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Abstract

Geopolymeric components with high controlled porosity were designed and produced by means of CAD/CAM and
FDM (Fused Deposition Modeling) techniques. PLA sacrificial structures with different patterns were 3D printed with
high accuracy and a geopolymeric slurry was used to produce close inverse replicas by means of impregnation in vac-
uum conditions and subsequent geopolymerization reaction and template removal in a combined chemical and ther-
mal treatment. The FDM-manufactured sacrificial structures replicated the computationally designed porosity to
be obtained in the final geopolymer components in terms of total porosity, average pore size and pore architecture.
Geopolymer features were not affected by the fabrication route, and the process resulted in highly porous geopoly-
meric components with well-defined interconnected channels designed at both the macro- and microscopic scale. The
specific surface area of the samples was ~ 23 m2/g. The total porosity of the samples ranged from ~ 66 to ~71 vol%,
given both by the designed geometrical macroporosity and by the inherent chemical micro- and meso-porosity of the

geopolymer.
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I. Introduction

Solid freeform fabrication (SFF) technologies enable the
fabrication of 3D structures based on a layer-by-layer ap-
proach starting from numerical models. After the develop-
ment of stereolithography in the 1980s 1, numerous com-
peting SFF technologies have been introduced and im-
proved with the focus moving from rapid prototyping
to production of finished and functional devices. Addi-
tive Manufacturing (AM) systems based on SFF technol-
ogy have the peerless ability to produce designs impos-
sible to build otherwise; this is particularly relevant in
sectors such as tissue engineering 2, specialized mechan-
ical components 3 and art design. Most initial AM sys-
tems were based mainly on the use of various polymers,
but nowadays metal powder or metal-filament-based sys-
tems have been successfully developed and have become
a big business, driven especially by the aerospace indus-
try #=7. The direct 3D printing approach with ceramics
faces unique challenges and has several drawbacks: it re-
quires custom machines, extensive operator expertise and,
this is the main challenge, careful optimization of the ma-
terial’s rheological properties to find slurry compositions,
including binders, which could be viably used with the few
existing 3D printing machines 8-11.

Anindirect, inverse replica approach where (macro-)po-
rous structures (molds) are printed and the ceramic slur-
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ry is cast into the mold cavity can overcome some of the
limitations of the direct printing technique. In this way,
molds can be produced with high accuracy with common
polymers, taking advantage of freedom and shape possi-
bilities provided by this technique with little effort. More-
over, limitations in terms of the homogeneity and mi-
crostructure control of the final ceramic part can be over-
come by filling the templates with a suitable slurry. Final-
ly, the requirements in terms of rheological behavior for
the infiltrating slurries are much less stringent in compar-
ison to the strict control required for the fabrication of
high-quality structures by direct printing. In 1998, Bose et
al. 12 fabricated 3D honeycomb porous alumina structures
for bone implants by infiltrating a polymeric mold creat-
ed by means of stereolithography with a ceramic slurry.
SFF methods can be used to create scaffolds with channels
possessing non-random connectivity designed to create a
porous network at a macroscopic scale across the struc-
ture; these methods provide excellent control over the ex-
ternal shape and the internal interconnectivity and geom-
etry, but micro-scale resolution is usually poor.

Little experimentation has been carried on in the last
years in the field of porous components produced by
inverse replica, and almost exclusively for tissue engi-
neering applications. Preliminary attempts involved man-
ual building of predesigned macroporous architectures
where sugar porogen elements were stacked layer-by-lay-
er to form uniaxial, orthogonal and helicoidal networks
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in polymeric structures 13. A few years later, PLA scaf-
folds and PLA-hydroxyapatite scaffolds were fabricated
by casting in 3D-printed wax/PSA molds. The same route
was followed by Ma in 2004 14 providing highly accurate
inverse replicas with promising features for tissue engi-
neering applications.

In terms of more complex sacrificial templates, by means
of computer tomography molds can be designed to repli-
cate, for instance, the shape of a bone defect or a zygo-
ma 13, The interest of the field lies now in the combina-
tion of intricate architectures at a scale spanning three or-
ders of magnitude: macro (external shapes), micro (pores)
and nano (fibers), as demonstrated for instance, by Chen er
al. 16 with PLLA nano-fibrous scaffolds. Local pores can
be manufactured simultaneously with the infiltration pro-
cess using conventional methods (e.g. using emulsions or
adding sacrificial particles to the infiltrating slurry), pro-
ducing both local and global pores within one sample. In
this work we combined, for the first time, an inverse SFF
fabrication technique with geopolymers, a novel class of
materials that possesses a high degree of intrinsic micro
(<2 nm) and meso-porosity (2-50 nm).

Geopolymers are inorganic materials with a chemical
composition similar to that of zeolite and a variable mi-
crostructure (amorphous to semi-crystalline). They are
synthesized from a reaction that occurs between SiO, and
Al,Oj5 species in a highly alkaline medium, leading to
the formation of a continuous three-dimensional inorgan-
ic network. These materials can consolidate at low, even
room temperature, enabling the retention of the produced
shape and offering the possibility of efficiently producing
highly porous ceramic components suitable for filtering
applications 17.

II. Materials and Methods

Sacrificial templates were designed and converted into
stereolithography (STL) data using an open source CAD/
CAM software (FreeCAD); the model was then import-
ed into a software (Repetier, Hot-World GmbH & Co.
KG, Germany) that sliced it into layers and converted to
a .gcode path for direct 3D printing using a Power WASP
EVO (WASP, Italy) Fused Deposition Modeling (FDM)
3D printer. A FDM printer works by laying down material
in layers; a thermoplastic filament is unwound from a coil
and supplies material to produce a part by extruding small
portions of material to form layers. The extrusion nozzle
1s heated to melt the material, the flow can be turned on
and off and there is typically a worm-drive that pushes the
filament into the nozzle at a controlled rate. The material
hardens immediately after extrusion, thereby allowing the
correct object shape to be maintained. A Poly(Lactic Acid)
(PLA) filament (3 mm diameter; WASP, Italy) was used to
print the molds with a resolution of 100 pm in the Z di-
rection (which determines the height of each layer) and of
350 pmin the X, Y directions, corresponding to the nozzle
diameter.

The external shape of the final lattice was a cube with
15-mm sides; molds were designed to have open intercon-
nected channels of (W x H) 3 x 3 mm or 1.5 x 3 mm. The
molds had three sides closed with the sacrificial material as
to avoid leaking of the slurry during infiltration, and a lip
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was also designed in order to hold the excess slurry during
infiltration. Four different channel designs were tested.
Sacrificial templates were impregnated with a geopoly-
mer slurry; Argical-M 1200S, an artificial metakaolin
(Al,S1,05) obtained by micronizing and calcining a
kaolinitic clay (Al,S1,05(OH),) from the Charentes basin
(Imerys Refractory Minerals (France)), and fly ash class
F (200 mesh; Tractebel Energia (Brazil)) were used as
geopolymeric precursors; their composition is reported
in Table 1. Potassium hydroxide (KOH) pellets (85 % pu-
rity, Dindmica Quimica Contemporanea Ltda (Brazil))
and potassium silicate solution (Si/K = 2-2.1, densi-
ty 1.32-1.34 g/cm3, viscosity 100-300 mP; KSIL 0465,
Crostield Italia Srl) were used as alkaline activators.

Table 1: Composition of the Argical M1200S and fly ash
raw materials (wt%).

Argical M1200S Fly ash

Sio, 55 55.3
AlL,O, 39 19.8
F6203 1.8 10.2
Na20 1 0
K,O 2.3
TiO, 1.5 1
CaO 06 1.3
MgO ' 0.7

The first step in the preparation of the geopolymer slur-
ry was the preparation of a 15M KOH solution. Once
KOH had dissolved completely in distilled water, a solu-
tion of potassium-based activators (potassium hydroxide
and potassium silicate) was prepared in a mixer (500 rpm,
5 min, Ika-Werke Ost Basic, Staufen, Germany), accord-
ing to the following weight ratio: 1.86 silicate solution
: 1 KOH 15M. The activating solution was prepared 24
hours in advance to let the silicate dissolve completely
in the basic solution 6. Metakaolin was added at room
temperature and stirred at 800 rpm for 30 min, followed
by the addition of the fly ash and stirring at 1000 rpm
for other 30 min. An addition of 50wt% fly ash in re-
spect of metakaolin was used. Based on these raw mate-
rials, the geopolymer slurry resulted in the following ox-
ide molar ratios: Si0,/Al,05 = 4, K,0/S10, = 0.25 and
H,0/K,O = 15.83.

As soon as the slurry was homogeneous, the infiltration
process was performed; the slurry was poured into the
molds and then put under rotary-pump-vacuum (~ 0.1 Pa)
for 15 min. After that, molds were sealed with cling film
and left at room temperature for 48 —72 h to allow for the
completion of the geopolymerization reaction.

After the reaction was completed, the sacrificial PLA
templates had to be removed; samples were first direct-
ly immersed in KOH 15M at a temperature of 72 °C for
24 h; with the help of the temperature, the basic solu-
tion carried out a nucleophilic attack of the polymer chain
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links, leading to their partial hydrolysis and condensa-
tion 18. Samples were then washed with hot water to ex-
tract the PLA; this step can also be used to confirm the ex-
tent of the geopolymerization reaction, since non-fully-
condensed geopolymer materials are sensitive to water and
undergo swelling or complete destruction 12. Subsequent-
ly, the samples were heat-treated at 330 °C for 24 hina tube
furnace (Carbolite CWF1200, Derbyshire, UK) under an
air flux (heating rate 1 °C). This coupled chemo-thermal
treatment had been already tested by Okada ez al. 20, giv-
ing good results in terms of complete PLA removal and
retention of the geopolymer integrity.

The morphology and microstructure of the samples were
investigated using an optical stereoscope (Wild Heer-
brugg, Type 376788, coupled with a digital camera) and
an Environmental Scanning Electron Microscope (FEI
Quanta200 ESEM, Eindhoven, The Netherlands). X-
ray diffraction analysis (XRD, Bruker AXS-D8 advance,
Karlsruhe, Germany) was performed on powdered sam-
ples using CuK ; radiation (10—70° 20, 2 s/step). Semi-
automatic crystalline phase identification was performed
using the Match! software package (Crystal Impact GbR,
Bonn, Germany), supported by datafrom PDF-2 database
(ICDD-International Center for Diffraction Data, New-
town Square, PA, USA). The true density (skeleton den-
sity) of the geopolymer material was measured with a
helium pycnometer on finely crushed powders (Accupyc
1330, Micromeritics, Norcross, GA). Since the macrop-
ores derived from the CAD/CAM designs are too large to
entrap liquid, it was not possible to measure the amount
of macro-porosity using the Archimedes’ approach. The
open, closed and total porosity of the struts was quantified
by the Archimedes’ method using water as the infiltrating
fluid. The amount of total porosity of the entire lattices
was evaluated based on geometrical considerations on the
models and the measurement of their weight on a preci-
sion digital scale (divided by the lattices’ volume). Specific
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surface area (SSA) data were collected in N, adsorption
experiments at liquid nitrogen temperature using a Quan-
tachrome Nova Station A (Quantachrome Instruments,
Boynton Beach, USA). All the samples were degassed at
250 °C prior to the nitrogen adsorption measurements.
The Brunauer-Emmett-Teller specific surface area (SSA)
was determined with the multipoint BET method using
the adsorption data in the relative pressure (P/Pp) range of
0.05-0.3.

III. Results and Discussion

Fig. 1 shows the different template designs used for the
geopolymer impregnation (left) as well as the inverse lat-
tices (right). The FDM-manufactured molds replicated the
computationally designed desired macro-scale pore size
and architecture; the solid struts in the PLA scaffold will
constitute the macropores in the inverse replica struc-
ture. We selected these different structures because they
would afford different characteristics to the final com-
ponent in terms of different pressure drop, different me-
chanical properties, different contact time with the micro-
/meso-porous solid struts, and possibly different thermal
transport and fluid dynamic behavior with respect to the
filtration medium.

The final lattices obtained after impregnation of the
molds with the four different architectures, followed by
the template removal, are shown in Fig. 2. We can observe
that the geopolymeric lattices produced in this work were
an accurate inverse replica of the 3D-printed structures;
thanks to the complete and homogeneous infiltration un-
der vacuum, the geopolymeric slurry was able to penetrate
in all macroscopic cavities designed in the CAD/CAM
projects. No shrinkage was observed after the geopoly-
merization of the slurry and no evidence of swelling was
present, indicating that the geopolymerization reaction
had proceeded to completion.

Fig. 1: 3D rendering of the sacrificial templates. Templates used for the geopolymer impregnation (left) and inverse lattices (right).
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Fig. 3: Stereomicroscopic images of a lattice: (a) (I) top view; (II)
side view; detail of top (III) and (IV) side surfaces showing their
morphological characteristics (template-derived roughness).

Focusing the attention on one of the lattices, the one in
Fig. 2a, we report in Fig. 3 the stereomicroscopic images
at a higher magnification showing the top and side of the
structure in detail. They show the regularity of the macro-
porestructure and the lack of cracks or macroporosity em-
bedded in the geopolymer matrix, and enable appreciation
of the details of the morphology of the sample surface and
of the strut material after PLA removal, in particular the
template-derived roughness. In fact, the parallel grooves,
observable in Fig. 3, are characteristic of the FDM process
and are due to the layer-by-layer fused deposition of the
molten PLA wire. They appear to have been very accu-
rately replicated by the infiltrated geopolymeric matrix.
We should also note that the way that the structures were
built by FDM was different depending on the type of lat-
tice produced. In order to generate the structures shown
in Fig. 2¢ and 2d, the printing head deposited long PLA
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threads along the entire structure while, when printing the
templates of Fig. 2a and 2b, PLA was deposited in much
smaller areas, as only square columns with a 3 mm side
size needed to be built. Laying out PLA in small areas,
by FDM, allows less precision than that achievable when
long filaments are deposited layer-by-layer. The struc-
tures, built with differentaccuracies, were closely replicat-
ed by the geopolymer matrix, indicating that the proposed
templating approach based on the fabrication of highly in-
terconnected sacrificial lattices by FDM is suitable for the
fabrication of complex macroporous ceramic parts.

Fig. 4: Picture of some PLA templates infiltrated with the geopoly-
mer slurry (a), and stereomicroscope details of the PLA template
((b): side view; (c): top view).

The PLA removal process combined a chemical and a
thermal treatment. A simple direct thermal treatment of
the 1mpregnated samples resulted, in fact, in components
containing several macroscopic cracks or sample destruc-
tion, because of the development of high thermal stresses
upon heating caused by the large mismatch in the co-
efficient of thermal expansion between the geopolymer
matrix and the polymeric scaffold. On the other side, the
chemical treatmentalone was found to be insufficient for a
complete decomposition of the sacrificial polymeric tem-
plate; therefore a combination of the two treatments had
to be applied. In a few samples, occasional cracks could
still be observed (see for instance Fig. 2d), suggesting the
need to further improve the removal step of the PLA tem-
plate, for instance by adjusting the heating rate. In Fig. 4
we show a picture of some PLA templates infiltrated with
the geopolymer slurry (Fig.4a) as well as stereomicro-
scope images of details of the PLA template (of the struc-
ture shown in Fig. 1a), showing the different resolution
(surface smoothness) that was achieved depending on the
printing direction (Fig. 4b: side view, resolution along the
z axis; Fig.4c: top view, resolution along x and y axes).
In Fig. 4b the layer thickness was 100 pm, while in Fig. 4c
the layer thickness was coincident with the wire dimen-
sion and was about 350 pm. In any case, the quality of the
print is proven by the resolution and quality of the result-
ing geopolymeric structures. This suggests that it would
be possible to employ strategies for modifying the sur-
face morphology of the polymeric template, for instance,
for further increasing the geometric surface area of the
geopolymeric component and tailor the solid-fluid inter-
action in filtration or catalytic applications. In addition,



June 2015

one could also just as easily infiltrate a geopolymer slurry
in which either sacrificial particles or oil droplets are con-
tained, in order to provide another level of complexity to
the pore architecture of the component. As an example, in
Fig. 5 we show stereomicroscope images of a sample (with
an architecture obtained by infiltration of the structure
shown in Fig. 1a), in which the slurry contained oil and
hydrogen peroxide, resulting in foamed struts with par-
tially interconnecting pores with a size ranging from ~ 50
to ~300 pm.

Fig. 5: Image of a sample (with an architecture obtained by infiltra-
tion of the structure shown in Fig. 1a), in which the slurry contained
oil and hydrogen peroxide. a) general view; b) detail at higher mag-
nification.

A more detailed view of the surface of the geopolymer
matrix was provided with SEM investigations, see Fig. 6.
Residual fly ashes (particularly rich in Fe and Ti) em-
bedded in an amorphous/microcrystalline alumino-sili-
cate matrix (gray areas) can be observed, as well as sever-
al small pores (black areas) with a size ranging from ~ 1 to
~10 um, probably due to the evaporation of the excess wa-
ter (the possibility that these pores were related to some
residual air that was left embedded in the infiltrating slur-
ry is rather remote, considering the fact that rotary vacu-
um was pulled on the system for several minutes during
the infiltration).

Table 2: Porosity of lattices and struts.
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Scaffolds were crushed and the powders investigated by
means of XRD analysis, which showed (Fig.7) that the
geopolymer matrix was mainly amorphous with some
quartz and muscovite (KAl,(Si3Al)Oo(OH,F),) crys-
talline phases which are impurities in the metakaolin and
typical for geopolymers not heat treated at high tempera-
ture 21,

Archimedes’ measurements indicated that the geopoly-
mer struts had a bulk density of 1.30 £ 0.01 g/cm3 and an
apparent one of 2.23+0.01 g/cm3, while pycnometer mea-
surements gave a true density for the geopolymer material
of 2.4367 £0.0002 g/cm3. From these data, it was possible
to calculate the porosity of the struts (see Table 2), while
the determination of the bulk density of the lattices by
weightand volume measurements allowed the total poros-
ity of the structures to be obtained, which ranged from
~66 % t0~71 %. Note that the designed porosity was dif-
ferent among the various geopolymer scaffolds, and equal
to 35.2 %, 40 %, 40 % and 36 vol% for structure a), b), c)
and d) (see Fig. 1), respectively. Based on the porosity of
the struts and on the volume of designed porosity, we al-
so computed the total porosity; the data are in agreement
with the measured total volume of porosity, and indicate
that the absolute contribution of the struts’ porosity to the
total porosity was ~30vol%. The difference between the
amount of total measured and designed macroporosity can
be due to partial damage to the edges of some struts in the
produced structures as a result of handling or to imprecise
measurements of the geometric dimensions of the samples.
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Fig. 7: XRD analysis of a sample of architecture (a) (see Fig. 1) after
thermal treatment at 330 °C.

Lattice structure a b c d
Measured Lattice Total Porosity (vol%) 66.2+ 1.0 70.9+3.1 66.4+0.8 702+22
Computed Lattice Total Porosity (vol%) 65.5 68 65.9 68
Designed Lattice Macroporosity (vol%) 35.2 40 36 40
Struts Total Porosity (vol%) 46.72 £ 0.42
Struts Open Porosity (vol%) 41.87 £0.67
Struts Closed Porosity (vol%) 4.85 + 0.55
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While the macroscopic open channels, with a designed
size and volume, enable suitable permeability for liquid
or gas through the porous scaffold, the solid struts are
responsible for the interaction with the fluid when the
component is used for filtration or as a catalytic support.
They contain up to ~40vol% of open and interconnect-
ed porosity (see Table 2), and their inherent chemical mi-
cro- and meso-porosity is due to the polycondensation
of alumino-silicates during geopolymerization reaction,
which produces water, and the fact that their morphology
at the nanometric scale is based on the assemblage of small
spheroidal particles 22. The N, adsorption and desorption
curves are reported in Fig. 8; the isotherms can be classi-
fied as type IV, according to the International Union of
Pure and Applied Chemistry (IUPAC), proving that both
micropores (diameter <2 nm, detected by N, adsorption
at P/Py <0.15) and mesopores (diameter = 2—50 nm, de-
tected by the hysteresis at higher values of relative pres-
sure) are present. The specific surface area of the samples
was 22.991 m2/g, which is similar to values reported in lit-
erature for potassium-containing geopolymers based on
metakaolin and fly ash 23-28. As this is inherent porosity
that develops in the system because of the geopolymeriza-
tion reaction, it was not affected by the application of vac-
uum for several minutes during infiltration of the slurry.
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Fig. 8: Adsorption and desorption isotherms on powders obtained
by crushing a geopolymer scaffold of architecture (a) (see Fig. 1).

Thanks to an accurate design of both the template shape
and the geopolymer material, we were able to reach in the
final components a suitably large amount of total porosity,
mostly composed of open porosity, which is of course the
predominant feature needed in filters.

Preliminary mechanical strength data gave an average
compressive strength value of ~ 8.5 MPa for a sample with
an architecture (a) (see Fig. 1), indicating that the compo-
nents could indeed be suitable for use in filtering applica-
tions.

Future work will include the incorporation of more in-
terconnected porosity in the solid struts, increasing the
specific surface area by means of chemical additives (e.g.
oil), and characterization of the mechanical and perme-
ability properties of the different lattices.
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IV. Conclusions

Geopolymer components with controlled porosity were
designed and produced by means of CAD/CAM and
FDM techniques. PLA sacrificial templates with differ-
ent patterns were 3D printed with high accuracy, and
a geopolymer slurry was used to produce close inverse
replicas by impregnation in vacuum conditions and sub-
sequent geopolymerization reaction and template removal
by a combined chemical and thermal treatment. The ad-
vantage of this process over direct 3D printing is that no
careful optimization of the rheology of ceramic slurry is
necessary, and some of the drawbacks of direct 3D print-
ing, such as microstructural inhomogeneity, can be avoid-
ed. Geopolymer features were not affected by the pro-
cessing, and the samples possessed highly interconnected
macroscopic channels and micro- and meso-porosity in
the struts, making them potentially attractive for filtering
or catalyst support applications.
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