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� Glass foams made of recycled glass, cellulose, lime and aluminum powder slurries.
� The viscosity significantly affected the expansion behavior of the slurries.
� Average densities: 355–530 kg m�3 and average compressive strengths: 0.2–0.5 MPa.
� Increasing sintering time to 60 min increased the compressive strength to 1.5 MPa.
� Lower compressive strength and thermal conductivities due to cell wall pores.
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a b s t r a c t

The rheology and foaming/expansion of the slurries of a waste/recycled glass powder with 50, 55 and
60 wt% of solid (glass powder) were experimentally investigated. The glass powder slurries were foamed
using aluminum powder as foaming agent (0.75 wt%) and calcium hydroxide as activator (1 wt%). Sodium
carboxymethyl cellulose (CMC) was added to the slurries as a binder with the amounts between 0 and
4 wt%. The expansions of the slurries were measured in-situ using a laser sensor and reported as percent
volume expansion. The CMC-addition increased the viscosities of the slurries, particularly the fine size
powder slurries. The slurries with the relatively low-viscosity exhibited lower initial expansion rates
compared to the slurries with the relatively high-viscosity. The maximum expansions of the slurries
increased from 300 to 350%, when the viscosity increased to 5 Pa s and reached a steady value around
400% between 5 and 50 Pa s. The expansions of the slurries could not be achieved above 50 Pa s since
they became too thick to be foamed. The foam samples made from the slurries with 55 and 60 wt% of
solid and sintered at 700 and 750 �C for 30 min had the average densities between 355 and 530 kg m�3

and the average compressive strengths between 0.2 and 0.5 MPa. Increasing sintering time to 60 min at
750 �C increased the average compressive strength from 0.5 to 1.5 MPa for the foam samples made from
the slurry with 60 wt% of solid. These proved that both sintering temperature and time were effective in
increasing the compressive strengths of the foamed structures. The thermal conductivities of the sintered
foam samples with the densities of 355 and 504 kg m�3 were measured 0.042 and 0.057 W m�1 K�1,
respectively.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Glass foams exhibit relatively high compressive strength, low
thermal conductivity, high sound absorption, lowmoisture absorp-
tion, non-flammability and high freeze-thaw resistance. The com-
binations of above properties make them suitable for the heat
and sound insulations of buildings, pipes and etc. The methods of
glass foam processing by incorporating a gas evolving substance
(foaming agent) into a molten glass and by mixing the foaming
agent with a glass powder followed by heating the powder mixture
to the softening point of glass were patented as early as 1934 and
1938, respectively [1,2]. The current glass foam production is lar-
gely based on foaming waste/recycled-glass powder in the pres-
ence of a foaming agent at a relatively high temperature [3]. In
this process, the waste-glass powder precursor mixed with a foam-
ing agent is heated to the softening point of glass and the gas

http://crossmark.crossref.org/dialog/?doi=10.1016/j.conbuildmat.2019.117898&domain=pdf
https://doi.org/10.1016/j.conbuildmat.2019.117898
mailto:mustafaguden@iyte.edu.tr
https://doi.org/10.1016/j.conbuildmat.2019.117898
http://www.sciencedirect.com/science/journal/09500618
http://www.elsevier.com/locate/conbuildmat


2 D. Zeren et al. / Construction and Building Materials 240 (2020) 117898
released by the decomposition/reaction of the foaming agent
expands softened glass powder body. The foaming agents used in
above process are classified as neutralizers: CaCO3 [4–6], CaMg
(CO3)2 [7], Na2CO3 [8,9] and MnO2 [10,11] and redox agents: C
[12], SiC [5,13–19], Si3N4 [17,20], AlN [17] and TiN [13]). Neutral-
izers decompose upon heating, releasing CO2, while redox agents
react with glass, forming CO2, CO or N2, depending the type of
the foaming agent used.

The main drawback of the glass foam processing based on the
foaming glass powders at an elevated temperature with the use
of a foaming agent is the comparably high unit cost. In addition,
glass foams have an approximately 20% higher thermal conductiv-
ity than polystyrene foams and mineral fibers [11]. Soda-lime-
silicate and cathode-ray-tube glass foaming were accomplished
at 750–950 �C using CaCO3 [21,22] and 950 �C using SiC foaming
agents [23]. Furthermore, CaCO3 reacts with glass melt at the sur-
face, making foaming process difficult to control [4,24,25]. The
melt viscosity window of foaming soda-lime-silicate and
cathode-ray-tube glasses for achieving minimum final foam densi-
ties was determined between 104–106 Pa s using carbonates and
103.3–104 Pa s using SiC [24]. As the melt viscosity is affected by
the temperature, heating rate, crystallization of melt and surface
chemistry, the adjustment of viscosity becomes complicated. Glass
foams are however environmentally friendly in production and
usage [26]; therefore, the market size has been steadily growing
in all countries over the past two decades [11]. According to
authors’ investigation, there appeared approximately 170 scientific
articles in Web of Science on glass foams; however, the total num-
ber of patents related to manufacturing was 390 until 2015, which
implied the importance of need for new methods. In the period of
1930–2015, total 161 patents were published by the USA, 135
patents by China, 31 patents by European countries, 25 patents
by Japan and 38 by Russia. The patent publications by China
started in 1990s and gained an increase after 2000s.

In present study, the feasibility of glass foam processing by
expanding at room temperature the slurries of a waste/recycled
glass powder and by sintering the expanded bodies at elevated
temperatures was investigated experimentally. The slurries in dif-
ferent powder size and wt% of solid and binder were prepared and
expanded with the addition of an aluminum powder (foaming
agent) and a Ca(OH)2. Ca(OH)2 is a widely used alkali activator in
processing autoclaved aerated concretes [27–30]. The compressive
strengths and thermal conductivities of the sintered foam samples
were determined and compared with those of the published in the
literature. Based on authors’ knowledge, there has been only one
Fig. 1. The SEM pictures of a) as-receiv
study [31] in the literature on the expanded powder slurries (fly
ash slurries with the addition of glass powder addition) to form
solid foam structures. The studied method hence gives a new
insight for foam glass processing and can also potentially eliminate
the difficulties of controlling process parameters of the conven-
tional high-temperature foam glass processing method.
2. Materials and experiments

Recycled soda-lime-silica glass powder was obtained from a
local supplier with an average particle size of ~72 mm (Malvern
Mastersizer 2000). The elemental composition of the as-received
glass powder was determined 73% SiO2, 12% Na2O, 12% CaO, 1.6%
MgO and 1.4% Al2O3 (Spectro IQ II X-Ray Fluorescence). The as-
received glass powder particles had angular shapes with relatively
low aspect ratios as seen in Fig. 1(a) (FEI Quanta 205 FEG and Phi-
lips XL 30SFEG SEM). The powder was fractioned using a Fritsch
Analtysette 3 PRO type vibrational screener into three sieve sizes:
below 38 mm (fine), between 38 and 45 mm (medium) and between
45 and 56 mm (coarse). The softening point of the used glass pow-
der was previously measured ~680 �C [19]. A commercially avail-
able aluminum powder (0.75 wt%) and a Ca(OH)2 powder (1 wt
%), both supplied by AKG Gazbeton company of Turkey, were used
as the foaming agent and activator, respectively. The flake-shape
aluminum particles of the foaming agent had the lengths of long-
axis between 25 and 50 mm and short-axis in few micrometers as
seen in Fig. 1(b). Sodium carboxymethyl cellulose (Sigma Aldrich
419273) was used as a binder in the slurries with 0, 2, 3 and
4 wt% to achieve a green strength of dried foams. The rheology of
the slurries was determined using a Thermo Electron Corporation
Haake Mars II Rotational Rheometer device. The investigated fine,
medium and coarse glass powder slurries are tabulated in Table 1.

The slurries were prepared by mixing glass powder (50, 55 and
60 wt%) with lime and CMC in distilled water for a few minutes at
2000 rpm. After adding aluminum powder, the slurry was mixed
for 15 s at 2000 rpm and then poured into a 40 mm-diameter cylin-
drical Teflon tube (Fig. 2(a)). Teflon tube was used to reduce the
frictional forces between the slurry and the mold. Few foaming
experiments were conducted inside a transparent Plexiglas tube
in order to video-record the bubble evolution as function of time
(Fig. 2(b)).

The experimental set-up used in the expansion experiments is
shown in Fig. 3. A laser displacement sensor (Micro Epsilon
ILR1030-8) clamped by a holder at a distance of 20 cm above the
ed glass powder and b) Al powder.



Table 1
The codes and measured viscosities of the slurries investigated.

Slurry Viscosity 1 (Pa s) Viscosity 2 (Pa s) Viscosity 3 (Pa s) Average Viscosity (Pa s)

Fine, 50 wt% solid, 2 wt% CMC 0.1 0.1 0.13 0.11
Fine, 60 wt% solid, 2 wt% CMC 1.36 1.35 1.3 1.34
Medium, 50 wt% solid, 2 wt% CMC 0.1 0.1 0.1 0.10
Medium, 60 wt% solid, 2 wt% CMC 1.36 1.35 1.3 1.34
Coarse, 50 wt% solid, 2 wt% CMC 1.1 1.06 1.06 1.07
Coarse, 60 wt% solid, 2 wt% CMC 0.24 0.24 0.25 0.24
Fine, 50 wt% solid, 3 wt% CMC 2.88 2.62 2.47 2.66
Fine, 60 wt% solid, 2 wt% CMC 4.59 4.21 4.07 4.29
Medium, 50 wt% solid, 3 wt% CMC 3.65 3.49 3.45 3.53
Medium, 60 wt% solid, 3 wt% CMC 4.93 4.73 4.73 4.80
Coarse, 50 wt% solid, 3 wt% CMC 1.08 1.08 1.08 1.08
Coarse, 60 wt% solid, 3 wt% CMC 1.66 1.67 1.67 1.67
Medium, 50 wt% solid, 4 wt% CMC 6.41 6.3 6.19 6.30
Medium, 60 wt% solid, 4 wt% CMC 28.7 18.2 18.2 21.70
Coarse, 50 wt% solid, 4 wt% CMC 3.42 3.26 3.34 3.34
Coarse, 60 wt% solid, 4 wt% CMC 6.48 5.36 5.74 5.86

Fig. 2. Foaming molds a) TeflonⒸ and b) transparent Plexiglas.

Fig. 3. Foam expansion experimental set-up.
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foaming mold was sued to measure the expansions of the slurries
in-situ as function of time. The sensor was operated between 4 and
20 mA and calibrated before each experiment by determining the
corresponding current difference of a known distance. A piece of
white paper was placed on the surface of the slurries before the
start of the expansion measurement to provide a contrast back-
ground for the laser spot (Fig. 3). The simultaneous change in the
expansions was recorded by a Data Taker DT 80 logger. The percent
volume expansion (VE) or linear expansion was calculated using
the following relation
VE %ð Þ ¼ hf � h0

h0
� 100 ð1Þ
where, hf and ho are the final and initial height of the slurry, respec-
tively. Expansion experiments for each slurries were conducted in
triplicate to determine a representative behavior. Pictures were
taken during foaming in the Plexiglas mold at 420, 360, 720, 1200
and 1800 s (7, 9, 12, 20, and 30 min) using a Sony RX100ii high res-
olution camera. Since the bubble sizes were very small at the begin-
ning of the foaming, they could not be detected until about 420 s.

Foamed slurries were dried at room temperature for 24 h;
thereafter, sintered in a Protherm Laboratory Furnace Model PLF
130/25 at 650, 700, 750 and 800 �C with a heating rate of 10 �C
min�1 for 30 min. The foam samples for the compression and ther-
mal conductivity tests were expanded inside a larger-diameter
plastic mold (75 mm). Following the sintering, the cylindrical com-
pression test samples, 20 mm in diameter and 20 mm in length,
were core-drilled through the foaming direction. The surfaces of
core-drilled samples were cleaned by applying pressurized air.
Before the compression test, the end surfaces of the samples were
grounded flat. The density of each test sample was determined by
dividing the weight by the volume of the sample. The tests were
conducted in a displacement-controlled SHIMADZU AG-I universal
test machine at a strain rate of 1 � 10�3 s�1 using axially self-
aligned pin-ball compression test platens. At least 4 tests were per-
formed for each group of samples and the resultant compressive
strengths were averaged. Thermal conductivities of the diamond-
saw-cut 30 � 10 � 10 mm size rectangular foam samples were
measured in a C-Therm Thermal Conductivity Analyzer.
Fig. 4. (a) the shear stress-shear rate (3 tests for 50 and 60 wt% solid) and (b)
viscosity-shear rate curves of the fine powder slurries with 50, 55 and 60 wt% solid
and 2 wt% CMC content.
3. Results

3.1. Rheology of slurries

The shear stress-shear rate and viscosity-shear rate curves of
the fine powder slurries with 50, 55 and 60 wt% of solid and
2 wt% of CMC content are shown in Fig. 4(a) and (b), respectively.
Three separate measurements of the shear stress-shear rate of the
slurries with 50 and 60 wt% of solid content in Fig. 4(a) are very
similar to each other, proving the repeatability of the measure-
ments. As is also noted in Fig. 4(b), the non-Newtonian behavior
of the slurries with 50 and 55 wt% of solid content at low shear
rates switches into the Newtonian behavior after ~20 s�1, while
the slurry with 60 wt% of solid content shows a non-Newtonian
shear thinning. An increase in the wt% of solid content promotes
a non-Newtonian behavior. The viscosities of the investigated slur-
ries were determined at 20 s�1 and are tabulated in Table 1. Fig. 5
(a), (b) and (c) show sequentially the variations of the average vis-
cosities of the fine, medium and coarse powder slurries with the wt
% of CMC. As seen in the same figures, an increase in the wt% of
CMC increases the viscosity of the slurries, while the increase in
viscosity is more noticeable in the fine powder slurries, particularly
with 4 wt% of CMC addition.
3.2. Foaming experiments

Fig. 6 shows the expansion-time curves of the medium size
powder slurries with 50 and 55 wt% of solid and 4 wt% of CMC con-
tent. The pictures of the expanding slurries are also shown in the
same figure at various times. The oscillations in the expansion-
time curves are due to the electronic background noise of the laser
sensor. The smoothed-expansion-time curves of the slurries with
50 and 55 wt% of solid are also shown in Fig. 6 with dashed lines,
together with that of the slurry with 60 wt% of solid. The initial
expansion of the slurries starts with the bubble nucleation and
growth and proceeds with a high expansion rate until about a max-
imum expansion, ~700 s for 60 wt%, ~1000 s for 55 wt% and
~1500 s for 50 wt% of solid. The expansion rates of the slurries with
55 and 60 wt% of solid are very similar to each other in this stage,
however, about 2.4 times that of 50 wt% solid slurry (Fig. 6). The
expansions decrease after the maximum; the reduction is gradual
in the slurry with 50 wt% of solid and the highest in the slurry with
60 wt% of solid.



Fig. 5. The average viscosity vs. CMC-wt% of the slurries with (a) 50, (b) 55 and (c) 60 wt% solid.

Fig. 6. The expansion-time curves of medium powder slurries with 50, 55 and
60 wt% of solid and 2 wt% of CMC addition together with the pictures of the
Plexiglas foaming mold showing the expansions of slurries with 50 and 55 wt% of
solid.
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The representative expansion-time curves of the fine, medium
and coarse powder slurries with different solid and CMC content
are shown in Fig. 7(a-c), respectively. The arrows in the same fig-
ures show the wt% of solid and the numbers in the circles below
the arrows show the corresponding wt% of CMC. In the same fig-
ures, the expansion-time curves of the slurries without CMC addi-
tion are also shown for comparison. As seen in the same figures,
the expansions of all slurries with CMC addition increase over
those without CMC addition. As is also seen in Fig. 7(a), increasing
solid content from 50 to 55 and 60 wt% in the fine powder slurries
increases the initial expansion rate. The expansions of the fine
powder slurries with 55 and 60 wt% of solid content decrease more
rapidly after the maximum expansion, while the decrease is more
notable in the slurries with 60 wt% of solid. The expansion of the
fine powder slurries with 50 wt% of solid slightly decreases, while
the slurries with 55 wt% of solid increases with increasing the wt%
of CMC from 2 and 4. A maximum expansion above 400% is seen in
the fine powder slurries with 55 wt% of solid and 4 wt% of CMC,
while the slurries with 60 wt% of solid and 4 wt% of CMC could
not be foamed due to excessive increase in the viscosity. Increasing
both the wt% of solid and CMC increases the maximum expansions
in the medium powder slurries (Fig. 7(b)). A maximum expansion
over 400% is seen in the medium powder slurries with 60 wt% of



Fig. 7. The expansion-time curves of (a) fine, (b) medium and (c) coarse powder
slurries with different wt% of solid and CMC addition.
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solid and 4 wt% of CMC. Similar initial rapid expansions are also
seen in all coarse size powder slurries regardless of the wt% of solid
and CMC as seen in Fig. 7(c). The expansions of the coarse powder
slurries with 50 and 55 wt% of solid are very much similar to each
other; the maximum expansions are nearly 300% and increase
slightly with increasing the solid content. The maximum expan-
sions are however higher in the slurries with 60 wt% of solid,
between 300 and 400%, but these values are lower than those of
the fine and coarse size powder slurries at the same solid wt%.
The expansions of the coarse size powder slurries also decrease
after the maximum expansion, the degree of which increases with
increasing the wt% of solid. Briefly, the fine size powder slurries
with 55 wt% of solid and the medium and coarse size powder slur-
ries with 60 wt% of solid at 4 wt% of CMC addition show the highest
maximum expansions, while these slurries also exhibit rapid
reductions in expansions after the maximum expansion.

The variation of the maximum expansions of the powder slur-
ries with the logarithm of the apparent viscosity is shown in
Fig. 8. The average maximum expansion of the slurries without
CMC addition, ~200%, is also shown with a dashed line (Fig. 8).
The addition of CMC increases the expansions from 200 to 300%
in the low-viscosity slurries, ~0.22 Pa s. The maximum expansions
increase moderately with increasing the viscosity from 0.22 to
~5 Pa s. However, the maximum expansions increase above 400%
after a critical viscosity of ~5 Pa s. The maximum expansions
remain almost constant until about ~50 Pa s, above which the slur-
ries became too thick to be foamed.
3.3. Microstructure, compressive strength and thermal conductivity

Fig. 9(a) shows the picture of a foamed green body of the med-
ium size powder slurry with 55 wt% of solid and 4 wt% of CMC,
foamed inside the Teflon mold, and Fig. 9(b) shows an expanded
powder slurry inside the rectangular plastic mold for the prepara-
tion of the compression and thermal conductivity test samples.
Both, the compression and thermal conductivity test samples were
cut normal to the foam expansion direction as shown by an arrow
in the same figure. The fracture surface of a foamed and dried
green body is shown in Fig. 10(a). Relatively homogenous inter-
connected cells in few millimeters size are seen in Fig. 10(a). The
Fig. 8. The variation of maximum expansion with the logarithm of the viscosity.



Fig. 9. (a) the picture of the foamed green body after removing from the Teflon tube (b) the picture of an expanding slurry in the rectangular plastic mold. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 10. (a) the picture of a foamed green body and (b) the SEM image of the
polished surface of foamed green body embedded into the epoxy mold showing the
glass particles on the cell walls. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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SEM image of the epoxy-molded and polished cross-section of a
foamed green body, normal to foam expansion direction, is shown
in Fig. 10(b). In this micrograph, the black sections represent the
cells (filled with epoxy) and white sections the cell walls of the
close-packed glass particles. The partial foam structure seen in
Fig. 10(b) also proves an efficient bonding between the carboxyl
groups of CMC and the surfaces of glass particles, which holds
the particles together in the foam structure.

The SEM image of the fracture surface of a foam sample made
from the medium size powder slurry with 60 wt% solid and 4 wt
% of CMC and sintered at 750 �C for 30 min is shown in Fig. 11
(a). As is shown by the arrows in the same figure, the fractured
and intact cell walls and edges accommodate both small and large
sizes of pores. These pores are likely resulted from the partial
bonding of the glass particles. The number and sizes of these cell
wall/edge pores increase in the foam samples sintered at a lower
temperature of 700 �C for 30 min (Fig. 11(b)). And as opposite,
the thicker cell walls are seen in Fig. 11(c) in a foam sample sin-
tered at 750 �C for a longer sintering time, 60 min. On the denser
cell walls, the cleavage type of fracture as similar with the fracture
of bulk glass is also clearly seen in Fig. 11(c). These further prove
the effect of both sintering temperature and time on the final cell
structure of the sintered foam samples.

The microscopic studies on the foam samples sintered at 650 �C
showed a weak bonding between the particles, while the foam
samples sintered at 800 �C resulted in excessive shrinkage due to
the melting of glass particles. The foam samples made from the
medium size powder slurry with 55 wt% of solid and 4 wt% of
CMC and sintered at 700 and 750 �C had the final densities of
between 400 and 405 kg m�3. The final densities of the foam sam-
ples made from the same slurries with 60 wt% of solid and sintered
at the same temperatures and sintering time were between 490
and 530 kg m�3. The final density of foam sample made from the
medium size powder slurry with 60 wt% of solid and 4 wt% of
CMC was 500 kg m�3 when the sintering time increases to
60 min at 750 �C. Fig. 12 shows the quasi-static compression
stress–strain curves of the foam samples of the medium powder
slurries (55 and 60 wt% of solid) sintered at different temperatures
and times. The initial peak stress in these stress–strain curves is
taken as the compressive strength as shown in Fig. 12. The foam
samples sintered at 700 �C for 30 min show relatively low com-
pressive strengths, ~0.2 MPa. When the sintering temperature
increases to 750 �C, the strength increases above 0.5 MPa. Increas-
ing sintering time to 60 min for the foam sample of 60 wt% of solid
increases the average compressive strength to 1.5 MPa. These con-
firm that both sintering temperature and time are effective in
increasing the compressive strength. The tested foam samples fail



Fig. 11. The SEM images of the foam samples made from the slurries with 60 wt% of
solid and sintered at (a) 750 �C for 30 min, (b) 700 �C for 30 min and (c) 750 �C for
60 min, showing fractured cell walls.

Fig. 12. The compression stress–strain curves of foam samples of 55 and 60 wt%
solid content sintered at 700 and 750 �C for 30 and 60 min.

Fig. 13. The variations of the cell diameters and number of cells (from the surfaces
of the mold) of the slurries with 50, 55 and 60 wt% of solid and 4 wt% of CMC as
function of foaming time.
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by forming cracks starting at the top or bottom of compression test
plate. After initial cracking corresponding to the compressive
strength, the fractured foam sample was re-compressed continu-
ously until about large strains.

The thermal conductivities of foam samples made from the
slurries of 55 and 60 wt% of solid and sintered at 750 �C for
30 min were measured. The thermal conductivities of the foam
samples were measured 0.042 and 0.057 W m�1 K�1 at the densi-
ties of ~400 and ~500 kg m�3, respectively.
4. Discussion

A rapid increase in the viscosities of the powder slurries after
about 50 wt% of solid has been shown previously [32–35]. The
rapid increase in the viscosity is particularly seen in the fine pow-
der size slurries with 60 wt% of solid content (Fig. 5(a-c)). The
expansions of the slurries are shown to depend on the viscosity
or the solid content of the slurries (Fig. 7(a-c)). Fig. 13 shows the
variations of the bubble diameter and the number of cells, deter-
mined from camera records, with the foaming time. As is seen in
the same figure, the number of cells of the slurries with 55 and
60 wt% of solid are higher than that of the slurry with 50 wt% of
solid below 500 s; thereafter, the number of cells decreases more
sharply and the cell diameter increases more rapidly in the slurries



Fig. 14. (a) The variations of the (a) compressive strength and (b) thermal
conductivity with the density of the glass foams of previous and present study.
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with 55 and 60 wt% of solid. These are also in accord with high ini-
tial expansion rates and rapid reductions of the expansions after
maximum expansion in the slurries with 55 and 60 wt% of solid.
The pressure difference between bubbles and slurry matrix
increases with increasing viscosity. The increase in the internal
pressure of bubbles may also results in a sudden, explosive-type
of expansion [36]. The increased initial expansion rate of the slur-
ries with the high solid content are likely due to this effect. How-
ever, the increase in the internal bubble pressure may also
accelerate cell coarsening or decay. The increased extent of foam
coarsening in the slurries with high viscosities has also been
reported in previous studies [37–39]. The effect of water-solid ratio
on the aerated concrete, using an Al powder foaming agent, was
shown the most effective process parameter on the final density
[40]. Furthermore, the addition of CMC stabilizes the slurries ster-
ically and increases the viscosity due to the increased number of
carboxymethyl groups binding the hydroxyl group.

The mechanisms of aluminum powder dissolution in calcium
hydroxide solution was previously investigated and proposed to
proceed by two sequential/parallel stages: aluminum oxide passive
layer dissolution (activation) and aluminum hydration [41]. First,
the passive layer Al2O3 reacts with water and forms AlOOH, then
an amorphous Al(OH)3 layer which releases Al(OH)4 – ion in strong
alkali solutions. Al(OH)4– ion reacts with Ca2+ ion and water, leading
to the formation and the growth of katoite (Ca3Al2(OH)12) as

3Ca2þ þ 2Al OHð Þ�4 þ 8H2O $ Ca3Al2 OHð Þ12 þ 6H2 gð Þ ð2Þ
The hydration reaction of aluminum occurs in stage 2, after the

dissolution of the surface oxide layer by the following reaction

Al sð Þ þ 3H2O $ Al OHð Þ3 sð Þ þ 3=2H2 gð Þ ð3Þ
Above reaction releases hydrogen gas and forms whisker-shape

insoluble Al(OH)3 and polycrystalline katoite crystals [41]. The
crystal phase formation during foaming process may affect,
depending on the size, by the amount and type of phases, the
expansion behavior of slurries and the sintering behavior of
foamed slurries. The XRD analysis of sintered foam bodies showed
no crystal phase formation. This might be a result of low concen-
tration of Ca(OH) added to the slurries.

The compressive strengths of the previously investigated glass
foams [3,5,15,17,19,20,42–51] are shown in Fig. 14(a) as function
of density, together with those of present study. The compressive
strength vs. density data in Fig. 14(a) were fitted with the following
Equation given for brittle ceramic foams [52],

rf ¼ rs½Cð£qrelÞ
3
2 þ ð1�£Þqrel� ð4Þ

where,rs is the strength of glass, which was taken as 70 MPa [23], C

is a constant, qrel is the relative density of foam ( qqs
, where q is the

density of the foam and qs is the density of the solid) and £ is
the volume fraction of the solids contained on plateau borders.
The first term in above equation is due to the bending and the sec-
ond is due to the membrane stretching of cells. Eqn. (4) predicts the
compressive strengths of open-cell foams when £ equals to 1, and
the compressive strengths of closed cell foams when £ equals to 0.
The compressive strengths of the reported glass foams are well fit-
ted with £ values between 0.7 and 1 for the foam densities up to
300 kg m�3 and £ values between 0.7 and 0.9 for the foam densi-
ties between 300 and 600 kg m�3 (Fig. 14(a)). The tested present
glass foam samples show however lower compressive strengths
than those of previous studies. The compressive strengths however
show well-match with those of open cell foams. The lower strength
of present foams simply arises from the porosities on the cell edges
and cell walls and partly from the anisotropy introduced during
drying and sintering. The cells are elongated to the transverse to
the foaming direction, resulting in a lower strength in this direction.
Thermal conductivities of the glass foam samples reported previ-
ously as a function of density [3,43,49,53–55] are shown in
Fig. 14(b) for the foam densities up to 600 kg m�3 together with
the thermal conductivities of glass foams of present study. Thermal
conductivities of tested foam glass range between 0.042 and
0.057 W m�1 K�1. The tested foam glass, as shown in Fig. 14(b),
exhibit lower thermal conductivities than those of the foam glasses
reported in the literature. The relatively lower thermal conductivi-
ties of the present glass foams can be attributed to the smaller pore
sizes and open cell structure of the tested glass foams.
5. Conclusions

The rheology of the recycled soda-lime glass powder slurries
with 50, 55 and 60 wt% of solid and 0–4 wt% of CMC (binder) were
studied experimentally. The slurries were expanded using an alu-
minum powder as foaming agent (0.75 wt%) and a calcium hydrox-
ide as an activator (1 wt%). The green bodies of the foams of the
selected glass powder slurries were sintered at temperatures
between 650 and 800 �C for 30 and 60 min. Rheological studies
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have shown that the slurries with 50 and 55 wt% of solid exhibited
Newtonian behavior, while those with 60 wt% of solid non-
Newtonian behavior. The apparent viscosities of the slurries
increased with increasing the wt% of CMC, while the increase
was more pronounced in the fine powder slurries. In relatively
low-viscosity slurries, the initial expansion rate was slower and
the expansions remained almost constant after the maximum
expansion. The bursting of gas bubbles in the high-viscosity slur-
ries led to higher initial expansion rates followed by abrupt reduc-
tions in expansions after the maximum expansion. The maximum
expansions of the slurries increased from 300 to 350% when the
viscosity increased to 5 Pa s. Above this critical viscosity, the max-
imum expansions were almost constant and over 400% until about
50 Pa s, above which the slurries became very thick to be
expanded. The foam samples made from the slurries with 55 wt%
and 60 wt% of solid and sintered at 700 �C and 750 �C for 30 min
resulted in average densities between 355 and 530 kg m�3 and
average compressive strengths between 0.2 and 0.5 MPa. Increas-
ing sintering time from 30 min to 60 min at 750 �C increased the
average compressive strength from 0.5 to 1.5 MPa for the foams
made from the slurries with 60 wt% of solid. The thermal conduc-
tivity of sintered foam samples at 355 kg m�3 density was
0.042 W m�1 K�1, while it increased to 0.057 W m�1 K�1 for the
sintered foams at the density of 504 kg m�3. The investigated foam
glass samples exhibited lower compressive strength and thermal
conductivities than foam glasses reported in the literature, which
has been attributed to the small size of the porosities on the cell
edge and walls and partly from introduced anisotropy during dry-
ing and sintering.
CRediT authorship contribution statement
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