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ARTICLE INFO ABSTRACT

Keywords: Geopolymer foams of fine and coarse waste glass (WG) powders were prepared using an activation solution of
Glass NaOH (8 M) and Na5SiOs. The effects of WG powder particle size, solid/liquid ratio (S/L = 1, 1.5, and 2) and Al

Powdelr foaming agent content (2-20 wt%) on the expansion and temperature behavior of the slurries were determined
1? :;):10 ymer in-situ using a laser sensor and a thermocouple, respectively. The geopolymer foams processed using a coarse WG
Aluminum powder slurry, S/L = 2, and 2 wt% Al, were further sintered at 600, 700, 725, and 750 °C. The compression
Sintering strengths and thermal conductivities of the geopolymer and sintered geopolymer foams were also determined.

The slurry expansions continued until about a maximum, and the temperatures of the slurries increased to a
maximum, 85-88 °C. At the maximum temperature, the slurry evaporation and the resultant increase in the S/L
ratio limited the slurry expansion. Increasing the Al content decreased the final density of the foams (238-555 kg
m™3), while the coarse powder slurries resulted in lower densities than the fine powder slurries. Three crystal
phases, muscovite, sodium aluminum silicate hydrate, and thermonitrite, were determined in the geopolymer
foams. The muscovite formation was noted to be favored at high S/L ratios. During sintering, the partial melting
of glass particles started after about 700 °C, while sintering above this temperature decreased the final density of
the foams. The reduced density above 700 °C was ascribed to the release of CO, due to the decomposition of
thermonitrite. Both the compressive strength and thermal conductivity of the geopolymer and sintered geo-
polymer foams increased with increasing foam density. The highest increase in the compressive strength and
reduction in the density were seen in the geopolymer foams sintered at 750 °C.

Compressive strength
Thermal conductivity

resistance, and good aging features [5]. So far, geopolymer foams have
been mainly investigated using fly ash [2] (FA) and kaolin [6] or met-

1. Introduction

Discovered by the French scientist Joseph Davidovits in the 1970s
[1], geopolymers are three dimensional amorphous network/chains of
tetrahedral silica and alumina linked by covalent bonds similar to the
molecular chains in polymers. The details of the geopolymerization re-
actions are given elsewhere [2]. Briefly, the dissolved species of a pre-
cursor material containing silica and alumina in an alkali activation
solution form a gel (geopolymer gel), which acts as a cement for the
residual precursor. The formed gel is then cured at an elevated tem-
perature in order to obtain a solid form, known as a geopolymer con-
crete. In addition to the precursor and activation solution, a foaming
agent is added to the geopolymer slurries in order to form a cellular-
structured product after curing, known as a geopolymer foam. Geo-
polymer foams are considered an alternative to traditional insulating
materials [3] due to their high thermal and fire resistance [4], relatively
high compressive strengths, low thermal conductivities, good chemical

akaolin (MK) [7] as precursors, sodium hydroxide (NaOH) and sodium
silicate (NaySiO3) as alkali activators, and H205 [3,5,8] and Al powder
[3,8-11] as foaming agents. As a foaming agent, H,O5 induces uneven
large pore sizes [3], while the use of Al powder results in a more
controllable pore size distribution [3]. The overall reaction of Al in a
NaOH-water solution is [12].

2Al(s) + 6H,0 < 2A1(OH)3(s) + 3Ha(g) (€D)]

The above reaction starts to release Hy gas upon dissolution of the
thin surface-oxide layer on the Al powder by NaOH. The reaction con-
tinues until the Hy evolution is maximum [13]. Increasing the NaOH/Al
molar ratio [14] and decreasing the Al powder particle size increase [12]
the Hy evolution rate. A recent study on a geopolymer slurry of 70 wt%
FA and 30 wt% NaOH solution with and without Al addition showed the
formation of sodalite (Nag(AlSiO4)6(OH)24H>0) and thermonitrite
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(NayCOs3-H20) crystal phases [15]. The kinetics of the geopolymer re-
actions and the resultant structure are further affected by the ratio of
NaOH and NaySiOs3 [9]. Utilizing a multi-compound activator of NaOH
and NaySiOs led to a higher slurry viscosity and a higher compressive
strength in the obtained geopolymer foam [2].

The re-use of waste streams in manufacturing is of great importance
in terms of saving the environment, energy, and natural resources
[16,17]. Considering that a very large amount of bottles, windows, and
fluorescent and cathode-ray screens are recycled each year (more than
10 million tons in USA alone), the use of waste glass (WG) in geopolymer
foam processing looks to be very beneficial not only for saving natural
resources but also for eliminating the need for large storage areas for
disposal [17,18]. On the other side, the addition of WG powder has
already been shown to have a positive effect on the mechanical prop-
erties of geopolymer concrete [18]. In addition to this, geopolymer
foams were processed using 75 wt% soda-lime WG and 25 wt% MK
powder as a precursor and H,0;, as a foaming agent. The processed
geopolymer foams were then sintered at 700, 800, and 900 °C to obtain
glass and glass—ceramic foams [19]. In another study, a waste of tung-
sten mining powder and WG powder were expanded using a mixture of
NaOH and Naj,SiOs as an activator and Al powder as a foaming agent
[20]. The highest compressive strength was found in the foams cured at
80 °C. The effect of the percentage of NaoO on the foam density was also
shown to be quite substantial in the same study: below 3.1% Naz0, no
foaming occurred due to the absence of NaOH. The final densities of the
foams prepared using 3.3 and 3.5% NayO solutions varied between 500
and 700 kg m 3.

A short literature review given above has shown a growing recent
interest in the use of WG as an additive in geopolymer foam processing.
In parallel with this, the present study investigated the possibility of
processing geopolymer foams using WG powder as a main precursor. An
Al foaming agent powder (Al-11% Si) containing a thick oxide skin layer
on the surface was used as an alumina source in addition to the alumina
content in the WG powders for the geopolymerization. The effects of WG
powder particle size, solid/liquid (S/L) ratio, and Al powder content on
the expansion behavior of the geopolymer slurries and the mechanical
behavior and thermal conductivities of the obtained geopolymer foams
were studied. The geopolymer foams processed using a coarse WG
powder slurry (S/L = 2 and 2 wt% Al) were sintered at 600, 700, 725,
and 750 °C. Finally, the compressive strengths and thermal conductiv-
ities of the prepared geopolymer and sintered geopolymer foams were
compared with those published in the literature.

2 Materials and characterization

WG powders were received in two different average particle sizes
and used in the expansion/foaming experiments of the geopolymer
slurries. The first group of glass powder had an average particle size of
23 um, which was a residue of a soda-lime window/flat glass polishing
facility, Camex (Bursa, Turkey). The second group of WG powder was
received from a local supplier in Turkey with an average particle size of
72 pm and obtained by crushing and grinding of the disposed bottles and
window glass. The first powder represented a fine particle size, and the
second powder represented a coarse particle size. An aluminum powder
(90 um) produced by an open atmosphere melt spinning process was
used as a foaming agent in the foaming experiments and also for the
alumina source. The activation solution for the foaming experiments of
the geopolymer slurries was prepared using Sigma Aldrich NaOH pellets
(ACS reagent 97%) and a NaySiOgs solution, also known as water glass
(~10.6% NazO and ~ 26.5% SiO3) at a constant Na;SiO3/NaOH weight
ratio of 2.5. A previous study indicated that a sodium silicate to sodium
hydroxide weight ratio of 2.5 resulted in the lowest foam densities using
a FA precursor and an Al foaming agent [4]. A Sigma Aldrich carboxy-
methylcellulose (CMC) (CH2COoH) with an average molecular weight of
~ 90,000 was used as a binder to stabilize and achieve a green strength
in the geopolymer foam structure.
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A schematic of the slurry preparation and pictures of the foam
expansion and temperature measurement set-up are shown in Fig. 1. The
foamable geopolymer slurry preparation started by dissolving CMC (3
wt% of a 112 gr of foamable slurry) in distilled water at room temper-
ature on a magnetic stirrer. NaOH pellets with an amount that would
give an 8 M solution were then added to the CMC solution while the
solution was continuously mixed. The NaySiO3 solution was then added
at an amount that would give an S/L ratio of 1, 1.5, and 2, and the so-
lution was mixed in a high-speed mechanical mixer for 1 min. Sequen-
tially, appropriate amounts of WG and Al powder were then added, and
the resultant slurry was mixed in a high-speed mechanical mixer for 5
and 2 min, respectively. The prepared geopolymer slurry was then
poured into a transparent Plexiglas foaming tube having a diameter of
73 mm, a height of 150 mm, and enclosed at the bottom. The expansion
and the temperature of the slurries were measured in-situ inside the
foaming tube. The used coding, the S/L ratios, and the amount of the
constituents of the investigated geopolymer slurries are tabulated in
Table 1. The solid to liquid ratio was calculated in gram-ratio. The liquid
weight was calculated by adding the weights of the water, NaySiOs so-
lution, and solids (NaOH pellets and CMC powder) dissolved in the
liquid. The solid weight was calculated by adding the weights of the WG
and Al powder. The wt% of Al was calculated by dividing the weight of
the Al powder by the total weight of the solid (Al + WG) and multiplying
the result by 100. As tabulated in Table 1, the effect of the Al content
(2-20 wt%) on the expansion was investigated using the fine powder
slurries (1, 1.5, and 2), and the effect of the S/L ratio was investigated
using the coarse powder slurries. A laser sensor (Micro Epsilon ILR1030-
8) clamped by a holder at a distance of 20 cm above the foaming tube, as
shown in Fig. 1, was used to measure the expansions of the slurries in-
situ. The sensor was operated between 4 and 20 mA and calibrated
before each experiment by determining the corresponding current dif-
ference of a known distance. The temperatures of the foaming slurries
were measured by using a K-type thermocouple that was dipped into the
slurry near the bottom of the Plexiglas foaming tube. The simultaneous
changes in the expansions and temperatures of the slurries were then
recorded by a Data Taker DT 80 data logger, and then the data were
transferred to a computer. The percent of volume expansion (Vg (%)) or
linear expansion was calculated using the following relation
V(%) = —hf; i 1100 @)
where hyand h; are the final and initial height of the slurry, respectively.
The foamed slurries were kept at room temperature for 24 h inside the
foaming tube. The foams were then removed from the foaming tube (see
aremoved foam cylinder in Fig. 2) and then cured in an oven at 60 °C for
24 h. The cured foams prepared by using the coarse powder slurry, S/L
= 2 and 2 wt% Al, and coded MO in Table 1 were sintered at 600, 700,
725, and 750 °C for 1 h in a Protherm Laboratory Furnace (Model PLF
130/5). These foams were heated at a heating rate of 10 °C min™! to the
sintering temperature, kept at the sintering temperature for 1 h, and
then furnace-cooled to room temperature.

The compression tests on the geopolymer and sintered geopolymer
foams were conducted on the cylindrical test samples, 20 + 0.05 mm in
diameter and 25 + 1.2 mm in length, in a SHIMADZU AG-I universal
testing machine at a strain rate of 1 x 10> s™! at room temperature. The
compression test samples shown in Fig. 2 were extracted from the cured
and sintered foam cylinders (7.3 mm in diameter) by using a core-
drilling machine. Core-drilling was made without a liquid coolant.
Three compression test samples were extracted from each foam cylinder
(Fig. 2). The top and bottom surfaces of the core-drilled compression
cylindrical test samples were then made parallel by dry grinding. The
grinding was made inside a parallel-surfaced rectangular steel block
having a central cylindrical hole that had a diameter slightly larger than
that of the foam compression test sample. The sample was inserted in-
side the hole, and the foam test sample and the steel block were dry-
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Fig. 1. The schematic of the slurry preparation and foam expansion and temperature measurement set-up.

Table 1

The coding, S/L ratios, and amount of the constituents of the investigated geopolymer slurries.
No S/L Water(mL) Al (Wt%) Al(gr) NaOH (gr) CMC(gr) Na,SiO3(mL) Glass powder (um)
SO 1 18.5 2 1.1197 5.92 1.68 21.5 23
S1 1 18.5 4 2.2394 5.92 1.68 21.5 23
S2 1 18.5 8 4.4788 5.92 1.68 21.5 23
S3 1 18.5 12 6.7182 5.92 1.68 21.5 23
S4 1 18.5 16 8.9576 5.92 1.68 21.5 23
S5 1 18.5 20 11.197 5.92 1.68 21.5 23
LO 1 18.5 2 1.1197 5.92 1.68 21.5 72
L1 1 18.5 4 2.2394 5.92 1.68 21.5 72
L2 1 18.5 8 4.4788 5.92 1.68 21.5 72
NO 1.5 14.8 2 1.3436 4.736 1.34 17.2 72
N1 1.5 14.8 4 2.6872 4.736 1.34 17.2 72
N2 1.5 14.8 8 5.3745 4.736 1.34 17.2 72
MO 2 12.33 2 1.4929 3.946 1.12 14.33 72
M1 2 12.33 4 2.9858 3.946 1.12 14.33 72
M2 2 12.33 8 5.9716 3.946 1.12 14.33 72

A total of 112 g of slurry was prepared.

ground together. By this way, the surfaces of the test samples were made
parallel to each other. Dust accumulated on the surfaces of the samples
during core-drilling and grinding was removed by applying compressed
air. The density of the compression test samples was measured by
dividing the weight by the total volume. The foam expansion direction
was the compression axis of the test samples, as shown by an arrow in
Fig. 2. A video extensometer was used to measure the displacements
during the tests, and the deformation of the samples during the tests was
recorded by a video camera. At least three tests were performed for each
group of foam samples. The nominal strain was calculated by dividing
the machine stroke by the length of the long axis of the test sample, and
the stress was calculated by dividing the force by the cross-sectional
area.

The thermal conductivities of the obtained foam samples were

measured in a KEM QTM 500 thermal conductivity meter. The foam
samples for thermal conductivity measurements were 120 mm x 60 mm
x 20 mm in size and prepared separately inside a rectangular plastic
mold. After curing and/or sintering, the top and bottom surfaces of these
samples were ground until the surfaces were parallel and flat. The
thermal conductivity was measured along the foaming direction. At least
three thermal conductivity measurements were taken for each group of
foam samples, and the results were averaged.

The elemental composition of the raw materials was determined in a
Spectra IQ II X-ray fluorescence spectrometer. The X-ray diffraction
(XRD) analysis of the prepared foams was performed in a Philips X Pert
Pro X-ray diffractometer using CuKa radiation (1.5418 Z\) at 40 kV from
5 to 80 with a 0.05's ! scanning rate. The fracture surfaces of the tested
samples were examined by an FEI QUANTA 250 FEG scanning electron
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Fig. 2. The pictures of a foam and a core-drilled foam cylinder (prepared using coarse powder slurries with an S/L ratio of 2 and different aluminum content) and the

foam compression test samples after core-drilling.

microscope (SEM), and the microstructural analysis was performed in
the backscattered electron mode using an Everhart-Thornley detector
and energy dispersive X-ray analyzer. The samples for the microstruc-
tural analysis were mounted in epoxy and sequentially ground and
polished down to 1 um. The molecular bond and the structure of the
foams were determined by using a Digilab Excalibur Series Fourier
transform infrared spectroscopy (FTIR) device with the attenuated total
reflectance method.

3 Results and discussion
3.1 Powder characterization

The XRF analyses of the fine and coarse size glass powders are
tabulated in Table 2. The used WG powders have similar compositions,
except the coarse powder contains a slightly higher Al;O3 content
(1.6%) than the fine powder (1.4%). The average particle sizes of the
fine and coarse powders were previously determined and were ~ 23 ym
[21] and 72 um [22], respectively. Ninety percent of the fine powder
particles were less than 60 um, and 10% were less than 4 um. The coarse
powder had 90% of its particles less than 340 um, and 10% of the par-
ticles were less than 11 um. The glass particles had angular shapes in
small and large sizes. The XRD of both glass powders indicated an
amorphous structure. The used foaming agent was essentially an Al-Si
alloy powder containing 11% Si as a major element. The aluminum
powder particles were irregular in shape and slightly elongated through
one axis with an average particle size of 90 um, which was also
confirmed by the optical microscope measurements. The powder con-
tained about 5% oxide skin layer, as reported by the producer.

Table 2

The compositions of WG powders used.
Waste glass SiO, Al,O3 Na,O CaO MgO
Fine powder weight (%) 73 1.4 12 12 1.6
Coarse powder weight (%) 73 1.6 12 11.5 1.75

3.2 Slurry expansions

The representative expansion-time and temperature-time curves of
the studied geopolymer slurries are shown in Fig. 3. Similar expansion-
time and temperature-time curves of two foaming experiments of the
same slurry (fine powder, S/L =1 and 8 wt% Al) shown in Fig. 3 confirm
the repeatability of the foaming experiments. Furthermore, three char-
acteristics of the foam expansion curves are marked by the circled

condensed matter
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Fig. 3. The representative expansion-time and temperature-time curves and
the pictures of the expanding slurry in the foaming tube at various times (two
foaming experiments, fine powder, S/L = 1, and 8 wt% Al).
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numbers in the same figure. These are (1) a rapid expansion region at the
initial stage of foaming, which is followed by (2) an initial peak
expansion and (3) a nearly constant expansion region after the initial
peak expansion. The pictures of the foaming tube of an expanding slurry
in region 1 at the initial peak expansion (2) and in region 3 are also
shown at the top of Fig. 3. The starting height of the slurry is about 20
mm. Then, it rapidly increases above 100 mm in region 1 until about the
initial peak expansion (2). The expansion, thereafter, sharply decreases
to 60-65 mm. The matter in the escaped gas condenses on the interior
surface wall of the foam expansion tube, as seen in Fig. 3. In the present
study, the expansion in region 3 of Fig. 3 is considered as the maximum
expansion. A gradual increase in the temperature of the slurry at the
beginning of foaming is seen in region 1 (the first dotted line in Fig. 3).
This is followed by a rapid-rise to a maximum value until about the
initial peak expansion (the second dotted line in Fig. 3); thereafter, the
temperature decreases gradually to room temperature. The maximum
temperature in the temperature-time curve is further considered as the
maximum temperature, and the corresponding time is taken as the time
to reach maximum temperature (Fig. 3). The representative expansion-
time and temperature-time curves of the fine and coarse glass powder
slurries with S/L = 1 at increasing wt% Al are shown in Fig. 4(a) and (b),
respectively. These expansion-time and temperature-time curves also
exhibit the characteristics outlined above. The maximum percent
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Fig. 4. The representative expansion-time and temperature-time curves of (a)
fine powder and (b) coarse powder slurries with S/L = 1 and increasing wt%
of Al
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volume expansion and temperature of all fine and coarse powder slurries
studied are further tabulated in Table 3 together with the density and
compressive strengths of the resultant geopolymer and sintered geo-
polymer foams. In general, the volume expansions of the fine and coarse
powder slurries show very similar trends, and both tend to increase with
increasing Al content (Table 3) except the slurries with high Al and solid
content (fine powder slurry with 20 wt% Al and coarse powder slurry
with S/L = 2). The expansion of the slurries occurs via Ha-bubble for-
mation, concurrently proceeding by a nucleation and diffusion stage.
High pressure developed in the initial nucleation stage results in a
sudden expansion of the slurries [23,24]. The observed initial peak ex-
pansions in the expansion-time curves of the slurries in Fig. 4(a) and (b)
are most likely due to this effect. The following two reactions give rise to
H, evolution [12],

2Al + 6H,0 + 2NaOH — 2NaAl(OH), + 3H, 3)
NaAl(OH); — Al(OH); + NaOH &)

The H; generation in the above reactions is controlled by the NaOH/
Al weight ratio. If the ratio is lower than the stoichiometric one, ~1.48, a
lower amount of Hy is generated [12]. Reaction (4) is triggered when the
amount of NaAl(OH),4 reaches a super-saturation point; therefore, re-
action (3) is not triggered at very low NaOH/Al ratios.

For the studied slurries having 5.92, 4.736, and 3.946 g of NaOH
(Table 1), the stoichiometric weights of Al are 4, 3.2, and 2.66 g,
respectively. When the NaOH/Al weight ratio is higher than the stoi-
chiometric ratio of 1.48 (underlined in Table 3), the added-Al powder is
presumed to completely react with water; hence, it limits both the vol-
ume expansion and the temperature of the slurries. These slurries, as
tabulated in Table 3, exhibit both relatively low volume expansions and
low temperatures due to the lesser amount of Al added.

Since the hydrogen generation reaction is exothermic (reaction (3)),
the temperature of the slurry increases as the expansion proceeds [13].
The rise in temperature increases both the S/L ratio of the slurries (due
to rapid evaporation of the liquid) and the geopolymerization reaction
rate. Both increase the apparent viscosities of the slurries, leading to the
termination of the expansions (solidification) in the slurries with a
NaOH/Al weight ratio lower than 1.48 (excess amount of unreacted Al
powder). The termination of the expansions occurs at the maximum
temperature (saturation temperature), which nearly corresponds to 12
wt% Al in the fine powder slurries and 4-8 wt% Al in the coarse powder
slurries (Table 3). On the other side, an increase in the solid fraction also
increases the apparent viscosity of the slurries [25]. The increase in the
expansions of the coarse powder slurries with S/L = 1.5 and 2 at and
above 4 wt% Al and the fine powder slurries at and above 8 wt% Al in
Table 3 (having the same maximum temperature) may be partly due to
the increased apparent viscosities of the slurries with the presence of an
excess Al powder over the stoichiometric amount. For example, the
excess amount of Al increases from 0.326 g at 4 wt% Al to 3.3 g at 8 wt%
Al for the coarse powder slurries at the S/L = 2. Although the volume
expansion of the coarse powder slurries with the addition of 2 wt% Al
increases from 109 to 278% when the S/L increases from 1 to 1.5, the
maximum volume expansion of the S/L = 2 slurries is 235%, below that
of the S/L = 1.5 slurries. At the S/L ratio of 2, the coarse powder slurry is
thicker, and there is also a lesser amount of NaOH than the slurry with S/
L = 1.5 (Table 1). The excessive increase in the viscosity and the lesser
amount of Al reacted in the coarse powder slurries with the S/L of 2 may
result in lower expansion in these slurries than the slurries with the S/L
ratio of 1.5. The excessive increase in the viscosity may also apply to the
expansion of the fine powder slurries with 20 wt% Al added.

As tabulated in Table 3, the maximum temperatures of the fine and
coarse powder slurries with the S/L = 1 saturate at about 85 °C. The
maximum temperatures of the coarse powder slurries with the S/L. =1.5
and 2 are very similar to each other, and both saturate nearly at the same
maximum temperature, ~88 °C. The temperature rise for a constant
amount of NaOH solution was previously reported to increase with
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The maximum volume expansion and temperature of the slurries and the density and compressive strength of the geopolymer and sintered geopolymer foams.

No S/L Al (Wt%) NaOH/ Al(gr-ratio) Maximum volume expansion (%) Maximum temperature (°C) Density (kg m~%) Compressive strength (MPa)
SO 1 2 5.287 158 £ 5.6 49.7 £ 4.7 555 + 47 3.00 + 0.095
S1 1 4 2.643 235 +1.88 69 + 1.68 372 + 22 1.20 + 0.22
S2 1 8 1.321 300 + 15.7 81 + 3.10 342 £+ 6.6 1.05 + 0.13
S3 1 12 0.881 359 + 27.6 84 + 1.30 306 + 27.5 1.02 + 0.05
S4 1 16 0.660 423 + 31 85+ 0.72 279 + 2.33 0.62 + 0.47
S5 1 20 0.528 389 + 29 85 + 0.55 280 + 55 0.53 + 0.03
Lo 1 2 5.287 109 +£ 2.3 479 +£ 0.7 520 £+ 22 1.84 £ 0.57
L1 1 4 2.643 229 +13.8 80.5 +1.68 296 + 10 0.18 + 0.04
L2 1 8 1.321 337 + 8.2 86 + 1.70 238 + 8.2 0.21 + 0.07
NO 1.5 2 3.526 278 + 7.46 70.5 +1.35 400 £+ 11.6 0.707 £ 0.12
N1 1.5 4 1.762 354 +£11.9 88.4 + 0.67 318 +£18.2 0.54 + 0.16
N2 1.5 8 0.881 430 + 12.5 88.7 £ 1.1 295 + 27 0.29 + 0.09
MO 2 2 2.643 235 + 19.9 80 + 1.40 457 +9.80 0.94 +0.19
M1 2 4 1.321 301 + 8.9 89 +1.30 421 +£13.2 0.90 £ 0.16
M2 2 8 0.660 379 £ 12 88.5 + 1.94 349 + 2.30 0.72 £ 0.17
MO0-600 °C 2 2 - - - 450 + 26 0.81 + 0.15
MO0-700 °C 2 2 - - - 440 + 22 1.10 £ 0.14
MO0-725 °C 2 2 - - - 390 + 32 1.45 £ 0.05
MO0-750 °C 2 2 - - - 380 + 12 2.20 + 0.15

increasing Al addition until about a saturation temperature between 95
and 100 °C (the boiling point of water) [26]. The lower saturation
temperatures of the present study, 85-88 °C, may be partly due to the
presence of WG particles and partly due to the fact that the temperature
of the slurries was measured at the bottom of the foaming cylinder. The
temperature at the top is expected to be higher than at the bottom since
the generated Hy gas moves upward.

The densities of the obtained foams vary with the Al wt%, as tabu-
lated in Table 3. In general, increasing the Al content decreases the final
foam densities as the expansion increases. Increasing the S/L ratio in-
creases the densities of the foams of the coarse powder slurries except for
the foams of the slurries with the S/L = 1 at 2 wt% Al. The densities of
the foams of this slurry is higher than those of the slurries with the S/L =
1.5 and 2. This is due to the large drops in the expansions (collapse of
cellular structure due to low viscosity) after the initial peak expansion
(Fig. 3), leading to high final foam densities. These results, furthermore,
confirm that both the Al content and the S/L ratio of the slurries are
effective in altering the final densities of the resultant geopolymer
foams.

As the slurry expansion is terminated at the maximum temperature,
the corresponding time is taken as the time to maximum expansion.
Fig. 5 shows the variation of the time to maximum temperature of the
fine and coarse powder slurries with Al content at different S/L ratios. At
2 wt% Al, the fine powder slurry shows a lower time to maximum (A in

1000

800 — O~ S/L=1 (Fine Powder) —
I A ® S/L=1 (Coarse Powder) 1

= S/1.=1.5 (Coarse Powder)

» |

E B -
E 600 —f—- S/L=2 (Coarse Powder) i
7 - O ]
< 2
S A
= 400 _ <
E .
= i
200 o ‘
I (11‘
0 I " 1 1 n " " 1 L " 1 1 *
0 5 10 15 20
wt% of Al

Fig. 5. Time to maximum temperature vs. wt% of Al

Fig. 5) than the coarse powder slurry (B in Fig. 5). The expansion rate is,
therefore, faster in the fine powder slurries at low Al wt%, but at
increasing Al wt%, the time to maximum of the fine and coarse powder
slurries becomes almost similar to each other. Also, increasing the S/L
ratios of the coarse powder slurries at 2 wt% Al decreases the time to
maximum due to the higher particle content of the higher S/L ratio
slurries, leading to a quick slurry thickening. The time to maximum,
however, should be approached carefully. Since the hydrogen evolution
is very rapid in the slurries with a high amount of Al added, even in the
mixing stage, the foaming might start. Nonetheless, Fig. 5 shows a
general trend of the expansion limit time of the studied geopolymer
foams.

The previous studies showed that the foam density increased as the
sintering temperature increased due to the shrinkage resulting from
glass particle fusion [27]. The present study showed a reverse effect. As
will be elaborated in section 3.5, the reduced density of the present
sintered foams is mainly due to the decomposition of thermonitrite at
elevated temperatures, giving rise to CO2 evolution and, hence, resulting
in an expansion of the softened foam over the contraction due to the
sintering shrinkage. The coarse powder geopolymer foams processed
with S/L = 2 and 2 wt% Al has a mean density of 457 kg m~°, and
sintering at 600 °C results in a relatively small change in the foam
density (Table 3). However, the mean densities of the foams sintered at
700, 725, and 750 °C decrease to 440, 390, and 380 kg m~3, respec-
tively. Although the diameter and height of the geopolymer foam stay
almost the same as the unsintered one when sintered at 600 °C, the
diameter of the foams increases (Fig. 6(a-c)) and the height decreases
(Fig. 6(b)) after sintering above 700 °C. Also, when the sintering tem-
perature is above 700° C, the glass particles are semi-melted and diffuse
into each other, an effect particularly seen at 750 °C in Fig. 7(d).

3.3 Compressive strength and thermal conductivity of geopolymer
and sintered geopolymer foams

The compression stress—strain curves (2 tests for each density) of the
geopolymer foams of three different densities processed using the fine
powder slurries are shown in Fig. 7(a). A picture of a geopolymer foam
compression test sample is also shown in the inset of Fig. 7(a). The
sample fails in a brittle manner following a maximum stress or
compressive strength by forming axial cracks along the loading axis
(Fig. 7(a)). All compression test foam samples exhibited the same brittle
type of fracture behavior. Furthermore, the compressive strength in-
creases as the density of the foams increases regardless of the S/L ratio
and wt% Al. For example, the compressive strength of the foams of the
fine powder slurries increases from ~ 0.5 to ~ 3 MPa when the density
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Fig. 6. The images of sintered foams (a) top, (b) side, and (c) bottom views, and (d) magnified images showing the cell structure at different temperatures.

increases from 280 to 555 kg m~3 (Fig. 7(a)). The representative
compressive stress-strain curves of the geopolymer foams (coarse
powder, S/L = 2, and 2 wt% Al) sintered at 600, 700, 725, and 750 °C
are shown in Fig. 7(b) together with that of the unsintered foams. Note
that the compressive strength of the foam sintered at 600 °C is very
similar to that of the unsintered foam at the same density. The effect of
the sintering temperature on the compressive strength starts to be seen
at and after about 700 °C (Fig. 7(b)). As tabulated in Table 3, the greatest
increase in the compressive strength is seen in the foams sintered at
750 °C. The compressive strength of the foams sintered at this temper-
ature is almost two times that of the unsintered foam sample. Regardless
of the foam density, the geopolymer and sintered geopolymer foams also
failed by axial cracks starting from either the upper or bottom of the
compression test platens. After the formation of the cracks, the deformed
foam sample stayed in contact with the compression test platens, and the
unfractured pieces continuously compressed and fractured, leading to a
plateau stress region after the compressive strength in the stress—strain
curves. The compressive fracture strength of brittle foams (c;) was
proposed to follow the following equation [28].

0 = 0, [Clp,) + (1 - )p,.] (5)

where o; is the strength of the cell wall material (the fracture strength of
glass was reported to be 70 MPa [29]), C is a constant (given as 0.2 in

[28]1), p, is the relative density of the foam (pi, where p is the density of

the foam and p; is the density of the solid), and ¢ is the volume fraction
of the solids contained on the plateau borders. The first term in Eqn. (5)
is due to cell edge bending, and the second term is due to the cell wall
membrane stretching. The compressive strengths of the prepared geo-
polymer and sintered foams and the previously investigated geopolymer
foams processed using Al [3,4,30] and glass foams [21,31-45] are shown
as a function of foam density in Fig. 7(c). Although the foams of the fine
powder slurries exhibit higher compressive strengths than those of the
coarse powder slurries at low geopolymer foam densities (~300 kg
m~%), both powder foams show similar compressive strengths at about
500 kg m~3. The compressive strength of the prepared geopolymer
foams is also comparable with those of the previous studies on different
precursors. The compressive strengths of the present and previous geo-
polymer foams in Fig. 7(c) range 0.2-4 MPa and approach the
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Fig. 7. (a) The compressive stress—strain curves of the geopolymer foams processed using fine powder, (b) the representative compressive stress—strain curves of
geopolymer foams sintered at different temperatures, and (c) the variations in the compressive strengths of the present geopolymer and sintered geopolymer foams

and the previously investigated geopolymer and glass foams with density.

compressive strengths of the open-cell glass foams predicted using Eqn.
(5) (lower line in Fig. 7(c)). The compressive strengths of the reported
glass foams are further well fitted with ¢ values between 0.7 and 0.9 for
the foam densities between 300 and 600 kg m3 (Fig. 7(c)). The
compressive strengths of the geopolymer foams sintered at 750 °C fall at
the lower range of the compressive strengths of previous studies at about
400 kg m~>. However, the tested present geopolymer foam samples
show a lower compressive strength than those of previously studied
glass foams. One of the reasons for that is that the cell edges and walls in
the present geopolymer foams contain pores in between the glass pow-
der particles. The pores in the cell edges and walls tend to weaken the
compressive strength by forming high-stress concentration sites.

The average thermal conductivities of the foam samples at three
different densities (585, 535, and 462 kg m™3) processed using the
coarse powder slurries at 2 wt% Al but at different S/L ratios (1, 1.5, and
2) are tabulated in Table 4 together with the average thermal conduc-
tivity of the foam sintered at 750 °C (368 kg m~>). As the samples for the
thermal conductivity measurement were processed in a rectangular
shape, their densities were also higher than those of the cylindrical
samples. The thermal conductivities are also a function of density and

Table 4

The thermal conductivities and the corresponding densities of the foam and
sintered foam samples processed using the slurries with 2 wt% Al (foam samples
for the thermal measurement were prepared separately).

1

Sample S/L Density (kg Average thermal conductivity (Wm™
name ratio m’g) K’l)

Lo 1 585 0.1808 (0.1617-0.1985)

NO 1.5 535 0.1158 (0.1042-0.1230)

MO 2 462 0.1100 (0.0888-0.1289)

MO0-750 °C 2 368 0.0780 (0.0672-0.0934)

increase as the foam density increases. The lowest average thermal
conductivity is found in the sintered foam at 368 kg m~>, 0.078 W m™!
K1, and the highest thermal conductivity in the highest density foam,
0.1808 W m™ K! at 585 kg m°. The variations in the thermal con-
ductivities of the prepared geopolymer and sintered geopolymer foams
at 750 °C with density are shown in Fig. 8 together with those of pre-
viously investigated geopolymer [3,4,8-11,16,30,46-49] and glass
foams [31,37,43,50-52]. The thermal conductivities of the prepared
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Fig. 8. The variations in the thermal conductivities of the present geopolymer
and sintered foams and the previously investigated geopolymer and glass foams
with density.

geopolymer and sintered geopolymer foams are comparable with the
reported values of the thermal conductivities of similar foams. However,
glass foams exhibit higher thermal conductivities than geopolymer
foams at high densities. It is also seen that the starting silica raw material
has an effect on the thermal conductivities. The foams processed with
the slurries containing WG basically show lower thermal conductivities
at the same foam densities, as seen in Fig. 8.

3.4 Microstructural and microscopic analysis

Depending on the network between Si-Al, geopolymer foams were
reported to have either an amorphous or semi-crystalline structure [27].
The prepared geopolymer and sintered geopolymer foam samples
showed low crystallinities similar to a previous study [9]. The main
crystal phases detected include thermonitrite (NayCO3-H20) (Ref. No:
00-008-0448), sodium aluminum silicate hydrate (SASH) (NapAlo.
Si17.5035.4-8H20) (Ref. No: 00-035-0375), and muscovite (NaA-
15(A1Si3010)(OH)5) (Ref. No. 00-046-1311). SASH was only found in the
geopolymer foam samples prepared using the slurries with S/L = 1,
while thermonitrite and muscovite were found in all geopolymer foam
samples. The XRD patterns of the sintered foams, however, exhibit only
muscovite and SASH phases, as seen in Fig. 9(a). The formation of
muscovite and SASH crystalline phases depends on the amount of oxy-
gen in the foams [1]. The sintering in an open atmosphere increases the
oxygen content of the foams and, hence, promotes the formation of
SASH and muscovite. The observed thermonitrite formation in the
geopolymer foams was attributed to the atmospheric carbonation of
NaOH and the increase in free alkali in the geopolymer matrix
[15,27,53]. The thermonitrite decomposes at elevated temperatures and
gives rise to CO4 gas based on the following reaction

Na,CO3 — NayO + COx(g) (©)

The use of a carbonate-based binder (CMC) in the present study
further intensified the formation of thermonitrite. Sintering at high
temperatures decomposes thermonitrite, releasing CO, gas and leading
to the formation of small gas bubbles on the cell walls and edges when
the glass particles were in a semi-melt state (shown by an arrow in the
foams sintered at 750 °C in Fig. 6(d)). The sintering process provides
compactness to the sintered foams by bonding glass particles and re-
duces the density of the foam by forming small pores on the cell walls
and edges. Both result in the development of high strength and low
density in the sintered foams, particularly in the foams sintered at
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750 °C. The FTIR analysis of the coarse powder geopolymer foams
processed with different Al content at the S/L = 2 are shown in Fig. 9(b)
together with that of the WG powder. The bond at 771 cm ™ is only seen
in the FTIR analysis of WG and refers to the Si-O bond in the SiOy4 tet-
rahedron. The main bond around 975 cm™! is due to the stretching vi-
bration of the Si-O-Si bond. Normally, the Si-O-Si vibration occurs at
around 980-1000 cm ™!, while the presence of the Si-O-Al bond shifts
this wavenumber slightly to lower values (Fig. 9(b)). The shift is also
seen in the FTIR analysis of WG due to the alumina content of the glass
powder (1.6%). The peak at about 1435 cm! is due to the O-C-O
stretching and only seen in geopolymer foams. The FTIR analysis of the
sintered foams prepared using coarse powder slurries, S/L = 2, and 2 wt
% Al at different temperatures are shown in Fig. 9(c). The main bonds
around 946 cm ! are due to the stretching vibration of the Si-O-Si bond.
As noted in the same figure, the carbonate vibration at 1435 cm ™! dis-
appears after sintering, proving the decomposition of thermonitrite. The
characteristic bonds of the WG powder located at 975 and 771 cm ™" in
Fig. 9(b) also disappear after the formation of a gel network. The bonds
that exist in these two wavenumbers are decomposed by the reactions in
the alkaline medium as [54]

=Si — O — Si=+OH —>=Si — OH+=Si — O~ @

Thereafter, the Si-O-Al bond formation with Al occurs at around
1000 cm ™! [27]. Due to the formation of an aluminosilicate gel, the Si-
O-Al bond formation shifts to around 975 em ™! for all S/L ratios and Al
content [3]. The intensity of the bond is related to the participation of
water in a reaction of non-bridging oxygen enhancement [15]. As the
alkaline amount increases, the main bond shifts towards smaller wave-
numbers. This is due to the increase in the number of silicon sides with
non-bridging oxygen balanced by sodium cations. In addition, the in-
crease in alumina in the structure reduces the wavenumber because of
the enhancement of the silicate network containing the tetrahedral Al
[9]. The highest shift seen in the geopolymer foams processed using 2 wt
% Al (Fig. 9(c)) is explained by the shift of the wavenumber back to a
higher wavenumber with the increase in Si participating in the geo-
polymerization reaction [15]. The increase in Si in the reaction is higher
as the amount of reacted Al increases. The wavenumber shifts up to 946
cm~! in the sintered geopolymer foams (Fig. 9(c)).

The SEM micrographs of the polished cross-sections of the geo-
polymer foam processed using coarse powder slurry, S/L = 2, and 2 wt%
Al are shown at a low and high magnification in Fig. 10(a) and (b),
respectively. The black regions seen in the same micrographs are the
epoxy mounting material. A cellular structure with varying cell sizes is
apparent in Fig. 10(a). The packing of smaller size glass particles in
between larger particles on the cell walls is seen in Fig. 10(b). The
particle packing on the cell walls was observed to increase with
increasing S/L ratio. Extensive glass particle cracking at the interface of
the geopolymer gel are also detected, as marked by an ellipse in Fig. 10
(b). The cracking may be due to the differences in the thermal expansion
coefficients between the geopolymer gel and the glass particles and
likely occurred during the foam preparation and curing stage. Fig. 10(c)
shows the elemental line scan of the glass particles and the geopolymer
gels in between the glass particles. As seen in the figure, the geopolymer
gels contains a lower Na and Si content but a higher Al content than the
glass particles.

The SEM micrograph of a fractured geopolymer foam sample pro-
cessed using the coarse powder slurries, S/L = 1.5, and 2 wt% Al is
shown in Fig. 11(a). A close inspection of the cell walls in the same figure
reveals the 3D-bonded networks of the glass particles. The precipitates
of Na-Al-Si also form a nearly continuous phase on the surfaces of the
glass particles, as shown in the inset of Fig. 11(a). The particle bonding
by the geopolymer gel was further observed to intensify when the S/L
ratio increased. The SEM images of the fracture surfaces of the foam
samples sintered at 700, 725, and 750 °C are shown in Fig. 11(b-c) at the
same magnification, respectively. Sintering at 600 °C had no effect on
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Fig. 9. (a) The XRD pattern of geopolymer and sintered geopolymer foams processed using the coarse powder slurries and S/L = 1 and the FTIR analysis of (b) the
geopolymer and (c) sintered geopolymer foams processed using the coarse powder slurries and S/L = 2.

the cell structure of the foams, while the glass particles are partially
sintered at 700 °C, forming nearly a glass foam cell structure with
smaller size cells on the cell edges (Fig. 11(b)). As the sintering tem-
perature increases to 725 °C, a typical glass foam cell structure starts to
appear (Fig. 11(c)). At 750 °C, a completely dense glass foam cell-wall
structure is observed (Fig. 11(d)). Note also that the small size cells
seen on the cell wall edges increase when the sintering temperature
increases from 725 to 750 °C (Fig. 11(c) and (d)), resulting from the
increased rate of the thermonitrite decomposition as the sintering tem-
perature increases.

Finally, the present geopolymer and glass foam processing methods
are also comparable with the light-weight concrete (ALC) and glass foam
processing. In ALC, a slurry of silica, Portland cement, lime, and water is
foamed using an Al foaming agent. The foamed green body is then
strengthened by autoclaving with the formation of tobermorite and
crystallized C-S-H as the main binding phases. The formation of the
phases depends on the bulk CaO/SiO, ratio, autoclaving temperature
(100-180 °C), and time (2-8 h), and the compressive strength increases

10

with the formation of more crystalline tobermorite phases [55]. The
compressive strength of ALC ranged from 0.64 to 3.14 MPa between 297
and 589 kg m~3 [56]. The compressive strengths of the present geo-
polymer foams are also comparable with those of ALC, ranging from
0.53 to 3 MPa between similar densities. The processing temperatures of
conventional glass foams were reported to be 750-950 °C using a CaCOs3
foaming agent [22,23] and 950 °C using a SiC foaming agent [24]. A
relatively high processing temperature involved is the main reason for
the high production cost of glass foams [21]. Contrary to this, the market
size of glass foams has been steadily growing in all countries over the
past two decades [21] because glass foams are environmentally friendly
in their production and utilization [25]. The similarities in the
compressive strength and thermal conductivities of the sintered geo-
polymer foams in the present study with conventionally processed
geopolymer foams show an alternative processing method for glass foam
processing. With this method, the intricate geometries of geopolymer
foam structures can also be processed nearly at room temperature and
then sintered at a high temperature to obtain near-net-shape 3D glass
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Fig. 10. SEM micrographs of the polished geopolymer foam samples (processed using coarse powder slurries, S/L = 2, and 2 wt% Al) showing (a) the cellular
structure and (b) glass particles on the cell walls and (c) the EDX line scan analysis.
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Fig. 11. SEM images of the fracture surfaces of (a) a geopolymer foam and geopolymer foams sintered at (b) 700, (c) 725, and (d) 750 °C (foams were processed
using the coarse powder slurry, S/L = 2, and 2 wt% Al).
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foam structures.

4 Conclusions

Geopolymer slurries of WG powders were foamed in order to

determine their expansion behaviors. The resultant geopolymer foams
were sintered at 600, 700, 725, and 750 °C. The following were
concluded:

D

2)

3

~—

4)

The expansion and temperature of the slurries with a low S/L ratio
and Al wt% were shown to be limited by the amount of Al added. The
Al powder completely reacted with water, leading to relatively lower
expansions and temperatures in these slurries.

The temperature of the slurries with a higher S/L ratio and Al wt%
increased up to a saturation point, 85-88 °C. The rise of the slurry
temperature increased both the geopolymerization reaction rate and
the S/L ratios of the slurries (due to the rapid liquid evaporation).
The resultant increase in the apparent viscosities finally ended up
with the termination (solidification) of the slurry expansions. At a
very high S/L ratio and Al wt%, the excessive increase in the slurry
viscosities caused a reduction in the expansions.

In the sintered geopolymer foams, the partial melting of the glass
particles started after about 700 °C, and sintering above this tem-
perature resulted in a reduction in the final foam density due to the
release of CO, gas by the decomposition of thermonitrite.

The similar compressive strengths and thermal conductivities of the
sintered geopolymer foams in the present study with those of
conventionally processed geopolymer foams open an alternative
route for glass foam processing. The route is proposed to construct
the 3D near-net-shape glass foam structures by applying a shaping
process at a low temperature and a sintering process at a high
temperature.
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