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Abstract: Preceramic samples were prepared from pastes based on the aqueous solution of sodium
silicate and tricalcium phosphate with a given molar ratio of (NayO-2,875i0;)aq/Caz(POy), = 1:3
after drying at 24 °C and then 60 °C for 24 h. It established the dependence of the plastic strength
of these pastes on both time and temperature and the possibility of using them for extrusion 3D
printing. The phase composition of ceramic was represented by unreacted 3-TCP (3-Caz(POy);) and
B-rhenanite (3-NaCaPO,) after heat treatment at 500 °C. Further, an increase in temperature up to
700 °C led to the appearing phase of silicon dioxide (SiO;) and up to 900 °C, of sodium calcium
phosphate (NagCag(POy)5). After heat-treatment at 1100 °C, ceramic samples consisted of the 3-TCP
(B-Caz(POy4)2), sodium calcium phosphate (NazCag(POy)s), silicon dioxide (SiO,) and 3-wollastonite
(B-CaSiO3). The bending and compressive strength of the ceramics rose with increasing temperature
from ~6.8 MPa and ~31.1 MPa at 500 °C to ~10.6 MPa and ~43.5 MPa at 1100 °C. The obtained
composite ceramics consisted of biocompatible phases that are widely studied in the literature and
may be used as a biomaterial for the treatment of bone tissue defects.

Keywords: tricalcium phosphate; aqueous solution of sodium silicate; paste; preceramic sample;
ceramic; composite

1. Introduction

The experience of researchers reflected in the scientific literature [1-4] indicates the
need to expand the phase structure of materials for bone implants based on calcium phos-
phates. Bioresorbable phases should be present in composition along with hydroxyapatite
(HA) and tricalcium phosphate (TCP), or instead of them, which have a lower molar
ratio of Ca/P for a successful implementation of the regenerative treatment method of
bone defects [5-8]. Sodium calcium phosphates are also suitable for that purpose, such as
[3-rhenanite NaCaPOy, and Na-substituted TCP CapNa(PO,)7 (which can also be called
double calcium phosphates) or the Na3zCags(PO4)5 phase, because these phases increase the
bioactivity of ceramics [9-12]. Double calcium phosphates have a higher solubility relative
to TCP and, accordingly, HA, due to the replacement of the Ca?* ion by an ion with a larger
radius and (or) a lower charge. Usually, double calcium phosphates are obtained at high
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temperatures (above 500 °C) by the interaction of calcium phosphates and an alkali metal
compound [13].

On the other side, the calcium phosphate material can be supplemented with a
more osteoinductive phase containing silica in its composition [1,14]. The most com-
mon composites are calcium phosphate (HAP and (or) TCP) with Bioglass 4555 [12,15,16],
in which NazCag(POy)s is formed as the base or secondary phase. Materials containing
Na3Cag(PO4)s show promising trends in both in vitro and in vivo tests in those works.
Na3Cag(POy4)s5 belongs to the NaCaPO,—Ca3(POy), [17] system, and in [18], it was estab-
lished in the high-temperature range (650-1200 °C) that the 3-NaCaPOy phase transformed
into «a-NaCaPOy, which then dissolved in 3-TCP and formed a Na3zCag(PO4)5 compound.
Then, NazCag(PO4)5 and B-TCP changed to a Na—Ca-P-O glass phase at elevated temper-
ature. During the cooling, Na3Cas(POy4)s5 and 3-NaCaPO, formed again. Similar results
were observed in [19] but at higher temperatures (900-1700 °C). It is important to note
that in [17,20], the NayCas(POy)4 phase was shown, and in [20], the authors suggested that
the phosphate referred to as NazCag(PO4)s did not exist and was actually NapyCas(POy)4,
because the Na3Cag(PO4)5 compound was previously formulated without taking into
account the volatilization of Na,O at high temperature. However, according to the X-ray
diffraction analyses, only NazCag(PO4)5 leads to a pure compound in agreement with the
PDF [20].

In [21], the authors found that when they implanted composites of the composition
[3-NaCaPOy and a-cristobalite into a bone defect, an excellent osteoconductive effect was
observed. The bone defects were filled with bone tissue after 3 weeks incorporating minimal
residues of graft material. These results indicate that the Si-rich calcium phosphate ceramic
containing high silica concentrations not only has a measurable stimulatory effect on bone
cell function but also resorbs in harmony with the rate of new bone formation. It is due to
the physicochemical properties of its mineral constituents as 3-NaCaPO, contains Na ions
weakening the bond between Ca?* and the PO4>~ in the crystal surface and acts as a weak
interphase for o-cristobalite. Hence, all that provides an easy path for structure debonding,
which facilitates silica dissolution and leads to rapid bone regeneration. The authors note
the architecture of the remodeled cortical bone and marrow resembles that of normal
healthy bone. In [22], the authors found that the neonatal rat calvarial osteoblasts attached
to the composite consisting of 3-NaCaPO,4 and «-cristobalite expressed considerably higher
mRNA levels of collagen-I, osteocalcin and osteopontin genes compared to those expressed
by cells attached onto the surface of other ceramic samples. The stimulation of gene
expression of bone proteins by this composite can explain the expedited and abundant
bone formation observed in defects grafted with such material.

In the tissue engineering design, a way of treatment suggests the possibility of using
bioactive scaffolds to eliminate bone tissue defects. These scaffolds can be obtained from
bioactive materials using additive technologies, which, in turn, allow the preparation of a
matrix individually for each person or animal to target reconstructing a bone tissue defect.

Extrusion 3D printing was one of the first used technologies for the layer-by-layer
reconstruction of three-dimensional objects. The application of extrusion 3D printing made
it possible to study the pore geometry, structure gradient, permeability and mechanical
properties of ceramic and bioglass scaffolds of various architectures [23-25]. Hexagonal
pores have been found to give the highest compressive strength at 70% porosity, which
is within the range of 100-150 MPa for cortical bone [26]. At the same time, this method
has several limitations: it applies only to viscous fluid systems, it has a low printing speed,
it requires spinnerets with different diameters to adjust the thickness of the extruded
material and the spinnerets can be clogged, plus stepped edges are observed during 3D
printing. However, extrusion 3D printing has wide use, and special attention is paid to the
extrudable material, the rheological properties of which change with a change in the phase
composition.

In the general case, the extruded material is presented as constituting highly con-
centrated suspensions (pastes), which contain a binder and a dispersed filler in their



J. Compos. Sci. 2022, 6, 267

30f16

composition. In such suspensions, forces act between the particles, leading to the formation
of structures.
Several requirements are imposed on the pastes:

The paste should be homogeneous and free of air bubbles;
It should possess a large volume fraction of the filler;

It should possess sedimentation resistance;

It should possess a fluidity suitable for extrusion;

During extrusion, delamination should not be observed;
It should maintain its shape after printing.

oG W=

These criteria make it possible to achieve a high-resolution and quality extrusion
printing of biocompatible materials.

Water [4], polymer or organic solvent [25,27] and hydrogels [28] were considered as
binding components for pastes. In addition to the above binders, aqueous solutions of
sodium silicate (Na,O-nSiO5) can be dealt with for the extrusion printing of biocompatible
materials, which are environmentally friendly, nontoxic and cheap [29]. Sodium silicate
can form a hydroxyapatite layer on its surface in SBF tests [30], and it was used to obtain
silicon-substituted hydroxyapatite (Si-HA) materials [31].

Thus, the purpose of the current work was to obtain composite ceramics containing
sodium calcium phosphates and silica compounds based on synthetic tricalcium phosphate
and an aqueous solution of sodium silicate. We considered the possibility of using pastes
containing tricalcium phosphate and an aqueous solution of sodium silicate as an extrusion
material for obtaining scaffolds by extrusion 3D printing to eliminate bone tissue defects.

2. Materials and Methods
2.1. Samples Preparation

Pastes were based on tricalcium phosphate Caz(PO4), (CAS No. 7758-87-4, purum. p.a.
>96%, Sigma-Aldrich CHEMIE GmbH, 21218, Lot BCBK8832V, Steinheim, Germany) and
the aqueous solution of sodium silicate (NayO-2,875i0;)aq (GOST 13078-81, JSC “Salavat-
steklo”, Salavat, Russian Federation).

The method of preparing pastes, preceramic samples formation and obtaining com-
posite ceramic samples was described in more detail in previous work [32].

Briefly, the initial reagents were taken in the molar ratio (NayO-2,875i0,)aq/Ca3(PO4)2
= 1:3 (§Saq/TCP) for obtaining plastic molding mass. Then, preceramic samples in sizes
30 mm x 10 mm x 10 mm were molded from pastes, and after that, prepared preceramic
materials were fired in the air in a furnace to obtain ceramics. The temperature range was
500-1100 °C, a heating rate of 5 °C/min, an exposure time of 2 h, and cooling in the furnace.

In the current work, together with preparing preceramic samples in size 30 mm x
10 mm X 10 mm, an attempt to obtain simple three-dimensional geometric shapes from
prepared pastes based on TCP and SS,q using layer-by-layer extrusion hand molding was
considered. A disposable syringe of 10 mL with a spinneret of 0.75 mm in diameter was
used for the extrusion of 3D shapes.

2.2. Characterization
2.2.1. Pastes Plastic Strength Determination

The plastic strength was measured by the conical plastometer method, which consists
in determining the kinetics of immersion (penetration depth) of the cone into the studied
disperse system under the action of a constant load F. When the cone is immersed in
the material under study, stresses arise in it. That prevents the penetration of the cone
into the material. A lever-type conical Rebinder’s plastometer was used in the work (the
plastometer was developed at the Faculty of Technology of Inorganic Substances and High-
Temperature Materials of the Mendeleev University of Chemical Technology, Moscow, the
Soviet Union).
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The plastic strength was determined by the formula:

R :%* K *% , (1
where R is the plastic strength, in Pa;
L and 1 are plastometer arms, in cm;
K is a dimensionless coefficient depending on the angle at the cone apex;
Fisaload,ing;
h is an immersion depth of the cone, in mm.
The cone constant K is determined by the formula:

K:cosz(%)*ctg(%) , )
7

where o is the angle at the cone apex.
At o =60°, K =0.413.
The measurements were carried out at room temperature, 60 °C and 100 °C.

2.2.2. Determination of the Strength Properties

The strength characteristics of the obtained ceramics after heat treatment of the pre-
ceramic samples of size 30 mm x 10 mm x 10 mm molded from pastes based on tricalcium
phosphate Ca3(POy); and the aqueous solution of sodium silicate (NayO-2,875i03),q in
the molar ratio (Na;0-2,875i0,)aq/Ca3(POy); = 1:3 were determined using a universal
testing machine of the FM PW 500 (VEB Thuringer Industriewerk, Rauenstein, Germany)
and PGM-100MG4 (OOO “Special Design Bureau Stroypribor”, Chelyabinsk, Russian
Federation).

2.2.3. Structural Characterization

The diffractometer Rigaku D/Max-2500 with a rotating anode (Tokyo, Japan), a 20
angle range of 2-70° with a step of 0.02°, a rate of spectrum registration of 5°/min and a
CuKo radiation (A = 1.5406 A) was used for the investigation samples by X-ray powder
diffraction. The phases were determined using the ICDD PDEF-2 database [33].

The electron microscope LEO SUPRA 50VP (Carl Zeiss, Jena, Germany; auto-emission
source) with an accelerating voltage of 20 kV (SE2 detector) was used for the investigation
samples by scanning electron microscopy (SEM). The samples were precoated with a layer
of chromium (up to 20 nm).

The particle size distribution of a tricalcium phosphate Caz(PO4), (CAS No. 7758-87-4,
purum. p.a. > 96%, Sigma-Aldrich CHEMIE GmbH, 21218, Lot BCBK8832V, Steinheim,
Germany) was investigated by an ANALYSETTE-22 MicroTec plus laser particle sizer
(Fritsch GMBH, Idar-Oberstein, Germany).

2.2.4. Thermogravimetric and Mass Spectrometric Analysis

The NETZSCH STA 409 PC Luxx simultaneous thermal analyzer (NETZSCH, Selb,
Germany) with a heating rate of 10 °C/min and an air atmosphere was used for the investi-
gation of preceramic samples by thermal analysis (mass of sample—10 mg, temperature
range—40-1000 °C). The quadrupole mass spectrometer QMS 403C Aéolos (NETZSCH,
Selb, Germany) combined with a NETZSCH STA 409 PC Luxx thermal analyzer was used
to determine the composition of the gas phase formed upon decomposition of the samples.
The mass spectrum (MS) was recorded for an m/Z value of 18 (H,O).

3. Results and Discussion
3.1. Pastes Characterization

Following the dependence of plastic strength on time (Figure 1), the plastic strength
values were low in the first minutes after mixing the synthetic tricalcium phosphate powder
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with an aqueous solution of sodium silicate. A rise in both time and temperature led to an
increase in the values of the plastic strength. It was associated with the hardening of the
compositions.
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Figure 1. Dependence of plastic strength on time for compositions based on synthetic tricalcium
phosphate Caz(PO,), and the aqueous solution of sodium silicate (NayO-2,875i03)aq-

The hardening process of the materials began at the paste surface-air interface. Figure 1
illustrates a gradual hardening of the composites, which can conditionally be divided into
the following stages: The first stage in the time range of 0-15 min was characterized by the
beginning of the hardening of the composites. A thin crust appeared on the surface of the
samples. The second stage in the time range of 1545 min was characterized by a further
hardening deep into the composites. The crust became larger. The third (from 45 min) and
subsequent stages were characterized by a further hardening of the composites until they
were completely solidified.

The effect of temperature on the hardening time was observed immediately at the 1st
stage. As a result, the plastic strength values were Ry5 oc = 0.036 MPa, R¢g oc ~ 0.041 MPa
and Ryggoc &~ 0.047 MPa by 15 min. The hardening process was completed in 45 min for
samples at 100 °C straightway in the second stage, because the values of the plastic strength
reached a plateau. The plastic strength value was Rygpoc ~ 0.2 MPa. At the same time, the
plastic strength values for the composites at 25 °C and 60 °C by 45 min were, respectively,
Rps50c ~ 0.08 MPa and Rgpoc ~ 0.1 MPa. These composites would also gradually harden
with a further increase in time. It is expected that the plastic strength value for solidified
composites at 25 °C and 60 °C may be comparable to composites at 100 °C and reach the
values of ~0.2 MPa.

Thus, the formed samples did not solidify in a silicone mold after exposure to the air
for 24 h at room temperature because the hardening process began at the paste surface-air
interface, forming a crust. Hence, samples required demolding followed by a moderate heat
treatment to prevent the appearance of defects due to internal stresses or intensive water
evaporation. The content of retained water in the sample depends on the temperature
and humidity of the air [34]. If the air humidity increases, the composite will exhibit
hygroscopicity. In the current work, the temperature of 60 °C was chosen for the heat
treatment of the demolded samples, because for 24 h at that temperature, a solidified state
without visible defects occurred. The linear shrinkage of such composites was no more than
2%. A solidified state was observed when the water content in SSaq and, accordingly, in the
samples, decreased to 20-30 wt.% [34]. That led to the formation of preceramic samples.
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Highly concentrated suspensions (pastes) based on synthetic TCP powder and SS,q
showed excellent molding properties with shape retention. In Figure 2, the samples of
preceramic blanks obtained by plastic molding (a) and layer-by-layer extrusion hand
molding (b) are shown.

(b)

Figure 2. Samples formed by plastic molding from appropriate molds of size 30 mm x 10 mm X

10 mm (a). Samples formed by layer-by-layer extrusion hand molding (b).

A good adhesion and cohesion between the layers of the extruded material were ob-
served in the samples obtained using layer-by-layer extrusion hand molding that complied
with the requirements for this type of printing. A disposable syringe of 10 mL with a
spinneret of 0.75 mm in diameter was used for the extrusion of 3D shapes. These samples
indicated the possibility of using pastes based on TCP and SS,q for layer-by-layer extrusion
molding of both simple 3D geometric shapes and for creating an implant of a given ceramic
skeleton architecture using extrusion 3D printing.

However, it should be noted that the printing process must be carried out at the first
stage of hardening, while the extruded material has not had time to gain its initial strength.
A time equal to 15 min may not be sufficient for using pastes directly in extrusion 3D
printing, despite excellent performance in layer-by-layer extrusion hand molding. For
extrusion 3D printing, the following should be taken into account: the main printing
parameters (the feed rate of the mixture, the speed of the printing unit and the diameter
of the spinneret) and the characteristics of the extruded material by itself (homogeneity,
sedimentation resistance, viscosity and setting time). The parameters described above
should be selected individually for each composition. When required, a compound may be
modified by hardeners, hardening retarders, surfactants and so on.

3.2. Characterization of the Preceramic Samples

According to the XRD data (Figure 3) and the SEM data (Figure 4a,b), an interaction
did not occur between TCP and SS,q after mixing the initial reagents, molding the pastes
into a silicon mold, solidification and drying them for 24 h both at room temperature and
at 60 °C. Nevertheless, the applied techniques (XRD, SEM) did not allow us to conclude
anything about surface reactions between TCP and SS,q, so it should be investigated more
closely in future work.
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20, deg

Figure 3. The X-ray diffraction pattern of the preceramic samples based on pastes included tricalcium
phosphate Ca3(POy), and the aqueous solution of sodium silicate (NaO-2,875i0;)aq: e—Ca3(PO4)2
(PDF card 9-169).

Figure 4. SEM micrographs of the synthetic tricalcium phosphate powder before (a) and after mixing
with the aqueous solution of sodium silicate (NayO-2,875i0;)aq and drying at 60 °C for 24 h (b).

Figure 5 shows the particle size distribution of synthetic TCP powder. Following the
data obtained in previous work [32], calcium phosphate powder particles were bound to
each other by amorphous hydrated sodium silicate.

The thermal analysis (TA) and the mass spectrometry data (MS) of the samples based
on TCP and SS,q after drying in the air for 24 h at room temperature are shown in Figure 6
(black and grey lines, respectively). According to the TA, the total mass loss of the sample
was 8% when heated up to 1000 °C. In the mass spectrum curve for m/Z = 18 (H,O), there
were two peaks, the first peak at 110 °C and the second at 320 °C, which correspond to
the loss of physically and chemically bound water, respectively. According to Figure 7, an
amorphous hydrated sodium silicate was formed after heat treatment at 100 °C. Water is
removed from hydrated sodium silicate up to 600 °C, following literature data [34], and it
depends on silicate modulus. The mass loss is close to a plateau above 400 °C (Figure 6),
so at that moment, when the water is almost completely removed [35], polymerization
processes begin in pure sodium silicate with the formation of a silicon-oxygen structure
with covalent-ionic bonds [35]. The modifier cations (Na*) form Coulomb bonds with
the framework. Nevertheless, as was suggested in previous work [32], these processes
described above can also occur in the sodium silicate—calcium phosphate filler system.
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However, simultaneously with these processes, chemical interactions will also proceed
between TCP and SS,q with the formation of new phases.

dQ(x), %

| T 1 TTIIT T T T TTTTIT] m
0.1 1.0 10.0 100.0

Figure 5. Particle size distribution of commercial tricalcium phosphate (Sigma-Aldrich).
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°\° _() E
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94 1 =
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¥ T ] T . T % T X T
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Figure 6. The results of thermal analysis (in black) and mass spectrum for evolving gas with m/Z =
18 (in grey) of the preceramic samples obtained from pastes after their air drying at room temperature.
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Figure 7. Appearance and XRD data of the aqueous solution of sodium silicate (NayO-2,875i0)aq
after heat treatment at 100 °C with exposure of 24 h.

3.3. Characterization of the Ceramic Samples

The X-ray diffraction data (Figure 8) show that the phase compositions of the ceramics
after heat-treatment at 500 °C consisted of B-TCP (-Caz(POy),, PDF card 9-169) and
-rhenanite (3-NaCaPO,, PDF card 29-1193). Further, an increase in temperature up to
700 °C led to the appearing phase of silicon dioxide (S5iO,, PDF card 29-85) and up to
900 °C, of sodium calcium phosphate (NazCags(POy)s, PDF card 11-236). After the heat
treatment at 1100 °C, ceramic samples consisted of the 3-TCP (3-Caz(POy),, PDF card
9-169), sodium calcium phosphate (NazCags(POj4)s, PDF card 11-236), silicon dioxide (SiO»,
PDF card 29-85) and {3-wollastonite (3-CaSiO3, PDF card 27-88). The phase compositions
of preceramic and ceramic samples are shown in Table 1.

Table 1. Phase transformation of composition into preceramic and ceramic samples after heat

treatment.
Preceramic 500 °C 700 °C 900 °C 1100 °C
B-Caz(POy)2 3-Caz(POy)2 B-Caz(POy)2 3-Caz(POy)2 B-Caz(POy)2
Nonidentified phase 3-NaCaPOy B-NaCaPOy 3-NaCaPOy NazCag(POy)5
of hydrated SiO, NazCag(POy)s 3-CaSiO3

Nay0-2,875i0, SiO, SiO,
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Figure 8. XRD patterns of the ceramic samples obtained from preceramic samples based on the trical-
cium phosphate powder Caz(POy); and the aqueous solution of sodium silicate (NayO-2,875i0;)aq
after heat treatment at 500, 700, 900 and 1100 °C: e—f3-Ca3(POy), PDF card 9-169; p—fp-NaCaPOy,
PDF card 29-1193; )—Na3zCas(PQO,)s, PDF card 11-236; °—f3-CaSiO3, PDF card 27-88; s—SiO,, PDF
card 29-85.

In the SS,q/TCP samples with a molar ratio (NayO-2,875i05)aq/Caz(POy), = 1:3, the
formation of a biocompatible double calcium phosphate phase of 3-rhenanite (3-NaCaPOy)
can be observed at 500 °C. It should be noted that the interaction of sodium silicate with tri-
calcium phosphate can also form the Na-substituted TCP phase (NaCa1o(PO4)7). The lattice
parameters of pure Caz(POy), are a = 10.429 A and ¢ = 37.38 A [36], and for NaCa1o(POy)7,
they are a = 10.4391(1) A and ¢ = 37.310(1) A [37], which makes the determination of the
presence of the Na-substituted TCP in the composition by the XRD method challenging.
The determination of NaCaj((PO4)7 by the EDX method can also be a challenge due to
the presence of a 3-NaCaPO, phase in the composition. Double phosphates are usually
obtained at high temperatures (from 500 °C) [9-11] by the interaction of calcium phos-
phates with alkali metal compounds. In this case, sodium silicate acted as an alkali metal
compound that interacted with tricalcium phosphate with increasing temperature, forming
double calcium phosphates. It is also noted in [11] that double calcium phosphate phases
are most frequently used to produce resorbable inorganic composites for regenerative bone
tissue defect repairing methods. Nevertheless, it can be assumed that, since sodium silicate
was deficient compared to TCP, it was not enough to obtain two phases of double calcium
phosphate at once: 3-NaCaPO, and NaCa1o(PO4)7. Thus, as a result of the heat treatment
at 500 °C and 700 °C by the interaction of sodium silicate and TCP, only the (3-rhenanite
(B-NaCaPOy) phase was formed, which then participated in a chemical reaction with unre-
acted TCP. This interaction led to the NazCas(PO,)s phase development with increasing
temperatures up to 900 °C and 1100 °C.
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The silicon dioxide phase began to form after heat treatment at 700 °C following XRD
data, and it rose at a further increasing temperatures. Silicon dioxide is a biocompatible
inorganic material [38—-40] widely used in medicine, which in the human body can be
subjected to both chemical and biological effects [41], demonstrating various behaviors.
For example, silica gel formed in the presence of enzymes exhibits the properties of a
biocatalyst [40].

The phase of Na3Cag(POy)s5 began to form after 900 °C in a small amount, and it was
one of the main phases at 1100 °C. This phase belongs to the NaCaPO4—Ca3(POy4); [17] sys-
tem, and it was obtained in [12] upon mixing 75 wt.% hydroxyapatite with 25 wt.% Bioglass
4555. The composition with the NazCag(PO4)5 phase in a silicate matrix caused the highest
level of mineralization on the surface when immersed in DMEM, both in the presence and
the absence of bone marrow stromal cells. The top activity of alkaline phosphatase was also
observed in such composites. It indicated a higher level of osteoblast differentiation [12].
In [15], the effect of adding Bioglass 45S5 to biphasic calcium phosphate (HA:3-TCP = 6:4)
was demonstrated. It was found that composite ceramic frameworks showed the best
complex characteristics at 30 wt.% Bioglass 4555 when the phase composition consisted of
the main Na3Cag(PO4)s phase and the secondary CaSiOs phase. Scaffolds rapidly formed
an apatite layer (in 1 day), improved degradability (three times) and demonstrated good
biocompatibility by cell proliferation and adhesion assays.

A minor amount of CaSiO3; phase was developed after heat treatment at 1100 °C for
2 h. Bioceramics based on pseudowollastonite 3-CaSiO3 have good osteoconductivity
and bioactivity, which was confirmed by both in vitro [42—-45] and in vivo [46—48] tests. It
is noted in [49] that such ceramics have good cytocompatibility and osteoblast-like cell
attachment and promote better ALP activity of cells compared to controls. Plus, pseudowol-
lastonite also possesses good bone inductivity properties, stimulates the formation of new
bone on the surface and possesses a much faster resorption rate and bone formation rate
compared to porous 3-TCP.

Since the ceramics presented in this paper consisted of biocompatible phases investi-
gated in the literature, it can be expected that the obtained ceramics based on TCP and SS,q
will show a positive trend in biocompatibility and osteoconductivity in both in vitro and
in vivo tests.

Micrographs of the ceramics obtained from preceramic samples based on TCP and
SSaq after heat treatment at various temperatures are presented in Figure 9.

Based on the SEM data, the morphology of the ceramic samples after heat treatment
differed from the morphology of preceramic samples (Figure 4b). Irregularly shaped
sintered agglomerates sizes of 0.5-4.5 um were observed at 500 °C and consisted of particles
200—400 nm in size. The grain size gradually rose during subsequent heat treatments, and
by 1100 °C, the average grain size was 2.5-6.5 pm. Sintering was observed in all samples.
At 500 °C, one can see “fibers” that presumably belong to the SiO, phase formed from the
melt during cooling. The presence of such “fibers” in ceramic at upper temperatures is also
not excluded, so their placement probably is local.

The similarity of morphologies (Figure 9), as well as the XRD data of the ceramics
(Figure 8), can explain the similarity of the apparent density of the ceramic samples and
the behavior of the volume shrinkage (Figure 10). The rise in temperature from 500 °C
to 700 °C led to an increase in the apparent density of the samples from 1.44 g/cm3 to
1.5 g/cm?3. Perhaps this can be attributed to the formation of the 3-NaCaPOy phase, with its
likely maximum content at 700 °C. Since a further rise in temperature to 1100 °C following
Figure 8 led to a chemical interaction between 3-NaCaPO, and (3-Ca3(PO4), with the
formation of the NazCas(POy4)s5 phase, this agreed with the data of [18]. The apparent
density of the samples at 1100 °C was 1.46 g/cm?®. A small difference in density may be
due to the similarity of crystalline density: 3-Ca3(PO4), (3.07 g/ cm®) [50], B-NaCaPOy
(3.12 g/cm3) [51], NagCag(POy4)5 (3.04 g/cm3) [20]. The 3-CaSiOs phase formed at 1100 °C
was minor and probably did not add a significant value to the amount of apparent density.
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On the other hand, it was a challenge to estimate the effect of the SiO, phase on the density
of the ceramic samples from the data set presented in the current work.

@) (b)

(c) (d)

Figure 9. SEM micrographs of the ceramics after heat treatment at 500 °C (a), 700 °C (b), 900 °C (c)
and 1100 °C (d).

A negative volumetric shrinkage was observed in all ceramic samples, reflecting the
expansion of the ceramics as a result of the heat treatment. This effect may be related
to the removal of water. At elevated temperatures, a glass based on hydrated sodium
silicate was formed (Figure 7) that melted and interacted with the filler (TCP) to develop
new phases. The fixation of particles (grains) may be observed at the points of contact,
which also prevents shrinkage and a rise in the material density. At the same time, the
viscosity of such a melt may be assessed as high. Hence, when water was removed up
to ~500 °C, the compositions expanded with subsequent shape retention upon cooling.
Nevertheless, the expansion of the samples did not exceed 4% and decreased to ~3.6%
with further increasing temperature to 1100 °C, which may be due to the “settling down”
of the ceramics as a result of sintering.

Figure 11 shows the ceramic bending and compressive strength after firing at different
temperatures. The rise of both bending and compressive resistance with increasing temper-
ature may be related to the phase composition of the samples. Thus, when the 3-NaCaPO,
phase formed at 500 °C and 700 °C, the bending strength of the 3-NaCaPO,/3-Ca3(PO4)
composites did not exceed 7.5 MPa. The compressive strength for those composites did
not exceed 32.5 MPa. When the Na3Cag(POy4)s phase formed, the bending resistance of the
samples increased to ~9.5 MPa (900 °C) and ~10.6 MPa (1100 °C), and the compressive
strength increased to ~242.7 MPa (900 °C) and ~43.5 MPa (1100 °C). It is possible that the
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strengthening effect was also achieved due to the presence of a combination of several
phases and the existence of strong interfacial boundaries.
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Figure 10. Apparent density (g/ cm®) and Volume shrinkage (Vo — V/Vj, %) of ceramic samples
based on the tricalcium phosphate powder Ca3(POy), and the aqueous solution of sodium silicate
(Nap0-2,875i0;)aq after heat treatment at 500 °C, 700 °C, 900 °C and 1100 °C.
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Figure 11. Bending and compressive strength of the ceramics after heat treatment at 500 °C, 700 °C,
900 °C and 1100 °C.

The work [12] demonstrated the effect of the Bioglass 4555 additive on the phase
composition of ceramic materials and their compressive strength. Sintering was carried
out at 1200 °C for 4 h at a heating rate of 4 °C/min. The authors indicated that for
composites of hydroxyapatite-Bioglass 4555 (1, 2.5 and 5 wt.%), the phase composition
was represented by HAP and TCP, and the compressive strength was 26, 34 and 79 MPa,
respectively. However, at values of 25 wt.% Bioglass 45S5, the phase composition presented
a NazCag(PO4)5 + amorphous silicate phase. The compressive strength of such a composite
increased significantly and amounted to 131 MPa. A similar trend was observed in [15]
for composites of biphasic calcium phosphate (BCP)-Bioglass 4555 with different contents
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of the latter. In [16], the authors indicated that for the composites of cuttlefish powders
and 30wt.% Bioglass 4555, the phase composition was represented by HA, 3-TCP and
Na3Cag(POy)5 after heat treatment at 900 °C for 3 h. The compressive strength of such
a material was ~12.5 MPa. The compressive and bending resistance of sintered 3-TCP
was 83 and 21 MPa, respectively [52]. In [22], it was established that the compressive
strength of the material, the composition of which was represented by 3-NaCaPOy ss and
«-cristobalite, was 54.66 MPa.

All that can indirectly confirm the assumption that the strength increases with the
development of the phase combination development obtained in this work, as all ceramic
samples were obtained under the same conditions and the difference was observed only in
the firing temperature. Besides the phase composition of the material, it is important to note
that volume shrinkage decreases with the rise of temperature to 1100 °C, so compact, dense
internal structures are formed, which also contribute to the development of the ceramics’
strength.

On the other hand, the XRD data (Figure 8) showed a rise in the SiO; phase with
increasing temperature. The micrograph of the ceramic at 500 °C also illustrated “fibers”
that could hypothetically refer to the SiO,. Their local spread probably could lead to
material reinforcement, increasing, in turn, the bending and compressive strength of the
ceramics; however, this question remains open.

4. Conclusions

The presented research showed the possibility of using pastes based on tricalcium
phosphate and an aqueous solution of sodium silicate as an extrusion material. The
dependence of the plastic strength of these pastes on both time and temperature was studied.
It was established that the highest plastic strength, corresponding to the fully hardened state,
was achieved after 45 min at 100 °C and was Ryggc ~ 0.2 MPa. The phase composition of
ceramic was represented by unreacted 3-TCP (3-Caz(PO4)2) and -rhenanite (3-NaCaPOy)
after a heat treatment at 500 °C of preceramic samples based on tricalcium phosphate and
an aqueous solution of sodium silicate. Further, an increase in temperature up to 700 °C
led to the appearing phase of silicon dioxide (SiO;) and up to 900 °C, of sodium calcium
phosphate (NazCag(PO4)s5). After the heat treatment at 1100 °C, ceramics consisted of
B-TCP (B-Ca3z(POy);), sodium calcium phosphate (NazCag(POy4)s), silicon dioxide (SiO;)
and B-wollastonite (3-CaSiO3). The apparent density of the ceramic samples was in the
range of 1.44-1.5 g/cm?, with a maximum of 1.5 g/cm?® at 700 °C, corresponding to the
phase composition of 3-TCP (3-Caz(POy4),), B-rhenanite (3-NaCaPO,) and silicon dioxide
(5iO7). A negative volumetric shrinkage was observed in all samples, not exceeding
4%. The bending strength of the ceramics increased with increasing temperature from
~6.8 MPa at 500 °C to ~10.6 MPa at 1100 °C, and the compressive strength increased
from ~31.1 MPa at 500 °C to ~43.5 MPa at 1100 °C. The obtained composite ceramics
consisted of biocompatible phases that are widely explored in the literature. Therefore,
such composites may be used as a biomaterial for the treatment of bone tissue defects.
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