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Abstract 

Thermal insulation materials have a strong impact on energy efficiency of buildings which 
are one of the main energy consumers in the EU. Thermal insulation materials are widely 
used and improving their properties or improving their production can therefore have a 
rapid impact on the efficient use of energy in buildings. Foamed glass is an interesting 
thermal insulation material since it can be produced from a cullet, i.e. crushed glass from 
the production or postconsumer source. Here, the use of carbonaceous foaming agents 
allows the synthesis of best quality foamed glass, while at the same time requires the 
implementation of the process in the inert atmosphere, which is a less environmentally 
friendly option in comparison to the air atmosphere. 

In this thesis, different types of waste glass cullets, with the emphasis on cathode ray 
tube panel glass, were investigated for their expansion ability either by hydrothermal 
treatment or by mixing them with water glass. Chemical and crystallographic changes in 
the glass powder mixtures were followed by X-ray diffraction and infrared spectroscopy. 
Mass loss and evolution of gases during the heating were analyzed with thermogravimetry 
coupled with mass spectrometry. Porosity of the obtained foams was analyzed with 
Archimedes method in water and with He-pycnometer, while the structural characteristics 
were analyzed using scanning electron microscope. Atmosphere within the closed pores of 
the foamed glass was analyzed with gas chromatography. 

In the first part of the research, foaming of cathode ray tube panel glass with the 
addition of water glass in air was investigated. Chemical and crystallographic changes in 
the glass powder mixtures suggest that a new carbonate phase is formed after glass powder 
is mixed with water glass. Analysis of the atmosphere from within the closed pores of the 
foamed glass has revealed that it is mostly composed of carbon dioxide. A new 
carbonate-based foaming mechanism is proposed as an alternative to the water-dominated 
mechanism. 

In the second part of the research, glass powders were hydrothermally treated to 
different water content and investigated for their ability to foam in the air atmosphere. 
Newly obtained glass powders foam in the air atmosphere, however, this ability does not 
change significantly with their water content. 

In the last part of the research, both possibilities of foaming with hydrosilicates were 
utilized for foaming with the addition of carbonaceous foaming agent in air atmosphere. 
Use of carbonaceous foaming agent in combination with the hydrothermally treated glass 
powder leads to slightly improved foaming ability in the air atmosphere. However, the use 
of water glass in combination with the waste glass powder results in significantly enhanced 
foaming ability, leading to high-porosity foamed glass. Furthermore, as-obtained foams 
exhibit a homogeneous porous structure and low thermal conductivity. Both cases of 
hydrosilicate use protect the carbon from the premature burning and allow implementation 
of the foaming process in the air atmosphere. 

This research explains a novel foaming mechanism for the foaming with water glass, 
which emphasizes the importance of the foaming mixture reactivity with the carbon dioxide 
from the surrounding atmosphere. Furthermore, the research demonstrates the 
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applicability of hydrosilicates for the implementation of the glass foaming with the use of 
carbonaceous foaming agent in the air atmosphere. The dissertation consists of two articles 
published in scientific journals. 
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Povzetek 

Toplotno-izolacijski materiali močno vplivajo na energetsko učinkovitost stavb, ki so en 
izmed glavnih porabnikov energije v EU. Toplotno-izolacijski materiali so zelo razširjeni in 
izboljšanje njihovih lastnosti oziroma izboljšanje njihove proizvodnje lahko zato hitro 
vpliva na učinkovitejšo rabo energije v stavbah. Penjeno steklo je zanimiv 
toplotno-izolacijski material, saj ga je mogoče izdelati iz odpadnega drobljenega stekla. Pri 
tem uporaba ogljikovih penilnih sredstev omogoča sintezo najkakovostnejšega penjenega 
stekla, hkrati pa onemogoča proizvajanje penjenega stekla v okolju bolj prijazni zračni 
atmosferi. 

V okviru doktorske disertacije sem testiral sposobnost ekspanzije različnih vrst 
odpadnega stekla, s poudarkom na steklu iz katodnih cevi – bodisi s hidrotermalno obdelavo 
stekla bodisi dodajanjem vodnega stekla. Kemijske in kristalografske spremembe v 
mešanicah sem spremljal preko rentgenske difrakcije in infrardeče spektroskopije z analizo 
vzorcev po obdelavi pri izbranih temperaturah. Izgubo mase in razvoj plinov med 
segrevanjem sem analiziral s termogravimetrijo, sklopljeno z masno spektrometrijo. 
Poroznost dobljenih pen sem spremljal z Arhimedovo metodo v vodi ali He piknometrom, 
strukturne značilnosti pa z vrstičnim elektronskim mikroskopom. Atmosfero znotraj zaprtih 
por penjenega stekla sem analiziral s plinsko kromatografijo. 

V prvem delu raziskave sem se osredotočil na penjenje katodnega stekla na zraku z 
dodatkom vodnega stekla. Rezultati so pokazali, da po mešanju praškastega stekla in 
vodnega stekla nastane nova karbonatna faza. Analiza atmosfere iz notranjosti zaprtih por 
penjenega stekla je pokazala večinsko sestavo iz ogljikovega dioksida. Na podlagi dobljenih 
rezultatov sem predlagal nov mehanizem penjenja, ki temelji na novonastali karbonatni 
fazi, kot alternativno razlago penjenju zaradi izparevanja vode. 

V drugem delu raziskave sem raziskal sposobnost penjenja hidrotermalno obdelanega 
stekla. Novo pridobljeni steklasti prahovi se v zračni atmosferi penijo in ta sposobnost se z 
vsebnostjo vode ne spreminja bistveno. 

V zadnjem delu raziskave sem raziskal uporabo obeh vrst hidrosilikatov za penjenje z 
dodatkom ogljika v zračni atmosferi. Uporaba ogljika v kombinaciji s hidrotermalno 
obdelanim steklom vodi do nekoliko izboljšane sposobnosti penjenja v zračni atmosferi. 
Vendar pa uporaba vodnega stekla povzroči znatno izboljšano sposobnost penjenja in vodi 
do visoko poroznega penjenega stekla. Poleg tega ima tako pridobljeno penjeno steklo 
homogeno strukturo in nizko toplotno prevodnost. Oba primera uporabe hidrosilikatov 
tako ščitita ogljik pred prezgodnjim izgorevanjem in omogočata izvedbo procesa v zračni 
atmosferi. 

Doktorska disertacija se direktno navezuje na članka številka 1 in 2 v poglavju 
Bibliografija in indirektno na članek s številko 3. V tej raziskavi predlagam nov mehanizem 
penjenja za penjenje z vodnim steklom, ki poudarja pomen reaktivnosti penilne mešanice z 
ogljikovim dioksidom iz okoliške atmosfere. V nadaljevanju raziskava prikazuje uporabnost 
hidrosilikatov za penjenje stekla z dodatkom ogljika v zračni atmosferi. Dizertacija je 
sestavljena iz dveh člankov, objavljenih v znanstvenih revijah. 
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Chapter 1 

1 Introduction 

Glass is deeply embedded in our everyday environment even though we often fail to 
appreciate its existence. Modern renewable energy devices, packaging, buildings, furniture, 
electronics, transportation, etc., would not be the same without glass, being humanity’s 
companion from the beginning of the first civilizations. Natural or artificial, glass is 
commonly attractive because of its visual appearance (transparency, brilliance), creating 
an illusion of structural perfection. The structure of glass and its effect on glass properties 
have been an intriguing matter of scientific research since the 19th century with Faradays’ 
thoughts “…there is scarcely any artificial substance in which it is so difficult to unite what 
is required to satisfy the wants of science.”[1] remaining true to the present day.  

The widely spread presence of glass products through everyday appliances suggests the 
presence of enormous quantities of glass which will eventually reach the end of its current 
application life. The fact that glass is practically infinitely recyclable is a good guide for its 
sustainable use where the development of new glass or glass-containing materials requires 
the development of new recycling strategies. A typical example is cathode ray tube (CRT) 
glass which was recycled in a closed loop for many years. With the appearance of new 
technologies, CRT-containing screens became obsolete, recycling was discontinued, and the 
disposal or re-use of CRT glass remains a challenge. 

Glass is a fascinating research subject not only to feed our curiosity about its mysterious 
nature but also to satisfy our need for technical solutions. Efficiency improvement in the 
production of materials and energy consumption is one of the most demanding challenges 
of our time. Progress in materials and their synthesis is essential for accomplishing this 
goal, especially in light of increasing population size and global energy consumption trends. 
Recent projections regarding the CO2 emissions, temperature increase, and their effect on 
the environment further confirm that the efforts to improve our energy consumption 
efficiency and sustainability should become one of our top concerns. 

The construction sector is one of the largest energy consumers and should significantly 
reduce its energy consumption. A large amount of that energy provides thermal comfort in 
buildings and the reduction of sectors’ energy consumption could be achieved by improving 
the buildings’ energy efficiency and production processes of related materials. The use of a 
material with high thermal resistance decreases the heat flow rate and the exchange of heat 
with the environment is standard practice and a legal requirement for buildings in the EU. 
However, due to the recent trends in energy demand, the requirements for building energy 
efficiency are already high. Despite several advances towards low thermal conductivity 
materials, the energy cost of their production is commonly extremely high which diminishes 
their attractiveness as a construction thermal insulation. On the other hand, insulation 
material that can be produced by a less energy-intensive process can contribute to a 
decrease in total energy consumption. Additionally, efficiently produced thermal insulation 
materials with good performance can result in a significantly positive net energy balance 
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by saving a larger amount of energy in comparison to the energy needed for their 
production. In this aspect, the use of waste materials can be especially beneficial and the 
material discussed in this work, i.e. foamed glass, is a promising candidate for further 
improvement of properties as well as production efficiency. 

In this doctoral thesis, I explore the applicability of silicate hydrates for the foaming of 
glass, intending to achieve high-performance thermal insulation material based on waste 
glass via an energy efficient process. 
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Chapter 2 

2 Theory and Literature Review 

2.1 Foamed Glass  
Foamed glass is a glass-based, highly-porous material (> 85 %), most commonly used as a 
lightweight construction element. Homogeneously distributed gas bubbles represent the 
majority of the foamed glass volume, contributing to its lightweight nature and good 
insulation properties. Additionally, foamed glass does not contain volatile organic 
compounds, has good dimensional stability and mechanical properties, does not burn, is 
vapor-proof, resistant to the majority of industrial reagents, microbes, and vermin. Because 
of these properties, foamed glass can be used as a thermal insulation material for various 
industrial or domestic applications. 

In terms of thermal conductivity, the performance of foamed glass is similar in 
comparison to stone/glass wool and organic foams as expanded polystyrene (XPS) 
(30 – 40 mW m-1K-1) and worse in comparison to the state-of-the-art thermal insulators as 
vacuum insulation panels (VIP) (4 – 9 mW m-1K-1) [2]. While the use of some 
state-of-the-art materials can be profitable over traditional insulators in terms of cost per 
thermal resistance, their durability, service life, embedded energy, and challenges related 
to their installation remain a problem, resulting in significantly higher lifecycle costs [3]. 
From the sustainability aspect, foamed glass offers an additional advantage since it can be 
produced from waste glass, which is one of the focus points of this thesis. 

2.1.1 Important properties 
A short review of the properties important for the performance of foamed glass as a thermal 
insulation material. 

2.1.1.1 Porosity and pore structure 

Foams are defined as three-dimensional cellular materials, meaning they consist of void 
cells, and of a solid which is surrounding them. Porosity is the single most important 
characteristic of foams and therefore also significantly affects the majority of the properties 
of foamed glass. It is normally expressed as a volumetric fraction represented by the void 
space present within a solid material. In the case of foamed glass, the “void” phase is 
normally a mixture of gases with CO2 and air being the most common ones. The definition 
above more precisely describes the total porosity (tot) which is the counterpart of the other 
often reported foam characteristic called relative density (re), where: re = 1 - tot. However, 
foam properties are not affected only by the total fraction of the gas phase, but also by its 
distribution throughout the material. 
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Foamed glass as a typical foam material consists of cells, which are bound by the solid 
(glass). The solid surrounding the cells is located in the cell edges and faces, also termed 
struts and walls, respectively. The distribution of the solid between the struts and walls 
determines the amount of open and closed porosity (op and cl. respectively). When the 
solid is mainly located in the struts, the foam has a high amount of op and is said to be 
open-celled. If the solid is present in the walls, the cells are sealed, the amount of op is low, 
and the foam is said to be closed-celled. The type of porosity and its effect on the foam’s 
visual appearance is shown for two extreme examples in Figure 2.1.  

 

Figure 2.1: Void phase distribution within the solid (left) and two extreme examples of 
solid phase distribution: open-celled structure of a cleaning sponge (middle) and 
closed-celled structure of foamed glass (right). 

cl and op can therefore reveal more about the distribution of the gas phase and 
detrimentally affect the range of foam’s properties. For example, large cl can result in the 
material’s improved thermal insulation properties [4] and, more importantly, vapor 
non-permeability, which is a fundamentally required property for several construction 
materials [5]. Therefore, it is favorable to keep the op of thermal insulation material for 
construction as low as possible. Here, it should be mentioned that achieving foamed glass 
with low cl is not necessarily negative, since the resulting material can be applied as a 
sound insulation [6] or a catalyst carrier [7]–[9]. The distribution of gas and solid phase 
does not determine only whether the cells are closed or open but also their shape and size, 
which can reflect on the foam’s properties. Wall (face) connectivity and strut (edge) 
connectivity along with the mean number of struts per wall can characterize the shape of 
the cells, however, is not commonly reported in the literature. Mean cell size (dp), 
distribution, and cell symmetry are more often measured and reported characteristics [7], 
[10], [11]. 

Measuring the apparent and real density of foam (app and real) allows the determination 
of its tot. app can be simply determined by measuring the sample’s weight and dimensions 
while the real of brittle foams is determined by weighting and measuring the volume of 
finely crushed material with a pycnometer, which is why it is also termed powder density 
(pow). cl and op are normally determined with a gas pycnometer and the cell characteristics 
are normally evaluated from the micrographs obtained from various sources. Additionally, 
techniques, such as (mercury) intrusion or X-ray computed tomography, are used to obtain 
information about the cell size, distribution, and shape [12]–[15]. 

2.1.1.2 Mechanical strength 

Apart from being a thermal insulator, foamed glass can also serve as a partial load carrier, 
reducing the need for other structural support. The compressive and flexural strength of a 
typical commercial foamed glass product are 0.4-6 MPa and 0.3-1 MPa, respectively [16]. 
The higher mechanical strength of foamed glass in comparison to polymeric foams is an 
advantageous property for its use in construction. Compression is the most commonly 
experienced mechanical stress acting on thermal insulation material in construction.  
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During compression, foamed glass follows a theoretical mechanism for brittle foams. 
The initial stage of elastic deformation can be observed only at extremely low strains and 
is in many cases almost non-existent [17]. Above the stage of elastic deformation, the cells 
begin to collapse in the stage of brittle crushing. The collapse of the cells and rearrangement 
of the solid results in material densification (the densification stage) leading to an 
additional increase in stress.  

Investigations have shown that foamed glass follows similar mechanisms as described 
by Gibson and Ashby [18] with tot being the most impactful foam property affecting the 
mechanical properties. Further, the nature of the porosity (open, closed) and distribution 
of the solid between the cell walls and struts significantly affect the compressive mechanism 
and the strength of the foam. 

2.1.1.3 Embodied energy 

The possibility of reducing a building’s energy consumption by increasing its energy 
efficiency (i.e., reducing its operational energy) is well-researched and used in legislation 
and practice. However, the life cycle energy of a building consists of another important 
component that is starting to receive more attention in recent years – embodied energy. 
Embodied energy is the energy used for material extraction, manufacturing, transport, 
construction, maintenance, and demolition. Evaluating the energy associated with the 
mentioned life stages is normally very limited due to poor data availability, lack of agreed-
upon framework, etc. However, reducing the energy costs related to embodied energy can 
result in a significant improvement in sustainability and the process of glass foaming is a 
promising candidate. 

Melting of oxides that contain silica normally requires temperatures between 1200 and 
1550 °C [19] and is consequently an energy expensive processing step. Implementation of a 
glass foaming process based on waste glass, without the glass melting step, potentially 
reduces the global warming potential of the production process by up to 40 % and the total 
use of primary energy resources by up to 50 % [20], [21]. The above comparison was done 
using Environmental Product Declaration data of two products with significantly different 
performances, i.e. less energy-intensive process results in a product with higher thermal 
conductivity. Such comparison by itself is not objective, since more energy-expensive and 
better-performing products will compensate for the invested energy difference in 
operational energy. However, the comparison is a good evaluation of production efficiency 
improvement in the case that a product with similar performance could be manufactured 
from a less energy-intensive process, which is an important point of this thesis. 

2.1.1.4 Thermal conductivity 

For the material to be practically useful as a thermal insulator, the heat transfer through 
it should be low, relative to other materials used in construction. Introduction of porosity 
into materials’ structure is a common strategy for obtaining thermal insulator due to 
significantly lower thermal conductivity () of gases in comparison to solids. Glass has a 
relatively low  (≈ 1000 mW m-1K-1 [4]) since it is an amorphous material, which is still 
approximately 40 times higher than the  of air or CO2 which are gases commonly present 
within the pores (26 or 17 mW m-1K-1, respectively). Thermal conductivity of foamed glass, 
therefore, decreases with increasing content of the gaseous phase (i.e. porosity), whereas 
typical commercial foamed glass has an effective thermal conductivity (eff) between 36 
and 80 mW m-1K-1. However, the transfer of heat does not occur only through conduction 
but also through convection and radiation. The eff of a foam significantly depends on the 
specifics of its porous structure, which is why eff of foamed glass will be discussed more 
deeply at the end of this chapter. 
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2.2 Glasses and Their Properties 
Before further discussion about the main principles and mechanisms of direct foaming, a 
few concepts and properties typical of glasses should be explained. 

By definition, “glass is a nonequilibrium, non-crystalline state of matter that appears 
solid on a short time scale but continuously relaxed towards the liquid state” [22]. 
Structurally, such materials cannot be described with a single motif that repeats 
throughout the whole structure as in the case of crystalline materials. Glass “structure”, 
although now sounding as an oxymoron, can be simplified as a (random) network with one 
(or more) connecting element(s). Note that such network cannot be completely random 
since there is a restriction in a minimum distance between nuclei. A convenient way of 
describing such structure is called the Qn notation, where n represents the number of 
neighboring Q units that are linked by common bridging oxygen [23] (Figure 2.2). Most 
commonly, as well as in this thesis, the Q unit is a Si-tetrahedron that consists of four 
(Q0), three (Q1), two (Q2), one (Q3), or zero (Q4) non-bridging oxygens (NBOs). Ratios 
between the contents of Qn elements reflect the connectivity of the network which affects 
the majority of the glass properties. Since the order in such network extends only to the 
level of several associated atoms, it is termed that glasses lack long-range order. 
Connectivity of the network thus originally depends on the coordination of the network 
ion and is further affected by the presence of other network-modifying elements. For the 
network to be formed, glass requires at least one network former. Glass constituents are 
commonly described as glass formers, modifiers and intermediates based on their ability to 
form and/or interact with the network. For oxide glasses, classification of different oxides 
into a specific group is based on properties of their bond with oxygen (strength, ionic 
character) and agrees fairly well with experimental observations [23]. 

 

Figure 2.2: Representation of a silica network with ball-and-stick model (left) and 
corresponding Qn notation (right). 

Forming technique and material type do not determine whether a material is glass as long 
as it exhibits glass transformation behavior. Cooling a liquid below its melting temperature 
(Tm) normally results in crystallization accompanied by an abrupt decrease of enthalpy. 
The resulting structure of a crystalline solid possesses a long-range, periodic atomic 
arrangement. Cooling a liquid below its Tm without crystallization results in supercooled 
liquid where the structure continuously adjusts to the temperature without abrupt changes 
in enthalpy. In this range, the viscosity of the supercooled liquid depends on its temperature 
where with a further decrease of the temperature, the viscosity becomes so high that the 
structural rearrangements become incredibly time dependent. Eventually, the structure no 
longer changes with the temperature, and the point of this is defined as the glass transition 
temperature (Tg). With that, a more detailed glass definition can be introduced: “Glass is 
a nonequilibrium, non-crystalline condensed state of matter that exhibits glass transition. 
The structure of glasses is similar to that of their parent supercooled liquids, and they 
spontaneously relax toward the supercooled liquid state. Their ultimate fate, in the limit of 
infinite time, is to crystalize.” [22]. The continuous transition from solid to liquid or vice-
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versa is one of the main reasons why glass is useful for the process of direct foaming. The 
gradual change of the materials’ viscosity with the temperature enables more control over 
the process and consequently also the product properties. The Tm of glass is defined as the 
point where the supercooled liquid reaches the viscosity of 1 Pa s – value above which the 
melt is generally kept for homogenization and fining. Reaching the Tm of most commercial 
glass compositions generally requires temperatures above 1200 °C which is significantly 
higher than the temperatures used in the process of direct foaming of glass. Generally, the 
temperature during the direct foaming does not exceed 900 °C and the viscosity is above 
the Littleton Softening Point (108 – 1010 Pa s), where the viscosity is just high enough that 
the material can support its own weight. Staying within viscosity limits is important for 
the process of direct foaming since too high viscosity leads to slow expansion while too low 
viscosity leads to pronounced coalescence and hindered stability of the foam [24]. 

Crystallization is an additional effect which can importantly affect the glass viscosity 
or rather its rheological properties. As mentioned, glasses are amorphous solids, meaning 
that they do not contain significant amounts of crystalline phases. However, above the Tg 
and below the Tm glasses are metastable with respect to the crystalline phase. Normally, 
the rate of crystallization in glass is low and depends on chemical composition of glass, 
temperature, time and pressure. Although the rate is normally low, the crystallization or 
“devitrification” of glass can still lead to serious changes of several glass properties. 
Crystallization of glasses is described as a two-step process with formation of initial nuclei 
being followed by growth. Formation of nuclei of critical size is the key step which 
determines the crystallization process and can occur with or without the external active 
sites which catalyze the nucleation. Former and latter are termed heterogeneous and 
homogeneous crystallization. Contact between the glass phase with a second phase can 
result in the formation of an external active site which normally decreases the required 
energy for the critical cluster formation described by the classical nucleation theory. Second 
phase representing an active site can be a bubble (surface), container material, precipitated 
solid, etc. Since direct foaming process is usually performed on glass powder compacts 
mixed with foaming additives, heterogeneous crystallization is the prevailing mechanism, 
since glass powder surfaces and foaming additives will act as potential active sites. Several 
theoretical and experimental models deal with glass crystallization and actions required to 
steer the crystallization in a desired way are relatively well researched. However, these 
mechanisms are studied at temperatures relevant for the preparation of glass and 
glass-ceramics from the melt, which take place at significantly lower viscosities than glass 
foaming. Strategies to control the crystallization during the glass foaming are thus not well 
researched and remain a challenge [23]. 

Most technically important glasses are silicate-based with soda-lime glasses being the 
leading type in industrial production. Transmission of light is one of the most important 
properties of these glasses which is why they are used for the production of packaging glass 
(bottles, jars, etc.) and flat glass (windows) [25]. Recycling rate of the former in EU has 
grown to 78 % in 2019 (99 % in Slovenia) [26]. This example shows a large potential in 
improving the recycling rate of other waste glass materials, especially cathode ray tube 
glass (CRT). 

Direct foaming of glass is possible exclusively due to its temperature versus viscosity 
relation, however, control over the viscosity and crystallization during the process represent 
a major challenge towards achieving a desired porous structure. 
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2.3 Water in Glass and Hydrated Glasses 
Glass, especially silicate glass, is one of the most chemically inert commercial materials. 
This property is also the reason for its common use in packaging. Furthermore, due to its 
durability, glass is used in vehicles and buildings, as a container for corrosive fluids, an 
electrical insulator, and as an inner coating in chemical reactors. However, even the purest 
glass materials contain chemically bound water [27]. The content of water within the glass 
structure can extend from as low as a few parts per billion in the best optical fibers to 
several percent in natural glasses.  

Glass can react with liquid water, aqueous solutions, and water vapors, whereas the 
reactions are generally very slow. Few possible and experimentally proven reactions are 
[28]: 

 congruent dissolution of glass in the aqueous solution, 
 exchange of alkali (earth) ions from glass for the hydrogen-bearing ions from 

the aqueous solution,  
 diffusion of water in the glass structure, 
 breaking of the silicon-oxygen network and formation of silanol functional 

groups. 
Combination of the above-mentioned reactions very commonly creates a layer of reaction 
products on the glass surface, which even further decreases the diffusion kinetics and 
consequently the reaction rate. Despite the slow reaction kinetics and generally low 
concentrations of water within the glass, its effect on the glass properties is not negligible. 

Focusing purely on the concentration, water has a greater effect on some glass properties 
than any other known oxide [23]. Only trace amounts of water are required to measurably 
decrease the glass transition temperature (Tg), relaxation rate, and viscosity [29]. The 
reason for such a disproportionate effect of water on the glass properties is related to the 
interactions of water with the (silicate) glass network. While it was considered for some 
time that the water within the glass network can exist only in the form of OH- groups, it 
was Doremus [30] who suggested also the presence of molecular water, which was confirmed 
with infrared transmission analysis of glass treated with steam [31]. Further research has 
shown that the concentration of the molecular water gradually starts to dominate over the 
concentration of OH- groups with increasing total water content [32]. An increase in the 
configurational variety for the water molecule within the Si-O-Si network of a sodium 
silicate glass with the increase in the total water content can be seen in Figure 2.3. At low 
total water content predominantly OH- groups can be observed while with the increase in 
the total water content, molecular water starts interacting with sodium ions, silanols, non-
bridging and bridging oxygens, further disconnecting the Si-O-Si network. Increased 
formation of Si units with low connectivity (i.e. Q1 and Q2 units with less bridging oxygens) 
was detected with increasing total water content [33]. Note that the initial decrease of the 
Si-O-Si networks’ connectivity can be attributed to the formation of the OH- groups, which 
can to some extent explain the disproportionate effect of water content on the properties 
of glass [34]. 
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Figure 2.3: Scheme of possible water interactions within the sodium silicate glass network 
as a function of the total water content: a) 0 wt.%, b) < 3 wt.%, c) between 3 and 10 wt.%, 
d) > 10 wt.% Adapted from the ref. [35].  

From only traces to a few weight percentages, water can be spontaneously present in 
glasses, however, introducing higher contents of water and controlling the amount of it 
requires further processing. Incorporation of water within the glass can be achieved during 
the melting or under conditions achieved in autoclaves. 

Introduction of water into glass melts normally results in glass with very low 
concentrations of water. Here, water is present within the glass predominantly in the form 
of OH groups (Figure 2.3). Control over the content of water incorporated within the glass 
is difficult, however, it was shown that melting of a Na2O-CaO-SiO2-based glass in a gas-
fired furnace results in higher OH content than melting in an electric furnace. This was 
attributed to a higher water vapor pressure in the atmosphere of a gas furnace due to the 
combustion products. Content of water in the same glass melt can be further varied by 
bubbling it through with dry or moist gas. After the cooling of such a melt at normal 
atmospheric pressure, obtained glass contains water only in the form of OH groups. 
Molecular water can be detected in glasses after melting in the case of higher pressures, 
e.g. glass melting in a closed vessel [29]. Such glasses, containing both OH groups and 
molecular water can be also termed “hydrosilicates”. 

Use of higher pressures, i.e. autoclave reactors, for the incorporation of water within 
the glass can also be implemented at temperatures which are significantly lower than the 
Tm. Glasses with high contents of water can be prepared by autoclaving at temperatures 
as low as 120 °C, where the achievable hydration quantity depends on the amount of added 
water, temperature, pressure and type of glass [36]. The process of hydration with autoclave 
can be implemented in the presence of the liquid phase, termed as solution hydration, or 
without it, termed as vapor hydration. 

Vapor hydration requires heating of the glass in a steam environment, where the 
saturated vapor pressure of water can be simply controlled with temperature. Bartholomew 
has shown that saturated steam method is the fastest in terms of hydration rate, however, 
it does not allow much control over the final water content [37]. Here, the authors already 
note that during the heating of such hydrated sample, foaming can occur if the surrounding 
pressure is too low. Phenomenon was later further researched in the studies of hydrothermal 
hot pressing, also discussed in this thesis under Section 2.6. It was shown that vapor 
hydration of silicate glass is a diffusion-controlled process, normally requiring several hours 
for the water to penetrate few millimeters into the material. Sodium silicate, i.e. water 
glass, can be produced in a similar process under increased pressure [38]. 

Content and species of water within the glass are normally analyzed via infrared 
spectroscopy [35], thermogravimetry, nuclear magnetic resonance [39], Karl-Fischer method 
[40] and density measurements.  
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2.4 Direct Foaming of Glass 
With foaming, the materials’ range of available properties expands significantly (Figure 
2.4). Achieving a wider range of properties results in new possibilities for material 
utilization and shows the potential of foaming for new applications. Foaming allows a cheap 
synthesis of lightweight structures which can serve as structural materials, filters, 
membranes, carriers, support for flotation structures, packaging, and thermal insulation.  

 

Figure 2.4: Range of properties comparison for a) density, b) thermal conductivity, and c) 
Young’s modulus. Adapted from ref. [41]. 

Several traditional thermal insulators for buildings, e.g. polyurethane (PUR) and XPS, are 
also foamed materials. While not considered traditional [42], foamed glass is a typical 
example of a material with extended properties to serve as a cheap and reliable thermal 
insulator. Foamed glass is, therefore, an attractive material for research since it presents 
an elegant way to recycle obsolete, currently non-recyclable glass and possesses a unique 
combination of properties suitable to serve as an effective and sustainable thermal 
insulator. 

Foaming of glass depends on the introduction of a gas phase into the glass. We can 
divide a few ways of achieving this into methods based on melts or powders. 

Melt-based methods are usually based on the direct introduction of fluid such as CO2 
or water vapor into the molten glass, however, there are also a few exceptions where a 
gas-generating chemical can be utilized. The formation of foam is also a quite common 
phenomenon appearing on the top of the molten mass in the glass melting furnaces as a 
result of the bubbles rising from the melt. Bubbles are often present during the glass 
melting process and normally contain trapped air or decomposition products of raw 
materials. Even though the presence of bubbles is not always negative for scientific studies, 
they are almost always not desired in commercial glasses – and they need to be removed. 
Removal of bubbles from the glass melt is termed “fining” and is achieved with the addition 
of fining agents. The presence of foam in this particular case is not desired since it reduces 
the heat transfer from the flame to the glass melt and research efforts focus on hindering 
of the foam stability. 

Powder-based glass foaming methods are more widely researched and can be further 
divided into high-pressure sintering and direct foaming. The latter is the main focus of this 
thesis while also being the most widely researched as well as commercially used process for 
the production of foamed glass. General processing via direct foaming requires heating of 
the glass powder mixed with the foaming additives which, upon heating, release the gas 
responsible for the formation of the porous structure. Peculiarities of the direct foaming 
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process will be further discussed after establishing which glass-related properties 
importantly impact the glass foaming mechanism. Synthesis of foamed glass via high-
pressure sintering follows a similar principle as direct foaming, except that the process does 
not require the addition of gas-releasing foaming agents since the gas responsible for the 
formation of the porous structure is trapped within the material before the heat treatment. 
Trapping of the gas is achieved via pressure-assisted sintering which allows the use of 
different gases and various initial pressures. For this reason, high-pressure sintering can 
produce a well-defined model system in which one can analyze the influence of gas 
composition and initial pressure both on the development of porosity and on the thermal 
conductivity of the foamed glass [43], [44]. 

Few additional special methods of glass foam synthesis are known [6], [45]. Most of 
them are based on forming a stable porous structure based on glass powder which is later 
sintered into a solid form. Due to the vastly different processing and structure-parameter 
dependence of such special processes in comparison to direct foaming they will not be 
discussed further. 

2.4.1 General processing and mechanism of direct foaming 
Direct foaming of glass is a complex process dependent on many parameters: temperature, 
time, heating and cooling rates, glass stability, viscosity, surface tension, particle size 
distribution, foaming agents, etc. In the first step of the direct foaming process, a foaming 
mixture is prepared by mixing the glass powder with suitable additives, i.e. foaming agents. 

Foaming mixture is then heated above the glass Tg until it reaches optimal viscosity 
and where, ideally, the foaming agents start to release the gas. Released gas becomes 
trapped within the sintered solid which starts to expand due to increasing internal pressure 
and viscous nature of glass above its Tg. Pore formation and growth during the direct 
foaming are governed by the properties of glass powder (particle size distribution, viscosity, 
surface tension, oxidation state, ion mobility, etc.), foaming agents (particle size 
distribution, reaction onset temperature, reaction rate, enthalpy, reaction products, etc.) 
and their interactions. Apart from the possible mentioned interactions, making the process 
complex, glass tends to crystallize at processing viscosity range and the system tends to 
achieve energetically more favorable arrangement by minimizing the surface via 
coalescence. The process can be divided into three stages: heating, foaming and cooling. 

During the heating stage adsorbed gases and moisture are released from the surface of 
powder particles. Particle size distribution plays a major role during this stage, influencing 
the densification rate and consequently the degree of op. Initially highly open porous 
powder compact starts to sinter with increasing T resulting in increasing app. Sample at 
the end of the heating stage can be characterized by a low tot, and, more importantly, low 
op. The next stage, i.e. the foaming, can start only when the beforementioned conditions 
are fulfilled. 

Foaming stage begins at the onset of the sample expansion. Inner pressure within the 
sintered sample starts to increase due to the gases released from the foaming agents and 
low op, preventing the gases to escape. Due to fine distribution of the foaming agent 
throughout the material, gas is released from a multitude of different points, enabling the 
formation of a porous structure. When the driving force of expansion overcomes the driving 
force for the sintering, surface tension, and outer pressure, the sample starts to expand. 
During the expansion stage, the pores can grow due to the additional release of gas, its 
expansion with increasing temperature, or due to coalescence. The latter is a ubiquitous 
phenomenon in glass foaming and its influence on the pore structure increases with 
increasing tfoam and Tfoam. Appearance of coalescence is normal for the majority of foam 
systems and is governed by the processes of drainage, rupture and rearrangement [46]. Pore 
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walls consist of a material that seems stable but drains due to gravity. Because of the 
drainage the walls are becoming thinner which eventually results in wall rupture. Drainage 
may be a less important phenomenon in the case of glass foaming where the thinning of 
the walls occurs mostly due to the growth of the pores and consequential wall stretching 
[47]. Additional phenomenon which can promote the rupture of the walls is the presence 
of heterogeneities, i.e. newly formed crystalline phases. 

Decrease of the temperature slows the otherwise continuously evolving porous structure, 
and at efficiently low temperature, the “freezing” of the structure occurs. To keep the 
porous structure from deviating further, the glass is cooled rapidly during this stage. 
Viscosity of the glass phase increases, dynamic processes are inhibited and the porous 
structure is retained. Such fast cooling results in appearance of stress which can lead to 
cracking of the pore walls and deteriorated mechanical and insulative properties. 
Consequently, fast cooling is normally implemented only until the temperature reaches the 
vicinity of Tg, from where the glass is cooled slowly to allow the relaxation. 

2.4.1.1 Foaming agents 

Before the glass can be foamed, glass powder is first mixed with a foaming agent which 
can be defined as a single chemical or a combination of several chemical compounds which 
release gases and enable the foaming action during the heating. Depending on the way in 
which they produce gas, foaming agents can be divided between the ones that decompose 
and the ones which react. In both cases, the process of gas evolution and consequently the 
foaming process depends on the interactions between the glass and foaming agents. The 
glass composition can thus significantly affect the decomposition or the reaction path of 
the foaming agents. 

Decomposing foaming agents such as sulfates, nitrates or even oxides such as MnO2 can 
be used for glass foaming. Note that AlN or Si3N4 can also be used in combination with 
oxidizing agents, such as Fe2O3, MnxOy, CeO etc. [16], [48] and that decomposing oxides 
can be used in combination with reducing agents. More commonly used decomposing 
foaming agents in research are carbonates, mainly CaCO3 and Na2CO3. It was shown that 
foaming is governed by the decomposition kinetics of carbonates which can be controlled 
to some extent via particle size, i.e. milling [49]. Particle size thus plays an even more 
important role when foaming with carbonates. However, even though CaCO3 and Na2CO3 
are one of the most researched foaming agents, it is difficult to achieve low density foamed 
glass with them (< 200 kg m-3). Metal carbonates decomposition rate depends on the 
contact area with glass melt and increased content of carbonates or increase in the foaming 
temperature normally results in minimal increase in porosity and a very open structure 
with broken walls. 

The other type of foaming agents, which are also more important industrially, are 
reaction-based. Here, a reducing component, such as SiC, needs a source of oxygen in order 
to start producing the expansion gas. The source of oxygen can be the glass itself or it can 
be provided by another additive. Glass being the oxygen source introduces additional 
complexity to the foaming process since the gas releasing reaction depends on the oxygen 
availability, which further depends on the redox state of glass, which is further affected by 
the temperature and the atmosphere. One of the main ideas of foaming with glass waste is 
to minimize the complexion of the process by decreasing the effect of the glass composition 
on the process, which can be achieved to some extent with the use of the (reducing-
oxidizing) foaming couples [48], [50]. Carbon-containing foaming couples which at elevated 
temperatures produce a mixture of CO and CO2 are the most researched ones. Oxygen 
availability affects the CO2-producing reaction and manganese oxide is an especially 
interesting oxidizing agent since it exists in several valence states (Mn2+, Mn3+ and Mn4+). 
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Mn2O3, for example, can act as a sole foaming agent, while Mn3O4 is suitable as an oxidizing 
agent in combination with a carbonaceous additive. Two of the most common reactions 
between the carbon and Mn3O4 are shown below. 

 
𝐶 (𝑠) +  2𝑀𝑛ଷ𝑂ସ(𝑠) →   6𝑀𝑛𝑂 (𝑠) + 𝐶𝑂ଶ (𝑔) 2.1 

 𝐶 (𝑠) +  𝑀𝑛ଷ𝑂ସ(𝑠) →   3𝑀𝑛𝑂 (𝑠) + 𝐶𝑂 (𝑔) 2.2 

It was shown that in oxygen-free atmosphere Mn3O4 interacts with glass. It dissolves in the 
glass and releases gaseous oxygen during the reduction to Mn2+ state [51]. However, in the 
presence of carbon, Mn3O4 reacts with it and the reaction depends on the contact area 
between the particles. Redox state of the glass and the presence of H2O can affect the 
reaction path; however, premature burning of carbon is the factor which affects the reaction 
the most. Use of carbon-based foaming agents in air atmosphere is challenging due to their 
reactivity with the oxygen from air and consequent burning before the closing of the pores. 
Partial loss of carbon-based foaming agent thus always occurs when foaming in the air 
atmosphere, requiring the use of its surplus in combination with strategies to inhibit the 
premature burning, which is one of the main goals of this thesis. 

2.5 Thermal Conductivity of Foamed Glass 
Transfer of heat through insulation material such as foamed glass is a combined effect of 
four distinct contributions. Sum of contributions from thermal conductivity through solid 
phase (solid), conductivity through gas phase (gas), convection and radiation are expressed 
as eff. 

In the case of a small enough pore size, the contribution from convective heat transfer 
can be neglected. It was shown, on foamed polymer material, that the pore size limit above 
which the convection becomes relevant is around 4 mm [52] and the value remains 
well-accepted also in the foamed glass community until today [53]. A more theoretical 
approach based on dimensional analysis evaluates that natural convection is negligible 
when the Grashof number value is below 1000. 

 

𝐺𝑟 =  
𝑔𝛽∆𝑇𝐿ଷ𝜌ଶ

𝜇ଶ
  2.3 

 
If the values for gravity acceleration (g, 9.8 m s-1), volume coefficient (, 0.0036 K-1), 
temperature difference (T, 10 K), density (, 1.8 kg m-3) and dynamic viscosity of gas (, 
0.0015 Ns m-2) are used in Equation 2.3, limit value for the pore size of approximately 12 
mm is obtained. The majority of foamed glass materials exhibit pore sizes below the 
experimentally determined value as well as theoretically evaluated one (based on properties 
of CO2 gas). 

When the pores are sufficiently small, the convection is thus suppressed and the 
majority of the heat transfer occurs via solid and gas. Gases normally exhibit significantly 
lower thermal conductivity in comparison to almost any solid. Thermal conductivity of 
glasses is low in comparison to other solids as well, due to their amorphous structure. In 
comparison to metals, which contain free electrons that enable greater heat and electricity 
transfer, ceramics do not contain such free electrons. Vibrational coupling of neighboring 
atoms in glass is considerably reduced in comparison to ceramics which is why their thermal 
conductivity is reduced even further [54]. 
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Amount of each phase (gas and solid) and their distribution further determines how 
the heat is transferred, however, it was evaluated that one third of the struts lie parallel 
to each axis which gives the following expression [16]: 

𝜆 =  𝜆௦௢௟௜ௗ +  𝜆௚௔௦  =  
1

3
(𝜌௥௘௟ + 2𝜌௥௘௟

ଷ
ଶൗ )𝜆௦ + (1 − 𝜌௥௘௟)𝜆௚  2.4 

Note that with a decreasing value of rel the heat transfer through gas is becoming 
increasingly more important. Around 100 kg m-3, conductivity through gas contributes 
almost 50 % to total thermal conductivity of foamed glass [55]. This shows the importance 
of filling the pores with a gas with low thermal conductivity or keeping the amount of open 
porosity low, e.g.  of CO2 is almost half smaller in comparison to air. Additionally, other 
analytical models such as Russel [56] and Schuetz-Glicksman [57] exist and are commonly 
used for describing the heat transfer through cellular materials, foamed glass included. 

2.6 Literature Overview 
Research of eff revealed several relations to materials density and nature of porosity, from 
where a few useful models were developed and later compared in experimental research 
[58]–[61]. Products with good mechanical properties were reported in various research based 
on waste materials. However, it is quite common that foamed glass produced from waste 
materials is not lightweight (> 150 kg m-3). The influence of the microstructure on the 
mechanical properties of foamed glass is often reported in the literature and conclusions 
can be correlated to other porous materials as well [6], [62]–[65]. At the same time, the 
experimental work regarding eff is lacking. This could be a consequence of the difficulty of 
measuring eff properly, due to the limitations in the sample size.  

Based on the known structure-property correlations, desirable pore structure, yielding 
optimal thermal insulation properties, can be estimated. Thermal conductivity of foamed 
glass decreases along with decreasing density and the significance of conductivity through 
the gas phase takes over the conductivity through solid phase. Additionally, radiation 
starts to have a considerable effect with decreasing density. Low-density foam with small 
and closed pores, disabling convective heat transfer, filled with low conductivity gas is 
therefore desired in terms of thermal conductivity. However, the knowledge regarding 
processing-structure correlations is scarce and is in general less exact. Underlying theory 
regarding the geometrical constraints and topological laws of foams is well established [66], 
while the modelling of the foams and foamlike materials remains challenging, and requires 
large computational power even for relatively small systems [46]. 

The research in the field of foamed glass is oriented towards the use of waste materials 
[13], [62], [67]–[76]. This trend is beneficial for the sustainable development of material 
production and could potentially serve as a way of reducing the price of foamed glass, 
making its use more attractive. Container glass [77], flat glass [78], E-waste glass [79], and 
waste glass from automotive vehicles [80] are just some of the investigated wastes for the 
production of foamed glass. Additionally, several waste by-products of large industrial 
processes, such as fly ash [81], aluminum dross [82], red mud [83], slags [84], and natural 
materials, such as eggshells [85], pine scales [64], rice husk [86] and oyster shells [70], are 
researched as additives for the synthesis of foamed glass. The majority of the research of 
waste-based foamed glass is thus focused on the utilization of wastes from different waste 
sources and optimization of the process parameters in order to improve the properties of 
the products. However, due to the wide use of waste materials of different variety, the 
foaming mechanisms become increasingly complicated and the final conclusions of the 
investigations are usually true only for the specific systems in question. 
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Chapter 3 

3 Objective and Outline of This Work 

Development of sustainable materials plays an important part in the efforts towards the 
greener future. Here, a desire to improve one aspect often requires sacrificing the other. A 
similar concept applies to waste-based foamed glass. Use of increased content of waste 
material leads either to weakened performance or required use of energy-intensive 
processing steps. 

The objective of this study is to establish a better understanding of a glass foaming 
process using hydrosilicates, with a goal of achieving high quality foamed glass from a 
process implemented in the air atmosphere. This study consists of three main 
investigations: 

1. Foaming of waste glass with the addition of water glass. 
2. Foaming of hydrothermally treated waste glass powder. 
3. Implementation of carbonaceous foaming agent in air atmosphere with the use of 

water glass or hydrothermally treated waste glass. 
 
Basic principles of foaming with the use of water glass and hydrothermally treated glass 
are investigated with the aim of exploiting them for the protection of carbon during the 
foaming in air atmosphere. First and second part of the study thus focus on the effect of 
hydrosilicates on the sintering behavior and released gases, while the third part also deals 
with the most important characteristic regarding the application – thermal conductivity. 

Improving the thermal conductivity while implementing the process in the air 
atmosphere requires understanding of the basic processes and reactions which critically 
affect the foam growth. To reach this goal, the following questions need to be answered: 

 How water glass affects the sintering/foaming behavior of the glass powder? 
How does it affect the characteristic temperature of the glass powder and/or 
undesired crystallization during the heating? How does the addition of water 
glass affect the properties of the foam? 

 How does the hydrothermal treatment affect the sintering/foaming behavior of 
the glass powder? 

 What is the role of H2O in the case of i) water glass addition and ii) 
hydrothermally treated glass powder? 

 What is the mechanism of expansion in the case of i) water glass addition and 
ii) hydrothermally treated glass powder? 

 What are the pore characteristics within such foamed glass and what is the gas 
composition? 
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Achieving high quality waste-based foamed glass based on a process in air atmosphere 
would mean that an improved foamed glass product can be prepared with a lower embodied 
energy, i.e. improving one aspect without having to sacrifice the other. 
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Chapter 4 

4 Experimental and Characterization 
Methods 

4.1 Synthesis of Foamed Glass 

4.1.1 Raw materials and milling 
Waste cathode ray tube panel glass (CRT) powder was provided by Averhof A/S (Aarhus, 
Denmark), while container glass (FGF) and mixed color glass (MCF) powders were 
obtained from the industrial supplier from Uusioaines Oy (Finland). Mean particle size of 
as-received CRT, FGF and MCF glass powders was approximately 13, 23 and 26 m, 
respectively. The chemical composition of the waste glass powders is shown in Table 4.1. 

Table 4.1: Chemical composition of the as-received waste glass powders, expressed in wt.%. 

 Na2O MgO Al2O3 SiO2 K2O CaO Fe2O3 SrO ZrO2 BaO 
CRT 7.7 0.3 2.4 61.0 7.1 0.8 0.2 7.8 1.5 9.7 
FGF 13.5 1.7 1.5 72.4 0.6 9.7 0.1 0.03 0.02 0.14 
MCF 13.7 1.8 1.7 71.5 0.6 9.7 0.4 0.02 0.02 0.07 

Carbon (carbon black, Lehmann & Voss & Co, Hamburg, Germany), manganese (IV) oxide 
(MnO2), potassium phosphate (K3PO4, 98 %, Alfa Aesar Karlsruhe, Germany) were used 
as foaming additives. Before the use MnO2 was heat-treated at 1250 °C for 4 h and 
subsequently milled in order to obtain manganese (II, III) oxide (Mn3O4). Addition of 
K3PO4 was used to decrease the foaming temperature without significant alterations to the 
porous structure [61]. 

All foaming mixtures were prepared by dry-milling a powder mixture in a planetary 
ball mill with 10 mm yttria-stabilized zirconia balls at 250 rpm for a total milling time of 
35 min. Foaming mixtures which contain Mn3O4 were milled for 30 min before adding the 
Mn3O4 and continuing the milling for an additional 5 min. Mean particle size of the 
obtained powder mixtures after the milling was approximately 9 m. Different 
combinations of foaming additives were used for the preparation of the foaming mixtures. 

Compositions and labelling suffixes presented in Table 4.2 correspond to the foaming 
mixture composition used for the preparation of closed porous foamed glass in [55]. The 
content of Mn3O4 is sufficient for direct oxidation of ≈ 0.15 wt.% of C according to 
Reaction 2.1, theoretically generating enough CO2 for the material to expand ≈ 30 times 
(assuming Tfoam of 800 °C, ideal gas behavior and initial material density of 2600 kg m-3). 
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Table 4.2: Weight percentage of foaming additives in different foaming mixtures and 
corresponding labels. 

Suffix C [wt.%] Mn3O4 
[wt.%] 

K3PO4 
[wt.%] 

0 0 0 1.97 
Mn 0 5.89 1.85 
C 0.41 0 1.96 
Mn+C 0.39 5.87 1.85 

 
The preparation procedure for the foaming mixtures was implemented under standard 
conditions and kept constant throughout the whole investigation process in order to obtain 
powders with similar particle size distributions. 

4.1.2 Hydrothermal treatment of glass powder 
Hydrothermally treated glass powders or hydrosilicates were prepared by hydrating as-
obtained waste glass powder in an autoclave. The method of autoclaving with vapor phase 
was selected since it allows achieving high water contents at fast hydration rates [87]. 
Additionally, absence of liquid water phase at elevated temperatures eliminates the 
possibility of excessive leaching. The pressure within the vessel generated during such 
processing is theoretically equal to the saturated vapor pressure of water, which depends 
on the temperature. 

Weighted amount of as-obtained waste glass powder was mixed with a measured 
amount of distilled water and sealed in a 120 ml Teflon vessel within a steel autoclave. 
The mixture was treated for 12 h at a constant temperature of 200 °C (theoretical pressure 
of 15.5 bar). Glass powders were mixed with distilled water in ratios of 9:1 or 7:3, 
theoretically producing hydrosilicates with water content of 10 or 30 wt.%, respectively. 
The amount of achievable hydrosilicate with vapor phase autoclaving is limited by the size 
of the vessel and decreases with the water content. Maximum achievable amount of 
hydrosilicate with theoretical H2O content of 10 or 30 wt.% produced in a 120 ml vessel 
was 8.36 or 2.83 g, respectively. During the treatment, the material densified and the effect 
was more pronounced in the case of higher water content (Figure 4.1). 

 

Figure 4.1: Appearance of the raw glass powders before (a) and after (b and c) the 
hydrothermal treatment. 

Obtained hydrosilicate compacts were crushed to powder, and processed further in the 
same manner as the raw glass powders described in 4.1.1. 

4.1.3 Addition of water glass 
Foaming mixtures obtained from previously described steps (4.1.1 and 4.1.2) were either 
used for foaming directly or further processed by mixing them with water glass (WG). 
Technical grade WG with SiO2 to Na2O weight ratio (modulus) of 1.85:1 and with a total 
water content of approximately 50 wt.% was used. Addition of WG was done by weighting 
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the foaming mixture and manually mixing it with weighted WG in a plastic beaker. 
Obtained heterogeneous mixture was then transferred to an agate mortar and manually 
mixed until a homogeneous mixture was obtained. The time of manual mixing was kept 
constant (10 min) due to the high sensitivity of the WG-containing foaming mixture. The 
effect of mixing time is shown in A.2.2. The minimum quantity of foaming mixture used 
for this step was 5 g to minimize the weighting error of this preparation step due to the 
highly viscous nature of WG. Content of WG within the foaming mixture is expressed as 
a percentage of additive relative to the original foaming mixture. 

After the mixing, the foaming mixtures were either foamed immediately to minimize 
the deviations between the batches due to the sensitivity of the mixtures, or stored for a 
selected amount of time to investigate the effect of the atmosphere on the foaming behavior 
of the foaming mixture.  

4.1.4 Foaming 
Before the heat-treatment, the foaming mixtures were pressed either into small cylindrical 
or large square compacts (Figure 4.2). Small cylindrical compacts were prepared in a steel 
die by uniaxial pressing at 40 MPa, using a hydraulic press, obtaining a sample with an 
approximate diameter, height and weight of 12 mm, 10 mm and 1 g, respectively. Large 
square compacts were prepared by manually compacting the foaming mixture in a square 
shape, obtaining a sample with approximate dimensions of 4 × 4 × 2 cm and weight of 35-
40 g. Small samples were allowed to expand freely during the heat-treatment while the 
large samples were placed within a 10 × 10 × 4 cm stainless steel mould. The effect of 
small sample positioning in the furnace is shown in A.2.1. All the surfaces which could 
come into contact with the expanding material during the heat treatment were covered 
with kaolin. 

 

Figure 4.2: Appearance of the small, cylindrical (a) and large, square compact with the 
stainless steel mould (b).  

Foaming mixture compacts were heat-treated in an electric chamber furnace (Bosio) 
from room (Troom) to foaming temperature (Tfoam) of 800 °C at a heating rate of 5 °C min-1. 
Holding time (tfoam) at Tfoam was 5 and 20 min for small and large samples, respectively. 
After the tfoam, the samples were immediately placed in a pre-heated kiln and left to cool 
down naturally. The kiln was pre-heated to the temperature just above the theoretical 
glass transition temperature (TG) of the prevailing waste glass powder in the foaming 
mixture. A standard kiln temperature is 550 °C. These are the standard heat-treatment 
conditions used to prepare each foamed glass sample unless stated otherwise. 

4.2 Foaming Mixture Characterization 
Foaming mixtures were investigated for their physicochemical properties and foaming 
behavior. 
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4.2.1 Physicochemical properties of the foaming mixtures 
The foaming mixtures were investigated for their physicochemical properties after the 
initial processing (mixing and milling). Chemical composition of the foaming mixtures 
before the heat-treatment is expected to be well known since only mixing and milling of 
the glass powders and additives at given conditions normally does not result in the 
formation of new phases. Mixtures containing water glass and hydrothermally treated glass 
powders are able to form new phases during the processing and were thus further 
investigated with X-ray diffraction and infrared spectroscopy. 

4.2.1.1 Particle size distribution – Laser granulometry 

Particle size distribution of a foaming mixture significantly affects the foaming process. 
The particle size of foaming mixtures was monitored with the laser scattering particle size 
distribution analyzer (Horiba LA-920). Required amount of sample was dispersed in water 
with the addition of Dolapix. Measurement was carried out after 5 min of sonication and 
the conditions were kept standard for all powder samples.  

4.2.1.2 Crystallinity – X-ray diffraction (XRD) 

Diffraction techniques are more commonly used for the analysis of crystalline materials. 
However, the presence of crystalline phases within amorphous glass powder mixture can 
have a decisive effect on the foaming process, most commonly resulting in decreased 
expansion and more open porous structure of the obtained foamed glass sample. Malvern 
PANalytical Empyrean diffractometer (Netherlands) with Cu-Ka radiation source ( = 
1.54817 Å, 45 kV and 40 mA) was used for the analysis of the foaming mixtures. Standard 
measurement range was from 10° to 90° (2) with a step of 0.0263° and time per step of 
500 s. Results were analyzed with HighScore Plus software, using the PDF-4 database. 

4.2.1.3 Functional groups – Infrared Fourier transformed spectroscopy (FTIR) 

A small amount of the foaming mixture was mixed with KBr (sample:KBr ratio of 1:12) 
and analyzed with IR spectroscopy (Perkin Elmer Spectrum 400 MIR, DRIFT mode). 

4.2.2 Foaming behavior 

4.2.2.1 Expansion behavior – Heating stage microscopy (HSM) 

Approximately 25 mg of the foaming mixture was manually compacted in a steel die 
( = 3 mm) to mimic the compaction of the samples and placed on an alumina holder in 
a hot-stage microscope (EM201x, Hesse instruments). Cylindrical compact was heated at 
5 °C min-1 to 1000 °C and its silhouette area was monitored during the heating. From this 
measurement, the sintering temperature (Tsint), foaming temperature (Tfoam) and volumetric 
expansion were evaluated. Here the Tsint and Tfoam were determined as the onsets of 
shrinkage and expansion, respectively.  

4.2.2.2 Gas evolution – Thermogravimetry coupled with mass spectroscopy 
(TG/MS) 

Approximately 30 mg of the foaming mixture was manually compacted in a steel die 
( = 3 mm) to mimic the compaction of the samples and placed into alumina holder. 
Thermogravimetric analyzer coupled with a mass spectrometer (TG/MS; NETZSCH STA 
449 C/6/G Jupiter, 403 C Aëolos QMS 403) was used to follow the weight loss and gas 
evolution during the heating of the foaming mixtures. Standard conditions with a heating 
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rate of 10 °C min-1 and total gas flow of 100 ml min-1 were used. Mixture of O2 and Ar with 
a ratio of 1 to 4 was used as the flow gas.  

4.3 Foamed Glass Sample Characterization 
After the heat treatment, foamed glass sample is obtained from the foaming mixture. All 
the heat-treated foaming mixtures are referred to as foamed glass, even if the heat 
treatment resulted in negligible foaming and consequent lack of an actual foam structure. 

Obtained foamed glass samples were analyzed for their crystallinity and presence of 
functional groups, by crushing the samples and following the same procedure as in the case 
of foaming mixtures described in 4.2.1.2 (XRD) and 4.2.1.3 (FTIR). 

4.3.1 Porosity 

4.3.1.1 Total, open and closed porosity – Archimedes principle 

Foamed glass sample porosity was calculated from the density measurements, based on the 
Archimedes principle. All porosity calculations are based on the initial raw glass powder 
densities (pow) determined with a helium pycnometer (Ultrapyc 1200e, Quantachrome 
Instruments, US). 

Measurements of the smaller samples were done on the as-obtained foams after the 
foaming. The apparent density (app) was measured by the Archimedes method in water 
and the pycnometric density (py) was measured in ethanol where the samples were before 
submerged in ethanol under reduced pressure to eliminate the air from the open pores. 
Note that during foaming, a less porous layer is formed on the surface of the foamed glass 
samples, affecting the  and  measurements. 

Measurements of the larger samples were done on a cut-out piece with approximate 
dimensions of 2 × 2 × 2 cm. The app was calculated from the cut-out dimensions and 
weight, while the py was measured as in the case of the smaller samples.  

The relative density (rel) and total- (tot), open- (op) and closed porosity (cl) of the 
foamed glass samples were calculated according to Equations 4.1, 4.2 and 4.3. 

 

 𝜌௥௘௟ =  
𝜌௔௣௣

𝜌௣௢௪
         𝜀௧௢௧ = 1 − 𝜌௥௘௟   4.1 

 
𝜀௖௟ =

1 −
𝜌௔௣௣

𝜌௣௬
− 𝐶𝑜𝑟𝑟∗

𝜀௧௢௧
        (𝐶𝑜𝑟𝑟∗ =  

𝑉௣௢௥௘௦ ∗ 𝜌௔௣௣

𝑚
)  4.2 

 𝜀௢௣ + 𝜀௖௟ = 1 
4.3 

Where the pow of the CRT panel glass was measured to be 2816 kg m-3. The Corr* factor 
was utilized only in the case of cut-outs from the larger samples. Calculation of cl for the 
larger samples was corrected for the volume of open pores on the surface of the cut-out 
(Vpores). The Vpores was calculated from an additional measurement where the sample was 
cut into eight 1 × 1 × 1 cm large pieces which were measured for their volume with a 
pycnometer (measuring the accessible volume of the foam). The total pycnometric volume 
of eight small samples is always smaller than the pycnometric volume of the larger sample. 
Cutting of the larger sample reveals new surfaces and new open pores, resulting in decreased 
pycnometric volume. Since the surface area of eight smaller pieces is exactly twice the 
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surface area of the initial cube, the volume of the pores on the surface of the cube (Vpores) 
can be calculated from the difference between the py and py,8. 

Figure 4.3 shows the effect of surface porosity on the open porosity measurement for 
the case of an ideal foam with ordered distribution of completely closed spherical cells. It 
is apparent that the volume of pores on the surface has a significant effect on the 
measurement on the scale-size of a laboratory sample, requiring the use of a Corr* factor. 

 

Figure 4.3: Theoretical effect of the sample size on the measurement of open porosity due 
to the pores on the surface. Blue and grey labels mark a common sample size from this 
investigation and the size required to eliminate the need for the correction of cl 
measurement, respectively. 

4.3.1.2 Foamed glass sample expansion 

Porosity of several of the foamed glass samples reported in this study is above 90 %. 
Reporting density, relative density or porosity values of such samples does not give a true 
sense of the actual differences between the samples. For this reason, volumetric expansion 
(V) of the samples is reported, considering the difference between the sample volumes 
before (V0) and after (Vfinal) the heat-treatment. V is calculated according to Equation 
4.5. Final density (final) is equal to the apparent density (app) in Equation 4.4, and x is a 
relative mass lost during the heat treatment. 
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4.3.1.3 Pore size distribution – microscopy 

Pore size distribution of the foamed glass samples was investigated by analyzing the images 
captured with scanning electron microscope (SEM, Thermo Fisher Quanta 650 ESEM) and 
stereomicroscope (Discovery V8 – Carl Zeiss AG). Images were taken on a cut surface of 
the foamed glass samples and pores were labelled manually. Images containing between 
500 to 900 pores were analyzed with ImageJ software to obtain the distribution of the 
maximum Feret diameters, defined as the longest distance between two points on a 
measured object, i.e. pore [88]. Note that pore size distributions of smaller samples were 
evaluated from the images containing > 50 pores. Maximum Feret diameter is from here 
on expressed as pore size. 

Classic representation of obtained data where pore number density is plotted versus the 
pore size fails to show the real state of the material structure. Reason being, we are 
interpreting 3D particle size distribution based on 2D observations. Furthermore, 
properties of the bulk material in interest, i.e. thermal conductivity, depend on the 
volumetric fractions of structural elements making the representation over 3D more 
sensible. For that reason, distributions were modified with the stereological conversion 
technique described in [89] while the average pore diameter was calculated and corrected 
according to [10]. A foam which contains a few extremely large pores can be visually clearly 
distinct from the others, which may not be true for data. Modified distributions as well as 
corrected average pore size allow clearer distinction between the foams. 

4.3.2 Pore-gas composition 
Knowing the approximate relation between the gas species within the closed pores can 
reveal additional information about the reactions and expansion path during the foaming. 
In this investigation, the composition of pore-gas was evaluated by a gas chromatograph 
(7890A GC System, Agilent Technologies) on a 30 m long Rt-MsieveTM 5A and Rt-
QPLOTTM

 (Restek) columns which allows the determination of CO/CO2 and Ultraportable 
Greenhouse Gas Analyser (Los Gatos Research) which allows the detection of H2O. 

A sample of pore-gas was obtained by crushing the foamed glass samples in a He-filled 
cell. The cell consists of a rigid cylindrical body, two crushing discs and a lid, enabling 
constant measurement of the inner pressure, with a rubber insert, enabling the sampling 
of the inner atmosphere. Foamed glass sample was placed between two crushing discs and 
crushing was performed manually by shaking the He-filled cell. Measurements were 
performed in triplicates and the background was determined by measuring the atmosphere 
of He-filled cell before the crushing of the foam sample. The quantity of detected CO2 and 
CO gas (ngas) was evaluated with the help of standard curves. The volume of the He-filled 
cell (Vcell) and crushing disks (Vdisks) were measured and the free volume (𝑉௙௥௘௘ =  𝑉௖௘௟௟ −

 𝑉ௗ௜௦௞௦) within the cell was calculated. 
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Figure 4.4: Scheme of a He-filled cell, showing the configuration of the sample and crushing 
disks. 

The pycnometric volume of the foamed glass sample was measured before (Vpy,before) and 
after (Vpy,after) the crushing with a He-pycnometer (Ultrapyc 1200e, Quantachrome). 
Volume of the closed pores (Vcp) was evaluated from the measurement as Vୡ୮ =  V୮୷,ୠୣ୤୭୰ୣ −

 V୮୷,ୟ୤୲ୣ୰. Knowing the quantity of detected gases and the Vcp allows for the evaluation of 
the pore inner pressure (pinner,g) as shown in Equation 4.6: 

 𝑝௜௡௡௘௥,௚ =  
𝑛௚௔௦

𝑉௖௣
𝑅𝑇௥௢௢௠       (𝑔𝑎𝑠 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡, 𝑅 = 8.314 

𝐽

𝑚𝑜𝑙 ∗ 𝐾
) 4.6 

Additionally, knowing the pressure before (pbefore) and after (pafter) the crushing allows the 
second evaluation of the pore inner pressure (pinner,p) as shown in Equation 4.7: 

 𝑝௜௡௡௘௥,௣ =  
ቀ𝑝௔௙௧௘௥(𝑉௙௥௘௘ − 𝑉௣௬,௔௙௧௘௥) − 𝑝௕௘௙௢௥௘൫𝑉௙௥௘௘ − 𝑉௣௬,௕௘௙௢௥௘൯ቁ

𝑉௖௣
 4.7 

Comparison between the two pressures can reveal more about the pore gas composition. 
For the pinner,g, we assume that CO and CO2 represent the majority of the pore gas, while 
pinner,p is the actual pressure within the pores. A significantly smaller value of pinner,g would 
indicate that the pore gas contains significant amounts of other gaseous components which 
we were not able to detect. 

4.3.3 Thermal conductivity 
The thermal conductivity () was measured on large foamed glass samples cut into a 
standard shape with approximate dimensions of 8 × 8 × 2 cm. A heat-flow meter (HFM 
446 Lambda Small, Stirolab, Sežana, Slovenia) was used for this measurement in 
accordance with a standard (DIN EN 12667). Calibration of the instrument was done using 
a NIST Standard Reference Material® 1450d resulting in a typical accuracy of ±1 %. For 
the measurement, constant temperatures of 5 and 15 °C were used for lower and upper 
plate, respectively. The average temperature of the foamed glass sample during the 
measurement was thus 10 °C. 
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Chapter 5 

5 Results and Discussion 

5.1 Use of Water Glass for the Foaming of Glass 

5.1.1 Introduction 
Water glass (WG) is a technical name used for alkali silicates, most commonly designating 
sodium silicate ((Na2O)x(SiO2)y), normally further specified by the ratio between the SiO2 
and Na2O (modulus) and the content of water [90]. The SiO2:Na2O ratio affects the size of 
the silicate molecules and consequentially the solubility of WG. Additionally, the content 
of water significantly affects the physical properties of WG, whereas it can be a solid or a 
liquid depending on the water content. WG is structurally described as a colloidal 
suspension of aqueous sodium silicate solution with silicate molecules and colloids being its 
main components. Water is present between/within the molecules in various 
configurations, i.e. in the form of a OH- within the SiOH (silanol) functional groups or in 
the form of an H2O molecule which interacts with the nonbridging oxygens of the glass 
network, silanol or siloxane bridges [35], [91]. It is often stated that soluble silicates consist 
of “free” water which can be removed by desiccating at low humidity or heating at 100°C, 
and “bound” water [92], [93]. Higher temperatures are required to remove “bound” water 
which includes water molecules trapped in the fine pores of the material and water that is 
part of the material structure [94]. Here, water can be present in several different 
configurations as a molecule or a as a part of silanol groups (discussed in 2.3). 

WG is a common additive in the production [21], [95] and research [96] of foamed glass 
via foaming. It can be used as one of the additives [75], [97], [98] or as a sole foaming agent 
[99]. WG is, therefore, a well-known additive used in the foamed glass research and 
industry. However, the mechanism behind the foaming remains to be experimentally 
proven. Currently, the literature predicts that the expansion of the glass during the foaming 
with WG happens due to the release of the “bound” water from the WG [100]. Such 
explanation is possible, especially since WG releases a significant amount of water during 
the heating, however, no experimental evidence was found to support the mechanism. 

Interestingly, water being the main expansion gas would theoretically result in foams 
which contain pores with unexpectedly low pressure. It is possible to detect such 
significantly lower pressure during the pore gas measurement (4.3.2). The reason for 
lower-than-expected pore pressure is low saturation pressure of water in comparison to 
other common expansion gases. For example, 800 °C is a common foaming temperature 
(Tfoam) and for the foam to remain stable against the pressure within the pores at Tfoam 
should still be higher than the outer pressure (> 1 bar). To approximate we can assume 
that no significant shrinkage or gas diffusion occurs during the cooling of the sample and 
that the pressure within the pores simply follows the ideal gas law: 𝑝𝑉 = 𝑛𝑅𝑇. Foamed 
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glass prepared at 800 °C and cooled to room temperature (25 °C) would theoretically 
contain pores with inner pressure of approximately 0.28 bar [47], [58]. However, the 
equilibrium vapor saturation pressure of water at room temperature is one order smaller 
(0.03 bar), meaning significantly lower pore pressure than theoretically expected and 
normally observed. Further, trapped water would either condense within the closed pores 
or diffuse back into the glass structure. In the case of condensate, the water can be detected 
during the analysis of pore gas while the structurally incorporated water can be observed 
with FTIR. 

To investigate the process of direct foaming of glass with the addition of WG, a single 
foaming mixture was used. It corresponds to the foaming mixture labelled 0 in Table 4.2 
with added 24 wt.% of WG and its composition is shown in Table 5.1. The foaming mixture 
and the foamed glass samples were prepared according to the standard processing described 
in 4.1. 

Table 5.1: Composition of the only foaming mixture used in 5.1. 

Component CRT K3PO4 WG Mn3O4 C 
Fraction [wt.%] 79.3 1.6 19.3 0 0 

The foaming mixture used in this investigation underwent additional treatment after the 
initial preparation. Additional treatment performed on the foaming mixture was either 
drying, storing in a CO2 atmosphere or a combination of both. Additional treatment and 
the labels for four corresponding foaming mixtures are shown in Table 5.2. Drying was 
done on 200 °C for 2 h. Note that Fresh foaming mixture was foamed immediately after 
its preparation to minimize possible reaction effects on its properties. 

Table 5.2: Additional treatment performed on the foaming mixture and corresponding 
labels. 

Additional treatment of the foaming mixture Label  
None Fresh 
Drying Dried 
Storing in CO2 atmosphere for 24 h Fresh-CO2-stored  

Drying and subsequently storing in CO2 atmosphere for 24 h Dried-CO2-stored 

 
The question of above-described water-dominated foaming mechanism is addressed in this 
investigation. Furthermore, susceptibility of a WG-containing foaming mixture to a 
carbonate-forming reaction is demonstrated and an alternative carbonate-dominated 
foaming mechanism is proposed. 

5.1.2 Foaming mixture behavior during the heating 
The addition of WG to the glass powder can significantly alter the powders’ properties. 
Specifically, it is known that the presence of Na2O [23] or water [30] in the structure affects 
the thermal properties of glass, practically affecting the sintering behavior of the powder. 
Additionally, increased partial pressure of water during the heating promotes the sintering 
of the glass powder as described under Water in Glass and Hydrated Glasses on page 8 
[101]. A decrease of waste glass powders’ characteristic temperatures is therefore expected 
when mixed with WG. 



5.1. Use of Water Glass for the Foaming of Glass 27 

5.1.2.1 Expansion behavior 

The changes of the sintering and expansion behavior of the foaming mixtures can be 
observed in Figure 5.1. Milled CRT glass starts to sinter at approximately 600 °C and 
reaches a minimum area of 71 % at approximately 700 °C. The raw glass powder therefore 
behaves as expected, without expansion. 

After the mixing of the glass powder with WG, sintering-related shrinking can be 
observed only for the Fresh-CO2-stored foaming mixture. The onset of sintering for the 
Fresh-CO2-stored foaming mixture decreases for approximately 50 °C in comparison to 
powder of CRT panel glass (red and grey curve in Figure 5.1), while the minimum area 
remains at ≈70 %. The Fresh, Dried and Dried-CO2-stored foaming mixtures do not exhibit 
significant shrinkage. Abundant evolution of the gas phase in combination with closed 
porosity acts as an opposing force to sintering and is expected to be one of the main reasons 
for the absence of shrinkage.  

The Fresh, Dried and Dried-CO2-stored foaming mixtures start expanding at 
approximately 575 °C with a similar initial rate. Fresh foaming mixture expands up to 
800 °C (approximately 375 % of initial area) while the Dried and Dried-CO2-stored foaming 
mixtures expand similarly up to 750 °C (approximately 300 % of initial area). At the 
expansion onset, all three foaming mixtures exhibit an initial increase followed by a slight 
stagnation or a decrease of area before further expansion. Such “two-stage” expansion is 
likely a consequence of interplay between the forces of sintering and expansion. This effect 
becomes more apparent in the case of Fresh-CO2-stored foaming mixture. Expansion of the 
Fresh-CO2-stored foaming mixture begins at approximately 640 °C. Here, the expansion 
rate is similar to other three foaming mixtures and dramatically decreases above 675 °C. 
Fresh-CO2-stored foaming mixture reaches a maximum area of 150 % at 840 °C. 

The collapse of Fresh, Dried and Dried-CO2-stored foaming mixtures starts at 800 °C 
while the Fresh-CO2-stored foaming mixture starts to collapse above 850 °C. Sharp drops 
can be observed in this stage due to the bursting and collapse of large pores near the surface 
of the foam. 

Behavior of the dried foaming mixtures is very similar while the Fresh-CO2-stored 
foaming mixture exhibits the most deviant behavior with higher Tfoam, smaller expansion 
and higher temperature of collapse. Sintering and expansion behavior of the foaming 
mixtures in Figure 5.1 suggests that CO2 atmosphere can significantly affect their 
properties. Interestingly, the effect of CO2 atmosphere is not apparent in the case of the 
dried foaming mixtures since the behavior of the Dried and Dried-CO2-stored foaming 
mixture is similar. 

The expansion behavior of the Fresh foaming mixture is apparently affected by drying 
or storing in a CO2-containing atmosphere before the heat-treatment. 

The presence of H2O within the material and/or increased H2O partial pressure 
significantly affect the material properties during the heating [102], which can explain 
changed sintering and expansion behavior of the dried foaming mixtures. Removal of “free” 
water by drying decreases the foaming mixtures’ ability to expand. This indicates that 
“free” water significantly contributes to expansion directly, as an expansion gas, or 
indirectly, affecting the sintering behavior of the foaming mixture [101]. 

Storing a fresh foaming mixture in a CO2 atmosphere, on the other hand, results in a 
completely different sintering and expansion behavior. Foaming mixtures’ ability to expand 
is decreased even further in comparison to the dried foaming mixtures and is likely related 
to the reactivity between the WG-CO2. 
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Figure 5.1: Silhouette area of the WG-containing foaming mixtures and milled CRT powder 
as a function of temperature (top), with a closer view of the sintering stage (bottom). 

5.1.2.2 Thermal analysis and evolution of gases 

Expansion behavior of the foaming mixtures greatly depends on the amount of evolved 
gases, their evolution rate, and the temperature at which they start to evolve. Heating of 
the foaming mixtures results in multiple mass loss regions accompanied by the H2O and/or 
CO2 signals. 

Fresh foaming mixtures exhibit a significant low-temperature mass loss (< 400 °C), 
related to the evaporation of H2O (Figure 5.2a, c and e). The Fresh-CO2-stored foaming 
mixture exhibits smaller initial mass loss with less intense H2O and more intense CO2 signal 
compared to the Fresh foaming mixture, suggesting that the fresh foaming mixtures dried 
partially during the storage. The H2O signal peak is located at a similar temperature 
(between 115 and 140 °C) for both fresh foaming mixtures (Figure 5.2c) and is in the case 
of the Fresh-CO2-stored foaming mixture accompanied by a strong CO2 signal (Figure 
5.2e). Fresh foaming mixture exhibits a CO2 signal with a maximum at approximately 
300 °C, suggesting an additional CO2 source. Similar maximum at 300 °C is not apparent 
for the Fresh-CO2-stored foaming mixture, likely due to the overlap with more intensive 
first CO2 signal. The origin of these low-temperature CO2 signals is related either to the 
desorption of adsorbed CO2 or to the decomposition of newly formed carbonate species. 
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More reliable conclusion about the origin of low-temperature CO2 signals can be done after 
the structural analysis. 

At higher temperatures (>400 °C), the Fresh and Fresh-CO2-stored foaming mixtures 
exhibit a small (0.22 wt.%) and large mass loss (2.07 wt.%), respectively. The difference 
between Fresh and Fresh-CO2-stored sample in this temperature range is significant, a 
mass loss with a difference of approximately one order showcases how differently the fresh 
foaming mixture starts to behave after being exposed to CO2 atmosphere. Mass losses in 
this temperature region (>400 °C) are accompanied by additional CO2 signals suggesting 
stronger interactions with the material than only dissolution or physical adsorption. Larger 
mass loss in the case of the Fresh-CO2-stored foaming mixture is also accompanied by a 
significantly stronger gas signal in comparison to the Fresh foaming mixture. Presence of 
CO2 signal above 650 °C in the case of the Fresh-CO2-stored foaming mixture (Figure 5.2e) 
suggests that the pores at this temperature are still well-connected to the outer atmosphere 
even though the mixture already starts to expand (Figure 5.1). Vice versa, it is very likely 
that a pronounced gas evolution, when the material is already in the sintering stage (Figure 
5.1, grey line), hinders the closing of the pores, resulting in an open porous structure. Such 
relation between the sintering and gas evolution results in significant loss of expansion 
potential and usually results in low-porosity foams, which may explain much lesser 
expansion of the Fresh-CO2-stored foaming mixture in comparison to others. 

Dried foaming mixtures exhibit a similar mass loss and gas evolution at all temperature 
stages, matching their similar expansion behavior (Expansion behavior on page 27). Drying 
results in a significantly smaller low-temperature mass loss (< 400 °C) in comparison to 
the fresh foaming mixtures. This difference is related to the evaporation of “free” H2O 
(Figure 5.2b, d), which is expectedly less relevant in the case of dried foaming mixtures. 
The H2O peak for the Dried and Dried-CO2-stored foaming mixtures at approximately 
300 °C is accompanied by a CO2 signal (Figure 5.2d, f), similarly as in the case of the Fresh 
foaming mixture (Figure 5.2c). Both dried mixtures also exhibit a CO2 peak above 600 °C 
accompanied by a mass loss of 0.34 and 0.38 wt.% for the Dried and Dried-CO2-stored 
foaming mixture, respectively. Note that above 400 °C, Fresh, Dried and Dried-CO2-stored 
foaming mixtures exhibit a similar mass loss and gas evolution behavior. 

None of the foaming mixtures exhibit significant mass loss above 800 °C, however, 
several sharp CO2 signals can be observed for the Fresh, Dried and Dried-CO2-stored 
foaming mixtures. At this temperature, i.e. 800 °C, the mixtures are already collapsing as 
seen from Figure 5.1. Foam collapse is accompanied by bursting of the pores and an instant 
release of pore atmosphere, resulting in sharp signals as observed in Figure 5.2e and f. Such 
results suggest that CO2 is one of the main constituents of the pore atmosphere, while no 
sharp signals above 800 °C were detected for H2O. 
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Figure 5.2: Mass loss (a, b) and evolution of H2O (c, d) and CO2 (e, f) during the heating 
of the fresh (a, c, e) and dried foaming mixtures (b, d, f). Note that the Ion Current signals 
are shifted for better visibility. 

All of the foaming mixtures exhibit evolution of CO2 at relatively high temperatures 
(> 600 °C), suggesting its incorporation with stronger interactions than only physical 
adsorption or dissolution in water. However, no CO2-producing components were added to 
the foaming mixtures during the preparation stage. Formation of a new phase is therefore 
the most probable explanation especially since it is known that WG can react with CO2 
resulting in the formation of carbonates [103]. Note that it is not necessary for the foaming 
mixture to be in contact with a pure CO2 atmosphere to evolve CO2 at higher temperatures 
during the heat treatment, suggesting that CO2 present in the air atmosphere is enough 
for the carbonate-producing reaction to occur. 

Additional inspection of the gas evolution from the raw initial components (WG and 
CRT panel glass powder) confirms that the high-temperature evolution of CO2 is related 
to the presence of WG. Furthermore, high-temperature CO2 peak appears only after the 
WG was in contact with the air atmosphere (Figure 5.3). Heating of WG leads to significant 
mass loss below 200 °C due to the evaporation of H2O accompanied by a signal for CO2. It 
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is likely that this CO2 peak is related to dissolved or adsorbed CO2 which does not 
contribute to the expansion of the foaming mixtures. At this point WG does not exhibit 
any CO2 signal above 400 °C, leaving the high-temperature CO2 signal unexplained (Figure 
5.2e and f). Furthermore, raw CRT panel glass powder does exhibit some evolution of CO2, 
however, well below 600 °C. The source of CO2 was further investigated by drying and 
crushing the WG by itself, mimicking the action of mixing it with the glass powder. Such 
dried and crushed WG expectedly exhibits significantly smaller initial mass loss, however, 
a new mass loss accompanied by a CO2 signal appears just above 600 °C (brown line in 
Figure 5.3). This newly observed signal is very similar to the one observed in the case of 
the foaming mixtures and offers a likely explanation for the source of CO2. 

Reaction between sodium silicate and CO2, often also termed efflorescence, occurs on 
the surface and proceeds only in the presence of water [103]. Sodium silicate films and 
coatings impacted by the reaction with CO2 become brittle and lose adhesion due to the 
formation of carbonates containing present cations. Drying and crushing of the WG 
effectively increases its contact area with air, allowing the reaction with CO2 to proceed 
significantly faster. A parallel can be drawn when WG is mixed with glass powder, which 
also increases the contact area between the air and sodium silicate, i.e. WG.  
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Figure 5.3: (a) Mass loss and (b) CO2 gas evolution from CRT glass powder and WG. Note 
that the Ion Current signals are shifted for better clarity. 

Mass loss and gas evolution results suggest that a carbonate-forming reaction occurs during 
the mixing of WG and glass powder and, more importantly, that the newly formed 
carbonates are decisive for the expansion during the foaming process. Most probable source 
for the carbonate formation is thus the CO2 from the air atmosphere. Exposing the foaming 
mixture to pure CO2 atmosphere (Fresh-CO2-stored foaming mixture) results in a larger 
amount of evolved CO2 during the heating while the expansion decreases significantly. One 
would expect that a larger amount of expansion gas leads to larger expansions, however, 
it was shown that exaggerated carbonate content leads to smaller expansions [49], [69]. 
Additionally, the reaction between WG and CO2 produces also precipitated SiO2 [103], 
[104] which suppresses the material’s ability to sinter and results in a more open porous 
material. A similar behavior was reported in several investigations of the sand-WG 
mixtures as foundry cores [105], [106]. Exposing the dried foaming mixture to the pure CO2 
atmosphere has no significant effect on its gas evolution suggesting that the reaction 
between WG and CO2 does not proceed further in the absence of moisture. This is in 
accordance with investigations of soluble silicates and their reactivity with CO2 [103], [107], 
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[108] and can be a practical way of making the foaming mixtures less susceptible to the 
atmospheric effects. 

5.1.2.3 Structural changes 

Change in the crystallinity and functional groups of the foaming mixtures was followed to 
complement the expansion and gas evolution results.  

Foaming mixture of glass powder and WG is susceptible to the reaction with CO2 from 
the atmosphere. Initial raw materials (WG and CRT) are highly amorphous, not exhibiting 
any significant diffraction peaks (Figure 5.4a). Mixing of WG and CRT results in the 
formation of a detectable amount of crystalline phase at room temperature (blue lines in 
Figure 5.4b and c), which further confirms the results of TG/MS analysis indicating that 
a new carbonate phase is formed. Hydrous silicate and sodium carbonate crystal phases 
(PDFs which correspond best are 00-003-0433 and 00-008-0448, respectively) present at 
room temperature start to decompose during the heating and calcium silicate phase (best 
coinciding data from PDF 01-077-0420) is formed eventually at 900 °C. The exact 
determination of crystalline phases is challenging since the material is still mostly 
amorphous and the intensity of diffraction peaks is low, referenced PDF numbers 
correspond to most probable compounds which coincide best with obtained data. Higher 
content of crystalline phases can be observed in the case of the Fresh-CO2-stored foaming 
mixture (Figure 5.4c). Increase in the content of crystalline phases can be observed for the 
Fresh-CO2-stored mixture at 500 °C, which can have a significant effect on the foam 
stability and expansion dynamics. Higher content of crystalline phases could be the reason 
for a significantly different gas evolution and expansion behavior of the Fresh-CO2-stored 
foaming mixture in comparison to others (Figure 5.1 and Figure 5.2). 
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Figure 5.4: XRD patterns of a) raw input materials, b) Fresh and c) Fresh-CO2-stored 
foaming mixtures as-prepared (Troom) and treated at 500 and 900 °C. 

A similar analysis was performed using FTIR, observing the functional groups present 
within the foaming mixture and foamed glass samples from different stages of heat-
treatment. 

In Figure 5.5, the peaks with maximum at approximately 1000 and 750 cm-1 correspond 
to the vibrations of the silicate network. Intensity of silicate network peaks remains fairly 
constant for both foaming mixtures (Figure 5.5a and b) at different stages of heat-
treatment and can serve as a reference peak for estimating the changes in the rest of the 
curve. The peaks at 2250-3800 cm-1 and at 1650 cm-1 indicate the presence of OH- groups 
and molecular water, respectively [90]. During the heating, the majority of H2O evaporates 
from the foaming mixtures below 500 °C (Figure 5.2a), resulting in a pronounced decrease 
of intensity for the H2O and OH- related signals (Figure 5.5a and b). However, the intensity 
of the 3600 cm-1 band stops decreasing at 700 °C, indicating that part of OH- is still bound 
within the material above 500 °C. 

The 1450 cm-1 peak accompanied by a less intense shoulder at 1400 cm-1 can be 
attributed to the presence of carbonates [109]. Narrow splitting of the 1450 cm-1 peak 
suggests CO3

2- group is undistorted from the ideal trigonal symmetry, characteristic for 
crystalline carbonates. Indication for the presence of crystalline carbonates confirms the 
XRD results (Figure 5.4 and Figure 5.5). In the case of Fresh-CO2-stored foaming mixture, 
some splitting of the carbonate peak can be observed, suggesting less crystalline nature or 
more varied interactions of CO3

2- group with the matrix material. With heating, the 
carbonates decompose and the intensity of the carbonate peak decreases. The largest 
decrease in the carbonate peak intensity happens 600-700 °C, agreeing with the 
temperature of the maximum CO2 gas detection from TG/MS (Figure 5.2e and f). 
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Figure 5.5: FTIR spectra of the a) Fresh and b) Fresh-CO2-stored (labels in °C). Black and 
dark blue bands (3600 and 2600 cm-1, respectively) denote Si(OH) stretching and bending, 
respectively. The dashed line at approximately 1450 cm-1 designates a signal for carbonates. 
Note that the signals are shifted for better clarity. 

Structural changes observed with XRD and FTIR support previous assumptions based on 
the sample behavior during the heating. Both analytic techniques show that after the 
mixing of WG and CRT panel glass powder, crystalline carbonates are formed. Formation 
of a new phase explains the evolution of CO2 at high temperatures. Prolonged exposure of 
the foaming mixture to the CO2 atmosphere prior to the heat-treatment (Fresh-CO2-stored 
foaming mixture) results in the formation of additional carbonates which hinder the 
expansion. Results suggest that high-temperature CO2 evolved from newly-formed 
carbonates acts as the main expansion gas. Such CO2-dominated expansion mechanism 
when foaming with water glass is a novelty, contradicting the commonly accepted 
knowledge [97], [99]1. 

 

1 Note that the H2O-dominated mechanism of expansion is a commonly accepted explanation, lacking 
a dedicated research, and is thus not the main topic of provided references. 
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5.1.3 Composition of the pore gas 
Formation of carbonates during the preparation of the foaming mixture and their latter 
decomposition during the heat-treatment results in the evolution of CO2 which acts as the 
main expansion gas. If the hypothesis for this newly proposed mechanism is correct, the 
atmosphere within the pores should consist mostly of CO2. 

Analysis of the pore gas composition using GC confirmed the detection of significant 
amounts of CO2. Additionally, foamed glass samples do not contain any traceable amounts 
of CO. Small amounts of O2 and N2 were detected. Since the foaming process is 
implemented in air atmosphere and the sample expansion is relatively low, air mixture 
(N2/O2) could remain trapped within the sintered body. Theoretically, based on average 
expansion of the samples, this would result in the pore gas containing maximum of 10-
15 % of air. However, it is expected that the majority of the air atmosphere within the 
sample is displaced during the heating due to the evolution of CO2 and H2O (Figure 5.2 
and Figure 5.3). Here, the most likely explanation for the presence of N2 and O2 is a 
contamination of the He-filled cell during the crushing of the samples. 

Additional analysis of the He-filled cell atmosphere was done after the sample crushing, 
allowing the detection of H2O (Figure 5.6). Here, a clear increase in CO2 signal intensity 
can be observed at the time of the sample injection, while the signal for H2O remains 
unchanged.  

 

Figure 5.6: Detected signals for H2O, CO2, NH3 and CH4 gases for the sample taken from 
the He-filled cell after breaking the foamed glass samples prepared from Fresh (a and b) 
and Dried (c and d) foaming mixtures. 

Analysis of the pore gas has shown an overwhelming presence of CO2 in comparison to 
other theoretically relevant gases. Formation of carbonate phase occurs during the mixing 
of CRT panel glass powder and WG. Heating of such foaming mixture results in evolution 
of CO2 at elevated temperatures and the analysis of atmosphere from the closed pores has 
shown that CO2 not only escapes from the material but is also the main gas which remains 
trapped. This indicates that CO2 is the main expansion gas and further confirms the 
proposed CO2-dominated expansion mechanism of foaming with WG. 
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5.1.4 Properties of foamed glass samples 

Previous results indicate that drying or storing of the foaming mixtures significantly affects 
their foaming behavior. Appearance of the foamed glass samples, shown in Figure 5.7, 
follows the previously observed trends. Foamed glass sample prepared from the Fresh 
foaming mixture can be characterized by the largest pores and size among all the samples. 
Consequently, Fresh also exhibits the largest E and lowest app (Table 5.3). Foamed glass 
sample prepared from the Fresh-CO2-stored foaming mixture, also agreeing with the HSM 
measurement (Figure 5.1), expands the least. Exposure of the foaming mixture to the pure 
CO2 atmosphere before the heat treatment results in the formation of crystalline phases 
which apparently hinder the sintering and expansion behavior resulting in a less porous 
foamed glass. Dried foaming mixtures, on the other hand, appear very similar indicating 
that Dried-CO2-stored was not largely affected by the storage atmosphere. Interestingly, 
storing of the foaming mixture in air atmosphere also significantly alters its expansion 
behavior and the appearance of foamed glass in comparison to the fresh sample (Figure 
5.7). The effect of storing, however, is more pronounced when the atmosphere is pure CO2. 
The reaction between the atmosphere and foaming mixture apparently proceeds relatively 
quickly since there is no significant difference between the samples stored for 1 day or 1 
week. 

 

Figure 5.7: Foamed glass samples prepared from differently treated foaming mixture (labels 
a, b, c and d designate Fresh, Dried, Fresh-CO2-stored and Dried-CO2-stored samples, 
respectively). 

Table 5.3: Expansion values (V, Eq. 4.5) and app of the foamed glass samples. 
Superscripted letters designate the samples from Figure 5.7. 

Label V 
(%) app (kg m-3) 

Fresha 622 257 
Driedb 337 326 

Fresh-CO2-storedc 120 687 
Dried-CO2-storedd 323 332 

 
Reaction between the atmosphere and the foaming mixture affects expansion behavior of 
the foaming mixture, resulting in less homogeneous pore structure of the foamed glass 
samples, which is an important characteristic of a thermal insulation material. Manually 
outlined pores of the samples from Figure 5.7 and distributions are presented in Figure 5.8. 
It is apparent that the pore size is different if a non-dried foaming mixture is exposed to 
CO2 atmosphere. Distribution of Feret diameters is similar for the Dried and Dried-CO2-
stored samples, confirming previously shown results that CO2 atmosphere does not affect 
a dried WG-containing foaming mixture. 
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A higher partial pressure of water aids the sintering process of glass powders by 
decreasing the materials’ characteristic temperatures [101]. A comparison between the 
Fresh and Dried samples suggests that this effect could also promote the coalescence of 
pores. The Fresh sample expands approximately twice as much as Dried which should in 
the case of pore expansion without the change in pore number and without coalescence 
theoretically lead to pores larger for a factor of √2

య . In reality, the average pore size in the 
Fresh sample is almost twice the size of an average pore in the Dried sample, suggesting 
significant pore-merging took place during the foaming. A higher degree of coalescence 
typically results in a decreased number of pores and larger pores with irregular shapes [58]. 
On the other hand, literature sources report that during the direct foaming of glass the 
porosity increases up to approximately 60 % mainly due to the formation of new pores [14]. 
Increase of porosity at higher values becomes increasingly more dependent on the pore 
growth. As mentioned before, during the foaming, the solid is non-uniformly distributed 
between the faces and the edges of the structure. With formation of new pores and their 
growth, the solid is drawn into cell edges, leaving the walls increasingly thinner, eventually 
resulting in their rupture and merging of the pores [41]. Since the Fresh sample exhibits 
significantly higher expansion (Table 5.3) in comparison to other samples, it is expected to 
result in larger pores. Note that the degree of coalescence during the pore growth is 
dependent on several other factors, especially surface tension [61]. 
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Figure 5.8: Pore size distributions and corresponding pore outlines for the analyzed foamed 
glass. 

5.1.5 Conclusions 
Foaming with the addition of WG requires special care over the atmosphere and, more 
importantly, the time of contact between the foaming mixture and surrounding 
atmosphere. Parameter of contact time is almost as important as foaming time and 
temperature. 

Heat treatment of CRT panel glass powder and WG mixture leads to expansion and 
formation of a porous material. Special care over the contact time between the atmosphere 
and foaming mixture is required because of the reaction between the WG and carbon 
dioxide, resulting in the formation of crystalline carbonate phase. Newly formed phase 
significantly affects the expansion behavior of the foaming mixture and the predominant 
presence of CO2 gas within the pores suggests decisive role of carbonates for the foam 
formation and expansion as shown in Figure 5.9. 

 

Figure 5.9: Simplified scheme on how the presence of WG on the surface of the glass 
particles and subsequent formation of carbonates (left) affects the foaming process (right). 
Heating of the foaming mixture initially results in evaporation of H2O (< 200 °C) which 
can promote glass powder sintering. CO2 starts to evolve above 200 °C, while not 
contributing to the expansion since the pores are still open up to approximately 600 °C. 
Above 600 °C, the most stable carbonates start to decompose and the gas becomes trapped 
within the closed pores, confirmed by the presence of sharp peaks above 800 °C. 

Prolonged exposure to air atmosphere or, more pronounced, to pure carbon dioxide results 
in the formation of more crystalline carbonates, significantly altering the expansion 
behavior and characteristics of the pore structure. Drying of the mixture prevents the 
reaction with the atmospheric carbon dioxide, which results in foams with more consistent 
properties. 

Results of this study contradict the generally accepted H2O-dominated-mechanism of 
foaming with WG. It became apparent that foaming occurs due to the decomposition of 
carbonates, formation of which is primarily influenced by the exposure of the foaming 
mixture to carbon dioxide. With this, a new mechanism, which can significantly affect the 



40 Chapter 5. Results and Discussion  

course of glass foaming with WG, is revealed. The influence of the atmosphere on the 
properties and composition of the foaming mixture is not a well explored parameter, 
however, it could allow additional control over the properties of foamed products in future 
research and/or further optimization of foaming processes which rely on the use of WG. 

5.2 Direct Foaming of Hydrothermally Treated Waste Glass 

5.2.1 Introduction 
Direct foaming of glass can be achieved with sole addition of water glass, as shown above 
(Use of Water Glass for the Foaming of Glass on page 25) and few other literature sources 
[96], [99]. Furthermore, it was shown that hydrothermally treated [72] or hydrothermally 
hot-pressed (HHP) [76], [110]–[112] glass powders can be used in a direct foaming process 
to achieve foamed glass. Similarly as in the case of WG, it is commonly accepted that the 
foaming of hydrothermally treated glass occurs due to the water evaporation [76], [113], 
[114]. It is likely that the mechanism of foaming with hydrothermally treated glass is similar 
as in the case of WG. However, the focus here is not to further prove the previously 
proposed foaming mechanism but to investigate the possibility of foaming waste glasses 
after the hydrothermal treatment, without the use of other foaming additives. 

Three waste glass compositions (FGF, MCF and CRT in Table 4.1) were treated as 
described under Hydrothermal treatment of glass powder on page 18 and will be from here 
on referred to as X_H10 or X_H30 depending on the theoretical content of water within 
the sample (10 or 30 wt.%, respectively), X being the label for the waste glass powder. 

5.2.2 Properties of the hydrothermally treated glass powders 
Hydrosilicates can be achieved by a few different routes (Water in Glass and Hydrated 
Glasses on page 8). Outcome of the processing can be incorporation of water in various 
configurations within the glass structure and/or formation of new (hydrous) crystalline 
phases. This affects the behavior of the glass powder during the heating and allows the 
synthesis of porous structure. 

5.2.2.1 Glass powder composition 

Hydrothermal treatment of the glass powders results in the formation of new crystalline 
phases (Figure 5.10a). It appears that crystalline phases formed in CRT_H30 are not the 
same as in the case of MCF_H30 and FGF_H30, which appear similar. Correspondingly, 
FGF and MCF waste glass powders exhibit a similar chemical composition, quite different 
to the one of CRT (Table 4.1). XRD signals of the FGF_H30 and MFC_H30 (Figure 
5.10a) best coincide with the patterns for silicate alkali carbonate hydrates and zeolite 
(mordenite9). Formation of mordenite or other zeolite phases during the hydrothermal 
treatment of glass is not unusual [72], [115], [116], however, it is unusual that zeolite 
formation happens under saturated vapor conditions without additional precursors since 
raw glass does not contain significant amounts of Al2O3 (Table 4.1). XRD signal of the 
CRT_H30 (Figure 5.10a) best coincides with Sr- and Ba-based (bi)carbonates and K- and 
Na-based silicates. Hydrothermal treatment to theoretical content of 10 wt.% of H2O, on 
the other hand, does not result in the formation of significant amounts of crystalline phase 
(Figure 5.10b). 
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Figure 5.10: X-ray diffraction data for the hydrothermally treated glass powders with 
theoretical content of (a) 30 wt. % H2O and (b) 10 wt. % H2O. 

After the heat treatment, the newly formed crystalline phases decompose or transform into 
amorphous material (Figure 5.10b). Newly formed crystalline phases from the X_H30 
samples readily transform with temperature, since the majority of the crystalline peaks 
disappear from the sample with heat treatment at 800 °C (Figure 5.11a). Natural 
mordenite decomposes to anorthite, SiO2, and eventually transforms to an amorphous 
phase above 1000 °C [117], however, in the specific case, the decomposition/transformation 
reactions are very likely altered due to the overwhelming presence of glass phase. 

Content of crystalline phases after the heat treatment at 800 °C (Figure 5.11a) is 
negligible in contrast to few other literature sources, where waste glass of similar 
composition was treated in a similar manner [112], [118]. Note that in the case of this 
research, the tfoam, or the heat-treatment time, is fairly short and could be the reason for 
the lack of crystallization. On the other hand, heating to 900 °C leads to the formation of 
crystalline phases in FGF and MCF compositions (Figure 5.11b). CRT glass remains 
amorphous at 900 °C suggesting a better resistance to devitrification, i.e. glass stability, in 
comparison to FGF and MCF. 

 

Figure 5.11: X-ray diffraction data for the hydrothermally treated glass powders with 
theoretical content of 30 wt. % H2O after the heat treatment at (a) 800 °C and (b) 900 °C. 
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Hydrothermal treatment of the glass powders results in the formation of hydrous crystalline 
phases, and their presence was further confirmed with FTIR analysis (Figure 5.12). 
Characteristic peaks for molecular water (1640 cm-1) and OH- groups (wider bands at 3600 
and 2600 cm-1) can be observed in Figure 5.12a. This further proves that during the 
hydrothermal treatment, the water became incorporated within the structure, interacting 
with the glass network. Additionally, the peaks at approximately 1450 cm-1 indicate the 
presence of CO3

2- groups (Figure 5.12a). All the mentioned signals disappear after the heat 
treatment at 800 °C (Figure 5.12b). 

 

Figure 5.12: FTIR signals for the hydrothermally treated (theoretically 30 wt.% H2O) glass 
powders (a) before and (b) after the heat treatment at 800 °C. Blue and dark blue bands 
(3600 and 2600 cm-1, respectively) denote Si(OH) stretching and bending, respectively. The 
dashed lines at approximately 1640 and 1450 cm-1 designate signal for water and 
carbonates, respectively. Note that the lines are shifted for better clarity. 

Water becomes incorporated within the glass material after the hydrothermal treatment in 
at least two different configurations (molecular and silanol groups). Additionally, 
CO3

2- groups were detected, similarly as in the case of glass mixed with WG. 

5.2.2.2 Expansion behavior of the hydrated glass powders 

Hydrothermal treatment significantly affects the expansion behavior of CRT, MCF and 
FGF glass powders. Initially, the glass powders behave as expected, mainly exhibiting 
shrinkage during the heat treatment, which changes dramatically after the heat treatment 
(Figure 5.13). Characteristic temperatures from Figure 5.13 are shown in Table 5.4. 

Among the raw glass powders, CRT exhibits the lowest onset temperature of sintering 
(Tsint) which is likely the reason why also CRT_H10 and CRT_H30 exhibit lower foaming 
temperatures (Tfoam) in comparison to corresponding MCF and FGF samples (Figure 5.13a 
versus b and c, respectively). Additionally, CRT_H10 and CRT_H30 achieve higher 
maximum expansion values when compared to corresponding MCF and FGF samples. 
Expansion stage of MCF_H10 and FGF_H10 start at a similar temperature whereas the 
expansion of FGF_H10 is smaller in comparison to MCF_H10. Higher content of water 
has an apparent effect on the behavior of all glass powders during the heat treatment since 
the samples which theoretically contain 30 wt.% of H2O generally exhibit smaller shrinkage 
and larger expansion (Figure 5.13 and Table 5.4). 

The degree to which the hydrothermal treatment affects the behavior of glass powders 
during heating differs between the powders. Increase of expansion is most pronounced for 
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the CRT glass powder, while it is comparable for the MCF and FGF. Here, the lack of 
crystallization in CRT glass (Figure 5.10 and Figure 5.11) could be one of the main reasons 
for the difference in maximum achievable expansion. Decrease of characteristic 
temperatures with higher content of water is in accordance with the effect of structurally 
bound water and increased partial pressure of water on the viscosity and sintering behavior 
of glass powders [30], [87], [101]. 

 

Figure 5.13: Sintering and expansion behavior of raw and hydrothermally treated (a) CRT, 
(b) MCF and (c) FGF glass powders. 

Table 5.4: Tsint, Tfoam, Tcollapse and maximum area achieved (Amax) during the heating of the 
glass powders. 

  Tsint [°C] Tfoam 
[°C] 

Tcollapse [°C] Amax  

CRT 
Raw 600 / / 100 
H10 616 675 836 235 
H30 / 595 795 355 

MCF 
Raw 639 / / 100 
H10 646 705 905 140 
H30 / 655 935 168 

FGF 
Raw 642 / / 100 
H10 662 725 905 190 
H30 / 660 955 215 

 

5.2.2.3 Gas evolution from the hydrothermally treated glass powders 

All hydrothermally treated glass powders exhibit a pronounced mass loss due to the 
evaporation of water while the evolution of CO2 can be observed at higher temperatures. 

During the first stage of the heat-treatment (below the Tsint), the mass loss curve of all 
the samples is accompanied by a strong signal for H2O (Figure 5.14 and Figure 5.15). 
CRT_H10, FGF_H10 and MCF_H10 samples (theoretically containing 10 wt.% of H2O) 
exhibit mass losses of 9.3, 7.9 and 6.6 wt.%, respectively (Figure 5.14). Discrepancy 
between the actual and theoretical water content is related to H2O evaporation from the 
material prior to the analysis and is even more apparent for the X_H30 samples where 
CRT_H30, FGF_H30 and MCF_H30 exhibit mass losses of 16.1, 16.5 and 15.9 wt.%, 
respectively (Figure 5.15). H2O signal can be observed up to relatively high temperatures 
for all the glass samples (≈600 °C), resembling the TG/MS curves of the glass-water glass 
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mixtures (Thermal analysis and evolution of gases on page 28). MCF_H30 and FGF_H30 
exhibit less-continuous water loss in comparison to other samples which could be related 
to the formation of a new water-containing crystalline phase (Figure 5.10). 

During the second stage of the heat-treatment (in the proximity of Tsint and below the 
Tfoam), the signal for H2O starts to decrease and the signal for CO2 starts to appear for some 
of the samples. The rate of mass loss is lower in comparison to the first stage of the heat-
treatment and slightly increases synchronously with the CO2 signal. Detection of CO2 at 
relatively high temperatures (≈600 °C) suggests the presence of carbonates, agreeing with 
the FTIR results (Figure 5.12). According to the appearance of the CO2 signal and 
increased mass loss rate, decomposition of the carbonates for the CRT_H10 and CRT_H30 
starts at approximately 550 °C, while for the others, the decomposition starts at higher 
temperature (Figure 5.14 and Figure 5.15). Higher temperature of carbonate decomposition 
for the MCF and FGF samples can be related to specifics of formed carbonate phases, 
chemical composition of glass phase [119] and/or to their sintering behavior (contact with 
the surrounding material). 

In the last stage of the heat-treatment (above Tfoam), no H2O is released from the 
collapsing foam, while sharp CO2 signals can be detected. A similar outcome as during the 
heat-treatment of the WG-containing mixtures (Figure 5.2). 

 

Figure 5.14: Mass loss (a, b and c), H2O (d, e and f) and CO2 (g, h and i) gas signals for 
the CRT_H10 (a, d and g), MCF_H10 (b, e and h) and FGF_H10 (c, f and i) powders 
during the heat treatment. 
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Figure 5.15: Mass loss (a, b and c), H2O (d, e and f) and CO2 (g, h and i) gas signals for 
the CRT_H30 (a, d and g), MCF_H30 (b, e and h) and FGF_H30 (c, f and i) powders 
during the heat treatment. 

A further look into the evolution of CO2 can improve the understanding of the expansion 
behavior of the hydrothermally treated glass powders (Figure 5.16). CRT_H10 exhibits 
two wide peaks for CO2 gas signal in 500 – 800 °C range, while for the CRT_H30, only the 
lower-temperature peak can be observed. This can be attributed to the effect of higher H2O 
content on the shift of the sintering stage to lower temperatures, suggesting that the CO2, 
which evolves at higher temperature, becomes trapped within the sintered material. The 
same reasoning, regarding the shift of the sintering stage to the lower temperatures, can 
be applied to explain the absence of CO2 peaks in the 500–800 °C range for the FGF_H30 
and MCF_H30 compositions. While the CO2 peaks are present in the shaded area for 
FGF_H10 and MCF_H10, they disappear for FGF_H30 and MFC_H30 (Figure 5.16). 

Collapse of the foams begins above the marked shaded area in Figure 5.16 and is further 
confirmed by the sharp CO2 peaks. Note that the sharp CO2 peaks do not appear for the 
FGF_H30 sample which could be due to its good stability at high temperatures, meaning 
that a higher temperature (not appropriate for used device) would be needed for the 
collapse of the foam and appearance of the peaks. 
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Figure 5.16: Magnified data for the CO2 gas signal (Figure 5.14 and Figure 5.15). Shaded 
area labels the temperatures between Tsint and Tcollapse from Table 5.4. 

5.2.3 Expansion of hydrothermally treated glass 
HSM analysis has shown that hydrosilicates obtained after the hydrothermal treatment of 
FGF, MCF and CRT glass can be expanded at elevated temperatures. Here, a maximum 
obtainable expansion for a 1 g sample prepared from hydrothermally treated glass is 
evaluated. Heating of 1 g samples follows similar trends as observed in Figure 5.13. Each 
hydrosilicate powder was heated to a specific temperature, its app was measured, results 
were recalculated to V, and are presented in Figure 5.17. Samples prepared from the 
hydrothermally treated FGF and MCF powders expand for a similar amount while the one 
prepared from CRT expands more. Expansion value for FGF and MCF samples is still 
increasing at 900 °C whereas the CRT samples already start to collapse. 

 

Figure 5.17: V of 1g samples prepared from hydrothermally treated glass powders as a 
function of Tfoam. 

Cross-sections of the samples are shown in Figure 5.18. The color of the glass powders 
remains the same after the hydrothermal treatment and does not change during the 
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foaming as well. The size of the samples does not change significantly with different total 
H2O content, while the pore structure is apparently affected. Foaming mixtures with higher 
water content appear to have larger pores as well as wider pore size distribution. 

 

Figure 5.18: Images of the cross-sections of the foamed glass samples prepared from 
hydrothermally treated waste glass, foamed at the temperature of maximum expansion 
(900 °C for FGF and MCF, and 800 °C for CRT glass). 

5.2.4 Conclusions 
Hydrothermal treatment with saturated vapor transforms waste glass powders into 
hydrosilicates, which exhibit significantly different sintering and expansion properties in 
comparison to raw powders. Similarly, as in the case of WG, carbonates are detected in 
the structure as well as CO2 is observed during the heating of the powders. Powders with 
higher content of H2O exhibit significantly lower Tfoam which indicates larger amounts of 
trapped gas within the material. Interestingly, larger amount of trapped gas did not result 
in larger expansion of foam samples. Maximum obtainable expansion occurred in the case 
of CRT glass powder.  

5.3 Implementation of Carbonaceous Foaming Agent in Air 
Atmosphere 

5.3.1 Introduction 
Foamed glass exhibits potential for improvement in several aspects. Even though foamed 
glass possesses useful properties besides the low thermal conductivity, its usage is less 
common, mostly due to high production costs and consequentially higher price. High 
production costs are usually related to the need for adjusting the chemical composition of 
glass by re-melting, use of special foaming atmosphere and high processing temperatures 
[120]. Use of cheaper waste materials to produce more sustainable foamed glass in a direct 
foaming process is possible, however, the performance of such products is currently much 
lower [121] (Figure 5.19). Use of re-melting step [55] and special foaming atmosphere can 
apparently be avoided in the direct foaming process while the high foaming temperatures 
can only be decreased to some extent. Preparation of high-quality foamed glass using a 
process with a lower energy-demand would therefore decrease the production costs, improve 
the products’ market competitiveness [122], and provide environmental benefits in terms 
of decreased energy consumption, CO2 emissions, and embodied energy. 
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Direct foaming with a carbon and oxidizing agent couple in an oxygen-free atmosphere 
results in a low-density foamed glass with small and closed pores [50], [55]. Such 
characteristics lead to good insulative and mechanical properties. The use of oxygen-free 
atmosphere, which is industrially typically achieved by sub stoichiometric fuel combustion, 
greatly decreases the energy-efficiency of the process and increases the requirements for the 
furnace durability. To improve the sustainability and lower the costs of the foamed glass 
production, it is sensible for the process to be carried out under less demanding conditions, 
i.e. in air atmosphere. Furthermore, processing in air atmosphere allows the use of electric 
furnace which leads to additional environmental benefits, considering that the electric 
energy, in contrast to natural gas, can be obtained from a renewable source. 

Glass foaming with carbon-based additives in air atmosphere, however, is challenging 
due to the reaction between the carbon and oxygen from air. Few investigations have 
shown that foaming with carbon can be implemented in air with the addition of WG [97], 
[123]. Use of WG increases the resource use of such a product, however, a recent LCA 
analysis has shown that a material with properties similar to the ones reported in [55] 
prepared in electric furnace (air atmosphere) would outperform not only commercial 
foamed glasses but also other conventional insulation materials with respect to 
environmental impacts per kg and thermal resistivity [124]. 

 

Figure 5.19: Thermal conductivity versus apparent density of the commercial products 
prepared with [120] and without re-melting [121], and laboratory samples prepared in an 
oxygen-free atmosphere [55]. 

Removing the need of oxygen-free atmosphere could result in a significant improvement of 
the process sustainability. Careful investigation of the peculiarities of the foaming with 
water glass or with the use of hydrous silicates suggests that they can be used to implement 
carbon-based direct foaming processes in the air atmosphere. Here, hydrous silicates are 
utilized to achieve this and obtain foamed glass with higher porosity and improved thermal 
insulation properties. 
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5.3.2 Direct foaming in the air atmosphere with the use of 
hydrothermally treated glass  

Hydrothermally treated glass powders of FGF, MCF and CRT can be foamed in air 
atmosphere. However, the highest obtainable porosity of such foams is limited. Higher total 
content of H2O within the powder did not result in lower density foam. Hydrated powders, 
prepared with saturated vapor hydration thus do not allow synthesis of foams with porosity 
higher than 90 vol.%. Hydrothermally treated CRT glass exhibits the most promising 
expansion among the tested glass compositions and was used in further experiments for 
that reason. Here, the applicability of hydrothermally treated glass for direct foaming in 
air atmosphere with the use of carbonaceous foaming agent was tested. 

Hydrothermally treated CRT (theoretically containing 30 wt.% H2O) was dried at 
100 °C and milled according to the procedure described under Raw materials and milling 
on page 17. Foaming mixtures labelled CRT_H30_0 and CRT_H30_Mn+C correspond 
to the compositions described in Table 4.2. During the heating, both foaming mixtures 
start to expand at approximately 650 °C and reach the maximum at approximately 800 °C 
(Figure 5.20, left). It is expected that these temperatures as well as area values differ from 
the ones observed on unaltered hydrothermally treated powders (Figure 5.13). Foaming 
mixture with added foaming agent achieves a slightly higher maximum area (Figure 5.20, 
left), indicating a positive effect of the additive on the expansion. 

Larger samples were prepared from the CRT_H30_0 and CRT_H30_Mn+C foaming 
mixtures at the temperature of maximum achieved area (800 °C). Again, the use of foaming 
additive had an observable effect on the expansion of the foams (tot of 85 and 91 vol.% for 
CRT_H30_0 and CRT_H30_Mn+C, respectively) and their structure (Figure 5.20, 
right). 

 

Figure 5.20: Left: sintering and expansion behavior of the hydrothermally treated glass 
powder with and without the carbonaceous foaming agent. Right: appearance of the 
corresponding foams after foaming at 800 °C. 

Use of carbonaceous foaming agents for glass foaming in air atmosphere is challenging due 
to the premature reaction between the carbon and oxygen from air. During the heating, 
hydrothermally treated glass expands in air atmosphere by itself. However, with the use of 
carbonaceous foaming agent, the expansion is more pronounced and a foam with higher 
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porosity can be achieved. The result suggests that the premature burning of carbon is 
inhibited with the use of hydrothermally treated glass. This shows the potential for the use 
of hydrosilicates for the implementation of the direct foaming process with carbonaceous 
foaming agents in air atmosphere. 

5.3.3 Direct foaming in the air atmosphere with the use of water glass 
Effectivity of WG on the expansion in air atmosphere was evaluated by foaming four 
different foaming mixtures (Table 4.2) with a varied content of WG. If not dried, the 
properties of WG-containing foaming mixtures change with time (shown and discussed 
under Use of Water Glass for the Foaming of Glass on page 25). Consequently, from here 
on, the heat-treatment of the foaming mixtures was performed immediately after their 
preparation if not stated otherwise. Foaming was performed under standard conditions 
described under Foaming on page 19. 

5.3.3.1 Gas evolution during the heating 

The addition of WG affects the physical properties of the foaming mixture as well as the 
chemical reactions, which are the driving force for the expansion. It is therefore sensible to 
inspect the effects of WG addition on weight loss, evolved gases, crystallization and 
sintering/expansion behavior. Heating of the Mn+C foaming mixture (Table 4.2) in 
synthetic air atmosphere results in a small mass loss below 350 °C, accompanied by weak 
signals for H2O and CO2 gases (0 wt.% WG in Figure 5.21a). This result is in accordance 
with [125] where it is stated that CO2 and H2O are desorbing from the CRT glass particles 
during the heating. Initial mass loss and H2O signal intensity increase significantly if the 
composition contains WG (curves for 12 and 24 wt.% in Figure 5.21a). 

Second mass loss between 350 and 550 °C is detected simultaneously with a broad CO2 
signal and can be attributed to the undesired reaction of carbon with oxygen from the 
surrounding atmosphere (Figure 5.21a). It can be detected for all three foaming mixtures; 
however, the mass loss decreases gradually with increasing content of WG (0.68, 0.56 and 
0.40 wt.% for the mixture with 0, 12 and 24 wt.% of WG, respectively). Addition of WG 
thus results in a smaller loss of carbon. 

Further heating reveals an additional small mass loss between 600 and 840 °C, which 
can be seen only for the foaming mixtures that contain WG. The mass loss increases with 
an increasing content of WG (0.04, 0.12 and 0.31 wt.% for the foaming mixtures with 
added 0, 12 and 24 wt.% of WG, respectively) and is related to additional formation of 
CO2. Newly formed CO2 is confirmed by the presence of additional CO2 signals above 
600 °C. The shape of CO2 signals is typical for a sudden release of gas, which occurs due 
to the opening of the pores when pore walls fracture. As already shown (5.1), carbonates 
formed during the preparation of the foaming mixture contribute to the evolution of CO2 
when foaming with water glass. Mass loss between 600 and 840 °C and CO2 signals above 
600 °C could therefore be related either to carbonate decomposition, reaction between 
carbon and Mn3O4, or both. 

The high-temperature mass loss (> 840 °C), most noticeable for the foaming mixture 
with 0 wt.% of WG, can be attributed to the reduction of Mn3O4 to MnO, which results in 
the release of O2. In the present investigation, O2 signal could not be detected due to the 
background of a synthetic air atmosphere. A decreasing trend in the amount of mass loss 
above 840 °C can be observed, with increasing content of WG. This could mean that the 
addition of WG protects part of the carbon which later reacts with Mn3O4, resulting in a 
mass loss between 600 and 840 °C, and decreased mass loss above 840 °C. 

The TG/MS results of the other three foaming mixtures (Figure 5.21b) with added 
12 wt.% of WG also show an initial mass loss (< 350 °C) accompanied by the H2O signal. 
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Mass loss between 350 and 550 °C and at high temperature (> 840 °C) remains the point 
of interest in this case as well. Foaming mixtures 0 and Mn, i.e. ones which do not contain 
carbon, do not exhibit significant mass loss between 350 and 550 °C which further confirms 
the mass loss and accompanying CO2 signal are related to the undesired burning of carbon. 
Furthermore, carbon-free foaming mixtures exhibit significantly less intense high 
temperature CO2 signals (Figure 5.21b). Foaming mixtures which contain Mn3O4, i.e. Mn 
and Mn+C, exhibit a mass loss above 840 °C attributed to the reduction of Mn3O4. 

Here, three effects were observed which indicate that the presence of WG hinders the 
premature oxidation of carbon, namely: 

 decreased mass loss at 350-550 °C related to CO2 release,  
 increased mass loss at 600-840 °C related to the reaction between carbon and 

Mn3O4, and 
 sharp CO2 signals above 840 °C. 

This shows that the heat treatment of the mixture with added WG in the air 
atmosphere leads to similar reactions as in an inert atmosphere. Such result is desirable 
and beneficial for the foaming process since carbon is a crucial component required for the 
expansion and formation of low-density foamed glass. 
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Figure 5.21: Mass loss (top), CO2 (middle) and H2O (bottom) signals of (a) Mn+C foaming 
mixture with varied content of added WG and (b) foaming mixtures with varied additives 
and constant content of WG (12 wt.%). 

Burning of the carbon from the Mn+C foaming mixture occurs most intensively between 
350 °C and 600°C, also indicated by intense CO2 signal. Addition of WG to the foaming 
mixture decreases the mass loss in this temperature range, suggesting that the burning of 
carbon is partially inhibited. Foaming mixtures with a different content of added WG were 
compared for their mass loss between 350 and 600 °C (Figure 5.23). Note that the addition 
of WG to the composition decreases initial relative content of carbon within the foaming 
mixture. This is why additional dotted lines are plotted in Figure 5.23, showing a 
re-calculated mass loss for the 0 wt.% sample where it initially contains less carbon (initial 
carbon content of 12 and 24 wt.% WG samples). 

The re-calculated dotted lines still show a larger mass loss, indicating that the decreased 
mass loss of original curves is not related solely to the smaller initial carbon content but 
can also be attributed to hindered burning of carbon. More precise conclusions cannot be 
made since the mass loss in this temperature range overlaps with the mass loss of pure 
CRT panel glass [125]. Despite this, a decrease of the mass loss between 350 and 550 °C is 
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the first indication that the addition of WG partially inhibits the reaction between the 
carbon and atmospheric oxygen. 

 

Figure 5.22: Full lines present the mass loss of the Mn+C foaming mixture normalized on 
the sample mass at the onset of CO2 evolution (375 °C). Dotted lines are re-calculated 
values for the 0 wt.% curve with a proportionally smaller initial carbon content based on 
foaming mixtures with 12 and 24 wt.% WG. 

5.3.3.2 Sintering and expansion behavior 

The sintering behavior of the Mn+C foaming mixture with different additions of WG is 
presented in Figure 5.23. No change in silhouette area can be observed below 500 °C. Above 
500 °C, a decrease in silhouette area indicates the start of the sintering stage. With a 
further increase of the temperature, the silhouette area decreases until it reaches a 
minimum, marked as the sintering temperature (Tsint). Minimum achieved area (A) and 
the Tsint increase and decrease with an increasing content of WG, respectively. Without the 
addition of WG, Tsint,1 and A1 appear at approximately 725 °C and 84 %, respectively. 
Adding 12 or 24 wt.% of WG decreases Tsint for approximately 115 (Tsint,2 ≈ 610 °C) or 
175 °C (Tsint,3 ≈ 550 °C), respectively. A simultaneously increases for 10 (A2 ≈ 90 %) and 
15 % (A3 ≈ 95 %). Such effect of WG addition on the sintering behavior can be explained 
by the presence of water bound in the structure of WG. The presence of water in the glass 
structure and increased partial pressure of water both decrease the viscosity of glass, and, 
consequently, facilitate the sintering process [87], [101]. 
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Figure 5.23: Sintering behavior of the Mn+C foaming mixture containing 0, 12 and 24 wt.% 
of WG. 

Expansion behavior of the foaming mixtures containing different combinations of foaming 
agents is presented in Figure 5.24. The heat-treatment in Figure 5.24 was performed only 
up to the temperature of foam collapse (800 °C) to examine the shrinkage behavior after 
the heat-treatment. Temperature of foam collapse was determined from the expansion 
behavior of the CRT foaming mixtures in Figure 5.1. 

Silhouette area of the Mn+C foaming mixture starts increasing rapidly when the 
temperature passes Tsint,2 (≈610 °C), determined from Figure 5.23. Silhouette area of the 
Mn+C foaming mixture reaches the maximum value of approximately 550 % at 790 °C 
and final value of 480 %. If the shape of the sample does not deviate significantly during 
the expansion, the final silhouette area of 480 % would theoretically result in volumetric 
expansion of 1000 % or a ten-fold increase of the initial volume. 

The other three foaming mixtures (Mn, C and 0) start expanding at a slightly higher 
temperature (≈650 °C) with a very similar rate. Their maximum and final silhouette areas 
are significantly lower in comparison to Mn+C foaming mixture. Additionally, maximum 
and final silhouette area of the Mn, C and 0 foaming mixtures are in the range between 
230-300 %. Comparable values for the three different foaming mixtures suggest a common 
source contributing to the expansion of the material, i.e. water glass. 

Results show a similar expansion behavior of the Mn, C and 0 foaming mixtures and 
suggest an additional gas-releasing reaction contributing to the expansion of the Mn+C 
foaming mixture. This contribution is the key for achieving a product with a low density, 
which is one of the most important parameters among the requirements for good thermal 
insulation properties of foamed glass [58], [126]. Additionally, these results already suggest 
that the use of WG can allow the implementation of direct foaming with a carbonaceous 
foaming agent in air atmosphere. 
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Figure 5.24: Expansion behavior of the Mn+C, Mn, C and 0 foaming mixtures with added 
12 wt.% of WG. 

TG/MS and HSM analysis revealed that the addition of WG protects the carbon and 
enables considerable expansion of the foamed glass in the air atmosphere. At least two 
mechanisms could explain how WG protects the carbon during the direct foaming in air 
atmosphere. The first mechanism is related to increased local presence of H2O vapors, 
which gradually evaporates during the heat-treatment and can be detected even above 
400 °C. H2O release during the heating dilutes and displaces the air which is initially 
present between the glass particles. A less oxidative atmosphere is created within the 
sample and carbon burning is inhibited. The second mechanism relates to the sintering 
behavior of the mixture. Tsint decreases with the content of added WG, consequently 
shifting the pore closing process to lower temperatures preventing the escape of formed 
gases at lower temperature and preventing the contact between carbon and outer 
atmosphere. 

5.3.3.3 Foaming and properties of small samples 

To further determine how the addition of WG affects the process of direct foaming in air 
atmosphere, 0, Mn, C and Mn+C foaming mixtures with varied content of WG were 
prepared (0-24 wt.%). Temperature for the preparation of the mixtures was constant 
(800 °C), determined as optimal foaming temperature for the Mn+C foaming mixture with 
12 wt.% of added WG. 

Foamed glass samples were tested for their crystallinity with XRD even though CRT 
panel glass normally exhibits high glass stability and therefore does not crystallize easily 
[24]. Additives affect the crystallization during the heating which can lead to undesired 
lesser expansion and open pore structure [127]. All the foamed glass samples exhibit a 
broad peak over a wide range of 2indicating a lack of long-range order, characteristic for 
glass (Figure 5.25). Diffraction peaks have low intensity and resemble the results from the 
foamed glass samples prepared without the addition of WG [55], [125]. 

The addition of WG can affect the crystalline content of the foaming mixture, as already 
established in Structural changes on page 33, especially after prolonged contact with CO2 
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atmosphere. Effect of WG content on the change in the sample crystallinity can also be 
seen in Figure 5.25a, even though the samples were foamed immediately after the 
preparation of the foaming mixture.  
 

 

Figure 5.25: Left: XRD patterns of the CRT panel glass and foamed glass samples prepared 
from the Mn+C foaming mixture with different contents of added WG. Right: XRD 
patterns of the foamed glass samples prepared from different foaming mixtures with added 
12 wt.% of WG. 

Apparent density (app) and open porosity (op) of the foamed glass samples are shown in 
Table 5.5. Direct foaming without the addition of WG, expectedly, results in non-expanded 
sample with high density. Carbon burns out of the sample before the sintering and gas 
evolution at higher temperatures is no longer possible. The content of open porosity 
increases and app decreases with increasing content of WG for all the foaming mixtures. 
Mn+C foaming mixture results in the foamed glass samples with the lowest density while 
the other three foaming mixtures result in foamed glass samples with a similar density. 
Result shows that sole addition of carbon or Mn3O4 does not contribute significantly to the 
decrease of app. Use of both additives leads to significantly lower app. This indicates that 
the reaction between carbon and Mn3O4 occurs during the foaming, which further implies 
that carbon is present within the sintered sample due to the protective role of added WG. 
The results are in accordance with TG/MS analysis which suggested that more carbon was 
protected with higher content of WG. 

Table 5.5: app and op of the small foamed glass samples prepared from different foaming 
mixtures with a varied content of WG. 

  Foaming mixture 0 C Mn Mn+C 

C
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%
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0 
app [kg m-3 2124 2114 1552 1682 
op [%] 0 0 0 0 

4 
app [kg m-3 1058 1006 922 647 
op [%] 4 0 0 3 

8 
app [kg m-3 743 631 655 346 
op [%] 3 1 0 10 

12 app [kg m-3 640 456 546 203 
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op [%] 3 3 0 28 

16 
app [kg m-3 542 401 439 173 
op [%] 6 4 1 14 

20 
app [kg m-3 383 325 351 165 
op [%] 2 2 17 7 

24 app [kg m-3 272 283 274 166 
op [%] 79 3 75 14 

 
Sample properties shown in Table 5.5 were recalculated according to Equation 4.5 and are 
presented in Figure 5.26. Expansion data allow better comparison and visualization of the 
similarities and differences between the expansion of the foaming mixtures. The expansion 
of the samples prepared from the foaming mixture 0 can be assumed as the baseline value 
for all the foaming mixtures, directly related to the presence of WG. Direct contribution 
of WG to the foaming is discussed in the Use of Water Glass for the Foaming of Glass on 
page 25, showing that the majority of the expansion can be attributed to the decomposition 
of carbonates and subsequent evolution of CO2. However, few sources assume that 
evaporation of strongly bound water at elevated temperatures can contribute to the 
expansion [99], which is why H2O evaporation is still labelled as a (less) possible reaction 
in Figure 5.26. Values above this baseline should be related to the formation of additional 
gases during the reactions between other foaming additives. The samples prepared from 
the Mn or C foaming mixtures achieve values slightly above the WG-baseline due to the 
decomposition of Mn3O4 or water-gas shift reaction, respectively. However, all the described 
reactions apparently result in a minimal evolution of gas since they only slightly contribute 
to the expansion of the Mn and C foaming mixtures. Furthermore, expansion values of Mn 
and C are similar to foaming mixture 0. Such result suggests a single main source of 
expansion in 0, Mn and C foaming mixtures. A much larger expansion or additional 
expansion occurs in the Mn+C foaming mixture. Most probable reason for this is additional 
gas evolution from the reaction between carbon and Mn3O4. Such comparison between the 
expansion values of foamed glass samples further suggests that the addition of WG indeed 
protects the carbon from the premature reaction with the oxygen from the air atmosphere. 
This enables the reaction between the carbon and Mn3O4 to occur and results in more 
expanded foams. 
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Figure 5.26: Volumetric expansion of the foamed glass samples (Equation 4.4) prepared 
from different foaming mixtures. On the right side: horizontal arrows represent relative 
contribution of corresponding reactions to the expansion of the foaming mixtures with 12 
wt.% of WG (reactions from [51]). 

Effect of WG addition on the protection of carbon can be observed not only from the size 
but also from the color of the small foamed glass samples. Images of their cross-sections 
are shown in Figure 5.27. The size of the foamed glass samples increases along with the 
content of added WG, which is in accordance with the results shown above. 

Foamed glass samples prepared from the foaming mixture 0 are white while the ones 
prepared from C change the color from white to black with increasing content of WG. Such 
change of color suggests that carbon remains within the sample during the heat-treatment 
and is an additional indication of the protective role of WG. The carbon in the sample 
prepared from the foaming mixture C can remain unreacted on the pore walls or 
participates in the gas-releasing redox reactions with multivalent ions [128] in the glass or 
H2O [129] released from WG. Carbon not reacting or reacting with the ions from the glass 
contributes to the darker color of the sample [130]. A similar observation of color-change 
with the addition of WG was reported in a study of foaming with WG and glycerol [97]. 

Foamed glass samples prepared from the Mn foaming mixture exhibit a violet to pink 
color transition with increasing content of WG. The color of these samples indicates the 
incorporation of Mn2+/Mn3+ ions into the glass structure [128, Ch. 9]. 

Foamed glass samples prepared from the Mn+C foaming mixture change their color 
from dark violet to grey with increasing addition of WG. Color at low WG content is 
related to the same effect as in the case of the samples prepared from the Mn foaming 
mixture. Higher WG contents, however, result in more residual carbon within the sample 
as observed from the samples prepared from the C foaming mixture. This allows the 
reaction between carbon and Mn3O4 to occur, resulting in the reduction of the manganese 
species, and affects the color of the foamed glass samples [128, Ch. 9]. The reduction of the 
Mn3O4 is in accordance with the XRD results (Figure 5.25). 
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Figure 5.27: Images of cut foamed glass samples prepared from different foaming mixtures 
(top) containing different amounts of added WG (left). Note that the three samples with 
the highest density are not cut. 

5.3.3.4 Foaming and properties of large samples 

Larger samples were prepared from the Mn+C_12 and Mn+C_24 foaming mixtures 
according to the procedure described under Foaming on page 19. Tfoam was varied to obtain 
the samples of different density. Expectedly, lower Tfoam is required for the Mn+C_24 
foaming mixture to achieve a foamed glass sample of similar app as with Mn+C_12. Larger 
samples are held at the Tfoam longer in comparison to smaller samples which can result in 
an excessive coalescence of pores. Excessive growth of larger pores on the account of smaller 
ones is apparent from the comparison shown in Figure 5.28. Non-homogeneous distribution 
of solid and gas phase is apparent in the larger sample (Figure 5.28, top right side) where 
several larger pores surrounded by smaller ones can be observed. 

Pore size distribution becomes wider and shifts to higher values for the larger sample 
which can be generally observed in porous materials where coalescence occurred [13], [14]. 
Apart from the coalescence, excessively nonhomogeneous pore growth can also occur due 
to the changed surface-to-volume ratio of the larger sample. As mentioned in 5.3.3.2, 
displacement of air by evaporated water and local creation of less oxidative atmosphere 
within the sample can protect the carbon from the premature oxidation. It is likely that 
water partial pressure within the sample increases with increasing distance from the sample 
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surface. This would result in more leftover carbon as well as in a more pronounced effect 
discussed in [101], i.e. lower glass viscosity. Consequently, more carbon remains available 
for the CO2-producing reaction with Mn3O4 which promotes the pore growth even further. 

Significant increase of the volume-dominant pore size from approximately 2 to above 
4 mm can be problematic due to the activation of the convective heat transfer [52] which 
can significantly contribute to higher eff [4]. Additionally, excessive growth can lead to a 
more open porous structure and exchange of inner atmosphere with the surrounding air, 
again increasing the eff. Evaluated op of the large sample (Figure 5.28, top right) is above 
90 %. Effects of increased foaming time and sample size can therefore negatively influence 
the structure and properties of the material, requiring further optimization of the processing 
parameters. 

 

Figure 5.28: Image of the outlined pores from the small and large sample (top left and 
right, respectively) and pore size distribution. 

To avoid excessive coalescence and preserve a similar pore structure during the preparation 
of the larger samples, foaming mixtures were either heat-treated at lower Tfoam or dried 
before the heat treatment. Drying of the foaming mixture before the foaming of the large 
sample reduces the total content of water by freeing less strongly bound water, mitigating 
the pronounced effect of the sample size and resulting coalescence [33]. 

Lowering of the Tfoam to 770 °C or drying of the foaming mixture beforehand results in 
a significantly different pore structure and size (Figure 5.29) in comparison to the large 
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sample in Figure 5.28. Density of both larger samples prepared with adjusted parameters 
increases, however, their average pore size remains well under 4 mm, which can be 
beneficial for the eff. 

 

Figure 5.29: Image of the outlined pores from the large samples prepared at lower 
temperature (Tfoam = 770 °C, top left) or by drying the foaming mixture beforehand (Tfoam 
= 800 °C, top right). 

Foaming mixtures of Mn+C_12 and Mn+C_24 were used and synthesis parameters (Tfoam 
and drying of the foaming mixtures) were further varied to achieve samples with a variety 
of different densities. Their properties are reported in Table 5.6. The app of the samples 
decreases with higher Tfoam and higher WG content. 

As discussed in Use of Water Glass for the Foaming of Glass on page 25, the foaming 
mixture is sensitive to the air atmosphere and needs to be quickly processed further, 
otherwise its properties will begin to change. This effect is apparent for these samples as 
well, if further processing of the foaming mixtures was delayed onto the next day, maximum 
achievable porosity decreases significantly (immediately processed versus stored samples in 
Table 5.6). The reason is related to the formation of crystalline products from the reaction 
between the WG and CO2, which hinder the expansion capability of the foam. 
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Table 5.6: app, eff,tot and op for the large foamed glass samples prepared at given 
conditions. Bottom series of samples were processed the next day while the top series were 
processed immediately. 

Tfoam [°C] Added WG [wt.%] Drying app tot op op,corr eff 
800 12 N 130 95.4 >90  54.8 
730 24 N 177 93.7 26 8 44.9 
755 24 N 145 94.8 52 13 41.6 
770 12 N 180 93.6 54 29 41.2 
800 12 Y 146 94.8 51 20 39.5 
790 12 Y 286 89.8 26  62.8 
800 12 Y 236 91.6 35  53.7 
800 12 Y 168 94.0 34  44.2 
800 12 Y 228 91.9 27  52.5 
810 12 Y 214 92.4 23  51.5 

 
Thermal conductivity of discussed samples generally decreases with decreasing density, 
with almost linear correlation in the analyzed density range (Figure 5.30). The relation 
between the eff and app is similar to the one reported in [55]. Distribution of the eff values 
can be well described with the Schuetz-Glicksman analytical model [57], if the thermal 
conductivity of the gas and solid phase are 17 (CO2) and 925 mW m-1 K-1 (CRT glass), 
respectively, and the K value is set to be around 0.5. Sample with the lowest app 
(130 kg m-3) apparently deviates from this trend, exhibiting much higher eff (54.8 mW 
m-1K-1) which is a consequence of large pores (large sample in Figure 5.28). 

The lowest eff of 39.5 mW m-1 K-1 was obtained at app of 145 kg m-3. Such low eff 
values indicate that the pores are in major part filled with low heat-conducting gas and 
that the content of open porosity is low. Furthermore, small pore size (< 4mm) is 
preventing significant contribution from convective heat transfer, and app above 145 kg m-3 
is preventing significant contribution from the radiative heat transfer [55]. Further decrease 
of the app would likely result in eff starting to deviate from the general trend due to the 
increased contribution from the radiative heat transfer. 
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Figure 5.30: eff versus app of relevant industrial products ([131], [132]) and research results 
(Table 5.6). 

5.3.4 Impact of the process implementation in the air atmosphere 
Results indicate that the thermal conductivity of the foamed glass prepared in this research 
is comparable to the one in reference [55], and the best commercial products [120]. 
Investigated processing can thus provide an effective way for the recycling of waste CRT 
panel glass [79]. Effective transfer of the process to the air atmosphere is expected to lead 
to better fuel efficiency and furnace durability in comparison to foaming in oxygen-free 
atmosphere, improving also the energy efficiency of the production. Furthermore, a positive 
impact of the air atmosphere on the global warming potential is apparent from the 
comparison between the environmental product declarations of common commercial 
products prepared in different processes ([20] and [21]). Implementation of the process in 
the air atmosphere allows for the use of an electrically-powered furnace instead of a 
gas-combustion furnace, where the energy can be obtained from renewable sources. In terms 
of climate change potential, the best product prepared via investigated processing (39.5 
mW mK at 146 kg m-3) would leave a 25 % smaller footprint in comparison to a commercial 
foamed glass of similar performance. Furthermore, in the case of use of renewable energy 
sources, i.e. wind, this decrease would be even larger (70 %) [124]. 

Transfer of the process to the air atmosphere with the use of water glass thus 
significantly decreases the embodied energy of the foamed glass without hindering its 
performance as a thermal insulation material. All these factors positively affect the 
environmental impact of the potential product which is in agreement with current trends 
in policy-making and construction industry [133], [134]. Additionally, the process’s high 
energy efficiency and use of waste glass can lead to a decrease in price for the potential 
product, which could be an important factor when considering foamed glass’ higher cost 
compared to other thermal insulation materials [3]. Consequently, industrial use of the 
investigated process would positively contribute to the sustainability and energy efficiency 
of the foamed glass sector. 
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5.3.5 Conclusions 
Glass foaming in air atmosphere with the use of carbonaceous foaming agent is normally 
difficult to perform due to the premature burning of carbon. Hydrosilicates can be used to 
protect the carbon from the premature reaction with the oxygen, allowing it to perform its 
role at higher temperatures. 

Use of hydrothermally treated glass in combination with carbonaceous foaming agent 
results in increased expansion values. The highest achievable tot with the use of 
hydrothermally treated glass powder in combination with carbon and Mn3O4 was 91 %. 
Such value is promising and processing is worth of further research, however, it is well 
below required tot required to achieve low eff values of the best commercial foamed glass 
products. 

Use of WG allows simpler processing and can result in foams with tot around 95 %. 
WG protects the carbon by decreasing the Tsint of the foaming mixture and by displacing 
the air during the heating stage of the process due to the constant release of H2O. The 
expansion of the foaming mixture is related directly to the presence of WG and the redox 
reaction between carbon and Mn3O4. Redox reaction increasingly contributes to the 
expansion of the foaming mixture with higher content of WG, confirming the role of WG 
in protecting the carbon. Investigated processing allows the synthesis of foamed glass with 
app and eff as low as 145 kg m-3 and 39.5 mW m-1 K-1, respectively. These values are 
comparable or superior to the foamed glass prepared in inert atmosphere, or to the foamed 
glass prepared from more pristine raw materials. Thus, with the addition of WG, foamed 
glass with a low eff can be produced entirely from the waste glass. Such processing has a 
lower impact on the environment and results in a material comparable to the best 
commercial products. Furthermore, investigated mechanisms of foaming with WG in 
combination with carbonaceous foaming agent can provide guidance for future research on 
the sustainable production of foamed glass. 
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6 Final Conclusions 

Production of the building insulation is commonly associated with processes which either 
obtain the materials from petrochemicals or from natural resources, both requiring high 
energy inputs to achieve the final product. Use of recycled materials for this purpose can 
significantly contribute towards more sustainable future of the building industry. This 
thesis dealt with the use of waste glass for the production of foamed glass. I studied the 
use of CRT glass together with a foaming couple of carbon and Mn3O4 with an emphasis 
on implementing the process in the air atmosphere. Selected means, through which the 
process implementation can be achieved, were hydration of the glass powder and use of 
WG. 

In the first step, I investigated the peculiarities of foaming with the addition of WG, 
where I stumbled upon an interesting result regarding the basic mechanism of the process. 
Analysis of the gas within the closed pores of the foams has revealed an overwhelming 
presence of CO2 which was surprising, as it contradicts the commonly accepted 
H2O-dominated mechanism. Based on this, I proposed a likely explanation that the foaming 
mechanism is based on the formation of carbonates and their subsequent decomposition 
during the heating. This idea was further supported by the results from the structure 
analysis and TG/MS. Structure analysis of the foaming mixture has revealed the presence 
of crystalline phases and carbonates after the mixing with WG while the TG/MS revealed 
significant evolution of CO2 at elevated temperatures. Interestingly, allowing the 
carbonate-producing reaction to proceed further does not result in more pronounced 
expansion but the opposite. It is almost certain that the reasons for lesser expansion in this 
case are additional crystallization and excessive gas evolution during the heating, both of 
which hinder the closing of the pores. Results indicate the susceptibility of the 
WG-containing powder mixture for the reaction with the atmosphere and showcase the 
importance of processing consistency when working with WG. 

In the second step, I examined the foaming of three hydrothermally treated waste glass 
powders. Similarly, as in the case of foaming with the addition of WG, the formation of 
crystalline phases and carbonates plays an important part during the foaming of 
hydrothermally treated glass powders. Evolution of CO2 at elevated temperatures further 
suggests that the expansion of the powders occurs due to the decomposition of newly 
formed carbonates. Hydration of the powders to higher contents of H2O does not necessarily 
result in larger expansion. Maximum expansion of 250 vol.% was achieved for the CRT 
glass powders foamed at 800 °C. 

In the last step, I used previously examined hydrosilicates for foaming in air atmosphere 
with the use of carbon and Mn3O4 as a foaming couple. Hydrothermally treated CRT glass 
expands slightly more when used in combination with the foaming couple even though the 
TG/MS analysis suggests that significant amounts of CO2 remain trapped in the foam in 
the case of powders containing 30 wt.% of H2O. Such inferior expansion ability does not 
allow the synthesis of foams with porosity around 95 %, which are the goal of this thesis. 
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Use of WG, on the other hand, allows the synthesis of high porosity foams which exhibit 
homogenous pore structure. Comparison between the expansion capability of the foaming 
mixtures with missing additives showed the importance of foaming couple for the 
expansion. With that, I have shown that WG contributes to the foaming directly, by 
forming the carbonates, and indirectly, by protecting the carbon and enabling the reaction 
of the foaming couple. Heating stage microscope and TG/MS results suggest that there are 
at least two possible mechanisms through which WG protects the carbon. The first one is 
related to pronounced evaporation of H2O from within the sample, diluting and displacing 
the air atmosphere which is initially present in the pores between the particles. The second 
one is related to the sintering behavior of the mixture, where higher addition of WG 
decreased the Tsint of the powder. In the end, higher addition of WG resulted in decreased 
mass loss related to the premature burning of carbon, darker appearance of the foamed 
glass samples and larger expansion. The lowest eff of 39.5 mW m-1 K-1 was achieved with 
the use of 12 wt.% of WG, foamed at 800 °C. Although achieving lower density would 
require additional optimization, the properties of foamed glass samples in this thesis are 
comparable to the best commercial products. 

As mentioned before, performance is not the only aspect of materials development. 
Recent EU directives emphasize sustainable development and resource independence, 
which are likely to become even more important factors in materials development in the 
future. The production of waste-based foamed glass has been on a similar track for some 
time. However, there remains room for improvement, such as the use of less energy-
demanding processes, as shown in this dissertation. The sharp increase in the use of energy 
sources such as solar and wind suggests that we may finally be becoming less inclined to 
use fossil fuels, leading to an increased tendency to use electric- instead of combustion 
furnaces. Whereas the use of air instead of a reduced atmosphere as in a combustion furnace 
is one of the main goals of this dissertation. With the increased use of electric furnaces, the 
need for processes that can be carried out in an air atmosphere will increase. In addition, 
it is in line with sustainable development that the production of foamed glass uses locally 
available materials. Here, a significant difference in waste materials availability between 
the regions should be considered, which requires an additional investment in the 
development and optimization of the processes. Since the chemical composition of the 
matrix material can significantly affect the foaming process is sensible that research will 
continue towards finding a processing path which is less composition dependent. In my 
opinion, the future research in the field of foamed glass will therefore be directed towards 
the use of a diverse spectrum of waste materials, with an emphasis on locally available 
waste, and testing different combinations of foaming additives, with the aim of achieving 
a controlled release of expansion gas that does not strongly depend on the chemical 
composition of the surrounding matrix material. The use of carbon-containing additives 
has proven to be very successful in the preparation of high-quality foamed glass. There is 
a possibility that carbon as an additive will continue to be used in the air-atmosphere 
process in the future, and the knowledge gained from this dissertation could contribute to 
further research and understanding of foaming. 

The main conclusion from this thesis is that the use of hydrosilicates in glass foaming 
process requires an additional care and consistency from the processing point of view, 
however, it allows the use of carbonaceous foaming agents in the air atmosphere. Such 
processing enables the production of quality foamed glass based almost entirely on waste 
glass with significantly reduced embodied energy. Furthermore, investigation on foaming 
with hydrothermally treated glass and revealing the peculiarities of WG foaming 
mechanism can offer a valuable guidance for the future development and optimization of a 
sustainable glass foaming process. 
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Appendix A Additional Information for the 
Experimental and Characterization 
Methods 

A.1 Particle Size Distribution Before Milling 
As-received powders were measured at standard conditions with Horiba LA940 apparatus 
as described in the Experimental and Characterization Methods chapter on page 20. CRT 
panel glass powder exhibits unimodal particle size distribution while FGF and MCF glass 
powders exhibit bimodal particle size distribution. Additionally, particle size distribution 
of the CRT panel glass powder is narrower in comparison to FGF and MCF glass powders.  

 

Figure 6.1: Frequency (left) and cumulative (right) particle size distribution of the as-
obtained raw glass powders. 

A.2 Repeatability of Sample Preparation 
Repeatability for the preparation of the smaller samples was investigated for the 
composition of waste CRT glass which contains all the foaming additives, i.e. foaming 
mixture Mn+C described in Table 4.2.  

A.2.1 Effect of position  
Size of the used furnace allows for the preparation of several small ( 12 mm, 1 g) samples. 
Samples were prepared with standard foaming procedure; their app was measured after and 
the results are shown in Figure 6.2. Effect of the sample position on its expansion was 
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evaluated with this experiment. The placement of the samples on a kaolin-coated surface 
is shown on the inset of Figure 6.2 with the temperature calibration zone being located in 
the middle, i.e. sample no. 5. The porosity of the foamed glass samples does not vary 
significantly with their position (± 0.7 %), where the last three positions contribute the 
most to this deviation (deviation of 0.2 % between the first 6 positions). 

The deviation between the samples with respect to their position in the furnace does 
not vary significantly, implying that 9 small samples can be prepared simultaneously 
without being affected by the positioning. 

 

Figure 6.2: Porosity of the foamed glass samples as a function of their position. Their 
configuration is shown in the onset image, with position no. 5 being in the center of the 
calibration zone. 

A.2.2 Effect of mixing time  
Addition of water glass (WG) to the foaming mixture increases its sensitivity to the 
atmosphere. It is thus important to investigate the repeatability of the mixture preparation 
and the effect of preparation deviations on the properties of obtained foamed glass samples. 
To investigate the effect of time on the foaming behavior, i.e. reaction between air and 
WG, the time of manual mixing was varied slightly. All other parameters of foaming 
mixture preparation and foaming were kept constant. Figure 6.3 shows the porosity of the 
foaming mixtures as a function of the manual mixing time in air atmosphere. Note that for 
this experiment, only the first six positions were utilized to avoid additional deviations 
(Figure 6.2). Porosity between the samples mixed for different times deviates for 
approximately ±1.1 %. However, a trend of decreasing porosity with increasing time can 
be observed suggesting that severely prolonged time of manual mixing could significantly 
affect the foaming and should therefore be considered as an important parameter. 

Exposing the foaming mixtures to the air atmosphere for different times can lead to 
observable differences between the foamed glass samples. Consequently, the time of manual 
mixing of WG and glass powder was fixed (5 min) during the preparation of all the foaming 
mixtures. Additionally, the samples were heat-treated immediately after their preparation, 
if not stated that the WG-containing foaming mixture was additionally treated. 
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Figure 6.3: Porosity of the foamed glass samples as a function of their mixing time and 
position in the furnace. 
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