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Abstract: The new approach to obtaining ceramic materials in the Na20-CaO-SiO2-P205 system
based on the binder—an aqueous solution of sodium silicate and filler—hydroxyapatite was shown
in current research. After heat treatment at 500 °C and 700 °C, the ceramic samples included non-
reacted hydroxyapatite Cai(POs)s(OH)2, -NaCaPOs and
silicophosphate Na2Cas(POa4)25i04. An increase in temperature to 900 °C and 1100 °C allowed to

B-rhenanite sodium calcium
obtain ceramic materials with the following phases: devitrite Na2CasSicO1s, 3-rhenanite 3-NaCaPOs,
B-wollastonite (3-CaSiOs, and silicon dioxide SiO:. The strength of ceramic samples rose with
increasing temperature from = 7.0 MPa (bending) and = 7.2 MPa (compression) at 500 °C to = 9.5
MPa (bending) and = 31.6 MPa (compression) at 1100 °C. At the same time, the apparent density
decreased from 1.71 g/cm? to 1.15 g/cm?. The top of the compressive strength equal to 31.6 MPa was
observed when the apparent density was 1.15 g/cm3. Obtained ceramics consisted of biocompatible
phases, widely studied in the literature; thus, it confirms the possibility of using an aqueous solution

of sodium silicate in medical materials science.

Keywords: hydroxyapatite; aqueous solution of sodium silicate; pastes; pre-ceramic samples;
ceramics; composites; Na20O-CaO-5i02-P20s system

1. Introduction

According to statistics, at least one million operations of bone grafting are performed
annually in the world, and these operations rank second in the frequency of tissue
transplantation after the transfusion of blood components [1], which stimulates the
development of functional medical materials.

Hydroxyapatite (HA) is the most well-known calcium phosphate material that forms
the basis of bones and teeth [2] and belongs to second-generation biomaterials [3]. For all
time, a large number of studies have been carried out, which showed that in natural
hydroxyapatite, the Ca/P molar ratio is not equal to Ca/P # 1.67 but fluctuates in the range
of 1.37-1.67 due to the balance between soluble and insoluble phosphate forms [4-6].
Moreover, the mineral phase of bone tissue consists of hydroxyapatite, which contains
various supplementary groups and elements [7,8]. Despite this, the similarity between
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natural and synthetic hydroxyapatite has led to vigorous investigations of the last one as
a biomaterial. Today it is known that synthetic hydroxyapatite is a bioactive material with
excellent osteoconductivity. In addition, hydroxyapatite supports adhesion,
differentiation, and proliferation of osteoblasts [9]; however, HA is not bioresorbable and
does not have high reactivity (the formation of a surface layer of apatite is observed after
a month of in vitro tests) [10], plus HA is quite brittle [11]. Nevertheless, it is possible to
achieve a rise in the decomposition rate of synthetic hydroxyapatite in biological fluids by
increasing the porosity or content of substituting ions in the crystal lattice [9]. Another
way to increase resorbability is to fabricate hydroxyapatite-osteoinductive phase
composites. Amorphous and (or) crystalline silicate phases of the Na20-CaO-5i02-P20s
system can act as an osteoinductive phase.

The Na20-CaO-5iO>-P20s system is known due to the works of Larry Hench on
obtaining the material with unique properties—Bioglass 4555 [12—-15]. This material can
bind to both soft tissues and bone tissues; moreover, the strength of the interfacial bond
between the bone and materials is comparable to or greater than the strength of the host
bone [13]. Dissolution products of bioactive glasses enhance the expression of genes that
control osteogenesis [14], stimulate angiogenic growth factor and endothelial cell tubules
formation, and also provide an antibacterial effect [16], which is necessary for the killing
of classical pathogenic bacteria (Staphylococcus aureus ATCC25923, Staphylococcus
epidermidis, Escherichia coli ATCC25922) detected during wound healing [17]. All this
together provides a higher rate of bone formation in comparison with other inorganic
bioceramic materials such as hydroxyapatite [18]. However, despite all the evident
advantages, Bioglass 4555 also has some disadvantages [19]: a relatively fast rate of
dissolution and resorption, which negatively affects the balance of natural bone tissue
remodeling and, in some cases, can lead to the formation of a gap between a tissue and an
implant material; low strength characteristics; cytotoxic effect caused by sodium leached
into a culture medium.

When obtaining glass-ceramic materials based on Bioglass 4555 and hydroxyapatite
compositions, the possibility exists to eliminate some disadvantages of each material.
Studies have been carried out on such composites [20-26], which found that glass-ceramic
materials based on Bioglass 4555 and hydroxyapatite show excellent results in vitro tests.
Nevertheless, it should be noted that the approaches to obtaining Bioglass 4555, both in
the considered works and in general, are based on a traditional method —melt quenching
[20,23] or a sol-gel [27]. These approaches are economically costly and multi-stage, and
current trends in manufacturing functional materials for medical purposes require
innovative approaches to obtaining efficient and affordable biomaterials.

Application of an aqueous solution of sodium silicate (Na2O - nSiO2) as a binder in
the creation of biocompatible ceramic materials based on synthetic calcium phosphate
powders in the Na20-CaO-5iO2-P20s system makes it possible to correspond both the
base requirements and modern trends. An aqueous solution of sodium silicate is a highly
alkaline solution, manufactured by GOST 13078-81 [28], characterized by a silicate
modulus—“n” (the molar ratio of silicon oxide to sodium oxide) and having extensive
variations of chemical composition by the silicate modulus. Aqueous solutions of sodium
silicates with a silicate modulus # < 3.5 have good wettability, while the wetting time can
be different and largely depend on the viscosity of the solution [29]. These materials are
cheap, non-flammable, and available for use in greater volume. Aqueous solutions of
sodium silicate are mainly used in the construction industry [30], but their potential is
greatly underestimated because sodium silicate solutions can be used in medical materials
science. It is noted in [31] that the formation of an apatite layer is observed on sodium
silicate glass in SBF tests, and in [32], sodium metasilicate was used as a source of silicate
groups to obtain silicon-substituted hydroxyapatite (5i-HA) materials.

Hence, the purpose of the current work consisted of obtaining ceramics in the Na2O-
CaO-5i02-P20s system from pre-ceramic blanks formed from highly concentrated
suspensions (pastes) based on synthetic calcium phosphate (hydroxyapatite) and aqueous
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solution of sodium silicate; and determination the potential of an alternative approach to
obtaining biocompatible phases and thus bioceramics.

2. Materials and Methods
2.1. Paste Preparation in the Na:O-CaO-SiO2-P20s System

In this work, pastes were obtained, comprising a dispersion medium —an aqueous
solution of sodium silicate (GOST 13078-81, JSC “Salavatsteklo”), and a dispersed phase—
calcium phosphate powders, in particular, hydroxyapatite Caio(POs)s(OH)2 (CAS Ne 1306-
06-5, purum.p.a. = 96%, Riedel-de Haen, SigmaAldrich Laborchemikalien, 04238, Lot
70080, Seelze, Germany).

The mass percentage of oxides Na20, SiOz, and H20 in the initial aqueous solution of
sodium silicate (SSaq), possessing a density p = 1.48 g/cm?® and a silicate modulus
n(5i02/Na20) = 2.87, were calculated in accordance with the methodology set out in GOST
13078-81 [28]. It was equal to w (Na20) = 11.05 wt.%, w (5iO2) = 30.7 wt.% and w (H20) =
58.25 wt.% respectively.

The initial reagents were taken in the molar ratio (NazO - 2.875102)aq/Ca10(PO4)s(OH)2
= 3:1 (SSag/HA) (volumetric load is 22%) so that when these are mixed in an agate mortar,
homogeneous plastic molding masses were obtained while maintaining the fluidity of
them.

2.2. Preparation of Pre-Ceramic Samples in the Na20O-CaO-SiOz-P205 System

The prepared pastes were placed into silicone molds 30 x 10 x 10 mm in size and kept
in the air for 24 h at room temperature. The molded pre-ceramic samples were demolded
after a day and heat-treated at 60 °C for 24 h to remove residual moisture. All pre-ceramic
samples, after demolded, kept their gained shape.

2.3. Preparation of Ceramic Samples in the Na20-CaO-5i0:-P205 System

Pre-ceramic samples obtained after molding were heat-treated in the air in a furnace
at 500 °C, 700 °C, 900 °C, and 1100 °C with exposure for 2 h; the heating rate of the furnace
was 5 °C/min; samples were cooled in the furnace.

2.4. Morphological and Structural Characterization
2.4.1. Structural Characterization

The phase composition of pre-ceramic samples resulting from molding into silicone
mold and after heat treatment at 60 °C for a day, as well as ceramic samples after firing at
specified temperatures, was investigated by X-ray powder diffraction (XRD) with 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, CuKa radiation (A
=1.5406 A). The phases were determined using the ICDD PDE-2 database [33].

Pre-ceramic and ceramic samples were investigated by scanning electron microscopy
(SEM) on an electron microscope LEO SUPRA 50VP (Carl Zeiss, Jena, Germany; auto-
emission source). The investigation was performed at an accelerating voltage of 20 kV
(SE2 detector). The samples were pre-coated with a layer of chromium (up to 20 nm).

Particle size distribution of a commercial HA was investigated by Laser-Particle-
Sizer ANALYSETTE-22 MicroTec plus (Fritsch, Idar-Oberstein, Germany).

2.4.2. Thermogravimetric and Mass Spectrometric Analysis

Pre-ceramic samples were investigated by thermal analysis (TA), which was
performed on a NETZSCH STA 409 PC Luxx simultaneous thermal analyzer (NETZSCH,
Selb, Germany) in the air at a heating rate of 10 °C/min. The sample mass was at least 10
mg, and the temperature range was 40-1000 °C. The composition of the gas phase formed
upon decomposition of the samples was determined using a quadrupole mass
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spectrometer QMS 403C Aéolos (NETZSCH, Selb, Germany) combined with a thermal
analyzer NETZSCH STA 409 PC Luxx. The mass spectrum (MS) was recorded for the
following m/Z value: 18 (H20).

2.4.3. Determination of the Strength Properties

The bending and compressive strengths of the obtained ceramics after heat treatment
of the pre-ceramic samples size of 30 x 10 x 10 mm molded from pastes based on the
aqueous solution of sodium silicate (Na:O - 2.875i02)aq and hydroxyapatite
Ca(POs)s(OH)2 in the molar ratio (Na2O - 2.875i02)aq/Caio(POs)s(OH). = 3:1 were
determined using the universal testing machine of the 130 FM PW 500 (VEB Thuringer
Industriewerk Rauenstein, Germany) and PGM-100MG4 (OOO “Special Design Bureau
Stroypribor”, Chelyabinsk, Russian Federation).

3. Results and Discussion

According to the XRD data (Figure 1a) and the SEM data (Figure 2), pre-ceramic
samples obtained from pastes after their air drying in molds and subsequent heat
treatment at 60 °C for 24 h after demolding consisted of only HA phase Caio(PO4)s(OH)2
(PDF 9-432). It is prompting suggestions that there is no reaction between HA and SS.q at
the stage of molding, solidification, and drying. Despite the XRD and SEM data, the
techniques applied do not allow us to conclude anything about surface reactions. In
addition, the XRD pattern in Figure 1 demonstrates indistinct peaks of the HA phase. It is
due to the presence of the SSaq phase (Na:O - 2.875i02) that is X-ray amorphous (Figure
1b) and, consequently, contributes to X-ray analysis because its content is more than the
HA phase (the molar ratio (NazO - 2.875i02)aq/Caio(PO1)s(OH)2 = 3:1).
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Figure 1. XRD pattern of the pre-ceramic samples obtained from pastes after their air drying in

molds and subsequent heat treatment at 60 °C for 24 h: *—Caio(POs)s(OH)2 (PDF card 9-432) (a).
XRD pattern of the aqueous solution of sodium silicate after 60 °C with exposure of 24 h (b).

The SEM data of pre-ceramic samples show that the particles of HA powder (Figure
2a) after mixing with SSaq and air drying are bounded to each other by a curable mass—
amorphous hydrated sodium silicate (Figure 2b). The particle size distribution of a
commercial HA is illustrated in Figure 2c. A high level of the specific surface area of HA
powder leads to a small count of powder for obtaining homogeneous plastic molding
masses with an aqueous solution of sodium silicate while maintaining their fluidity.
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Hence, as can be expected that, with an increase in the particle size of the calcium
phosphate powder, the amount of an aqueous solution of sodium silicate will be required
less for bonding particles of a powder to each other and obtaining plastic molding masses.
In addition, according to Figure 2, an aqueous solution of sodium silicate with a silicate
modulus n(Si02/Na:0) = 2.87 well-wet HA powder. It leads to good adhesion in the
hardened state. Following the literature [29], most such hardened compositions on an
aqueous solution of sodium silicate fracture cohesively or by a mixed mechanism. It also
was marked that composition of HA—SS.q with the molar ratio (Na:O
2.875102)aq/Caio(POs)s(OH)2 = 3:1 demonstrates good molding properties. The suspensions
were shown well cast into silicon molds in size 30x10x10 mm with shape preservation
after drying (Figure 2d). In prospect, suspensions based on an aqueous solution of sodium
silicate with calcium phosphate filler can be used as an extruded material for additive
technology, which will be considered in future works. After molding and drying, the
volumetric shrinkage of the pre-ceramic samples did not exceed 15%. It depends on the
content of SSaq in composition: the more SSaq content, the more volumetric shrinkage of
the samples due to the present water in SSaq.
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Figure 2. SEM images of the hydroxyapatite powder before (a) and after mixing with the aqueous
solution of sodium silicate and drying at 60 °C for 24 h (b). Particle size distribution of commercial
hydroxyapatite (SigmaAldrich) (c). Image of the pre-ceramic sample based on the hydroxyapatite
powder and the aqueous solution of sodium silicate after demolded and drying at 60 °C for 24 h (d).
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Thermal analysis of the sample after drying in the air for 24 h at room temperature
based on commercial HA and SSaq is shown in Figure 3a. The total mass loss of the sample,
when heated from 40 °C to 1000 °C, was about = 14%.
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Figure 3. Thermal analysis data (a) and Mass spectrum for evolving gas with m/Z (H20) =18 (b) of
the sample after drying in the air for 24 h at room temperature based on the hydroxyapatite powder
and the aqueous solution of sodium silicate.

The mass spectrometry data (Figure 3b) show that the thermal decomposition of the
sample is accompanied by the loss of both physically bound water with a maximum of 65
°C and chemically bound water at 200 °C. According to [29], while the temperature rises,
the viscosity of a pure aqueous solution of sodium silicate will increase due to the
evaporation of moisture, and it makes harden when the water content decrease to 20-30
wt.%. Continuing to heat hydrated sodium silicate above 100-200 °C (depending on the
silicate modulus and viscosity) mass loss rate will gradually decrease and turn to zero at
about 600 °C when the hydrated forms of silica are completely lost water.
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All the above almost can be wholly attributed to the SSi-HA system (Na2O -
2.875i02)aq/Caio(POs)s(OH)2. It was suggested earlier in the current work that chemical
interaction between SS.q and HA does not occur during molding, solidification, and
drying. Plus, the SSaq contains about 58 wt.% water in its composition (w (H20) = 58.25
wt.%), and the molar ratio of SSaq to HA (Na20 - 2.875i02)aq/Cai0(PO4)s(OH)2 = 3:1. Hence,
the base mass loss is due to water loss. Following thermal analysis, this water loss occurs
smoothly throughout the entire temperature range from 40 °C to 1000 °C, with amaximum
intensity between 40-600 °C. That is consistent with the literature data. Nevertheless,
following Figure 3, little mass loss equal to 0.7% exists in the temperature range of 600-
1000 °C. It may be related to the presence of interaction products with carbonic acid in
compositions during hardening following literature data [34] and their decomposition.

According to [35], after the loss of constitutional water, polymerization of hydrated
sodium silicate is observed with the generation of a stable silicon-oxygen framework
through covalent-ionic bonds. The modifier cations (Na*) interaction with the framework
is mainly Coulomb. Thus, it can be assumed that at a temperature of about 500 °C, when
there is almost no water, chemical interactions between sodium silicate and
hydroxyapatite will occur in the composition (Na2O - 2.875i0z2)/Cai0(POs)s(OH)2. That is
confirmed by the data of X-ray analysis of fired pre-ceramic samples (Figure 4).

T=1100°C

T =900°C

T =700°C -

T =500°C %)

20, deg

Figure 4. XRD patterns of the ceramic samples obtained from pre-ceramic samples based on the
hydroxyapatite powder and the aqueous solution of sodium silicate after heat treatment at 500, 700,
900 and 1100 °C: *—Ca1o(PO4)s(OH)2, PDF [9-432]; p—NaCaPO4, PDF [29-1193]; V —
Na:zCas(P04)28i0s, PDF [32-1053]; n— Na2Ca3SisO1s, PDF [23-671]; m —CaSiOs, PDF [27-88];
s—SiO2, PDF [29-85].

According to the XRD data, the ceramic samples obtained from pre-ceramic samples
based on HA Caio(PO4)6(OH)2 and SSaq (Na20 - 2.875i02)aq, after heat treatment at 500 °C
and 700 °C, contained the following phases: non-reacted hydroxyapatite (Caio(POs)s(OH)z,
PDF [9-432]), p-rhenanite (B-NaCaPOs, PDF [29-1193]) and sodium calcium
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silicophosphate (Na2Cas(POa4):5i104, PDF [32-1053]). After heat treatment at 900 °C and
1100 °C, the phase composition of ceramics was represented by devitrite (Na2CasSicOzs,
PDF [23-671]), B-rhenanite (3-NaCaPO., PDF [29-1193]), 3-wollastonite ([3-CaSiOs, PDF
[27-88]) and silicon dioxide (SiO2, PDF [29-85]) (Table 1).

Table 1. Phase composition of pre-ceramic and ceramic samples.

Pre-Ceramic 500 °C 700 °C 900 °C 1100 °C
Cai10(PO4)s(OH)2
Non-identified Cai0(PO4)s(OH)2 Ca1o(POs)s(OH)2
phase of Na2Cas(PO4)25104 Na2Cas(PO4)25iOx4
hydrated Na2O - 3-NaCaPOs [p-NaCaPOu
2.875i02

B-NaCaPOs -NaCaPOs4
Naz2CasSicO16 Naz2CasSi6O16
[-CaSiOs [-CaSiOs
SiO:2 SiO2

Chemical interactions between sodium silicate and hydroxyapatite can occur in
ceramic samples already at 500 °C, which leads to obtaining sodium calcium
silicophosphate phase Na2Cas(PO4)25i0s. It crystallizes in the NaCaPOs—Ca25iOs system
with a glaserite-type structure [36]. It should be noted that, as a rule, it is rather laborious
to obtain the Na2Cas(PO4)25i04 phase in its pure form, and, in most cases, that is formed
as a secondary phase. Thus, in work [37] during the sintering of hydroxyapatite with
bioglass composition (in mol %): 52.6 SiO2, 25.8 Na20, 13.1 CaO, 4.7 P20s, 0.5 AL20s, 3.3
B20s, in the ratio of HA-bioglass equal HA 50 wt.% —bioglass 50 wt.%, it was established
that, at 800°C, the presence of both Caio(PO4)¢(OH)2 and Na2Cas(PO4)2SiOs phases were
observed, and at 900 °C—Na2Ca4(PO4)25i0s+ and 3-CaSiOs. Moreover, at 900 °C, no HA
was present in the material, indicating a complete reaction. The formation of the
Na2Cas(PO4)25i0s phase as a second phase is also quite often observed during the
crystallization of Bioglass 4555. Thus, in work [38], the following compounds were
obtained: NasCasSisO1s (primary) and Na2Cas(PO4)2SiOs4 (secondary) during crystallization
of Bioglass 4555 in the temperature range of 950-1025 °C. According to the literature data
[39,40], such composites are biologically active: they form a surface layer of calcium
phosphate in vitro and can directly bind to bone in vivo tests.

Rhenanite NaCaPO:s is a biocompatible phase well-considered in works [41-43]. It is
used to produce resorbable inorganic composites [43] for regenerative medicine.
Rhenanite can be obtained both in the pure form [44] and by devitrification of bioglasses
[45] as a secondary phase.

Further increase in temperature to 900 °C and 1100 °C made it possible to obtain [3-
wollastonite $-CaSiOs, devitrite Na2CasSisO1s, and silicon dioxide SiO: phases. The
absence of hydroxyapatite in composition indicates that the HA completely reacted with
sodium silicate. Ceramics based on (-wollastonite -CaSiOs has long been known as an
osteoconductive material; therefore, chemical reactions on its surface when it is integrated
into a bone tissue defect are well investigated in the literature [46,47].

Devitrite Na2CasSi6O16 belongs to the main elements of Bioglass 45S5; therefore, its
presence in the product of a bioglass crystallization is quite much. Thus, devitrite
NazCasSisO1s is formed together with the combeite Na2Ca2SisOy crystalline phase during
Bioglass 45S5 crystallization at 600 °C [48]. In work [49], together with [3-wollastonite {3-
CaSiOs, devitrite Na2CasSisO1s was obtained as a result of glass crystallization at 870 °C
and 1000 °C, which were prepared by melting a mixture of high purity silica oxides (S5iOz),
carbonates from eggshell (CaCOs), and sodium carbonate (NaCOs) at 1500 °C for 1 hour
and then quenched in the air. In vitro studies show the bioactivity of composites
containing the devitrite phase Na2CasSisO16 [48-50].

A human body cannot do without silicon and its compounds. In the early stages of
osteogenesis, the high content of silicon in a new bone allows an increase in the degree of
calcification, while a deficiency of silicon may be a cause of bone distortion [51]. The works
[52,53] illustrated silicon dioxide is a biocompatible inorganic material widely used in
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medicine. In work [54], an animal experiment has shown that silicon is increased the rate
of bone mineralization and calcification, similarly to vitamin D [55,56].

It is worth noting that the sodium calcium silicate crystalline phases considered
above were obtained in the above research by devitrification compositions based on
Bioglass 45S5 and their like. In studies, the bioglasses were obtained either by the
traditional method —melt quenching or by a sol-gel. Both methods are energy-intensive,
and the whole process of manufacturing sodium calcium silicate crystalline phases is quite
laborious.

This paper is considered an alternative and simple enough method for obtaining
ceramic materials from pre-ceramic blanks based on an aqueous solution of sodium
silicate and a calcium phosphate powder. The ceramic materials considered in the current
work, after heat treatment at 500 °C, 700 °C, 900 °C, and 1100 °C, consist of biocompatible
phases studied in the literature. It, in turn, confirms the possibility of obtaining
bioceramics based on an aqueous solution of sodium silicate and calcium phosphate filler.
For providing good biocompatibility properties of the material, both in vitro and in vivo
tests, the defined phase composition of bioceramics should be manufactured by varying
the ratio of the initial reagents SS.q and HA, replacing HA with another calcium phosphate
filler, or adding corrective components.

Micrographs of ceramics obtained from pre-ceramic samples based on
Ca1(POs)s(OH)2 and Na20 - 2.87Si0: after heat treatment at 700 °C and 1100 °C are
presented in Figure 5.

(b)

Figure 5. SEM images of the ceramic samples obtained from pre-ceramic samples based on the
hydroxyapatite powder and the aqueous solution of sodium silicate after heat treatment at 700 °C
(a) and 1100 °C (b).

Following SEM data, the morphology of ceramic samples after heat treatment at 700
°C and 1100 °C (Figure 5a,b) differs from the morphology of pre-ceramic samples (Figure
2b). At 700 °C, a granular structure was observed with an average particle size of 150-250
nm. After heat treatment of a pre-ceramic sample at 1100 °C, the average grain size in a
ceramic increased to 250-650 nm, and sintering was observed.

Pre-ceramic samples before firing consist of only two phases: HA and X-ray
amorphous SSaq. It is suggested the phase of X-ray amorphous SSa, when heated,
gradually softens and becomes viscous melt. Hence, chemical interaction may occur
between melt and filler particles of HA and proceed predominantly through the liquid
phase sintering mechanism in the earlier stages. Since fine particles of the sintering
material are more soluble in the melt than large ones, then the interaction of the melt with
particles of a solid phase leads to their redistribution in size, which is expressed in the
coarsening of the average grain sizes of a solid phase. With the rising temperature, the
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chemical interaction mechanism may change as new compounds are formed. However,
in the current work, it was considered only an approach to obtaining bioceramics based
on an aqueous solution of sodium silicate and hydroxyapatite without exploring the
sintering mechanism.

The mechanical characteristics of the obtained ceramics from pre-ceramic samples
after firing at different temperatures are shown in Figure 6a. With increasing temperature,
slight growth in bending strength is observed from 7.0 MPa at 500 °C to 9.5 MPa at 1100
°C. At the same time, the compressive strength increases exponentially from 7.2 MPa at
500 °C to 31.6 MPa at 1100 °C. While the mechanical resistance increased, the apparent
density decreased (Figure 6b). The top of the compressive strength was observed when
the apparent density was 1.15 g/cm?. Such a set of compressive resistance and apparent
density may be associated with the phase composition formation as the temperature
increases. At 500 °C, chemical interaction between hydrated sodium silicate and
hydroxyapatite begins (Figure 4) with the development of new phases. At 1100 °C, the
phase formation process presumably ends, which explains the increase in compressive
strength. The amount of the apparent density may also depend on the evaporation of
water that leads to the rise of porosity with increasing temperature.
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Figure 6. Compressive and bending strengths of the ceramics obtained from pre-ceramic samples
based on the hydroxyapatite powder and the aqueous solution of sodium silicate (a) and apparent
density of ceramics (b) after heat treatment at 500, 700, 900 and 1100 °C.

4. Conclusions

The work demonstrates an alternative method for obtaining a ceramic material in the
Na20-CaO-5i02-P205 system using an aqueous solution of sodium silicate and calcium
phosphate filler —hydroxyapatite. The ceramics obtained from pre-ceramic samples after
heat treatment at 500, 700, 900, and 1100 °C included the biocompatible phases
investigated in the literature. Biocompatible compounds presented in ceramics confirm
the possibility of using an aqueous solution of sodium silicate in medical materials
science. That approach to manufacturing bioceramics in the Na20-CaO-5i02-P20s system
does not require producing bioglass by melt quenching or sol-gel followed by crushing
and grinding to particle sizes of the order of 60 microns to obtain glass ceramics. Opposite,
the new approach makes it possible to obtain a ceramic material immediately after firing
hardened pastes based on an aqueous solution of sodium silicate and calcium phosphate
powder.
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