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Biosilicate® glass-ceramics are among the most valid alternatives to 45S5 Bioglass. They combine a similar bioactivity and bioresorbability as the 45S5 with superior mechanical strength, owing to the crystallization of a Na–Ca silicate phase. This crystallization may be experienced upon viscous flow sintering of fine glass powders, thus configuring a sinter-crystallization process. As crystallization is seldom complete, sintering can also be applied to semicrystalline powders. The sintering/crystallization combination may be exploited for shaping highly porous bodies, to be used as scaffolds for bone tissue engineering, in the form of foams. The present study aims at exploring a gel-casting process, based on the room temperature foaming of powders suspended in a “weakly alkaline” (1 M NaOH) aqueous solution, followed by sintering at 1,000°C. The gelation of suspensions is attributed to the formation of hydrated compounds, later decomposed upon firing. Amorphous powders provided more intense gelation than semicrystalline ones, promoted a more homogeneous foaming, and stimulated a substantial crystallization upon firing. The homogeneity of foamed samples was assessed using micro-tomography and was further improved by casting foamed suspensions (“foam casting”) before setting.
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INTRODUCTION
Bioactive glass-ceramics have been established as excellent materials for bone tissue applications since the mid-70s, that is, soon after Hench’s 45S5 Bioglass® (the current “golden standard” for bioceramics) had been proposed (Piotrowski et al. 1975; Hench, 1977; Hench and Polak, 2002; Hench, 2006). Compared to glasses, semicrystalline materials generally exhibit superior mechanical properties (i.e., strength, toughness, and hardness), implying enhanced load-bearing capability, easier machinability, and workability, which are fundamental in dental applications (Albakry et al., 2004; Höland et al., 2007; Höland and Rheinberger, 2008).
Passing from bioactive glasses, that is, 45S5 and alternative formulations, all having applications in the amorphous state (Kolan et al., 2011; Liu et al., 2013; Souza et al., 2017; Bellucci and Cannillo, 2018) to “bioglass-ceramics” actually implied a revision of formulations, to match the desired biocompatibility and bioactivity and enable easy overall processing. Biosilicate® glass-ceramics represent one of the most successful results of this research effort (Crovace et al., 2016; Montazerian and Zanotto, 2016; Pinto et al., 2018). A slight modification of the original composition of 45S5 (23.75 wt% Na2O, 23.75% CaO, 48.5% SiO2, and 4.0% P2O5 instead of 24.5 wt% Na2O, 24.5% CaO, 45% SiO2, and 6.0% P2O5 for 45S5) made the substance, after conversion into a semicrystalline material, absolutely comparable to 45S5 in terms of osteoconductivity, osteoinductivity, biocompatibility, and antibacterial properties (Hench, 2006; Granito et al., 2009).
The control of glass crystallization is delicate, in the manufacturing of complex components by viscous flow sintering of fine powders. Due to the low content of network formers, many bioactive glass powders experience—upon firing—a substantial crystallization, with a negative impact on densification. In addition, when working with glasses that are not specifically designed for controlled crystallization during sintering (“sinter-crystallization”), (Clark and Reed, 1986) the resulting sintered articles may be even less bioactive than the starting powders (Li et al., 1992).
The successful coupling of sintering and crystallization is a necessary but not the decisive point in the overall processing of scaffolds for bone tissue applications. These applications require highly porous open-celled foams, typically achieved by two well-known methods, namely, the replica of sacrificial PU sponges (Baino and Vitale-Brovarone, 2012; Roohani-Esfahani and Zreiqat, 2012; Desimone et al., 2013; Baino and Vitale-Brovarone, 2014) and direct foaming (Sepulveda and Binner, 1999; Gonzenbach et al., 2007).
The replica method is useful for the manufacturing of trabecular structures, with wide openings between cells. Compared to the sintering of ceramic powders, the sinter-crystallization of glass powders is attractive for the filling of voids, left by the burnout of the polymer template at the early stages of sintering, with an enhancement of mechanical properties (Vitale-Brovarone et al., 2009). However, an excessive viscous flow may determine the collapse of the overall structure. Crystallization, yielding rigid crystal inclusions and thus causing a remarkable viscosity increase, can be beneficial. Still, it must occur in an optimum “temperature window,” that is, neither too early (the viscosity increase may hinder the filling of voids) nor too late (the viscosity increase would not prevent the collapse of the struts).
Highly porous foamed scaffolds, with dense struts, are easily achieved by gel-casting, applied to sol–gel formulations at the early stage of gelation (sols) (Li et al., 1992; Desimone et al., 2013), as well as to glass suspensions (Sepulveda and Binner, 1999; Vitale-Brovarone et al., 2009). A cellular structure is formed by air incorporation, using intensive mechanical stirring (“frothing”), with the help of a surfactant. It is subsequently stabilized by the concurrent setting of the liquid, by completion of gelation (transition to the gel state) or polymerization of additives. Recent investigations have highlighted the possibility to avoid organic additives (monomers, cross-linkers, and catalysts) and explored the marked sensitivity of viscosity to the shear rate (“shear-thinning” behavior) exhibited by aqueous suspensions of fine glass powders (“inorganic gel casting”) activated simply with alkali hydroxides (Rincón Romero et al., 2017).
The setting of alkali-activated glass suspensions is due to the formation of gel-forming compounds at the surface of particles, from variable glass/solution/atmosphere/solution interactions, depending on the chemistry of both activators (e.g., NaOH or KOH) and glass adopted. In fact, the gels comprise hydrated calcium silicate compounds (C-S-H) (Elsayed et al., 2017; Rincón Romero et al., 2017), as well as sodium carbonate–based hydrated compounds (Rincón Romero et al., 2018). The intensity of the alkaline attack may be tuned by controlling the dissolution and “pre-foaming” times. As an example, for soda–lime glass (Rincón Romero et al., 2017), after the same dissolution step (glass powder cast in alkaline solution and left under low-speed magnetic stirring for 3 h), suspensions exhibited a wider thixotropic cycle and higher viscosity, with increasing pre-foaming step (0–4 h at 75°C)—before addition of the surfactant and frothing—due to enhanced formation of gel-forming compounds, resulting in smaller pores.
An interesting finding from previous investigations on Ca-rich glasses, prone to be transformed into bioactive glass-ceramics by sinter-crystallization (Elsayed et al., 2017), concerns the possibility of activation in relatively “weak” alkaline solutions (1 M NaOH). This minimizes modifications in the overall chemical formulation of the base glass, when gel-forming compounds decompose and the related (alkali-rich) inorganic residue is incorporated by the softened glass powders, at the early stages of sintering. The present study is dedicated to the extension of this “weak alkaline activation” to Biosilicate® glass powders, evidencing the changes that occur passing from the processing of already crystallized powders to the processing of amorphous powders. We will show that amorphous powders led to more intense gelation. Foamed suspensions were easily exploited for the achievement of highly homogeneous glass-ceramic foams, which were subjected to extensive microstructural studies, involving advanced micro-tomography, to validate their suitability for bone tissue engineering applications.
EXPERIMENTAL PROCEDURE
Biosilicate®, with a composition of 23.75 Na2O, 23.75 CaO, 48.5 SiO2, and 4 P2O5 (wt%), was prepared according to previous experiences (Granito et al., 2009; Crovace et al., 2016). A mixture of highly pure oxides was melted at 1,450°C, for 3 h, in a Pt crucible. During this period, the melt was poured in a steel plate twice and melted again for a better homogenization. After a total of 3 h of melting, the glass was poured into water. The glass frit obtained was then subjected to a double-stage heat treatment: first at 565°C/100 h for nucleation and then at 665°C/1 h for crystal growth. After cooling, the glass-ceramic frit was milled in a disc mill (MA 700—Marconi) and subsequently in a jet mill (CGS 10 Condux—Netzsch). The resulting Biosilicate® powder (average particle size ∼5 μm) was used to prepare the foams. As an alternative, the powders were remelted in a Pt crucible at 1,450°C for 1 h; fine glass powders were achieved by rapid cooling of the melt by pouring on a Pt foil, followed by dry ball milling and careful sieving. The maximum particle size was 20 μm. The thermal evolution of both types of starting powders was studied by means of differential scanning calorimetry (DSC/TG, 3+ STARe System, Mettler Toledo, Columbus, OH, United States), operating with a heating rate of 10°C/min.
Fine powders were suspended in aqueous solutions of 1.0 M NaOH (reagent grade, Sigma-Aldrich, Gillingham, United Kingdom), for a solid loading of 55–60 wt%. The slurries were first subjected to low-speed mechanical stirring (300 rpm), for 3 h, in polystyrene containers (50 mm diameter), to induce partial dissolution and gelation. In selected cases, a “pre-foaming” conditioning step was applied at 75°C, for 30–60 min. After the addition of 4 wt% Triton X-100 (polyoxyethylene octyl phenyl ether, Sigma-Aldrich, Gillingham, United Kingdom), the slurries were foamed by vigorous mechanical stirring (2,000 rpm), for 5 min, directly in the polystyrene containers, and left to dry at 40°C for 24 h. As an alternative, foamed suspensions were poured in smaller polyethylene containers (25 mm diameter), before drying, as illustrated by Figure 1. “Green” foams were unmolded and subjected to heat treatment in air, comprising a heat treatment at 350°C (5°C/min heating rate) for 1 h, for the burnout of organics, and a sintering stage at 1,000°C (10°C/min heating rate), for 1 h.
[image: Figure 1]FIGURE 1 | Schematic view of “foam casting” process.
Fourier transform infrared spectroscopy (FTIR, FTIR model 2000, Perkin Elmer Waltham, MA, United States) was performed, operating in absorbance mode, in the 4,000–400 cm−1 region, to monitor the low-temperature hardening of suspensions. X-ray diffraction (XRD) (Bruker D8 Advance, Karlsruhe, Germany—CuKα radiation, 0.15418 nm, 40 kV–40 mA, 2θ = 10–70°, step size 0.05°, and 2 s counting time) was applied to evaluate the phase evolution. Phase identification was performed by semi-automatic Match!® program package (Crystal Impact GbR, Bonn, Germany), supported by data from the PDF-2 database (ICDD-International Center for Diffraction Data, Newtown Square, PA, United States).
The bulk density was calculated from the weight-to-volume ratios on regular blocks (approximately 12 mm × 12 mm × 12 mm, cut from bigger foamed samples), later used for compressive tests, after careful determination of weight and dimensions using an analytical balance and a digital caliper. The apparent and real densities were measured by He gas pycnometry (Micromeritics AccuPyc 1330, Norcross, GA, United States), applied on samples in bulk form (before crushing tests) and powder form (after manual milling of fragments from crushing tests), respectively. Each data point represents the average value of at least five individual tests.
Morphological and microstructural characterizations were performed by optical stereomicroscopy (AxioCam ERc 5s Microscope Camera, Carl Zeiss Microscopy, Thornwood, New York, NY, United States) and scanning electron microscopy (FEI Quanta 200 ESEM, Eindhoven, Netherlands).
The 3D microstructure of the bioglass samples was additionally characterized by micro-computed tomography (µCT, Skyscan 1172, Bruker Micro CT, Kontich, Belgium) with a resolution of 6.68 µm/voxel. The tungsten X-ray tube was operated with 80 kV, and 100 mA; a wavelength of λ = 0.024 nm, an 11 MP detector, and an Al filter were used. The samples were rotated for 180° with a rotation step size of 0.25°. The recorded 2D sinograms were reconstructed with NRecon (version 1.6, Bruker Micro CT, Kontich, Belgium) and 3D visualized using the software Amira (version 5.6, Thermo Fisher Scientific, Inc., Waltham, United States). The evaluation of the porous morphology was carried out using the CT Analyzer (version 1.18.4, Bruker Micro CT, Kontich, Belgium).
The crushing strength of the foamed scaffolds obtained was measured at room temperature using an Instron 1121 UTM (Instron, Danvers, MA, United States) operating with a crosshead speed of 0.5 mm/min. Each data point represents the average value of at least 10 individual tests.
RESULTS AND DISCUSSION
Processing of Biosilicate® Powders
The XRD analysis in Figure 2A (bottom pattern) testifies that the starting material was already highly crystallized, with all diffraction peaks attributed to sodium–calcium silicate (Na2CaSi2O6, i.e., Na2O·CaO·2SiO2, PDF#77-2189), previously known as the characteristic phase in Biosilicate® glass-ceramics. More precisely, Biosilicate® glass-ceramics, in the “1P” variant of Biosilicate® glass-ceramics, feature just Na2CaSi2O6; in the “2P” variant; according to different heat treatment conditions, the sodium–calcium silicate crystal phase is accompanied by a second phase, such as sodium calcium phosphate (NaCaPO4, i.e., Na2O·2CaO·P2O5) (Montazerian and Zanotto, 2016).
[image: Figure 2]FIGURE 2 | Phase evolution from raw materials to glass-ceramic foams: (A) Biosilicate® powders; (B) amorphous powders.
The phosphate-enriched residual glass phase, in agreement with previous observations (Desimone et al., 2013), was significant in enabling liquid phase–assisted sintering of Biosilicate® powders. As shown by Figure 3, a pellet deriving from uniaxial pressing (at 40 MPa), fired at 1,000°C, for 1 h (10°C/min heating rate), achieved an optimum coupling between densification—inferable from the porosity (<2%, determined by pycnometry analysis) and from the remarkable translucency (Figure 3A)—and shape retention—evident from the neat contours (polished cross section in Figure 3B). The sintering treatment did not cause any change in the crystallization (the diffraction pattern—not shown—was identical to that of starting powders).
[image: Figure 3]FIGURE 3 | Morphology of pellet from sintering of as received Biosilicate® powders.
Concerning the alkali activation, the Biosilicate® powders did not behave like glasses, leading to bioactive wollastonite-diopside glass-ceramics (Elsayed et al., 2017). These glasses could be activated by a weak alkaline solution, avoiding any pre-foaming step after dissolution at low-speed mechanical stirring (i.e., stage at 75°C to enhance dissolution and gelation), originally applied in the first “inorganic gel casting” experiments, on soda–lime glass, by Rincón Romero et al. (2017). Suspensions of Biosilicate® powders, without any step at 75°C, did not undergo an appreciable setting so that the bubbles generated by the frothing step collapsed easily upon drying. On the contrary, a pre-foaming step at 75°C, lasting 30 min, sufficed in stabilizing the “wet” foams, which remained unaltered after drying (i.e., in “green” state), as shown in the optical micrograph in Figure 4A.
[image: Figure 4]FIGURE 4 | Microstructural details of foam from as received Biosilicate® powders (55% solid loading, 30 min activation): (A) “green” foam (after drying); (B, C) fired foam (1,000°C/1 h).
The activation was evaluated by means of infrared spectroscopy. As shown by Figure 5A, there was a limited change in the spectrum passing from as received to activated conditions (30 min conditioning), expressed by the wide absorption band centered at about 3,400 cm−1 and absorption peaks at 1,400–1,450 and 500 cm−1. In our opinion, these bands could not be attributed to any hydrated calcium silicate compound; the signals are consistent with hydrated carbonate and phosphate phases. In particular, the quite intense peak at 1,400–1,450 cm−1 is attributed to C-O stretching vibrations in carbonates (Garcia Lodeiro et al., 2010), whereas the peak at about 500 cm−1 is probably due to hydrated phosphates (Joshi and Joshi, 2003); the wide band at higher wavenumbers corresponds to water of crystallization (Joshi and Joshi, 2003; Garcia Lodeiro et al., 2010).
[image: Figure 5]FIGURE 5 | Assessment of activation by comparing infrared spectra, before and after activation: (A) as received Biosilicate® powders; (B) amorphous powders.
Owing to the high crystallization degree (again, no change in the phase assemblage occurred upon firing, see Figure 2B, top pattern), the sintering at 1,000°C confirmed the open porosity achieved with low-temperature foaming, as shown by the micrographs in Figures 4B,C. However, the crushing strength of the foams was not remarkable for any variant, based on the solid loading (55–60 wt%) and duration of pre-foaming step (30–60 min) applied to the starting suspension, as reported in Table 1.
TABLE 1 | Physical and mechanical properties of Biosilicate® glass-ceramic foams.
[image: Table 1]The direct comparison of crushing strength data, for porous bodies, was not appropriate, considering the variability of porosity, but the relative weakness of the foams could be easily understood by analyzing the experimental data according to the well-recognized Gibson–Ashby model (Gibson and Ashby, 1999), for open-celled foams. The model predicts the crushing strength of foams (σc) as ruled by the bending strength of the solid phase (σbend), “downscaled” by the relative density (ρrel = 1 − P/100, where P is the total porosity, in vol%), as follows:
[image: image]
Reversing Eq. 1 and introducing the experimental data (crushing strength and relative density), we could calculate a bending strength of the solid phase well below 70 MPa, that is, a typical value for soda–lime glass (Bernardo et al. 2004).
The calculated values could not be interpreted as the real bending strength of the solid phase. In fact, the strength/density correlation, according to the Gibson–Ashby model, assumes foams as ideal lattices, corresponding to the assemblage of mono-dimensional elements (struts), with uniform cell size. The effects of cell size and structural inhomogeneity, leading to local stress concentrations, are neglected. Keeping the simplicity of the Gibson–Ashby model, we could think at an enhanced downscaling of strength with porosity, and update Eq. 1 by including a structural factor (SF), below 1, as follows:
[image: image]
The inhomogeneity of the cellular structure was confirmed by the microstructural details shown in Figure 3C. The cell walls comprised a multitude of poorly sintered particles, with irregularly shaped openings between adjacent cells.
Processing of Remelted Biosilicate® Powders
To adjust the interaction with the alkaline solutions and develop glass-ceramics by a real sinter-crystallization process, the Biosilicate® material was considered also after remelting, rapid cooling, and milling. As shown by the bottom pattern in Figure 2B, featuring the typical diffraction “halo” of glass, the newly obtained powders were completely amorphous. According to the DSC plots, in Figure 6, amorphous Biosilicate® powders (exhibiting a transition temperature Tg ∼550°C) were prone to “recover” the crystallization during the sintering, testified by the strong exothermic peak centered at Tc∼700°C, consistent with the formation of the already discussed Na2CaSi2O6 phase (Huang et al., 2007). A similar exothermic effect was not exhibited by the original Biosilicate® powders, already featuring the sodium–calcium silicate phase. Weak endothermic peaks at ∼1,200°C (marked with Tm) were attributed to the melting of crystal phases, for both materials.
[image: Figure 6]FIGURE 6 | DSC plots of as received Biosilicate® powders and amorphous powders.
Starting from amorphous Biosilicate® powders, “green” foams could be achieved by frothing even without the pre-foaming step, due to the formation of gels with a different formulation, testified by changes in the infrared spectra. As shown by Figure 4B, there was an enhanced absorption above 3,500 cm−1, consistent with the formation of hydrated calcium silicate compounds (Garcia Lodeiro et al., 2010). Carbonation, according to the band at 1,400–1,450 cm−1, also increased.
The enhanced gelation motivated a further upgrade. Instead of drying foamed suspensions in the same plastic containers used for preliminary dissolution, a “foam casting” process was applied according to the scheme in Figure 1. Foamed suspensions were cast in plastic molds, later used just for the drying step. This was intended to favor the homogeneity, since the pouring could determine some remixing, thus preventing gradients arising from different distances from the stirrer (removed after foaming), in the original container.
Examples of the new cellular structures are shown in Figure 7. A high homogeneity was achieved, in both “green” (optical image in Figure 6A) and sintered state (SEM micrographs in Figures 6B–D). The stabilization of the open-celled structures, upon firing (Figure 6B), was caused again by the viscosity increase associated with crystallization. As expected from the DSC in Figure 5 and illustrated by Figure 2B, remelted Biosilicate® powders underwent a substantial devitrification upon viscous flow sintering. Considering the more intense diffraction peaks related to sodium–calcium silicate, crystallization was even enhanced. This is justified by the appearance of some extra peaks corresponding to the previously mentioned characteristic crystal phase of the “2P” variant of Biosilicate® glass-ceramics, that is, sodium–calcium phosphate (NaCaPO4, that is, Na2O·2CaO·P2O5, PDF#76-1456). Traces of cristobalite (SiO2, PDF#27-0605) and calcium phosphate (CaP2O11, i.e., CaO·2P2O5, PDF#49-0496) were detected as well. The additional calcium phosphate phase, known for its high resorbability (Safronova and Putlyaev, 2017), has been already detected in glass-ceramic derivatives of 45S5 (Ouis et al., 2012).
[image: Figure 7]FIGURE 7 | Microstructural details of a porous glass-ceramic from remelted Biosilicate® (sample [C], 60 wt% solid loading, 0 h): (A) green foam; (B–D) foam after firing at 1,000°C for 1 h.
Remelted Biosilicate® powders, after alkali activation and firing, confirmed what previously observed with porous glass-ceramics based on wollastonite and diopside (CaSiO3-CaMgSi2O6) (Elsayed et al., 2017). In the case of semicrystalline Biosilicate® powder activation, gelation and sintering relied on phosphate-enriched residual glass phase so that the overall process could be considered as “selective.” With amorphous powders, on the contrary, the process involved all glass components. The new gel formulation promoted both densification, evident from more compact cell walls (Figure 7C), and crystallization. The latter is testified, besides by diffraction patterns, by a multitude of tiny crystals immersed in former glass powders, well bound together (Figure 7D). The alkali-enriched surface gels, as previously observed (Elsayed et al., 2017), reasonably transformed in an alkali-rich low viscosity liquid surrounding glass particles, promoting the ionic interdiffusion, and reducing the activation energy for crystal growth (Watanabe et al., 2008).
The enhanced densification of walls and crystallization determined a substantial improvement of the mechanical properties, as reported by Table 1. Reversing Eq. 1, according to the crushing strength of foams from the processing of remelted Biosilicate®, combined with relative density, yielded a reference bending strength exceeding 100 MPa, more appropriate for a glass-ceramic solid phase. In other words, the updated processing led to more “mechanically efficient” cellular structures (SF closer to 1).
Advanced Microstructural Characterization
The cell and strut size distribution in selected samples was carefully studied using advanced micro-tomography. The technique led to reconstructed images, shown in Figure 8, later subjected to analysis of the pore connectivity, using a skeletonization algorithm—within the Amira Software—on the binarized µCT images as shown by Figures 9A,B. All determinations were performed to assess the suitability of the proposed approach, according to well-known requirements, in bone tissue engineering, concerning pore size distribution, permeability and tortuosity (i.e., ratio of the actual path length of channels within the scaffold to the thickness of the scaffold in the macroscopic flow direction) (Innocentini et al., 2010). In particular, effective cell ingrowth and vascularization are typically achieved with foamed scaffolds exhibiting a distinctive similarity with the trabecular bone. This is expressed by relatively big pores (with a diameter of about 500 µm and an interconnect diameter exceeding 100 μm; Jones et al., 2007), high permeability (k exceeding 3·10–11 m2, i.e., 30 µm−2), and specified tortuosity (in the 1.26–2.64 range; Innocentini et al., 2010).
[image: Figure 8]FIGURE 8 | Microtomography reconstructed images: (A) sample A (Biosilicate® glass-ceramics); (B–D) samples B, C, and D (remelted Biosilicate®).
[image: Figure 9]FIGURE 9 | (A, B) pore connectivity of samples C and D; (C, D) pore size distribution and strut thickness of selected porous Biosilicate® glass-ceramics.
From Figure 9C, it can be observed that glass-ceramic samples B and C, from amorphous powders, well fulfilled the requirement of cell size, as previously mentioned. More specifically, they exhibited a similar cell size distribution, with an average cell size of 450–470 µm. The distribution was bimodal, that is, derived from the overlapping contributions from two populations, with size below 100 µm and slightly above 500 µm.
According to Table 1, the permeability of sample B (k > 1,100 μm−2) was much more substantial than that of sample C, already quite remarkable, owing to a wide distribution of interconnect (cell window) size, with a significant fraction above 100 μm, as illustrated by Figure 10A. The measurement of cell windows derived from a careful selection of cross-sectional images (Figure 10B), inversion (Figure 10C), application of watershed transformation (Figure 10D), and image subtraction (Figure 10E). Although highly permeable, the sample from glass-ceramic powders (sample A) could not be accepted, owing to the limited mean cell size (136 µm) and limited cell windows.
[image: Figure 10]FIGURE 10 | (A) Determination of cell window length; (B–E) examples of image treatment for calculations.
The “inorganic gel casting” is confirmed in offering a high “tunability” (Rincón Romero et al., 2017), expressed by the interplay of many parameters. In particular, the shear-thinning behavior of activated suspensions, essential for the “freezing” of the cellular structure, established utilizing intensive mechanical stirring, before sintering, is known to increase with both solid loading (Deng et al., 2015) and reaction degree (Rincon Romero et al., 2017). At a fixed reaction degree (no pre-foaming step), passing from sample B (lower solid loading) to sample C (higher solid loading) led to an increase of strut size (from 43 to 59 µm maybe these values could be round up), as illustrated by Figure 9D. An increase of reaction degree (30 min pre-foaming step added, from sample C to sample D) confirmed the strut size but reduced the cell size (249 µm for sample D).
CONCLUSION
Our results confirm “weak alkali activation” (attack of glass powders in weakly alkaline solutions, followed by gelation), as a method for the easy manufacturing of highly porous, open-celled glass-ceramic bodies. Applied to semicrystalline Biosilicate® powders, however, it is hardly controllable.
Remelting of Biosilicate® powders led to a fully amorphous material, with a much different response under alkaline attack; in particular, gelation could be activated in shorter times and lead to gelling compounds with different composition, compared to the case of semicrystalline powders.
The easier control of gelation conditions, for glass powders resulting from remelting of Biosilicate®, enabled the application of the “foam casting” approach, leading to homogeneous open-celled foams. These vitreous powders underwent sinter-crystallization upon firing at 1,000°C; such process did not lead to the simple recovery of the crystal phase already present in Biosilicate® powders; instead, it also led to extra phases. The sinter-crystallization process enabled merging of glass powders at cell walls, with the formation of relatively thick struts, and the viscosity increase deriving from the precipitation of crystals impeded the collapse of the open-celled structure achieved with foam casting.
Owing to the adequate cell size distribution and cell connectivity, optimized porous Biosilicate® glass-ceramics obtained from remelting and sinter-crystallization well match the requirements for foamed scaffolds applied in bone tissue engineering.
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