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Abstract: With the development of additive manufacturing technology, many types of materials are being
utilized, and methods of printing the materials and characteristics of their hydration properties are being
studied in the fields of construction and biotechnology. Tricalcium silicate (C3S), which is used as a cement
material or biomaterial, is a representative hydraulic material. In previous research, scaffolds were printed
via fused deposition modeling and the deformation properties during the hydration process of the printed
scaffold were investigated. C3S, like ceramic materials, requires post-processing such as curing after printing,
and volumetric deformation occurs during this process. Deformation information is very important to ensure
the numerical value of the final product, as well as to suppress the possibility of deformation. In this study,
silica, hydroxyapatite (HA), and alumina were mixed with three types of fillers to print a C3S support, which
was then cured through a two-step process. In this process, HA and silica, which have good hydrophilicity,
exhibited high strength due to the suppression of scaffold deformation. It was confirmed that the smaller the

particle size, the more effective it was in obtaining a stable hydrated print.
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1. INTRODUCTION

Additive manufacturing (AM) is a relatively simple
process and is expected to be suitable for small-quantity
batch production and the fabrication of objects with fine
structures. With the development of 3D printing technology,
research on the application of ceramic printed materials has
also attracted attention. However, ceramic materials require
sintering or curing after printing, which changes the size or
shape of the print. Therefore, in the development of ceramic
3D printing technology, it is necessary to study the sintering
and hardening behaviors of ceramic materials that occur
during post-processing along with the printing technology.

Calcium silicate is a representative hydraulic material that

is primarily used for construction and biological applications.
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In hydraulic materials such as calcium silicate, factors that
can affect the hydration reaction, such as the pH, particle
size, and mixing ratio [1-3], as well as phase change, density,
and shape changes occurring during hydration, have been
studied [3-5]. With the development of AM technology,
hydraulic materials have attracted attention as candidates for
3D printing. In one such study, Yang et al printed a Ca;SiOs
bone cement scaffold using a biodegradable binder and
investigated the surface changes of the scaffold over a long
period of time [5]. In addition, Wu et al confirmed the
printable time of a silica gel and tricalcium silicate mixture
and described the biodegradation behavior of this scaffold
[6]. Further, Pei et al compared the strength change behaviors
of calcium sulfate hemihydrate cement scaffolds under a
hydration atmosphere and time course [7]. Such studies make
it clear that, when developing printing technology for
hydraulic materials, it is necessary to blend materials suitable
for printing and hydration processes and to consider various
problems occurring during the hydration process.

In a previous report, two-step 3D printing method for
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hydraulic materials consisting of printing and hydration as
well as the formulation of a suitable printing paste for this
method were presented [8]. This process was accompanied
by expansion deformation of the printed material in the
hydration step for hardening, and the expansion rate and
strength of the hydrate changed according to the tricalcium
silicate (C3S) and tricalcium aluminate (C3A) mixing ratio.
In this case, the expansion was suppressed by the
combination of two materials with different reaction rates
and mechanical properties; however, the key factors that
could stabilize the size were not investigated in detail.
Therefore, in this study, the effect of fillers on the shape
deformation of printed materials composed of C3S using
silica, hydroxyl apatite (HA), and alumina was evaluated to
investigate the factors that inhibit the expansion deformation
of the hydrate.

2. EXPERIMENTAL

2.1 Materials

CaCO; (99.9%, Kojundo Chemical Co. Ltd., Japan) and
Si0; (99.9%, Kojundo Chemical Co. Ltd., Japan) were used
as the starting materials for the preparation of C;S
(3Ca0-Si0,). Si0, and CaCO; were mixed at a molar ratio
of 1:3 with water to form a spherical shape. The mixture was
heated to 1600 °C and converted into C3S via heat treatment
at this temperature. The synthesized C3S was sieved through
a 325 mesh after milling. Silica, HA (99.9%, Sun Medical,
Republic of Korea), and alumina (99.9%, Denka, Republic of
Korea) were used as filler materials, all of which were
commercialized products with particle diameters of
approximately 300 nm. For the silica filler, three types of
spherical silica with different sizes of Sukgyung AT products
were utilized (99.9%; Sukgyung AT, Republic of Korea).

Water-miscible hydrophilic oils were employed to prevent
C3S from being hydrated during the printing process and to
allow water to diffuse when the print was immersed in water.
The oils used as media or binders were polypropylene glycol
(PPG; P400, Sigma-Aldrich, USA) and polyethylene glycol
(PEG; tested according to Ph. Eur., 1,000, Sigma-Aldrich,
USA). The printing paste was prepared such that the powder
constituted 46 vol% of the paste and the filler comprised 10%

of the total volume. Even if the amount of powder is
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constant, the viscosity of the paste changes depending on the
particle size and shape, and the extruded filament is greatly
affected by the viscosity. Therefore, the amount of PPG to
PEG was adjusted so that the viscosity of the paste was
5x10°- 10 Pa-s in the range of shear rate 0.1 - 100/s by the
parallel plate method of a rotational viscometer. Other

experimental details followed previous studies [8].

2.2 Printing scaffolds

The FDM printing method using an INVIVO premium
printer (Rokit Healthcare, Republic of Korea) was selected.
The prepared paste was filled into a syringe equipped with a
400-pum-diameter nozzle, and printing was performed at an
extrusion rate of 2.0%, a nozzle movement speed of 25 mm/s,
and a stacking interval of 400 pm. Creator K (STL to G-code
conversion program supplied by Rokit Healthcare) was used,
and the scaffold was modeled in a 40% infill mode in a
10x10x10 (mm) cube without setting the outer wall. The
print was hardened via two steps: pre-hardening was
performed by immersing the print in a 0.05M H;PO, solution
for 30 min, and then the sample was immersed in distilled
water for 18 h. The hydrated scaffolds were dried at 60 °C

after rinsing with distilled water.

2.3 Analysis

The phase change of the raw material was confirmed using
an X-ray diffractometer (Dmax-2200, Rigaku, Japan). The
diffraction patterns were measured at a scan rate of 5/min at
40 mA and 40 kV using a Cu Ka target. The particle size
distributions of all powders were checked using a laser
scattering particle size distribution analyzer (Horiba, Japan).
The density and pore size distribution of the hydrated
scaffold were measured at 30,000 psi using a mercury
porosimeter (Autopore IV 9500, Micromeritics, USA), and
the microstructure was observed via optical microscopy
(DMX1200F, Nikon, Japan) and scanning electron microscopy
(SEM; JSM-6700F, Jeol, Japan).

3. RESULTS AND DISCUSSION
3.1 Hardening of C3S printout

The synthetic C3S powder used in this study showed a
bimodal distribution, in which particles of approximately 200
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Fig. 1. Particle size distribution analysis results for (a) C3S, (b)
different types of fillers with 300 nm particle diameters, and (c)
silica fillers of different sizes

nm and 4 um were mixed in a ratio of approximately 1:2
(Fig. 1(a)). Silica, HA, and alumina, which were used as
fillers, were selected to have similar particle sizes. As
summarized in Table 1 and Fig.1, these three powders have
particle sizes of approximately 300 nm. In the case of HA,

aggregated particles were directly observed in the analysis

Table 1. Particle size analysis results (nm)

Material Mean size Median size Mode size
C3S 3000 3000 3700
Silica300 300 250 240
Silica600 600 520 540
Silical900 1900 1700 1600
HA 1200 300 2400
Alumina 300 180 180

results, as the average particle diameter was 1200 nm, but the
primary particles were 300 nm in diameter.

Figure 2(a) shows the dispersion of the extruded C3S paste
in water. Because it took at least 12 h for C3S to harden
completely, dispersion occurred faster than the hydration rate
of C3S paste in water condition. In previous studies, it was
possible to obtain well-cured scaffolds while maintaining the
printed shape by incorporating C3A [8]. C3A, which has a
relatively fast reaction rate, can induce the initial quick
curing of the printed material; for this reason, it has been
suggested that C3A can effectively maintain the structure’s
shape and prevent deformation until the C3S is completely
cured. However, the inert silica, HA, and alumina fillers used
in this study did not show any ability to prevent C3S from
dispersing (Fig. 2(b)).

According to previous research, the main factor that
enables curing with minimal change in shape is the reaction
rate. For example, changing the concentrations of the
reactants or products is the simplest means of controlling the
reaction rate. As shown in the reaction equation below, C3S
generates Ca(OH), during hydration:

2(3Ca0-8i0,) + 6H,0 — 3Ca0-2Si0-3H,0 + 3Ca(OH),.

Theoretically, decreasing the Ca(OH), concentration can
increase the forward reaction rate. Therefore, the print mixed
with the filler was supported in a 0.05 M aqueous phosphoric
acid solution, and it was observed that the paste was not
dispersed and the scaffold shape was maintained. However,
even in this case, when the sample was exposed to an acidic
solution, corrosion occurred simultaneously with hydration
(Fig. 2(c)).

Therefore, in this study, the curing process was divided
into two steps. In the initial curing step, the print was
immersed in a 0.05M phosphoric acid solution for
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Fig. 2. Shape changes of C3S extrudate between before and after hydration under different conditions: (a) C3S mixture in water, (b) C3S
with silica filler in water, (¢) C3S mixed with silica in 0.05 M H;PO,, and (d) two-step hardening, where each hydrate was placed on the

right size of the extrudate

approximately 30 min to induce a quick reaction to maintain
the shape, and then the sample was transferred to distilled
water to complete the hydration reaction. As shown in Fig.
2(d), it was possible to obtain a hydrate that maintained the
shape of the printed scaffold structure.

3.2 Expansion behaviors and strengths of
hydrate scaffolds with different types of filler
materials

Because an uncured printout is a very soft paste, it is
difficult to measure its size. Therefore, its size was estimated
as follows. Firstly, it was confirmed that the diameter of the
filament extruded from the 400 um nozzle was 480 um (Fig.
3(a)). As the nozzle path moved in the modeling direction
(Fig. 4(a)), the cross-sectional dimensions of the print on the
x-y plane were 10.38%10.38 (mm) (Fig. 4(b)). The height of
the model with an interlayer thickness of 400 um was 9.9
mm, and considering that the diameter of the extruded
product was 480 pm, the thickness of the print was
approximately 10.34 mm. Therefore, the dimensions of the
printed scaffold were expected to be 10.38x10.38x10.34
(mm).

The hydration reaction involves a change in print size.
C3S absorbs water molecules,

Because expansion
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Fig. 3. Optical microscopy image of top side (x-y plane) of scaffold
to compare (a) the skeleton of the printout and that of hydrates with
different types of fillers: (b) silica with 300 nm diameter, (¢) HA,
and (d) alumina

deformation occurs and a change in the size of the scaffold
itself is observed. In addition, the expansion behavior affects
the change in the thickness of the skeleton forming the
scaffold. In the previous results, the size in the z-direction
showed a relatively small expansion rate compared with
those in the x- and y-directions [8]. Table 2 summarizes the
size deformation behavior of the hydrates obtained in this
study along with the types of fillers.

These results also indicate that the deformations in the x-
and y-directions are larger than that in the z-direction. In
particular, the scaffold hydrate prepared by mixing the
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Table 2 Size of scaffold hydrate with expansion rate

Filler Measurement(mm) Expansion rate(%)
material  x-,y-axis  Height(z-) x-,y-axis  Height(z-)
Silica300  10.39+0.09 10.25+0.01 0.10 -0.87
Silica600 10.45+0.08 10.3+0.0.3 0.67 -0.38
Silical900 10.63+£0.05 10.41+0.03 2.42 0.67

HA 10.7240.05 10.43+0.02 3.28 0.87
Alumina 11.06+0.02 10.52+0.01 6.55 1.74

The estimated size of printed scaffold was 10.38x10.38x10.34()mm,
but the height was measured lower than the model size due to the
load of layers.

silica filler was measured to have dimensions of
10.39x10.39x10.25 (mm), corresponding to a change of
0.1% or less. Considering that the skeleton diameter of this
specimen was maintained at 480 um, it can be said that there
was little change in the size of the silica filler (Fig. 4(b)). On
the other hand, for the HA and alumina, the size of the
hydrate increased by 3.28% and 6.55%, respectively. The
expansion rate of the scaffold was the greatest under the
condition in which the alumina filler was used, and the width
of its skeleton expanded to 530 um, representing a change of
over 10% (Table 2, Figs. 3(c) and (d)).

The hydration reaction affects not only the change in size
of the scaffold but also its mechanical properties, such as the

compressive strengths of the hydrates, which are shown in
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Fig. 5. Compressive strength of hydrated scaffold according to
filler type and size

Fig. 5. The strength values of the scaffolds do not coincide
with their expansion behaviors, but do exhibit similar
tendencies. Specifically, the compressive strength under both
silica and HA conditions, where the size change is less than
4%, is >10 MPa, but that of alumina, which expands by >6%,
is only 6 MPa.

3.3 Scaffold microstructure

The mechanical properties of a material are also
determined by the properties of the material itself, but the
density,
microstructure, act in a complex manner. Firstly, X-ray

various factors, such as the phase, and
diffraction analysis was performed to confirm the reactivity
of the filler along with the hydration reaction of C3S. As
mentioned in the previous section, C3S not only absorbs
water molecules during hydration, but also forms Ca(OH),
crystals, so the reactivity of C3S can be confirmed by the
generation of Ca(OH),. Comparing the diffraction patterns
before and after hydration, the peaks at 32.2° and 41.3°,
representing C3S, decreased, and the peak corresponding to
the (001) plane of Ca(OH), increased significantly (Fig. 6).
Except for the relatively large Ca(OH), peak under the
alumina condition, no significant differences were observed
among the three types of fillers. In the 25°-55° region the HA
and alumina crystals or amorphous silica did not show any
change with curing.

The phase change characteristics occurring during the
hydration process were similar regardless of the type of filler;

however, the expansion deformation was different. To
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Fig. 6. X-ray diffraction analysis results for hydrated scaffolds with
different filler materials: (a) silica with 600 nm diameter, (b) HA,
and (¢) alumina

compare the hydrate microstructures, the porosity of the
scaffold and density of the skeleton were measured using a
mercury porosimeter. The differences in density are shown in
Fig. 7(a), but the density changes are not in accordance with
the expansion phenomenon. The porosity and average pore
size of these hydrates follow the order alumina > silica > HA,
showing tendencies similar to those of the compressive
strength (Figs. 7(b) and (c)). Conditions such as the amount
of water, reaction time, temperature, and mixing ratio of the
raw materials are known to affect the formation of the
hydrate microstructures in hydraulic materials, and the
microstructure of a material is a major factor determining its
mechanical properties. The similarity between the tendency
of the compressive strength of the scaffold hydrate and those
of the porosity and pore size means that the hydration
reaction of C3S can be controlled by adjusting the type of
filler.

To compare the microstructures of the hydrates, the
surfaces and fracture surfaces of the scaffolds were observed

via SEM. As shown in Fig. 8, the three types of scaffolds
exhibit different structures. The plate-shaped and rod-type
particles appearing in this figure are all Ca(OH), crystals [9].
Plate-shaped particles are observed in the case of silica and
HA filler, and rods are found in the case of using HA and
alumina. In the silica filler, the small plate-shaped particles
are evenly distributed, but they prevent densification of the
base material, forming a loose microstructure. Under the HA
condition, relatively large plate-like particles are evident and
densely packed. Because this microstructure is similar to that
of a composite material using plate-shaped particles as fillers,
it is presumed that this structural form can express the highest
strength among the considered cases. When alumina is used
as a filler, the fine particles seem to maintain the highest
density, but cracks due to volume expansion were observed
on the surface, and the most rod-shaped Ca(OH), was found.

Next, the factors affecting the hydration reaction were
investigated, as C3S curing starts by reacting with water. An
anhydrous slurry was used in this study, and the hydration
reaction was induced by immersing the print in a water bath.
For the scaffold to harden, it was necessary for the water
molecules to diffuse into the print body. The fact that the
filler, which did not participate in the chemical reaction of
C38S, affected the expansion and microstructure of the
scaffold during the hydration process indicated that the
characteristics of the filler material were the main factors
inducing the diffusion of water molecules.

In a previous study, the mixing of C3A, which had a fast
hydration reaction rate, suppressed the expansion of hydrates
and made it possible to obtain a well-hydrated and hardened
scaffold [8]. Although the fillers used in this study were all
inert materials, they stably cured C3S prints, and among
them, silica and HA were effective. This finding indicates
that the hydrophilicity or wettability of the filler affected the
hydration reaction.

Regarding the water curing of C3S, it has been reported
that powders such as HA, alumina, and silica can change the
microstructure and strength of C3S hydrates, but the cause
has not been clearly explained [10-13]. However, one of the
results confirmed in those studies is that the mixing of fillers
affects the hydration reaction rate of C3S, which is similar to
the phenomenon shown in this study. Although different

fillers were selected, the hydration reaction rate was
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distribution with different sizes of silica filler

measured and compared in all of these studies, and it was
confirmed that the mixing of the fillers affects the hydration
reaction rate of C3S. These results can be said to be similar
to the phenomena shown in this study.

The fact that inert material can affect the hydration reaction
of C3 means that interactions exist between these substances
and water molecules. The reason that an inert material affects
the hydration of C3 is because there is an interaction between
the material and water molecules. As is well known, different
types and sizes of particles have different surface charges,
which determine the wettability of solvents [14-15]. In this
study, the scaffold blended with silica or HA showed stable
reaction characteristics compared to the alumina mixture. All
of the filler types showed similar absolute values of surface
charge under neutral conditions (pH 7), but as the pH
increased, the surface charge of alumina decreased to zero
and the surface charge of silica and HA increased in a
negative direction [16-18]. Since the hydration of C3S
produces Ca(OH),, the vicinity of the scaffold reached a high
pH as the reaction time elapsed, and the wettability of silica
and HA increased. A filler with a high absorption rate

induces the rapid diffusion of water molecules into the print
body, and accelerates the hydration of C3S. The reaction rate
also affects the crystal growth of the Ca(OH), product.
Among these filler materials, HA converted the printed
materials into high-strength scaffolds, because hydrates with
dense structures were formed while growing plate-like
Ca(OH), to a uniform and well-packed size.

3.4 Size effect of silica filler in hardening

To check the effect of the filler size on the curing of the
scaffold, the support was printed using three types of silica
powder, with particle sizes of 300, 600, and 1700 nm. During
the hydration process, these scaffolds showed different
strains depending on the filler size; however, the scaffolds
exhibiting the greatest changes had expansion rates <2.5%
(Table 1). Although the deformation was not large, the
strength change of the scaffold was notable: the larger the
filler particles, the lower the measured compressive strength
(Fig. 5). When 300 nm silica was used, the hydrate density
was relatively high, porosity was low, and pore size was
small (Fig. 7). The smaller the particle size, the greater the
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Fig. 8. Surface images of fractured scaffold after hydration reaction
with different filler conditions: (a) silica with 300 nm diameter, (b)
HA, and (c) alumina

specific surface area. Hence, water molecules could be
diffused quickly into the print and water could be supplied
effectively to the surrounding C3S particles. Therefore, the
curing rate of C3S was increased and a high-density structure
with smaller pores was formed, compared to when a filler
with a large particle size was used. Hence, this microstructure

helped improve the mechanical properties.

4. CONCLUSION

This paper presents a printing method for hydraulic
materials using C3S, a representative hydraulic material, and
describes the deformation characteristics that occur during
the hydration process of printed matter. Silica, HA, and
alumina, which do not affect the reaction of C3S, were
selected as fillers, and their effects on the shape and
of the
investigated. A support with dimensions of 10.5 x 10.5 x
10.14 (mm) was printed using the FDM method, and a
hydrated scaffold was obtained through a two-step curing

mechanical properties printed matter were

process.

The scaffolds showed different expansion rates depending
on the type of filler; among them, the silica and HA fillers
produced the smallest expansion. HA formed a relatively
dense hydrate and, as a result, showed the highest
compressive strength. Therefore, the acceleration of the
hydration reaction rate of C3S can be considered the most
important factor for obtaining a hydrate with a low strain rate
and high density. In this case, the filler material facilitated the
diffusion of water molecules. In addition, a filler with a large
specific surface area was advantageous for promoting
hydration, compared to a filler with large particles.

An important issue in AM technology is precise printing.
Deformation of the size or shape during post-processing is
one of the main reasons hindering the development of printed
ceramic materials. Knowing that the non-reactive filler can
control the moisture diffusion conditions and suppress
expansion deformation during hydration, it is expected that
application fields of hydraulic materials with complex
compositions, such as biocement, can be expanded.
However, it will be necessary to study the effects of
microstructural changes that happen during the hydration
process, and to study the stability of the method of correcting
the hydrate and its size.
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