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English Abstract
Foam glass has been used for over 70 years in construction and industry
for thermal insulation. Foam glass is mainly made of recycle glass. Strict
energy policy motivates foam glass manufactures to improve the thermal
insulation of foam glass. The effort to understand the making of foam glass
with good insulation ability is scarcely reported. The goal of this Ph.D. thesis
is to reveal the underlying mechanism of foaming reaction, foam growth and
the heat transport of solid foam glass. In this thesis, the panel glass from
cathode ray tubes (CRT) will serve as a key material to reveal the
mechanisms.
Foaming is commonly achieved by adding metal oxides or metal
carbonates (foaming agents) to glass powder. At elevated temperature, the
glass melt becomes viscous and the foaming agents decompose or react to
form gas, resulting in foamy glass melt. Subsequent cooling to room
temperature, lead to solid foam glass. Metal carbonates decompose due to
surface reaction. Based on Na2CO3, we show the reaction is fast and the
glass transition is changed considerably. We propose the reaction rate is
dependent on contact area between glass melt and Na2CO3, melt viscosity
and Na+ diffusion.
A method is developed for optimising process parameters. Characteristic
temperatures are derived from a deformation curve and the deformation rate
curve. Maximum expansion rate was linked to closed porosity. Using this
knowledge the method is applied to literature data to analyse for optimal
conditions. The resulting conditions were in agreement with industrial
conditions. Since no foam glass properties are necessary to measure, the
method allows fast investigation of process parameters.
The melt viscosity is an important parameter for foam growth. We
compared bubble- and crystal free melt viscosity with foam density and
show in order to minimise the foam density, the heat-treatment should be
performed in the viscosity regime of 103.7-106 Pa s.
The thermal conductivity of foam glass made is often reported to be
linear dependent on porosity or foam density. Foam glasses made from CRT
panel glass and different foaming agents confirm this trend at high porosity
level (85-97%). The experimental data suggests the solid conductivity is
dependent on the foaming agent applied.
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Resumé (Danish Abstract)
Skumglas har været brugt som termisk isolerende materiale i over 70 år i
konstruktions- og industrimæssige sammenhæng. Skumglas består hovedsageligt af genbrugsglas. Streng energipolitik har motiveret skumglasproducenter til at forbedre isoleringsevnen på skumglas. Der er få rapporteret
forsøg på at forstå og forbedre isoleringsevnen. Målet med denne Ph.D.
afhandling er at vise mekanismerne, som styrer gas udvikling, skumdannelse
og varmetransporten i faste skumglas. I denne afhandling, vil panelglasset
fra billedrør spille en central rolle til at forstå mekanismerne.
Opskumning opnås sædvanligvis ved at tilføre metaloxider eller
karbonat-salte (skumningsagenter) til glas pulver. Ved høje temperature
bliver glasset flydende og skumningsagenterne dekomponerer eller reagerer,
som derved udløser gas. Dette resulterer i opskumning af glassmelten.
Efterfølgende afkøling til rumtemperatur, resulter i et fast skumglas.
Karbonatsalte dekomponerer som et resultat af overfladereaktion på
glassmelten. Baseret på Na2CO3, viser vi at reaktion er hurtig og at
glasovergangstemperaturen ændres mærkbart. Vi foreslår at reaktionen er
afhængig af
overfladekontakt
mellem smelten
og Na2CO3,
smelteviskositeten og Na+ diffusion.
En metode er udviklet til at optimere procesparametrene. Karakteristiske
temperature er afledt fra deformeringskurver og hastighedskurver. Maximal
opskumningshastighed var sammenkædet med den lukkede porøsitet. Denne
metode kunne analysere litteratur data og de optimale proces parametre
kunne bestemmes. Resultatet var i overensstemmelse med industrielle data.
Siden ingen skumglasegenskaber skal måles for at bruge metoden, så kan
metoden potentielt forøge forskningshastigheden.
Smelteviskositeten er en vigtig parameter for opskumning.
Sammenligning af boble- og krystal fri smelteviskositet med skumdensiteten
viste at varme-behandlingen bør foretages i viskositetsområdet 103.7-106 Pa s
for at minimere skumdensiteten.
Den termiske ledningsevne er ofte rapporteret som værende lineær
afhængig af densiteten. Skumglas lavet af panelglas og forskellige
skumningsagenter bekræftede denne trend til dels i et bredt porøsitetsspænd
(85-97%). De eksperimentelle data antyder at ledningsevnen af den faste del
er afhængig alt efter hvilken skumningsagent som bliver brugt.
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1. Introduction

1. Introduction
Mankind has always had a need for insulation, making clothing to keep
warm and building homes to survive through harsh winters. In modern
civilisation, glass is an important insulation material for house construction.
Insulation material made of glass combines good insulation ability with
excellent thermal stability. Man-made glass fibres or mineral wool have been
available since the 18th century as insulation material and are today one of
the preferred materials. Porous glass (or foam glass) dates to the 1930’s [1].
In comparison to the glass fibres, foam glass had a more anonymous role as
insulation material through the history.
Foam glass is a kind of inorganic material formed by freezing a bubblecontaining glass melt. Glass powder is commonly employed as precursor and
when mixed together with a solid or fluid foaming agent, bubbles form in the
glass melt at elevated temperatures. The porous structure of foam glass
makes it ideal for thermal applications owing to much lower thermal
conductivity of the gas in the bubbles compared to the glass itself.
In the last two decades foam glass material has gained an increased
attention. This is because the environment plays an ever more important role
and the foam glass process has become a valuable solution for reprocessing
waste glass. Landfilling the waste glass has long been a common practice,
but cost of landfilling has increased. At the same time energy prices have
increased, and therefore waste glass has become a vital resource for glass
manufactures and an important sales product for glass recyclers. The glass
recyclers sort and clean the waste glass. The cleaning process leaves
fractions of glass which are too costly to clean. These “dirty” fractions have
no value for the float and bottle glass industry and it is therefore commonly
landfilled. The foam glass industry, however, is able to use waste glass
containing up to 5 wt% of impurities, such as ceramic, stone, colorants and
porcelain, if the waste materials are finely grinded.
Container glass and flat glass have already an established closed recycle
loops, i.e. most of the post-consumer glass returns to the manufactures [2].
However, Cathode ray tube (CRT) glasses from outdated televisions and
computers monitors have almost no recycling loops [3-5]. Instead, waste
glass from CRTs accumulates on landfills [6] and become an increasing
environmental problem [4]. CRT glass consists of multiple glass
compositions (Fig. 1.1): 65 wt% panel glass, 30 wt% funnel glass, 5 wt%
neck glass and < 1 wt% frit glass [4]. The panel glass is connected to the
1
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funnel with a glass frit [4]. The neck-, funnel-, and frit glass contains a high
amount of lead. Panel glass can contain lead if the screens originate from
black and white televisions [3,7]. In colour television, most panel glasses do
not contain lead, since majority of CRT manufactures converted into nonlead panel glass production after 1995 [3]. Lead is banned in many
applications and will be restricted in construction materials within EU [8].
Hence, neck-, funnel-, and frit glasses can only be used if lead is extracted
through alkaline leaching [9], carbothermal treatment [10] or through the
energy intensive smelting process [5,11,12]. The panel glass from colour
television can, however, potentially be reutilised in the foam glass
production. Glass recyclers can easily separate non-lead glass from lead
glass through optical sorting systems [5,6]. Panel glass produced after 1993
contains BaO and SrO and they are not restricted in building materials in
Denmark. Leaching test of CRT panel glass powder and crushed foam glass
show that the BaO and SrO remains stable incorporated in the glass [13].

Fig. 1.1 – Cathode ray tube (CRT) consist of four different glasses: Neck, Funnel,
frit and panel. Picture is from [14].

The overall aim of this Ph.D. project is to develop foam glasses as
thermal insulating material for house walls. The project is part of larger
interdisciplinary collaboration between Danish Technological Institute,
Gråsten Brickwork and Egernsund Tegl. The overall aim of the project is to
develop a new wall technology, i.e., to make a new type of integrated
building block, CleanTechBlock, which consists of foam glass sandwiched
between two clay bricks (Fig. 1.2). Denmark is restricting the household
energy consumption to one of the lowest levels in the world, encouraging
architects to use high-performing thermal insulation or to increase the
amount of insulation. High-performing insulation materials are very
expensive and are very often not cost-effective. Instead, contractors are
forced to improve the insulation by increasing the amount of conventional
insulation material. The building block is intended to meet the forthcoming
market standards by providing a slim wall solution and fast construction
speed. The foam glass is suitable as insulation material, since it cannot burn,
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is impermeable to wind and water, resistant against freeze-thaw and durable
against vermin.

b)

a)

Fig. 1.2 – a) Mock-up of a wall section consisting of b) foam glass sandwiched
between two red clay bricks.

1.1 Background and Challenges
The foaming of glass melt is a complicated matter. Many parameters
control the foaming process: Temperature, time, gas atmosphere, gas
pressure, viscosity, surface tension and crystallisation ability of glass
composition, particle size, concentration and type of foaming agent. Hence,
optimising the foaming process is very difficult and time consuming.
Foams are also very complex systems to study. They are formed and exist
under non-equilibrium conditions and the foams will tend to minimise
surface energy through coalescence and eventually collapsing. Hence, their
lifetime is limited. Most foam systems consist of stable liquids (e.g. water,
oil). Glass melts are foamed in the viscosity range of 103.6-106 Pa s. In this
range, the glass melt is meta-stable and can tend to crystallise. This makes
the understanding of foaming ability of glass melts more complicated.
The vast majority of foam glass research focuses on demonstrating which
natural resources or waste materials can act as melt precursors (e.g. ash, blast
furnace slags, red mud, waste glass) or foaming agent (e.g. egg shells, saw
dust, oil waste, plaster boards, metal carbonates and -oxides). The growing
industrial activities are followed by an increasing interest from academic
researchers. This is exemplified in the growing publication rate from year
2000 (Fig. 1.3). In addition, new and established companies have
constructed many new factories in Europe in the last two decades to meet the
growing demand.
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Fig. 1.3 - Number of publications in English peer-review journals which report on
the preparation, characterisation and modelling of foam glass.

The goal of this PhD project is to gain understanding of the reaction
mechanism, foam dynamics and thermal conductivity. The aim is to open up
for new strategies to improve insulation ability of foam glass. The thermal
conductivity can be lowered by decreasing density, optimising pore
structure, altering the composition of the entrapped gas and improving the
glass matrix. There are several publications reporting on the thermal
conductivity of foam glass, but very few researches discuss the possible
parameters influencing the thermal conductivity of foam glasses [15-17] and
how to improve the thermal insulation. It is only sensible to discuss the
thermal conductivity if the foam glasses are well characterised, i.e. if the
pore structure, gas composition and solid matrix are well defined. This Ph.D.
project focuses on three topics:
1) The insulation ability can be improved by incorporating low
conducting gasses in the foam. The choices of foaming agents
directly influence the resulting gas composition. However, gas
entrapment is only sensible if the pores remain closed. Foams are
thermodynamically unstable due to their high surface area (and
surface energy). Hence, the pores minimise the surface area through
a coalescence process, which transforms the pores from being closed
to open. Thus, the foam glass will eventually become percolated. My
task is to define criteria for making foam glasses with closed pores.
The task focuses on reaction mechanism and foam dynamics.
2) A wide range of waste materials and natural resources have potential
to form the foam glass production. It is time consuming to optimise
a recipe, since many parameters control the foaming process. The
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temperature influence on both bubble growth and coalescence and is
one of the most important factors to consider. Therefore, another
task of this project is to define the foaming ability in terms of
temperature and viscosity regime in which foaming should proceed.
3) The thermal conductivity of foam glass is an important property for
thermal insulation applications, but few systematic results are
reported. Hence, the mechanism controlling the heat transport
remains almost an untouched issue. A third task is to reveal the
impact of solid and gaseous conductance on the overall thermal
conductivity.
1.2 Objectives
The overall goal of this PhD project is to understand the reaction
mechanism, viscosity and foam dynamics controlling the structural
properties and the thermal conductivity of foam glass.
The CRT panel glass is a key waste material in the CleanTechBlock project.
Therefore, the feasibility of using CRT panel glass in a foam glass
production is discussed. In relation to this, the chemical composition,
viscosity and glass stability of CRT panel glass are discussed in relation to
foaming ability and thermal conductivity.
The reaction mechanism and foam dynamics are studied on CRT panel glass
foamed with Na2CO3 and MnO2. A reaction mechanism is proposed for
metal carbonates and metal oxides.
The role of glass melt viscosity is studied to link this property to the foaming
ability. Labware, E-glass, CRT panel glass and soda-lime-silica glass are
foamed with CaCO3 at isokom temperatures to reveal the viscosity regime of
foaming.
The thermal conductivity of foam glass is studied to reveal the impact of
foaming agent on the overall thermal conductivity. The foam glass a made
from CRT panel glass and MnO2 and CaCO3 as foaming agent. This is done
with aim to idealise the gas and the solid composition.
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The objectives of the Ph.D. thesis are summarised below:
1) Reveal the feasibility of using CRT panel glass in a foam glass
production.
2) Suggest reaction mechanism for metal carbonates and transition
metal oxides and reveal the relationship between reaction
mechanism and foam structure.
3) Relate the foaming ability to bubble- and crystal free glass melt
viscosity and clarify any universal viscosity regime for foaming of
glass melt.
4) Reveal the impact of foaming agent on thermal conductivity of foam
glass and account for how gas- and glass composition influence the
thermal conductivity of foam glass.
1.3 Thesis Content
The thesis consists of an overview thesis and three published peer-reviewed
papers (see the list below). These papers are cited throughout out the thesis
using roman numerals.
I.

II.

III.

R.R.Petersen, J. König, Y.Z. Yue, The Mechanism of Foaming and
Thermal Conductivity of Glasses Foamed with MnO2, J. Non-Cryst.
Solids 425 (2015) 74.
R.R.Petersen, J. König, M.M. Smedskjaer, Y.Z. Yue, Effect of
Na2CO3 as Foaming Agent on Dynamics and Structure of Foam
Glass Melts, J. Non-Cryst. Solids, 400 (2014) 1.
R.R.Petersen, J. König, M.M. Smedskjaer, Y.Z. Yue, Foaming of
CRT panel glass powder using Na2CO3, Glass Tech.: Eur. J. Glass
Sci. Tech. Part A, 55 (2014) 1.
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2. Foaming of Glass Melts
Low density foam glass with closed pores is a challenge to obtain. Some
foaming agents have shown to more suitable for forming low density foam
glass. Transition metals, such as MnO2 [18-21] and Fe2O3 [21-23] are easy to
form low density foam glass of float glass and CRT panel glass, whereas
carbonates, such as Na2CO3 (Fig. 2.1) and CaCO3, are difficult to make foam
glass melts with density lower than 0.2 g/cm3. Na2CO3 and CaCO3 are
readily available resources and the formation of CO2 enables good thermal
insulation. Despite CaCO3 being one of the most reported foaming agent
within the scientific literature and in patents, low density foam glass cannot
be achieved with CaCO3.
2.1 Glass resources
In order to introduce CRT panel glass in industrial production, the viscosity
and glass stability (resistance to crystallisation) should remain stable
between the CRT televisions. Therefore, the chemical composition cannot
fluctuate. The CRT waste stream quality collected at the electronic recycler
Averhoff A/S (Århus, Denmark) show a very stable chemical composition
(Table 2.1).
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Table 2.1 – Chemical compositions of several Cathode Ray Tube (CRT) panel
glasses. The CRT panel glass from the same producer can originate from different
factories.
#

Producer

Chemical composition [wt%]
SiO2

Al2O3

Fe2O3

Na2O

K2O

CaO

MgO

SrO

BaO

ZrO2

SUM

1

LG Phillips
Displays

60.1

2.99

0.07

8.4

6.54

0.69

0.41

8.57

8.93

2.38

99.1

2

Philips
Displays

60.0

2.63

0.05

8.0

6.55

0.69

0.33

8.47

8.69

2.38

97.8

3

Phillips
Displays

60.5

2.80

0.13

8.1

6.62

0.64

0.32

8.49

8.74

2.38

98.7

4

Thompson

61.2

2.12

0.06

7.6

6.73

0.28

0.01

8.84

9.88

1.46

98.2

5

Thompson

60.6

2.16

0.07

7.7

6.83

0.19

0.01

8.91

9.96

1.45

97.8

6

Sony
Triniton

60.8

2.12

0.13

7.02

7.58

0.17

0.05

9.46

8.84

1.43

97.6

7

Phillips

60.3

2.12

0.10

7.34

7.21

0.18

0.03

9.15

9.36

1.43

97.2

8

Panasonic

59.8

3.01

0.09

7.54

7.18

0.12

0.01

8.72

10.01

1.33

97.8

9

Hitachi

60.6

2.06

0.05

7.38

7.23

1.08

0.28

8.21

9.09

2.36

98.3

10

Sanyo

59.6

1.91

0.04

7.67

6.95

1.80

0.42

8.06

9.31

2.47

98.3

11

Orion

61.6

2.02

0.07

7.02

7.55

0.06

0.00

9.25

8.93

1.56

98.0

12

Samsung

60.2

2.22

0.08

7.08

7.59

0.10

0.04

9.21

8.93

1.59

97.0

13

Sony
Triniton

61.5

1.91

0.06

7.17

7.65

0.06

0.00

9.45

9.18

1.44

98.3

14

Samsung

61.0

2.08

0.04

7.43

7.04

0.07

0.00

9.04

9.99

1.37

98.1

Average

60.5

2.3

0.1

7.5

7.1

0.4

0.1

8.8

9.3

1.8

98.0

Min

59.6

1.9

0.0

7.0

6.5

0.1

0.0

8.1

8.7

1.3

97.0

Max

61.6

3.0

0.1

8.4

7.6

1.8

0.4

9.5

10.0

2.5

99.1

2.2 General Preparation procedure
Glass is crushed with jaw crusher and ball milling or crushed at external
partners using rolling mills. Particle size of glass and foaming agent is
important for the foaming ability [16], foam density [18,24-27] and closed
porosity [24]. Mixing is performed either with ball mill or together with balls
in a plastic container spinned on a roundabout. Unlike industrial production,
the powder was compacted by pressing the powder in a steel mould with 40
MPa (Fig. 2.1). The pressure is much larger than what is applied industrially,
if any pressure is applied at all. However, compressing the powder prior to
heat-treatment improves reproducibility.

8
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40 MPa

Piston
Metal discs
Powder mixture
Mould
Fig. 2.1 – Uniaxial compaction of powder mixture in a steel mould. The pellet
diameter was either 13 mm or 30 mm.

The foaming takes place on stainless steel coated with kaolin to prevent
sticking of glass melt to the steel. Small (1 g) and large (40 g) foam glasses
are prepared by heating without a mould (small samples) and by foaming in
moulds (large samples). Foam glasses for thermal conductivity
measurements required large size samples (Ø = 60 mm). Therefore, they
were formed in moulds of 6 cm diameter.
The foam density (ρfoam) was either determined from the diameter, height and
mass of the foam cylinders or by using Archimedes method in water or
ethanol. The powder density of the crushed foam glass (ρpow) was measured
with a He-Pycnometer (Ultrapyc 1200e, Quantachrome). ρpow and ρfoam were
used to calculate the porosity, φ:
𝜑 = (1 −

𝜌foam
)·
𝜌pow

100%

(2.1)

The skeletal density (ρskel) was measured on core drilled foam cylinders
(height = 30–32 mm, Ø = 38 mm) with a He-pycnometer. The skeletal
density was used to calculate closed porosity, φcp:
𝜌skel −1 − 𝜌pow −1

𝜑cp = 𝜌

foam

−1

− 𝜌pow −1

· 100%

(2.2)
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2.3 Foaming with Na2CO3
Na2CO3 starts to decompose when it melts at 1098 K. The decomposition
remains slow up to 1273 K [28]. When mixed with CRT panel glass,
foaming occurs at 973 K, well below the thermal decomposition
temperature. Hence, the decomposition can be ascribed to a surface reaction
between the glass melt and Na2CO3. The foam density exhibits a minimum
when foamed at different temperatures (Fig. 2.2).

2.0

log g [g in Pa s]

7

6

1.8
1.6
3

foam [g/cm ]

5

4

Na2CO3 [wt%]
2
6
10
14
18
22

1.4
1.2
1.0
0.8
0.6
0.4
0.2
950

1000

1050

1100

1150

1200

Treatment Temperature [K]

Fig. 2.2 – Foam density (ρfoam) of foam glass prepared with different Na 2CO3
concentration at different treatment temperature (see legend). The logarithmic
viscosity (log ηg) corresponds to the untreated glass melt viscosity of CRT panel
glass (#1 in Table 2.1). [Paper III]

Not all the foam glasses remained amorphous. When relative high
concentration of Na2CO3 is used (14-22wt%), the foam glasses partial
crystallise Na2SrSi2O5 (Fig. 2.3a). The Na2CO3 could provide nucleation
sites for crystallisation. The crystallisation degree increases with the Na2CO3
amount. This effect could however be caused because the solubility limit of
Na2O is reached and crystallisation degree is maximised. This could also
explain why the crystallisation degree is apparently not changing when
temperature is varied between 973 – 1173 K (Fig. 2.3b) and when treatment
time is varied (Fig. 2.4). It should be noted that Na2O cannot be detected
with XRD since it is amorphous [29].
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Na CO
2

3
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Fig. 2.3 – XRD patterns of foam glasses prepared by heat-treatment for 45 min a) at
1073 K for different concentrations (see legend) [Paper III] and b) with 22 wt%
Na2CO3 at different temperatures (see legend) [Paper II]. The XRD spectra are
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Fig. 2.4 - XRD patterns of foam glasses prepared with 22 wt% Na 2CO3 by heattreatment at 1073 K for different durations (see legend). Blue triangles identify
Na2SrSi2O6 crystals. The XRD spectra are shifted vertically for clarity. [Paper II]

The foam glasses collapses at high temperatures (> 1100 K) but this is
only observed when Na2CO3 concentration reaches ≥6wt%. The degree of
collapse (increasing density) increases with increasing amount of Na2CO3.
Na2O is known to provide non-bridging oxygen to the glass structure by
depolymerising the [SiO4] network which leads to a decrease of viscosity.
The depolymerisation effect is clearly reflected in a drop in the glass
transition temperature (Tg) (Fig. 2.5). The Tg of untreated glass is 809 K, but
decreases up to 110 K after heat-treatment. The Tg decreases continuously at
low temperatures for samples foamed with 2-14 wt% Na2CO3. The samples
with high amount of Na2CO3 (18-22 wt%) do not follow the decreasing Tg
trend at low temperatures, since they contain unreacted Na2CO3. This is also
supported by DSC results which show endothermic peak originating from
the decomposition of unreacted Na2CO3 (Fig. 2.6). Na2CO3 residuals are
detected up to 1023 K for 22 wt% Na2CO3. It should be noted that only one
11
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glass transition is detected with DSC, indicating the existence of only one
amorphous phase. CRT panel glass re-melted at 1373 K with 22 wt%
Na2CO3 has a Tg of 716 K. This is 10-15 K higher than the foam glasses
formed with 22wt% Na2CO3 at 1037-1173 K.
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Fig. 2.5 - Glass transition temperature (Tg) of foam glasses as a function of heattreatment temperature. The samples were prepared with different concentrations of
added Na2CO3 (see legend). Tg is determined using DSC and the uncertainty is
approximately ±3 K. In comparison, the Tg of the untreated glass is 809 K, whereas
the glass re-melted at 1373 K with 22 wt% Na2CO3 has a Tg of 716 K. [Paper III]
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Fig. 2.6 - DSC curves of foam glasses prepared with 22 wt% Na2CO3 by heattreatment for 45 min at different temperatures (see legend). The curves are shifted
vertically for clarity. [Paper III]
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The possible reasons for the Tg difference could be caused by
crystallisation altering the glass composition. The crystal contains both
network modifiers (Na+, Sr2+) and formers (Si4+). The total non-bridging
oxygen per tetrahedron (NBO/T) should decrease in the amorphous phase
when crystalline Na2SrSi2O6 is formed. Decreasing NBO/T normally result
in increasing Tg. However, the Tg of re-melted glass is higher than the foam
glass with Na2SrSi2O6 crystals. Studies on Na2O evaporation from 22Na2O78SiO2 glass (mol%) show that 1±0.9 wt% loss of Na2O occurs at 1573 K
after 60 min at an oxygen fugacity of 10-8 bar at 1 atm [30]. The re-melted
glass is obtained at lower temperatures (1373 K) and higher oxygen fugacity
and consists of 21 mol% Na2O (if all Na2CO3 is decomposed). Since the
evaporation increases with decreasing oxygen fugacity, evaporation of Na2O
should be very limited when re-melting the CRT panel glass at 1373 K at 1
atm. In addition, no crystals are detected in the re-melted glass. Besides
Na2SrSi2O5 crystals, a few unidentified XRD peaks are found in the foam
glass (Fig. 2.4) which indicates the presence of additional crystal phases
which could alter the chemical composition.
The lower Tg can also be associated to another phenomena. The reaction
between glass melt and Na2CO3 occurs at the interface between glass melt
and Na2CO3. The glass melt interface becomes enriched in Na+ which
subsequent diffuses into the glass melt. Since the Na+ distribution is
diffusion limited, Na+ may not be homogenously distributed in the glass melt
and some areas will have Na+ rich domains. Consequently, the glass
transition peak becomes broader at low treatment temperatures (923-1073 K,
Fig. 2.6). The lower Tg of foam glass compared to re-melted glass can be
caused by the Na+ rich domains which push the overall glass transition
towards lower temperatures.
Isothermal treatment at 1073 K (5-45 min) shows that even after 5 min
heat treatment the Tg drops by 120 K compared to untreated glass (Tg = 809
K). The initial drop show that the reaction between Na2CO3 and glass melt is
fast. Increasing the duration further (5-45 min), the Tg increases slightly
again (Fig. 2.7). The XRD results indicate a slight growth crystallisation of
Na2SrSi2O5 which could lead to increase Tg, as discussed above. In addition,
prolonged treatment time allows Na+ to diffuse into a more homogenous
distribution in the glass phase which results in an increase in the overall
glass transition temperature.
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Fig. 2.7 - Glass transition temperature (Tg) of foam glasses prepared with 22 wt%
Na2CO3 prepared by heat-treatment at 1073 K for different treatment durations (tH).
Uncertainty of Tg is approximately ±3 K. Untreated glass has a Tg of 809 K. Tg was
determined from the first DSC upscan at the heating rate of 10 K/min. [Paper III]

2.4 Foaming Mechanism of Metal Carbonates
The thermal decomposition of pure alkali- and alkaline carbonates
follows a so-called Congruent Dissociative Vaporization (CDV) mechanism.
The solid carbonates dissociate first into gaseous products and the metal
oxide subsequently condenses [29]. Simplifying the decomposition reaction
by ignoring the evaporation-condensation step of metal oxide, the thermal
decomposition of alkali- and alkaline carbonates follow this equilibrium:
MxCO3 (s) ↔ MxO (s) + CO2 (g)

(2.3)

Pure Na2CO3 and CaCO3 decompose around 1098 K and 873 K,
respectively, when measured in air at 10 K/min. According to the
equilibrium Eq. (2.3), the formed CO2 inhibits further thermal
decomposition of MxCO3. When glass powder or melt are present, the
decomposition is observed at much lower temperature, because the glass
melt reacts with the metal carbonate. Verheijen [31] calls this reactive
decomposition (or reactive calcination). Despite the important role of cullet
in the glass industry, few studies on the reaction between metal carbonates
and cullet exist [24,31-35]. König et al. [24] found through
thermogravimetric analyses (TGA) in air atmosphere that CaCO3 reacts
readily with cullet well below the thermal decomposition temperature of
CaCO3. Similarly, Verheijen [31] shows with TGA in CO2 atmosphere that
CaCO3 reactively decomposes with cullet ~160 K below its thermal
decomposition temperature (1448 K). Na2CO3 decomposes likewise
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reactively with cullet (Fig. 2.2) [PaperIII, PaperII], even in the preference of
sand particles [33].
From the above results and explanations it can be deduced that the
reaction kinetic of Na2CO3 and other metal carbonates is dependent on the
contact surface area between the glass melt and the MxCO3 particles. This is
already noticed before [24]. Several factors influence the contact area.
Decreasing particle size [24], increases contact area. In addition, it is
expected that a drop in melt viscosity induces a more effective contact area,
since the gas formed at the melt/ MxCO3 interface is transported faster into
the pore.
Furthermore, when heating above the melting temperature of Na2CO3
(1023 K), the contact area will be further increased. The Na2O formed from
the reaction, is dissolved in the glass melt. Initially, the melt surface
becomes enriched with Na+. This enriched surface inhibits any further
decomposition of Na2CO3 but the reaction continues once Na+ poor glass
melt appears at Na2CO3 particle. This occurs when the glass melt surface is
depleted with Na+ due to diffusion or when fresh glass melt appear at the
Na2CO3 particle. Both melt flow and Na+ diffusion accelerates with
increasing temperature.
The reaction between metal carbonates and glass melt occurs fast. The
formed CO2 does not seem to decelerate the reactive decomposition.
Therefore, the reactive decomposition is not controlled by slow equilibrium
reaction but fast surface reaction. As a consequence, the gas formation is
uncontrolled and bubbles expand very fast. The high pressure causes
thinning and subsequent bursting of the cell walls and the foam glass ends up
with large interconnected pores. Therefore, the density of foam glasses
prepared with CaCO3 [24,36-45], dolomite [40,45,46] or Na2CO3 [Paper
I,43,44] rarely reaches below 0.2 g/cm3 because they coalesce fast and attend
high degree of open porosity [14,24,47] which ceases foam expansion. In
other words, foaming agent following this reaction mechanisms result
generally in foam densities above 0.2 g/cm3 and tend to have open pore
structure as the density drops to 0.2 g/cm3.
Experiments show that an optimum MxCO3 concentration for low density
foam glass exist. For CaCO3 this is around 2-4wt% [24,38,43,45] and for
Na2CO3 it is around 5 wt% [43] for glasses such as CRT panel glass [24,38],
soda-lime-aluminosilicate [43] and float glass/fly ash [45]. If we assume all
the gas formed becomes entrapped, 2 wt% CaCO3 should produce foam
glass with density of 0.06 g/cm3 (porosity of 98%). Small amount of MxCO3
can start to decompose before the glass sinters a closed structure [Paper I,
Paper III], excessive amount should be added. However, when this is taken
into account, the above mentioned concentration ranges still produces
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excessive amount of gas at the heat-treatment temperature [PaperIII,24].
Hence, preferably lower MxCO3 concentrations and a glass type which does
not react with MxCO3 should be used. It should be mentioned, that failure of
using low MxCO3 concentrations could also be related to mixing. Mixing
quality of glass powder and foaming is unfortunately not a topic that has
been studied before.
2.5 Foaming Mechanism of Manganese Oxide
Metal oxides with multiple valence states are frequently used as foaming
agent for glass melts. The metal oxide is either incorporated in virgin glass
or added to powder mixture. MnO2 is probably the most applied metal oxide
as foaming agent. It is commonly used in combination with other foaming
agents, such as Si3N4, C, SiC and TiN [16,18,21,22,48-50]. In the following,
the reaction mechanism of manganese oxide is discussed in relation to
foaming of glass melts.
Thermal Characteristics of MnO2 and Mn2O3
MnO2 reduces to Mn2O3 at around 900 K (Tdecomp,1) when β-MnO2 is
heated at 10 K/min in air atmosphere. This is observed with
thermogravimetric analysis (TGA) by a distinct mass loss (Fig. 2.8).
Increasing the temperature further, the sample mass stabilises again at 990
K. This indicates that the reduction of MnO2 to Mn2O3 is completed. An
additional reduction step (Mn2O3 → Mn3O4) is observed above 1173 K [16,
51,52].
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Fig. 2.8 – Mass loss of manganese oxide measured with thermogravimetric analysis
(TGA) on pure β-MnO2 and on CRT panel glass with 7wt% MnO2 (left Y-axis).
MnO2 corresponds to 100% mass. Area (A/A0) curves of pure CRT panel glass (D90
= 32 μm) and of CRT panel glass with 7wt% MnO 2 (right Y-axis) were measured
with heating microscope. TGA and heating microscope analysis were performed in
air and at 10 K/min. [Paper I]

Characteristics of Glass/Mn2O3
When MnO2 powder is mixed with CRT panel glass powder, MnO2
reduces at the same temperature and follows roughly the same mass loss
kinetic as pure MnO2. Hence, no detectable interaction between CRT panel
glass and MnO2 occurs in the temperature range of 830 to 990 K. At elevated
temperatures (Tdecomp,2) a distinct mass loss is observed (Fig. 2.8). This
occurs because the glass melt causes reduction of Mn2O3. The glass melt
destabilises Mn2O3, allowing reduction of Mn2O3 below 1173 K. Redox
studies of Mn2+/Mn3+ in glass melts at high temperatures (T ≈ 1240‒1550 K)
show that Mn2+ is the dominating oxidation state [53]. If we extrapolate
those results to our lowest heat-treatment temperature (T = 1063 K), we get
Mn2+/Mn3+ ≈ 2. This indicates that the presence of Mn2+ is favourable in the
CRT panel glass melt at treatment temperature.
The XRD results show that the Mn2O3 crystals are gradually disappearing
in the foam glass with increasing temperature and extended time (Fig. 2.9).
This shows that Mn2O3 slowly dissolves in the glass melt. The local redox
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potential causes reduction of the dissolved Mn3+ to Mn2+ and formation of O2
according to the equilibrium:
2Mn3+ (melt) + O2- (melt) ↔ 2Mn2+ (melt) + ½O2 (gas)

(2.4)

The diffusion of Mn2+ and O2 away from the Mn2O3 particle enhances
further reduction of Mn3+ according to the equilibrium Eq. (2.4). The
dissolution of Mn2O3 particles is diffusion-limited and accelerates at higher
temperatures (Fig. 2.9a and 2.9b) when the melt viscosity decreases. Hence,
the reduction of Mn3+ is not only coupled to reduction potential but also to
dissolution and diffusion kinetics.
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Fig. 2.9 – XRD patterns of crushed foam glasses prepared at a) 1063 K and b) 1083
K at different treatment times (see legend). The spectra are shifted vertically for
clarity. The JCPDS card number 01-089-2809 is used to identify Mn2O3. [Paper I]

Foaming Mechanism
Waste glasses [54] and natural basalt glasses [55] can foam at elevated
temperature without adding additional foaming agents. As shown in Fig. 2.8,
CRT panel glass powder mainly densifies when heated but foams when
MnO2 is present. Since the MnO2 decomposes during the glass sintering
(Fig. 2.8), a major part of the O2 generated from MnO2 reduction escapes the
glass body. As shown in Fig. 2.8, the foaming begins at 950 K (Tf) before
the reduction of Mn2O3 is detected at 1100 K (Tdecomp,2). This indicates that a
small amount of O2 becomes entrapped in the sintered body. At elevated
temperatures (T > Tfoam) the O2 pressure in the pores increases and causes
initial expansion.
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Fig. 2.9 – a) The Mn2O3 particles are partially immersed in the glass melt (short
treatment times). The O2 formed from the reduction of Mn3+ diffuses to the existing
bubble. b) The Mn2O3 particles are completely immersed in the glass melt (long
treatment times). The formed O2 diffuses to existing pores or nucleates new pores in
the glass melt. [Paper I]

If Mn2O3 particles are located on the pore wall or partially immersed in
the glass melt, the formed O2 at the glass-Mn2O3 interface would not lead to
any new pores but increase the pressure in existing pores (Fig. 2.9a). With
time, Mn2O3 particles become completely immersed in the glass melt. O2
formed at the surface of Mn2O3 particles can diffuse to the existing pores,
increasing the pressure in pore (Fig. 2.9b). If the O2 formation is faster than
the diffusion limited removal rate, the glass melt becomes supersaturated. As
a consequence, homogeneous or heterogeneous nucleation of closed pores
(bubbles) can occur. Since Mn2O3 particles are present, bubble nucleation
will preferably occur at the Mn2O3 surface. It is not possible to find any
crystals located at the pore wall with SEM. However, high Mn
concentrations combined with low Si concentrations are found as black spots
in the glass matrix (Fig. 2.10). This confirms that manganese oxide is
immersed in the glass melt.
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Fig. 2.10 – a) SEM image and b) EDX line scan of foam glass. The arrow shows the
position and direction of the EDX line scan shown in b). The foam glass is prepared
at 1063 K for 80 min. [Paper I]

During the foaming process, the pores become open, allowing the
exchange of O2 with air atmosphere. Since the reduction potential increases
with decreasing oxygen pressure Eq. (2.2), a further reduction of dissolved
Mn3+ can occur, resulting in nucleation and growth of new bubbles.
Based on valence state (Z) and ionic radii (r) of manganese with different
coordination number (CN) from Shannon [56], the field strength (FS = Z/r2)
calculations indicate that Mn2+ should be classified as network modifier (FS
= 0.37‒0.50, CN = 4‒8) and Mn3+ as an intermediate (FS = 0.81, CN = 5 or
6). The increased dissolution of Mn2+ could therefore lead to
depolymerisation of the [SiO4] network. It was shown earlier that the Tg drop
depends on Na2CO3 concentration, temperature and time (Fig. 2.5 and 2.7).
The effect of Mn2+/Mn3+ on Tg is much weaker than alkali oxides and no
significant time or temperature dependent effect on Tg is found.
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2.6 Summary
Based on experimental studies with Na2CO3 and MnO2 as foaming agents
and literature, the reaction mechanism of metal carbonates and metal oxides
must be treated separately.
The metal carbonates are characterised by a surface reaction between
glass melt and the metal carbonate. The surface reaction is fast and the CO2
formation does not seem to inhibit any further decomposition. The CO2 is
therefore produced uninhibited. The surface reaction occurs around or even
below the glass transition temperature. Therefore, the metal carbonates
release gas before the glass sinters a closed body. Hence, excess metal
carbonates are needed for foaming low density foam glass [Paper III, 1, 24].
This on the other hand can lead to open porosity. I discussed, that the melt
surface available for reaction is dependent on viscosity and Na + diffusion.
Metal carbonates with slowly diffusing cations (e.g. Sr2+, Ba2+) should limit
the overall reaction kinetic.
The metal oxides first dissolves in the glass melt and reduces according
to the equilibrium chemistry for glass melts. Consequently the gas release
kinetics is more controlled. In addition, the metal oxides become
incorporated into the glass melt. Any gas formed in the glass melt will
diffuse to the bubble. Hence, the gas formation is more controlled and foam
glasses with more homogenous pore structure can be achieved.
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3. Foam Dynamics
The growth of foam glass is important process to understand in order to
develop low density foam glass. The open pores are formed when pore walls
between the pores breaks. There are no studies on the pore wall stability of
foam glass, but there exist several studies on vertical molten glass films [5760] and single melt bubbles [61,62].
Since we wish the foam glasses to have closed pores, the growth process
should be compared to the formation of open pores. Few systematic studies
demonstrate how closed porosity can be controlled in foam glass by varying
different process parameters [18,55,63].
In this chapter, the foam expansion and coalescence are compared. 7 wt%
MnO2 is used as to foam CRT panel glass at various times and temperature.
The reader is referred to Sec. 2.5 for the reaction mechanism of this system
Sec. 2.5.
3.1 Foam Growth
The powder mixtures were heat-treated at 1063 K and 1083 K at different
time intervals (5-160 min). Foam density (ρfoam) decreases exponentially
with time (Fig. 3.1). The exponential foam density trend agrees well with
foam glasses obtained with AlN at 1233 K and 1293 K [64]. On the other
hand, CRT panel glass foamed with 3 wt% CaCO3 did not reveal any
significant change of foam density (relative density varied ± 0.1) for
different holding times between 5-60 min at 1023 K [38]. König et al [18]
foamed CRT panel glass with 1 wt% C and 5.4 wt% MnO2. The foam
density decreased slightly when foaming at 1053 K for 5-60 min, whereas
heat-treatment at 1073 and 1093 K increased the foam density with time.
König et al [18] used much smaller particles than in my studies. Therefore,
the gas formation rate is higher since larger contact area between melt and
Mn2O3 exist. In this study, the rate is low and a decrease in foam density can
therefore be observed.
At a higher treatment temperature the dissolution rate of Mn2O3 and the
gas formation rate are higher, since the melt viscosity is lower. Together
with thermal pressure increase, these factors contribute to faster foam growth
at higher temperatures.
Initially the redox reaction Eq. (2.4) is far from equilibrium and the gas
formation is fast. In addition, the dissolution rate is also expected to be faster
in the beginning, since the total particle surface in contact with the glass melt
is greater in the beginning if the particles are immersed. Since the amount of
crystalline Mn2O3 decreases with treatment time, the total particle surface
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area decreases and, hence, the dissolution rate decreases. As dissolution rate
decreases and Mn2+/Mn3+ ratio approaches equilibrium state, the gas
formation rate diminishes with time.
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Fig. 3.1 – Foam density (ρfoam) of the foam glasses prepared at different treatment
times (tH) at either 1063 K or 1083 K (see legend). The lines are exponential decay
function fitted to data. The error bars represent uncertainties of the foam volume
determination. The inset shows the photographed foam glasses formed at 1083 K for
different tH (5‒80 min). [Paper I]

3.2 Formation of Percolated Foams
Simultaneously with foam growth, the pores coalesce. At some critical
thickness the pore wall ruptures and the pores sharing the pore wall merge
together (coalesce). There are two processes causing pore wall thinning.
Melt drains from the pores into the struts and pore growth cause wall
stretching, resulting in thinner pore walls. The wall breaking is reflected in
the degree of closed porosity (φCP).
Initially (0‒10 min), the pores are closed and surrounding atmosphere
cannot penetrate into the foam (Fig. 3.2). Within short treatment time (tH >
20 min at 1063K) the foam becomes percolated (φCP < 20%). When
treatment temperature is raised to 1083 K, the percolation time decreases.
Two factors cause higher coalescence rate: First, increasing temperature
accelerates the gas formation rate. Second, the pores will grow due to
thermal expansion of the gas and the lower melt viscosity. The drainage time
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scale (167 min at 106 Pa s) [65] is insignificant in comparison to our
experimental time scale (5-160 min).
It is interesting to see that after very long treatment time (e.g. tH >80 min
at 1063 K), the closed porosity increases slightly again. This happens when
new closed pores are nucleated in the struts or in the pore walls of larger
pores.
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Fig. 3.2 – The closed porosity (φcp) of the foam glasses formed at different treatment
times (tH) at either 1063 K or 1083 K (see legend). The volume of the analysed
samples is 34‒36 cm3. The closed porosity is calculated according to Eq. (2.2). The
error bars represent combined standard deviations of ρpow, ρfoam and ρskel. The lines
are sigmoidal Boltzmann functions fitted to the data. The inset shows φcp as a
function of foam density (ρfoam). [Paper I]

The percolation threshold (φcp < 50%) is reached when the foam reaches
a density around 0.35‒0.40 g/cm3 (inset in Fig. 3.2). In comparison, the
foaming of CRT panel glass with MnO2/C using smaller particle size (D90 =
14.8 μm) can achieve lower density (<0.20 g/cm3) and a high degree of
closed porosity [18]. In this study, we use larger particle size of MnO2 (D90 =
40 μm). The larger particle size could cause faster coalescence.
The critical thickness of pore wall rupture is calculated to be in the range
of 1-20 nm [62]. However, particles in foam suspension can destabilise pore
walls [66] by increasing the critical thickness of rupture if the particle is
partially or completely immersed into the glass melt [67]. As shown in Fig.
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2.9, Mn2O3 crystals are immersed in the glass melt. Additional particles
identified in the glass matrix have high Si content and low content of other
cations (Fig. 3.2). Cristobalite is a SiO2 polymorph formed at 1048–1373 K
in float glass [68] and borosilicate glass [69]. The foam glasses in this study
are prepared at 1063 and 1083 K. Therefore, the Si rich particles are
probably cristobalite crystals. Both Mn2O3 and cristobalite could have a
destabilising effect on the pore wall.
As discussed in Sec. 2, the Na2O becomes heterogeneously incorporated
into the glass melt. The EDX line scans show small concentration gradients
of manganese in the glass melt. This strongly indicates that Mn2+/Mn3+ is
heterogeneously distributed in the glass melt (Fig. 3.3c).
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Fig. 3.3 – a) SEM image of a glass strut and epoxy filled pores. The arrows show the
positions and directions of the EDX line scans: b) Scan #1 shows Si rich phase, c)
Scan #2 shows inhomogeneous incorporation of Mn. The foam glass is prepared at
1083 K for 20 min. Notice the log scale on the Y-axis in b). [Paper I]
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Initially after the coalescence of two pores, the new pore is irregularly
shaped. The new pore changes into a spherical shape again, since it has a
lower surface energy. However, the shape transformation is kinetically
dependent on the melt viscosity and since the viscosity is high, the time
required for the pore to return to spherical shape increases with pore size.
Simultaneously, the coalescence rate is fast and the pore coalesces with nearby pores before gaining spherical shape. Thereby, the pores become
increasingly irregular in shape with prolonged treatment (Fig. 3.4) and the
number of connections with neighbouring pores increases (Fig. 3.4f).

Fig. 3.4 – SEM images of the foam glasses prepared from CRT panel glass and 7
wt% MnO2 foamed at a‒c) 1063 K and d‒f) 1083 K for different treatment times
(see legends). [Paper I]

27

3. Foam Dynamics
The pores evolve in a bimodal pore size distribution with increasing tH
(Figs. 3.4d-f). Two possible mechanisms explain this. First, larger pores
have a higher surface area and more oxygen will diffuse into the pores.
Hence, large pores will grow faster. Second, the pore size will increase due
to coalescence and gas formation, meanwhile nucleation and growth of new
pores will promote the pore population at the lower size part of the pore size
distribution.
Another important consequence of coalescence is a decreasing number of
pores. The pore number density is shown in Fig. 3.5, where the bubble
number density (NA) is corrected for foam growth by multiplying the
apparent bubble number density (N) with the volume ratio (V0/Vi ). Here, V0
is the volume of the foam with the highest density and Vi is the respective
foam volume. The NA decreases exponentially with treatment time and with
increasing temperature. Decrease of NA can be caused by inter-bubble
diffusion (Ostwald ripening) and coalescence [70]. Ostwald ripening is the
diffusion of gas from closed pores with high pressure (small pores) to closed
pores with low pressure (large pores).
The glass melt is saturated with O2 formed from the Mn3+ reduction.
Therefore, there is a net diffusion of O2 into every pore. Since, Ostwald
ripening requires a diffusion gradient from small to large pores, it cannot
take place and coalescence must be causing the exponential decrease of NA.
The NA becomes smaller at higher temperatures 1083 K (Fig. 3.5). The
increase temperature expands the pores due to pressure increase and
decrease viscosity. Both factors increases cell wall thinning and coalescence
rate. At long tH (40‒80 min) the NA seems to reach a steady state or even a
slight increase. Since the pores coalesce at all time, the steady-state trend of
NA must be influenced by the formation of new bubbles (nucleation). The
SEM image (Fig. 3.2f) indicates that new pores are formed and grown in the
strut and cell wall.
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Fig. 3.5 – The number of pores per image area (NA) for samples prepared at different
treatment times (tH) and different temperatures (see legend). NA is obtained from at
least three SEM images of the epoxy mounted foam glasses. The error bars represent
the combined uncertainty of the pore counting (N) and the density (ρfoam)
measurement. [Paper I]

3.3 Growth of Percolated Foam
Despite the pores becoming open and connected, the foam continues to
grow (compare Fig. 3.1 and Fig. 3.2). Two possible reasons can cause foam
growth during percolation stage (φcp<20%). First, the nucleation and growth
of new bubbles will cause foam growth. However, the bubbles will
eventually coalesce with large pores (as indicated in Fig. 3.2f) which then
halts the pore growth. Second, the open pores can continue to grow, if the
pores located at the outer sample surface are closed. However, when the pore
wall ruptures, the subsequent closure is slow due to the high melt viscosity.
Therefore, bubble nucleation and growth is the major cause of foam growth
during percolation stage.
During percolation stage (φcp<20%) the pore size continues to increase
(Fig. 3.4). Both pore growth and coalescence can cause larger average pore
size. Growth of open pores, as discussed above, is presumed to be negligible.
Therefore, the increase pore size is caused by coalescence.

29

3. Foam Dynamics

3.4 Summary
The growth mechanism of foam glass and the formation of open pores are
discussed. The foam grows exponentially with time. Despite the foams
become percolated the foams continue to grow slightly. This was attributed
to nucleation and growth of new bubbles. We show in addition, that
Mn2+/Mn3+ is incorporated heterogeneously in the glass melt.
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The foaming process is controlled by many parameters and optimisation
is very time consuming. The most influential parameter is temperature.
Altering the temperature leads to changes in melt viscosity, gas pressure, gas
formation rate, coalescence rate and crystallisation kinetics. Several
experimental studies show that apparent density reaches a minimum when
the treatment temperature is varied [PaperIII,45,46]. This indicates that foam
expansion occurs at some ideal viscosity range. This chapter focuses on
developing temperature and viscosity criteria for optimal foaming of glass
melt.
4.1 Viscosity limit
We compare the foaming behaviour of different glasses with commercial
relevant compositions (Labware glass, E-glass, soda-lime-silica glass, CRT
panel glass, Table 4.1). Melt viscosity (or isokom temperature) is varied
while treatment time, particle size, sample size, compaction pressure, type
and concentration of foaming agent are kept constant. The foaming is
induced by adding CaCO3 as foaming agent which decomposes into CaO
and CO2. The foaming behaviour is discussed in terms of surface tension and
glass stability.
Table 4.1 – Chemical composition glass powder. Besides the reported oxides,
Labware and E-glass contain B2O3.

Oxide

SiO2
Al2O3
Fe2O3
Na2O
K2O
CaO
SrO
BaO
ZrO2
ZnO

Chemical composition [wt%]
Labware

E-glass

CRT panel

80
2.6
0.9
3.9
0.1
0.4

53
14.0
1.0
0.9
0.1
22.9
0.2
0.1

61
1.9
0.5
7.3
7.5
0.1
8.8
10.1
1.4
0.5
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Viscosity measurement
The high viscosity of glasses melts are measured with micro penetration
method on a Vis 405 viscometer (Bähr Thermoanalyse GmbH) and the
viscosities above liquidus temperature were obtained with a Rheolab MC1
rotation viscometer (Physica Messtechnik GmbH). Four different glasses
were studied: Labware glass (Simax) from laboratory, E-glass, CRT panel
glass and soda-lime-silica glass. The viscosity data were fitted with the
MYEGA model [71] Eq. (4.1).
log 𝜂 = log 𝜂∞ + (12 − log 𝜂∞ )

𝑇g,vis
𝑇

𝑇g,vis
𝑚
)(
12−log 𝜂∞
𝑇

exp [(

− 1)]
(4.1)

where η is the glass melt viscosity, η∞ is the viscosity at infinite high
temperature, Tg,vis is the glass transition temperature, T is the measured
temperature and m is the fragility.
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Fig. 4.1 – Angell viscosity plot of different glasses (see legend) showing logarithmic
viscosity (log ηg) as a function of inverse temperature (T) scaled to the glass
transition temperature (Tg,vis) obtained from fitting the viscosity data to MYEGA
equation. The viscosity error at high temperature (measured with concentric
cylinder) and at low temperature (measured with ball penetration) is η = ±0.13 Pa s
and Δlog10 η = 0.24 (η in Pa s), respectively. Data for Labware glass are from
manufacture. The solid lines represent fits using the MYEGA equation (4.1).
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It was not possible to measure viscosity of labware glass at high
temperatures (1773 K), since the viscosity was too high to efficiently remove
the bubbles. Instead, viscosity data from the manufacturer (Simax, France)
was used to fit the whole temperature range by treating log η∞ as constant in
the MYEGA equation. The log η∞ was fixed as -2.93, since silicate melts
tend to have this common log η∞ value [72]. The viscosity data can be found
in Fig. 4.1 and the resulting fitting parameters can be found in Table 4.2.
Table 4.2 – Density (ρ) and MYEGA fitting parameters (Tg,visc, m, log η∞). Tg,visc is
the glass transition temperature at 1012 Pa s, m is the liquid fragility index and log η∞
is the logarithmic viscosity at infinite high temperature.

ρ
[g/cm3]
2.2248 ± 0.0003
2.6317 ± 0.0005
2.7730 ± 0.0009
2.4803 ± 0.0017

Glass
Labware
E-glass
CRT panel
SLS
*

Tg,visc
[K]
832 ± 3
936.5 ± 0.6
786 ± 1
806.6 ± 0.7

m
[-]
25.5 ± 0.5
44.2 ± 0.8
30.7 ± 0.9
36.2 ± 0.6

log η∞
[Pa s]
-2.93*
-2.7 ± 0.2
-2.9 ± 0.3
-2.0 ± 0.1

Fixed fitting parameter

Powdered glass with similar particle size (Fig. 4.2) with 2wt% CaCO3 are
heat-treated for 30 min at different viscosities (103–1010 Pa s). The isokom
treatment temperatures (TH) were calculated with an iterative solution of
Lambert-W-function [73] using the obtained MYEGA fitting parameters.
The calculated TH are found in Table 4.3.
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Fig. 4.2 – Particle size distribution of CaCO3 (foaming agent) and different glass
powder (see labels).
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Table 4.3 – Isokom heat-treatment temperatures (TH) and corresponding
logarithmic viscosity (ηg) of the glass melts. Temperature values were calculated
with MYEGA viscosity model [73] using the fitting parameters from Table 4.2.

Glass
Labware
E-glass
CRT panel
SLS

3

4

5

1521
1334
1302
1268

1362
1248
1186
1160

1241
1182
1097
1080

log ηg [Pa s]
6
7
TH [K]
1146 1070
1128 1083
1026 968
1017 966

8

9

10

1006
1045
920
924

953
1012
879
888

907
984
844
857

Crystallisation
Cristobalite crystals are formed in labware glass after heat-treatment in
the range of 1070–1241 K (105–107 Pa s) and quartz after foaming at 1146 K
and 1241 K (Fig. 4.3a). This is in accordance with similar borosilicate
compositions which crystallise cristobalite in the temperature range of 973–
1273 K [74,75].
E-glass crystallises wollastonite (CaSiO3) and anorthite (CaAl2Si2O8) in
the temperature range of 1083–1248 K (104–107 Pa s) and quartz in the
temperature range of 1128–1248 K (Fig. 4.3b). Martin et al. [76] also find
wollastonite in similar E-glass composition between 1173–1373 K. Müller et
al [77] found in a similar glass composition (38CaO 4.7Al2O3 7.3B2O3
50SiO2) wollastonite and anorthite crystals after heat-treatment in the same
temperature range.
Foamed CRT panel glass hardly crystallise in a broad temperature range
(Fig. 4.3c), even when CaCO3 is added as foaming agent. This is in
agreement with earlier studies on foaming of CRT panel glass using CaCO3
[24,36] or MnO2 [PaperIII,18] as foaming agent. The residual CaO is
dissolved into the glass melt. Furthermore, the CaCO3 is no longer detectable
with XRD above 1097 K, indicating that CaCO3 is completely decomposed.
Heat-treated soda-lime-silica (SLS) glass crystallise cristobalite and
quartz between 966–1160 K (104–107 Pa s) and devitrite at 1080 K and 1160
K (105–104 Pa s), see Fig. 4.3d. Crystallisation studies on bulk float glasses
show that cristobalite is formed at 938–1198 K and devitrite at 1023–1198 K
in air atmosphere [68,78]. Prado et al. [79] crystallises, devitrite, cristobalite
quartz and wollastonite in soda-lime-silica glass powder at 1123 K for 14 h
and at 1173 K for 6 h.
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Fig. 4.3 – XRD patterns of untreated glass powder and glasses heat-treated for 30
min at different viscosities (log ηg = 3–10, see legend). The patterns have been
vertically shifted for clarity.

Isokom foaming
Simultaneously with glass sintering CaCO3 decomposes, resulting in CaO
and CO2. The decomposition occurs due to thermal instability above 950 K
and due to reaction with the glass melt [24,31,32]. If the decomposition
happens while the glass sinters closed cavities, the resulting CO2 gas will
form bubbles in the sintered glass melt, resulting in foaming.
The effect of heat-treatment at isokom temperature on apparent density is
shown in Fig. 4.4. As the viscosity is decreased (1010–108 Pa s) the glass
melt densify, reaching a density maximum at 108 Pa s for CRT panel and
SLS glass and 107 Pa s for Labware and E-glass (ηmax = 107–108 Pa s). At
lower viscosity the glass melt foams. The sintering rate increases with lower
viscosity and below ηmin the sintering rate becomes fast enough to entrap the
CO2 gas before it escapes. A minimum in density is reached at 105 Pa s for
CRT panel and labware glass and 105.5-106 Pa s for SLS glass. At even lower
viscosities (ηg < 105 Pa s) the apparent density increases again. The low
viscosity accelerates pore wall thinning and coalescence will occur fast.
Hence, foam collapsing occurs. E-glass behaves differently by not showing
any minimum. Instead, the density decreases continuously below 107 Pa s
with decreasing viscosity.
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Fig. 4.4 – Apparent densities (ρapp) of glasses sintered and foamed by heat-treating
isothermally for 30 min at different melt viscosities (log η). a) shows CRT panel
glass, soda-lime-silica (SLS) glass and labware glass and b) shows E-glass. The
error bars represent standard deviation of three replicates. The solid lines are guides
for the eye.

b)

Effect of surface tension
Table 4.4 shows the calculated surface tension (γ) at different
temperatures. The calculated γ values of SLS and CRT panel glass are in
accordance with experimental values [80,81]. In comparison with the other
glasses, the E-glass has a higher surface tension (343–386 mN/m). Kraxner
et al [82] measured surface tension using both drop profile analysis and
Dorsey’s method on 27CaO 4.9B2O3 9.5Al2O3 59SiO2 (mol%). They
attainted 276 mN/m (drop profile analysis) and 288 mN/m (Dorsey’s
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method) for the glass composition. The models used for calculated surface
tension are not based on calcium aluminoborosilcate compositions [83,
85,84]. Hence, Kraxner et al’s [82] measurement seems to be the best
approximation.
Table 4.4 – Calculated surface tension (γ) of glass melts at different temperatures.
Different models are applied [80,83-85]. The B2O3 content for labware and E-glass
is assumed to be: 𝑋B2O3 = 100% − ∑ 𝑋i , where Xi is the content of individual
oxides in wt% quantified with XRF.

Glass
Labware
E-glass
CRT panel
SLS

γ [mN/m]
Goleusd Lyona,c
1173 K 1473 K
240
289
343
378
286
290b
297
306

Dietzela
1173 K
299
386
310b
319

Kucukc
1673 K
248
373
290
305

a) B2O3 is not included in the calculation.
b) Additive coefficient of BaO is used for SrO.
c) ZrO2 and ZnO are not included in the calculation.
d) Fe2O3 and ZrO2 are not included in the calculation.

There are few data available describing the effect of surface tension on
oxide melts. Experimental data on calcium-silicate foams at steady-state
condition show that foam life (porosity) improves with increasing P2O5
content [86,87]. The P2O5 can be treated as a surface active specie, since
they adsorb on the melt surface and decrease the surface tension of melts
with various CaO/SiO2 compositions [86].
According to Frenkel and Mackenzie model [88-90], viscous sintering of
glass accelerates when surface tension increases. The density trend of Eglass (Fig. 4.4) could be affected by the lower surface tension which slows
down the sintering and the CaCO3 decomposes due to thermal instability
before the E-glass forms a closed body. The XRD pattern shows
crystallisation occurs in the range of 107–104 Pa s. Solid inclusion [91] and
crystallisation [92] decelerates the densification rate and can prevent fully
densification. Hence, the anorthite, quartz and wollastonite formation could
prevent sintering. The crystallisation also changes melt viscosity and the
sintering kinetic, and, as discussed in Sec. 3, solid can destabilise a foam by
changing drainage mechanism of foam films and by reducing the critical
thickness of rupture [66,67].
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The following serves as an example of a possible crystallisation effect on
foaming ability. CRT panel glass and the SLS glass have similar surface
tension (Table 4.4) and only a 2K difference of isokom temperature at 107
Pa s (Table 4.1). At his viscosity value, the SLS glass reaches a density of
0.69±0.07 g/cm3 and in comparison the CRT panel glass reaches 1.5±0.4
g/cm3. Hence, the SLS glass has a greater ability to foam at this temperature
(Fig. 4.4a). However, SLS glass crystallise mainly quartz at 107 Pa s (Fig.
4.3d). Depletion of SiO2 from glass melt decreases the viscosity and the SLS
melt can expand faster. At lower viscosity (104–106 Pa s) the quartz
crystallisation CRT panel glass expands more compare to SLS glass. The
quartz crystallisation in SLS glass (up to 8 wt%) could be destabilising the
foam at higher temperatures, causing a higher density.
Pokorny et al [46] finds a maximum expansion at 1073 K and 1173 K
when soda-lime-silica glass is foamed with dolomite. The temperatures
correspond to ηg of 105.5 Pa s and 104.2 Pa s [93], respectively. They used a
very low heating rate (0.8-2.5 K/min), which could promote excessive
dolomite consumption. However; the results are still in good agreement with
results obtained from the isokom foaming approach.
4.2 Percolation limit
In foam science, image analysis is an important tool for optimising foam
stability (life time), foam capacity (maximum amount of gas the liquid can
take up) or foaming ability (minimum conditions). Few attempts have been
made to systematically study the foaming ability of glass melts at high
viscosity range (103-1012 Pa s). Bayer and Köse [16,17] used heating
microscope to qualitatively evaluate the influence of concentration and
particle size of SiC on the foaming ability of bottle glass. Attila et al. [94]
measured the foaming ability of float glass using a displacement transducer
to determine foaming onset and maximum expansion.
In many cases, foam glass with low density and closed pores is desired.
The heating microscope provides directly the expansion behaviour of the
glass melt and the corresponding density. The lowest density, however, is
accompanied by a high degree of open pores. In the following, we discuss
the use of heating microscope to define the heating range of foam glass with
closed pores.
Method
In collaboration with Hesse Instruments (Germany) we designed a
heating microscope for monitoring the foaming process. Conventional
heating microscopes can only employ small samples (normally 3x3x3 mm)
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and the foams would only consist of very few bubbles. Our custom designed
heating microscope can employ large samples which can foam up to 30 mm
in diameter. The heating microscope records the silhouette area of
illuminated samples as a function of temperature and time. A typical
example is shown in (Fig. 4.4).
12
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Fig. 4.4 – Deformation curve: The pictures show the silhouettes of CRT panel glass
being foamed with 7 wt% MnO2 during heat-treatment at 10 K/min. The silhouettes
area (A) is normalised to the area (A0) at 423 K.

Temperature profile in the heating microscope
The heating microscope consists of a tube furnace. The thermocouple is
located in an Al2O3 pipe underneath the sample. The Al2O3 can insulate the
thermocouple and the recorded temperature will lag behind the actual
temperature in the sample. We use several high purity standard materials to
quantify the thermal lag (Table 4.5). The melting or decomposition
temperatures of these materials are used as reference temperature. Changes
in the area curves are attributed to the melting or decomposition temperature.
The Tmeas agrees well with Tref (Fig 4.5). The Tmeas of Au, BaCO3 and Al
agrees very well with Tref, whereas Ag deviates considerably.

39

4. Foaming Ability
Table 4.5 – Chemicals used for temperature calibration of heating microscope. The
melting- or decomposition temperature (Tref) is measured as a sudden change in
silhouette area. “Wire” refers to pieces (length 9-11 mm). Strings (length 20-50
mm) were bended and collapsed when melted.

Chemical
Zn
Al
BaCO3
Ag
Au

Purity / company
99.999%, Aldrich
99.999%, Aldrich
99.999%, Aldrich
99.99%, Aldrich
99.99%, Aldrich

Shape
Wire (Ø 1 mm)
Wire (Ø 1 mm)
Pressed powder
String + wire (Ø 0.5 mm)
String (Ø 0.5 mm)

Tref [K]
693
933
1083
1235
1337

15

Ag
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BaCO3

0
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1100
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Fig. 4.5 – Measured temperature (Tmeas) compared with the reference melting or
decomposition temperature (Tref). The inset shows the measurement error. The
standard deviation of BaCO3 originates from the difficulty of finding a characteristic
area change attributed to the decomposition.

A furnace has commonly a thermal gradient between the interior sides and
the sample position. The heating microscope is not an exception. The
thermal gradient is determined by placing Al pieces at different radial
positions on the alumina plate. The area change of each Al piece is attributed
to the melting of Al. When comparing the temperature at 15 mm away from
the centre (Position = 0 mm), the temperature can diverge up to 14 K when
heating at 5 K/min (Fig. 4.6). When heating at 30 K/min, the temperature
diverges 28 K. It is important to have this in mind, since foam glass expands
during heating and will therefore be exposed to different heating intensity
throughout the sample.
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Fig. 4.6 – Temperature distribution at 933 K in axial position at different heating
rates (see legend). ΔT = Tmeas – Tref, where Tmeas is the recorded temperature at which
the area change begins and Tref is the melting temperature of Al (Tref = 933 K). The
alumina sheath around the thermocouple is located underneath the sample (see the
bottom side of inset picture). The lines are guides for the eye.

Characteristic temperatures and repeatability
From the sample area curve (A/A0) and the derived curve (𝑟𝐴 =
𝑑(𝐴⁄𝐴0 )⁄𝑑𝑡), several characteristic temperatures will be defined in the
following (Fig. 4.7). The onset of sintering (Ts) is per definition the
temperature at which A/A0 = 0.95. Foaming temperature (Tf) is defined as the
minimum area of the sample before foaming occurs (rA = 0). The onset of
foaming (Tf,onset) is defined as the intersection point of the tangents at which
the glass is sintered and when expansion occurs. The temperature of
maximum expansion rate (Tr,max) occurs when rA reaches a maximum. Each
characteristic temperature can be determined within ±4 K (Table 4.6).
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Fig. 4.7 – Deformation curve: Characteristic temperatures for foaming of glass melt.
A/A0 is the normalised silhouettes area and rA is the derivative, d(A/A0)/dt. The
characteristic temperatures are defined in the text. Heating rate is 10 K/min.

Table 4.6 – Sintering temperature (Ts) and foaming temperature (Tf) of five
repeating measurements. Ts is defined as the 5% area shrinkage (A/A0 = 0.95) and Tf
is defined at rA = 0 when T > Ts. Heating- and cooling rate is 10 K/min.

Run #
1
2
3
4
5
Average

Ts [K]
906
903
906
903
905
905 ± 2

Tf [K]
977
971
975
972
972
973 ± 4

Tf,onset [K]
1034
1032
1034
1032
1031
1033 ± 2

Tr,max [K]
1128
1133
1128
1126
1129
1129 ± 4

The heat-treatment of glass powder and foaming agent results in sintering
and subsequent expansion. After reaching maximum temperature (1173 K)
the foam glass cools to room temperature. During cooling distinct drops in
the A/A0 curve appears (Fig. 4.7). These are related to bursting of very large
bubbles at the sample surface.
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Fig. 4.8 – Foam density (ρfoam) and closed porosity (φCP) of foam glasses obtained
by heating in a heating microscope to temperature (TH) at 10 K/min and
subsequently cooling the foam glass with 20-30 K/min to the glass transition
temperature (803 K). The ρfoam is fitted to an exponential decay function whereas the
φCP data are fitted to a Boltzmann sigmoidal function Eq. (4.2).

Expansion rate and percolation limit
The expansion rate (rA [min-1]) reaches a sharp maximum at Tr,max. Before
Tr,max is reached, the pores remains closed. As the temperature increases, the
bubble pressure increase and the viscosity decreases. This accelerates cell
wall thinning and, hence, coalescence rate. At Tr,max the foam has become
percolated and the escapes out of the sample. The foam expansion occurring
above Tr,max is controlled by the bubble growth of the remaining closed
pores. To show how Tr,max is linked to the closed porosity several samples
were foamed in the heating microscope up to different temperatures (TH) and
then subsequently cooled fast to Tg. The foam density (ρfoam) and closed
porosity (φCP) decreases as TH is increased (Fig. 4.8). The φCP data are fitted
with a Boltzmann sigmoidal function:
𝜑cp (𝑇𝐻 ) =

𝜑cp,1 −𝜑cp,0
1+𝑒 (𝑇𝐻−𝑇50)/𝑑𝑇

+ 𝜑cp,0

(4.2a)

where TH is the treatment temperature, T50 is the centre value, i.e. φCP(T50) =
50% and dT is the temperature step. The asymptotic values are treated as
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constants. At low temperatures the sintered body has 100% closed pores, i.e.
φCP,1 = 100%. Increasing the temperature the pores become open. If we
assume the temperature increase only induce coalescence and ignore bubble
nucleation and foam collapse, we can set φCP,0 = 0%. T50 and dT are fitting
values. We can simplify the function to:
𝜑cp (𝑇𝐻 ) =

1

(4.2b)

1+𝑒 (𝑇𝐻−𝑇50)/𝑑𝑇

A fitting gives a T50 of 1125.8±1.3 K. In comparison, Tr,max is 1129±4 K.
T50 is expected to be lower than Tr,max, since coalescence proceeds during
cooling and Tr,max is an in situ value. However, both values agree with each
other within the error limit, indicating that the maximum expansion rate is
reached at Tr,max when the closed porosity is 50%.
Applying the percolation limit
Köse [17] suggested that the foaming should be stopped before maximum
foam expansion is reached, which occurs at higher temperature than Tr,max.
Here, I narrow down the temperature regime of foaming, by defining the
optimal temperature for forming foam glass with closed pores to be in the
range of:
Tf,onst < T < Tr,max

(4.3)

Heating microscope can be used to effectively determine optimum
conditions for forming foam glass with closed pores. Köse [16,17]
investigated with heating microscope the influence of SiC concentration on
the foaming ability of bottle glass (Fig. 4.8). The results clearly indicate the
expansion ability of bottle glass melt. However, the results do not directly
show if the foams become percolated.
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Fig. 4.8 – Deformation curve of bottle glass foamed with different concentrations of
SiC (see legend). The data originate from [16]. The heating rate was 12 K/min [17].
V is the volume of the foam and V0 is the volume at room temperature.

We can use the same procedure as described above to extract Tf, Tf,onset
and Tr,max from the deformation curves in Fig. 4.8. The results are shown in
Fig. 4.9. Tf increases from 0.1 wt% to 1 wt%, but drops again with
increasing SiC concentration. Tr,max and Tf,onset continuously decreases with
SiC concentration. Comparing Fig. 4.8 and 4.9 shows the sensibility of using
Tf,onset instead of Tf to determine the temperature regime of foaming. If the
glass melt is sintered to a densified body in wide temperature range the Tf
temperature cannot represent the start of foaming. Hence, Tf,onset is a better
descriptive parameter for the beginning of foaming.
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Fig. 4.9 – The foaming temperature (Tf), foaming onset temperature (Tf,onset) and
temperature of maximum expansion rate (Tr,max). The characteristic temperatures are
determined from Fig. 5.8. The lowest SiC concentration is 0.1 wt%. The lines are
guides for the eye.

Heat-treatment at Tf,onst < T < Tr,max produces foam glass with closed
pores. For thermal insulation applications, the foam glass with lowest
density (or maximum expansion) and closed pores is preferred. To reach the
maximum expansion within Tf,onst < T < Tr,max, the temperature should reach
close to Tr,max. If temperature reaches Tr,max, the foam is already percolated.
However, to be able to extract data representing foam glass with closed
pores and the lowest density, we simplify by assuming that any heattreatment to Tr,max will result in foam glass with closed pores. Using this
approximation we can extract the foam expansion values (V/V0,max) at Tr,max
from Fig. 4.8. The results show a maximum in foam expansion occurs when
2 wt% SiC (Fig. 4.10). Using higher SiC concentration improves expansion,
but result in highly percolated foams. SiC concentrations below 1 wt% do
not allow efficient foam expansion under dynamic heat conditions, since the
temperature becomes too high before a large foam volume is reached and the
foam will instead start to coalescence very fast and eventually collapse due
to the low viscosity.
My studies show that the optimal foaming can be tuned within the SiC
concentration of 1 wt% < [SiC] < 4wt%. TECHNOpor uses flat-, bottle and
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lamp glass with < 2wt% SiC in their foam glass production [95]. Hence, the
findings agree well with industrial conditions.
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Fig. 4.10 – Normalised foam volume (V/V0,max) at the temperature of maximum
expansion rate (Tr,max).

4.3 Summary
Knowing approximately the optimal condition for foaming accelerates time
consuming development of new recipes. The methods discussed here were
based on glass melt viscosity and several characteristic temperatures derived
from deformation curves and were discussed according to foam capacity and
percolation limit. It was experimentally shown that foam density is lowest in
a viscosity regime of 104-106 Pa s. This is also in accordance with Fig. 3.2
where a minimum in foam density is found between 104.5-106 Pa s for most
Na2CO3 concentrations. Heating microscope is a powerful tool to assess the
temperature regime for foaming of glass melt. In general, the glass melt
should be foamed in the temperature regime of Tf,onset < T < Tr,max. For CRT
panel glass, this is 1033 K < T < 1129 K or in viscosity values: 105.9 Pa s <
ηg < 104.6 Pa s. These values are also in accordance with the findings found
with the isokom foaming approach and in accordance with Pokorny et al
[46]. The viscosity results are summarised in Table 4.7.
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Table 4.7 – Summary of results. ηg is the viscosity of bubble- and crystal free glass
melt. SLS refers to soda-lime-silica glass. Isokom refers to the results of Sec. 4.1.
HSM refers to heating microscope results, Sec. 4.2.

Method

Glass

Foaming agent

ηg [Pa s]

Ref

Isokom

Labware

2wt% CaCO3

104-106

This work

Isokom

E-glass

2wt% CaCO3

<104

This work

Isokom

CRT panel

2wt% CaCO3

104-106

This work

Isokom

SLS

2wt% CaCO3

106-105.5

This work

Dynamic

CRT Panel

6-22wt% Na2CO3

104.5-106.0

Paper I

HSM

CRT panel

7wt% MnO2

104.6-105.9

This work

HSM

Bottle

2 wt% SiC

103.7-104.9

This work

Dynamic

SLS

3 and 5wt%
Dolomite

104.2-105.5

Based on
[46]
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5. Thermal Conductivity
Many foam glass studies report thermal conductivity for a range of densities.
In general, the thermal conductivity decreases linearly with density [PaperI,
15,18,24,94,96-98]. Comparing one data set with another is very difficult
and often impossible, because basic information is lacking, e.g. temperature
at which thermal conductivity is measured. In addition, not everyone reports
the chemical composition of the gas and solid matrix, the degree of closed
porosity and crystallinity of solid matrix. A comparison is therefore in many
cases futile.
The thermal conductivity of foam glasses from my studies were measured in
a climate chamber with an Isomet surface probe (2401, Applied Precision).
Samples had a diameter of 6 cm and height of 4-6 cm.
The cell pressure of several foam glasses was measured by first crushing the
sample in a gas-tight crushing cell. The pressure inside the cell was
measured by inserting a syringe through a rubber stopper and the pressure
was calculated from the volume contraction of a syringe.
5.1 Heat Transfer Mechanism
Gas conductance
The thermal conductivity of gas is a factor 50 lower compared to
commercial float- and bottle glass, but account for 40-50% of the total
thermal conductivity of foam glass. It is therefore important to control the
gas atmosphere. In the sinter-foaming approach the gas atmosphere is
controlled through the implementation of foaming agent. Low thermal
conducting gasses such as krypton and SO2 are not realistic since almost no
compounds with krypton exist, and SO2 is not used due to the health risks
involved. CO2 is already used in commercial foam glass today synthesised
through oxidising carbonaceous substances. Carbonates like CaCO3 and
Na2CO3 would preferably be used to induce CO2 entrapment. However, as
discussed in chapter 2, it is difficult to produce foam glass with low density
and foam structure with closed pores.
Solid conductance
The mechanism controlling the thermal conductivity of glasses is not well
understood and the data available are scarce [99]. This is probably due to the
difficulties of obtaining reliable data. The thermal conductivity of common
post-consumer glass is calculated based on their composition (table 5.1).
The calculations are on Choudhary and Potter’s [100] linear statistical
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model. The thermal conductivity of CRT panel glass is 11-12% lower than
the common float and bottle glass composition. This is advantageous for
thermal insulation applications.
Table 5.1 – Thermal conductivity of gasses and glasses at 298 K. The solid
conductivity (λs) of glasses is calculated from a linear model based on the chemical
composition [100].

Gas type
Air
O2
CO
CO2
H2O
Ar
Kr
SO2

λg
[mW m-1 K-1]
26
26
25
18
17
17
8
8

Glass type
Float
Bottle
CRT panel

λs
[mW m-1 K-1]
1073
1083
950

The solid matrix of foam glass is altered when foaming agent slowly
dissolves into the glass melt. This will also affect the thermal conductivity.
Since the foaming agent is inhomogeneously incorporated into the glass
matrix, several paths for the thermal transport may exist. The foaming agent
is a crystalline material and it can serve as nucleation agent and induce
crystallisation. Crystalline materials [101,102] are often more conducting
than the amorphous silicate glasses [103]. It is therefore preferably to allow
the foaming agent to dissolve in the glass melt and avoid crystallisation. On
the other hand, interfacial resistance between solid inclusions and glass
matrix can scatter the phonons [104-106], leading to a lower thermal
conductivity of the solid part. As shown in Fig. 2.10 and Fig. 3.2, Mn2O3
and Si-rich inclusions are integrated in the glass matrix. Nevertheless, they
take up a minor part of the solid volume as indicated by the SEM (Fig. 2.9
and Fig. 3.2) and XRD results (Fig. 2.9), thus only few boundaries exist.
Hence, the phonon scattering due to grain boundaries will not significantly
influence the thermal conductivity. Therefore, only the solid and gas
conduction needs to be defined when predicting the thermal conductivity of
foam glass.
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Radiation and convection
Radiative heat transfer is probably the most complex heat transfer to
quantify. It depends on porosity, size and geometry of pores, thickness of
cell wall and struts and the composition of gas and solid matrix. Infrared,
UV and visible light contributes to the radiative heat transfer [107]. Infrared
influences significantly the overall thermal conductivity of highly porous
materials [108]. This is often seen for organic foams, such as expanded
polystyrene [109], polyurethane [109] and aerogels [110]. It declines with
decreasing porosity [109] and becomes insignificant when φ < 94% for
organic foams. The thermal radiation is not quantified in this study. In
addition, silicate glasses are almost completely opaque for mid- and near
infrared radiation and our foam glasses have very low transmittance for the
visible light.
Convective heat-transfer of gas occurs due to forced movement of the gas
(e.g. windy conditions) or due to thermal induced convection. The foam
glasses studied here have both high degree of open- and closed porosity.
However, the thermal conductivity measurements are performed in still air,
which did not allow forced convection to occur. Thermal induced convective
heat-transfer is not significant for porous material with high density and
small pores. Skochdopole [111] shows that for air filled polystyrene (25.3
kg/m3) convective heat-transfer becomes important when pore size is above
4 mm. Besides, since my samples are measured by placing the detector on
the top surface, thermal induced convective heat transfer is not measured.
When pores are small (< 10 μm) [110,112], the thermal conductivity of
the gas phase is reduced (known as the Knudsen’s effect). Decreasing the
pressure inside the pores reduces the thermal conductivity even further
[110,113]. The pressure in foam glass is within 0.3‒0.8 atm. Our foam
glasses have only few pores smaller than 10 μm. Therefore, the combined
effect of the decreased pressure reduction and small pores should be
insignificant for the foam glasses in this study.
Open pores permits foam gas (O2) to exchanges with the surrounding
atmosphere (air) and convective heat transfer to contribute to the thermal
conductivity. The thermal conductivities of O2 and air are similar around 283
K; hence, the degree of closed porosity, in terms of different gas
composition, does not influence the overall thermal conductivity. The
modelling results of Köse and Bayer [17,25] suggests that pore size
(diameter = 1‒5 mm) strongly influences the thermal conductivity of foam
glass (ρfoam = 0.2‒0.4 g/cm3). By comparing foam density (Fig. 3.1) and pore
size (Fig. 3.2) with the overall thermal conductivity (λf) of our foam glasses
(Fig. 5.1), we find that the pore size has no measurable effect on the thermal
conductivity of foam glass with densities between 0.2‒0.4 g/cm3 (φ = 86–
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92%). Wu et al. [15] reported the similar observation for their glass-ceramic
foams (φ = 85–94%).
Thermal Conductance Models
Since convective and radiative heat transfer is not significant factors in
the heat transfer, they are not considered in the follow presentation of
thermal conductivity models. Conduction through the solid and gas is treated
as decoupled mechanisms. Only under special conditions must this
assumption be modified. A few studies predict the thermal conductivity of
foam glass using analytical [15] and numerical models [15,17,96]. Porous
materials can ideally be considered as cubic gas cells arrangement
periodically in a solid matrix [114]:
𝜆 [𝜆 +𝜑2/3 (𝜆g −𝜆s )]

𝜆f = 𝜆 s+(𝜆s

g −𝜆s )(𝜑

s

(5.1)

2/3 −𝜑)

where λs is the solid conductivity, λg is gas conductivity and λf is the
conductivity of the foam.
Landuaer [115] developed a percolation model of two mediums dispersed
randomly in each other. The Landauer model predicts very well the thermal
conductivity of porous zirconia (φ = 44‒73%) [112]:
1

𝜆f = 4 [(𝜆g (3𝜑 − 1)) + 𝜆s (3𝜑s − 1)
1/2

2

+ ([𝜆g (3𝜑 − 1) + 𝜆s (3𝜑s − 1)] + 8𝜆s 𝜆g )

]

(5.2)

where φs is solidisity (1 ‒ φ). Schuetz and Glicksman [116] derived a simple
linear model from porous materials with cubic cells (Eq. 6.3 and 6.4):
𝜆f = 𝜆g + 𝐾(1 − 𝜑)𝜆s
2
3

(5.3)

𝑓
3

𝐾 = 𝜏 ( − s)

(5.4)

where fs denotes the amount of the solid located in the strut. fs = 0 when the
entire solid is located in pore wall and fs = 1 when all the solid resides in the
strut. The factor (2/3 ‒ fs/3) represents the amount of the solid aligned
parallel to the heat flow. The τ is a tortuosity factor. Schuetz and Glicksman
showed for staggered cubic cells, that the solid conduction can reduce up to
20% (τ = 0.8) due to the tortuous path of heat transfer through the solid
matrix [116,117]. Solórzano et al. [118] shows similar with finite element
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calculations that the solid tortuosity influences the thermal conductivity of
cellular materials. However, so far there has been no experimental
verification of the tortuous effect on thermal conductivity. Eq. 5.3 and 5.4
can be used to estimate the lower limit of the thermal conductivity of a foam
glass by assuming all solid resides in the struts (fs = 1) and the conduction
through the solid is very tortuous (τ = 0.8). An upper limit calculation of
Schuetz-Glicksman model (fs = 0, τ = 1) result in a similar trend as the
Russell model for ρfoam < 0.5 g/cm3.
5.2 Foam Glass with O2/air
Foam glasses with open pores will have foam gas exchange with air.
Therefore, the gas composition can vary within the sample. Foam glass
foamed with MnO2 can serve to prepare foam glass with ideal gas
composition. Since the gas conduction of O2 and air is very similar (Table
6.1), the gas conduction should not be influenced if the pores are open or
not. Hence, λg is regarded constant regardless of degree of closed porosity.
The conductivity of the solid matrix is a complex function of CRT panel
glass wherein manganese oxide is dissolved inhomogeneously and
crystalline Mn2O3 (Fig. 2.9). The solid matrix consist of 93wt% (96vol%)
CRT panel glass and can be treated ideally as one phase consisting of CRT
panel glass. The λs of CRT panel is calculated using the statistical linear
model [100] (Table 5.1). The λs value is temperature corrected, since the
foam glasses are measured at 283 K. The thermal conductivity of many
silicate glasses [119,120] decreases on average 2.7 % when the temperature
drops from 298 to 283 K. Hence, a temperature corrected value of λs = 0.925
W m-1 K-1 is used to calculate the thermal conductivity of foams. The models
are calculated at 283 K using λg = 0.025 W m-1 K-1 for air/O2 atmosphere.
The experimental data together with the models are presented in Fig. 5.1.
The data follows in linear trend. At the lower densities the data deviates
from the linear trend. The Russell model overestimates the experimental data
and the Landauer model underestimates the data. The lower limit model of
Schuetz-Glicksman predicts slightly lower thermal conductivity than the
experimental data (Fig. 5.1). The SEM images show that cell walls are
present. Therefore we can assume fs < 1. The fs value is obtained from many
organic foams by measuring mean pore wall thickness, average pore
diameter and strut diameter under ideal pore geometry [108,121,122].
However, such detailed structural information is not available for the foam
glass. If we instead assume K = 0.34 the model shows a good agreement
between model and experimental data (Fig. 6.1).
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Fig. 5.1 – The thermal conductivity (λf) of foam glasses prepared with MnO2. ρfoam is
the foam density and φ is the porosity. The inset zooms in on the experimental data.
The error bars represent 3% of experimental λf values. The data are obtained at
283.7±0.6 K. The models are calculated or fitted using λs = 0.925 W m-1 K-1 (CRT
panel glass) and λg = 0.025 W m-1 K-1 (air/O2). The data are from ● [Paper I] and ○
this work.

Deviations from the linear model are observed at the lowest densities. The
pores are large and open. Hence, increase contribution from radiative heat
transfer can be expected.
König et al. [18,123] measured thermal conductivity on CRT panel glass
foamed with MnO2 and carbon. Such mixture could potentially result in CO2
filled foam glass. However, the decomposition of MnO2 to Mn3O4 releases
pure O2, inducing the burn-out of carbon before the glass melt sinters a
closed structure. In addition, the samples had a high degree of open porosity
[18,123] and majority of the gas would therefore consist of air. The data of
König et al. [18,123] are shown in Fig. 5.2 together with foam glasses
formed with MnO2. The data agrees well with O2/air filled foam glass and
follows the linear trend well. Small amount of C could remain in the samples
after densification. Majority of carbon would be converted to CO [124]. The
conductivity of CO is comparable to air (Table 5.1) and the CO effect
should not be measurable. The closed porosity is not reported for these data,
but the high density foam glasses (0.17-0.18 g/cm3) should contain a larger
degree of closed pores [18].
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Fig. 5.2 – The thermal conductivity (λf) of foam glasses prepared with MnO2. ρfoam is
the foam density and φ is the porosity. The inset zooms in on the experimental data.
The error bars represent 3% of experimental λf values. The data are obtained at
283.7±0.6 K. The models are calculated or fitted using λs = 0.925 W m-1 K-1 (CRT
panel glass) and λg = 0.025 W m-1 K-1 (air/O2). The data are from ● [Paper I], ○ this
work, König et al. [123] and ● König et al. [18].

Table 5.2 - Foam density (ρfoam), porosity (φ), thermal conductivity (λf) and closed
porosity (φCP) of foam glass prepared with CRT panel glass and CaCO3. λf is
measured at 283 K. The φCP data from König et al. [24] are recalculated with Eq.
(2.2) using ρs of 2.74 g cm-3.

ρfoam
[g cm-3]
0.240
0.242
0.267
0.223
0.312
0.355
0.370
0.433

CaCO3
[wt%]
4
4
4
2
2
2
2
2

φ
[%]
91.2
91.2
90.2
92.1
88.9
87.4
86.9
84.6

λf
[mW m-1 K-1]
50.2
53.1
51.3
52.0
58.9
62.8
64.5
69.0
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φCP
[%]
72.8
83.6
63.6
7.0
62.5
76.3
76.2
89.8

Ref
[24]
[24]
[24]
This work
This work
This work
This work
This work
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5.3 Foam Glass with CO2/air
To induce CO2 filled foam glass, CaCO3 is used as foaming agent. The
resulting data are shown in Table 5.2 Due to the difficulties of foaming with
CaCO3, foam glass with 100% closed pores are not obtained. All of them
except one have a closed porosity between 62.5-89.8 %. The data follows a
linear trend (Fig. 5.3) and follows the linear air/O2 model. This is surprising;
since the presence of CO2 should lower the overall thermal conductivity by
9 mW/(mK). A small amount of Fe is present in the glass powder mixture
from the crushing procedure. The CO2 could oxidise the Fe. In addition,
metal oxides presence in multiple valence states could also become oxidise.
The reduction of CO2 would lead to CO enriched gas composition in the
pores and an increase of thermal conductivity (Table 5.1). The amount of Fe
and metal oxides which can be oxidised, however, is very small. Hence, only
a small contribution from CO is expected.
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Fig. 5.3 – The thermal conductivity (λf) of foam glasses prepared with CaCO3. ρfoam
is the foam density. The error bars represent 3% of experimental λf values. The data
is obtained at 283 K. The models are calculated using λs = 0.925 W m-1 K-1 (CRT
panel glass) and λg = 0.025 W m-1 K-1 (air/O2) and λg = = 0.016 W m-1 K-1 (CO2).
The models are calculated with Eq. (5.3) using K = 0.34. The data are from □ this
work and ■ König et al. [24].

Fig. 5.4 compares the thermal conductivity data of all available data for
foamed CRT panel glass. The thermal conductivity of foam glasses foamed
with CaCO3 does not differ significantly from foam glasses foamed with
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MnO2 and MnO2/C. The addition of foaming agent alters thermal
conductivity of the solid phase. The thermal conductivity mechanism of
glass is fairly understood [99] and is therefore difficult to predict the impact
of composition alterations. The additivity model of Choudhary and Potter
[100] predicts manganese oxide has a negative impact on the thermal
conductivity of glasses. The application limit of this model is not reported.
Ghoneim et al [125] show for BaO-B2O3-SiO2 glasses that addition of 0.1 or
0.99 wt% MnO2 increases the thermal conductivity. Choudhary and Potter
[100] summarised several additivity models. All the models had CaO as a
positive additive factor for the thermal conductivity for a wide range of
silicate glasses [80,126-129]. Hence, foaming with CaCO3 could increase the
solid conductivity and MnO2 could decrease the solid conductivity of foam
glass.
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Fig. 5.4 – The thermal conductivity (λf) of foam glasses prepared from CRT panel
glass and with different foaming agents (see legend). ρfoam is the foam density. The
error bars represent 3% of experimental λf values. The data are obtained at 283 K.
The models are calculated using λs = 0.925 W m-1 K-1 (CRT panel glass) and λg =
0.025 W m-1 K-1 (air/O2). ─ Russell model, ─ Landauer model, ─ SchuetzGlicksman lower limit model, ─ Linear model, K = 0.34 Eq. (5.3). ● [Paper I], ○
This work, ● König et al [18], ● König et al [123], □ This work, ■ König et al [24].
The data point from ● Mear et al [97,130] is temperature corrected from 298 K to
283 K with -4.8%. Foam density data from König et al [18,123] are calculated in
porosity by assuming ρs = 2.82 g/cm3.
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A data point for a high density foam glass prepared with TiN [97,130] is
included in Fig. 5.4. When comparing this data with the low density range, it
indicates that thermal conductivity of foam glasses will decrease sharply
with increasing porosity within the porosity range of 65-85% (density range
of 0.5-1.3 g/cm3). This indicates that a linear conductivity model applies
down to the porosity of 80%. However, the thermal conductivity of glassceramic foams can exhibit a linear range in a much wider porosity range (φ =
47-94%).
5.4 Summary
The thermal conductivity of foam glasses prepared from CRT panel glass
were compared. Foaming agents such as MnO2, CaCO3, MnO2/C and TiN
were used to make the foam glasses. The impact of foaming agent was
discussed. The use of CaCO3 could possibly increase the solid conductivity,
whereas MnO2 could decrease it. The thermal conductivity of foam glasses
foamed with MnO2, CaCO3, or MnO2/C follows in general a linear trend
with porosity.
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Foaming Mechanism
MnO2 is a suitable foaming agent for CRT panel glass, float glass and
bottle glass, since it releases gas at the foaming regime. Manganese oxide
can work as nucleation agent and induce crystallisation in float glass and
bottle glass, but this can be prevented using crystallisation inhibitor [16,21].
CRT panel glass, on the other hand, has excellent glass stability. MnO2 can
be employed with additional agents (e.g. SiC, Si3N4). It is often assumed that
MnO2 causes the oxidation of SiC [22,50] or Si3N4 [49]. Since MnO2
reduces to Mn2O3 between 860‒990 K, it is more likely that the dissolution
of Mn2O3 and subsequent reduction according to equilibrium Eq. (2.4)
releases O2 which oxidises SiC and Si3N4 if the glass melt itself is not an
oxidising medium.
A useful strategy to gain lower foam density is to decrease particle size of
glass cullet and foaming agent. This has shown to be useful with systems
including foaming agents such as carbon [27], MnO2 [18] or AlN [64] which
involves gas forming redox reactions. However, when carbonates like
CaCO3 [24] or dolomite [46] are involved, the particle size must be
optimised if foam glass with low density is needed. This phenomenon can be
explained by the proposed reaction mechanism for carbonates (Sec. 2).
Decreasing the particle size of glass and the metal carbonates induces an
overall faster surface reaction of the metal carbonate. The formed CO2
inhibits the decomposition of pure CaCO3 [29], but this is not the case for
reactive decomposition. Instead, the CO2 is released in an uncontrolled
manner, resulting in foam glass with large and open pores.
Foaming ability
The ability of a glass melt to foam depends on many parameters. Here,
the effects of both isothermal and dynamic heat-treatments on the foaming
behaviour are compared among different glasses (Labware, E-glass, CRT
panel, soda-lime-silica) prepared with different foaming agents (MnO2,
Na2CO3, CaCO3, dolomit, SiC). The results show (Table 4.7) that most glass
melt obtain the lowest density (or maximum expansion) in the viscosity
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range of 103.7-106 Pa s. Scarinci et al [1] claimed that foaming should occur
in the range of 103-105 Pa s, almost a factor ten lower than in this work. It is
unfortunately not reported what those data are based on and a comparison is
not possible. Meár reported, that industrial foam glass from Misapor is
produced within 1023-1223 K [130] from 98% discarded bottle- and flat
glass [130,131] of different colours using SiC/MgO/C as foaming agent
[130]. This corresponds to 105.9 – 103.4 Pa s. This agrees fairly well with the
results from Table 4.7.
In this thesis, heating microscope was used to define a temperature range
where optimal foaming should occur. Optimal foaming is defined in this
work as a heat-treatment that produces foam glass with closed pores and the
lowest possible density. The temperature range was defined from the
foaming onset temperature (lower limit) and the maximum expansion rate
temperature (upper limit). The maximum expansion rate was linked to a
percolation threshold (φcp = 50%). My studies show that the method can be
applied to optimise the chemistry of powder mixtures. By analysing the data
from Köse [16] the optimal SiC concentration was found to be between 1-4
wt%. This agreed with industrial use [95].

Thermal conductivity
The thermal conductivity of foam glass made from CRT panel glass
decreases in general linearly within the porosity range of 85-92 % (density
range of 0.098-0.45 g/cm3) (Fig. 5.4). Different foaming agents (MnO2,
CaCO3, MnO2/C and TiN) were used to prepare the foam glasses. The gas
composition of foam glass prepared with CaCO3 should mainly contain CO2.
The thermal conductivity of these foam glasses did not deviate significantly
from foam glasses prepared with MnO2. This was surprising since O2/air
atmosphere are more conducting than CO2. The effect of gas composition
could be shadowed by the composition alteration of the solid matrix due to
incorporation of foaming agent. This means that we should not ignore the
effect of foaming agent residues (e.g. Ca2+, Mn2+/Mn3+) on the solid
conductivity. More work is necessary to clarify the role of foaming agent.
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7. Conclusion and Perspectives
We have investigated foam dynamics, foaming ability, thermal
conductivity and proposed a reaction mechanism for metal carbonates and
metal oxides to clarify the impact of different reaction mechanisms on the
foam melt dynamics and resulting properties. The metal carbonates
decompose on the particle surface immediately when they are in contact with
glass melt. The resulting metal oxide located at the melt-particle surface
inhibits further decomposition. However, decomposition continues as fresh
melt are in contact with the particle. Fresh melt gets in contact with the
particle, when the cations diffuse into the glass melt and when melt flows to
the particle. The gas formation at the particle can induce the melt flow. The
gas formation of metal oxides is controlled by redox equilibrium and
dissolution kinetics. The metal oxides first dissolve into the glass melt and
subsequently reduce according to the local reduction potential. In this way,
the gas formation is controlled. We show in addition, that nucleation and
grow of new bubbles can occur if the metal oxide become incorporated in
the melt.
Foaming of CRT panel glass with MnO2 shows that Mn2O3 dissolves into
the glass melt. We show the foam continues to grow even when the majority
of the foam percolated. We discuss the impact of Mn2O3 location on the gas
formation. Mn2O3 becomes incorporated into the glass melt. This enables
nucleation and growth of bubbles.
We determined the foaming ability of several glasses for foaming ability
in terms of obtaining minimum density. We attempt to find a universal
viscosity regime at which foaming of glass melts should proceed.
Temperature studies from literature were converted to viscosity and
compared with our experimental results. Six out of seven glass melts
attained their lowest density in the viscosity regime of 103.7-106 Pa s. This
result is based on isokom foaming, dynamic heat-treatment and heating
microscope results. The foam glass industry uses a diverse range of melt
formers and foaming agents. Therefore, these findings are instructive for
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optimisation the heating program of industrial foam glass production and
assessing the feasibility for implementing new resources in the production
line.
Using heating microscope we define several characteristic temperatures
of the foaming process. We use these to define a temperature regime for
optimal foaming in terms of foam density and closed porosity. These
findings provide additional tool for optimising foaming process and will be a
useful tool for tuning foaming process and for testing foaming performance
of waste materials prior introduction to production line.
We studied the thermal conductivity of foam glasses made from CRT
panel glass. It possesses high glass stability (low ability to crystallise) and
low thermal conductivity. Based on these properties, CRT panel glass could
advantageously be used in the production of foam glass.
The thermal conductivity of foam glass prepared with CaCO3, MnO2 and
MnO2/C were compared. The experimental thermal conductivity decreased
linearly with foam density. The foaming agents should promote different gas
composition in the foam glass. Based on the solid conductance of CRT panel
glass, analytical calculations show a 9 mW/(mK) difference should be
observable between foam glass with air/O2 and CO2. However, no difference
attributed to gas composition could be observed. We explain this behaviour
with the chemical changes to solid matrix caused by the foaming agent. The
resulting CaO from CaCO3 decomposition increased the thermal
conductivity of the solid matrix, whereas manganese oxide could decrease
the thermal conductivity. This effect masks the influence of gas composition
on the thermal conductivity of foam glass.
Both the thermal conductivity and the reaction mechanism of CaCO3 and
the resulting density and pore structure of the foam glass are
disadvantageous for producing insulating foam glass.
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Nomenclature
ηg

Shear viscosity of bubble- and crystal free glass melt

η∞

Shear viscosity of bubble- and crystal free glass melt

λf

Thermal conductivity of foam

λg

Thermal conductivity of gas

λs

Thermal conductivity of solid

φ

Porosity of foam

φCP

Closed porosity of foam

ρ

Density of glass (solid density)

ρfoam

Foam density

ρskel

Skeletal density (or pycnometer density)

ρpow

Density of powdered foam glass (solid density)

τ

Tortuosity factor

A

Silhouette area obtained with heating microscope

A0

Silhouette area at T=423 K obtained with heating microscope

fs

Denotes the amount of the solid located in the strut

K

Fitting parameter

m

Fragility index obtained by fitting with Eq. (4.1)

N

Number of pores per mm2

NA

The bubble number density corrected for foam expansion
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tH

Treatment time

T

Temperature

Tf

Foaming temperature

Tf,onset

Onset of foaming

Tg

Glass transition temperature measured with DSC

Tg,vis

Glass transition temperature obtained by fitting with Eq. (4.1)

Tr,max

Temperature of maximum expansion

Ts

Onset of sintering

V0

Volume of foam produced at 1063 K for 5 min

Vi

Volume of ith foam
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