence of striae caused by changes in the chemical com-
position is considered likely. The investigation of such striae requires XPS high resolution spectra of several
species at several spots on and around a stria. Furthermore, as each stria can possess a different chemical
nature, the measurement procedure has to be performed on several striae to clarify the chemical origin of the

striae in a certain glass type.

4.4 Bubble characterisation

To determine the bubble content in glass sampled from a stone wool melt produced in a cupola furnace, the
glass is initially ground and polished to a thickness where the glass becomes optically transparent. The glass
contains visible bubbles and smaller bubbles that require the use of a microscope to be detected. Since the
large bubbles are scarce, but affect the total bubble volume fraction of the glass to a large extent, these bub-
bles are excluded from a statistical bubble analysis. To investigate the bubbles in the volume of the glass,
stacks of images are acquired according to the arguments presented in section 2.5. Each stack has a depth of
90 um and as an image is acquired for each 3 pm, the stack consists of 30 2D images. To improve the statisti-

cal accuracy of the bubbles analysis, 4 image stacks are acquired of each sample (paper 5).

44.1 Bubble size distribution

Due to the rare occurrence of large bubbles and their large impact on the bubble volume, only bubbles with a
volume between 1.8 and 40 pm3 are included in the statistical bubble analysis. Identified objects with a size
below 1.8 pm? mainly arise from noise and are therefore excluded from the analysis. With respect to the
number of bubbles, the bubbles in the range 1.8 to 40 pm?3 constitute at least 99.9 %. The number of bubbles
at a given volume fraction is presented in Figure 4.14. The number of bubbles is an average of the 4 analysed
stacks, where the dimension of each stack is 230x230x90 pm?3 (4.76-10° pm3).
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Figure 4.14: The average number of bubbles in an image stack as a function of the bubble volume. (a) The entire region
of interest, i.e., bubble volumes from 1.8 to 40 pm3 (b) magnification on the ordinate.

Although a glass volume of just 4.76-10 mm? is inspected, 60,000 bubbles are identified. The number of
bubbles at a given volume fraction increases drastically with decreasing bubble size. Although the number
of bubbles appears profuse, the total volume of the bubbles with a volume of 1.8 to 40 um3 is 1.63-10° pm?3,
i.e., 3.4 vol% of the glass. The total bubble volume fraction is larger than 3.4 % since bubbles with a volume
larger than 40 um? are excluded from the analysis.

Automatic bubble counting by means of the object counter 3D plugin on image stacks can easily and
swiftly identify very large number of bubbles and is therefore considered to be a useful approach for explor-
ing how the bubble content is influenced, e.g., by the melting temperature and the chemical composition of

the melt.

4.4.2 Chemical analysis of gaseous species

Although analysis of image stacks is a powerful tool for the evaluation of the bubble size distribution, the
chemical species inside the bubbles remain unrevealed. To shed light on the chemical nature of the bubbles,
vacuum hot extraction is performed. During the vacuum hot extraction, the sample is placed in a chamber at
vacuum and the gasses released from the sample during heating are measured by means of a mass spec-
trometer. The specific measurement procedure is described in paper 5. As mentioned, the glass from the
stone wool melt contains both bubbles visible to the naked eye and bubbles that require the use of micro-
scope to be observed. Since different gasses might be present in the small and large bubbles, vacuum hot
extraction is performed on both the bulk glass and a glass powder with a diameter smaller than 25 pm. Sev-
eral gasses are found in the glass. In the powder sample, the carbon containing species CHs, CO and CO; are
dominating, i.e., these gasses are present in the small bubbles as discussed in paper 5. Analysis of the bulk
sample and subsequent comparison of this with the analysis of the powder sample identifies that the large
bubbles contain N>, SO, and H»S. Quantification of the content of the gaseous species is carried out by de-
termination of the integrated ion current for a given mass to charge ratio (m/z). Since the mass of the mole-
cules CO and Ny is identical, the content of each of the gasses cannot be determined, instead the sum of the

content of the two gasses is given (Figure 4.15).
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Figure 4.15: The integrated ion current of the mass spectroscopy signal (c) for the powder and the bulk sample. In the
bulk sample, both N> and CO are present, and hence the mass spectroscopy signal at m/z = 28 covers both N> and CO.

The carbon containing species are the dominating gases in the bubbles. The content of species such as CHs
and CO», which are found in the small bubbles is larger in the bulk sample. This finding is a result of the
milling process since some of the small bubbles have been opened during the milling and consequently, a
part of the gas has been released during the sample preparation. Therefore, the increased content of CHy and
CO: in the bulk sample compared to the powder sample does not imply that these two gases are found in
larger bubbles. The sulphur containing gasses in the large bubbles are created from sulphur impurities in the
raw materials, whereas CHy, CO and CO, are believed to arise from the combustion of coke and reaction
between coke and iron oxides as discussed in paper 5. The hydrogen source for CH, and H»S is considered to

be moisture in the raw materials.
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5 Influence of production conditions on inhomoge-
neities

5.1 Equilibration of striae in glass melts

When describing the elimination of chemical striae, discrimination between striae caused by changes in
chemical composition and redox state is necessary. Differences in the chemical composition create an entro-
py driven driving force for the equilibration of the chemical differences according to the second law of ther-
modynamics. Since the equilibration occurs by means of diffusion, the diffusion length (x) and the stria size
(D) determine whether a stria is eliminated during the melting process. An equilibration reduces both the
size of the stria and the chemical difference between the stria and the surrounding melt whereas elimination
refers to complete removal of the stria from the melt. The diffusion length of the i"th component in the melt
is determined by Eq. (5.1):
xi = ki1 (5.1)

Where ¢ is the diffusion time and k is a component specific constant, which depends on the viscosity of the
melt. A stria is a three dimensional domain in the glass, but for any 2D cross section of the striae, there is a

line where the stria has its largest dimension as illustrated in Figure 5.1.

Figure 5.1: Cross section of a striated domain. The dotted line shows the largest dimension of the striae in the cross
section.

Since diffusion occurs from the entire interface between the striated domain and the surrounding homoge-
neous glass melt, complete elimination of the stria occurs when the diffusion length is equal to or larger than

half of the largest striae dimension, as expressed by Eq. (5.2)
x2%-D (5.2)

When x < V2D, the diffusion length is insufficient to eliminate the entire striated region, but equilibration of
the stria occurs. Therefore when x < %2:D, the size of the striated domain shrinks, but a part of the stria per-

sists in the melt.

5.1.1 Effect of stirring on striae in glass melts: Simulation studies
To elucidate the effect of stirring on the striations in a glass melt, the simulated ideal striae from subsection
4.1.1 is initially considered due to its simplicity. By means of image processing, the ideal striation is subject-

ed to one or two times stirring of 360 ° (Figure 5.2) as elaborated in paper 6.
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a
Figure 5.2: Images of an ideal stria with a striae size of 200 pixels (A) and the same ideal stria subjected to one (B) and
two times (C) of 360° stirring.

Stirring exerts the striae in the melt to shear forces that deform the striae. At the corners of the image, the
stria structure remains intact despite the stirring. The same phenomenon is observed in real glass furnaces
where “dead zones” exist, i.e., simultaneous to a laminar flow in the majority of the glass furnace volume,
unaffected dead zones are present in the furnace. The dead zones are commonly found in the corners of
melting furnaces, which is an observation similar to the one seen in the simulation in Figure 5.2. The effect of

stirring on the ideal striation is found by Fourier transformation of line scans on the images (Figure 5.3).
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Figure 5.3: Fourier transformation spectra of ideal striation (Unstirred) and the same stria subjected to a simulated 360 °
stirring for 1 time (1 stirring) or 2 times (2 stirring).
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As the chemical differences leading to striae only can be equilibrated through diffusion of the species that
are in excess or depleted in the striation, the area under the curves in the Fourier transformation spectra is
identical. In other words, the integral intensity of the stria is unaffected by the stirring. Whereas the ideal
striation exhibits a well-defined peak at a striae dimension of 200 pixels and minor peaks due to model arte-
facts (discussed in subsection 4.1.1), the Fourier transformation spectra of the stirred striations have nume-
rous peaks. The presence of numerous peaks in the Fourier transformation spectrum of the stirred striation
reflects the creation of a broad range of stria sizes during stirring. In other words, stirring distributes the
dimensions of the initial striae to a broad range of dimensions, i.e., both smaller and larger striae are created
during stirring. The overall stria intensity is, however, unaffected by the stirring process. Conversion of the
large 200 pixel striae to striae with a size smaller than 30 pixels requires two times stirring of 360 °. The dif-
ference in the content of striae smaller than 30 pixels between the striation subjected to one and two times
360 ° stirring reflects the requirement of a certain extent of the stirring to inflict the conversion of large striae
to smaller ones.

Since the diffusion process occurs at the interface between the stria and the glass matrix, small striae are
eliminated faster than the larger ones. Stirring of glass melts increases the homogenisation rate as it distrib-
utes the initial stria size to smaller and larger dimensions. The redistribution of the striae size distribution to
smaller striae ensures that a larger percentage of the striae fulfil the elimination criterion in Eq. (5.2). After
equilibration of the small striae, a subsequent stirring deforms the large remaining striae and creates new
small striae. In a continuously stirred glass melt, the small striae are eliminated by diffusion and the remain-
ing larger striae continuously undergo conversion to small striae. Therefore, in a glass melt that contains
both small and large striae, stirring is an efficient approach to increase the homogenisation rate. To verify the

theoretical considerations, simple stirring experiments are performed.

5.1.2 Effect of stirring on striae in glass melts: Experiments

The effect of stirring on the stria equilibrate rate is examined for a borosilicate melt since it is convenient to
handle as the melt can be homogenised at 1120 °C and since the melt has a very good glass forming ability.
To produce well-defined and easily detectable striations, a glass from the same borosilicate melt doped with
0.4 wt% CoO is produced as described in detail in paper 6. The striations are introduced by synthesising a
clear, homogeneous borosilicate melt followed by addition of 0.75 g of the CoO doped glass to the clear melt.
After the addition of the blue CoO doped glass, the melt is subjected to various stirring durations up to 15
min. The stirring creates a laminar flow in the glass [Cable 1996], which can convert large striae to smaller
ones.

On the scanned images of the samples, one pixel has an area of 7.9x7.9 pm?2. As any change in optical
transmission requires at least two pixels, structures with a size above 16 pm can be detected. During the
integration of Fourier transformation spectra, the integration proceeds from large to small dimensions.
Therefore, the integral intensity at 20 pm is a measure of the total stria content (I»o) in the glass. The total stria
content (I») against stirring duration is shown in Figure 5.4. The melt is subjected to a melting period of 15

min, i.e., for stirring durations shorter than 15 min, the remaining time is retention (paper 6).
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Figure 5.4: Total stria content (I20) against stirring duration. As the total melting period is 15 min, melts subjected to less
than 15 min stirring have a retention period subsequent to the stirring. The total stria content in an unstirred melt is
added for comparison. The errors bars are calculated from the three samples prepared from each melt.

The stria content decreases with increasing stirring duration in an inversely s-shaped manner. Comparison
of the melt subjected to stirring during the entire 15 min melting period and the melt solely subjected to re-
tention reveals a decrease in the stria content of 63 % in the stirred melt. As a decrease in stria content is ob-
tained without altering the melt temperature and the melting duration, the diffusion length x in Eq. (5.1) is
identical for all melts. Initially, the size of the striae is 1-2 mm as this is the size of the CoO doped glass piec-
es added to the melt. During stirring, shear forces convert the large striae to smaller ones. Therefore, in the
stirred melt, a larger fraction of the striae fulfils the criterion in Eq. (5.2) compared to the unstirred melt. For
stirring durations shorter than 4 min, the impact of stirring on the stria content is limited as the striae content
in melts exposed to stirring durations shorter than 4 min is similar to the stria content in the unstirred melt.
From the limited effect, it is inferred that optimum conversion of striae requires at least 4 min. A similar
phenomenon is observed during the simulation as 2 rounds of stirring are required to obtain a full conver-
sion of the striae. Hence, a certain degree of stirring is required to obtain stria size conversion. The critical
stria conversion time can be reduced by optimisation of the stirrer geometry [Cable 1986]. Further decrease
in stria content for stirring durations longer than 4 min is ascribed to a combination of stria conversion and
diffusion. The small striae created as a result of the stirring in the beginning of the stirring period are elimi-
nated within the melting period of 15 min. After equilibration of the small striae, the stirring ensures that the
remaining large striae are converted to new small striae that can be equilibrated within the time frame of the
experiment. In other words, the conversion of large striae into smaller ones is a continuous process that takes

place during stirring of a striated glass melt.

5.1.3 Effect of melting temperature and retention time on stria equilibration

In some industrial furnaces, establishment of stirring facilities is costly and in reducing furnaces such as
cupola furnaces, the use of stirrers is complicated. The reducing conditions in the cupola prevent the use of
platinum stirrers as platinum alloys it is when exposed to reducing conditions. The application of brittle
ceramic stirrers is impeded by the addition of raw material as lumps that mechanically can damage the stir-
rer. To reveal other approaches than stirring for improvement of the stria equilibration rate, the impact of

melt temperature and retention time on stria equilibration rate is investigated for stone wool melts.
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To replicate the conditions in a cupola furnace, melting experiments are performed in a 7 L SiC-clay
crucible doped with graphite to expose the melt to reducing conditions. The large volume of the melting
crucible enables the utilisation of raw materials used in stone wool production. The batch denoted SW1 is
produced from two basalts and a briquette containing basalt, bauxite, dolomite, hematite and stone wool
waste embedded in a cement matrix. The experimental details and the chemical composition of the raw ma-
terials and the batch are provided in paper 7.

Melts produced at 1300 °C for 10 and 20 min contain large amounts of undissolved white stones. To
identify the origin of the undissolved material, the stones are separated from the glass phase and subjected
to chemical analysis. 51.9 mol % CaO and 44.3 mol % MgO in the stones identify that the undissolved mate-
rial is dolomite. As dolomite is the last dissolving component in the glass melt, striae enriched in CaO and
MgO are expected to occur around the undissolved stones. The redox conditions of the melt are monitored
by determination of the iron redox state in the melt. To study the redox conditions, a sample from the long-
est retention time (40 min) is investigated as the sample exerted to the longest retention time is the sample

closest to thermodynamic equilibrium. The Mossbauer spectrum of the sample melted at 1300 °C for 40 min

is shown in Figure 5.5.
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Figure 5.5: Mssbauer spectroscopy spectrum of sample melted at 1300 °C for 40 min. The duplet in the spectrum is
caused by the presence of Fe2* in the glass.

The presence of a single duplet in the Mossbauer spectroscopy spectrum (Figure 5.5) reveals the presence of
Fe?* in the glass network. As the spectrum exhibits no signs of a Fe3* sextet, the Fe3* content is below the
detection limit of 3 % of the total iron content, i.e., ferrous iron constitute at least 97 % of the total iron con-
tent in the glass network. The lack of ferric iron in the glass structure agrees with the formation of a metallic
iron pool at the bottom of the crucible during the melting process. The reduced state of iron in the glass melt
is similar to that found in stone wool melts produced in cupola furnaces [Kirkegaard et al 2005; Lund et al
2010]. As the iron oxidation state shifts to more reduced conditions upon increasing melt temperature
[Lange & Carmichael 1989; Kukkudapu et al 2003; Magnien et al 2008; Borisov & McCammon 2010], iron is
believed to be in its ferrous state in the glasses produced at temperatures higher than 1300 °C.

The total stria content (I2) in glasses produced at melt temperatures from 1300 to 1450 °C with retention

times of 10 to 40 min is shown in Figure 5.6.
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Figure 5.6: Total stria content (I2) as a function of melting temperature for retention times of 10, 20 or 40 min. Due to
the presence of undissolved raw material, it has not been feasible to prepare a samples for stria characterisation for
retention times of 10 and 20 min at 1300 °C.

The stria content in the glasses reduces upon either increase in the melt temperature or prolonging of the
retention time. The impact of the melt temperature on glass homogeneity decreases at melting temperatures
above 1400 °C as the decrease in I for samples prepared at 1400 and 1450 °C is small. At higher melt tem-
perature, the impact of increased retention time on the stria equilibration diminishes. Both phenomena can
be explained by different chemical natures of the striae. As the glass melt contains several different species
originating from a spectrum of raw materials, striae enriched/depleted in different species are believed to
exist in the melt. The ions in the melt differ in parameters such as charge and ionic radius and consequently,
each ion has a given mobility in the melt. The more mobile ions exhibit a larger diffusion length for fixed
melting conditions than the less mobile ones. At a low melt temperature such as 1350 °C, the elimination of
stria caused by mobile ions requires a time frame of at least 40 min. Therefore, a gradual equilibration of the
striae (gradual reduction of I») occurs up to a retention time of 40 min at 1350 °C. At higher melting temper-
atures such as 1450 °C, elimination of striae enriched/depleted in mobile ions proceeds within about 10 min.
Consequently, for retention times longer than 10 min, mainly striae enriched/depleted in ions with low mo-
bility exist in the melt, which decreases the stria equilibration rate. The lower stria equilibration rate is re-
flected by a small effect of retention time on Iy at 1450 °C. Similarly, for a temperature increase from 1400 to
1450 °C at a given retention time, the majority of the chemical differences caused by the mobile ions can be
eliminated at a temperature of 1400 °C. After the fast equilibration of striae caused by mobile ions, the gradi-
ents in slowly diffusing species remain in the melt and therefore the homogeneity improvement rate is con-
trolled by the diffusion of these slowly diffusing species. In summary, at low melting temperatures and re-
tention times, a fast improvement of the homogeneity is observed, whereas at higher melting temperatures
and longer retention times, the stria equilibration is controlled by slowly diffusion species, and this slows the
homogenisation process. The difference of the diffusion rate of various ions in calcium containing silicate
melts has been verified in earlier studies [Van Orman et al 2001; MacKenzie & Canil 2008]. The diffusion rate
of various species can vary by as much as two orders of magnitude in soda-lime-silica glass melt [Riissel
1991].

A second stone wool melt (SW2) is investigated and the batch composition of SW2 is similar to that of
SW 1. The SW2 batch is made solely from briquettes containing wool waste, diabase, anorthosite, olivine,

and slag embedded in a cement matrix. After 20 min at 1400 °C, the SW2 glass contains undissolved stones,
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i.e., melts produced from the SW2 batch are clearly more inhomogeneous than melts produced from the SW1
batch. Hence, the homogeneity of a glass melt depends on the raw materials in the batch. Due to the large
prevalence of undissolved material in the SW2 glass, it has not been possible to prepare a sample for stria
characterisation. From XRF measurement, the chemical composition of the undissolved stones is found to be
(Wt %): 48.9 SiOy, 29.6 Al,O;, 15.3 CaO and 2.9 NayO. The undissolved stones are identified as anorthosite as
the chemical composition anorthosite in the batch is (wt %): 48.5 SiO, 29.0 Al;O3, 13.8 CaO and 2.9 Na2O.

5.1.4 Effect of melt viscosity on stria equilibration

According to the Stoke-Einstein equation, the diffusion rate in a liquid medium is inversely proportional to
the viscosity of the medium. To explore the influence of viscosity on stria equilibration, the SW1 batch is
melted under more oxidising conditions at 1400 °C. The redox state of the melt is altered by coating the sur-
face of the crucible with a CrOs refractory paste. The paste prevents contact between the melt and the
graphite in the crucible, which removes the reducing power of the graphite from the glass melt. As polyva-
lent element, iron is particularly sensitive to changes in redox state and glass produced in the Cr>Os crucible
is expected to contain both ferrous and ferric iron in the glass structure. However, due to the more oxidising
conditions, the metallic iron formation is reduced when the crucible is coated with the Cr.O; paste. There-
fore, the iron oxide concentration in the melt produced in Cr,O; coated crucible is higher than in the melt
produced in the as-obtained SiC crucible. In the SiC crucible, iron is present as Fe?*, i.e., metallic iron for-
mation removes network modifier from the melt, which should increase the melt viscosity [Mysen & Richet
2005]. In the Cr20Os coated crucible, the melt has higher iron oxide content, but XPS measurement (see paper
4) on melt produced in the Cr,O; coated crucible reveals that 60 % of the iron is present as Fe3* (network
former) whereas the remaining 40 % are Fe?* (network modifier). The larger iron oxide content in the melt
produced in the Cr,O; crucible should decrease the viscosity if iron acts as a network modifier, but the pres-
ence of Fe3* increases the melt viscosity since Fe3* is a network former in the melt. Therefore, in addition to
the difference in the structural role of iron between melts produced in the two crucibles, the chemical com-
position of the melts differs. The impact of each of the two effects on the melt viscosity is difficult to quantify
from theoretical considerations. During casting of the melts, it is from visual observation clear that the melt
produced in the Cr2O; coated crucible has a higher viscosity than the melt produced in the as-obtained SiC
crucible. The increase in melt viscosity due to the application of the Cr>Os paste is therefore ascribed to the
conversion of Fe?* to Fe3*.

As the homogenisation process is expected to be slower in the Cr>O3 coated crucible than in the SiC cru-
cible due to the higher viscosity of the melt, a melt temperature of 1350 °C is expected to be insufficient to
produce melts that after 10 min retention possess a homogeneity that fulfils the requirement for grinding
and polishing. However, since increasing melt temperature shifts the iron oxidation state towards the re-
duced state, high melt temperatures vanish the effect of the Cr,O; paste. Through this trade-off, the total
stria content in glass produced in the two crucibles is compared for a melt temperature of 1400 °C (Figure
5.7).



43

= SiC
® Cr203

Lo )

O T T T T T T T
10 15 20 25 30 35 40

Retention time (min)

Figure 5.7: Total stria content (I2) in melts produced in crucible coated with Cr,O; refractory paste (Cr2O3) and as-
obtained crucible (SiC) at 1400 °C.

The total stria content is higher in glasses prepared in the Cr,O; coated crucible than in glass produced in the
as-obtained crucible. The Cr,O; refractory paste can dissolve into the glass melt, which is investigated by
measurement of the CrO; content in the glasses. For retention times of 10, 20 and 40 min, the Cr,O; content
in the glass is 0.11, 0.19 and 0.86 wt%, respectively. The largest homogeneity difference between glasses pro-
duced in the two crucible types occurs for retention times of 10 and 20 min, i.e., the glasses with the lowest
Cr>0; content. Therefore, it is inferred that the homogeneity difference between glasses produced in the two
crucibles originates from other factors than Cr2Os enriched striae. A large CrO; content in the melt is not
equivalent to many or intense striations as no striations are created by homogeneously distributed large
Cr.0Os content. However, as Cr,Os; dissolves into the melt at the interface between the melt and the Cr,Os
paste, a homogeneous distribution of Cr;Os in the melt is considered infeasible at the applied retention
times.

The increased stria content in the viscous melts produced in the CrO3 coated crucible demonstrates that
the viscosity indeed influences the stria equilibration rate in the melt. The difference in stria content between
glasses produced in the two crucibles types diminishes when the retention time is prolonged. This trend can
be explained by the same phenomenon responsible for the decreasing effect of increasing retention time on
stria content at higher melt temperatures (cf. subsection 5.1.3). Finally, the viscous melt is by visual inspec-
tion found to contain more bubbles with a size above ~2 mm than melts produced in the as-obtained SiC
crucible. Hence, besides impeding ionic movement required for stria equilibration, the increased viscosity

reduces the ascent rate of the bubbles.

5.2 Removal of bubbles from glass melts

If the retention time is sufficiently long at an appropriately elevated temperature, the glass melt is bubble
free as buoyancy provides a driving force for the bubbles to ascend to the surface and escape the melt. How-
ever, since most industrially produced glasses are subjected to a limited retention time, bubbles can exist in
glasses. To improve the bubble removal from the glass melt, scientists and technologists have through dec-
ades studied the effect of fining agents on bubble removal [Stelzner et al 1990; Beerkens et al 2007; Grund et

al 2009]. Fining agents release gasses during the melting process that cause the formation of larger bubbles



44

through coalescence of small bubbles. The formation of larger bubbles enhances the ascent rate of the bub-
bles in the glass melt.

In this work, the influence of other parameters on the bubble content in stone wool melts is explored. In
detail, the influence of melting temperature and iron content of the melt is investigated for stone wool melts

produced in cupola furnaces.

5.2.1 Influence of melt temperature on bubble content

The bubble size distribution in glasses from stone wool melts with the same chemical composition sampled
from the same cupola furnace at the same day at 1455 and 1485 °C is studied (Figure 5.8). The normal operat-
ing temperature of the furnace is 1455 °C and a temperature increase has been obtained by slightly increas-

ing the coke content in the batch. The experimental procedure of the study is described in detail in paper 5.
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Figure 5.8: The average number of bubbles in an image stack as a function of the bubble volume. The counting has been
conducted on rapidly cooled melts produced at 1455 and 1485 °C, respectively. (a) The entire region of interest, i.e., bub-
ble volumes from 1.8 to 40 pm? (b) magnification on the ordinate.

From the glasses produced at 1455 and 1485 °C, it is observed that the number of small bubbles (2-6 um3) is
larger in the former melt than in the latter one (Figure 5.8a). The difference in bubble number between the
samples becomes increasingly pronounced with decreasing bubble volume. Concerning the larger bubbles
(> 7 pm3), the reverse effect is seen, i.e., the number of larger bubbles increases with melting temperature
(Figure 5.8b). To quantify the change in the bubble size distribution, the 84 % threshold, i.e., the diameter
below which 84 % of the bubbles are found, is calculated. The 84 % threshold increases from 5.66 to 8.13 pm
when the temperature is increased from 1455 to 1485 °C (Table 5.1), which reflects a growth of the bubbles
when the temperature is elevated from 1455 °C to 1485 °C.

Table 5.1: The total volume of bubbles in the range 1.8-40 um3 in the stone wool melts prepared at 1455 and 1485 °C. The
84 % bubble diameter threshold based on the number of bubbles is also given.
Temperature 84 % Threshold  Volume (pm?)

1455 °C 5.66 um 163320
1485 °C 8.13 pm 168600

Besides affecting the bubble size distribution, the temperature increase can alter the gas solubility in the
melt. The gas solubility influences the total volume of bubbles in the glass melt since a large solubility ena-
bles dissolution of small bubbles in the glass structure. To explore whether the temperature difference affects
the gas solubility in the melt to a measurable extent, the volume of the bubbles in the size range 1.8-40 pm? is
calculated (Table 5.1). The difference in the bubble volume between the two melts is within the statistical

uncertainty and therefore the total bubble volume is concluded to be similar in the two melts. This implies
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that the temperature increase from 1455 to 1485 °C only creates another bubble size distribution since the
overall bubble volume in the glass is similar for both melt temperatures. Hence, a temperature change of 30
°C is insufficient to inflict any detectable change in gas solubility based on the investigation of bubbles with
a volume of 1.8-40 um?3. Since the gas solubility in the glass structure depends on the temperature of the
melt, it is believed that a large temperature difference would have caused a detectable difference in the bub-
ble volume. The growth of the bubbles due to the temperature elevation from 1455 °C to 1485 °C can take
place through coalescence of small bubbles leading to the formation of larger ones. Hence, the number of
small bubbles diminishes, but since the former small bubbles are part of larger bubbles, the overall volume
remains constant. The thermodynamic driving force for the coalescence is a decrease of the surface energy as
the volume to surface ratio increases when the bubble size increases. However, the coalescence can be hin-
dered kinetically by a high viscosity of the melt. As the viscosity decreases with increasing temperature, the
kinetic barrier for formation of large bubbles is easier to overcome at 1485 °C than at 1455 °C. Therefore, the
temperature increase promotes the coalescence rate. Despite a growth of the bubbles, the ascent rate remains

below the rate required to ascent to the top of the melt and to escape the melt.

5.2.2 Influence of iron on bubble content

The bubble content in an iron-bearing stone wool melt and a low iron-bearing stone wool melt is compared
(Figure 5.9). The chemical composition of the two melts is comparable except for the FeO content which is

around 1 wt% in the low iron-bearing stone wool melt and 6 wt% in the traditional iron-bearing stone wool

melt.
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Figure 5.9: The average number of bubbles in an image stack with a volume of 230x230x90 pm? for melts produced in a
cupola furnace. (a) Low iron-bearing stone wool melt with a FeO content around 1 wt%. (b) Traditional iron-bearing
stone wool melt with 6 wt% FeO.

The number of small bubbles is more than one order of magnitude smaller in the low iron-bearing melt than
in the iron-bearing stone wool melt. Despite the large difference in the number of bubbles, the total bubble
volume based on bubbles in the range 1.8 to 40 um?3 is 78598 um?3 in the low iron iron-bearing melt compared
to 163320 pm? in the iron-bearing melt. Hence, whereas the number of bubbles is an order of magnitude
higher in the low iron-bearing melt compared to the traditional iron-bearing stone wool melt, the bubble
volume only differs by a factor of two between the two melts. The bubble volume is less dependent on the
iron concentration than the number of bubbles since mainly the amount of small bubble differs between the
two melts. From Figure 4.15 it is known that the small bubbles mainly contain the carbon containing species
CHy, CO and COs,. As the amount of small bubbles is dramatically lower in the low iron-bearing stone wool

melt, it is inferred that the creation of small bubbles is linked to the presence of iron ions in the melt. Iron
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oxide can undergo redox reaction with coke to produce metallic iron and CO/CO,. The ratio of CO to CO»
depends on the redox conditions inside the furnace. Furthermore, CO can react with C and H>O to CHj if
moisture and reducing conditions are present at high temperature. Since formation of metallic iron is ob-
served in the furnace, it is believed that the generation of small bubbles with carbon containing gaseous spe-

cies originates from the reaction between iron oxide and coke.
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6 Summary

In this work, a novel stria characterisation method based on optical transmission of light is developed. A fast
data acquisition rate is obtained by analysing a grey image of the investigated glass. The grey image consists
of a set of dots (pixels) each with a grey value that by calibration is converted to an optical transmission. In
other words, the image contains millions of small squares that each reflects the optical transmission of the
glass at that spot. The optical transmission changes in the glass are quantified by performing line scans. Dur-
ing line scanning, the transmission is recorded along a line inserted on the image. For each sample 500 line
scans are performed and the line scans are subsequently subjected to Fourier transformation. From the Fou-
rier transformation spectrum, the stria intensity at a given stria dimension is determined. The stria intensity
is a measure of the sum of the transmission difference between the striae and the glass matrix at a certain
stria dimension. The total stria content of the glass is found by integration of the stria intensity. Besides de-
termination of the total stria content in a glass, a characteristic intensity and dimension are determined from
the plot of the integral intensity against stria dimension.

In addition to striae, inhomogeneous glasses contain bubbles of varying size. On images, the bubbles
appear with a transmission difference to the surrounding glass. Since the stria characterisation method de-
tects transmission differences on the image, bubbles are detected as intense striae. To omit the impact of
bubbles on the stria characterisation, the bubbles are prior to line scanning removed from the image by im-
age processing.

In this work, a scanner is applied for the image acquisition. The detection limit of the scanner allows
stria characterisation of non-optical glasses. To extend the application of the stria characterisation method to
optical glasses, improvement of the image acquisition technique to optical microscopes or interferometers is
required. By employing a scanner as image acquisition technique, non-optical glasses can be ranked with
respect to their stria content. The stria characterisation method developed in this work has an improved
detection limit compared to the commonly applied refractive index measurements.

Striae are removed from glass melts through diffusion of the species that are enriched or depleted in the
striae. Complete elimination of a stria occurs when the diffusion length is larger than half the size of the
stria. The elimination of striae from glass melts is explored by stirring and increase in melt temperature or
retention time. During stirring of a glass melt, the dimension of the initial striae is broadened to both larger
and smaller dimensions. The creation of smaller striae improves the stria equilibration rate as the elimination
of small striae requires a smaller diffusion length than the elimination of large striae. In other words, stirring
in itself does not eliminate striae, but stirring improves the stria equilibration rate by converting larger striae
to smaller ones. Both increasing melt temperature and prolonged retention time enhance the melt homoge-
neity with respect to striae. At increasing melt temperature, the effect of retention time on the stria content of
the melt diminishes, which is ascribed to the presence of striae with different chemical origins. At high melt
temperature, striae enriched/depleted in quickly diffusing species are equilibrated after a short retention
time and consequently for prolonged retention times the equilibration of the remaining striae is controlled
by slowly diffusing species. Hence, for glass melts with striae of different chemical origin, the effect of reten-
tion time on the stria content reduces when the melt temperature is increased. An increase in the melt viscos-
ity at a constant melt temperature reduces the stria equilibration rate.

The chemical origin of striae in stone wool melts is addressed by X-ray photoelectron spectroscopy

(XPS). Although the content of Fe3* by Mossbauer spectroscopy is known to be below the detection limit of 3
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%, small domains with up to 25 % Fe®* are identified by means of XPS. Therefore, some of the striae in the

iron bearing glasses from stone wool melts are caused by the presence of a minor part of Fe3*.

Besides striae, some glasses contain bubbles. The bubbles size distribution and bubble volume in glasses are
assessed by acquiring 2D image stacks of the sample. An image stack contains a set of optical transmission
images of a given area inspected at different depths. Size determination of the bubbles proceeds through
identification of the core of the bubble in the image stack followed by determination of the bubble diameter.

An increase of the melt temperature from 1455 to 1485 °C of a stone wool melt produced in a cupola
furnace affects the bubbles size distribution in the melt. The melt temperature increase shifts the bubble size
distribution towards larger bubbles although the total bubble volume is unaffected by the temperature in-
crease. Bubbles with a size below 25 um are filled with the carbon containing species CHy, CO and CO..
Larger bubbles mainly contain N>, H>S and SO».

The presence of carbon containing species suggests the reduction of iron oxide by coke as a potential
bubble formation source. To verify this, a melt containing 6 wt% FeO and a similar melt with 1 wt% FeO are
produced in a cupola furnace. The number of small bubbles known to contain the carbon containing species
reduces by more than one order of magnitude when reducing the FeO content from 6 to 1 wt%. This strongly
indicates that the generation of carbon containing gaseous inclusions originates from the reaction between

iron oxide and coke.
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