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Biominerals formed by organisms in the course of
biomineralization often demonstrate complex morphologies
despite their single-crystalline nature. This is achieved owing to
the crystallization via a predeposited amorphous calcium
carbonate (ACC) phase, a precursor that is particularly
widespread in biominerals. Inspired by this natural strategy, we
utilized robocasting, an additive manufacturing 3D-printing
technique, for printing 3D objects from novel long-term, Mg-
stabilized ACC pastes with high solids loading. We demonstrated,
for the first time, that the ACC remains stable for at least a couple
of months, even after printing. Crystallization, if desired, occurs
only after the 3D object is already formed and at temperatures
significantly lower than those of common post-printing sintering.
We also examined the effects of different organic binders on the
crystallization, the morphology, and the amount of incorporated
Mg. This novel bio-inspired method may pave the way for a new
bio-inspired route to low-temperature 3D printing of ceramic
materials for a multitude of applications.

Introduction

Calcium carbonate (CaCOs3) is the biomineral most abundantly
used by various organisms to form skeletons, protective shells, !
teeth 2 and optical lenses.® While the commonest
thermodynamically stable polymorphs of biogenic CaCO3 are
calcite and aragonite, the metastable polymorph amorphous
calcium carbonate (ACC) has gained increasing interest owing
to its widespread function as a precursor to crystalline CaCOs.
As a precursor, ACC leads to the formation of crystals exhibiting
unique morphologies and enhanced physical properties.?-®
Amorphous-to-crystalline transformation is known to facilitate
the incorporation of organic and inorganic additives.1%-13 Mg is a
common impurity in biogenic CaCOs, and in biogenic calcite it
can reach up to 40 at%,'4'% a value substantially higher than its
thermodynamic solubility limit (~2 at. %).® Incorporation of Mg
is known to stabilize ACC, tune its hardness, change the
morphology of the formed crystals and induce lattice
distortions.17-2° The ability to mimic the formation of intricately
shaped crystals incorporating high amounts of various chemical
species would be of great interest to materials scientists.
Intracrystalline incorporation of additives is fragile and can be
easily destroyed at high temperatures. 1213 Our approach does not
require processing at elevated temperatures thereby enabling the
preservation of both the intricate shapes and the presence of even
organic additives in the final crystalline lattice. Here, for the first
time we demonstrate long-term stabilization of ACC thereafter
used to form an easily handled ink and utilize it to form 3D
models via an emerging technique of 3D printing. Bio-inspired

3D printing of ACC models may shed more light on the
advantages of this phase from a materials point of view and
deepen our understanding of the non-classical crystallization
route commonly found in nature.

3D printing is a revolutionary manufacturing technique already
used in various fields.??® Given the growing demand for
ceramic materials, several 3D printing methods have been
developed for the fabrication of ceramic products.?® Powder-
based printing exploits the ability of a powder to bond in
different mediums by using either laser sintering?”-?® or chemical
binders.2%30 Solids-based techniques employ solidified ceramic
parts and reshape them to a final product by laser cutting,
layering, and bonding®! or by using binding powders to produce
thermoplastic filaments.3? Liquid-based techniques utilize
photoreactive polymeric resins with embedded ceramic
powders.333% Robocasting is an additive manufacturing
technique that is applicable in a wide variety of ceramic
materials. Using this technique, a pre-prepared semi-liquid paste
with high ceramic loading is extruded through a thin nozzle,3%36
The paste is required to provide an appropriate viscosity under
stress, allowing self-support and extrudability, and it should
contain only a few, if any, agglomerates and a binder which, if
required, can be easily removed after use.®” The standard ceramic
robocasting procedure forms a green body that usually requires
high-temperature sintering. However, in our case, we eliminate
the need in post-printing sintering, and enable low-temperature
hardening of the printed material instead. Overcoming this
limitation, will enable incorporation and preservation of various
organic additives in a composite functional material which can
be further employed in a variety of applications such as cultural
heritage reconstruction, artificial reefs formation and bio-
medical engineering (e.g., drug delivery).

Studies have revealed the potential inherent in bio-inspired 3D
printing. Formation of highly porous ceramics inspired by wood
and bones,®3° of hierarchical crack-controlled materials
resembling nacre and spider silk,*%4! and of superhydrophobic
materials inspired by the lotus flower*? are just a few examples.
Bio-inspired 3D printing of crystalline calcium salts has focused
mainly on calcium phosphates because of their abundance in
natural organisms and their compatibility with bone-implant
applications.*3-%% Currently, employment of calcium carbonate in
3D printing is mainly limited to crystalline powders bonded with
aqueous binders.*%47 Up to now, 3D printing of ACC has been
contraindicated by its heat intolerance as well as by its inability
to stabilize for long periods of time.

Here, by utilizing the robocasting method, we present an
innovative route to the bio-inspired 3D printing of high Mg-
ACC. We also introduce a novel storage protocol that allows to



maintain the amorphous nature of ACC powder for at least
several days. In contrast to current technologies, our approach
involves sintering at near-ambient temperatures and on-demand
crystallization. We also examined the influence exerted by
different organic binders on the crystalline structure and the
morphology of the printed model.

Experimental

Powder preparation

Aqueous solutions of CaCl,-2H,0 (73.5 g, 0.5 L), MgCl, -
6H,0 (101.655 g, 0.5 L) and Na,CO;5 (52.995g,05L)at1 M
concentration were prepared and stored overnight at 8°C. 50/50,
60/40 and 70/30 ratios of Ca:Mg solutions were mixed in a glass
beaker for 5 min. An equivalent amount of Na.COs solution was
added to the beaker with active mixing, preserving a 1:1 ion ratio
between CO32 and (Ca*2+Mg*?). The suspension was rapidly
filtered through a Buchner funnel with grade 5 Whatman filter
paper, followed by washing with water and acetone. After
remaining under suction for 10 min, the filtered powder was
dried for 3 h in a vacuum oven at 25 °C, 0.1 MPa. Storage of the
dried ACC powder was maintained by its submergence in an
excess of acetone.

Paste preparation

Stored powder was dried, ground with a mortar and pestle, and
then mixed with dispersant (comprising corn oil at a fixed ratio
of 0.1 ml per 1 g of powder) and varying amounts of 3 different
binders. The powder was slowly added to the binder and hand
mixed until a solid firm paste was obtained. Solids-loading of the
mixed paste was kept between 52% and 65%, i.e. 1 g of powder
for 0.5—0.8 ml of dispersant-binder mixture.

3D printing and post treatment

3D models were printed using the commercially available Hyrel
3D - Engine-SR printer with KR2-15 stainless steel extrusion
head with a 1 mm nozzle. 3D-computer-aided design (3D-CAD)
of the printed models was sketched using Fusion 360 (Autodesk).
The 3D-CAD was converted to an .STL file, which was uploaded
to the printer, where it was sliced, and the G-code was written.
The printed models were placed in a vacuum oven for low-
temperature sintering overnight at 150 °C, 0.1 MPa. The dry
models were then transferred to the autoclave for the final
crystallization step for 1 h at 100 °C, 0.1 MPa. Later, the models
were dried in a vacuum oven for 3 h at 75 °C, 0.1 MPa.
High-Resolution Scanning Electron Microscopy

Samples were imaged using the Zeiss Ultra-Plus FEG-SEM at
1-2 kV. EDS was performed after carbon coating at 7 kV.
X-ray diffraction

Diffraction patterns of powdered samples were acquired using
the Rikagu SmartLab 9 kW high-resolution diffraction system at
a wavelength of Cu K-a 1.5406 A and the Rigaku Miniflex
benchtop powder XRD instrument at a wavelength of Cu K-a
1.5406 A.

Rheology

Viscosity of the pastes was examined using the HR-2 Discovery
Hybrid Rheometer, in rotational mode. Rheological
measurements were performed at room temperature (25 °C) at
constant shear of 10 s with at least 3 replicates performed for

each test. Approximately 1 cm® of paste was used in each
experiment in a plate—plate geometry with 8 mm diameter. The
gap between the plates was set to 1.3 mm.

Results and Discussion
Preparation of printable, stable Mg ACC paste and its viscosity

ACC was precipitated from solution in the presence of Mg.
Different Ca:Mg ratios were tested, preserving a 1:1 ion ratio
between CO372 and (Ca*2+Mg*?). Each sample was labelled
according to the Ca:Mg ratio used in the mixture, where 50/50
means 50% Ca solution and 50% Mg solution (e.g. 50 ml CacCly,
50 ml MgCl; and 100 ml NaCOs comprise 200 ml of sample
solution), and the 60/40 and 70/30 solutions were labelled
accordingly. Mixing of the solution resulted in the immediate
precipitation of ACC. High amounts of ACC were synthesized
from 1 M stock solutions, resulting in a yield of ~92%. To
accumulate the amount of powder needed for 3D printing, an
appropriate storage method was needed. We found that ACC
powders, when stored in an excess of acetone, remain amorphous
for long periods of time. This storage protocol enabled obtaining
up to 40 gr of stabilized ACC in one experimental batch. As
evidenced by X-ray Diffraction (XRD) patterns, the amorphous
nature of ACC powder was preserved for 90-120 h after
synthesis (Fig 1A) by its storage in an excess of acetone.
Morphology of the synthesized ACC is depicted in Fig 1B. In
order to prepare a printable paste, ACC powder was individually
mixed with a dispersant (corn oil) and one of the 3 different
binders — glycerol (GLY), ethylene glycol (EG) and triethylene
glycol (TEG). Viscosities of the 50/50 resultant pastes were
measured. Viscosity, among other parameters, is crucial in a
printable paste that must be extrudable, non-phase-separating,
durable and easily handled. The pastes prepared as described
above undergo changes in viscosity over time. For a constant
shear rate, a non-Newtonian shear-thinning behaviour was
observed here, with viscosities ranging from 264,000 to 394,000
[cP], consistent with ceramic pastes with high solids loading. 484
No phase separation was observed in our pastes (Fig 1C). Solids
loading (i.e., the amount of suspended solids in a paste) has been
shown to influence the final density of sintered ceramics.%® High
solids loadings are known to have a central role in the mechanical
properties of the final product, resulting in a firmer and more
stress-resilient ceramic part.5%52 High solids-loading pastes
(>65%) were difficult to measure as they cracked when applied
with initial shear force; in addition, they were not easy to handle.
In addition, lower solids loading pastes (<55%) could not be
extruded without forcing phase separation. These findings led us
to choose solids loadings of 55—65% in order to prevent
undesirable results.

3D printing

3D printing of the prepared pastes was performed on aluminium
foil, with the print bed wrapped for fast and easy transfer to the
succeeding steps. The printing resolution was limited by the
nozzle head used, which allowed accuracy within 1 mm.
Initially, 2 “skirts” were printed around each model to allow
priming of the extruder, thereby ensuring smooth and stable



flow. The ACC models were then printed and transferred to a
vacuum oven for overnight sintering (150 °C, 0.1 MPa, 15 h),
followed by exposure to humid conditions in autoclave (100 °C,
0.1 MPa, 1 h) for final crystallization. Following such treatment,
printed models exhibited shape retention without dimensional
distortions or significant cracks or fractures, and allowed
removal of the binder by means of low-temperature sintering
(Fig 1D—F). Owing to the limited thermal stability of ACC and
its susceptibility to spinodal decomposition at ~400 °C,[1213]
sintering was done at a maximum temperature of 150 °C. This
significant decrease in sintering temperatures is essential for
energy conservation purposes.

Morphology and composition

Changes in morphology, depending on the binder used, were
observed. In EG- and TEG-printed models the spherical
morphology of ACC was preserved after the sintering step (Fig
2 D-I). On the other hand, the crystalline morphologies of GLY
60/40 and 70/30 models revealed clear rhombohedral facets (Fig
2 B-C), implying that crystallization had probably occurred
during the sintering step. We believe that a “feeding-stock”
phenomenon takes place, leading to the possibility of slow-paced
crystallization in which the ACC particles are used as a calcium
carbonate reservoir, as observed in biomineralization in nature
(Fig 2 B, C insets).5%% After autoclave treatment the
morphology changed drastically, and crystalline morphology can
be seen in all models (Fig S1).

Chemical compositions of the sintered ACC models and their
respective Ca:Mg ratios were analysed by means of energy-
dispersive spectroscopy (EDS) (Fig S2). As expected, the 50/50
ACC models exhibited higher levels of Mg incorporation than
the 60/40 or 70/30 models. The highest level of incorporated Mg,
with ~36 at%, was observed in the case of the 50/50 GLY model,
and the higher the Mg content, the more significant the difference
in incorporation between GLY and the other binders. We assume
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that stabilization of ACC obtained with TEG and EG binders
may result in faster diffusion routes for Mg ions, while the GLY
binder boosts crystallization, altogether leading to more
complicated diffusion routes that result in higher levels of Mg
incorporation.

Crystallization of the ACC models

The relationship between the binder and the crystallization
process was examined in both the oven sintering and the
autoclave crystallization post-printing steps. After oven
sintering, both the EG- and the TEG-stabilized ACC models
preserved their amorphous nature, showing a very mild degree
of crystallization. The 70/30 models showed susceptibility to
crystallization owing to their reduced stability associated with
their lower levels of Mg incorporation (Fig 3A—C). The smallest
amount of crystallization after oven sintering was that of calcite
with its clear (006) preferred orientation, as well as of some
aragonite revealing the (221) and (123) diffraction peaks (Fig
S3). On the other hand, the GLY-stabilized ACC model
demonstrated complete crystallization after oven sintering,
which can be attributed to its highly hygroscopic nature®. The
high-humidity environment within the autoclave facilitated rapid
crystallization of all models, resulting in the formation of both
calcite and aragonite phases. (Fig 3D—F). Further evidence of
Mg incorporation into the structure of the printed models upon
amorphous-to-crystalline transformation is provided by the shift
in the (104) diffraction peak position to higher 26 angles (smaller
ion than that of Ca).5%%6

Profile fitting® of the (104) single-diffraction peak revealed a
relationship between the binder and the crystallite size (Fig S4).
GLY was able to promote the formation of larger crystals than
those formed with EG; the smallest crystals were observed when
TEG was used as binder. This trend was observed for all samples
with varying Ca:Mg ratios, confirming a clear dependency
between grain size and binder. GLY was the only binder that
promoted slow crystallization during the oven treatment,
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Fig. 1 (A) XRD patterns collected at a wavelength of Cu K-o. 1.5406 A from “as synthesized” (0 h) powdered ACC following its storage in acetone excess for 48 and
96 h. Diffraction patterns are compared with that of crystalline calcite. (B) High-resolution scanning electron microscope (HR-SEM) image demonstrating the
morphology of obtained ACC. (C) Viscosity of prepared 50/50 pastes as a function of time for a constant shear rate. The decrease in viscosity over time until a
plateau is reached is consistent with non-Newtonian shear thinning materials.[®] (D-F) ACC printed models from EG paste forming the word “ACC”, (D) immediately
after printing, (E) after low-temperature sintering, and (F) after crystallization treatment in an autoclave. Sample height, 6 mm.



Fig. 2 - HR-SEM images of the 3D-printed models after sintering. A-C, with GLY binder; D-F, with EG binder; G-I, with TEG binder. Insets in B and C show magnified
images of the “feeding-stock” phenomenon.

whereas in the presence of either EG or TEG, crystallization was
rapidly induced by the humid environment within the autoclave.
Therefore, slower growth rates led to the formation of larger
crystals, while rapid crystallization promoted the formation of
smaller crystals.
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Fig 3 - The (104) diffraction peak of calcite (XRD patterns collected at wavelength Cu K-a.

1.5406 A). A-C, after oven treatment; B-F, after autoclave treatment.

Conclusions

This study presents a novel bio-inspired approach to the printing
of 3D complex structures utilizing robocasting of printable, long-
term stabilized ACC pastes with high solids loading (55—65%).
Stabilization of ACC was achieved by the incorporation of
foreign atoms such as Mg as well as by the storage environment.
The amorphous nature of the obtained printable ACC pastes was
retained for up to some months, even after low-temperature
sintering at 150 °C. The post-sintered printed ACC 3D models
exhibited no shrinkage and maintained their initial dimensions
and complex shapes. We further showed that the choice of binder
affected the amount of incorporated Mg, as well as the
stabilization and the final morphology of the ACC models. EG
and TEG preserved the amorphous nature of the ACC models for
up to several months after printing, whereas GLY boosted their
crystallization. GLY also facilitated the formation of larger
crystals with higher Mg incorporation. In addition, GLY
presented a “feeding-stock” morphology resembling that of ACC
transformation to a crystalline phase in nature, thereby serving
as a CaCOzs reservoir enabling the formation of large crystals
with unique morphologies and enhanced characteristics. This
novel approach to 3D printing of ACC may highlight the
advantages of this phase as a precursor to crystalline CaCO3z and
open new routes to energy-efficient 3D printing of ceramics for
multiple applications.
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