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3D-printing of architected calcium silicate binders with enhanced and in-situ

carbonation

Nadia Ralston, Shashank Gupta ¢ and Reza Moini

Department of Civil and Environmental Engineering, Princeton University, Princeton, NJ, USA

ABSTRACT

This paper investigates the use of architected cellular and solid designs of materials via additive
manufacturing and in-situ CO, circulation to augment the carbonation and mechanical
properties of a calcium silicate-based cement (CSC) binder. A wollastonite-based binder was
formulated for extrusion-based 3D-printing. Solid and cellular lamellar architectures were
designed to probe the role of layered interfaces and higher surface area on the degree of
carbonation (DOC), respectively. Two carbonation exposure scenarios, with and without in-situ
carbonation were employed. The DOC, microstructural phases, and flexural strength were
characterised using TGA, modified over-flow image analysis technique, and three-point-bending,
respectively. By exploiting 3D-printing and harnessing the higher surface area of cellular
architecture, the material obtained a significantly higher DOC (by 8.9-folds) and flexural strength
(by 5.7-folds) compared to reference cast. In-situ carbonation of cellular architected materials
can additionally improve early-stage deformation, DOC (by 12.9-folds) and flexural strength (by
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16.5-folds), compared to cast.

Highlights

e 3D-printing alone can enhance the uniformity of
carbonation

o Cellular architecture and in-line carbonation increase
DOC and strength

e In-line carbonation enhances both carbonation and
buildability

e 3D-printing cellular wollastonite can lead to uniform-
ity and enhancement of carbonation

1. Introduction

There has been a growing interest in additive manufac-
turing with construction materials to enable automated
advancements in the structural design of cementitious
materials [1-5]. Numerous opportunities remain to
advance the 3D-printing processes, exploit design par-
ameters, and take advantage of the flexibility of the
manufacturing process in favour of the material’'s mech-
anical properties [6] and functional characteristics. For
instance, the process and products can be advanced
by the purposeful design of material arrangement or
by the addition of in-situ features to tailor the interaction

of the 3D-printed materials with their environment [7].
As the additive manufacturing of civil infrastructure
materials and structures continues to grow, these oppor-
tunities [7] can be applied to a variety of hydraulic or
non-hydraulic construction materials [8-12].

Calcium silicate-based cement (CSC) is a non-hydrau-
lic material that relies on carbonation in which the
material sequesters CO, from the atmosphere to solidify
and harden [13]. The hardened calcium silicate-based
cement (CSC) is produced partly from the same raw
materials as ordinary Portland cement (OPC), forming
reaction products including calcium carbonate and Ca-
modified silica gel [13]. The low-lime CSC binders
include wollastonite/pseudo-wollastonite (CaO-SiO,, in
short CS) and rankinite (3Ca0-2SiO,, in short C3S2)
[13]. Since non-hydraulic reactivity increases with the
decline of the Ca/Si ratio, wollastonite is known to out-
perform other non-hydraulic CSC binders [14].

Currently, there is no prior work in the literature that
explores additive manufacturing of any type of low-lime
binders (e.g. wollastonite, Pseudo-wollastonite, ranki-
nite) to promote carbonation and overcome the carbo-
nation limitations in the conventionally cast monolithic
counterparts. Similarly, the flexibility to design and fabricate
architected materials with purposeful arrangements to
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enhance mechanical properties has remained underutilised
for these types of non-hydraulic binders [15]. Through first
formulating a CS binder for 3D-printing, here, we propose
the design of these materials at small (mm) scale with a
high surface area to volume ratio for which cellular architec-
tures are a great contender. In addition to without in-situ
carbonation printing where the deposited material is
exposed to atmospheric carbonation, we examine the
use of an in-situ CO; circulation during the 3D-printing
process to additionally take advantage of the discretized
‘filament-by-filament’ characteristics of layered materials
during the additive fabrication process in favour of CO,
uptake and strength development. Although some have
studied the application of pressurised CO, while printing
OPC [7], there is no prior work that has explored an in-situ
carbonation process with low-lime binders. Thus, two car-
bonation scenarios are employed during the printing
process, which will henceforth be referred to as the
‘without in-situ carbonation’ (e.g. atmospheric carbona-
tion during the printing) and ‘in-situ carbonation’ (i.e. in-
situ carbonation using CO, circulation during the print-
ing process). Both scenarios were followed by the
same post-printing carbonation in a chamber.

The objectives of this study on wollastonite-based
(CaSiOs) binder are to (i) establish a suitable formulation
for 3D-printing and design of cellular architected
materials, (i) understand the role of the material’s cellu-
larity in augmenting carbonation and strength develop-
ment, and (iii) investigate the potential of in-line CO,
circulation on the further enhancement of carbonation
and strength (Figure 1).

2. Materials and methods
2.1. Material characterisation

The wollastonite powder (Vansil W-30) used was sourced
from Vanderbilt Minerals. The X-ray diffraction (XRD)

(a) Design of Materials
Architecture

—

(b) Additive Manufacturing
CSC Binders

pattern of the powder was recorded using a Rigaku
Miniflex X-ray Diffractometer operated at 50 kV and 30
mA. The diffraction pattern was obtained for the range
of 20 angles from 10° to 80° using a 0.4 deg/minute
step. The XRD pattern (Figure 2) correlates well with
the data for wollastonite/pseudo-wollastonite pre-
viously reported in the literature [16], where wollasto-
nite/pseudo-wollastonite can be identified as the
primary ingredient. The average particle size (D50) of
the Vansil W-30 was reported as 7.5 microns as shown
in Figure 3 [16,17].

2.2, Sample preparation

2.2.1. Materials formulation

Unlike OPC systems, the lack of a solidification mechan-
ism in CSC binders, aside from carbonation, poses an
additional challenge in obtaining early strength and
buildability in the 3D-printing process [18-20]. There-
fore, tuning the rheological properties of the binder,
including adequate yield stress, is necessary to achieve
‘printability’ as characterised by sufficient buildability
for these types of colloidal inks [21-23]. To tune the
shear yield stress and enhance the early-age green
strength, a low water-to-cement ratio compared to
those typically used in cast formulations was explored
along with inorganic (nanoclays) and organic (polymer)
admixtures [24,25]. Nanoclays (NCs) have been reported
to accelerate structural build-up kinetics and enhance
the thixotropy [26-30], thus offering particular advan-
tages in 3D-printing with colloidal materials. However,
3D-printing can lead to phase separation and bleeding
phenomena under pressurised extrusion processes.
Therefore, viscosity modifying admixtures (VMAs) are
common in formulating colloidal suspensions as a means
to obtain homogeneity in the binder under extrusion
and to stabilise the consistency of the extrudate and

(c) Carbonation Scenarios
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Figure 1. Three main approaches to enhance the carbonation and strength of CSC binders include (a) design of materials architecture,
(b) additive manufacturing, and (c) two carbonation scenarios of without and with the in-situ carbonation using in-line CO, circulation
nozzle, both followed by post-printing carbonation in a CO, chamber.
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Figure 2. XRD pattern of uncarbonated wollastonite powder.
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Figure 3. Particle size distribution of wollastonite powder.

flow [11]. Low molecular weight methylcellulose (MC)
polymer is a type of VMA used in this study that can
improve filament cohesion [31,32]. As a result, the for-
mulated material in this study used a (w/c) of 0.5, 0.6%
MC dosage by weight of cement (Table 1), and 3% NC
dosage by weight of cement. The water-to-cement
ratio selected is relatively higher than those used in
hydraulic cement binder (w/c of 0.275) [24], which can
be partly due to the smaller particle size and higher
specific surface area of CSC binders compared to OPC
[33,34].

2.2.2. Mixing procedure

Upon weighing the material, the dry MC was added to
the powder. The deionised (DI) water with the added
NC was poured over the dry powder containing MC

Table 1. Material formulation.
Water (g)
100 grams

Wollastonite cement (g) MC (g)

1.2 grams

NC (g)

6 grams

200 grams

and mixed in two steps using a Twister Evolution
Venturi vacuum mixer to remove any large air bubbles.
During the first 25 s of mixing, the binder was subjected
to an initial pre-mixing mode with a 70% vacuum level
followed by a 90-second mixing at 400 rpm. The
binder was then mixed a second time for 90 s at 400
rom and a 100% vacuum level. After mixing, the
binder was loaded into the syringe and then fitted
onto the extruder of the 3D-printer.

2.2.3. Design of material architecture

To examine the role of 3D-printing on the carbonation of
wollastonite-based binder compared to its cast counter-
part, two sets of sample designs were cast and 3D-
printed: prismatic and single filaments. To specifically
examine the role of the additive manufacturing
process on carbonation uniformity, individual filaments
with a nominal width of 2.95 mm and height of 1 mm
were cast and 3D-printed.

Among the prismatic filaments, two architected pris-
matic designs were considered to examine the role of
3D-printing and the material’s degree of cellularity on
the carbonation and mechanical properties, as follows:
(i) Solid lamellar (100% infill) and cellular lamellar
(nominal 60% infill, corresponding to 73.4% solid) as
demonstrated in Figure 4(a and b). All 3D-printed archi-
tected (Figure 4(a and b)) and cast (Figure 4(c)) prismatic
samples were designed to have a width of 25 mm,
height of 25 mm, and length of 80 mm.

2.2.4. 3D-printing and in-line CO, circulation

To develop a 3D-printer suitable for extruding CSC
binder, a gantry-based system (Ultimaker 2 Extended +
used for printing thermoplastic materials) and a
stepper motor-driven extrusion system (Structur3d
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(c)

Figure 4. Schematic design of the (a) lamellar solid architected material with 100% infill (solid lamellar), (b) cellular architected
material with 60% nominal infill (cellular lamellar), and (c) cast sample.

Discov3ry Paste Extruder) were merged (Figure 5(a)) [35-
371. For continuous binder delivery from the syringe to
the nozzle holder assembly on the printer, a polyethy-
lene tube with an internal diameter of 6.35 mm was con-
nected from the selected nozzle to the syringe. Two
nozzle designs were customised for extrusion with and
without in-situ carbonation. A regular ‘binder nozzle’
(Figure 5(b)) was used for the without in-situ extrusion
process. As part of the in-situ carbonation method
(Figure 5(c, d, e)), a ‘four-prong CO, nozzle’ was designed
that consists of four equidistant nozzles located in each
orthogonal direction with an aperture in the centre for
the extrusion of the CS binder. This allowed for in-line
diffusion of CO, gas can reach the deposited material

irrespective of the 3D-printing direction (Figure 5(e)). A
polyethylene tube with an internal diameter of 9.23
mm is connected from the Airgas CO, cylinder to the
3D-printed inlet of the CO, nozzle as shown in Figure
5(c, d). The CO, nozzle was used to initiate the carbona-
tion process immediately upon material extrusion, thus
allowing for early carbonation of the filaments and inter-
faces during the print. The in-line printing was con-
ducted under a fumed hood with constant monitoring
of CO, concentration at the face and over the top of
the printer due to safety limits. The temperature at the
fume hood was in equilibrium with the temperature in
the rest of the laboratory where other experiments
were being conducted. During printing, the CO,

Figure 5. (a) Extrusion-based 3D-printer setup with (b) a regular binder nozzle or (c) a four-prong CO, nozzle attachment for in-situ
carbonation, (d) a schematic 3D view of the CO, nozzle attachment that is friction-fitted into a custom-made aluminum nozzle holder,
and (e) schematic cross-section view of the CO, nozzle attachment further detailed as follow: (f) polyethylene tube delivers CO, to the
inlet, after which (g) an internal distribution cavity carries the air to (h) four different output nozzles (each 15 mm long), spaced evenly
around the (i) CS binder nozzle (28.4 mm long). The offset between the tip of the nozzle (i) and the CO, output nozzles (h) is 13.4 mm.



concentration was measured to be between 1200 and
2400 ppm carbon dioxide at the face and over the top
of the printer (within 18") and between 600 and 1000
ppm at 5 away from the printer (in the lab), for a
source pressure ranging from 5 and 10 psi for each
run. These values are signifncatly higher than the
typical atmospheric CO, concentration in the lab. The
samples were immediately moved to carbonation
chamber upon completion of the fabrication.

Design of architected materials into a toolpath were
enabled using a commercial slicer (Simplify3D). In this
work, a printing speed of 750 mm/min, layer height of
1 mm, nominal filament width of 2.5 mm, extrusion mul-
tiplier of 3, and a 10% overlap between the perimeter
and infill pattern were used.

2.2.5. Carbonation process

The solid and cellular lamellar 3D-printed prismatic
samples were carbonated under the two scenarios, utilis-
ing ‘without in-situ carbonation’ and ‘in-situ carbona-
tion’. In the first, the material is exposed to atmospheric
carbonation during printing, and in the latter, the
sample is exposed to in-situ carbonation. Both processes
are followed by the carbonation of the material in a con-
trolled chamber environment (Figure 6) upon fabrication.
The carbonation chamber’s conditions were set to a
temperature of 37°C, 95% relative humidity (RH), and
20% CO, concentration for all samples. These conditions
were selected based on the experimentally determined
parameters previously reported for the maximum
amount of CaCO; during carbonation of 50-72 hours
for low-lime calcium silicates [16]. The Airgas CO, (40

Control panel [37 °C, 20% CO,]

Printed samples

Airgas
CO,
Tank

Figure 6. lllustration of the carbonation chamber setup and
settings.
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High-Pressure Steel Cylinder) was used as a source and
was connected to the carbonation chamber. Once in
the chamber, the casts and 3D-printed samples were
exposed to carbonation for 72 hours. The 3D-printed
samples were cured on a PMMA (Poly-methyl methacry-
late) substrate sheet and exposed otherwise, while cast
samples were cured on the PMMA substrate in a thin
PLA mold with exposed top surface.

2.3. Microstructural characterization

Immediately after a sample was removed from the car-
bonation chamber, the samples were wrapped in a
plastic film and kept in a vacuum until testing. The
samples were tested within 48 hours after being
removed from the chamber. The degree of carbonation
(DOC) was investigated using a scanning electron micro-
scope (SEM) and image analysis, thermogravimetric
analysis (TGA), and phenolphthalein indicator on both
the prismatic 3D-printed and cast materials as well as
the single filament 3D-printed and cast materials.

2.3.1. Thermogravimetric analysis (TGA)

For analyzing the small cast and 3D-printed single
filaments, specimen taken from the exterior and interior
of the entire carbonated cast and 3D-print materials
were grounded. For analyzing the large prismatic
materials, a representative powder was carefully col-
lected from the centre of the samples to assess the car-
bonation depth through the material. In preparation for
the TGA analysis, the carbonated specimens were
ground using a mortar and pestle and approximately
30 mg of the powder was placed in the Perkin Elmer
TGA-8000 GC/MS chamber that was purged with nitro-
gen (N,) gas. The characterisation was programmed to
maintain isothermal conditions of 23°C for the first 10
min, followed by heating to 1000°C at a constant rate
of 10°C/min. This temperature ramp was considered
given that the 500-900°C range is where the weight
loss of the material due to the decomposition of
calcium carbonate (CaCOs) and the subsequent release
of CO, takes place [13,38,39]. The tangent method is
often employed in TGA analysis to exclude the
influence of C-S-H decomposition. However, the range
of CaCO;3; decomposition (500-900 °C) is significantly
higher than where we would expect for the decompo-
sition of C-S-H (300°C), if any [40]. Additionally, the
decomposition of calcium carbonate often exhibits mul-
tiple inflection points due to the various polymorphs
that can decompose at various temperatures within
the 500-900°C range. For these two reasons, the
tangent method is not suitable for correcting the
decomposition of CaCO3 due to the decomposition of
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Figure 7. Representative dissociation of carbonated wollastonite during a TGA test demonstrating weight loss for a sample extracted

from a single filament.

other products. The direct weight loss (wt.%) of CaCOs
was calculated using the inflection points of the differen-
tial thermogravimetric (DTG) curves that marked this
decomposition range [38], as shown in Figure 7. For
similar experimental conditions as the one used in this
study (considering temperature, CO, concentration,
exposure duration, and disregarding the difference in
particle size distribution), researchers have reported
that the carbonation of wollastonite can form up to
43.71% of CaCOs by mass [16]. This value was used in
determining the degree of carbonation for the single
filament and cast samples in Equation 1 based on the
calculated amount of CaCO5(%) decomposed in the car-
bonation of each specimen.

Degree of carbonation (DOC)

_ Amount of CaCO3 (wt%) at time, ¢ 1)

Maximum amount of CaCO3(wt%)
for the specific binder & conditions

2.3.2. Scanning electron microscopy (SEM)
characterization

The microstructure of the 3D-printed and cast single
filaments was investigated using the backscattered
electron (BSE) mode of the Verios 460 XHR scanning
electron microscope. The specimens were first cured
in the carbonation chamber for 72 hours and sub-
merged in isopropyl alcohol for 24 hours [41]. They

were then transferred into the low-viscosity epoxy
(Spurr™) in cylindrical molds and placed in vacuum
(=1 bar) at room temperature for 24 hours. Sub-
sequently, the molds were cured in an oven for 48
hours at 65 °C for an epoxy hardening [42]. The speci-
mens were then obtained from the mold and cut
using the diamond saw, lubricated with isopropyl
alcohol, to obtain the cross-sectional surface of the
filaments. Using the Allied Multi-prep polisher, the
cross-sectional surface of the specimen was sequen-
tially polished with silicon carbide abrasive papers of
120, 240, 320, 400, and 600 grits and then with
diamond pastes of 6, 3, 1, and 0.25 um. Each specimen
was polished for 8 minutes with a rotation of 90° after 1
min to eliminate the radial scratches [43]. The speci-
mens were then sputter-coated with a 15 nm-thick
layer of Iridium using the Leica EM ACE600 sputter
coater. Finally, the specimens were electrically
grounded by connecting the conductive Iridium layer
on top of the specimen with the SEM sample holder
using copper strips. The SEM was operated in high
vacuum mode with an accelerating voltage of 20 keV
and a working distance of 10.00 mm.

2.3.3. Image analysis

A robust modified-overflow method was used to deter-
mine the threshold value based on the Fourier-fit func-
tion (or any other fitting functions) of the segmented
area vs. grayscale intensity value plot, and its
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Figure 8. (a) BSE-SEM image of hardened wollastonite-based binder, (b) a small section containing the pore phase and the corre-
sponding (c) segmented section using threshold value obtained from the modified overflow method shown in (d) the plot of the
segmented area (%) vs. the grayscale intensity values using a Fourier-fit and the corresponding local maxima of the second derivative.

corresponding first and second derivatives. A modified-
overflow method is used for image analysis as presented
in Figure 8, where, similar to a conventional overflow
method [44], a small section containing pores (Figure 8
(b)) was first selected from the BSE image of hardened
microstructure (Figure 8(a)). The segmented area
(Figure 8(c)) as the function of the grayscale intensity
value was then plotted as shown in Figure 8(d). Sub-
sequently, the Fourier series function was employed
for the curve fitting [45] of the area vs. grayscale inten-
sity plot (Figure 8(d)). This is followed by plotting the
corresponding second derivative of the Fourier-fit
(Figure 8(d)) instead of using a tangent-slope method
[44]. This is to avoid limitations of the grayscale inten-
sity values and to allow for better determination of the
threshold value directly. The local maxima of the
second derivative between the two constant slope
regions of the Fourier-fit function corresponded to
the threshold value of 67, as presented in the segmen-
ted image of Figure 8(c), using the raw image shown in
Figure 8(b). A similar approach was employed to calcu-
late the threshold value for unreacted wollastonite by
selecting the section containing this phase from the
BSE image and applying the same steps described
for Figure 8(c). Overall, 15 sections were considered
to calculate the average lower and upper grayscale

intensity threshold values corresponding to pores and
unreacted wollastonite. The proposed modified-
overflow thresholding method was used for the
ternary segmentation of the BSE images to quantitively
determine the percentage distribution of the different
microstructural phases, using in-house developed
MATLAB® 2022a code [46].

2.4. Mechanical properties characterization

The material’'s flexural strength was characterised
using a three-point bending (3PB) test for solid and
cellular 3D-printed and cast samples. The hardened
prismatic samples (with average dimensions of 25 mm
X 25 mm x 80 mm) were designed per ASTM C78/
C78 M specifications [47] as illustrated in Figure 9.
The loading rate was set to 0.01 mm/min. After carbo-
nation and preparation of the samples for testing, the
dimensions and mass were measured, and the bulk
density was calculated. The voids (porosity) of the cel-
lular sample was not considered in the calculation of
the overall MOR as they are treated as monolithic
similar to cast and solid 3D-printed cases in plotting
the MOR values. The specific MOR would demonstrate
further enhancement if the architected porosity is
considered.

10 mm

Figure 9. (a,b) The solid and cellular lamellar architecture 3D-printed without in-situ carbonation, (c) the reference cast, and (d,e) the
solid and cellular lamellar architecture 3D-printed in the presence of the in-situ carbonated nozzle.
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3. Results
3.1. Thermogravimetric analysis

3.1.1. Carbonation of single-filaments

The analysis for the degree of carbonation for the single
filament samples was conducted for the exterior and
interior of the cast and 3D-printed filaments to
capture insight into the carbonation phenomena at
the surface vs. the core of the material as illustrated
in Figure 10(a and b). The analysis demonstrates no sig-
nificant difference (using f-test and t-test, with a 95%
confidence interval) in the degree of carbonation at
the exterior of the cast and 3D-printed sample (Figure
10(c)). In other words, the single filament cast, and
single filament 3D-printed samples exhibit similar
carbon uptake at the exterior surfaces. However,
when the interior of both samples is examined, a stat-
istically significant difference between the degrees of
carbonation is identified (using f-test and t-test, with
a 95% confidence interval). Both the cast and 3D-
printed materials exhibit relatively consistent DOC,
and, thereby, relatively uniform carbonation between
the interior and exterior.

(a)

1 mm

~
(¢}

~
W
S

45 L™ Cast ® 3D-printed

Degree of Carbonation (%)

Exterior

Interior

Figure 10. Thermogravimetric analysis (TGA) of the exterior vs.
the interior of the (a) cast vs. (b) 3D-print materials for the (c)
comparison of the degrees of carbonation.

3.1.2. Carbonation of prismatic architected
materials

The degree of carbonation of the prismatic architected
3D-printed samples was analyzed by comparing the
material from the core of each sample (solid lamellar
and cellular lamellar) to that of the reference cast
(Figure 11(a)). In the process of without in-situ carbo-
nation 3D-printing and post-carbonation, the solid
lamellar architected material significantly outperformed
the cast counterparts. The samples with in-situ carbo-
nation (Figure 9(d, e)) demonstrated slightly higher
layer height and sample height that can be hypoth-
esised due to the early-stage carbonation, in compari-
son to the samples without in-situ carbonation
(Figure 9(a, b)).

The cellular architected materials exhibit a statisti-
cally significant increase in the degree of carbonation
compared to the solid lamellar counterparts, leading
to a significant increase in DOC from cast to cellular
lamellar architected materials. It is noted that the
difference in DOC is greater between the cellular and
solid lamellar prismatic cases than between the cast
and the solid lamellar cases. This finding suggests
that while the use of 3D-printing can improve carbona-
tion, the degree of cellularity in the design is important
in facilitating further carbonation in wollastonite-based
binders.

The degree of carbonation of architected 3D-
printed samples fabricated using the in-line CO,
nozzle for the in-situ carbonation process was ana-
lyzed using the materials at the core of each sample
(solid lamellar and cellular lamellar) and compared
to that of the conventionally 3D-printed counterparts
(without in-line CO, nozzle) as illustrated in Figure 11
(b). Using the in-situ carbonation process, an
additional statistically significant increase in DOC
was found when comparing both solid and cellular
lamellar architected materials fabricated using the
in-line CO, during the print with their counterparts
without in-line CO, (Figure 11(b)).

The results highlight two new insights about carbo-
nation using the in-situ process. First, in the presence
of in-situ carbonation during 3D-printing, the cellular-
architected materials significantly outperform the solid
counterparts in terms of the degree of carbonation.
Second, there is a notable increase in carbonation due
to the in-situ carbonation process in the solid and cellu-
lar architected materials compared to their cast counter-
parts. The cellular lamellar architected materials that
underwent in-situ carbonation significantly outper-
formed the cellular counterparts that were carbonated
only using the without in-situ carbonation 3D-printing
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Figure 11. Comparison of the degrees of carbonation for (a) each without in-situ carbonation (conventional) prismatic design and (b)
comparison of the degrees of carbonation between the two without in-situ and in-situ-carbonation processes.

process by approximately 44%. Similarly, solid lamellar
architected materials that underwent in-situ carbonation
significantly outperformed the solid counterparts that
were carbonated only using the without in-situ carbo-
nation 3D-printing process by 60%. This suggests that
in-situ carbonation can provide further enhancements
over those obtained merely from 3D-printing. These
enhancements lead to improvements of DOC over
the cast counterparts with the normal post-carbona-
tion process for the cellular and solid lamellar
materials. This can be due to the compound effects
of the in-line diffusion of higher concentrations of
CO, and the higher surface area of cellular materials
available for carbonation from the early stages of
extrusion. The results provide supportive evidence
for our hypothesis that cellularity and in-situ carbona-
tion can enhance the carbonation process in CS
binders.

3.2. Phase analysis of single-filaments

The spatial distribution of the microstructural phases in
the hardened cast and 3D-printed wollastonite-based
binder was investigated using the segmented BSE-SEM
cross-sectional images with ternary phases on single
3D-printed filaments and cast specimens. The average
volume percentage of three microstructural phases,
namely pores, reacted products, and unreacted wollas-
tonite, was calculated from the total volume taken at
the top, centre, and bottom of the cast and 3D-printed
filament (Figure 12(a, b)), as presented in Figure 12(c).
The comparison of reacted product in 3D-printed
filament vs. reference cast filament depicted in Figure
12(c) corresponds with the results seen in TGA analysis
for the single filament samples (Figure 10(c)), in that
the 3D-printed filament exhibits an overall higher
degree of carbonation than the cast counterpart.
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Figure 12. (a) Cross-section of the cast filament and (b) 3D-printed single filament, and (c) the average percentage of three micro-

structural phases in the total volume of either sample type.

3.3. Flexural strength

To better understand the relationship between the
degree of carbonation and flexural strength in cellular
and solid architected materials in comparison to refer-
ence cast counterparts, the average modulus of rupture
(MOR) was probed and characterised for both conven-
tionally carbonated (without in-line CO, nozzle) and in-
situ carbonated materials (Figure 13). The conventionally
3D-printed solid lamellar architecture demonstrated a
statistically significant increase in flexural strength com-
pared to the cast material as seen in Figure 13(a) (using

(@ 25
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20
&
= ) Solid lamellar
=) == olid lamellar
e 15 | N2
g L
E \
© ¢ Cellular lamellar
2 1.0 |
3
s}
=

05 r

0.0

f-test and t-test, with a 95% confidence interval).
Additionally, a significant increase in strength in cellular
architected material was observed from the solid lamellar
architected materials and the cast (Figure 13(a)).

The analysis of the flexural strength of architected
materials that underwent the in-situ carbonation
process during 3D-printing was conducted in compari-
son to conventionally 3D-printed materials as illustrated
in Figure 13(b). The solid lamellar architected materials
that have undergone the in-situ carbonation demon-
strated a significant increase in flexural strength values

(b) 25

m Conventional ™ In-situ

Modulus of Rupture (MPa)

Figure 13. (a) Flexural strength characterised by MOR of carbonated architected materials fabricated using without in-situ carbona-
tion (conventional) 3D-printing and carbonation process in comparison to cast counterparts, and (b) Comparison of MOR of archi-
tected materials fabricated using in-situ carbonation process during 3D-printing with the conventionally 3D-printed counterparts.



compared to conventionally 3D-printed material. Simi-
larly, and more significantly, the cellular architected
material that has undergone the in-situ carbonation
process demonstrated a significantly higher strength.

The results represent a statistically significant
enhancement of strength in both solid and cellular
lamellar materials from the cast. Such an augmentation
of strength is found more substantial in the cellular
materials than in the solid counterparts, relative to the
cast. In other words, the in-situ carbonated solid lamellar
architected materials represent almost twice the flexural
strength relative to that of the conventionally 3D-
printed counterparts while the in-situ carbonated cellu-
lar lamellar designs exhibit almost triple the flexural
strength of the conventionally 3D-printed counterparts.
Probing DOC and strength indicates that carbonation
and strength are both promoted by 3D-printing, cellular
design, and in-situ carbonation process to various
degrees with potentially synergistic effects.

4, Discussion

Using the in-situ carbonation with a gas diffusion nozzle
in the cellular architected materials significantly
enhanced the flexural strength compared to cellular
designs that underwent only post-carbonation, leading
to a higher flexural strength compared to cast counter-
parts. As curing continues, we can hypothesise that
the ‘filament-by-filament’ discretized characteristics in
the solid 3D-printed material and higher surface area
in the cellular material promote greater CO, uptake
and carbonation product. This hypothesis can explain
the higher degree of carbonation that is measured at
the centre of the 3D-printed solid and cellular materials
compared to the centre of the cast counterparts (Figure
11(a)). Similarly, the lower MOR of the cast can be
explained by the lower degree of carbonation of the
cast compared to the 3D-printed solid and cellular
lamellar.

It must be noted that the degree of carbonation can
also depend on the sample size or thickness due to the
time-dependent nature of carbonation. The increase in
monolithic sample size between the single filament to
prismatic designs from 2 mm (Figure 10) to ~ 25 mm
(Figure 11(a)) led to significant drops in DOC for the
cast and solid lamellar samples, respectively.

The cast samples at the size of a single filament
(Figure 10) present significantly higher DOC compard
to larger bulk samples (Figure 11(a)). In other words, as
the size of the sample increases, the degree of carbona-
tion in the cast decreases. It can be hypothesised that as
the diffusion distance increases (with increasing sample
size), the overall DOC decreases. This further alludes to
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the carbonation process as a function of depth which
can be the subject of further investigations across cast
and 3D-printed CS binders. Although researchers have
assumed uniform carbonation in CSC binders tested
under compression [48], such uniformity has not been
well-studied and was not assumed in this work. The
flexural strength was used to measure overall strength
and, in principle, we hypothesise enhancement in com-
pressive strength due to the relationship between
flexural and compressive strength. However, non-
uniform carbonation can intervene with this effect. In
the presence of architected porosity, the absolute
values of flexural or compressive properties may be
enhanced, in the presence of higher DOC in the cellular
vs the monolithic cast without architected porosity.
Otherwise, the degradation of mechanical properties
with increased porosity is indicated from a fundamental
porosity-compressive strength relationship [49].

To examine the assumption of uniformity of carbona-
tion, both the conventionally and in-situ carbonated 3D-
printed architected material were examined against the
cast material using a phenolphthalein indicator solution.
The phenolphthalein indicator solution was applied to
the cross-section of fractured samples from the three-
point bending test samples that were carbonated and
hardened for 3 days. The investigation elucidated the
uniformity of carbonation and the role of the material’s
solid and cellular design on carbonation. The pH indi-
cator is a 1% ethanol solution with 1 g of phenolphtha-
lein and 90 mL 95.0 V/V% (volume per volume) ethanol
diluted in water to 100 mL [50]. During carbonation, the
diffused CO, hydrates to H,CO5 which then ionises to H*,
HCO3, and CO3 ™ [51]. While uncarbonated wollastonite
has a pH of 9.9-10, carbonation instantaneously drops
the pH by approximately 3 units [31,34]. For this
reason, when the phenolphthalein indicator solution is
applied to the material, we would expect any carbo-
nated regions to remain white and those uncarbonated
to turn pink [52]. The phenolphthalein pH indicator was
applied to the cross-section of each fractured sample
from the 3PB test and then examined under a micro-
scope to identify areas of carbonation (Figure 14).

It was found that the conventionally carbonated cel-
lular specimens (Figure 14(a)) were uniformly carbo-
nated as indicated by the white surface after applying
the phenolphthalein pH solution. Some amounts of
non-uniform carbonation were observed in the core of
the conventionally carbonated lamellar sample as indi-
cated by the faint pink colouring in the centre in
Figure 14(b). In contrast, it is observed that the major
centre region of the cast specimen (Figure 14(c))
yielded a pink colour upon contact with the pH indicator
solution while a white region remains at the bottom,
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Figure 14. Cross-sectional areas of the without in-situ carbonation carbonated (a) cellular lamellar architecture, (b) solid lamellar
architecture, and (c) cast samples, in comparison with the in-situ carbonated (d) cellular lamellar, and (e) solid lamellar immediately

after exposure to the pH phenolphthalein solution.

top, and sides of the cross-section. Moreover, the in-situ
carbonated cellular lamellar (Figure 14(d)) and solid
lamellar specimens (Figure 14(e)) demonstrated
uniform carbonation in their entire cross-section.

The results are indicative of non-uniform carbonation
in the cast counterparts with significantly less carbona-
tion occurring in the centre region in comparison to
the nearly uniform carbonation in all 3D-printed archi-
tected materials. The non-uniformity in the 25 mm x
25 mm cross-section of the cast specimen can be
reported as an average horizontal and vertical less car-
bonated core region of 19.81 and 21.24 mm. The carbo-
nation depth analysis using the phenolphthalein
experiment along with the conventionally and in-situ
carbonated counterparts generally corroborates with
the findings of the TGA analysis (Figure 11) and
flexural strength (Figure 13) analyses in terms of the cor-
relation between the higher overall degree of carbona-
tion and enhanced mechanical properties across the
three types of materials studied here (cast, solid, and
cellular).

When comparing the solid lamellar samples with
and without in-situ carbonation, particular attention
was given to the first several layers of the prism.
There is a notable reduction in early-age deformation
in the solid lamellar architected samples fabricated
using the in-situ carbonation method (Figure 9(a) vs.
Figure 9(d), Figure 9(b) vs. Figure 9(e), Figure 14(a) vs.
Figure 14(d), and Figure 14(b) vs. Figure 14(e)). The
same observation was made in the fabrication of cellu-
lar architected by comparing samples processed with
and without in-situ carbonation. As a result, both the
solid and cellular lamellar architectures achieved
enhanced shape stability, potentially induced by the
in-situ carbonation leading to higher structural build-
up rate and yield stress. The qualitative improvement
of early-age deformation and corresponding rheologi-
cal properties of the freshly 3D-printed CS-binder can
be further studied to explore the potential of in-situ
hardening of materials by carbonation to achieve
taller structures, such as those explored in two-

component robotic additive extrusion with concrete
[24,25]. These observations suggested that the in-situ
carbonation can expedite the early strength develop-
ment and improve the early-age yield strength in car-
bonation-activated binders.

It must be noted that the highest absolute MOR
value of the 3-day-old wollastonite-based binder
obtained in this study (averaged at 1.70 MPa for cellu-
lar materials with 60% nominal porosity) is compara-
tively lower than the hydraulic OPC binder (averaged
at 3.9-4.9 MPa) at the same age and similar w/c ratio
[53-55]. Although the absolute flexural strength of
the wollastonite-based binder is lower than that of
OPC, even after enhancement of carbonation using
in-situ carbonation of cellular designs, the strength
can be analyzed considering the amount of material
used. Considering the nominal 60% cellularity of the
wollastonite-based binder compared to the monolithic
OPC counterparts, the relative MOR increases to 4.25
MPa which compares similar to the 3.9-4.9 MP range
reported for OPC of the same w/c and age [53-55].
Additional considerations regarding the associated
emission of the materials used for these two types of
cement can be considered in comparing the mechan-
ical properties.

5. Conclusions

The design of construction materials has remained con-
strained to and limited by the monolithic casting of solid
components. These restrictions have prohibited achiev-
ing more efficient materials and structures and overcom-
ing often mutually exclusive material properties of
engineered materials, such as strength and lightweight.
Automation in fabrication of construction materials pro-
vides the ability to develop bespoke platforms that can
accommodate bottlenecks in improving materials prop-
erties (e.g. carbonation, etc.). This work highlights an
opportunity to utilise 3D-printing approach to utilising
3D-printing technology to augment the carbonation
and mechanical properties of CSC binders by designing



cellular-architected materials and advancing the extru-
sion process.

The findings indicate that 3D-printing alone can
provide a new pathway for carbonation by taking advan-
tage of the discretized ‘filament-by-filament’ nature of
the fabrication to address challenges of uniformly carbo-
nating CSC binders that is otherwise limited by the
casting of monolithic components. The results suggest
that significant enhancement of the degree of carbona-
tion can be made possible by facilitating higher surface
area and consequently greater CO, uptake in the cellular
network of 3D-printed material, compared to monolithic
cast counterparts.

The in-situ carbonation of the cellular architected
materials further demonstrates the ability to take advan-
tage of the controlled nature of the 3D-printing process
in favour of material properties. The results demonstrate
that in-line CO, circulation can promote a greater
diffusion of CO, throughout the cellular network of the
materials interfaces, significantly enhancing the strength
development compared to cast counterparts. This can
be due to the compound effects of the in-line diffusion
of higher concentrations of CO, and the higher surface
area of cellular materials available for carbonation from
the early stages of extrusion, which can be exploited
using high surface/volume ratio designs of architected
materials and customised printing processes. Enhanced
strength-to-weight ratio can then be achieved using
the in-situ carbonation of cellular designs of wollasto-
nite-based binders, leading to similar mechanical prop-
erties compared to OPC.

In summary, the design of materials architecture,
paired with advanced processing enabled by a special-
ised in-line CO, nozzle during the 3D-printing of
materials can enable more efficient construction
materials that rely on carbonation to gain strength.
Besides, raw materials availability and carbon footprint,
one of the main limitations of the proposed endeavours
is the scalability of the in-situ carbonation process that
would require retrofitting currently adopted carbona-
tion curing equipment at large scale with additive man-
ufacturing platforms for CO, delivery. Nevertheless,
fabrication using in-situ carbonation may allow for
facile on-site printing. In addition, 3D-printing cellular
materials with intentional voids can be facilitated by
the design and fabrication process, thus, higher geo-
metric freedom in complex structures can be fulfilled
while reducing materials usage [56]. The open porous
structures created through this process can be further
engineerd for heat transfer to allow for lightweight
and energy-efficient structures [57]. Future research in
understanding the role of water, carbonation depth,
and the exposed surface-to-volume ratio can further
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inform design strategies for a wide range of non-hydrau-
lic binders to solidify and obtain higher strength via
carbonation.
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