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The strength of powder-based 3D printed geopolymer samples immediately after the
de-powdering process (“green” strength) is inherently very low. Therefore, different
post-processing techniques have been explored in the previous study of the authors
to enhance the “green” strength of the printed geopolymer. The highest strength of
around 30 MPa was achieved for the printed slag-based geopolymer sample cured in
an alkaline solution for 7 days at 60°C. Although this strength is sufficient for a wide
range of construction applications, the necessity for the heat curing procedure, which
requires a significant amount of energy, can compromise the sustainability credentials
of the developed powder-based 3D printed geopolymer and limit its commercial viability
and large-scale applications in the construction industry. To tackle this issue, this study
aims to develop a new post-processing method which eliminates the necessity for the
heat curing. The influences of type of curing medium, duration and temperature of
curing, and testing direction on the compressive strength of the printed geopolymer were
investigated. The “green” printed geopolymer samples were immersed in four different
curing mediums, including two sodium (Na)-based, and two potassium (K)-based
activators with different alkali modulus (SiO»/M>O where M = Na or K), and cured at
two different curing temperatures (ambient temperature (23°C) vs. 60°C) for 7 and 28
days. The compressive strength of the “post-processed” printed geopolymer specimens
was measured in two different testing directions, namely the binder jetting direction and
layer stacking direction. The results showed that the 28-day compressive strength of the
ambient temperature cured printed geopolymer sample was comparable to the 7-day
compressive strength of the corresponding heat cured sample. Therefore, the feasibility
of enhancing the strength of printed geopolymer by curing in an alkaline solution at
ambient temperature was established. This developed post-processing method based
on the ambient temperature curing is more viable and less energy-intensive, yet provides
comparable strength, as compared to the previously developed post-processing method
based on the heat curing. The results also showed that the strength of the printed
geopolymer samples cured in the K-based activators was lower than that of the
specimens cured in the Na-based activators.
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INTRODUCTION

3D Concrete Printing (3DCP), a digitally layer-by-layer
manufacturing process, has recently begun to draw significant
attention in the construction industry (Wu et al, 2016;
Nematollahi et al, 2017c). As an emerging field of additive
manufacturing, 3DCP has the potential to revolutionize the
construction industry (Wangler et al.,, 2016). This technology
can bring significant benefits to the current construction
industry such as increasing geometrical flexibility, adding
multi-functionalities, eliminating the use of formwork, and a
considerable reduction in construction cost and time (Wangler
et al., 2016). Although this technology is still in its infant stages
of realization in the construction industry, numerous studies
have been conducted on the related areas for better utilization in
the future.

Two common 3DCP techniques are used in the current
construction industry, namely extrusion-based 3DCP and
powder-based 3DCP (also known as particle-bed 3DCP).
The extrusion-based 3DCP is a selective material deposition
technique aimed for on-site concrete construction. In this
technique, the cementitious material is extruded by a digitally
controlled extruder to manufacture the component layer-by-
layer [e.g., Contour Crafting (Khoshnevis, 2004), Concrete
Printing (Le et al., 2012a,b)]. In this process, the material must be
fluid enough during the transferring in the pumping system and
must have sufficient viscosity and yield stress to keep the shape
after being extruded out. Not only large-scale buildings, such
as houses, could be built using this method, but also this could
be achieved without any formwork. Formwork is the temporary
structure and mold for pouring wet concrete, typically built with
timber. The cost of formwork is estimated to be between 35
and 60% of the overall cost of concrete construction (Lloret
et al.,, 2015). Besides, formwork represents a source of waste,
as all formwork made of timber is discarded sooner or later,
contributing to a generally increasing amount of waste in the
world (De Schutter et al., 2018; Sanjayan and Nematollahi, 2019).

In the powder-based 3DCP technique a liquid binder (or
“Ink”) is selectively deposited onto the powder surface to bind
the powder particles (e.g., D-Shape (Cesaretti et al., 2014),
Emerging Objects (Rael and San Fratello, 2011) which enables the
production of complex structures with subtle details and intricate
shapes. This technique which is aimed for off-site construction
is highly suitable for the manufacture of small-scale building
components such as panels, permanent formworks and interior
structures that then can later be assembled on site. One of the
important advantages of the powder-based 3DCP technique, as
compared to the extrusion-based technique, is that structures
with overhang parts can be printed without the necessity of
having a support structure, because unbound powder particles
can support the printed parts.

In general in 3DCP process, due to the layer-by-layer
production process, the deposited layers should gain adequate
green strength to support the upper layers without significant
deformation or collapsing. In the extrusion-based 3DCP process,
the ability of the deposited layer to sustain its own weight and
to support the upper layers is linked to its rheology and more

particularly to its yield stress (Roussel, 2018) With regards to
the powder-based 3DCP process, according to Shanjani and
Toyserkani (2008), the maximum compact pressure occurred
in the narrowest gap between the roller and the underneath
powder layer was < 0.9 Pa. In other words, the green strength
of each printed layer should be more than 0.9 Pa to prevent any
deformation during the printing process.

Although the powder-based 3DCP technique can offer
numerous advantages in the construction industry, there are
several challenges which should be overcome before the
technique is fully utilized. One of the main challenges is the
severely limited range of printing materials that are suitable for
construction applications. It is worth noting that some printing
materials have been developed and used in commercial powder-
based 3D printers for different applications in other industries.
For instance, biocompatible materials including hydroxyapatite
(Zhou et al., 2014), tricalcium phosphate (Al-Sanabani et al.,
2013; Zhou et al.,, 2014), calcium sulfate hemihydrate (Asadi-
Eydivand et al., 2016) have been used for biomedical applications.
Ceramic materials such as barium titanate (Gaytan et al., 2015)
and silicon carbide (Moon et al., 2001) have been used for
manufacture of electrical components. Inconel 718 (Nandwana
et al, 2017) and copper powder (Bai and Williams, 2015)
have been used for fabricating metal components. Fine silica
sand is used for fabrication of sand molds and cores (ExOne,
2015; Voxeljet, 2016). However, these printing materials are not
suitable for construction applications. Therefore, it is urgently
needed to develop new printing materials which can be used
in the commercially available powder-based 3D printers for
construction applications.

Conventional Portland cement has been considered as the
master construction material for its high strength and stability,
as well as its low cost for over 100 years and will probably be
produced and used for at least the next 100 years (Biernacki et al.,
2017). However, the slow setting time of Portland cement may
limit its use for the powder-based 3DCP process. Few studies
have reported the use of other types of cementitious materials.
For instance, magnesium oxychloride cement (also known as
Sorel cement) (Cesaretti et al, 2014) and fiber reinforced
cement polymer (Rael and San Fratello, 2011) were used in D-
shape and Emerging Objects, respectively. In addition, Gibbons
et al. (Gibbons et al., 2010) conducted a preliminary study to
investigate the feasibility of using a mixture of polyvinyl alcohol
and rapid hardening Portland cement (RHPC) for the powder-
based 3DCP process for the manufacture of biomedical implants.
The printed specimens exhibited a maximum modulus of rupture
of 2.4 MPa after 26-day water immersion at ambient temperature.
The low strength of the developed RHPC powder may limit its
use for construction applications. Maier et al. (2011) investigated
a mixture of flash-setting calcium aluminate cement (CAC)
for powder-based 3D printing to fabricate a bone regeneration
scaffold. A compressive strength of up to 20 MPa was reported
for the printed specimen after 3-day water immersion.

It is well established that the production of ordinary Portland
cement (OPC) is highly energy- and emissions-intensive. As a
rule of thumb, production of each ton of OPC would emit about
one ton of carbon dioxide (Mccaffrey, 2002). The emissions due
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to the manufacture of OPC are the fourth largest source of
carbon emissions after petroleum, coal, and natural gas and are
estimated to account for 5-7% of all anthropogenic emissions
(Huntzinger and Eatmon, 2009). Therefore, it is essential to
develop alternative OPC-less binders which would be suitable
for the powder-based 3DCP process. To tackle this limitation,
the authors of this study have been working on developing
innovative methodologies for formulating geopolymer-based
materials which can be used in the commercially available
powder-based 3D printers for construction applications.

Geopolymer can be manufactured by alkaline activation of
industrial by-products such as fly ash and slag. (Nematollahi
et al, 2015b). The production of fly ash-based geopolymer
can emit up to 80% less carbon dioxide (Duxson et al., 2007)
and can consume up to 60% less energy than the production
of OPC (Li et al., 2004). It should be pointed out that the
environmental impact (i.e, carbon emission and embodied
energy) of geopolymer is highly dependent on the specific
precursor, and moreover, on the activator used. Apart from the
potential environmental benefits of geopolymer as compared
to OPC, the authors believe that geopolymer is a highly
suitable material for the layer-by-layer build-up process in the
powder-based 3DCP technique. This is because geopolymer,
as compared to OPC, has more flexibly adjustable setting
characteristics and is capable of developing higher strengths
in a short period of time (Nematollahi et al., 2015a, 2017b).
Many characteristics of geopolymer such as its setting time
and strength development can be controlled by manipulating
the activation and curing techniques, which can eliminate the
necessity for using admixtures for development of 3D printable
geopolymers. However, Portland cement is manufactured to
comply with strict specifications with regards to setting time,
strength development, etc. Therefore, different admixtures are
required for the development of 3D printable OPC-based
mixtures. The use of admixtures may not only increase the
cost but can also have possible side effects and incompatibilities
(Marchon et al., 2018).

Several geopolymer-based formulations using slag/fly ash
have been developed by the authors which are suitable for
the powder-based 3DCP applications (Xia and Sanjayan, 2016,
2018; Xia et al,, 2018a,b). The 3D printed samples using the
developed geopolymer-based powders are presented in Figure 1.
It should be noted that in this paper, the term geopolymer is
used in its broad meaning to represent alkali-activated cements,
although it is understood that some can be alkali-activated slag
or fly ash, especially those cured with relatively low alkalinity.
This is justified since the term “geopolymer” has become a
common-usage-term for alkali-activated cements in the literature
(Duxson et al., 2006).

The strength of powder-based 3D printed geopolymer
specimens immediately after completion of the de-powdering
process often referred to as “green” strength, is typically very low
due to the inherently high porosity of the powder bed. Therefore,
further post-processing methods are required to increase the
strength of the 3D printed geopolymer specimens to be adequate
for construction applications. In the authors’ previous study
(Xia and Sanjayan, 2018), different post-processing procedures

have been explored to increase the “green” strength of the
powder-based 3D printed geopolymers. According to the results,
immersing the printed “green” samples in a combination of
sodium silicate solution with SiO,/Na,O of 3.22 and 8.0M
sodium hydroxide solutions for 7 days at 60°C resulted in the
highest compressive strength of 30 MPa, which is sufficient for a
wide range of construction applications (Xia and Sanjayan, 2018).

Although the authors™ previously developed post-processing
procedure based on the heat curing (Xia and Sanjayan, 2018)
significantly improved the final mechanical properties of the
3D printed geopolymer samples, the necessity for the heat
curing procedure not only limits the commercial viability and
large-scale applications of the developed powder-based 3D
printed geopolymers in the construction industry, but also
can compromise the sustainability credentials of 3D printed
geopolymers. Therefore, the first objective of this study is to
investigate the feasibility of developing a new post-processing
procedure based on the ambient temperature curing, which
eliminates the necessity for heat curing. In this regard, the effect
of curing temperature (heat curing vs. ambient temperature
curing) on the compressive strength of the powder-based 3D
printed geopolymers were investigated.

All alkaline solutions (i.e., curing mediums) used for the post-
processing procedure developed in the previous study of the
authors (Xia and Sanjayan, 2018) were sodium (Na)-based. The
effect of potassium (K)-based curing mediums has not yet been
investigated. Therefore, the second objective of this study is to
investigate the effect of type of curing medium (Na-based vs.
K-based) and alkali modulus (SiO,/M;0 where M = Na or K)
of sodium silicate (Na,SiO3) and potassium silicate (K;SiO3)
solutions on the compressive strength of the powder-based 3D
printed geopolymers.

MATERIALS AND
EXPERIMENTAL PROCEDURES

Raw Materials

Printable Geopolymer Powder

A printable geopolymer powder previously developed by the
authors (Xia and Sanjayan, 2016) was used in this study.
Figure 2 shows the particle size distribution of the printable
geopolymer powder obtained using CILAS 1190 laser diffraction
particle analyzer.

The printable geopolymer powder was a mixture of slag,
ground anhydrous sodium metasilicate powder and fine silica
sand. The slag supplied from Independent Cement, Australia
was used as the aluminosilicate source material. The chemical
composition and loss on ignition (LOI) of the slag was
determined by X-ray Fluorescence (XRF), on an ignited mass
basis (LOI: 0.09 wt %), as CaO (44.64 wt%) SiO, (32.76 wt
%), ALLO3 (12.37 wt %), MgO (5.15 wt %), SO3 (4.26 wt %),
and others (0.73 wt%). Figure 3 shows the X-ray diffraction
pattern and crystalline phases of slag used in this study. The XRD
analysis of slag was carried out using a Bruker D8 Advance X-ray
diffractometer (Bruker, Germany). Scans were collected between
5 and 70° (26) with a step size of 0.02° and a scan rate of 5s

Frontiers in Materials | www.frontiersin.org

July 2019 | Volume 6 | Article 160


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Nematollahi et al.

Post-processing Methods to Improve Strength

FIGURE 1 | 3D printed samples using the authors’ developed geopolymer-based powder. (a) 40.4 x 40.4 x 5mm plate structure with different holes. (b) 20 x 20 x
20 mm cubic samples. [Reprinted from Xia and Sanjayan (2016); Xia et al. (2018b) with permissions].
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FIGURE 2 | Particle size distributions of the authors’ developed 3D printable
geopolymer powder.

per step. An internal standard (10 wt % corundum, Al,O3) was
added to the raw slag to allow quantitative analysis using Rietveld
refinement. As can be seen in Figure 3, a significant hump is
shown between 25 and 35°. Calcite and gypsum crystalline phases
are observed. The mineralogical phase percentages determined
by using the Rietveld method are calcite (6.22%), gypsum
(7.42%), and amorphous phase (86.36%).

Anhydrous sodium metasilicate powder (in the form of bead)
supplied by Redox, Australia with the chemical composition of
50.66 wt Na,O, 47.00 wt SiO, and 2.34 wt% H,O was used as
the alkaline activator. The alkaline activator beads were firstly
ground for 5min using a ball mill (Matest Jar Mill A091-10,
MATEST system, Italy). The ceramic milling pot has a capacity
of 300 cc and the ceramic ball has a diameter of 25mm. For
each batch, 150 grams of anhydrous sodium silicate beads were
milled for 5min at 400 RPM with powder/ball mass ratio of
0.3. A high purity silica sand with a median size of 184 um
supplied by TGS Industrial Sand Ltd., Australia was also used in
this study.

Curing Mediums
Sodium hydroxide (NaOH) solution and potassium hydroxide
(KOH) solution with 8.0 M concentration were prepared by

Ca: Calcite G: Gypsum Co: Corundum

G

FIGURE 3 | X-ray diffraction analysis of slag. (Note: The corundum was added
as internal standard for quantitative analysis).

dissolving NaOH and KOH flakes, respectively in tap water.
The aim of using tap water, instead of distilled water, was to
simulate the “real” condition at large-scale applications of the 3D
printed geoplymers, in which condition it may not be easy and
cost-effective to use distilled water. The NaOH and KOH flakes
with a purity of 97% were both supplied by Sigma Aldrich Pty
Ltd., Australia.

Two types of sodium silicate (Na,SiO3) solutions and two
types of potassium silicate (K,SiO3) solutions were used in this
study. All silicate solutions were supplied by PQ Australia Pty
Ltd. The specifications of the silicate solutions are presented
in Table 1.

Four different curing mediums, including two sodium (Na)-
based alkaline solutions and two potassium (K)-based alkaline
solutions were prepared as follows:

1. Na-based solution I (denoted as “Na-I”): composed of
Na,SiO3- Grade D solution (71.4% w/w) and NaOH solution
(28.6% w/w).

2. Na-based solution II (denoted as “Na-II”): composed of
Na,SiO3-Grade N solution (71.4% w/w) and NaOH solution
(28.6% wiw).
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TABLE 1 | Specifications of the silicate solutions.

Silicate solutions Siog (wt.%) M,02:b (wt.%) Ho 02 (wt.%) Modulus? (SiOy/ Mo0P) Viscosity at 20°C (cps)?
Nayp SiO3-Grade D 29.4 14.7 55.9 2.00 250-450
Nap SiO3-Grade N 28.7 8.9 62.4 3.22 100-300
K5SiO3-Grade KASIL 1552 32.0 21.2 60.0 1.51 300-600
K5SiO3-Grade KASIL 2236 24.5 11.0 64.5 2.22 80-120

@ Average wt.% reported by the supplier.
b M in MO refers to Na or K.

3. K-based solution I (denoted as “K-I"): composed of K;SiO3-
Grade KASIL 1552 solution (71.4% w/w) and NaOH solution
(28.6% w/w).

4. K-based solution II (denoted as “K-II”): composed of
K,Si0O3-Grade KASIL 2236 (71.4% w/w) and NaOH solution
(28.6% w/w).

The alkali content (in terms of Na,O or K,O) and modulus
of the four curing mediums used in this study are listed in
Table 2. It should be noted that the selection of the type of
NaOH and KOH solutions and Na,SiO3 and K,SiO3 solutions
and the specific formulations of the curing mediums used in
this study were based on the numerous research studies (e.g.,
Hardjito et al., 2004; Wallah and Rangan, 2006; Kong and
Sanjayan, 2010; Nematollahi et al., 2014, 2017a,b) conducted
by the authors and other researchers around the world on the
production of geopolymer paste, mortar and concrete for “civil
engineering” applications.

According to the alkali content and modulus listed in Table 2
and the viscosity charts provided in Provis (2009) and PQ
Corporation (2004), it can be inferred that the Na-I solution
has higher viscosity than the Na-II solution at 20°C. Same trend
is also true for the K-I and K-II solutions. According to Yang
et al. (2008), the viscosity of sodium silicate solution decreases
significantly with increasing temperature. The potassium silicate
solutions also follow a similar trend (PQ Corporation, 2004).
Therefore, based on the previous published data, it is assumed
that the Na-II and K-II solutions have lower viscosity than
that of the Na-I and K-I solutions. This is true regardless of
the temperature.

3D Printing of Geopolymer Specimens

In this study, 20 mm cubic geopolymer specimens were printed
using Zprinter® 150. The Zprinter® 150 is a commercial
powder-based 3D printer manufactured by Z-Corp, USA with a
specific resolution of 300 x 450 dpi, a build volume of 182 x
236 x 132 mm, and a build speed of 24 layers/min. It should be
pointed out that at a resolution of 300 x 450 dpi, the minimum
point size is 0.06 mm, which is much bigger than the median
size of the printable powder (which is 17.24 um as shown in
Figure 2). The limiting factor on the resolution comes from
the printer.

During the printing process, the binder liquid is jetted
by HP11 print head, which requires a surface tension of
approximately 45 dyn/cm and a viscosity of approximately 1.35
cP to function properly. An aqueous solvent (Zb® 63, Z-Corp,

TABLE 2 | The alkali content and modulus of the four curing mediums.

Curing mediums M50? (wt.%) Modulus (nSiO5/ nM,02)
Na-| 17.4 1.47
Na-II 12.7 1.62
K-l 23.3 1.50
K-l 16.0 1.67

aM in MoO refers to Na or K.

USA) was used as the binder during the printing process. The
Zb® 63 binder was an aqueous commercial clear solution,
composed of mainly water with 2-Pyrrolidone (Asadi-Eydivand
et al,, 2016), with the viscosity similar to pure water which does
not react with the geopolymer powder.

Figure 4 schematically illustrates the powder-based 3DCP
process. First, a thin layer of powder is spread over the powder
bed surface. Subsequently, binder droplets are selectively applied
on the powder layer by a print-head, causing powder particles to
bind to each other. The built part is completed by repeating the
described steps and then is removed after certain drying time.

After the printing process completed, the samples were left
undisturbed within the powder bed of the printer at room
temperature for 6 h and then unbound powder was removed by
using compressed air.

Post-processing and Testing Methods

After the de-powdering process, the printed cubes were divided
into two groups denoted as “heat curing” and “ambient
temperature curing’.

For the “heat curing” group, the printed samples were
immersed in each of the four curing mediums inside separate
containers. The containers were sealed and placed in an oven
at 60 = 3°C for 7 days. After completion of the heat curing
period, the containers were removed from the oven, and the heat
cured samples were taken out from the curing mediums and kept
undisturbed at ambient temperature (23 £ 3°C) and RH of 65%
until the day of testing.

For the “ambient temperature curing” group, the printed
samples were similarly immersed in each of the four curing
mediums inside separate containers, but the sealed containers
were kept at ambient temperature (23 £ 3°C) for 7 and 28
days. At the end of the curing period, the ambient temperature
cured samples were taken out from the curing mediums and kept
undisturbed until the day of testing. It should be pointed out
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FIGURE 4 | Schematic illustration of the powder-based 3DCP process. (A) Powder spreading, (B) binder droplet deposition, (C) finished “green” sample.

L s

X

that according to the authors’ previous studies (Xia and Sanjayan,
2016, 2018), no dissolution of the “green” samples happened
after being immersed in the curing mediums and subjected to
heat/ambient temperature curing.

The heat cured specimens were tested at 7 days, while the
ambient temperature cured samples were tested at 7 and 28 days.
A population of 10 samples for each curing medium was used.

The apparent porosity of the printed cubic structures was
measured based on Australian Standard AS 1774.5:2014. First
of all, the samples were weighed in a dry state (Mgry) using
a precision balance with an accuracy of 0.001g, and then
submerged in an immersion liquid for 30 min. Then, the weight
of the samples suspended in the immersion liquid (Mgysp) was
measured. Subsequently, each sample was taken out from the
immersion liquid and dabbed with a wet cloth to remove the
excess immersion liquid and then was weighed to determine
the wet weight (My.). The immersion liquid used in this study
was ethanol (Reagent grade with 98% purity supplied by Sigma
Aldrich Pty Ltd., Australia). The apparent porosity (P.ybe) Was
calculated based on the following equations. A population of 10
samples for each curing medium was used.

Mdry
= Pliquid X — !
Pbulk.cube = Pliquid Myper M_gusp W
e = 1 — Pbullcube 4500, 2)
Ptrue.powder

The compressive strengths in both X-direction (i.e., the binder
jetting direction) and Z-direction (i.e., layer stacking direction)
were measured by an automated compressive strength testing
machine (Technotest, Italy) under load control at the rate of 0.33
MPa/s. A population of 10 samples for each testing direction and
curing medium was used.

RESULTS AND DISCUSSIONS
Heat Curing Group

Figure 5 shows the 7-day compressive strength of the heat
cured 3D printed samples in two loading directions. In both
directions, the compressive strength of the heat cured samples
was significantly higher than that of the “green” strength. This

— 354 Z-direction
1 I X-direction

= 304

= J

£ 25

c J

© 204

=

n B

[O) .

2 15

b J

%] .

2 10

S_ e

£ 97

o J

© o

Na 1
Curing medlum

FIGURE 5 | Seven-day compressive strength of the heat cured 3D printed
geopolymers. Note: The test result for the Na-Il curing medium in the
X-direction adopted from Xia and Sanjayan (2018). The error bars are
calculated by standard deviation.

is true regardless of the type of curing medium. According to
the authors’ previous study (Xia and Sanjayan, 2016), the “green”
strength of the printed sample is 0.76 & 0.10 MPa in Z-direction
and 0.91 & 0.03 MPa in X-direction. The possible reason for
the significantly higher compressive strength of the heat cured
samples can be explained as follows:

Before the post-processing treatment, it is hypothesized
that the “green” strength may come from the formation of
calcium silicate hydrate due to the reaction among slag, sodium
metasilicate powder and the liquid binder. However, during the
post-processing treatment, when the green samples are immersed
in the alkaline solutions, it is hypothesized that polymerization
occurred within the sodium/potassium silicate solution, resulted
in formation and development of geopolymeric products, which
in turn led to the densification of porous structures of the “green”
samples. As can be seen in Table 3, the apparent porosity of the
heat-cured samples is far less than that of the “green” samples,
which confirms the densification of the porous structure of the
“green” samples. The exact reaction mechanism of these systems
should be investigated in the future.

Frontiers in Materials | www.frontiersin.org

July 2019 | Volume 6 | Article 160


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Nematollahi et al.

Post-processing Methods to Improve Strength

As can be seen in Figure5, in both directions the 7-day
compressive strength of the heat cured specimens immersed in
the K-based solutions was lower than that of the specimens
immersed in the Na-based solutions. This is attributed to the
larger size of KT ion than Na™ ion. According to Ferndndez-
Jiménez et al. (2006), KT ion induces a lower crystallization
speed of zeolites and slower development of pre-zeolitic gel
due to its larger ion size, leading to lower compressive strength
gain of the specimens immersed in the K-based solutions
than the samples immersed in the Na-based solutions. It is
worth to note that the Na-based liquid activators are generally
cheaper than the K-based alkaline solutions (Nematollahi et al.,
2015a, 2017a). Thereby, it can be concluded that for curing
of “green” printed geopolymer samples, use of the Na-based
alkaline solutions is highly beneficial in terms of lower cost
and higher compressive strength gain, as compared to the K-
based activators.

Among the Na-based solutions, according to Figure 5, the
compressive strength of the heat cured samples immersed in
the Na-II solution was 21-28% higher than that of the samples
immersed in the Na-I solution, depending on the loading
direction. The possible reasons for this result can be explained
as follows:

As mentioned in Section Curing mediums, based on the
previously published data, it is assumed that the viscosity of
the Na-I solution is lower than that of the Na-II solution;
thereby it is hypothesized that it can be relatively easier for
the Na-II solution to penetrate into the “green” sample during
the curing process, which favors the rate of geopolymerization
reaction and compressive strength gain. The exact mechanism
should be investigated in the future. In addition, the higher
compressive strength of the heat cured samples immersed in
the Na-II solution can also be due to the higher modulus of
the Na-II solution than that of the Na-I solution (Table 2),
which provides a higher amount of soluble silica in the Na-
II solution. According to Xu and Van Deventer (2000), it
is hypothesized that the higher amount of soluble silica in
the Na-II solution accelerates the rate of geopolymerization
reaction, thereby improves the compressive strength. Alshaaer
(2013) has reported a similar curing method for kaolinite-based
geopolymers by immersing them in an alkaline solution. The
results of his study showed that secondary treatment (immersion
in 6M NaOH solution at 80°C) led to an increase in the
compressive strength and water resistance and a decrease in
shrinkage of the samples.

For the heat-cured samples immersed in the K-based
solutions, a similar trend was observed. The compressive strength
of the heat cured samples immersed in K-II solution was about
61-66% higher than that of the specimens immersed in K-I
solution, depending on the loading direction. Similar to the above
discussion, this is due to the significantly lower viscosity and
higher modulus of K-II solution than that of K-I solution.

As shown in Figure5, an anisotropic phenomenon was
observed in the compressive strength of the heat cured
geopolymers depending on the loading directions. The
compressive strength was always higher in the X-direction
than in the Z-direction, regardless of the type of the curing

TABLE 3 | The apparent porosities of the green and 7-day heat-cured samples.

Samples “Green” Curing mediums
Na-I Na-II K-1 K-Il
Apparent 574+08 153+07 136+05 185+1.1 156+09

porosity (%)

Each value is presented as mean =+ standard deviation.

TABLE 4 | Anisotropy in the compressive strength of the heat cured 3D printed
geopolymers.

Curing mediums Na-I Na-ll K-1 K-l

fo—x/fo—z 1.06 1.12 1.17 1.24

medium. The ratios of the compressive strength in the X-
direction to that in Z-direction (f._x/f._,) were listed in Table 4.
The f._y/f._, of the samples immersed in the Na-II solution was
higher than that of the Na-I solution. Similarly, the f._,/f._,
of the samples immersed in the K-II solution was higher than
that of the K-I solution. The higher f._y/f._, of the samples
cured in the Na-II and K-II solutions might be related to the
enhanced interlayer bond. According to Lowke et al. (2018), in
powder-based 3D printed samples the water content significantly
oscillates in accordance with a higher water content in the top
region of the layer and a significantly lower content in the bottom
region. In other words, the interlayer regions are more porous
than other regions. Therefore, due to relatively lower viscosity of
the Na-II and K-II solutions than the Na-I and K-I solutions (see
Section Curing mediums), it is hypothesized that it is relatively
easier for the Na-II and K-II solutions to transport to the pores
in the interlayer regions and enhance the interlayer bond.

Ambient Temperature Curing Group

Figure 6 shows the 7-day and 28-day compressive strengths
of the ambient temperature cured 3D printed samples in two
loading directions. The 28-day compressive strength of the
ambient temperature cured printed samples was higher than
the 7-day compressive strength. This is true regardless of the
testing direction and type of curing medium. This significant
increase can be attributed to the continued geopolymerization
process in the presence of alkaline solution, resulting in lower
porosity of the samples cured for 28 days as compared to those
cured for 7 days, as can be seen from Table 5. A similar result
was reported for the conventionally mold-casting geopolymers,
where the longer curing time increased the compressive strength
(Nematollahi et al., 2015b; Wongsa et al., 2018).

According to Figure 6, the compressive strength of the
ambient temperature cured printed specimens immersed in the
K-based solutions was generally lower than that of the specimens
immersed in the Na-based solutions. This is true regardless of the
age of curing. As discussed in Section Heat curing group, a similar
trend was also observed for the heat cured printed specimens
(Figure 5). The reason for the lower strength of the specimens
immersed in the K-based solutions than that of the specimens
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FIGURE 6 | Compressive strength of the ambient temperature cured 3D
printed geopolymers at (A) 7 days and (B) 28 days. The error bars are
calculated by standard deviation.

TABLE 5 | The apparent porosities of the 7- and 28-day ambient temperature
cured samples.

Curing mediums Apparent porosities (%)

7-day 28-day
Na-| 21.2+0.9 165+1.3
Na-II 195+13 13.2+£09
K-l 276 +1.4 225+1.5
]l 23.6 £ 0.6 20.2 +£0.7

Each value is presented as mean + standard deviation.

immersed in the Na-based solutions is explained in Section Heat
curing group.

As can be seen in Figure 6, the compressive strength of the
ambient temperature cured printed samples immersed in the Na-
IT solution was higher than that of the specimens immersed in
the Na-I solution. In addition, the compressive strength of the
ambient temperature cured printed samples immersed in the K-
IT solution was higher than that of the specimens immersed in
the K-I solution. These are true regardless of testing direction
and age of curing. As discussed in Section Heat curing group,

TABLE 6 | Anisotropy in the compressive strength of the ambient temperature
cured 3D printed geopolymers.

Curing mediums

Na-I Na-II K-l K-1I
fo_x/fo_z at 7 days 1.09 1.18 111 1.27
fo_x/fo_z at 28 days 1.08 1.13 1.07 1.22

a similar trend was also observed for the heat cured printed
specimens (Figure 5). The reason for the higher strength of the
specimens immersed in the Na-II or K-II solutions than that of
the specimens immersed in the Na-I or K-I solutions is explained
in Section Heat curing group.

Similar to the heat cured specimens (Figure5), the
compressive strength of the ambient temperature cured
printed specimens also exhibited similar anisotropic behavior,
depending on the loading direction. The compressive strength
was always higher in the X-direction than in the Z-direction,
regardless of the type of curing medium and age of curing. The
fo_x/f._, ratios were listed in Table 6. The f._/f._, of the Na-II
solution cured samples was higher than that of the Na-I solution
cured samples. In addition, the f._y/f._, of the K-II solution
cured samples was higher than that of the K-I solution cured
samples. These trends are true regardless of the age of curing. As
discussed in Section Heat curing group, a similar trend was also
observed for the heat cured printed specimens (Figure 5). The
reason for the higher f._y/f._, of the samples cured in the Na-II
and K-II solutions is explained in Section Heat curing group. It
is worth noting that the increase in age of curing (from 7 days to
28 days) slightly reduced the observed anisotropic behavior in
the compressive strength results.

Among the curing mediums investigated, according to
Figures 5, 6, the printed samples immersed in the K-I solution
exhibited the lowest compressive strength. This is true regardless
of the type and age of curing, as well as the testing direction.
This is because of the very high viscosity and the low modulus
of the K;Si03-Grade KASIL 1552 solution used to prepare the K-
I solution, which makes this solution not as effective as the other
curing mediums.

Comparison between Figures5, 6B showed that, except
for the samples immersed in the K-I solution, the 28-
day compressive strength of the ambient temperature cured
printed samples was only up to 8% lower than the 7-
day compressive strength of the corresponding heat cured
printed samples. Therefore, the feasibility of the developed
post-processing method based on the ambient temperature
curing for enhancing the strength of powder-based 3D printed
geopolymers is established, which requires less energy, yet
provides comparable strength as compared to the previously
developed post-processing method based on the heat curing.
At the same time, eliminating the necessity for the heat
curing reduces the complexity (and therefore likely cost) of
the production process, and therefore enhances the commercial
viability of the developed powder-based 3D printed geopolymers
in the construction industry.
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CONCLUSIONS

This study focused on the post-processing (i.e., curing)
techniques to improve the compressive strength of the
geopolymers made by the powder-based 3D printing process for
construction applications. The effects of type of curing medium,
curing temperature, duration of curing, and loading direction
on the compressive strength of the powder-based 3D printed
geopolymers were experimentally evaluated. The following
conclusions are drawn:

1) The compressive strength of the printed geopolymer sample
cured at ambient temperature (23°C) for 28 days was
comparable to that of the sample cured at elevated temperature
(60°C) for 7 days. This is true regardless of the type of curing
medium, and testing direction. Achieving the comparable
strength without the necessity for heat curing reduces the
complexity (and therefore likely cost) of the production
process, and therefore enhances the commercial viability of
the developed powder-based 3D printed geopolymers in the
construction industry.

2) For post-processing of the “green” samples under the
heat curing condition, the Na-based activators were highly
beneficial in terms of higher compressive strength gain and
lower cost as compared to the K-based activators. This is
true regardless of the testing direction and modulus of the
activator solution.

3) Among the Na-based curing mediums, the Na-II activator
containing the Na,SiO3 solution with a higher alkali modulus
of 322 and a lower viscosity (N Grade) was the most
effective in increasing the compressive strength of the printed
geopolymers, as compared to the Na-I activator containing
the Na2SiO3 solution with a lower alkali modulus of 2.00 and
a higher viscosity (D Grade). This is true regardless of the
duration and temperature of curing, and testing direction.

4) Among the K-based curing mediums, the K-II activator
containing the K,SiO3 solution with a higher alkali modulus
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