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A B S T R A C T   

Foamed glass preparation is a complex combination of reactions, greatly influenced by the composition of the 
used glass and often hindered by simultaneous crystallization. The crystallization phenomenon is undesirable in 
foamed glass production since it decreases the quality of the final product. In this work the influence of different 
types of additives (foaming agents, flux agents, crystallization inhibitors and nucleating agent) on the crystal-
lization of waste container glass and properties of the sintered samples (density and thermal conductivity) was 
studied. Results of our study confirmed partial crystallization during sintering stage. We found that waste 
container glass manifests complex crystallization with the formation of four main crystalline phases, which can 
be inhibited with the addition of fluxing agents (B2O3 and borax). Moreover, here we show that prevention of the 
crystallization can lead to a significant decrease of the thermal conductivity.   

1. Introduction 

Foamed glass is a lightweight porous material showing a specific 
combination of properties, namely low thermal conductivity, low den-
sity, freeze-thaw-cycle resistance, non-flammability, chemical inertness, 
and superior mechanical strength compared to other insulation material 
[1]. Foamed glass can be used as a thermal insulation material in various 
applications to replace conventional insulation materials such as organic 
foams and mineral wool. 

A major disadvantage of foamed glass is the high cost of its pro-
duction, which is partly caused by the remelting step used to adjust 
waste glass composition in order to obtain a product with superior 
properties [2]. 

Today, foamed glass boards are produced by a viscous flow sintering 
of a glass powder with specific foaming agents (carbonates or commonly 
used carbon-based compounds), which release gases in the pyroplastic 
mass, followed by subsequent cooling and annealing of the developed 
foam structure [1]. When carbonate-based agents (e.g., CaCO3) are used, 
solid residue from decomposition reaction (CaO) can react with the glass 
and provoke crystallization. On the other hand, carbon-based agents 
require oxygen for the oxidation reaction. During the sintering step, air 
is pushed out of the sample body and the remaining amount of air in the 

closed pores (porosity <10%) is insufficient for effective foaming in the 
following step. Usually, the oxygen required for oxidation of carbon is 
supplied from chemically bonded oxygen in the glass. The amount of 
available oxygen depends on the glass composition, i.e., on the amount 
of polyvalent metals and their oxidation state. A sufficient amount of 
oxygen can be provided by the transition of polyvalent metals in higher 
oxidation state that can be reduced to a lower oxidation state. This 
reduction reaction has to occur in a suitable temperature range, where 
the viscosity allows the formation of a stable foam structure. In order to 
provide a sufficient amount of oxygen and to decrease the dependence of 
the foaming mechanism on the glass composition, oxidizing agents are 
added to the glass powder‒foaming agent mixture [3]. The most 
commonly used oxidizing agents are Fe2O3, MnO2 and sulfates [4]. 

However, the introduction of oxidizing agents also induces a change 
in the glass structure, affecting the glass stability and can trigger (par-
tial) crystallization of the glass. The crystallization behavior is heavily 
influenced by the composition of the used glass and can be directly 
linked to the glass stability of a specific composition [5], where the glass 
stability is defined as a glass resistance to crystallization during thermal 
treatment [6]. Commonly, the glass stability is defined with the 
parameter ΔT which represents the difference between the onset crys-
tallization temperature and the glass transition temperature (ΔT =
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Tx–Tg). Surfaces of the finely milled glass powders act as nucleating 
centers inducing crystallization of the glass even without any additives. 
Crystallization is undesired in foamed glass production since it can 
suppress the foaming process and affects the quality of the final product, 
e.g. high density, open porosity. Avoidance or inhibition of crystalliza-
tion is a major concern in conventional glass-making processes as well as 
in foamed glass production [7,8]. 

Conventional glass production relies on melting the batch compo-
nents at high temperatures, thus enabling the improvement of the glass 
stability by adjusting the chemical composition. Foam formation during 
this step is an undesirable process. On the other hand, production of 
foamed glass is based on viscous-flow sintering and foaming of the 
glass‒foaming agent mixture at moderate temperatures to maintain the 
required foam stability. Thus, the glass stability needs to be effectively 
improved at lower temperatures, i.e. between the glass transition (Tg) 
and foaming temperature (Tfoam). 

The Tfoam strongly depends on the glass viscosity; thus, a proper se-
lection of the Tfoam is highly important. Usually, the Tfoam is in the range 
from 700 to 950 ◦C, in viscosity window of 103–106 Pa s [1]. For 
different silicate glasses (labware, E-glass, CRT panel, soda-lime-silica) it 
was shown that the viscosity window is within 104–106 Pa s when MnO2 
or metal carbonates are used as foaming agents [9]. In the case when SiC 
is used as foaming agent the foaming production requires higher tem-
peratures and lower viscosities (103.3–104.0 Pa s) [9]. 

Recently, investigation on decreasing the dependence of the foaming 
process on the composition of the glass, using foaming agent/oxidizing 
agent and crystallization inhibitor, showed a great potential for the 
preparation of foamed glass with improved properties [10]. Investiga-
tion showed that it is possible to obtain foamed glasses with a low 
thermal conductivity <52 mW m− 1 K− 1 and a homogeneous micro-
structure from a mixture of panel glass and combination of carbon/-
Fe2O3 foaming/oxidizing agents. On the other hand, foamed glass 
samples with a low content of panel glass exhibited increased open 
porosity, density and inhomogeneous pore structure due to crystalliza-
tion, which was later inhibited by the addition of calcium phosphate. 

Although much literature exists on the crystallization of the soda- 
lime-silicate glasses [11–13] and inhibition of crystallization, a great 
majority of available data are less related to foamed glass industry, since 
the temperature range of interest (600–900 ◦C) is not addressed. Usu-
ally, the crystallization, mechanism and nucleation kinetics, glass sta-
bility, influence of different oxides on the structure, properties and 
crystallization behaviour were studied when SLS glass is produced by a 
common melt-quenched procedure [13–15]. On the other hand, crys-
tallization can be inhibited by the addition of compounds that interact 
with the softening particles of the glass, and which in most cases in-
crease the viscosity of the parent glass [16]. Some potential crystalli-
zation inhibitors for silicate and borosilicate glasses are alkali and 
alkaline phosphates, alkali silicate solution, B2O3, sodium tetraborate 
(borax) as well as some metal oxides, e.g. alumina (Al2O3) [17,18]. 

Alumina is a well-known devitrification agent used in soda-lime- 
silicate-glasses [19]. It was shown that it is possible to decrease the 
crystal growth rate for cristobalite and devitrite with substitution of lime 
with magnesia in soda-lime silica glasses [20]. In the same study it was 
concluded that substitution of alumina for silica decreases the maximum 
rate of crystal growth for devitrite. 

The most important property of foamed glass for heat insulation 
application is its thermal conductivity (λ). The thermal conductivity of 
porous materials is dependent on the thermal conductivity of the solid 
and the gas phase, the thermal radiation and convection [21]. The ra-
diation decreases with increasing density and can be neglected in the 
first approximation, although a new investigation revealed this could be 
different [22]. Since foamed glass contains small gas bubbles with 
typical size below 2 mm, convection contribution to the thermal con-
ductivity can also be neglected [21]. Thus, the most important contri-
butions to the thermal conductivity of foamed glass come from the solid 
and the gas conduction. The solid part of the foamed glass can contain 

amorphous and crystalline phases. Presence of the crystalline phase can 
increase thermal conductivity of the foam glass [23]. Therefore, the 
inhibition of crystallization directly contributes to a decreased thermal 
conductivity through maintaining a low thermal conductivity of the 
solid phase. 

In this work crystallization was studied in the temperature range of 
600–900 ◦C, which is not addressed in the literature. The crystallization 
processes and their inhibition in waste container glass are studied for the 
potential application in foamed glass preparation. The container glass is 
less stable, than e.g. flat glass, and is prone to crystallization during a 
foaming process [10]. We studied the influence of different types of 
additives, i.e. oxidizing agents (Mn3O4, Fe2O3), flux agents (B2O3, 
borax), crystallization inhibitor (Al2O3) and nucleating agent (ZrO2), on 
the crystallization of the container glass. We analyzed the crystal con-
tent and measured thermal conductivity of the dense sintered glass 
samples. We showed that with the addition of borax and B2O3 the 
crystallization of the glass can be effectively suppressed, especially in a 
combination with crystallization inhibitor Al2O3. These results present a 
good starting point for successful foaming experiments. 

2. Experimental 

Container glass cullet (GC) was supplied by industrial supplier 
(Uusioaines Oy, Finland). The chemical composition of the glass cullet 
(Table 1) was determined using a Wavelength Dispersive X-ray Fluo-
rescence (WD XRF) analyzer (ThermoScientific ARL Perform X) by a 
standard sample processing with lithium tetraborate flux. 

As-received glass powder was milled in yttria-stabilized zirconia 
(YSZ) jar using 10 mm YSZ balls at 250 rpm in a planetary ball mill (PM 
100, Retsch) for 35 and 70 min to obtain powders with three different 
particle size distributions (Table 2), which were determined by a laser 
granulometry (Horiba LA-920, Horiba, Japan). 

In addition, as-received glass powder was mixed either with foaming 
agents (5 wt% Fe2O3, 5 wt% Mn3O4), fluxing agents (5 wt% B2O3, 5 %wt 
borax), crystallization inhibitor (5 wt% Al2O3) or nucleating agent (5 wt 
% ZrO2). Additionally, mixtures of glass powder with 5 wt% borax and 2 
wt% Al2O3 and 5 wt% B2O3 and 2 wt% Al2O3 were also investigated. All 
the mixtures were dry milled for 35 min using the planetary ball mill. 

Crystallization behavior of the container glass and mixtures was 
analyzed by differential scanning calorimetry (DSC) using a Jupiter 449 
simultaneous thermal analysis instrument (Netzch, Selb, Germany). 
About 20 mg of the sample was put into a platinum crucible and gently 
pressed to evenly cover the bottom of the crucible. The crucible was 
covered with a lid and heated to 1000 ◦C at 10 K min− 1 in argon at-
mosphere (flow rate 50 cm3 min− 1). An empty platinum crucible with a 
lid was used as a reference. From the obtained DSC curves, characteristic 
temperatures and stability of the glass were determined. The small 
endothermic shoulder on the DSC curve represents the glass transition 
temperature (Tg), the crystallization onset temperature (Tx) is inception 
of crystallization peak that reaches the maximum at peak crystallization 
temperature (Tp). The glass transition temperature and crystallization 
onset temperature were determined by tangent method at DSC curves. 

Table 1 
Chemical composition of the glass 
cullet, determined by XRF.  

Oxide wt% 

SiO2 72.4 
Na2O 13.5 
CaO 9.7 
K2O 0.6 
Al2O3 1.5 
MgO 1.7 
BaO 0.1 
Fe2O3 0.1 
PbO 0.03  
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The glass stability parameter (ΔT) was calculated as the difference be-
tween Tx and Tg (ΔT = Tx –Tg). The temperatures were determined 
within ±5 ◦C. 

Powder samples were uniaxially pressed (100 MPa) into pellets (~1 
g, diameter 11 mm for investigation of crystalline phases, and ~5 g, 
diameter 20 mm for thermal conductivity measurements). The pellets 
were placed in an electrical tube furnace and heated to 820 ◦C for 1 h 
with the heating rate of 10 K min− 1. The mixtures with Mn3O4 and B2O3 
were partly foamed after the sintering. In order to obtain denser sam-
ples, these samples were crushed, milled, pressed and sintered again at 
750 ◦C for 1 h with a heating rate of 5 K min− 1. 

The apparent density (ρapp) of the sintered samples was determined 
by Archimedes’ principle in ethanol, with uncertainty ±0.02 gcm-3. The 
powder densities (ρpowder) of the cullet and the crushed sintered samples 
were measured using a He-pycnometer (AccuPyc II 1340, Micro-
meritics), with uncertainty ±0.01 gcm-3. Porosity (ϕ) was calculated 
from the apparent density and powder density: ϕ = 1 – ρapp/ρpowder 
(uncertainty ±0.1 %). 

The crystal phases and their content in the sintered samples was 
identified using powder XRD (Malvern PANalytical Empyrean diffrac-
tometer) with a Cu–Kα radiation source (k = 1.54187 Å). The data were 
collected in the 2θ range 10◦–70◦ using a step size of 0.0263◦ and a time 
per step of 500 s. Highscore Plus software was used to identify the crystal 
phases by comparing the diffraction patterns with the patterns in the 
Joint Committee on powder Diffraction Standards (JCPDS) database. 
Quantitative phase analysis of the crystalline and amorphous content in 
the samples was performed by Rietveld refinement method with internal 
standard (5 wt%ZnO) using Highscore Plus software. The pseudo-Voigt 
function was used for the peak-shape and atomic parameters and the 
usual parameters (scale factors, background coefficients, zero-points) 
were fitted. Profile residuals, reliability factors were in the following 
frames: profile R was from 1.40 to 4.50, weighted R profile was from 
2.10 to 8.10 and R expected was from 0.93 to 1.10. 

The thermal conductivity was measured using a Hot Disk apparatus 
(TPS 2500 S, Hot Disk, Sweden) at 25 ± 2 ◦C using a Kapton sensor with 
a radius of 3.2 mm. Sensor was inserted between two sintered pills. Time 
and heating power of all the measurements was 10 s and 80 mW, 
respectively. The repeatability of the measurements was better than ±1 
%. 

Additional experiments were performed on remelted container glass 
cullet as well as remelted container glass with addition of 5 wt% B2O3 
and 2 wt% Al2O3 (melted at 1450 ◦C for 30 min in alumina crucibles). 
Moreover, we prepared a model glass from laboratory grade chemicals 
with the common container glass composition, 
(75SiO2⋅15Na2O⋅10CaO). Reagent grade chemicals, i.e. SiO2, Na2CO3, 
CaCO3, were mixed and homogenized, placed in alumina crucible and 
melted for 30 min at 1450 ◦C. After the melting, glass melts were poured 
and quenched in water. Obtained glass frits were pre-crushed in a 
vibratory mill for 1 min and then milled in the planetary ball mill for 35 
min under the same conditions as before in order to obtain powders with 
a comparable particle size distribution. Crystallization properties of 
these glasses were studied by DSC and XRD as previously described. 

3. Results and discussion 

The XRF analysis of the container glass cullet revealed a typical 
container glass composition, which is in accordance with the literature 

(Table 1). Presence of crystalline phases in as-obtained waste glass was 
not detected by XRD. However, when this glass was heat-treated partial 
crystallization of the samples occurred (Fig. 1). The crystallization 
process is complex, with the separation of four crystalline phases. The 
crystalline phases detected in the samples are cristobalite (PDF 01-077- 
8629), quartz (PDF 01-089-8951), diopside (PDF 04-002-5549) and 
devitrite (PDF 00-023-0671). XRD patterns of un-milled sintered sample 
and sample milled for 35 min are similar, with similar crystalline phases 
content. The sample milled for 70 min after the heat-treatment has a 
higher crystalline content, where the content of cristobalite is lower and 
quartz content is higher in comparison to the two other samples Fig. 1. 
When the glass is milled for the longer period, smaller particles are 
obtained, so the surfaces of the particles act as nucleation centers pro-
moting the crystallization. 

The crystallization onset temperature (Tx), the crystallization tem-
perature (Tp), the glass transition temperature (Tg) and glass stability 
(ΔT), (ΔT = Tx–Tg), for three different granulations (Table 2) were 
determined from DSC curves (Table 3, Fig. 2) [24]. The exothermic 
crystallization peak becomes more pronounced and shifts to lower 
temperatures with a decreasing particle size. On the other hand, the 
change of the Tg with the particle size is very small. Such observations 
are expected since a fine powder with a large surface area provokes 
heterogeneous nucleation of the glass. Since the composition remains 
unchanged the Tg does not change much, while the glass stability de-
creases. The results of DSC agree with the results of XRD analysis. 

In order to inspect the stability of the waste glass, three melted 
glasses were prepared by firing at 1450 ◦C for 30 min: waste glass, waste 
glass with addition of B2O3 and Al2O3, and a model glass from pure 
oxides containing only Na2O, CaO and SiO2. Results of the DSC analysis 
(Fig. 3) revealed that crystallization peaks in DSC curves are not 
observed for the remelted glasses, suggesting that all three compositions 
are stable against crystallization. However, XRD analysis (Fig. 4) 
revealed that these samples are partly crystalline when subsequently 
heat-treated at 820 ◦C for 1 h. The remelted waste glass and the modeled 
glass samples contain cristobalite and a small amount of devitrite. The 
devitrite content is considerably lower in comparison to the samples 
obtained without the remelting step before the sintering (Fig. 1). On the 
other hand, the remelted waste glass with added B2O3 and Al2O3 has a 
very low content of devitrite, while cristobalite is not observed. Despite 
the improvement of the glass stability of the remelted glasses, their use 
in an industrial production of foamed glass is questionable due to the 

Table 2 
Particle size (D50 and D90) of the as-received glass powder and glass powder 
milled for 35 and 70 min.  

Glass powder D50 (μm) D90 (μm) 

as-received 17 55 
milled for 35 min 8 19 
milled for 70 min 5 17  

Fig. 1. XRD patterns of the as-received waste glass powder, heat-treated 
(820 ◦C, 1 h) sample of as-received glass powder, and powders milled for 35 
min and 70 min heat treated at 820 ◦C for 1 h. 
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large amount of energy needed for the melting step. 
DSC curves of the glass mixtures with different additives are shown 

in Fig. 5. Crystallization behavior changes with the addition of different 
additives. Crystallization is evidenced for the samples with the addition 
of Al2O3 and ZrO2. In the sample with the addition of alumina, crys-
tallization peak is at 930 ◦C. In this case, crystallization is not inhibited, 
and crystallization behavior of this sample is similar as for the glass 
milled for 35 min. The mixture of the glass and nucleating agent ZrO2 
expectedly shows crystallization, where the crystallization peak occurs 
at 940 ◦C. On the contrary, the addition of the flux agents suppressed the 
crystallization. Crystallization peak was not observed on DSC curves for 
the samples with the addition of B2O3, borax and mixtures of B2O3/ 
Al2O3 and borax/Al2O3. For the samples with borax, small effects of 
borax decomposition, crystallization and melting are noticeable in DSC 
curves at 610–690 ◦C and >910 ◦C (Fig. 5 and Table 3) [25]. 

Content of the crystalline phase decreased when Fe2O3 was added to 
the glass, indicating slight inhibition of crystallization (Fig. 6) [26]. 
However, the addition of Mn3O4 instigated increase of the crystalline 
content, especially, the devitrite content. The addition of Al2O3 reduced 

Table 3 
Characteristic temperatures (Tg, Tx, Tp) and glass stability parameters ΔT ob-
tained from DSC curves for different glass powder granulations and sample 
compositions. Number in the bracket refers to the applied milling time.  

Sample Tg (◦C) Tx (◦C) Tp (◦C) ΔT (◦C) 

As-received glass powder (0 min) 563 881 966 318 
Glass powder (35 min) 560 847 930 287 
Glass powder (70 min) 557 826 905 269 
Glass powder + 5 wt%B2O3 (35 min) 575 / / / 
Glass powder 
+5 wt%B2O3+

2 wt%Al2O3 (35 min) 

572 / / / 

Glass powder +5 wt%borax (35min) 552 / / / 
Glass powder 
+5 wt%borax+2 wt%Al2O3 (35 min) 

550 / / / 

Glass powder 
+5 wt%Al2O3 (35 min) 

567 885 930 318 

Glass powder 
+5 wt%ZrO2 (35 min) 

570 867 940 297  

Fig. 2. DSC curves of the glass powders: a) as-received, b) milled for 35 min 
and c) milled for 70 min. 

Fig. 3. DSC curves of the remelted glasses milled for 35 min.  

Fig. 4. XRD patterns of the remelted glasses, sintered at 820 ◦C for 1 h.  

Fig. 5. DSC curves of the glass with different additives (see labels on the graph) 
milled for 35 min. 
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the content of cristobalite, diopside and devitrite phases. Nucleating 
agent, ZrO2, promoted the crystallization of devitrite and cristobalite. 
Significant changes of the crystallinity are observed in the samples with 
the addition of B2O3 and borax. Fluxing agents suppressed the formation 
of diopside and decreased the content of cristobalite and devitrite. Also, 
when the mixture of B2O3 and Al2O3 was added to the glass, the crys-
talline content of quartz, diopside and devitrite decreased. 

As the glass itself manifests complex crystallization with the forma-
tion of many crystalline phases, it is difficult to explain mechanism of 
the crystallization. The influence of fluxing agents can be explained and 

understood to some extent. Fluxing agents are added to the glass to 
lower the softening temperature and the viscosity of the glass. With the 
addition of borax to the glass powder, the sodium content increases, 
which promotes formation of the glassy phase [27]. The single bonds 
B–O have a lower binding energy, thus, being favored in comparison to 
the formation crystalline phases [28]. Also, a possible explanation of 
crystallization inhibition mechanism can be that the additives are 
accumulated at the crystallization front, so the nuclei interface is 
blocked for further growth [29]. Quantification of phases from the XRD 
patterns (Fig. 6) shows that the addition of fluxing agents suppresses the 
crystallization in the glass very effectively, decreasing the crystalline 
content to below 15 % (Table 4). The crystalline content is the lowest in 
the samples with a combination of fluxing agent and Al2O3 (borax/Al2O3 
and B2O3/Al2O3). It is known that alumina successfully inhibits cristo-
balite formation in borosilicate glasses [17]. This phenomenon is 
explained by the strong interactions of alkaline ions from the glass and 
Al3+ ions from alumina. The result of the coupling between ions is the 
formation of a layer around alumina more rapidly than the formation of 
the cristobalite [17]. Based on the random model glass structure, cations 
of a crystallization inhibitor should be network formers with a three-plus 
valence number (M3+) and tetrahedrally coordinated to oxygen. When 
M3+ is introduced in the glass network, Si4+ ions are substituted, leaving 
the electrochemical potential for M1+ to be segregated with M3+ in order 
to provide electroneutrality. 

The physical properties of the sintered samples are presented in 

Fig. 6. XRD patterns of the glass with different additives (see labels on the 
graph) milled for 35 min and heat-treated at 820 ◦C for 1 h. Intensity of XRD 
pattern of the sample with Mn3O4 is multiplied by ½. 

Table 4 
Quantification of the content of crystalline phases in the glass samples and the glass samples with different additives heat-treated at 820 ◦C for 1 h obtained from XRD 
patterns by Rietveld refinement.  

Sample Amorphous (%) Crystalline (%) Devitrite (%) Cristobalite (%) Quartz (%) Diopside (%) Other (%) 

Glass powder milled (35 min) 69.5 30.5 19.9 7.8 1.0 1.8 / 
Glass powder milled (70 min) 45.7 54.3 33.9 4.0 12.1 4.3 / 
Glass powder +5 wt% Fe2O3 (35 min) 78.4 21.6 13.6 4.0 0.7 2.8 0.5 (Fe2O3) 
Glass powder +5 wt% Mn3O4 (35min) 57.5 42.5 31.2 1.0 7.3 1.9 1.1 (Mn3O4) 
Glass powder +5 wt% Al2O3 (35 min) 76.6 23.4 11.3 3.3 4.0 0.3 4.5 (corundum) 
Glass powder +5 wt% ZrO2 (35 min) 61.2 38.8 23.1 11.5 / / 4.2 (ZrO2) 
Glass powder +5 wt% B2O3 (35 min) 89.9 10.1 3.4 2.1 4.6 / / 
Glass powder +5 wt% borax (35 min) 85.3 14.7 11.5 1.6 1.6 / / 
Glass powder +5 wt%B2O3+

2 wt%Al2O3 (35 min) 
90.5 9.5 / 1.9 6.5 / 1.1 (corundum) 

Glass powder +5 wt%Borax+2 wt%Al2O3 (35 min) 89.5 10.5 6.9 2.0 0.4 / 1.2 (corundum)  

Table 5 
Apparent density (uncertainty ±0.02 g cm− 3), powder density (uncertainty 
±0.01 g cm− 3), porosity (uncertainty ±0.1 %) and thermal conductivity (un-
certainty ±1 %) of the sintered samples.  

Sample ρapp (g 
cm− 3) 

ρpowder (g 
cm− 3) 

ϕ 
(%) 

λsolid (W 
m− 1 K− 1) 

Container glass (bulk) [30] / 2.50 0 1.06 
As-received glass powder 

(0min) 
2.39 2.50 4.4 1.30 

Glass powder (35 min) 2.40 2.50 4.0 1.28 
Glass powder +5 wt% Fe2O3 

(35 min) 
2.42 2.55 5.1 1.29 

Glass powder +5 wt% Mn3O4 

(35 min) 
2.32 2.65 12.5 1.44 

Glass powder +5 wt% B2O3 

(35 min) 
2.13 2.55 16.5 1.06 

Glass powder +5 wt% borax 
(35 min) 

2.19 2.56 14.5 1.14 

Glass powder 
+5 wt% Al2O3 (35 min) 

2.50 2.50 0 1.28 

Glass powder 
+5 wt% ZrO2 (35 min) 

2.55 2.55 0 1.18 

Glass powder +5 wt%B2O3+2 
wt% Al2O3 (35 min) 

2.20 2.56 14.1 1.21 

Glass powder+
5 wt% borax+2 wt% Al2O3 

(35 min) 

1.98 2.52 21.4 1.19  
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Table 5. Powder density of the samples changes only slightly and is in 
the range of 2.50–2.56 g cm− 3, except for the sample with added Mn3O4 
with a powder density of 2.65 g cm− 3. The changes are small since the 
amounts of the additives are small. On the other hand, the difference in 
the apparent density of the sintered samples is much larger, which is a 
consequence of the different amount of residual porosity. The apparent 
density is lower in the samples with B2O3, borax and their mixtures with 
Al2O3 due to the release of gases adsorbed by boron and borax. 

In order to determine the thermal conductivity of the glasses (λsolid) 
with different composition, the measured values of the thermal con-
ductivity are corrected for the porosity [31,32]. For low porosity ma-
terials (ϕ <10 %) with λgas<λsolid, the gaseous contribution can be 
neglected and the λsolid can be calculated by a linear approximation, 
from the measured thermal conductivity (λmeas) and the residual 
porosity (ϕ) of the sintered sample (Eq. (1)) [31]: 

λmeas = λsolid

(

1 −
4⋅ϕ
3

)

(1) 

The thermal conductivity of a crystal-free SLS (soda-lime-silicate) 
glass is about 1.05–1.07 W m− 1 K− 1 [30]. In our case, due to the crys-
talline phases present in the sintered sample, thermal conductivity is 
higher, i.e. 1.28–1.30 W m− 1 K− 1. The sample with Mn3O4 exhibits the 
highest thermal conductivity, which is in accordance with the highest 
crystalline content observed in this sample. However, literature data 
suggest that addition of Mn3O4 would decrease the thermal conductivity 
in case the sample is amorphous [23]. The samples sintered with flux 
agents exhibit a lower thermal conductivity. For the sample with B2O3 
the thermal conductivity is 1.06 W m− 1 K− 1. The content of the crys-
talline phases in this sample is the lowest according to XRD and Rietveld 
analysis, which is also evidenced by DSC (Fig. 5). 

Below we present an insight into how the change of the thermal 
conductivity of the solid phase (λsolid) from 1.06 to 1.30 W m− 1 K− 1 

influences the solid conduction contribution (λs) and the effective (total) 
thermal conductivity of the foam (λeff). The effective thermal conduc-
tivity (λeff) of an insulation material is the sum of the contributions from 
thermal conduction in the solid phase (λs), thermal conduction in the 
gaseous phase (λg), convection (λconv), and radiation (λr). In the first 
approximation convention and radiation contributions can be neglect 
[33,34] and the solid phase contribution represents roughly 50–60 % of 
the effective thermal conductivity [33,35]. 

The theoretical contribution of the λs can be calculated from the 
simple cubic model [36], for which Schuetz and Glicksman [37] pro-
posed an approximate expression for real foams at low densities (Eq. 
(2)): 

λs = τ
(

2
3
−

fs

3

)

(1 − ϕ)λsolid (2)  

where fs is the amount of solid located in the struts, ϕ is the porosity and 
τ represents the tortuosity of the structure. From Eq. (2) we can see that 
the thermal conduction in the solid phase (λs) is proportional to the 
thermal conductivity of the glass (λsolid). Thereafter, considering that the 
solid phase contribution represents 60 % of the effective thermal con-
ductivity [35], a 20 % decrease of λsolid (from 1.30 to 1.06 W m− 1 K− 1) 
would result in a 10–15 % decrease in the effective thermal conductivity 
of the foam. These results show a large potential in reduction of the 
thermal conductivity by inhibition of appropriate selection of additives. 
However, the potential benefits of the additives on the foaming process 
and properties of the foamed glass need to be confirmed by foaming 
experiments. 

4. Conclusions 

We studied the influence of different types of additives (foaming 
agents, flux agents, crystallization inhibitors and nucleating agent) on 
the crystallization of the waste container glass and properties of the 

sintered samples (density and thermal conductivity). We showed by DSC 
analysis that the waste glass powder exhibits a low glass stability. XRD 
results confirmed complex crystallization with formation of four main 
crystalline phases: devitrite, diopside, cristobalite and quartz after the 
thermal treatment of the glass. However, the glass stability of the glass 
composition of this system improves if the glass is remelted to produce 
new glasses. After the sintering of the melted glasses the major crys-
talline phase is cristobalite and a very low content of devitrite was 
observed. 

We showed that crystallization can be greatly suppressed by the 
addition of suitable flux agents (B2O3 and borax) and in their combi-
nation with Al2O3. For these samples crystallization peaks in DSC curves 
were not observed, while quantitative XRD analysis confirmed that the 
crystalline content is significantly decreased to a value below 15 %. The 
thermal conductivity of the glass can be importantly decreased by the 
inhibition of crystallization and careful selection of the additives. The 
decrease in the thermal conductivity of the glass potentially leads to 
important decrease in the solid conductivity contribution to the effective 
thermal conductivity of the foam. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgement 

Authors want to acknowledge the support from the Slovenian Min-
istry of Education, Science and Sport, and European Regional Develop-
ment Fund (grant number C3330-19-952051) and the Slovenian 
Research Agency (grant number L2-9221). 

References 

[1] G. Scarinci, G. Brusatin, E. Bernardo, Glass foams, cell, Ceram. Struct. Manuf. Prop. 
Appl. (2006) 158–176, https://doi.org/10.1002/3527606696.ch2g. 

[2] FOAMGLAS® thermal insulation made of cellular glass (n.d.), https://www. 
foamglas.com/en-gb (accessed August 10, 2021). 

[3] J. König, R.R. Petersen, Y. Yue, D. Suvorov, Gas-releasing reactions in foam-glass 
formation using carbon and MnxOy as the foaming agents, Ceram. Int. 43 (2017) 
4638–4646, https://doi.org/10.1016/j.ceramint.2016.12.133. 

[4] J. García-Ten, A. Saburit, M.J. Orts, E. Bernardo, P. Colombo, Glass foams from 
oxidation/reduction reactions using SiC, Si 3N 4 and AlN powders, Glas. Technol. 
Eur. J. Glas. Sci. Technol. Part A. 52 (2011) 103–110. 

[5] Q. Zheng, M.M. Smedskjaer, R.E. Youngman, M. Potuzak, J.C. Mauro, Y. Yue, 
Influence of aluminum speciation on the stability of aluminosilicate glasses against 
crystallization, Appl. Phys. Lett. 101 (2012), https://doi.org/10.1063/1.4739005. 

[6] M.C. Weinberg, Glass-forming ability and glass stability in simple systems, J. Non- 
Cryst. Solids 167 (1994) 81–88, https://doi.org/10.1016/0022-3093(94)90370-0. 

[7] E.D. Zanotto, Glass crystallization Research - a 36-year retrospective. Part I, 
fundamental studies, Int. J. Appl. Glass Sci. 4 (2013) 105–116, https://doi.org/ 
10.1111/ijag.12022. 

[8] E.D. Zanotto, Glass crystallization Research - a 36-year retrospective. Part II, 
methods of study and glass-ceramics, Int. J. Appl. Glass Sci. 4 (2013) 117–124, 
https://doi.org/10.1111/ijag.12024. 

[9] R.R. Petersen, J. König, Y. Yue, The viscosity window of the silicate glass foam 
production, J. Non-Cryst. Solids 456 (2017) 49–54, https://doi.org/10.1016/j. 
jnoncrysol.2016.10.041. 

[10] J. König, R.R. Petersen, N. Iversen, Y. Yue, Suppressing the effect of cullet 
composition on the formation and properties of foamed glass, Ceram. Int. 44 
(2018) 11143–11150, https://doi.org/10.1016/j.ceramint.2018.03.130. 

[11] J. Deubener, R. Brückner, M. Sternitzke, Induction time analysis of nucleation and 
crystal growth in di- and metasilicate glasses, J. Non-Cryst. Solids 163 (1993) 1–12, 
https://doi.org/10.1016/0022-3093(93)90638-E. 

[12] V.M. Fokin, O.V. Potapov, C.R. Chinaglia, E.D. Zanotto, Effect of pre-existing 
crystals on the crystallization kinetics of a soda-lime-silica glass. The courtyard 
phenomenon, J. Non-Cryst. Solids 258 (1999) 180–186, https://doi.org/10.1016/ 
S0022-3093(99)00417-2. 

[13] E.D. Zanotto, Surface crystallization kinetics in soda-lime-silica glasses, J. Non- 
Cryst. Solids 129 (1991) 183–190, https://doi.org/10.1016/0022-3093(91)90094- 
M. 

[14] E.D. Zanotto, A. Galhardi, Experimental test of the general theory of 
transformation kinetics: homogeneous nucleation in a Na2O⋅2CaO⋅3SiO2 glass, 
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