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In this work, the possibility of combining direct ink writing and chemical foaming to create geopolymer lattices
with interconnecting porosity at different scales is investigated. Chemical foaming was achieved by introducing
aluminum powder into the paste, in order to produce a foam which was then 3D printed. Homogeneous foams
with interconnected pores were generated, by combining polyethylene glycol, hexadecyltrimethylammonium

bromide and aluminum powder. Porosity was characterized by X-ray tomography, mercury intrusion porosim-
etry and helium pycnometry. The samples obtained after the 3D printing of the foams have a similar open
porosity than foams directly molded. However, their pore access diameters are very different since the 3D
printing process tends to close the channels generated by the gas escape during chemical foaming. This loss is
compensated by the porosity created by 3D printing, which is due to the space between the filaments.

1. Introduction

Porous geopolymers are promising materials for many applications
such as heavy metals or synthetic dyes adsorption, thermal and sound
insulation, catalyst support, evaporative cooling, pH value regulators or
energy storage [1-5]. The materials developed here will find application
in the field of thermochemical energy storage which requires a higher
open porosity, with interconnection at different scales from the macro-
scopic level to the nanoscopic level.

To synthetize a geopolymer, a solid aluminosilicate generally reacts
with a highly concentrated aqueous alkali hydroxide or silicate solution
to form a synthetic alkali aluminosilicate material [6]. These materials
usually present an open porosity up to 40% with pore sizes ranging from
a few &ngstrom to the millimeter, depending on initial composition and
processing parameters [7]. But the application of thermochemical en-
ergy storage requires higher and more connected porosity at different
scales [8]. There are several methods to increase the porosity within
geopolymers which are the subject of numerous reviews [9-11].

One of them consists in adding sacrificial components (like polymers,
water in the ice templating method [12] or organic oil in the emulsion
templating [13]) to the geopolymer slurry. The porosity is then gener-
ated by dissolution, melting or thermal decomposition of the
components.

The most common method is the direct foaming method which
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includes mechanical foaming and chemical foaming. In mechanical
foaming, a premade foam is blended with the geopolymer paste or
surfactants are added to the mixture to trapped bubbles during the
mixing process by air entrainment. In chemical foaming, a blowing
agent is added (e.g. hydrogen peroxide, fine metallic powders) into the
geopolymer paste [14]. In reaction with the alkaline environment, gas is
generated and trapped within the slurry.

More recently, additive manufacturing (AM) and particularly Direct
Ink Writing (DIW) has successfully been applied to geopolymers to
fabricate a wide range of porous components [15-17]. The geopolymer
slurry, whose rheology is adapted to the printing process, is extruded in
the form of filaments through a nozzle whose position is controlled in
the three dimensions of space. The filaments are assembled layer by
layer to form a more or less complex part. This total control of the
structure, and in particular of the space between the filaments, allows to
tailor the size of the pores, their distribution, their shape and their
connectivity.

Some studies report the combination of these methods in order to
create hierarchically porous geopolymer. For example, B. Coppola et al.
used direct ink writing to print alkali-activated pastes containing poly-
methyl methacrylate (PMMA) beads as sacrificial fillers [18]. S. Yan
et al. combined hydrogen peroxide (chemical foaming agent) with
dolomite hollow microspheres [19]. But, to our knowledge, no paper
reports the combination of chemical foaming and direct ink writing in

Received 26 July 2023; Received in revised form 6 September 2023; Accepted 27 September 2023

Available online 28 September 2023

2666-5395/© 2023 The Authors. Published by Elsevier Ltd on behalf of European Ceramic Society. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:camille.zoude@insa-lyon.fr
www.sciencedirect.com/science/journal/26665395
https://www.sciencedirect.com/journal/open-ceramics
https://doi.org/10.1016/j.oceram.2023.100478
https://doi.org/10.1016/j.oceram.2023.100478
https://doi.org/10.1016/j.oceram.2023.100478
http://crossmark.crossref.org/dialog/?doi=10.1016/j.oceram.2023.100478&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

C. Zoude et al.

the case of geopolymers.

In this work, porous geopolymers were obtained using two methods:
direct ink writing and chemical foaming. These two techniques were
first applied independently of each other in order to study the porosity of
the structures obtained. The chemical foaming agent chosen is
aluminum powder. The reaction leading to the release of dihydrogen is
as follows [9]:

2A1+2NaOH +2H,0 — 2NaAlO, + 3H, (Eq. 1)

The impact of different organic additives (one rheological modifier
and two surfactants) and of the concentration of aluminum powder was
studied in the case of chemical foaming. These two techniques were then
combined in order to create hierarchically porous geopolymers with
pores both between the filaments (obtained by direct ink writing) and in
the filaments themselves (obtained by chemical foaming). Particular
attention has been paid to the impact of direct ink writing on porosity.

2. Materials and methods
2.1. Raw materials

Metakaolin ARGICAL-M 1000, provided by Imerys, was used as
aluminosilicate source. The activation solution was a mixture of a
commercial sodium silicate solution (molar ratio: Si/Na = 1.1, density:
1.5 g em 3, 60 wt% water) and sodium hydroxide pellets (97% purity),
both obtained from Fisher Scientific, UK.

To induce a shear thinning behavior necessary for printing, poly-
ethylene glycol (PEG) with an average molecular weight of 1500 g
mol ! (PROLABO) was used.

To generate foams, metallic aluminum powder (Thermo Fisher,
99.5% purity, particle size less than 45 pm), referred to as Al, was
introduced as a foaming agent.

Finally, in order to stabilize these foams, the effect of two surfactants
was studied: hexadecyltrimethylammonium bromide (CTAB, Sigma-
Aldrich) and sodium dodecyl sulfate (SDS, Sigma-Aldrich).

2.2. Paste preparation

The activation solution was prepared first. Sodium hydroxide pellets
and, depending on the composition, polyethylene glycol flakes, were
dissolved into sodium silicate solution. The solution was mixed until its
return to room temperature after complete dissolution of the solids. It
was then homogenized in a planetary mixer (SpeedMixer, Synergy de-
vices limited) for 30 s at 800 rpm.

Metakaolin and the possible surfactants were gradually added and
mixed manually for 30 s before being placed for 1 min in the planetary
mixer at 800 rpm.

For mixtures containing aluminum powder, this duration was
reduced to 30 s because the mixture will undergo a final mixing step,
during which the aluminum powder is added. The paste is again mixed
in the planetary mixer for 30 s.

Rheology of the pastes was evaluated visually at each step of their
preparation to assess their homogeneity and overall rheological
behavior.

All the geopolymers in this study present the following molar ratios:
Si02/Al03 = 3.73, Nay0/Al,03 = 0.95, H,0/NaO = 10.5.

2.3. Samples preparation

The final mixture was poured into 16 x 16 x 20 mm? rectangular
molds or 5 mL syringes (Nordson EFD, USA).

When the mixture contained aluminum powder, the samples were
left in the open air for 20 min to allow the foam to form, the excess foam
was removed and the containers were sealed. When the mixture did not
contain aluminum powder, the containers were directly sealed.

All the samples were left for 1 h at room temperature.
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After that time, mixtures in syringes were shaped by direct ink
writing using a Robocasting device (3D-Inks, Tulsa, OK, USA), with tips
of 840 pm inner diameter (Nordson EFD, USA) at room temperature. An
interpenetration of 15% of the tip diameter between two layers ensured
the cohesion between successive layers. Parts were all printed as porous
lattice of dimension 13.7 x 13.7 x 11.8 mm® with 90° disorientation
between successive layers. Filament were deposited on a printing sub-
strate made of a flat glass plate covered with a smooth polymer sheet
(copier polyester transparency film).

Once the printing is finished, all the samples (printed or molded) are
subjected to a 3-step drying process described by Fig. 1.

Finally, the samples spent one night at 100 °C, in order to remove all
the water, before being characterized.

2.4. Samples designation

For simplification purposes, the following nomenclature will be
applied to the geopolymers (G) studied in this article:

GPC/S xAl M/R

Whose terms designate the following:

- P: presence of 4.5 wt% polyethylene glycol (with respect to the total
mass excluding organic additives and aluminum).

- C/S: nature of the surfactant, CTAB (C) is present at 0.5 wt%, SDS (S)
at 2 wt% (with respect to the total mass excluding organic additives
and aluminum).

- xAl: amount of aluminum powder, can be 0, 0.1, 0.2, 0.5 or 1 wt% of
metakaolin.

- M/R: geopolymer shaping, can be molded (M) or robocast (R).

For example, the designation GPC 0.5Al R refers to a geopolymer
shaped by robocasting (a lattice) containing 4.5 wt% polyethylene gly-
col, 0.5 wt% CTAB and 0.5 wt% aluminum powder. If a letter is absent
(P, CorS), the composition does not contain the corresponding additive.

2.5. Samples characterization

Different types of densities were measured to characterize the po-
rosities of the samples.

The true density (p;), corresponding to the ratio of the mass of the
dry matter of the sample to its volume excluding any type of pores
(closed or open), was measured using a helium pycnometer (Micro-
meritics AccuPyc II 1340) on 3 geopolymer powders of each composi-
tion on 100 measurement cycles.

The skeletal density (pg) was determined using mercury intrusion
porosimetry (Autopore V, Micromeritics, GA, USA). This density corre-
sponds to the ratio of the mass of the dry matter to the volume including
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Fig. 1. Protocol for curing geopolymer samples.
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only closed pores. Mercury intrusion porosimetry also enables to
quantify the pore access diameter distribution, for pore access diameters
between 4 nm and 300 pm. The results were corrected with the built-in
blank correction formula. Three geopolymers of each composition were
tested and two types of graphs were plotted. The first represents the
cumulative pore volume as a function of the pore access diameter. The
minimum, maximum curve and the mean of the three curves were
plotted for each composition to evidence the distribution of the data.
The second represents the pore access diameter as a function of the log
differential intrusion; only the median curve was plotted.

The envelop density (p,) was obtained by measuring the weight and
outer volume of at least 5 samples.

For the lattices, the porosity between the filaments (IFP, for inter
filament porosity), of access diameter too large to be detected by mer-
cury intrusion, was determined by X-ray tomography using an isotropic
voxel size of 7 pm. The results were obtained on 300 images and the
uncertainty was calculated by averaging the results from a thresholding
considered to be correct, a thresholding considered to be slightly over-
estimated and a thresholding considered to be slightly underestimated.
The raw data were analysed using Fiji software.

The total (TP) and open porosity (OP) relative to the total volume
were calculated according to the following equations:

TP = <1 ,&) % 100 (Eq. 2)
Pr
_ Pe
oP— (1 ——) % 100 (Eq. 3)
Ps

It was then possible to deduce the open porosity inside the filaments
relative to the volume of geopolymer constituting the lattices (OPF)
using the following equation:

100

OPF = (OP — IFP) x ——
( ) % 700 — IFP

(Eq- D

Some compressive strengths are given as an indication in this study.
The subject of mechanical properties related to porosity will be treated
in more details in another work. The compressive strength of the sam-
ples was measured with an Instron 8562 electro-mechanical test ma-
chine (Instron, France) associated with a 5 kN load cell. The crosshead
speed was set to 0.3 mm/min. The results presented are averages carried
out on series of 6 samples. Results are presented as average + standard
deviation. The upper surface of the molded geopolymers and scaffolds
was cut with a low-speed saw and then lightly sanded using abrasive
sheets to ensure good parallelism between the surface of the samples and
the surface of the compression plates.

3. Results and discussion
3.1. Dense geopolymers

Initially, the study was carried out on three different compositions of
geopolymers without blowing agent in order to assess the impact of PEG
(necessary for 3D printing) and direct ink writing on the intrinsic
porosity of the geopolymers.

Table 1 summarizes all the densities and different types of porosities
of the different compositions.

G 0Al M, containing no additive, has a total porosity of 34.2 + 3.1%,
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a result in line with those of the literature for similar compositions
[20-22].

Mercury intrusion porosimetry (Fig. 2) conducted on this composi-
tion shows pore access diameters of less than 1 pm distributed into three
families. The main access diameter value is around 800 nm while the
two secondary ones are 220 nm and smaller than 3 nm. This last
nanoscale porous network has been reported in the literature and has
been attributed to the expulsion of water trapped within the structure
during the network gelation [21].

If PEG is added to the composition (GP 0Al M), the main access
diameter located at 800 nm disappears. The new main access diameter is
then around 40 nm, although a second and a third distribution are still
present around 220 nm and 3 nm. The total porosity, and mainly the
open porosity, also increased compared to G 0Al M.

In this study, PEG is used as a rheological modifier to enable 3D
printing. In particular, it imparts a gel like behaviour to the paste. This
behaviour may be explained by the fact that PEG is known to adsorb on
the geopolymer matrix and to decrease the surface tension of water
when in solution [23-25]. These phenomena may lead to stronger
capillary forces by bringing the metakaolin particles closer to each,
explaining a higher viscosity, which will lead to more air trapped within
the paste (Fig. 3). The fact that the capillary forces are stronger may
explain the decrease in pore access diameters.

Regarding the samples GP 0Al R, the mercury intrusion porosimetry
curves are very similar to the previous composition. However, the dis-
tribution of the access diameters of the pores now only has two values,
with a main one located at 28 nm and the secondary one still smaller
than 3 nm. The extrusion process through the 840 pm needle appears to
close or reduce the pore access diameters larger than 100 nm.

Moreover, according to Table 1, the porosity of these samples is
mainly due to the spacing between the filaments, but the porosity
intrinsic to the geopolymer (OPF), although it is subject to a high un-
certainty, remains lower than the open porosity of GP 0Al M (OP). This
suggests that the process tends to densify the geopolymer, probably by
releasing the air previously trapped in the paste.

3.2. Cast geopolymer foams

3.2.1. Influence of organic additives

In this part, a constant quantity of aluminum powder was introduced
into the geopolymers. Depending on the presence/absence and the na-
ture of organic additives, five foams with different structures, presented
in Fig. 4, were obtained. All densities and different types of porosities of
the samples are grouped in Table 2.

G 0.5A1 M (Fig. 4 a) presents two distinct zones. The lower part of the
sample, below the red line, concentrates almost all of the material,
containing very large pores. The upper part, above the line, contains
almost nothing but the void, apart from the material that has remained
attached to the walls of the mold. This structure can be explained by the
high fluidity of the paste, which promotes coalescence, Ostwald ripening
and drainage phenomena, the three being linked to each other and
difficult to decorrelate without in situ monitoring.

The addition of PEG (Fig. 4 b), whose primary function was to enable
3D printing by modifying the rheological properties, turns out to be a
good way to reduce the difference between the lower and upper part of
the sample and to stabilize the foam. Pores seem well interconnected
and of various diameters. The near dense area (circle in red) is probably

Table 1
Density and porosity of different geopolymer compositions.
Designation  True density (g.cm ) + SD  Skeletal density (g.cm ™) = SD  Envelop density (g.cm™>) + SD TP (vol%) OP (vol%) IFP (vol%) OPF (vol% of filament)
G 0AIM 2.18 £ 0.09 2.09 £ 0.04 1.43 £ 0.01 342+ 3.1 31.5+1.7 Notapplicable Not applicable
GP 0Al M 2.21 £ 0.04 2.09 £ 0.01 1.34 £ 0.01 39.3+1.5 35.9+0.8 Notapplicable Not applicable
GP 0AI R 2.21 £+ 0.04 2.09 + 0.08 1.08 + 0.04 51.1+27 482+39 288=+20 27.0+7.5
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Fig. 2. (a) Cumulative intrusion of mercury inside geopolymers; (b) Log-differential intrusion curves for the different geopolymers composition.

Fig. 3. X-ray tomography of a) G 0Al M and b) GP 0Al M.

due to a poor homogeneity of the distribution of aluminum powder.

The addition of surfactant, SDS or CTAB (Fig. 4 ¢ and d), also im-
proves the foam stability although CTAB seems to be more efficient.
Both increase the viscosity of the paste, although less than PEG, thus not
enough to enable direct ink writing. Pores are much more spherical than
for GP 0.5A1 M but seem less connected, especially in the case of CTAB.
However, the latter leads to a homogeneous foam but with a compres-
sive strength of 0.21 + 0.05 MPa. This foam is fragile and can be more
easily damaged. According to Table 2, the use of surfactant alone leads
to higher total porosity than in the other compositions. This could be
explained by the fact that these ionic surfactants are placed at the gas-
geopolymer interface, reducing the surface tension. The surfactant
layers on both sides of the water film separating two bubbles repel each
other due to electrostatic interactions [26]. The structure is then less
subject to coalescence phenomena, the pores are more spherical and
closed and the gas is probably better retained.

These improvements in stability with the addition of organic addi-
tives are also probably due to the significant increase in viscosity,
especially for composition containing PEG or CTAB. Indeed, several
studies in the literature show that this higher viscosity leads to the
attenuation or even the suppression of drainage and ripening phenom-
ena and better foam stabilization [27,28]. The viscosity of the paste
containing SDS is lower, resulting in a faster coalescence and/or
ripening phenomena [29].

The combination of PEG and CTAB (GPC 0.5Al M, Fig. 4 e) leads to
smaller and more homogeneous pores than in GP 0.5A1 M. Besides, pores

seem to be more interconnected and less spherical than in GC 0.5A1 M.
The samples have a compressive strength of 2.4 + 0.8 MPa which make
them less fragile and easier to handle.

As a result, although the combination of the two organic additives
leads to a lower total porosity, the composition containing both PEG and
CTAB seems a good compromise between porosity, homogeneity, con-
nectivity and mechanical resistance of the foam. This combination of
additives will be used for the remaining of the study.

3.2.2. Influence of aluminum powder concentration on geopolymer
containing PEG and CTAB

The Fig. 5 shows photographs of cut geopolymer foams containing
varying amounts of aluminum powder for a fixed amount of CTAB and
PEG. Table 3 groups all densities and different types of porosities of the
samples. The results of the composition without aluminum powder
(studied in 3.1) are shown in the table as a reference.

By multiplying the amount of aluminum powder by 10, going from
0.1 to 1 wt% of powder, more larger pores are observed in Fig. 5.

The mercury intrusion porosimetry results presented in Fig. 6 a) and
the results show in Table 3 indicate a larger and larger amount of open
porosity as the aluminum amount increases, except for the foam GPC 1Al
M whose results are very close to the foam GPC 0.5A1 M. This suggests
that the porosity has reached a plateau and will not increase further at
these given PEG and CTAB concentrations.

Unlike the compositions studied in part 3.1, the pore access di-
ameters are widely dispersed (Fig. 6 b). Indeed, the curves show a sig-
nificant portion of access diameters greater than 1 pm, a portion which
increases with the concentration of aluminum powder and which was
not present previously. This new family of pore access diameters could

Table 2
Density and porosity of different geopolymers composition containing organic
additives and fixed amount of aluminum powder.

Designation True density Envelop density TP (vol%)
(g.cm™3) + SD (g.cm™3) + SD

G 0.5AI M 2.17 £0.01 0.31 £ 0.03 858+ 1.5

GP 0.5A1M 2.12 £ 0.03 0.43 £ 0.03 79.7 £1.7

GS 0.5A1 M 2.20 £ 0.01 0.28 £+ 0.01 87.3+0.5

GC 0.5A1 M 2.16 £ 0.05 0.28 £+ 0.02 87.0+1.2

GPC 0.5A1 M 2.18 £ 0.06 0.65 £ 0.05 70.1 £3.1

Fig. 4. Digital photographs of (a) G 0.5A1 M (b) GP 0.5A1 M (c) GS 0.5A1 M (d) GC 0.5A1 M (e) GPC 0.5A1 M.
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Fig. 5. Digital photographs of (a) GPC 0.1A1 M (b) GPC 0.2A1 M (c) GPC 0.5A1 M (d) GPC 1Al M.

Table 3
Density and porosity of different geopolymers composition containing a variable
amount of aluminum powder and fixed amount of CTAB and PEG.

Designation  True density Skeletal Envelop TP (vol%) OP (vol%)
(g.em 3) +  density (g. density (g.
SD em™3) +£SD  em %) +SD
GP 0AI M 2.21 +£0.04 2.09 £0.01 1.34 £ 0.01 39.3+15 359+038
GPCO0.1AIM 2.16 +£0.03 1.91+0.09 0.90+0.06 58.3+ 3.4 54.0+4.0
GPCO0.2A1M 2.18 +£0.06 1.86+0.03 0.74+0.03 66.0+23 64.7+2.3
GPCO0.5AIM 2.18 +0.06 1.89+0.15 0.65 + 0.05 70.1 +£3.1 652+54
GPC1AIM 215+0.06 1.95+0.08 0.61+0.02 71.6+1.7 68.6+ 2.3

be attributed to dihydrogen leakage. It can be assumed that with an
increase in the concentration of aluminum powder, the gas flow in-
creases, the bubbles are more and more numerous, their proximity leads
to larger diameter connections with each other, which increases the size
of the exhaust channels. From 0.5 wt% Al, the size of the channels
continues to increase contrary to the total porosity. It is possible that the
gas flow is too high for the gas to be effectively retained inside the
structure.

Below 1 pm, GPC 0.1A1 M and GPC 0.2Al M present a pore access
distribution which recalls that of the compositions GP 0A1 M and GP 0Al
R studied in part 3.1 although the main access diameter of this family is a
bit lower, around 22 nm. This lower value might be explained by the
presence of CTAB which can further limit the mobility of the system by
being absorbed on the metakaolin particles, and/or by closing access to
the pores when placed at the gas/geopolymer interfaces.

The family of pores around 22 nm seems to be less and less present
and more distributed with the increase in the concentration of
aluminum powder, probably because the water/gas escape is preferen-
tially through the larger diameter channels greater than 1 pm which
become more and more important. As for the geopolymer without
aluminum powder, pores with access diameters smaller than 3 nm are

a)
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observed which does not seem to be impacted by organic additives or the
presence of aluminum.

3.3. 3D printed geopolymer foams

Fig. 7 groups X-ray tomographies of lattice-printed geopolymers.
These images suggest that even only 0.1 wt% of aluminum powder is
enough to introduce more porosity within the filaments. The change
from 0.1 wt% Al to 0.2 wt% Al seems to increase the porosity and in
particular the pores diameters. But there does not seem to be a notice-
able difference between the compositions containing 0.2, 0.5 and 1 wt%
Al. These observations are consistent with the calculated internal
porosity values of the filaments presented in Table 4. The addition of 0.1
wt% Al allows to increase the porosity from 27.0 + 7.5% to 45.3 + 5.0%
inside the filaments. Beyond 0.2 wt% of aluminum powder, the internal
porosity of the filaments no longer increases, and since the porosity
between the filaments is almost constant for the compositions contain-
ing aluminum powder, the total porosity does not vary. At the same
time, the compressive strength of these samples varies very little and is
around 3 MPa. Compressive strength of GPC 0.5A1 R is 3.2 & 0.6 MPa,
which is superior to GPC 0.5A1 M compositions. This result is consistent
with the fact that the total porosity of this composition is lower than the
total porosity of GPC 0.5A1 M.

These results are rather close to existing literature, although this
comparison is made difficult by the fact that the porosity of geopolymers
varies depending on their composition and drying conditions. The re-
sults can extend over very wide ranges of compressive strength. G.
Franchin et al. [15] printed lattices with a similar composition pre-
senting a compressive strength of 2.0 + 0.5 MPa for a total porosity of
71.27 £ 0.75 vol%. N.P.F Gongalves et al. [17] produced lattices with a
compressive strength of 17.31 + 1.13 MPa for 65.88% total porosity. It
should also be noted that in these works, the porosity was created by
playing on the spacing between the filaments while in our case, a
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Fig. 6. (a) Cumulative intrusion of mercury and (b) log-differential intrusion curves for different geopolymers composition containing a variable amount of

aluminum powder and fixed amount of CTAB and PEG.
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Fig. 7. Digital photographs and X-ray tomographies of (a) GP 0Al R (b) GPC
0.1Al R (c) GPC 0.2A1 R (d) GPC 0.5A1 R (e) GPC 1Al R.

significant part of the porosity is located inside the filament itself. By
adding porous fillers in the geopolymer paste, K.G. Oliveira et al. [30]
printed lattices with a compressive strength of 5.2 + 0.8 MPa for a total
porosity of 67.2 + 0.2%.

The porosity between the filaments drops when aluminum powder is
added to the paste. This is due to the fact the porous filaments tend to be
a bit larger and sag more than filaments without blowing agent. Fidelity
to the 3D model is therefore less precise when adding aluminum powder
as shown in Fig. 7. The lattices exhibit a more pronounced slump when
aluminum powder is introduced into the paste, probably because of
filament’s discontinuities due to air evacuation during printing.

Table 4
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As already observed in section 3.1, the open porosity inside the
geopolymer itself is lower when it is subjected to 3D printing rather than
molding. Indeed, a slight porosity decrease of about 20% (the ratios of
open porosity of the filaments divided by the open porosity of the cor-
responding foams are about 0.8), is measured for all the extruded ma-
terials which confirms that the 3D printing by extrusion tends to densify
the foam while preserving about 80% of the porosity.

Besides, the porosimetry curves in Fig. 8 show that the porosity with
an access diameter greater than 1 pm has been greatly reduced, in
particular for low powder concentrations (0.1 and 0.2 wt%), compared
to molded foams with identical compositions. The peak observed at 24
pm for the GPC 0.2A1 R sample is not reproducible and probably comes
from an anomaly. The 3D printing process tends to close the channels
created for dihydrogen escape, maybe under the effect of the pressure
applied to extrude the paste. The high shear rate close to nozzle wall
may also create a denser skin around the filament, attributing the vol-
ume of large internal pores to small access diameters.

Pore access diameters below 1 pm are still present, suggesting that
these channels have either resisted the printing process or developed
after printing. All the curves have a peak for the access diameter below 3
nm, confirming that these small accesses are not impacted by the
printing process or the composition of the geopolymer. This is consistent
with the hypothesis of water expulsion during the gelation, phenomenon
that continues after printing, and also water evacuation during curing,
thus leaving a small network.

4. Conclusion

In this study, direct ink writing and chemical foaming were suc-
cessfully combined to create geopolymer lattices porous at different
scales. Chemical foaming, realized by aluminum powder addition, adds
a statistic porosity inside the filaments while direct ink writing allows to
more precisely control the macroscopic porosity and the design of the
final parts. The lattices obtained by 3D printing have an open porosity of
the order of 65% from 0.2 wt% aluminum powder which is similar to the
molded lightweight geopolymers with same compositions. However,
pore access diameters are very different depending on the shaping
technique. Indeed, in molded lightweight geopolymers, the evacuation
of dihydrogen creates large channels with access diameters greater than
1 pm whose presence increases with the increase in aluminum powder
concentration. During direct ink writing, these large channels are most
probably compressed and closed because of the pressure applied for the
foam extrusion and of the skin created around the filaments. Besides, the
process tends to evacuate the air trapped within the paste, leading to a
lower intrinsic porosity inside the filaments than for molded lightweight
geopolymers. Still 80% of the open porosity present before extrusion is
preserved and the 20% loss is compensated by the porosity between the
filaments added by 3D printing.

Whatever the shaping technique used, a network with a pore access
diameter of less than 1 pm is always present, probably linked to the
expulsion of water during gelation and/or its evacuation during curing,
steps that continue to take place after shaping.

Finally, PEG and CTAB were the most effective organic additives for
stabilizing molded foams. Even if their combination leads to lower open
porosity than if there are used separately, it represents a good

Density and porosity of different geopolymer lattices containing a variable amount of aluminum powder and fixed amount of CTAB and PEG *no CTAB was added in

the absence of blowing agent.

Designation  True density (g.cm 3) + SD  Skeletal density (g.cm™>) + SD  Envelop density (g.cm ) + SD TP (vol%) OP (vol%) IFP (vol%) OPF (vol% of filament)
GP 0Al R* 2.21 + 0.04 2.09 + 0.08 1.08 + 0.04 51.1+£27 482+39 288+20 27.0+7.5
GPC0.1AlIR  2.16 + 0.03 1.95 + 0.04 0.83 + 0.04 61.6 £24 57.4+29 219+18 453+5.0
GPC 0.2AlR  2.18 + 0.06 2.07 £ 0.06 0.70 + 0.03 67.9+23 66.1+24 234+52 555+6.3
GPCO0.5AIR 2.18 + 0.06 1.99 + 0.03 0.75 + 0.05 65.6 £3.3 623+31 229+54 505+7.6
GPC 1AIR 2.15 + 0.06 2.02 £ 0.07 0.74 + 0.04 65.5+28 633+33 257+35 503+6.8
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Fig. 8. (a) Cumulative intrusion of mercury and (b) log-differential intrusion curves for different geopolymer lattices containing a variable amount of aluminum

powder and fixed amount of CTAB and PEG.

compromise between porosity, homogeneity, connectivity and resis-
tance of the foam.

Further studies need to be performed to better understand the
mechanisms that come into play during the creation of the porous
network as well as those in the stabilization of geopolymer foams and
their evolution during 3D printing.

These lightweight geopolymers were developed to be tested as host
materials for hygroscopic salts for energy storage applications. As the
materials developed in this study have the characteristics required for
this type of application (multi-scale porosity greater than 65 vol%
associated with compressive strengths around 3 MPa), they will be able
to be associated with salts and undergo energy storage tests.
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