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Abstract

:

Synthesis from mixed-anionic aqueous solutions is a novel approach to obtain active powders for bioceramics production in the CaO-SiO2-P2O5-Na2O system. In this work, powders were prepared using precipitation from aqueous solutions of the following precursors: Ca(NO3)2 and Na2HPO4 (CaP); Ca(NO3)2 and Na2SiO3 (CaSi); and Ca(NO3)2, Na2HPO4 and Na2SiO3 (CaPSi). Phase composition of the CaP powder included brushite CaHPO4‧2H2O and the CaSi powder included calcium silicate hydrate. Phase composition of the CaPSi powder consisted of the amorphous phase (presumably containing hydrated quasi-amorphous calcium phosphate and calcium silicate phase). All synthesized powders contained NaNO3 as a by-product. The total weight loss after heating up to 1000 °C for the CaP sample—28.3%, for the CaSi sample—38.8% and for the CaPSi sample was 29%. Phase composition of the ceramic samples after the heat treatment at 1000 °C based on the CaP powder contained β-NaCaPO4 and β-Ca2P2O7, the ceramic samples based on the CaSi powder contained α-CaSiO3 and Na2Ca2Si2O7, while the ceramics obtained from the CaPSi powder contained sodium rhenanite β-NaCaPO4, wollastonite α-CaSiO3 and Na3Ca6(PO4)5. The densest ceramic sample was obtained in CaO-SiO2-P2O5-Na2O system at 900 °C from the CaP powder (ρ = 2.53 g/cm3), while the other samples had densities of 0.93 g/cm3 (CaSi) and 1.22 (CaPSi) at the same temperature. The ceramics prepared in this system contain biocompatible and bioresorbable phases, and can be recommended for use in medicine for bone-defect treatment.
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1. Introduction


Modern science faces a problem of increasing levels of bone diseases, traumas and cancers. Thereby, the development of bone repair orthopedic approaches as well as enhancement of implemented biomaterials is crucial [1,2]. Bone tissues possess a great regenerative potential and suitable biomaterials are required to support natural regeneration process [3,4,5,6]. One of the crucial processes of native bone forming is angiogenesis [7], which is vital for bone healing [8]. The most commonly used biomaterials in the field of bone tissue engineering are polymers [9,10,11], composites [12], as well as glass and ceramics, obtained in systems containing calcium phosphates and silicates [13,14,15,16]. Such materials are also required to provide a sufficient mechanical support and appropriate environment for cell attachment, proliferation, and differentiation [17,18].



Among the first steps in this area were materials in the Na2O-CaO-SiO2-P2O5 system, suggested by L. L. Hench [19]. This study marked the beginning of calcium-sodium phosphate-silicate glass-ceramics development as well as application of such materials in bone implant production. L.L. Hench et al. [20] demonstrated that synthesized surface-active bioglass-ceramics can be used in vivo without inflammation.



Materials synthesized in the considered system tend to be osteoinductive, since the presence of Si-containing ions is suggested to stimulate the proliferation of human aortic endothelial cells as well as to support the expression of genes encoding the proangiogenic downstream cytokines [21], which is necessary for successful angiogenesis processes [22].



A special part of the Na2O-CaO-SiO2-P2O5 system is the CaO-SiO2 system, in which two congruently melting compounds, Ca2SiO4 and CaSiO3 (wollastonite), and two incongruently melting compounds, Ca3SiO5 (stable from 1250 to 2050 °C), and Ca3Si2O7 (stable from low temperature to 1464 °C), can be obtained [23]. Congruently melting compounds are more promising for bone tissue engineering: for example, 3D-printed β-Ca2SiO4 scaffolds sintered at a higher temperature stimulated the adhesion, proliferation, ALP activity, and osteogenic-related gene expression of rBMSCs [24]. CaSiO3 ceramics have been extensively researched as biomaterial to replace other materials due to their superior biological activity, for example, compared to hydroxyapatite (HA) [25] showing their potential prospects in in vivo trials [26]. In addition, calcium silicate ceramics can be used for skin healing and cartage regeneration [27]. In [28], silicate ceramics are obtained by solid-phase synthesis from a mixture of powders.



In the CaO-P2O5, which is a part of the Na2O-CaO-SiO2-P2O5 system, the following biocompatible and bioresorbable phases of tricalcium phosphate (Ca3(PO4)2) and calcium pyrophosphate (Ca2P2O7) [29] can be obtained.



In Na2O-CaO-P2O5 sodium-substituted tricalcium phosphate Ca10Na(PO4)7, sodium rhenanite β-NaCaPO4, mixed sodium-calcium pyrophosphate (CaNa2P2O7) [29] and mixed sodium-calcium phosphate (Na3Ca6(PO4)5) can be obtained.



In the CaO-SiO2-P2O5, as a part of the Na2O-CaO-SiO2-P2O5 system, two main phases can be obtained: silicocarnotite (Ca5(PO4)2SiO4), with a structure type carnotite and a wide range of solid solutions [30,31], and nagelshmidtite (Ca7Si2P2O16) [32]. Both phases provide satisfactory biocompatibility. The addition of sodium to this system leads to the appearance of Na2Ca2Si3O9 and Na2CaSi3O8 after the sintering of material above 600 °C [33].



There are several approaches for obtaining ceramics or glass-ceramics in the CaO-SiO2-P2O5-Na2O system. First of all, the samples can be obtained in the form of glasses with subsequent crystallization during the heat treatment at an appropriate temperature [34]; nevertheless, this method has final phase composition limitations. In this case, the bioactive glass decomposition occurs, which leads to the appearance of additional crystalline phases. The composition of this phases directly depends on the composition of the initial mixture. For example, using the mixture of the initial components with the ratio of SiO2:NaO2:CaO = 41.8:26.7:31.5 (mol) makes it possible to obtain the Na2Ca2Si2O7 phase [35]. This phase was also synthesized in [36] from the mixture of reagent grade Na2CO3, CaO, bovine bone (P2O5 source), and rice husk (SiO2 source), as additional to the Na6Ca3Si6O18 main phase. Nevertheless, the sample containing this phase showed good results in mechanical properties and in in vitro tests.



Another approach to obtain ceramics in the considered CaO-SiO2-P2O5-Na2O system is based on the use of hydroxyapatite or tricalcium phosphate powders as a filler and an aqueous solution of sodium silicate as a binder [37]. This method leads to the formation of two main phases, which are β-rhenanite (β-NaCaPO4) and sodium calcium phosphate (Na3Ca6(PO4)5) after heat treatment. These phases are biocompatible and are used for the restoration of bone-tissue defects [38,39].



It is also possible to prepare ceramic materials using intermediate phases precipitated from the solution (such as hydroxyapatite and amorphous sodium silicate), which can be converted into final phases (sodium rhenanite, calcium-sodium silicate, and wollastonite) during the heat treatment process [37,40].



In addition, it is possible to print scaffolds from a composite of calcium phosphate powders and 45S5 Bioglass using a cementation reaction during printing [41,42]. In [42], calcium hydrogen phosphate dihydrate (CaHPO4⸱2H2O) was formed as a result of the cementing reaction. And the final phase composition of material after the heat treatment at 1000 °C contained sodium rhenanite (NaCaPO4) and wollastonite (CaSiO3).



Ceramics in the CaO-SiO2-P2O5-Na2O system can be obtained from powders synthesized from solutions. To obtain such ceramics, active powders with a highly homogeneous distribution of components are required. Amorphous powders synthesized from mixed-anionic solutions have the necessary homogeneity.



There are some examples of powders synthesized from mix-anionic HPO4/P2O7 [43] P2O7/CO3 [44], HPO4/CO3 [45,46], or mix-cationic K/Na [47] aqueous solutions with appropriate homogeneity that were used for the ceramic materials preparation. Preservation of reaction by-product as a component of the powder mixture also can be used as a method of preparation of powder mixtures with high homogeneity [25,48,49].



However, an approach involving synthesis from mixed-anionic solutions is more interesting, since this method leads to a more homogeneous distribution of components in the powder mixture [43,44,45,46]. In addition, a chemical approach to the synthesis of mixed-anionic powders makes it possible to obtain more dispersed powders with a larger specific surface area, which are more active, and the sintering process is more effective [48,49]. Additionally, the by-product of the synthesis from mixed-anionic solutions can be kept in the composition to form melts and promote the formation of new phases [48,49]. Thereby, this method can be the most promising approach to obtain ceramics in the CaO-SiO2-P2O5-Na2O system.



Thus, the aim of the present work consisted in the synthesis of powder, which contains precursors of calcium phosphate and silicate high-temperature phases, as well as the reaction by-product from the mixed-anionic solution, for preparation of composite ceramics in Na2O-CaO-SiO2-P2O5 system. The obtained powder mixture was implemented as a powder precursor with homogeneous distribution of the components for production of the composite material, while the by-product of synthesis was used both as a participant of the heterogeneous reactions and as a sintering aid.




2. Materials and Methods


2.1. Materials


Powders of calcium nitrate tetrahydrate Ca(NO3)2·4H2O (CAS no. 13477-34-4, ACS reagent, Sigma-Aldrich, Mumbai, India), sodium metasilicate pentahydrate Na2SiO3·5H2O (CAS no. 10213-79-3, RusKhim, Moscow, Russia), and sodium phosphate dibasic (CAS no. 7558-79-4, BioXtra, Sigma-Aldrich, Gillingham, UK) were used for powder mixture preparation.




2.2. Synthesis of Powders


The synthesis of powders was carried out using the Na2SiO3, Ca(NO3)2, Na2HPO4 (Table 1) according to the equations:


Ca(NO3)2 + Na2HPO4 + 2H2O → CaHPO4‧2H2O + 2 NaNO3



(1)






2 Ca(NO3)2 + Na2HPO4 + Na2SiO3 + xH2O → CaHPO4‧2H2O + CaSiO3‧xH2O + 4 NaNO3



(2)






Ca(NO3)2 + Na2SiO3 + xH2O → CaSiO3‧xH2O + 2 NaNO3



(3)







The starting salts were dissolved in distilled water at a concentration of 0.5 M, then the calcium salt solution was slowly added to the sodium salt solution in the volume ratios corresponding to the reactions (1–3), and the suspension was stirred for 1 h. The synthesis was carried out at a temperature of 37 °C. Then, the precipitate was filtered using a vacuum filter and evenly distributed over a large surface area and left to dry for 1 week.



Further, the obtained powders were disaggregated in acetone medium using a planetary ball mill (Fritch Pulverisette, Bavaria, Germany) for 10 min in zirconia containers with grinding ZrO2-media (mpowder:mballs = 1:5). After that, when the acetone was completely removed each of the powders was sieved through a polyester sieve with a mesh size of 200 μm.




2.3. Preparation of Ceramic Samples


The obtained samples were pressed into the form of simple disks by uniaxial one-sided pressing on a manual press (Carver Laboratory Press model C, Fred S. Carver, Inc., Wabash, IN, USA) using steel die with a diameter of 12 mm. Pressing was carried out at a pressure of 100 MPa for 10 s.



The pressed samples in the form of disks were fired at 800, 900 and 1000 °C. Additionally, the powders were fired at 400 and 600 °C to control the phase transformations. Heating in the furnace was carried out at a speed of 5 °C/min. The holding time at these temperatures was 2 h. The heat treatment of the samples was carried out in order to study the effect of high temperatures on the initial composition, as well as to determine the mass losses and determine the thermal behavior of the materials in the temperature range mentioned. The linear shrinkage and density of the samples after the heat treatment were also calculated.




2.4. Methods of Analysis


The linear shrinkage after the heat treatment and the density of the samples before and after the heat treatment were calculated using Equations (4) and (5), respectively.


ΔDrel = (D0 − D)/D0 × 100, %,



(4)




where:



ΔDrel—linear shrinkage of the sample after the heat treatment, %;



D—diameter of the sample after the heat treatment, cm;



D0—diameter of the sample after pressing, cm.


ρ = m/(h × πD2/4), g/cm3,



(5)




where:



ρ—density of the sample, g/cm3;



m—weight of the sample, g;



h—thickness of the sample, cm;



D—diameter of the sample, cm.



The mass and the linear dimensions of the samples were measured with accuracy of ±0.001 g and ±0.01 mm, respectively, before and after the heat treatment.



Thermal analysis (TA) including thermogrvimetry (TG) and differential thermal analysis (DTA) was performed using an STA 409 PC Luxx thermal analyzer (NETZSCH, Selb, Germany) during heating in air (10 °C/min, 40–1000 °C), the specimen mass being at least 10 mg. The gas-phase composition was monitored by a Netzsch QMS 403C Aëolos quadrupole mass spectrometer (NETZSCH, Selb, Germany) coupled with a Netzsch STA 409 PC Luxx thermal analyzer (NETZSCH, Selb, Germany). The mass spectra were registered for the following m/Z values: 18 (H2O); 30 (NO).



The phase composition of the powders obtained after the synthesis was determined by X-ray powder diffraction (XRD) analysis using Rigaku D/Max-2500 diffractometer (Rigaku Corporation, Tokyo, Japan) with a rotating anode (Cu–Ka radiation), angle interval 2Ѳ: from 2° to 70° (step 2Ѳ − 0.02°). XRD analysis of the ceramic composition was also implemented using a Rigaku Miniflex 600 diffractometer (CuKα radiation, Kβ filter, and D/teX Ultra detector) in Bragg–Brentano geometry (Rigaku Corporation, Tokyo, Japan) with an angle interval 2Ѳ from 3° to 70° (step 2Ѳ − 0.02°). Phase analysis was performed using the ICDD PDF2 database and Match software (version https://www.crystalimpact.com/, 25 December 2022).



Scanning electron microscopy (SEM) images of the synthesized powder and powder mixtures were characterized by SEM on an NVision 40 microscope (Carl Zeiss, Jena, Germany), and SEM images of ceramic samples were taken with Tescan Vega II (Tescan, Brno, Czech Republic) at accelerating voltages from 1 to 20 kV in secondary electron imaging mode (SE2 detector). A chromium/gold layers (≤10 nm in thickness) on the surface of the ceramic sample was applied to the samples (Quorum Technologies spraying plant, Q150T ES, Great Britain, London, UK).





3. Results and Discussion


Table 2 shows weights of the prepared powders after synthesis and drying, weights of by-products calculated from the reactions (1–3) and weights of by-products isolated from the mother liquor by drying. The mass of prepared powders (column 3, Table 2) may include the mass of target minerals and the mass of by-product. In the row of powders CaP, CaPSi, CaSi the weight of the by-product collected from the mother liquor became lower. It was the lowest for CaSi, therefore, the amount of the by-product adsorbed and occluded by powder was the largest. The mass of adsorbed and occluded by-products increases from CaP to CaSi powder. The amount of the isolated reaction by-product apparently can be interpreted as an indirect confirmation of the presence of the largest active surface for CaSi and CaPSi powders. These values can apparently correlate with the surface area, which makes it possible to expect the highest activity for these powders.



According to XRD (Figure S1) the phase composition of by-products of all reactions (1–3) isolated from the mother liquors by drying contained only NaNO3.



The phase composition of all synthesized powders after disaggregation in acetone is presented in Figure 1. It should be noted that XRD patterns for powders after synthesis and after disaggregation were the same for each powder. The phase composition of the synthesized powders after the disaggregation process was not changed.



According to the XRD data (Figure 1), the powder synthesized from Ca(NO3)2 and Na2HPO4 solutions (CaP) after disaggregation contained brushite (dicalcium phosphate dihydrate, CaHPO4‧2H2O), as well as the reaction by-product of sodium nitrate (NaNO3).



According to the XRD analysis (Figure 1), the CaSi powder contained crystalline phases of calcium silicate hydrate (CSH) [50] and NaNO3. Under considered synthesis conditions (37 °C and maturation of precipitates during 1 h in the mother liquors), the formation of well-crystallized calcium silicate hydrates (CSH − Ca1.5SiO3.5‧xH2O [PDF card 33-306]) was not expected, since their formation occurs in the process of high-temperature synthesis under autoclave conditions as it is known from the literature [50]. Low-basic hydrosilicates (Ca/Si = 0.8–1.5) have similar peaks on the X-ray diffraction pattern, and weak-crystallized products have 3–4 peaks, which lead to the ambiguous interpretations of the chemical composition. Peaks with interplanar spacing of 3.02A (29.54°) and 1.81A (50.45°) possibly belong to calcium silicate hydrate (CSH), which has a variable Ca/Si ratio from 0.8 to 1.5. The main peaks of CSH are 29.54, 33.25 and 50.45° [50]. And peaks 29.54, 33.25 of CSH overlaps with sodium nitrate peaks. The formation of tobermorite-like gel is also possible [50]. Amorphous calcium phosphate can be stabilized by the presence of silicate ions, as well as calcium silicate hydrate with a Ca/Si ratio from 0.8 to 1.5 [16].



Apparently, the CaPSi powder contained the only crystalline phase of NaNO3. Other phases in the CaPSi powder were calcium silicate hydrate and amorphous calcium phosphate. Taking into account the presence of an amorphous halo near 30° on the XRD pattern of the CaPSi sample, this sample also possibly contained amorphous calcium phosphate (ACP), which could be effectively stabilized in the amorphous state by the presence of a silicate anion [16].



The morphology of the obtained powders after the synthesis and after the disaggregation process is presented in Figure 2.



Brushite crystallizes in the specific shape of large thin bars (longer than 10 μm) characteristic for brushite, which are observed in Figure 2a. This is consistent with the XRD data for CaP powder. After disaggregation, elongated lamellar particles with a size of 1–2 μm remained (Figure 2b).



Large spheroid aggregates with dimensions 4–8 μm are presented in the SEM images of the CaSi powder sample before and after disaggregation (Figure 2e,f). The dimensions of particles in aggregates before and after disaggregation were not bigger than 50 nm. Apparently, this morphology corresponds to the presence of amorphous calcium silicate hydrate.



The CaPSi sample of synthesized powder is also consisted of aggregates (4–8 μm) of spheroid particles (~50 nm), as it is shown by the SEM image (Figure 2c). These spheroid particles may consist of amorphous phase of both hydrated ACP and calcium silicate hydrate. After disaggregation, the powders contain mesoporous aggregates (2–4 μm) of spherical particles of submicron (~50 nm) size (Figure 2d). Thereby, implementation of synthesis via precipitation from mixed-anion solution (CaPSi sample) leads to the production of powders consisted of submicron particles, which are smaller than those reported in previous studies, where the powders were obtained using another method [51].



According to the TG data, the final mass loss of the CaP powder after heating to 1000 °C was 28.3% (Figure 3a). At the first stage (up to 160 °C), there was a gradual decomposition of structurally unbonded water, accompanied by a slight endoeffect. At the next stage (up to 200 °C), the transition of brushite to monetite (DCPD → DCPA (dicalcium phosphate anhydrous)) occurred, accompanied by a significant endoeffect with a maximum at 190 °C (Figure 3b). The further process is the transformation of monetite to γ-pyrophosphate (DCPA → γ-CPP), generally takes place at 400 °C. But the process of transformation of DCPA to CPP in powder CaP under investigation tooks place at lower temperature. The mass loss takes place with an endoeffect at 295 °C (Figure 3b). This endoeffect may also be associated with the melting of sodium nitrate (melting point – 308 °C). So, we can state that the presence of monetite can make the melting point of sodium nitrate lower and consequently the presence of the melt of sodium nitrate leads to the thermal transformation (DCPA → CPP) at lower temperature. According to XRD data (Figure 4,a, Table 3) after heart treatment at 400 °C the phase composition of CaP powder included β-Ca2P2O7 and NaNO3. So, the transition of the γ-phase to the β-phase (γ-CPP → β-CPP) also was facilitated and made a contribution in the appearance of endoeffect in interval 250–350 °C. The next step of mass loss with endoeffect at 503 °C can be explained by sodium rhenanite formation from calcium pyrophosphate and sodium nitrate as it was confirmed by XRD data for powder CaP after heat treatment at 600 °C (Figure 4a, Table 3). The maximum endoeffect at the temperature of 503 °C corresponds to the maximum at 500 °C in interval 400–560 °C at mass-spectroscopy graph (Figure S2) by NO ion current (NO (M = 30) release) and the formation of the sodium rhenanite phase according to the formal reaction (6), which is not reflect the complicity of the thermal decomposition of nitrates.


Ca2P2O7 + 2NaNO3 → 2NaCaPO4 + N2O5



(6)







For the CaSi sample, the final mass loss after heating to 1000 °C was 38.8% (Figure 3d). The first endoeffect (Figure 3e) at a temperature of 100–120 °C was apparently due to the elimination of structurally unbonded water. The endoeffect at the temperature of 300–310 °C was associated with the melting of sodium nitrate (melting point - 308 °C). Apparently, then there was a gradual crystallization of the amorphous phase with the formation of α-CaSiO3 (wollastonite), including the possible formation of the intermediate tobermarite phase at 400–500 °C, up to 650 °C (with a significant endoeffect on the DSC graph). Confirmation of the gradual formation of wollastonite is presented in Figure 4c. The formation of wollastonite apparently continues up to 800 °C (Table 3). The maximum endoeffect at a temperature of 700 °C can be associated with the complete decomposition of sodium nitrate, which was also observed at the corresponding mass-spectroscopy graphs (Figure S2) by NO ion current (NO (M = 30) release) and the formation of the Na2Ca2Si2O7 phase (Figure 3f) and the sodium rhenanite phase (Figure 3b,d). The temperature of NO release depends on the composition of the sample. This indirectly indicates the surface area of powder that possibly holds the by-product. Thus, CaSi has the largest surface area, the maximum content of the by-product (Table 2) and a higher temperature, which is required to detach the nitrate. The ratio of intensity values of ion current for m/Z = 30 (NO) also indicates an increase in the content of sodium nitrate in the samples in the series CaP-CaPSi-CaSi (correspondingly 0.70 × 10−12, 1.06 × 10−12, 2.57 × 10−12). The NO release peak for this series shifts to higher temperatures. Thus, the reactivity of CaP powder is higher than that of CaSi powder.



The total mass loss of the CaPSi sample after heating to 1000 °C was 29.0% (Figure 3b). Two steps of mass loss (17% and 12%) can be observed at the TG curve. According to MS data one step is connected with H2O release up to 420 °C. And the second step is observed due to the processes connected with the decomposition of sodium nitrate or with heterphase reactions with sodium nitrate in the interval 450–750 °C. DTA graph (Figure 3c) clearly shows that two significant endoeffects corresponds to these steps of mass loss. According to XRD data for CaPSi sample after heat treatment at 400 and 600 °C hydroxyapatite, sodium nitrate and wollastonite was found. Up to 250 °C, the formation of the hydroxyapatite phase occurs from the amorphous calcium phosphate [52], as well as the beginning of the wollastonite phase forming, which apparently lasts up to 800 °C and also causes a 2% mass change in the temperature range 250–500 °C [25]. After 500 °C, the formation of the Na3Ca6(PO4)5 phase, and the sodium rhenanite (β-NaCaPO4) phase occurs (Figure 3d).



As discussed above, heat treatment of the CaP powder at 600 °C and the ceramic samples at the range of temperatures from 800 to 1000 °C leads to the formation of a two-phase powder and ceramic samples containing calcium pyrophosphate (β-Ca2P2O7) and β-rhenanite (β-NaCaPO4). No other phases were found in the considered quasi-binary system [29].



In the case of the CaSi sample after the thermal treatment at 400 °C, there were no significant changes in phase composition, in comparison with the phase composition before the thermal treatment. After the thermal treatment at 600 °C, the formation of Ca5Si6O16(OH)2 and Na6Ca3Si6O18 occurred. Two-phase composite ceramics including wollastonite (α-CaSiO3) and Na2Ca2Si2O7 (Table 3, Figure 4; ICDD PDF2 database [53]) were also obtained after heat treatment of the CaSi samples at the range from 800 to 1000 °C.



After the heat treatment at 400 °C, the formation of hydroxyapatite and wollastonite occurred for the CaPSi sample. Presence of H2O at high temperature give us an opportunity to guess that hydroxyapatite was formed under hydrothermal conditions. At 600 °C, the formation of hydroxyapatite from the amorphous phase, accompanied with the formation of sodium rhenanite from the amorphous phase and NaNO3, occurred. The heat treatment at 800 °C led to the formation of tetraphasic ceramics, containing sodium rhenanite, hydroxyapatite, wollastonite and the Na3Ca6(PO4)5 phase. The phase composition of the CaPSi ceramic samples after the heat treatment in the range of temperatures from 900 to 1000 °C (Figure 4b, Table 3) remained almost unchanged. These samples after heat treatments at 900 and 1000 °C contained wollastonite (α-CaSiO3), sodium rhenanite (NaCaPO4), and mixed calcium-sodium phosphate (Na3Ca6(PO4)5). Nevertheless, the phase ratios varied depending on the heat treatment temperature. With an increase in the heat treatment temperature the phases tended to become more crystallized. The reflexes of the wollastonite (α-CaSiO3) phase increased in the range of temperatures from 800 to 1000 °C, while the hydroxyapatite phase disappeared. After this temperature, heterophase reactions between hydroxyapatite and sodium rhenanite occurred, leading to the formation of Na3Ca6(PO4)5.



The SEM images of the surface of ceramic samples sintered at 1000 °C are shown in Figure 5.



With an increase in the heat treatment temperature, the sintering of the samples proceeds more efficiently due to the elimination of pores and the growth of grains, the size of which is 8–10 μm when fired at 1000 °C (CaP), while the grain sizes for the other samples are 2–3 μm (CaSi) and 2–4 μm (CaPSi).



Apparently, the occurrence of heterophase reactions in the CaSi and CaPSi samples inhibits grain growth in ceramics. The formation of sodium rhenanite and pyrophosphate is completed already after the heat treatment at 600 °C. During the heat treatment at higher temperatures, grain growth is possible since there are no conditions for heterophase reactions in the quasi-binary calcium pyrophosphate-sodium rhenanite system.



With an increase in the heat treatment temperature (and in the content of wollastonite), the ceramics became denser, which was accompanied by a significant grain growth up to 2–4 μm from submicron size. Microporosity of CaPSi also disappeared and a small number of pores with a diameter of 2–3 μm were formed. The ceramics based on the CaSi powder were highly porous, which was consistent with the literature data [54].



The shrinkage density of the samples CaP, CaPSi, and CaSi during the heat treatment is presented in Figure 6. The initial density of all the powder pre-ceramic samples in the form of disks was approximately equal and was 1.30 g/cm3 for CaP and CaSi and 1.20 g/cm3 for CaPSi.



The CaP sample had the largest linear shrinkage (up to 26% at 900 and 1000 °C), and the CaSi sample had the smallest linear shrinkage (up to 5%) (Figure 6a). Linear shrinkage for the CaPSi sample ranged from 9 to 13% at 800 to 1000 °C, respectively. At the same time, fluctuations in density changes depending on the temperature for the CaPSi samples are minor, since the obtained components have approximately the same density (1.05–1.22 g/cm3).



The apparent densities of the obtained ceramics are consistent with the scanning electron microscopy data (Figure 6b). The CaP sample fired at 900 and 1000 °C had the highest density. The uniform distribution of cracks visible on the surface of the CaP ceramic sample was apparently caused by the phase transformation in sodium rhenanite.




4. Conclusions


A novel method of multi-component active powders production was proposed in this work. The powders were prepared using a synthesis from aqueous solutions of CaNO3 and a mixed-anion solution containing Na2HPO4 and Na2SiO3. For comparison, the powders were synthesized from solutions of CaNO3 and solutions containing these sodium salts separately.



Phase composition of the CaP powder included brushite CaHPO4‧2H2O and the CaSi powder included calcium silicate hydrate. Phase composition of the CaPSi powder consisted of the amorphous phase (presumably containing hydrated quasi-amorphous calcium phosphate and calcium silicate phase). All synthesized powders contained NaNO3 as a by-product. The quasi-amorphous phases of CaPSi powder, obtained by precipitation from mixed-anionic solution, as it can be assumed, stabilized each other. A significant amount of by-product NaNO3 was intentionally kept in the composition of all obtained powders for the synthesis of the ceramics of the Na2O-CaO-SiO2-P2O5 system during heat treatment of samples. This component acts both as a sintering aid and as a participant of the heterophase reactions of the formation of the ceramics based on the prepared powders (CaP. CaPSi, CaSi). The obtained powders were used to produce ceramics by the heat treatment at 800, 900, and 1000 °C. The main phases obtained for the ceramics based on the CaPSi powder were β-rhenanite β-NaCaPO4, wollastonite α-CaSiO3 and Na3Ca6(PO4)5. The density of the CaPSi ceramics increased with the heat treatment temperature from 1.47 g/cm3 (800 °C) to 1.72 g/cm3 (1000 °C). The ceramics based on the CaP powder had the highest density (2.53 g/cm3) after the heat treatment at 900 °C. The ceramics based on the CaSi powder were significantly porous and had the lowest density (1.52 g/cm3) after the heat treatment at 900 °C. The ceramics prepared in this work in the CaO-SiO2-P2O5-Na2O system and containing the biocompatible and bioresorbable phases can be recommended for use in medicine for bone defect treatment. The obtained materials are expected to support cell proliferation and differentiation. Osteoconductive 3D forms also can be manufactured from obtained powders.
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Figure 1. XRD data of powders after synthesis and disaggregation in acetone (CaP, CaPSi, and CaSi). (PDF card 9-77)—brushite, (PDF card 36-1474)—sodium nitrate, (PDF card 33-306)—calcium silicate hydrate. 
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Figure 2. SEM images of powder samples CaP (a,b), CaPSi (c,d) and CaSi (e,f) after synthesis (a,c,e) and disaggregation in acetone (b,d,f). 
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Figure 3. (a) step change in mass, and (b) TG/DTA curves obtained for the CaP synthesized powders; (c) step change in mass, and (d) TG/DTA curves obtained for the CaPSi synthesized powders, and (e) step change in mass, and (f) TG/DTA curves obtained for the CaSi synthesized powders. 
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Figure 4. XRD patterns of CaP (a), CaSi (b), and CaPSi (c) samples after heat treatment at 1000 °C; CaPSi samples after heat treatment at 800, 900, and 1000 °C. (9-346)—Ca2P2O7—purple, (29-1193)—NaCaPO4—red, (76-186)—α-CaSiO3—green, (10-16)—Na2Ca2Si2O7—pink, (11-236)—Na3Ca6(PO4)5—dark red. 
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Figure 5. SEM images of ceramics obtained from powders (a) CaP; (b) CaPSi; (c) CaSi after heat treatment at 1000 °C. 
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Figure 6. (a) Shrinkage during heat treatment, and (b) density of samples CaP, CaSi, and CaSi. 
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Table 1. Conditions used for the syntheses of powders from aqueous solutions Na2SiO3, Na2HPO4, and Ca(NO3)2.
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No.

	
Labeling

	
Concentration × Volume




	
Na2SiO3

	
Na2HPO4

	
Ca(NO3)2






	
1

	
CaP

	
-

	
0.5 M × 0.5 L

	
0.5 M × 0.5 L




	
2

	
CaPSi

	
0.5 M × 0.25 L

	
0.5 M × 0.25 L

	
0.5 M × 0.5 L




	
3

	
CaSi

	
0.5 M × 0.5 L

	
-

	
0.5 M × 0.5 L











[image: Table] 





Table 2. Weights of prepared powders and by-products.
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	No.
	Labeling
	Weight of Prepared Powders, g
	Calculated Weight of By-Product, g
	Weight of Collected By-Product, g
	Difference in Weight of By-Product, g





	1
	CaP
	41.97
	42.44
	40.01
	2.44



	2
	CaPSi
	47.89
	42.44
	32.89
	9.55



	3
	CaSi
	62.76
	42.44
	22.05
	20.39
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Table 3. Transformation of the phase composition of preceramic and ceramic samples after heat treatment at specified temperature for 2 h.
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Sample

	
Heat Treatment Temperature, °C




	
400

	
600

	
800

	
900

	
1000






	
CaP

	
β-Ca2P2O7

NaNO3

	
β-Ca2P2O7

β-NaCaPO4

	
β-Ca2P2O7

β-NaCaPO4

	
β-Ca2P2O7

β-NaCaPO4

	
β-Ca2P2O7

β-NaCaPO4




	
CaPSi

	
Ca5(PO4)3OH

NaNO3

α-CaSiO3

	
β-NaCaPO4

Ca5(PO4)3OH

α-CaSiO3

	
β-NaCaPO4

Ca5(PO4)3OH

α-CaSiO3

Na3Ca6(PO4)5

	
β-NaCaPO4

α-CaSiO3

Na3Ca6(PO4)5

	
β-NaCaPO4

α-CaSiO3

Na3Ca6(PO4)5




	
CaSi

	
CSH

NaNO3

	
CSH

NaNO3

Ca5Si6O16(OH)2

Na6Ca3Si6O18

	
α-CaSiO3

Na2Ca2Si2O7

	
α-CaSiO3

Na2Ca2Si2O7

	
α-CaSiO3

Na2Ca2Si2O7
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