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ENGLISH SUMMARY

Glass foams are attractive materials that can be used for different applications such
as lightweight fillings and thermal or sound insulation. As thermal insulator, the
thermal conductivity is a crucial property that should be kept as low as possible
without compromising other properties. However, the understanding of thermal
conductivity of glass foams is still limited due to lack of reported data. Therefore, the
aim of this PhD project was to enhance the understanding by investigating the effects
of solid and gas phases and porous structure on the thermal conductivity of glass
foams. We prepared glass foams from obsolete cathode ray tube (CRT) panel glasses
throughout the present thesis as it has a low thermal conductivity compared to other
waste silicate glasses such as flat glass and bottle glass, and large amounts of CRT
glass is landfilled, and thus, being harmful to our environment.

First, we studied the foaming of a common CRT panel glass, Mn3Oa, and carbon
mixture while adding different alkali (Li, Na, K) phosphates to the mixture. Various
types of sodium phosphates are claimed to have a foam stabilizing effect, however,
this is not proved in literature. We found no effect of the alkali phosphates on pore
size, pore shape, or wall thickness. However, we showed that KsPO4 is promising to
obtain closed pores of highly porous glass foams.

Second, we investigated the effect of pressure and gas specie on the foaming
behavior using a physical foaming approach. Glass powder was sintered under high
pressure of inert gases (He, Ar, N2) which resulted in a pellet with high gas pressure
in closed pores. Subsequent reheating of the pellet caused expansion due to the
combination of decreasing viscosity of the glass and the release of the high gas
pressure. We found that the kinetic diameter of the gas species greatly affected the
foaming onset, maximum expansion, and thus, the final foam characteristics. On the
contrary, the pressure dependence showed an optimum pressure of 20 MPa.

Third, we studied the effect of solid phase, gas phase, and macrostructure on the
thermal conductivity of glass foams. In order to optimize the insulating ability of glass
foams, it is necessary to enhance the knowledge of the contribution of different phases
and structure to the thermal conductivity of glass foams. We found that the thermal
conductivity of the solid phase increases with increasing content of foaming agent
dissolved in the glass structure. Moreover, the thermal conductivity increases with
increasing crystal content in the samples. The gas phase contribution to thermal
conductivity of glass foams was investigated by entrapping Ar or N, by physical
foaming, however, CO, was present giving binary gas mixtures. Theoretical
calculations of the thermal conductivity of gas mixtures proved that the Ar-rich gas
phases had a lower thermal conductivity than that of the N-rich ones resulting in a
lower thermal conductivity of the glass foams. Finally, we found that an increase in
average pore size from 0.10-0.16 mm decreases the thermal conductivity by >10 %.






DANSK RESUME

Glasskum er et attraktivt materiale, der kan bruges til forskellige formal sasom
letveegtsfyld i vejkonstruktioner og varme- eller lydisolering. Som varmeisolering er
varmeledningsevnen en afggrende egenskab, der skal gares sa lav som muligt uden at
gad pa kompromis med andre egenskaber. Forstaelsen af varmeledningsevnen af
glasskum er dog begranset pa grund af mangel pa data. Derfor er malet med dette
PhD-projekt at gge forstaelsen af varmeledningsevnen af glasskum ved at undersgge
effekten af den faste fase og gasfasen samt den porgse struktur. | denne afhandling
har vi lavet glasskum fra foraeldede frontglas fra billedrer (CRT-glas), da det har en
lav varmeledningsevne sammenlignet med andre restglas som f.eks. vinduesglas og
flaskeglas. Derudover bliver store maenger billedrgr deponeret pa lossepladser, hvilket
er skadeligt for miljget.

Vi har studeret skumningen af en almindelig skumglasblanding bestaende af CRT-
glas, Mn3zO4 og kul, hvor vi tilsatte forskellige alkalifosfater (Li, Na, K). Forskellige
typer af natriumfosfater pastas at have en skumstabiliserende effekt, men dette er ikke
bevist. Vi fandt ingen effekt af alkalifosfaterne pa porestarrelse, poreform eller
veegtykkelse af skumglassene. Dog viste KsPO4 lovende resultater i forhold til at opna
lukkede porer for hgjporgse glasskum.

Derudover undersggte vi effekten af tryk og gasart pa skumningsadfaeren, nar vi
bruger en fysisk skumningstilgang. Glaspulver blev sintret under hgjt tryk ved at
bruge inerte gasser (He, Ar, Ny), hvilket resulterede i en pille med et hgjt gastryk i
lukkede porer. Efterfglgende opvarmning af denne pille medfarte udvidelse som falge
af det hgje tryk og den kontinuert faldende viskositet af glasset. Vi fandt, at den
kinetiske diameter af gasarten havde stor indflydelse p&, hvorndr skummningen
startede, den maksimale udvidelse og dermed de endelige karakteristika af
glasskummet. Derudover paviste vi, at der er et optimalt tryk pa 20 MPa under sintring
i forhold til at opna en maksimal skumning og dermed en hgj porgsitet.

Desuden har vi undersggt effekten af fastfasen, gasfasen og makrostrukturen pa
varmeledningsevnen af glasskum. For at kunne optimere isoleringsevnen af glasskum
er det ngdvendigt at opna viden om, hvordan disse faser bidrager til den samlede
varmeledningsevne af glasskum. Vi paviste, at varmeledningsevnen af den faste fase
stiger, nar indholdet af skumningsagenter stiger og ligeledes, nar krystalindholdet i
glasfasen gges. Gasfasens bidrag blev undersggt ved at fange Ar og N i gasfasen ved
fysisk skumning, dog blandet med CO,, hvilket skabte bingre gasblandinger.
Teoretiske beregninger viste, at de Ar-rige gasfaser havde en lavere
varmeledningsevne end de N.-rige, hvilket resulterede i en lavere varmeledningsevne
af glasskummene med Ar i gasfasen. Slutteligt fandt vi ud af, at varmeledningsevnen
faldt >10 %, nar den gennemsnitlige porestarrelse blev gget fra 0.10-0.16 mm.
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CHAPTER 1. INTRODUCTION

Insulation materials have always been of great interest to mankind and society
starting with clothes to keep the body warm and later to build and insulate houses.
Nowadays, the insulation standard of houses is improving in order to reduce the
energy consumption on heating up the houses. One way to improve the insulation is
to increase the thickness of the insulating material which is observed for both walls
and roofs in many European countries [1]. This is a consequence of the lack of
improvement of the insulating ability of various insulation materials. Unfortunately
the increasing insulation thickness leads to a reduced living-to-house area ratio, and
thus, it is getting more expensive to maintain the same living area in Denmark as the
tax is calculated from the house area. Therefore, improvement of current or
development of new insulation materials is of great interest.

Among the traditional insulation materials for buildings are mineral wool,
expanded polystyrene (EPS), extruded polystyrene (XPS), and polyurethane (PUR),
while recent state-of-the-art insulation materials cover vacuum insulation panels
(VIPs), gas-filled panels (GFPs), and aerogels [2]. Most of the primary used insulation
materials are organic except of mineral wool that are inorganic [3]. Another inorganic
insulation material is glass foam which is not among the traditional materials but
shows good properties. As insulation material the thermal conductivity is a crucial
property as it defined as the rate of heat to transfer through a material. Therefore, a
good insulation material has a low thermal conductivity. Comparison in the thermal
conductivity among the common traditional insulation materials and glass foams;
PUR shows the lowest values down to 20 mW m* K- while the remaining materials
and glass foam obtain values in the range 30-40 mW m* K [2,4]. For the state-of-
the-art materials, the thermal conductivity can be as low as 4 mW m K- for VIPs
[2,5]. The organic and inorganic insulation materials have different properties. One
important advantage of the inorganic ones is the fire resistance. In contrast, if PUR
burns it raises a health issue due to the release of toxic gases [2]. Regarding the living-
to-house area ratio, load-bearing insulation materials such as glass foams have an
advantage over both mineral wool and organic materials due to the higher
compressive strength of glass foams. From a sustainable point of view, glass foams
are of great interest as they can be produced from various types of glass waste.

For many years, glass waste was used in closed-loop recycling, e.g., old window
glass was remelted into new windows, glass bottles were remelted into new bottles,
cathode ray tube (CRT) glass was used in new CRT glasses, etc. However, as new
technologies and products are replacing old solutions, open-loop recycling is
necessary to avoid landfilling of the old products. An example of this is the
development of light emitting diodes (LEDs) and liquid crystal displays (LCDs) that
substituted the CRT glass in televisions and computer screens [6,7]. Such CRT glass
consists of four parts that by weight are 65 % panel glass, 30 % funnel glass, 5 % neck
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glass, and <1 % frit glass [8,9]. Those parts have different chemical compositions.
The funnel, neck, and frit glass contain large amounts of lead oxide making them
difficult to recycle due to the toxicity of lead [10]. Therefore, these parts have to
undergo lead removing processes such as alkaline leaching [11], carbothermal
treatment [12], or smelting processes [13] before being recycled. In contrast, CRT
panel glass can be directly reused as it was produced lead free after 1995 [14].

Glass foam can be used as insulation material as mentioned previously, but also
as lightweight aggregate in, e.g., concrete [15] and road embankments [16]. As an
insulation material glass foam benefits from the non-flammability, chemical and
thermal stability, and closed porosity that makes glass foams water proof [17].
Moreover, glass foams exhibit a long life time [18]. These properties and the fact that
glass foams can be produced from various types of waste glass make glass foams
interesting for further research.

1.1. BACKGROUND

Foams of glassy systems have mainly been studied during melting processes
where foam layers cause problems due to higher energy requirement to obtain a
bubble free glass melt as the foam decreases radiative heat transfer in the melting
furnace [19-23]. The foaming depends on the heating rate [24]. The lifetime of the
foam depends on the processing temperature due to the influence on the glass
viscosity; hence, a higher processing temperature causes a shorter foam lifetime
[19,25]. This is due to coalescence of bubbles or pores, and therefore, the size
distribution of bubbles depends on the melting temperature [26]. It has been shown
that evaporation of oxides like Na,O might cause a stabilization of foams at the melt
surface with increasing melting temperature [25] and the higher melting temperature
causes higher energy costs. During glass melting the main foaming occurs from
decomposition of carbonates, hydroxyls, sulfates, etc. or oxidation reactions [19-21]
which is basically the same processes used for producing glass foams.

Research in glass foams can be divided into two categories: industrial and
academic. Glass foams have been known since the 1930s [27-29], but based on the
amount of publications the interest did not begin before 2000 [30]. This is due to the
commercial interest and the fact that the findings were patented by companies rather
than published in scientific journal. Scientific publications started to show in the
1970s [31-33] and 1980s [34,35]. In the late 1990s and early 2000s an interest in
recycling cullet into glass foams started [36-38]. In this approach, the foaming of
cullet turns the waste into a new useful product.

The foaming of materials is complicated as it is affected by many controllable
parameters such as temperature, time, gas pressure, and gas atmosphere. The process
parameters need to be optimized when changing the material type (chemical
composition) and particle size especially as the composition affects viscosity and
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Chapter 1. Introduction

surface tension. Furthermore, the setup needs to change depending on the material.
Metallic foams are prepared from high gas pressure treatments [39,40] whereas glass
foams can be prepared from chemical reactions at high temperature [28,38],
dissolving gases in a molten glass during cooling [27], sol-gel processes [41-43], or
freeze-drying sol-gel derived glasses [44].

The overall goal of the present PhD study is to gain knowledge on the foaming
principle and understanding of the impact of the solid phase (amorphous and
crystalline), gas phase (composition), and pore structure (pore size and wall thickness)
on the thermal conductivity of glass foams; thereby, to deepen the understanding of
the insulation property. The project is part of a larger interdisciplinary collaboration
between Aalborg University, Jozef Stefan Institute, and Grasten Brickworks. The
overall goal of the project is to build a house of sandwich structured building blocks
consisting of clay bricks and glass foam, a so-called CleanTechBlock.

1.2. THESIS OBJECTIVE

The objectives of the present PhD study are summarized in the following four
points:

1. Chemical foaming: Studying additives to a common glass-foaming agent
mixture to obtain closed porous glass foams.

2. Physical foaming: Investigating the foaming mechanism with regard to build-
up pressure and size of the gas specie.

3. Revealing the influence of solid matrix and gas composition on thermal
conductivity of glass foams.

4. Exploring the influence of pore size on glass foam characteristics such as
porosity and thermal conductivity.

1.3. THESIS CONTENT

This is an article-based thesis meaning that the thesis itself is an extended
summary combined with the below mentioned papers published or submitted to
international peer-reviewing journals. This thesis consists of the present six chapters
and five first-authoring journal papers. Throughout the thesis, the first-authoring
papers are cited using the roman numbers given below.

l. M.B. @stergaard, R.R. Petersen, J. Kdnig, H. Johra, and Y. Yue, “Influence
of foaming agents on solid thermal conductivity of foam glasses prepared
from CRT panel glass”, Journal of Non-Crystalline Solids, 465 (2017), 59-
64.

1. M.B. @stergaard, R.R. Petersen, J. Konig, and Y. Yue, “Effect of alkali
phosphate content on foaming of CRT panel glass using Mn3zO4 and carbon
as foaming agents”, Journal of Non-Crystalline Solids, 482 (2018), 217-222.
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M.B. @stergaard, R.R. Petersen, J. Konig, M. Bockowski, and Y. Yue,
“Foam glass obtained through high-pressure sintering”, Journal of the
American Ceramic Society, 101 (2018), 3917-3923.

M.B. @stergaard, B. Cai, R.R. Petersen, J. Konig, P.D. Lee, and Y. Yue,
“Impact of pore structure on thermal conductivity of glass foams”, Materials
Letters, under review

M.B. @stergaard, R.R. Petersen, J. Konig, M. Bockowski, and Y. Yue,
“Impact of gas phase on thermal conductivity of glass foams”, Journal of
Non-Crystalline Solids, under review
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CHAPTER 2. CHEMICAL FOAMING

Glass foams can be produced by different processes. The most common
production is based on a chemical approach where glass powder and foaming agents
are mixed and heated. This is the method used to prepare glass foams in Paper Il and
Paper IV, and it is described in the following chapter.

2.1. SAMPLE PREPARATION PROCEDURE

Glass is crushed to obtain small particle size. Glass powder and foaming agents
are mixed using a ball mill to homogenize the mixture and decrease the particle size
as the particle size has a great impact on foaming ability and foam characteristics [45].
The powder mixture is uniaxially pressed into a pellet at 40 MPa as shown in Figure
2.1 as samples prepared from compacted powder mixtures obtain a more uniform
structure than samples prepared from loose powder mixtures [28]. The pellets can
have diameters of 13 mm or 35 mm.

‘40 MPa

Piston

Metal discs

Powder

Mould

Figure 2.1 Method for uniaxial pressing of powder mixtures. The diameter of the mould can be
either 13 mm or 35 mm.

The foaming of the pellets was carried out in two different ways. Small pellets (1
g, @ = 13 mm) were placed on a kaolin coated alumina plate and foamed in a heating
microscope. Large pellets (20 g, @ = 35 mm) were placed on a stainless steel plate in
a circular mould of 60 mm diameter covered with alumina-silica fibers to prevent
sticking and foamed in an electrical heated tube furnace with gas control.

2.2. PRINCIPLE OF CHEMICAL FOAMING

Foaming of glass powder using foaming agents involves different steps. After the
mixing and compression into a pellet, the mixture is heated. During the heating, the
mixture reaches the sintering point of the glass that is an essential step towards making
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a foam. The sintering causes a closed body that can entrap gas which is released from
the foaming agents rather than releasing the gas to the surroundings. Continuing the
heating, the glass phase reaches the softening point (viscosity of 106 Pa s); hereafter
reactions of the foaming agents should occur. The reactions can be either
decomposition of metal carbonates, reaction between glass and foaming agents, or
reactions between multiple foaming agents. These reactions result in gas release
which will expand the viscous body. Further heating will cause coalescence of the
pores and eventually a foam collapse, while cooling will freeze the obtained pore
structure resulting in a glass foam [28]. The right temperature program is important
and depends on both the glass and the foaming agents. In general MnO2 and metal
carbonates are found to have the optimum foaming in the viscosity window 104-108,
while SiC requires a lower viscosity of 1032-10* for different glass compositions [46].

2.2.1. METAL CARBONATES

Foaming of glass has been carried out using several different foaming agents.
Some of the most popular based on literature are metal carbonates, mainly CaCOs;
[46-54], though, Na,CO3 [53-57], MgCOs [58], and SrCO3 [34,58] are also described
in literature. CaCO3 and MgCOs is often added as minerals, calcite (CaCOs3) [59,60]
or dolomite (CaMg(COs),) [69-61], or waste products as egg shells (CaCOs)
[50,59,62,63] or oyster shells (CaCOs) [64]. Metal carbonates decompose upon
heating producing CO; and their metal oxide counterpart, e.g., Na-O and CaO as
shown in Equation 2.1, where M = Na, Ca, Mg, Sr etc.

M, CO3(s) = MO(s) + CO2(g) 1)

Foaming experiments of CRT panel glass and Na,COs; showed that the expansion
of the glass melt occurs prior to the decomposition temperature of pure Na,COs;
caused by reaction between the glass and Na,CQOgz [57]. This is also found for CaCO3
[48] and is, therefore, probably the case for other carbonates as well. After the
decomposition of the metal carbonate, the metal oxide is incorporated into the glass
structure lowering the glass transition temperature (Tg) due to a fluxing effect or
causing crystallization. Crystallization can occur as the foaming agent provides
nucleation sites. This is observed for a CRT panel glass and Na,COs system [56,57].

2.2.2. TRANSITION METAL OXIDES AND CARBONACEOQOUS
COMPOUNDS

Glasses can be foamed using transition metal oxides, carbonaceous compounds,
or combinations. Foaming using these compounds depends on oxidation of
carbonaceous compounds or reduction of transition metals in order to produce gas.
SiC is a commonly used foaming agent either alone where it is oxidized by the air or
redox-reactions in the glass [34,65-68], but also in combination with Fe;O3 or Co304
[34,65,69], MnO; [68], and CuO or NiO [34]. Other foaming agents are MnO; alone
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Chapter 2. Chemical foaming

[70-73] or combined with SisN4 [74] and Mn,Oy with carbon [45,75-77]. The
disadvantage of using SiC compared to metal carbonates or manganese oxides is the
requirement of higher temperature as SiC needs a lower viscosity in order to cause
expansion [46]. The Mn3sO4 and carbon combination has shown superior properties.
The reactions between the foaming agents and the CRT panel glass can be divided
into three stages: 1) a solid-solid reaction between Mn3O4 and carbon, 2) a melt-
reduction, i.e., reduction of polyvalent ions in the glass melt, and 3) a dissolution-
reaction, where Mn3O, dissolves into the glass melt and the dissolved Mn®* ions
reduce releasing oxygen [77]. The solid-solid reaction follows Equation 2.2.

4Mn;0,(s) + 2C (s) » 12MnO(s) + 2€0,(g) (2.2)

As for the metal carbonates, the remaining transition metal oxides will either
dissolve into the glass melt [73] or exist as crystals in the solid matrix [72,73].
Similarly, a combination of Fe,O3 and carbon reacts as in Equation 2.2. In the case of
Fe20s, the remaining Fe,O3 and FeO is either dissolved in the glass phase or causing
crystallization of the glass [78]. Therefore, depending on the foaming agent, small
differences are found in their reactions with the glass. Moreover, the type of glass has
a significant influence on crystallization probability as different glass compositions
have different tendency to crystallize. The combination of Fe;O3 and carbon in CRT
panel glass shows no crystallization whereas the same combination in flat glass results
in crystallization [78].

2.3. EFFECT OF ALKALI PHOSPHATES ON FOAMING OF CULLET

The structure and properties of foams can be altered by addition of different
additives. Among reported additives, TiO; has been used as nucleation agent [76] and
oxidant [79] in glass foams, while phosphates have shown a foam stabilizing effect
when foaming metallurgical slags [80]. Sodium phosphates in various types have been
adopted in glass foams and claimed to be a foam stabilizer in several studies. Among
such phosphates are NasPO412H,0 [81-83], NasPO4 [84], and Na;HPO, [47,85].
However, the effect of phosphates on glass foams was never investigated. In Paper 11,
we investigated the effect of a series of alkali phosphates on the foaming and foam
structure of glass foams prepared from CRT panel glass, MnzO4, and carbon. The used
alkali phosphates were LizPO4, NasPOs, and K3POa.

All the tested alkali (Li, Na, and K) phosphates show similar effect on the foaming
behavior, however, the effect is more explicit for smaller ions (Figure 2.2). The
foaming temperature (Tfoam), described as the minimum in silhouette area (A/Ag),
decreases with increasing content of alkali phosphate with the largest change
occurring for LisPO4 containing samples. This is caused by the fluxing effect of the
alkali ions among these, the Li* ions diffuse faster compared to Na* and K* ions
[86,87]. With increasing temperature, the silhouette area increases due to the foaming
of the samples. When reaching the maximum temperature (804 °C), the samples are
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exposed to an isothermal heating for 15 min. During the isothermal heating, the
samples behave differently. For the LisPO4 containing samples (>0.34 mol%), the
foam collapses due to pore coalescence and bursting of surface pores. The same
phenomenon occurs in samples with high content of NasPO4 (>0.86 mol%), whereas
the K3PO4 containing samples continuously expand. This difference can be explained
by the difference in viscosity for the samples as small ions cause a larger decrease in
viscosity [88]. At low viscosity it is easier for the gas to escape the glass melt. During
the cooling, all samples shrink due to a decrease in pressure inside the pores and the
normal volume change of melts with decreasing temperature.
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Figure 2.2 Change in sample size measured as change in silhouette area (A/Ao) during heating
(left), isothermal treatment (center), and cooling (right). Figure is from Paper Il.
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Chapter 2. Chemical foaming

The difference in final size of the glass foams shown in Figure 2.2 is directly
reflected in the porosity (Figure 2.3a). A significant decrease in porosity is found for
the LisPO4 containing samples at concentrations >0.34 mol% compared to NasPO4
and K3PO. due to the foam collapse. A similar decrease is observed for NasPO4
containing samples at concentrations >0.86 mol%, though, this is not as dramatic. In
contrast, the KsPO4 containing samples do not vary in porosity with increasing KsPO4
concentration. In relation to the porosity, the closed porosity is important in order to
entrap low thermal conducting gases in glass foams. The K3PO4 containing samples
exhibit closed porosity similar to the sample without any alkali phosphate added
(Figure 2.3b) indicating that KsPO4 could be added to maintain a high closed porosity
without compromising the porosity. In contrast, the closed porosity decreases for
samples containing NasPO4 (>0.86 mol%) and LisPO4 (>0.34 mol%). Therefore, the
temperature program needs to be optimized, i.e., lower temperature or vary the
isothermal heat-treatment, to avoid the foam collapse.
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Figure 2.3 a) Porosity (¢) and b) closed porosity (¢cp) of glass foams prepared from CRT panel
glass, Mn30a, carbon with either LisPOs, NasPQOas, or KsPOa4. Figures are from Paper II.

The fluxing effect of the alkali ions from the alkali phosphates is suggested as the
reason for the foam collapse. Changes in Tq of the crushed glass foams (Figure 2.4)
support this fluxing effect. The Tq is lowered by up to 32 °C for the highest content of
LisPO4 which is a significantly larger drop in Tg compared to NasPOs and K3PO.
containing samples. This is in agreement with the literature [89,90]. It is interesting
that the Tq is similar for glass foams containing NasPO4 and KsPO4. Only the high
content NazPO4 samples (>0.86 mol%) collapse during the isothermal heat-treatment
while all KsPO4 containing samples withstand the heat-treatment. This similar effect
of NasPO, and K3sPO4 on the T4 might be caused by the relatively high content (>7
wt%) of each alkali oxide in the CRT panel glass [73] in addition to the other
modifying oxides. In contrast, Li>O is not found in the CRT panel glass and that in
combination with the higher diffusivity of Li* ions causes the lower T4. Moreover, the
small difference between the NasPO4 and KsPO4 containing samples indicates that
other phenomena such as surface tension might affect the foam collapse of the NazPO4
containing samples. KsPO4 and LisPO4 are found to have a significant effect at 1400
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°C whereas NazPO4 has no influence on the surface tension [91]. The foaming occurs
at lower temperature (maximum temperature 804 °C), however, even at this lower
temperature there might be a difference in the behavior of KsPO4 and NazPO4 on the
surface tension.
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Figure 2.4 Glass transition temperature (Tg) of crushed glass foams prepared from CRT panel
glass, Mn3Os, carbon with either LisPOas, NasPO4, or KsPOs. Figure is from Paper II.

The proposed foam stabilizing effect especially of sodium phosphates should be
seen in the pore structure. However, as seen in Figure 2.5, the pore structure does not
obtain a more homogeneous pore size, pore shape, or wall thickness when adding
alkali phosphates up to 1.03 mol% to the CRT panel glass, Mn3O4, and carbon
mixture. Therefore, the alkali phosphates should not be added in order to improve the
macroscopic structure of glass foams.

Concentration LisPO, Naz;PO, K3PO,4

0.51

1.03

Figure 2.5 SEM images of the pore structure of selected glass foams prepared from CRT panel
glass, Mn3Os, carbon, and either LisPO4, NasPOs, or K3sPOa. Figure is from Paper II.
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Chapter 2. Chemical foaming

2.4. KEY PARAMETERS FOR CHEMICAL FOAMING

The chemical foaming depends on various parameters. First of all, the
decomposition or reaction temperature of the foaming agents has to be in the right
viscosity range of the glass used [28,46]. The glass needs to sinter before the gas
release of the foaming agents, while the foaming agents need to decompose before the
viscosity of the glass becomes too low to entrap the gas. Therefore, the temperature is
crucial to control and it needs to be varied for different glass compositions. As seen
in Figure 2.2, the Li* and Na* ions from the alkali phosphates cause foam collapse due
to a fluxing effect. If the processing temperature for these samples was decreased,
closed porous glass foams could have been obtained as the foam collapse would not
have occurred. In relation to the temperature, the heating rate is important. A low
heating rate is preferable in order to heat the sample uniformly [28]. A heating rate of
5-10 °C min! is previously suggested [28], though, comparing a heating rate of 5 °C
min~ and 10 °C min, a lower foam density is obtained when decreasing the heating
rate [45].

In order to prepare thermal insulating glass foams, low density (or high porosity)
is crucial. In order to obtain this, the particle size of the powder and foaming agents
can be reduced as this improves the foaming [28,45]. As the size of the foaming agent
decreases, the total surface area increases which increases the reaction kinetics. The
initial particle size also affects the pore size in the glass foams [28].

2.5. SUMMARY

Chemical foaming can be performed using different foaming agents usually
divided into metal carbonates and transition metal oxides and/or carbonaceous
compounds. The main principle of all is the same, where glass powder containing
foaming agents is pressed into a green body and heated above the softening point. The
glass powder sinters forming a closed body which entrap the gases produced from the
foaming agents either through decomposition or redox-reaction.

Additives can help alter the foaming procedure or foam characteristics. Alkali
phosphates as additives show a significant effect on the foaming when changing both
the alkali part among Li, Na, and K and the concentration (up to 1.03 mol%). Neither
of the alkali phosphates show an effect on the pore structure, i.e., pore size, pore shape,
and wall thickness, within the investigated range of concentration. However, KsPO,
shows promising results in order to obtain a high degree of closed pores for highly
porous glass foams.
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CHAPTER 3. PHYSICAL FOAMING

Other approaches than the chemical foaming are used to produce glass foams. The
metal foam industry uses a process based on high pressure sintering [40,92,93]. In
order to understand the foaming of glass foams, a similar approach has been tested
[94]. The physical foaming is described in this chapter and used to produce glass
foams in Paper 111 and Paper V.

3.1. PRINCIPLE OF PHYSICAL FOAMING

The physical foaming approach used by Wang et al. [94] is a two-step procedure
in contrast to the one-step chemical foaming. Glass powder is pressed into a pellet as
described in Section 2.1, though, without any foaming agent. The pellet is sintered
under gas pressure. The sintering forms a closed body where a high gas pressure is
entrapped. Subsequent reheating results in expansion due to the high internal gas
pressure and the decrease in viscosity of the glass. The heat-pressure program of the
samples in Paper 111 and Paper V is shown in Figure 3.1. For samples in Paper V, the
reheating is performed multiple times to an increasing maximum temperature in order
to obtain similar chemistry in the gas and solid phases, though, with different density.

High pressure Foaming
800+ sintering

6004 Tg 640°C
5-25 MPa

400

Temperature (°C)
Pressure (MPa)

Time (-)

Figure 3.1 Illustration of the high-pressure sintering and rehating program of glass foams
prepared by a physical foaming approach. Figure is from Paper I1I.

3.2. EFFECT OF GAS AND PRESSURE ON PHYSICAL FOAMING

Physical foaming is greatly affected by both the gas specie and the pressure used
during sintering. Considering the gas specie, only Ar is found in literature [94] while
different gases (He, Ar, and N) is investigated in Paper 111 and Paper V. The foaming
process is for the first time described in Paper 111 as both Wang et al. [94] and Paper
V focus on the structure or properties of the glass foams. Foaming characteristics of
samples from Paper 111 are shown in Figure 3.2. First, considering the gas specie, the
Ar-and N-sintered samples expand up to 600 % before cooling while the He-sintered
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samples expand up to 200 % (Figure 3.2b). Among these three gases, He has the
highest solubility in glasses [95] probably due to the smaller kinetic diameter. The
kinetic diameter of He, Ar, and Nz are 0.255 nm, 0.354 nm, and 0.364 nm, respectively
[96]. These values show that He fits into the silicate rings if these are not occupied by
modifying ions. Moreover, a large amount of He can be physically dissolved into the
glass structure [97-100], rather than being entrapped in the closed pores of the sintered
pellet. Hence, a lower pressure exists in the pores limiting the expansion of the glass
melt. Another possibility of the small expansion of the He samples is that He is
released from the sample during heating as it can escape the glass structure through
the interstitial solubility sites. In contrast, Ar and N, are too large to fit into the
interstitial sites and are, therefore, entrapped in the closed pores, increasing the
pressure, and thus, resulting in a larger expansion. The foaming of the samples starts
between 540-585 °C for all samples (Figure 3.2a), when the onset foaming (Tfoaming)
is defined as A/A; = 1.05. In general, the He-sintered samples start foaming at a lower
temperature followed by the Ar-sintered and Ny-sintered ones. Hence, the Treaming
follows the kinetic diameter of the gases. A reason for this could be the easier diffusion
of He compared to the other gases which makes it easier to move at high viscosities.

Secondly, the gas pressure shows a significant effect on the Treaming and maximum
expansion (Figure 3.2). In general, the foaming initiates at lower temperatures with
increasing pressure as the higher internal forces can expand a more viscous melt than
lower forces at low pressure. In contrast, the pressure effect shows a maximum
foaming at 20 MPa, while samples sintered at 25 MPa foam less. This might be due
to the forces created by the internal pressure overcoming the force of the glass melt,
e.g., surface tension and viscosity, and the external atmospheric pressure.

590
5851 61b)

(5

Ar
A~
/ % ~

580 /I
_ 5751 0 &
& s570] Jd . &
£ 565, o =2
}_5 560 s 12 :\(( sl &
555 \é\ Ar Heg
550 \ ) 21 _— ®
5451 —1"® __—®
540 L e——*
5 10 15 20 25 5 10 15 20 25
Pressure (MPa) Pressure (MPa)

Figure 3.2 a) Foaming temperature (Troaming) defined by A/Ao = 1.05 and b) maximum expansion
during heating. Figures are from Paper Ill.

Comparison of maximum foam size at maximum temperature is difficult as the
foams shrink during cooling. However, the final glass foams can be compared among
various studies as the final size is related to the porosity. The porosity of samples
prepared by physical foaming in Paper 11, Paper V, and by Wang et al. [94] all suggest
a critical pressure during sintering around 20 MPa (Figure 3.3). The shown porosities
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Chapter 3. Physical Foaming

are for single heat-treated samples. Hence, the samples from Paper V are heat-treated
at much lower temperature than the samples from Paper I11. The difference in foaming
temperature explains the difference in porosity between the two Ar-sintered series and
between the two Na-sintered series.
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Figure 3.3 Porosity (¢) of glass foams prepared from CRT panel glass sintered in He, Ar, and
N2 at gas pressures of 5-20 MPa from Paper I11, Ar and N2 at gas pressures of 5-25 MPa from
Paper V, and borosilicate glass sintered in Ar at gas pressures of 10-70 MPa obtained by Wang
et al. [94]. The difference between Ar- and Nz-sintered samples form Paper 111 and Paper V is
the heating process. Inset is a zoom-in on the 5-25 MPa area with high porosity samples.

The physical approach makes it possible to entrap gases inside the glass foams that
are not possible to entrap chemically. Gas analyses of the Ar- and Na-sintered samples
show large amounts of the sintering gas (>70 vol%). However, CO; is present with up
to 30 vol% (Table 3.1), plausibly caused by oxidation of carbon particles from the
experimental setup. The high CO; content in the Ar- and N2-sintered samples suggest
that the He-sintered samples also contain CO2. The He-sintered samples are possibly
foamed by the development of CO; rather than being caused by a He pressure. Also,
the CO; development has enhanced the expansion of the Ar- and N2-sintered samples.

Table 3.1 Normalized gas composition (Var + Vco2 = 1 and Vn2 + Vcoz = 1) (vol%) of glass
foams heat-treated seven times with 15 °C increamentals from 650 °C to 740 °C. The table is
modified from Paper V.

Gas tvpe Pressure Ar CO2 N2
YPE (MPa)  (vol%)  (vol%)  (vol%)

Ar 5 69.9 30.1 -
10 70.5 29.5 -

15 76.5 235 -

20 71.6 28.4 -

N, 5 - 16.1 83.9
10 - 17.0 83.0

15 - 12.2 87.8

20 - 13.4 86.6
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3.3. KEY PARAMETERS FOR PHYSICAL FOAMING

The research conducted on physical foaming of glass foams is limited, hence, a lot
of work has to be done to get as thorough an understanding as for the chemical
foaming. However, for now some initial parameters are understood. It is found that
larger gas species, whether it is noble or molecular gases, seem to increase the size of
the glass foams. Therefore, larger gas species than N2 could be investigated in order
to find a possible maximum size of gas specie or relate the Kinetic diameter (or other
size relevant parameter) to the size of the final glass foam. In contrast, the sintering
pressure is found to have an optimum at 20 MPa based on results obtained by Wang
et al. [94], Paper 111, and Paper V. Therefore, sintering at 20 MPa using large inert gas
species is for now the known key parameters.

3.4. SUMMARY

Glass foams prepared through a physical foaming approach demonstrate the
importance of the pressure that is build up inside the glass pellet. If the pressure is
low, the expansion will be limited, while too high internal pressure will cause bubble
bursting and eventual foam collapse. Also, the pressure shows great importance for
the rate of expansion. Even though glass foams produced from a physical approach
are pre-sintered under high gas pressure prior to foaming, the theory can be used in
the chemical foaming as glass foams prepared from chemical foaming undergo a
sintering process prior to reaction of foaming agents or at least prior to entrapping
gases of the reacting foaming agents. The kinetic of the reaction in the chemical
foaming is important in order to build up a pressure that causes expansion of the glass
melt.
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CHAPTER 4. THERMAL CONDUCTIVITY
OF GLASS FOAMS

For insulating purposes, the thermal conductivity of the glass foams is a crucial
property. The thermal conductivity decreases linearly with decreasing density (and
thus increasing porosity) for cellular materials [71,73,101-106]. However, comparing
data from different studies is almost impossible as different parameters affect the
measurements, e.g., temperature, but also lack of information about the samples
measured, e.g., chemical composition (both solid and gas phase), crystallinity, and
closed porosity. The following sections describe the effect of solid and gas phase and
pore structure on the thermal conductivity of glass foams. In addition to the mentioned
parts, it is known that other contributions might affect the thermal conductivity of
porous solids including the solid-gas coupling [107,108], radiative heat transfer [109—
111], and convection [110,112]. However, these are not investigated in the present
project, and therefore, will only be described briefly.

The thermal conductivity was obtained by two different methods depending on the
samples being bulk samples or glass foams. For bulk samples, the thermal
conductivity was calculated from the thermal diffusivity measured by Laser Flash
(LFA 447, Netzsch), the heat capacity (C,) measured by differential scanning
calorimetry (DSC; STA 449C, Netzsch), and the bulk density. Glass foams were
measured with a transient plane source technique (TPS 2500 S, Hot Disk AB) where
the glass foams were placed in a climate chamber to control the temperature.

4.1. RADIATION, CONVECTION, AND GAS-SOLID COUPLING

The radiative heat transfer is a difficult measure as it depends on porosity,
chemical composition of both solid and gas phase, thickness of cell walls and struts,
and the shape of pores [113]. Thermal radiation consist of the infrared (IR), visible,
and ultraviolet (UV) light [114]. In glass melting systems, the foam layer is found to
cause scattering of the near-IR waves [19]. When a sample is exposed to IR, visible,
or UV light, the thermal radiation of the sample depends on the amount of light
absorbed, reflected, or transmitted. The transmittance is often neglected for solids and
liquids [114]. The porous nature of glass foams makes the total porosity important for
the thermal radiation as it decreases with decreasing porosity for different organic
foams [109,111] and glass foams [109]. However, the contribution from radiation
usually is in the range of 5 to 20 % for glass foams [109]. Glass foams often consist
of a silicate glass skeleton that are almost complete opaque to near- and mid-IR light.
Also, the high conductive of the solid phase makes the foam density the most
important parameter [115]. In contrast, the thermal radiation of the gas phase depends
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on the size of the gas molecules. Monatomic and diatomic gases are transparent to
radiation whereas polyatomic gases absorb radiation [114].

The convection in cellular materials are found to be neglectable for pores less than
4 mm in diameter [110,112]. For convection and pore size, the Knudsen’s effect plays
a role when either the pore size or gas pressure is reduced [116,117]. The Knudsen’s
effect is pronounced for aerogels as the Knudsen’s number (ratio of the mean free
path for gas molecules to average pore size) increases with decreasing average pore
size resulting in a decrease in thermal conductivity [118]. Moreover, the Knudsen’s
effect only depends on the size of the pores and not their morphology [119]. In
general, the thermal conductivity decreases with decreasing pressure for gases
[120,121]. The effect of gas phase and pore size are further discussed in Sections 4.3
and Section 4.4, respectively.

The solid-gas coupling of porous materials is not well understood and is rarely
mentioned for glass foams. It exist on the boundary between the glass skeleton and
the pore and depends on the ratio of the distance the heat is transferred within the solid
and gas phase [107]. The solid-gas coupling has been investigated for aerogel systems
[107,108,122,123]. The contribution to the thermal conductivity by the solid-gas
coupling is enlarged when the relative solid contribution increases [107], hence, for
high porosity glass foams it should be low. Furthermore, the coupling contribution
increases with the ratio of thickness of solid phase to mean pore size [107]. Glass
foams tend to have thin walls compared to the size of the pores based on 2D and 3D
images of glass foam structures in literature [51,73,124]. Wall thickness-to-pore size
ratios are previously reported in the range of 0.05-0.09 for glass foams [102], meaning
the pores are significantly larger than the walls. Finally, a higher gas pressure
increases the thermal contribution from the solid-gas coupling [107]. The cell pressure
in glass foams is only reported in a single study to the knowledge of the author
showing values around 0.40 bar [78].

4.2. SOLID PHASE CONTRIBUTION

It is well-known that the thermal conductivity of pure crystals is higher than their
amorphous counterparts [125-127]. However, the contribution of solid phase to the
thermal conductivity of glass foams is limited [76]. The majority of the solid phase is
amorphous. Therefore, the influence of chemical composition is of interest, but the
literature is limited [128]. Data from, e.g., Ghoneim et al. [126], Salman et al.
[129,130], and van Velden [131] were combined by Choudhary and Potter who made
a linear statistical model [132]. This empirical model describes the thermal
conductivity based on chemical composition, but within small regions due to the
limited data. Using the chemical composition of post-consumer glasses (float, bottle,
and CRT panel) the thermal conductivity of the CRT panel glass is around 12 % lower
than that of the float and bottle glass [30]. Furthermore, glass foams prepared from
CRT panel glass rather than float glass show lower thermal conductivity when using
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the same foaming agents [78]. Therefore, CRT panel glass is interesting for glass
foams used as thermal insulation. However, the solid phase of glass foams often
contain crystals as the glass crystallize during heat-treatment [68,133] or foaming
agents either cause partly crystallization of the glass [52,56,57,60,134] or remain in
the glass matrix [72,73]. However, the thermal conductivity of glass-ceramics and
amorphous matrices with crystals embedded is limited. The incorporation of small
particles, e.g., crystallites into a glass matrix can cause scattering of the phonons
during the heat transport through the sample. The phonon scattering acts as a thermal
barrier that causes a decrease in the overall thermal conductivity of the sample [135-
138]. Hence, the presence of crystallites in an amorphous matrix might improve the
thermal insulation of glass foams.

The effect of crystal content on the thermal conductivity of the solid phase was
investigated in Paper I. Samples were prepared by melt-quenching and sintering to
obtain samples with the foaming agent fully incorporated into the glass structure and
samples with the foaming agent partly dissolved into the glass structure, respectively.
XRD patterns show a high crystalline content in the powder mixtures. The diffraction
peaks are significantly lower for the sintered samples while the melt-quenched
samples appear fully amorphous as seen for some MnO- containing samples in Figure
4.1. The CRT panel glass does not crystallize, hence, both the melt-quenched and the
sintered ones are amorphous.
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Figure 4.1 XRD patterns of either the powder mixture (blue), melt-quenched samples (red), or
sintered samples (black) of CRT panel glass and MnO2 mixtures. Data are from Paper I.

The density of the melt-quenched samples increases linearly from 2.75 g cm™
(pure CRT panel glass) to 2.8 g cm and 2.85 g cm™ for samples with Fe,O3; (0-6
wt%) and MnO; (0-10 wt%), respectively (see Paper I). The sintered samples are
more complex than the melt-quenched ones as they are porous. The density increases
with increasing content of either Fe;O3 or MnO,. However, for thermal conductivity
measurements, the porosity is important. The porosity is <10 % for all sintered
samples with no link to composition (Figure 4.2).
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Figure 4.2 Porosity (¢) of the sintered samples with increasing content of foaming agent (MnO2
or Fe20s). Figure is from Paper I.

The thermal conductivity of sintered (partly crystalline) samples can be corrected
for their porosity using Equation 4.1, which is useful for low porosity materials [139].
Asolig 1S the thermal conductivity of the solid phase and Ameas is the value obtained from
experiments. The melt-quenched samples are non-porous, hence, Ameas = Asolid.

Ameas = Asonia(1 — ? (4.1)
The thermal conductivity increases with increasing content of foaming agent in
the sample for both MnO; and Fe,O3 (Figure 4.3). The range of thermal conductivity
is slightly different as the melt-quenched samples obtain values in the range of 0.8—
1.3 W mt K1, while the sintered ones have a larger range of 0.8-1.5 W m* K. In
general, the values are within the typical range of silicate glasses [140]. Comparing
this trend to literature, the increase in thermal conductivity with increasing Fe;O3
content is in agreement with the model proposed by Choudhary-Potter [132]. In
contrast, the literature disagrees on the effect of MnO,. Ghoneim et al. [126] shows
an increase in thermal conductivity with increasing MnO content, whereas
Choudhary-Potter [132] shows a decrease in thermal conductivity with increasing
MnO content. However, the literature results are based on small amounts of MnO
(<0.10 wt%) which is much lower content than used in the samples presented here.

The thermal conductivity of the melt-quenched and the sintered CRT panel glass
samples is similar (Figure 4.3). In contrast, the thermal conductivity of the sintered
samples containing foaming agents is higher than their respective melt-quenched
ones. Hence, the difference in the thermal conductivity between sintered and melt-
quenched samples must be due to the crystal content and different incorporation into
the glass structure. It is also clear that the crystal size is too large to cause phonon
scattering as that would have resulted in a lower thermal conductivity of the sintered
samples compared to the melt-quenched ones. It can be concluded that the crystal size
needs to be tailored or crystals should be avoided in order to improve the insulating
performance glass foams.
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Figure 4.3 Solid thermal conductivity (4soiid) of CRT panel glass melt-quenced or sintered with
a) MnOz or b) Fe20s. Figures are from Paper I.

4.3. GAS PHASE CONTRIBUTION

Glass foams with controlled chemistry were prepared by physical foaming as
described in Chapter 3. The glass foams were prepared by sintering of glass powder
at 5-20 MPa gas pressure using Ar or Na. The gas compositions of the glass foams
are found in Table 3.1 showing the sintering gas (Ar or N2) and CO; in the pores. As
the gas phase is a binary mixture, a combined thermal conductivity of the gas phase
(Agas,mix) Was calculated using a model proposed by Wassiljewa [141] (Table 4.1). The
compositional difference among the Ar-sintered samples is too small to give a
difference in the Agasmix Which is in agreement with literature [142]. This is also the
case for Np—sintered ones. The difference in thermal conductivity between the Ar- and
N-series is 6.7 mW mt K1, and therefore, it can be used to find an influence on the
thermal conductivity of glass foams. The gas pressure affects the thermal conductivity
[121,142], however, the small difference in cell pressure (Pcen) shown in Table 4.1 is
not expected to affect the thermal conductivity of glass foams. This is further implied
by the change in thermal conductivity with changing density (Figure 4.4).

Table 4.1 Theoretical thermal conductivity of the gas mixture (Agasmix) calculated from
compositions in Table 3.1 and cell pressure (Pcen) calculated using Boyle’s law. Table is
modified from Paper V.

Pressure Agas,mix Peen

Gastype \ipa) (MW mPKY)  (bar)
Ar 5 16.4 0.20
10 16.4 0.18

15 16.4 0.20

20 16.4 0.19

N; 5 23.1 0.19
10 23.1 0.18

15 23.1 0.19

20 23.1 0.17
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The thermal conductivity decreases with decreasing density (Figure 4.4) in
agreement with various studies [71,73,78,102,143]. The sintering pressure does not
have any influence on the thermal conductivity as it is reflected in the density. Hence,
an increasing pressure causes a lower density, and thus, a lower thermal conductivity.
Comparing samples with similar density, there is no clear trend whether the samples
sintered at higher pressure also show higher thermal conductivity, and therefore, a
higher cell pressure should affect the thermal conductivity of the glass foam. The cell
pressures shown in Table 4.1 are measured after the final heating. Probably the cell
pressure decreases slightly for every heat-treatment as the pressure is used to expand
the glass foam, hence, decrease the density.
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Figure 4.4 Thermal conductivity (1) as function of density (pfeam) of glass foams prepared by a
physical approach using Ar or N2 as compression gas at 5-20 MPa during sintering. Figure is
from Paper V.

As the cell pressure is suggested not to affect the thermal conductivity of the glass
foams, the main difference is, except for density, the gas phase. The data from Figure
4.4 are combined in Figure 4.5 to only look at density and gas phase. Interestingly,
glass foams with the Na-rich gas phase show a lower thermal conductivity at high
density (>0.6 g cm™®). This can be due to the relatively low gas volume in these glass
foams causing other effects as pore size and solid phase to have a higher impact. The
pore size often increases to cause a decrease in density [144], and an increasing pore
size is suggested to cause a lower thermal conductivity [145]. However, at low density
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(<0.6 g cm®) the glass foams with Ar-rich gas phases show lower thermal conductivity
compared to the ones with Na-rich gas phases. This is in agreement with the lower
Jgas,mix Calculated for the gas phases. The data are scattered in the low density regime
showing no clear linear decrease of thermal conductivity with decreasing density and
some Nz-rich glass foams show a low thermal conductivity which all indicate other
factors to play arole. In general, a low thermal conducting gas phase results in a lower
thermal conductivity of glass foams. This trend will be even more pronounced for
glass foams with lower density. Here, the relative gas contribution (Agasmix/2) for the
samples with the lowest density is 22 % and 31 % for the Ar-rich and N-rich gas
phases, respectively. In contrast, a chemically foamed glass foam prepared from flat
glass, Mn3Qy, carbon, and TiO, with density of 0.117 g cm shows the solid and gas
phase to contribute almost equally [76] showing the importance of minimizing the
gaseous contribution to the thermal conductivity at low density. An increasing gas
contribution is beneficial as, in general, the thermal conductivity of gases are lower
than solids. CRT panel glass has a thermal conductivity of 925 mW m* K [73]
whereas Ar, CO,, and N has thermal conductivities of 17.6 mW m* K [146], 16.3
mwW m* K1 [147], and 26.4 mW m K1 [148], respectively.
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Figure 4.5 Thermal conductivity (3) of glass foams with differenct binary gas phases (Ar-CO:
or N2-CO2). Inset shows the low-density area (<0.6 g cm-3). Figure is modified from Paper V.

4.4. MACROSTRUCTURAL EFFECT

The effect of pore structure of glass and glass-ceramic foams on thermal
conductivity is only briefly studied in literature. Kdse and Bayer [35] showed both
theoretically and experimentally that for low density glass foams (<0.4 g cm™®), an
increasing pore size increases the thermal conductivity when the pores are in the range
of 1-5 mm. For the largest pores (5 mm diameter), there might be a contribution from
convection [110,112]. Few other studies suggested no correlation between pore size
and thermal conductivity [73,102]. In Paper IV we performed X-ray
microtomography (XMT) analyses of the structure and compared structural data to
the thermal conductivity. The pore size data are recalculated into equivalent sphere
diameter (D¢g) that describes the diameter of a sphere with same volume as the
corresponding pore in the sample.
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The structure of CRT panel glass foamed using Mn3sO4 and carbon is shown in
Figure 4.6. The glass foam shows a broad range of pores which is confirmed by pore
size distributions (Figure 4.7). The limiting factor of the XMT analyses is the
resolution of the small pores inside the walls for large samples as the ones investigated
here. This is seen by comparing the zoom-in of the XMT image (Figure 4.7b) and the
SEM image of the pore walls and struts (Figure 4.7¢). This reduces the porosity of the
glass foams obtained from XMT image analysis.

3)

Figure 4.6 3D micrographic reconstructions of the pore structure of glass foams prepared from
CRT panel glass, Mn3O4 and carbon in a) full-size and b) subvolume. c) SEM image of the
struts and pore walls where pores are marked by red arrows. Images are from Paper IV.

The pore size distributions show a majority of small pores (<0.2 mm), however,
the gas volume consist mainly of pores larger than 0.5 mm (Figure 4.7b). The same
trend is shown in literature [149]. The size distribution varies as four samples exhibit
a monomodal distribution (marked will a full line in Figure 4.7a) while three samples
have a bimodal distribution (marked with a dashed line in Figure 4.7a).
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Figure 4.7 Distribution of pore size (based on equivalent sphere diameter) of glass foams with
different KsPOs content (XMT data). a) Number of pores and b) pore volume for increasing
pore diamter. Figures are from Paper IV.

The wall thickness is analyzed from subvolumes as the one shown in Figure 4.6b.
The wall thickness differs among the samples (Figure 4.8). Two samples (KsPOa
=0.17 and 0.86 mol%) exhibit much narrower walls (majority <35 pum) than the
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remaining samples that show walls as thick as 75-80 um. The reason for this
difference is unknown, but it is not related to the chemical difference of the samples
as there is no trend directly correlating to the KsPO4 content.
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Figure 4.8 Distribution of wall thickness of glass foams prepared from CRT panel glass, MnzOa,
and carbon with different KsPO4 content (XMT data).

The usual decreasing thermal conductivity with increasing porosity is to some
extent found (Figure 4.9). However, two samples (marked as triangles in Figure 4.9)
stand out to this trend indicating that the thermal conductivity is more complicated to
understand. The porosity range is small (87-89.5 %). Various studies in literature
show the same trend with one or more samples standing significantly out from the
linear trend [45,78,102]. It is also noted that the chemical difference, i.e., KsPOs
addition, has no influence on the thermal conductivity.
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Figure 4.9 Change in thermal conductivity (1) with the experimental porosity (dexp). The line is
a visual guideline. Data marked with triangles are outliers from the linear trend. Figure is from
Paper IV.

The pore size shows an effect on the thermal conductivity (Figure 4.10a). The
thermal conductivity decreases with increasing average pore size in the range 0.10-
0.16 mm. This is in contrast to findings by Kdse and Bayer [35] who reported an
increasing thermal conductivity with increasing pore size. However, Kése and Bayer
report on findings for pores in the range of 1-5 mm which is significantly larger than

35



Preparation and characteristics of glass foam

the values seen in Figure 4.10a. In contrast to the thermal conductivity, an optimum
pore size around 0.13 mm is found for the porosity. The wall thickness does not show
any correlation with thermal conductivity or porosity (Figure 4.10b).
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Figure 4.10 Change in thermal conductivity (4) and experimental porosity (dexp) With a)
increasing average pore diameter based on equivalent sphere diameter and b) increasing
average wall thickness. The lines are intended as visual guidelines. Figure a) is from Paper IV.

4.5. SUMMARY

Thermal conductivity of glass foams was discussed regarding the effect of change
in the solid phase, i.e., amount amorphous and crystal, the gas phase, i.e., gas
compositions with different thermal conductivity, and pore structure. The thermal
conductivity of the solid phase depends on the amount of foaming agent incorporated
into the structure and the amount of crystals left in the glass matrix. The thermal
conductivity is found to increase with increasing content of foaming agent
incorporated into the glass structure and with increasing crystals content in the glass
matrix. Therefore, it is important to minimize the crystal content in glass foams.

The gaseous contribution to the thermal conductivity of glass foams becomes more
pronounced at low density (high porosity) as the gas-to-solid ratio increases. Here we
find that glass foams with an Ar-CO; gas phase show lower thermal conductivity than
glass foams with N,-CO; gas phase at densities lower than 0.6 g cm3. The relative gas
contributions of the Ar-rich and No-rich gas phases are 22 % and 31 %, respectively,
for the glass foams with the lowest density. In literature, glass foams with equal gas
and solid contribution is obtained [76] which is ideal for lowering the total thermal
conductivity as the thermal conductivity of gases is much lower than that of solids.

The pore size is found to have an influence on the thermal conductivity. An
increasing pore size in the range 0.10-0.16 mm shows a decrease in thermal
conductivity from 57 to 49 mW m* K1 However, in literature [35] the thermal
conductivity is found to increase with increasing pore size in the range 1-5 mm.
Hence, optimization of the pore structure is still of interest.
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CHAPTER 5. GENERAL DISCUSSION
AND PERSPECTIVES

Global warming and energy consumption are of great interest to mankind.
Questions like “How can glass be used to combat global warming? ” [128] and “How
can glass be used to reduce energy consumption and eliminate waste?” [128] is,
therefore, interesting and important for glass science and technology. Glass foams can
be produced from waste glasses, i.e., eliminating waste and the production costs of
new glass. Moreover, glass foams can be used as thermal insulation, i.e., reduce
energy consumption from heating as less heat escapes buildings, and thus, glass foams
can help combat the global warming. Another question concerns whether glasses can
be designed with exceptionally low thermal conductivity [150]. Depending on how
low an exceptionally low thermal conductivity is, this might be answered by glass
foams. Thermal conductivity of glass foams has been reported as low as 35 mW m!
K- for a density of 0.160 g cm™ [151] which is unrealistically low as glass foams with
a density of 0.131 g cm™ show 42 mW m* Kt [71] and industrial glass foams have a
declared thermal conductivity <36 mW m K- for a glass foam with density of 0.100
g cm? [152]. However, in common for these values is that it is extremely low
considering the high thermal conductivity of the glass skeleton. CRT panel glass used
in the present studies has a thermal conductivity of 925 mw m™* K [73].

Foaming technique

Glass foams can be produced through a variety of methods ranging from sol-gel
methods to foaming of a pristine glass or cullet. In the present thesis, waste CRT panel
glass was foamed using the chemical approach described in Chapter 2 or the physical
approach described in Chapter 3. From an economical and industrial point of view,
only the chemical approach is relevant as it is a one-step process compared to the two-
step physical approach that requires a high-pressure sintering step before heating. The
second heating is similar to that used in the chemical foaming, and thus, the chemical
foaming is cheaper. Comparing the two techniques, the foaming initiates at lower
temperature when using the physical approach (540-585 °C (see Figure 3.2a))
compared to the chemical approach (700 °C for CRT panel glass and MnO; [73], 700-
800 °C bottle glass with SiC [33,73], and in Paper 1l the foaming starts at 640-665 °C
for CRT panel glass, Mn3O4, carbon, and alkali phosphate mixtures). It is noted that
the foaming temperature is defined differently for the two methods. The lower
foaming temperature is possibly due to the pre-sintering process that entraps gases at
high pressure inside the sintered body. In contrast, during chemical foaming, the glass
powder undergoes a sintering process prior to gas release to entrap the gas released
by foaming agents. As the foaming is viscosity dependent, it is possible to lower the
foaming temperature by substituting CRT panel glass by a glass that sinters at lower
temperature. The foaming agent has to be changed as well as it needs to release gas
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within a certain viscosity range of the glass that is suggested by Petersen et al. (1037
10° Pas) [46] or Scarinci et al. (10°-10° Pa s) [28].

Considering measurements of the maximum size of a glass foam during foaming,
it requires a heating microscope or similar method. Heating microscope is only used
in a few studies regarding glass foams [33,72] while also used in Paper Il and Paper
111. The maximum size of a physically foamed glass in Paper 11 is 600 % of the initial
pellet size which is pre-sintered. In Paper Il, glass foams expand up to 700 % of a
non-sintered pellet. Hence, these undergo a sintering process during heating prior to
foaming causing their expansion from the sintered state to be even larger compared to
the ones prepared by physical foaming. Petersen et al. [72] report expansion curves
for both their own work and work by Bayer and Kése [33]. These expansion curves
show expansion up to 1100 % for CRT panel glass and MnO; and 900 % for bottle
glass and SiC. Based on the expansion, the chemical foaming is advantageous in order
to produce low density glass foams.

Thermal conductivity

Thermal conductivity of glass foams generally decreases linearly with increasing
porosity (and thus, decreasing density) [30,71,78,102,104,143,153]. However, as seen
in Figure 4.9, this is not always that simple and, therefore, the thermal conductivity is
more difficult to explain. Petersen [30] investigated the effect of changing the
atmosphere from O, to CO; by the use of different foaming agents. They found no
difference in the thermal conductivity and suggested that the effect is minimized due
to changes in the solid phase either from incorporation of the foaming agent to the
glass or by foaming agent residues as crystals in the glass matrix. A change in thermal
conductivity of the solid phase by fully or partly dissolved foaming agents is
confirmed by the results shown in Figure 4.3 showing an increase in solid conductivity
with increasing MnO- or Fe;Os in the solid phase, and a larger increase for samples
containing crystal residues. Moreover, Konig et al. [78] showed that the thermal
conductivity decreases linearly with decreasing density for samples prepared with
same composition, however, changing the solid composition greatly affects the
thermal conductivity. For instance, using same foaming agent content but substituting
CRT panel glass by flat glass increases the thermal conductivity by about 20 % [78].
Therefore, the glass composition and foaming agent content greatly affect the thermal
conductivity, and thus, the glass composition needs to be optimized while the amount
of foaming agents should be minimized.

The impact of gas phase on thermal conductivity is more difficult to investigate as
experienced by Petersen [30] due to the impact of, e.g., the solid phase. Therefore, we
used the physical approach described in Chapter 3 to obtain samples with similar
chemistry. However, we had to assume the pore size to be equal for all glass foams
and that the solid phase did not change in order to discuss the gaseous contribution.
However, as seen in Paper V, the pore size increases with increasing processing
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temperature. The increasing pore size probably causes the decrease in density as
suggested in literature [144]. Furthermore, even though CRT panel glass exhibits
excellent chemical stability, the samples are found to crystallize slightly due to the
repeating heat-treatments (see Paper V). With these variations from the ideal case in
mind, the gas phase affects the thermal conductivity of glass foams (Figure 4.5). The
theoretical difference in thermal conductivity of the two gas phases is found to be 6.7
mwW m? K (Table 4.1). Additionally, as described above Kénig et al. [78] showed a
difference in thermal conductivity based on the glass composition. That difference
could, though, partly be attributed to changes in the gas phase composition as the CRT
panel glass containing foams obtain a higher CO, content compared to flat glass
containing foams. CO; is less thermal conducting than CO, which is reported to be
the main secondary gas. The thermal conductivity of the gas phase should be more
important when the density decreases. In the present thesis, the gaseous contribution
(Agax/A) to the thermal conductivity is found to be 22 % for samples with the lowest
density. Konig et al. [76] found the gaseous and solid contribution to be almost equal
to the total thermal conductivity. Even with these findings on the gaseous impact on
thermal conductivity of glass foams, the exact contribution of the gas phase is not yet
fully understood.

In relation to the impact of the gas phase on the thermal conductivity and the
results shown in Figure 4.5, the pore size plausibly influences the results. We found
that an increase in pore size from 0.10-0.16 mm decreases the thermal conductivity
by more than 10 % (see Figure 4.10a). A recent study also suggests that the increasing
pore size (covering the range 0.16-2.14 mm) could be the reason that the thermal
conductivity decreases for glass foams with similar porosity covering the range 37—
84 % [145]. In contrast, for glass foams with pore sizes ranging from 1-5 mm, the
thermal conductivity is found to increase with increasing pore size [33]. Finally, two
studies find no measurable effect of the pore size on thermal conductivity of glass
foams with porosities >85 % [73,102]. With these contradicting studies, the
understanding of pore structure is definitely not yet understood. Moreover, the
interconnectivity of the pores affects the thermal conductivity as these weakens the
porosity effect, and thus, results in a smaller decrease in thermal conductivity [154].
Last, with increasing temperature of the surroundings, the pores should be as small as
possible to reduce the total thermal conductivity [155]. A better understanding of this
effect could be obtained by producing glass foams with a more narrow size
distribution than shown in Figure 4.7. Also, simulation of thermal conductivity
through glass foams with different pore structures could give more insight into this
field.

Perspectives
For future improvement of the thermal conductivity of glass foams, nanoporosity

is suggested in literature [150]. Nanoporous materials such as aerogels exhibit a
thermal conductivity of only 15 mW m K! [156]. Based on that, nanoporous glass
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foams are expected to show extraordinary insulating properties compared to common
insulation materials, and therefore, it is of great interest to work towards such material.

Mechanical properties such as compressive strength are important for glass foams
used for building purposes. The CleanTechBlocks that are the overall aim in this
project need high strength glass foams as it is a part of a load-bearing wall. The
problem with glass foams when reaching for superior mechanical properties is that,
e.g.,, the compressive strength decreases with increasing porosity
[63,84,102,104,157,158], hence, the opposite trend than thermal conductivity.
Another way of improving the mechanical properties is by introducing crystals as
glass-ceramic foams have higher compressive strength than glass foams [67,159],
however, this also increases the thermal conductivity. Therefore, it is necessary to
optimize the processing to improve the mechanical properties of glass foams without
sacrificing the insulating behavior.

As an insulation material it is important that the glass foams exhibit a good
chemical durability and do not leach any hazardous compounds. The CRT panel glass
is found not to leach any lead [10,160]. However, glass foams prepared from CRT
panel glass and SiC or TiN leach barium and strontium. The barium leaching is under
the regulatory levels, while the strontium leaching depends on the porosity whether it
is above or under the regulatory levels [160]. Therefore, leaching tests are of great
interest in the future. Moreover, the chemical durability of the produced glass foams
is important. If the glass foams exhibit a poor chemical durability, it might cause
dissolution of the outer pore walls creating open pores. Open pores can further be the
cause of breakage due to water penetration as water can undergo freeze-thaw cycles.
These cycles cause periodic expansion of the volume causing the pore walls to break.
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CHAPTER 6. CONCLUSIONS

The present thesis has focused on two main issues: foaming techniques and
thermal conductivity of glass foams. We have enhanced the understanding of thermal
conductivity of glass foams. Based on this knowledge, optimization of the foaming
process in order to tailor the properties of the final glass foams can start.

Foaming of glass is usually achieved by mixing glass powder and a foaming agent,
e.g., metal carbonates or transition metal oxides or carbonaceous substances. When
heating the mixture above the softening temperature of the glass, it becomes less
viscous and the foaming agent either decomposes or chemically reduces or oxidizes
when dissolving into the glass structure forming gas. This results in a porous structure
that is trapped by cooling. Various types of waste can be added to the powder mixture
to either reuse them or improve the foam properties. We investigated the effect of
different alkali phosphates on glass foams, as some sodium phosphates were claimed
to have a foam stabilizing effect. The results show that neither LisPOa, NasPOa, nor
K3PO4 show any effect on the porous structure, i.e., pore size, pore shape, or wall
thickness, within the tested range of concentration (0-1.03 mol%). LisPO4 and NasPOa
caused foam collapse at high concentrations, i.e., 0.34 mol% and 0.86 mol%,
respectively, for the tested temperature program. In contrast, KsPO, showed
promising results as additive in order to obtain a high degree of closed pores without
compromising the total porosity.

A different approach to produce glass foams is high-pressure sintering. This
method involves two steps. First, green bodies of glass powder are sintered under high
pressure. Second, the sintered pellets are reheated causing expansion due to the high
internal gas pressure in the closed pores and the decreasing viscosity of the glass. We
extended the knowledge on using this approach by incorporating different inert gases
(He, Ar, and Ny) at various pressures (5-25 MPa). The foaming onset, maximum
expansion, and final foam characteristics depend greatly on the size of the gas specie
and sintering pressure. We found that the foaming initiates at lower temperature with
decreasing kinetic diameter of the gas and increasing pressure. The maximum
expansion increases with increasing kinetic diameter. Similar correlations are found
for foam characteristics as porosity. In contrast, the pressure dependence show a
maximum at 20 MPa giving the largest foaming and highest porosity. Additionally, it
is verified by gas analysis that the sintering gas is entrapped in the glass foam (only
Ar and N are measured), though, with high concentrations of CO, due to impurities
from the experimental setup. The CO; development is suggested to aid the foaming
of the glass foams.

The solid phase, gas phase, and macrostructure of glass foams or glass foam

systems were analyzed and their relation to the thermal conductivity was described.
The thermal conductivity increases with increasing content of foaming agent (Fe20s
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and MnO_) added to the CRT panel glass. The increase is both found for melt-
guenched samples where the foaming agent is fully incorporated into the glass
structure, and for sintered samples where the foaming agent is partly incorporated and
partly embedded in the glassy matrix. Moreover, the crystal containing samples show
a higher thermal conductivity due to a higher thermal conductivity of crystals
compared to glasses. Therefore, it is crucial to minimize the crystal content by having
the foaming agents fully dissolved in the glass structure. For this purpose, the
temperature program needs to be optimized to secure a high dissolution rate while
maintaining a highly porous glass melt without foam collapse. Additionally, the
amount of foaming agents should also be limited in order to keep the solid
conductance as low as possible.

The gas phase of glass foams is difficult to control. We used a physical foaming
approach in order to try to control the chemistry of the solid and gas phase. Ar and N
was entrapped in the glass foams. Impurities (carbon) from the experimental setup
caused binary gas mixtures with the sintering gas (Ar or N2) and CO; due to oxidation
of the carbon particles. Theoretical calculations on the thermal conductivity of the gas
mixtures were used to determine the difference between the gas compositions. All Ar-
sintered samples show the same thermal conductivity, and the same tendency is found
for all Nz-sintered samples. However, the thermal conductivity of the Ar containing
gas phases were found to be 6.7 mW m K* lower than the N containing ones. This
is caused by the lower thermal conductivity of Ar compared to N2. The lower gas
thermal conductivity causes a lower thermal conductivity of the glass foams.
Therefore, it is important to tailor the gas composition to contain low thermal
conducting gases such as CO- to lower the total thermal conductivity of glass foams.

The pore size of glass foams should be determined with caution because of a broad
size distribution. The pore walls contain pores in the um-range while the largest pores
can be in the mm-range. We analyzed the pore sizes and wall thicknesses of seven
glass foams and found no correlation between wall thickness and thermal conductivity
of glass foams. On the contrary, the thermal conductivity decreases by >10 % when
the average pore size increases from 0.10 mm to 0.16 mm.

In general, we find that the chemical foaming results in a larger foaming than the
physical foaming approach, i.e., the chemical foaming is preferred in order to obtain
highly porous glass foams which exhibit a lower thermal conductivity. The glass
foams should be prepared with carbonaceous substances in order to entrap CO in the
pores, while the foaming agents should be fully dissolved in the glass matrix as these
two parameters will decrease the total thermal conductivity of the glass foams.
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