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Abstract

We prepared low-density foam glasses from cathode-ray-tube panel glass using carbon and MnO2 as the foaming agents. We investigated the
influence of the carbon and MnO2 concentrations, the glass-powder preparation and the foaming conditions on the density and homogeneity of
the pore structure and the dependence of the thermal conductivity on the foam density. The results show that the moderate foaming effect of the
carbon is greatly improved by the addition of MnO2. A density as low as 131 kg m�3 can be achieved with fine glass powder. The foam density
has a slight dependence on the carbon and MnO2 concentrations, but it is mainly affected by the foaming temperature and the time. The thermal
conductivity of the foam-glass samples is lower than that of commercial foam glasses with the same density. The lowest value was determined to
be 42 mW m�1 K�1 for a foam glass with a density of 131 kg m�3. A further improvement in the closed porosity could potentially decrease the
thermal conductivity even further, and thus our approach has great potential in terms of a thermal insulation material.
& 2015 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Foam glass is a lightweight material used for thermal and
acoustic insulation applications in the construction and other
industries [1]. Foam glass exhibits several advantages in
comparison with conventional insulation materials such as
organic foams and mineral fibers, e.g., water and steam
resistance, freeze–thaw cycle tolerance, excellent chemical
and thermal stability, and superior mechanical properties.
The combination of a good thermal stability and mechanical
properties means that this foam glass can be used as a
functional, load-bearing component, which is not generally
the case for other insulation materials with comparably low
thermal conductivity. The main drawback of foam glass,
however, is its high unit price, which tends to limit its use to
10.1016/j.ceramint.2015.04.051
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relatively niche thermal applications. As a result, since the
thickness of the insulation required by the energy-efficiency
standards for buildings continues to increase, the use of foam
glass is likely to be further restricted [2].
The high unit price for foam glass is related to the large

investment costs in the production line and the large energy
input required for the production process, the main operations of
which are (1) the batching and melting of a glass with the
desired composition, (2) the grinding of the glass and mixing it
with foaming agents, (3) the foaming in a tunnel furnace and (4)
the annealing of the foamed glass. It is reasonable to use waste
glass, e.g., bottle [3] and window [4] cullets, for the production
of foam glass. Furthermore, if the glass is a waste resource, then
the energy-intensive melting step is not needed [3]. However,
fluctuations in the composition of the glass cullet and the
impurities present in the cullet lead to fluctuations in the
properties of the foam glass. On the other hand, the use of
custom-made glass allows control of its composition, and leads
to better control over the properties of the foam glass.
The foam glass used for thermal-insulation applications has

a block shape or it comes as aggregate. During the production
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of the foam-glass aggregate, the annealing step after the
foaming process is not required. Additionally, waste glass of
different compositions can be used in the production of
aggregate, but not in the production of blocks. This means
that the production of the foam-glass aggregate is less
technologically demanding [5]. For example, mixed-color
bottle glass is used in the production of foam-glass aggregate,
while only flint bottle glass is used in the preparation of foam-
glass blocks [3].

The sensitivity of the foaming process to the composition of
the glass is related to the foaming mechanism, which includes
several chemical reactions between the glass and the foaming
agent, and in the parent glass itself. During the foaming
process the changes in the composition and the redox state of
the glass alter its physical and chemical properties, e.g., the
viscosity, the surface tension and the stability of the glass.
Therefore, a suitable foaming agent needs to be selected with
respect to the composition of the glass [6]. The gaseous
products, which expand the viscous glass melt, are generated
by decomposition or redox reactions [6–8]. The frequently
reported decomposition reactions of carbonates [9–12] lead to
the formation of CO2 gas, while the residual metal oxide is
incorporated into the glass structure, thereby modifying its
properties. On the other hand, no solid residuals occur from the
oxidation of pure carbon or carbohydrate compounds. How-
ever, since the foaming reactions take place in the closed
environment of the softened glass, the oxygen needed for the
oxidation of the carbon comes from the glass network. The
main source of this oxygen for the oxidation of the carbon is
chemically dissolved oxygen that is related to the redox state
of the glass [13], which is affected by the temperature and the
atmosphere. All these interactions lead to a highly complex
foaming process.

Foaming based on the oxidation of a carbon-containing
compound is the most frequently applied industrial foaming
process. Carbon black and glycerol are known for their use in
the production of foam-glass boards [14,15], while SiC is used
in the production of foam-glass aggregate [16]. The foaming
process using SiC has been frequently reported, while foaming
with pure carbon compounds (e.g., charcoal, graphite, and
soot) or carbohydrates has been relatively less well investi-
gated [13,17–19]. The reaction of SiC with a glass matrix has
been shown to be very complex, leading to the release of CO
as well as H2, if water is present, and to the formation of SiO2,
which acts as a nucleation and crystallization agent [7,8].
When applying carbohydrates as foaming agents, both CO2

and H2O are formed. The H2O gas has a higher thermal
conductivity than the CO2 gas; therefore, making it less
favorable. When pure carbon is applied, the foam gas present
in the closed pores is exclusively CO2, since according to the
Boudouard equilibrium, the released CO at high temperature is
unstable and is transformed to CO2 and carbon during the
cooling. The most important condition in the oxidation process
is that a sufficient amount of oxygen is available in the glass
matrix. The amount of available oxygen can be increased by
the addition of polyvalent ions to the glass batch or the glass
powder. The polyvalent ion oxides release oxygen for the
Please cite this article as: J. König, et al., Fabrication of highly insulating foam gl
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oxidization of carbon-containing foaming agents. The most
common additives used as the oxidizing agent are sodium
sulfate [4,13] and manganese dioxide [7,20–22].
The high unit price of foam glass could be compensated by

improving its insulating properties. The thermal conductivity
of standard foam-glass blocks is 41–60 mW m�1 K�1 at a
density of 115–200 kg m�3 [3,4,6], while the lowest thermal
conductivity for a commercial foam-glass product is reported
to be 38 mW m�1 K�1 for a density of 100 kg m�3 [4]. Thus,
the lowest conductivity for foam glass is still about 20% higher
than that of conventional insulation materials [2]. However, the
research on foam glass has concentrated mainly on the
mechanical properties, with only a few studies dealing with
the thermal conductivity of prepared foams [9,19,23–25].
Recently, we reported on the foaming of cathode-ray-tube

(CRT) panel glass with calcium carbonate [26] and showed
that it is possible to achieve a low thermal conductivity with
respect to the density (51 mW m�1 K�1 at a density of
230 kg m�3, measured at 10 1C). However, foaming with
calcium carbonate proved to be extremely sensitive to the
preparation conditions for the mixture of glass powder and
foaming agent, and it was difficult to obtain a foam product
with a homogeneous porosity. On the other hand, the foam
products obtained from the oxidation of carbon compounds are
usually fine-pored and homogeneous [6,17,19]. Because of the
advantages of pure carbon compounds, charcoal was chosen as
the source of carbon in this study.
The aim of the present work is to prepare a low-density

foam glass with a low thermal conductivity. We foam the CRT
panel-glass waste by using charcoal and MnO2 as the foaming
agents. We reveal the influences of the concentration of the
foaming agents, the milling time and the heat-treatment
conditions on the density and homogeneity of the foams.
Furthermore, we report on the thermal conductivities of the
prepared foams and compare them with commercial products.

2. Experimental

Lead-free CRT panel glass was collected from obsolete
color televisions (supplied by Averhoff A/S, Denmark). The
glass cullet was cleaned with demineralized water and paper
tissue in order to remove those coatings that could be easily
removed and the dirt accumulated from the dismantling
process. In general, the small amount of coatings is not
expected to have a significant influence on the foaming
process. The glass was then crushed in a jaw crusher (BB51,
Retsch, Germany) and subsequently dry milled using a
planetary ball mill (PM 100, Retsch, Germany). An agate ball
mill with 20-mm balls was used. The glass powder was sieved
to a size below 63 μm. The chemical composition of the glass,
measured using an X-ray fluorescence spectrometer, was in
accordance with that reported in the literature [27]. The
chemical composition and the details of the experimental
conditions are reported elsewhere [26].
Carbon, in the form of activated charcoal (Bie & Berntsen,

Denmark), and MnO2 (99.9%, Bie & Berntsen, Denmark)
were added to the sieved glass powder and the mixture was
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homogenized by milling in the ball mill for different periods of
time. The content of carbon in the mixture with the glass was
in the range 0.5–1.5 wt%, while 1.8–9.0 wt% of MnO2 was
added on top of that. The other milling parameters were
constant, i.e., the amount of powder, the number of balls, the
milling time and the rotation speed. The powder mixtures were
then uniaxially pressed into small, disk-shaped pellets. These
pellets (Ø¼13 mm) were used to study the influence of the
foaming parameters on the properties of the foam. The pellets
consisted of 1 g of powder mixture and were pressed with
40 MPa. A minimum of three samples were produced for each
of the preparation and foaming conditions. Large samples of
foam glass (6 cm in diameter and 5 cm in height) were used to
determine the thermal conductivity. The large samples were
made from �20 g powder, which was pressed into pellets
(Ø¼35 mm) with 30 MPa. The pellets were placed in an
electrical laboratory chamber furnace and heated at 10 1C/min
to different temperatures (780–840 1C) and heat treated for
different times (5–60 min). Subsequently, the samples were
cooled at 6 1C/min to the glass-transition temperature (Tg) of
530 1C and then slowly cooled at 1 1C/min to room tempera-
ture. The temperature in the foaming zone was calibrated using
an external thermocouple.

The particle size was measured with a LS 13320 laser
granulometer (Beckman Coulter, California, US) and the D50
and D90 values of the powders for different milling times are
given in Table 1. The apparent density (ρapp) of the small foam
samples was determined using Archimedes' principle in
demineralized water. The ρapp of the large foam samples was
calculated from the sample mass and the dimensions. The
pycnometer density (ρpyc) of the foam samples was determined
with a helium pycnometer (Ultrapyc 1200e, Quantachrome
Instruments, US). The foam glasses with open pores absorbed
water when immersed in it, thereby causing overestimations of
the foam densities. To minimize the error, the balance reading
was made immediately after the sample was immersed into the
water. The amount of water absorbed was less than 0.1 g for
the samples with the largest extent of open pores. The amount
of absorbed water was used to correct the buoyancy weight.
The error bars shown in the graphs are the standard deviation
of three foam samples. For the data points without error bars,
the deviation is smaller than the symbol size.

The glass powder densities (ρpowder) of the CRT panel glass
and the crushed foamed-glass samples with different MnO2

contents were measured with the pycnometer. The percentage
of open pores in the foam volume was calculated from the
apparent and pycnometer densities of the foam samples, as
described elsewhere [26].
Table 1
Particle size (D50 and D90) of the powder mixtures milled for different times.

Milling time [min] D50 [μm] D90 [μm]

0 22.7 58.1
15 7.6 27.1
30 5.4 19.5
45 4.2 14.8

Please cite this article as: J. König, et al., Fabrication of highly insulating foam gl
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The homogeneity of the pore structure was visually
evaluated from intersections of the foam glasses, while
X-ray powder diffraction (XRD; Empyrean, PANalytical,
The Netherlands) was used to identify possible crystalline
phases. The thermal conductivity was measured with a surface
probe (25� 25 mm2) at 10 1C using a heat-transfer analyzer
(ISOMET Model 2104 Heat Transfer Analyzer, Applied
Precision, Slovakia). The accuracy of the measurements in
the relevant thermal conductivity range was tested on the
commercial expanded-polystyrene and foam-glass samples
with known thermal conductivity. The obtained results were
in agreement with the declared values.

3. Results and discussion

It is well known that the size of the glass powder strongly
influences the density of the resulting foams [6,28,29]. A finer
particle size leads to a foam with a lower density, although
some exceptions can be found [26]. Fig. 1 shows the
dependence of the density of the foam-glass samples on the
particle size for the mixture of carbon and glass powder. With
decreasing particle size, i.e., increasing milling time, the foam-
glass density rapidly decreases. A decrease in the particle size
leads to a decrease in the sintering temperature [26] and
consequently more carbon becomes captured in the softened
glass when heating the powder mixture. This is important since
the experiments were performed in air and part of the carbon is
expected to be oxidized before the pores between the softened
glass particles are closed by the sintering process. Indeed,
despite a large surplus of the carbon foaming agent, all of the
carbon was burnt out in the samples with D90¼27 μm
prepared with a short milling time (15 min). In the samples
with a smaller particle size, part of the carbon was captured in
the softened glass and foamed the glass melt. To illustrate the
surplus of carbon used, the oxidation of 1 wt% of carbon
should result in a 10-fold larger volume of foam glass
(assuming a complete reaction to CO2) compared to the
amount of carbon needed to produce a foam-glass volume
Fig. 1. Influence of the particle size of the powder mixture on the apparent
density of the foam samples prepared with 1 wt% of carbon at 820 1C for
5 min. The inset A shows the appearance of the foam glass prepared with 1 wt
% of carbon at 820 1C for 5 min from powders with particle size D90¼9.2 μm.
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Fig. 2. Influence of MnO2 addition on the apparent density of the foam
samples prepared with 1 wt% of carbon at 820 1C for 5 min. The powder
mixtures were milled for 15 min. The letter B relates to the data point in the
image of the sample in Fig. 4.

Fig. 3. Influence of the particle size of the powder mixture on the apparent
density of the foam samples prepared with a different amounts of carbon and
MnO2 at 820 1C for 5 min. The letters B, C and D relate the data points to the
images of the samples in Fig. 4.
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with 95% pores (ρapp�135 kg m�3) [6]. The untreated sam-
ples consisting of CRT panel glass and carbon had a light-gray
color; the heat-treated samples with larger particles that did not
foam were almost white; while the foamed samples were dark-
gray to black. The color of the foams also remained black
when the pores become open after prolonged foaming. These
observations clearly indicate that the possible carbon deposits
on the surface of the pores are not responsible for the dark
coloring, while it is not likely that the carbon is captured in the
glass. Thus, the dark color could be caused by the reduction of
the transition metal ions [13,27].

All the foams prepared with carbon had a homogeneous
pore structure, in accordance with the results reported in
[6,17,19]. The appearance of a representative foam sample
prepared with carbon is shown in the inset of Fig. 1. When the
samples were foamed at a 20 1C higher temperature (i.e., at
840 1C), the pores became larger, while the density stayed
almost the same. This indicates that the foaming temperature
was not too low, which could lead to moderate foaming. The
situation occurs since a major part of the carbon is lost to the
atmosphere, so the carbon available for foaming is not
adequate for substantial foaming. This explanation is sup-
ported by the experimental observation of a sample prepared
by directly inserting it into a hot furnace (the other steps are
the same). This sample had a significantly lower density and
larger pores as more carbon was captured in the softened glass
due to the faster sintering and less time for the oxidation of
carbon. Moreover, the color of the sample was darker, almost
black, indicating a higher degree of reduction of the glass.
However, despite long milling times, only moderate densities,
i.e., around 400 kg m�3, could be achieved.

The main reason for moderate foaming is the oxidation of
the carbon before the glass has sintered to a state with closed
pores. A secondary reason for this could be that there is an
insufficient amount of oxygen available from the glass. The
addition of MnO2 significantly improved the foaming quality.
Fig. 2 shows the dependence of the apparent density of the
foam glass on the addition of MnO2. The density strongly
decreases with the increasing concentration of MnO2 and
reaches values of approximately 180 kg m�3 for a sample
with 7.2 wt% MnO2. This amount is equal to one-half of the
stoichiometric oxygen, if complete reduction of the manganese
from Mn4þ to Mn2þ is assumed:

C þ 2MnO2 - CO2 þ 2MnO: ð1Þ
As observed for the samples foamed only with carbon

(Fig. 1), the density strongly decreases with a decreasing
particle size; this is also true for the mixtures containing
carbon and MnO2 (Fig. 3). The decreasing trend in the
apparent density with a decrease in the particle size was
observed for all the tested compositions. The higher foaming
ability of the fine powders can be explained by a better contact
between the glass, the carbon and the MnO2 particles, which
leads to a faster reaction upon heating. Additionally, with a
decrease in the sintering temperature [26] a larger amount of
carbon is captured in the softened glass. The presence of
carbon in the softened glass also accelerates the reduction of
Please cite this article as: J. König, et al., Fabrication of highly insulating foam gl
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the manganese to a lower oxidation state. However, a higher
foaming temperature or a longer foaming time cannot com-
pensate for a shorter milling time, and a similar low density to
the foams prepared from fine powders cannot be achieved
under any conditions. Fig. 4 shows the influence of the particle
size on the foam structure. All the samples are reasonably
homogeneous, while the samples prepared from finer powders
exhibit larger pores. These larger pores indicate the faster
growth and coalescence of the pores. Since the reactions
between the glass and the foaming agents are faster, the
optimum foaming temperature for samples prepared from finer
powders is lower, and also the temperature of the emerging
growth and coalescence of the pores becomes correspondingly
lower. Such behavior was observed for all the studied
compositions and became more pronounced with an increasing
concentration of MnO2. This indicates that the incorporation of
the residues from MnO2 into the glass structure decreases the
viscosity of the glass melt, leading to an acceleration of the
pore growth and coalescence.
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To find the optimum concentration of additives and the
optimum firing conditions we prepared samples with different
amounts of carbon and MnO2, and heat treated them at
different temperatures and for different times. Fig. 5 shows
the dependence of the apparent density on the MnO2 addition
and temperature. It is clear that for all the different tempera-
tures the apparent density curves go through a minimum. At
800 and 820 1C the minimum is found at 7.2 wt% MnO2,
while at 840 1C the minimum appears at 5.4 wt% MnO2. The
minimum is broader for the samples foamed at 820 1C, i.e.,
similar low densities are obtained between 5.4 and 9 wt%
MnO2. The lowest density obtained is 140 kg m�3. Almost
identical behavior was observed for the samples with 0.5 wt%
carbon (not shown here). For low MnO2 concentrations there
is an insufficient amount of gas released, while at the high
concentrations many bubbles are formed, leading to faster
coalescence and foam collapse. The temperature has a similar
effect: at a lower temperature the reaction is slower and the
amount of gas released is smaller, while at a higher tempera-
ture the pores grow faster, coalesce and become open, leading
to the collapse of the foam. The combination of a high MnO2

concentration and a high temperature strongly accelerates the
collapse of the foam. It should be noted that although the CRT
panel glass, carbon and MnO2 were heat treated as fine
powders, no crystallization occurred, according to the XRD
measurements.
Fig. 4. Appearance of foam samples prepared with 1 wt% carbon and 7.2 wt% M
27.1 μm, (C) 19.5 μm and (D) 14.8 μm.

Fig. 5. Influence of MnO2 addition on the apparent density of the foam
samples prepared with 1 wt% of carbon at different temperatures for 5 min.
The powder mixtures were milled for 45 min. The letters G, I, K and L relate
the data point to the images of the samples in Fig. 7.
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The influence of foaming time on the density for the
samples with 1 wt% carbon and 5.4 wt% MnO2 is shown in
Fig. 6. It is clear that low-density foams are only obtained for
short foaming times (5 min) at 800–840 1C. The density is
considerably higher at 780 1C and decreases only slightly with
time. Identical behavior was observed for the samples with
0.5 wt% carbon and 5.4 wt% MnO2. Such behavior indicates
that the pore growth and coalescence proceed very quickly
above 800 1C, leading to a collapse of the foam.
Fig. 7 shows the appearance of representative foam samples

prepared under different conditions. It is seen that the pore size
increases with increasing foaming temperature and time. Very
similar to the temperature effect, the increase of the MnO2

content also leads to pore growth and eventually to the
beginning of foam collapse, as shown in Fig. 7L for the
sample with 9.0 wt% MnO2.
The morphological changes in the pore structure due to the

pore growth and coalescence are reflected in the number of
open pores. When the pores merge to form larger pores, the
small interconnections between the neighboring pores are
formed first. In the case that there is a large number of
interconnections present in the sample, the whole foam
structure is interconnected and the gas atmosphere in the pores
will exchange with the atmosphere surrounding the foam. In
general, all the pores are closed at the beginning of the
foaming process when the gas-releasing reaction is initiated
nO2 at 820 1C for 5 min from powders with particle size D90 equal to (B)

Fig. 6. Influence of the foaming temperature and time on the apparent density
of the foam samples prepared with 1 wt% of carbon and 5.4 wt% of MnO2.
The powder mixtures were milled for 45 min. The letters E, F, G, H, I, J, and K
relate the data point to the images of the samples in Fig. 7.
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Fig. 7. Appearance of representative foam samples prepared under different conditions: samples with 1 wt% of carbon and 5.4 wt% of MnO2 foamed at (E) 780 1C
for 5 min, (F) 780 1C for 60 min, (G) 800 1C for 5 min, (H) 800 1C for 15 min, (I) 820 1C for 5 min, (J) 820 1C for 15 min, (K) 840 1C for 5 min; (L) sample with
1 wt% of carbon and 9.0 wt% of MnO2 foamed at 820 1C for 5 min. The powder mixtures were milled for 45 min.

Fig. 8. Influence of MnO2 addition on the open porosity of the foam samples
prepared with 1 wt% of carbon at different temperatures for 5 min. The powder
mixtures were milled for 45 min. The letters G, I, K and L relate the data points
to the images of the samples in Fig. 7.
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in the sintered sample, while the pores become open during
prolonged heat treatment at higher temperatures [6]. When
extending the foaming time, a transition occurs from closed to
open pores, which can be either fast or slow. This transition
can occur due to a rapid increase of the pressure inside the
pores [26] or due to the coalescence and growth of the pores.
In general, opening of the pores indicates the beginning of the
collapse of the foam, since the overpressure in the pores is lost.

The dependence of open porosity on the addition of MnO2

and temperature for the samples with 1 wt% of carbon is
shown in Fig. 8. For the sample with 1.8 wt% of MnO2 the
open porosity increases slightly with the increasing tempera-
ture. For larger MnO2 additions, however, the lowest fraction
of open pores is observed at 800 1C, while the fraction of open
porosity strongly increases with an increase in the temperature
and the addition of MnO2. The rapid increase in the open
porosity with a 20 1C increase in the temperature shows that
the transition from closed to open pores is rapid and the system
is sensitive to small changes in the heat-treatment parameters.
This is in agreement with the trends observed from the
apparent densities of the samples foamed for different dura-
tions (Fig. 6), indicating that the stability of the foam decreases
rapidly when the foaming temperature exceeds 800 1C for a
period of longer than 5 min.

The influence of the carbon concentration (0.5–1.5 wt%) on
the density was observed to be much smaller than that of the
MnO2. For the samples foamed at 820 1C the density was in
the range 142–152 kg m�3. The small influence of the carbon
concentration on the density suggests that the majority of the
carbon is burnt out before the glass powder sinters to a state
with closed pores. The oxidation of the carbon by the air
atmosphere is evident from Fig. 1. Based on these observa-
tions, we infer that the CO2 concentration in the pores is
relatively low and that the main foaming effect comes from the
decomposition of MnO2.

To assess the thermal conductivity of the foam-glass
samples, larger samples for the composition with 1 wt%
carbon and 5.4 wt% MnO2 were prepared. A vertical cross-
Please cite this article as: J. König, et al., Fabrication of highly insulating foam gl
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section of such a sample is shown in Fig. 9. The pores at the
bottom are large, of oblong shape and horizontally oriented.
Closer to the top the pores are small and spherical, similar to
what was observed in the small samples (Fig. 7G). The
different porosity results in a change in the density through
the sample's height. When the sample was cut into three discs,
the bottom part had a density of 130 kg m�3, while the density
of the top disc was �175 kg m�3. The foam glasses have an
open porosity of 80–90%, which is higher than for small
samples prepared under the same conditions. Such behavior
can be explained by the difference in the temperature profile
within the sample during the foaming process. In comparison
with the small samples, the cooling of the large samples in
stainless-steel cylinders is slower. Moreover, during the foam-
ing, the bottom and middle parts become closed from all sides
so that the heat transfer during cooling is slower from this part
of the sample. Besides this effect, the heating elements of the
oven located on the bottom and top of the furnace are in closer
contact with the bottom of the sample. Thus, the bottom part is
ass made from CRT panel glass, Ceramics International (2015), http://dx.doi.
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Fig. 9. Appearance of a large foam sample prepared with 1 wt% carbon and
5.4 wt% MnO2 at 800 1C for 5 min. The powder mixture was milled for
45 min.

Fig. 10. The thermal conductivity of the foam glasses prepared with 1 wt%
carbon and 5.4 wt% MnO2 at 800 1C for 5 min. The measurements were
performed at 10 1C. For comparison, the data for commercial foam glasses [4]
are shown.
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exposed to higher temperatures for a longer time, resulting in
larger pores. Moreover, as a consequence of the slower
cooling, the pores of the large samples are more open than
the pores of the small samples. Indeed, such behavior is
expected since the results of the foaming experiments on the
small samples revealed a rapid transition from closed to open
pores relative to small changes in the heat-treatment tempera-
ture and time (Fig. 8).

Due to the difference in the density through the sample, the
thermal conductivity was measured from the bottom and top
sides, and an additional measurement was made in the middle
of the sample. The thermal conductivities are plotted against
the relevant density (Fig. 10). The thermal conductivity
increases linearly with increasing density in the measured
range. The lowest value obtained is 42 mW m�1 K�1 for
ρapp¼131 kg m�3. The thermal conductivity is lower than that
of commercial products [4], when comparing values for the
same densities. This is promising, if we consider that the open
porosity is high. Since the major part of the gas present in the
foam samples is air, the thermal conductivity of a sample with
closed pores filled with CO2 would be even lower [30]. This
reveals the great potential of the proposed foaming mixture for
Please cite this article as: J. König, et al., Fabrication of highly insulating foam gl
org/10.1016/j.ceramint.2015.04.051
the production of a foam glass with improved heat-insulating
ability.
4. Conclusions

The present study revealed the excellent potential of CRT
panel glass foamed with carbon and MnO2 for the production
of foam glass with improved heat-insulating ability. The
results showed that the moderate foaming effect of the carbon
is greatly improved by the addition of the MnO2. A smaller
particle size had a positive effect on decreasing the density,
since more carbon became captured in the softened glass. With
the addition of MnO2, an apparent density of 131 kg m�3

could be achieved. The optimum concentrations of carbon and
MnO2 were found to be 0.5–1 wt% and 5.4–7.2 wt%, respec-
tively. Within these concentration ranges the densities and
open porosities showed small variations. On the other hand,
the foaming process was very sensitive to the foaming
temperature and time. The optimum foaming conditions were
found to be 800 1C and 5 min of foaming time. The thermal
conductivity of the foam samples was lower than that of
commercial products in the density range between 130 and
175 kg m�3. The lowest value obtained was 42 mW m�1 K�1

at an apparent density of 131 kg m�3. The obtained foam
glasses had a high degree of open pores; hence, the potential to
decrease the thermal conductivity even further exists.
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