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Abstract

Silicones mixed with oxide fillers are interesting precursors for several bioactive glass-ceramics. A
key point is represented by the coupling of synthesis and shaping, since highly porous bodies, in form of
foams or scaffolds, are first manufactured with silicones in the polymeric state, at low temperature, and later
subjected to ceramic transformation. After successful application of direct ink writing, the present study
illustrates the tuning of silicone-based mixtures in order to form akermanite (Ca,MgSi»O-) reticulated
scaffolds by digital light processing. This implied the selection of commercial silicones, producing stable and
homogeneous blends with a photocurable resin and enabling the manufacturing of defect-free printed
scaffolds, before and after firing, without fillers. The blends were further refined with the introduction of
fillers, followed by firing at 1100 °C, in air. Optimized samples (from H44 resin) and reactive fillers

(including up to 4.5 wt.% borax additive), led to crack-free and phase-pure scaffolds with microporous struts.
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1. Introduction

Silicone resins filled with oxide fillers, when fired in air, generally offer the possibility to develop
crystalline silicate or alumino-silicate ceramics of wide engineering interest (mullite, forsterite, zircon,
cordierite, gehlenite, etc.) in conditions of high phase purity and low processing temperature [1, 2]. Similarly
to un-filled preceramic polymers [3], a distinctive feature consists of the coupling of synthesis and shaping,
since some components may be first manufactured using silicones still in the polymeric state and then
transformed into crack-free ceramics by firing.

The high flexibility in the design of components has been exploited mainly for Ca-based silicates,
produced in the form of highly porous foams and scaffolds, to be used for bone tissue applications [4], [5].
Additive manufacturing technologies are often applied [6]-[7], [8]. In this framework, attention is paid also
to semi-crystalline materials, i.e. glass-ceramics, with fillers controlling the chemistry of both crystals and
the surrounding glass phase. As an example, silicones (providing SiO;) filled with calcium carbonate,
sodium carbonate and sodium phosphate (providing CaO, Na;O and P,Os, respectively) have been recently
used for obtaining porous glass-ceramics, by direct firing at 1000 °C, with chemical and mineralogical
compositions exactly matching those of Biosilicate® glass-ceramics (belonging to the Na,O-CaO-SiO,-P,0s
system) produced from conventional processing [Error! Bookmark not defined.].

Borates and phosphates (including sodium phosphate, in the formulation of polymer-derived
Biosilicate ® glass-ceramics) are recognized to act as ‘multifunctional’ fillers. In hydrated form, they
contribute to the shaping of highly porous samples [9],[10], by causing water vapour release within silicone
matrices at the early stages of heat treatment, i.e. still in the polymeric state (the dehydration occurs at only
300-350 °C). At higher temperatures, in any form (hydrated or not), they develop some liquid phase,
favoring the synthesis of the desired silicate phases, by enhancing the ionic interdiffusion, and releasing
internal stresses, due to gas evolution upon conversion of silicones into ceramics. This liquid phase generates
most of the glass matrix upon cooling. Minor amounts of CaO, MgO, SiO,, etc., expected to be present only
in the crystal phases, stay dissolved in the glass phase [Error! Bookmark not defined.]. The additives are
finally expected to improve the polymer-derived biomaterials, by offering extra functionalities, as shown by
Balasubramanian et al., concerning boron inclusion in silicates [11]).

The present paper deals with the tuning of silicone-based mixtures, aimed at developing akermanite
(Ca2MgSi,0y) bioceramic scaffolds by means of advanced additive manufacturing, such as
stereolithography, that enable the fabrication of samples with very complex shapes. Again, the key point is
represented by the coupling of synthesis and shaping, since stereolithography was not applied on mixtures of
a sacrificial photocurable acrylate resin and pre-synthesized glass particles, as in recent experiences on
bioactive glass-ceramics [12], but on engineered photocurable blends. The specific system (Ca-Mg silicate)
is known for its potential for bone tissue engineering, due to the excellent bioactivity and biocompatibility,
observed also for polymer-derived foams [13].

Preceramic polymers, i.e. polymers undergoing transformation by thermal treatment into (mainly Si-

based) advanced ceramics [Error! Bookmark not defined.], offer by themselves distinctive advantages in
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the shaping by means of lithographic methods [14], [15]. In particular, advanced reticulated structures can be
obtained by stereolithography [16]. Photocurable slurries, i.e. biphasic mixtures, consisting of photocurable
liquid and suspended ceramic powders, may be replaced by a photocurable preceramic polymer,
commercially available [17]-[18],[19] or developed by chemical modification of a non-photocurable
preceramic polymer [20]-, [21], [22]. The inherent homogeneity (due to the absence of suspended powders,
of any size) favours an extremely high resolution. Although leading to extraordinary materials,
stereolithography of preceramic polymers has some constraints in the chemistry of the resulting ceramic
material, since it leads to the development of silicon oxycarbide ceramics (SiOC) [Error! Bookmark not
defined.,Error! Bookmark not defined.], still not fully recognized as suitable biomaterials per se [23]-[24],
[25], [26], . In addition, we cannot exclude the presence of heavy metal traces [27], used as catalysts, that
would impair the biological applications.

In the present study we extend the application of stereolithography to filled silicones, previously
tested for mullite ceramics [28], to blends based on a sacrificial photocurable resin mixed with three non-
photocurable silicones, already known for yielding biocompatible and bioactive glass-ceramics [9, [29].
After the selection of the best silicone (H44 resin), by means of tests on the manufacturing of pure SiOC
scaffolds, the addition of reactive fillers (including up to 4.5 wt.% of borax additive) effectively led to crack-

free, phase-pure akermanite bioceramic scaffolds, with microporous struts.

2. Experimental procedure

The preceramic polymers used in this study consisted of commercially available silicones (Wacker-
Chemie GmbH, Munich, Germany) in powder (H44 type) and liquid (H62C) form. These silicones were
blended with a commercial photocurable liquid acrylate (acrylate monomers and glycol diacrylate monomers
mixed with phosphine oxide based photo initiator, Standard Blend (SB), Fun To Do, Alkmaar, The
Netherlands). Initial experiments involved just the mixing of the liquid acrylate with silicone solutions in
isopropyl alcohol (Sigma Aldrich, Gillingham, UK), forming mixtures corresponding to the
silicone/solvent/SB weight proportions of 1/0.3/1. The mixing was performed using a planetary mixer
(THINKY ARE-250), for 30 min, at a speed of 2000 rpm./min.

Homogeneous mixtures were processed by means of a DLP printer (3DLPrinter-HD 2.0,
Robotfactory S.r.l., Mirano, Italy) operating in the visible light range (400-500 nm). The layer thickness was
set at 50 um with an exposure time of 3 s. The specific energy dose was approximately 7.43 mJ cm? (as
communicated by manufacturers of the DLP equipment, computed according tothe exposure time, the
average light power, and sensor spot size).. After printing, the structures were cleaned by sonication in
diphenylether (Sigma Aldrich, Gillingham, UK) bath and by flow of compressed air. To ensure complete
hardening, the printed parts were further cured in an UV chamber (365 nm, Robotfactory S.r.l., Mirano,
Italy), for 15 min. Finally, the printed parts were transformed to ceramic by controlled heat treatment under
nitrogen atmosphere in two steps (550 °C for 3 h with a heating rate of 0.5 °C/min; 1000 °C for 1 h with a

heating rate of 2 °C/min), followed by natural cooling.
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Akermanite ceramics were developed by by introduction of selected fillers such as CaCO3zand
Mg(OH). micro-powders ( <10 um, Industrie Bitossi, Vinci, Italy), nano-sized MgO (30 nm, Inframat
Advanced Materials, Manchester, CT, USA) and borax, in both anhydrous (Na»B4O-) and hydrated
(Naz2B4O7:10H,0) form (Sigma Aldrich, Gillingham, UK), in SB/silicone blends. The printed green bodies
were fired in air with different stepwise heat treatment: 80 °C/5 h, 200 °C/1 h, 550 °C/3 h, 650 °C/1 h, 800
°C/3 h and finally 1100 °C/3 h. In order to avoid crack formation, due to evaporation and burn-out of organic
components, the heating rate was fixed at 0.2 °C/min, up to 650 °C, followed by 0.5 °C/min.

Microstructural characterizations on the fired scaffolds were conducted by optical stereomicroscopy
(AxioCamERc 5s Microscope Camera, Carl Zeiss Microscopy, Thornwood, New York, USA) and scanning
electron microscopy (FEI Quanta 200 ESEM, Eindhoven, Netherlands). The crystalline phases were
identified by X-ray diffraction on powdered samples (XRD; Bruker AXS D8 Advance, Karlsruhe,
Germany), supported by data from PDF-2 database (ICDD-International Centre for Diffraction Data,
Newtown Square, PA) and the Match! program package (Crystal Impact GbR, Bonn, Germany).

The density of the ceramized scaffolds was measured geometrically using a digital caliper and by
weighing with an analytical balance. The apparent and true densities of the printed parts were measured by
pycnometer (Micromeritics AccuPyc 1330, Norcross, GA), operating with helium gas on samples in bulk
(3D printed scaffold) and powder forms. The compressive strength of sintered scaffolds was evaluated at
room temperature, using an Instron 1121 UTM (Instron Danvers, MA), at a crosshead speed of 0.5 mm/min.

Each data point represents the average value of at least 10 individual tests.

3. Results and discussion

3.1 Un-filled SB/silicone blends

Preliminary tests involved the use of MK methyl-silicone (Wacker-Chemie GmbH, Munich,
Germany), which was the reference materials employed previously for the fabrication by direct ink writing
of polymer-derived Biosilicate® and akermanite scaffolds [Error! Bookmark not defined.,Error!
Bookmark not defined.]. MK provides a higher SiO- yield upon pyrolysis in air (84 wt.%), compared with
H44 (52.5 wt.%) and H62C (58 wt.%) [Error! Bookmark not defined.,Error! Bookmark not defined.].
However, the mixing with SB was difficult. In fact, MK based blends tended to phase-separate within 30 min
and the highly sticky nature of the mixture impeded the obtainment of any well-defined shape upon printing.

On the contrary, H44 and H62C methyl-phenyl-silicone resins gave stable mixtures with SB, which
were easily processable by DLP. In particular, H44 powders could be added to SB even without solvent. This
is evident from Fig. 1, showing H44-derived samples after firing at 1000 °C in N2: despite considerable
linear volume shrinkage (42+1%), the samples did not present any cracks or defects. Cubic-cell samples
exhibited a very good finish (Figs. 1a,b); higher magnification details (Fig. 1c) reveal some uniform surface
features, deriving from the post-printing cleaning procedure and the limited presence of some pores (dark
spots), deriving from the decomposition of the organics in the mixture. Samples with a diamond cell

architecture exhibited the typical stair-stepping effect of DLP (Fig. 1d), indicating that the thermal curing of
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silicone resin, coupled with the presence of the acrylic rein, was sufficient to prevent flow of the material

when heated above its glass transition temperature.

FIGURE 1 HERE
Fig. 1 — Details of scaffolds from H44-photocurable acrylic resin blend, fired in nitrogen: a-c) cubic-cell
sample; c,d) diamond-cell sample
Samples prepared from H62C, when examined by optical microscope (not shown), appeared quite

similar to those prepared from H44 (Figs. 1a,b). High magnification details (Fig. 2), however, revealed lower
homogeneity, probably due to non-uniform dispersion of the silicone in the photocurable liquid: the surface
finish of cubic-cell samples was not satisfactory (Fig. 2a) and featured compact regions embedded in a
porous matrix (Fig .2b). Diamond-cell scaffolds (Fig. 2¢) did not keep a neat stair-stepping effect, possibly
due to a lower thermal crosslinking efficiency for this silicone resin in comparison to the H44 resin, leading

to some viscous flow.

FIGURE 2 HERE
Fig. 2 - Details of scaffolds from H62C-photocurable acrylic resin blend, fired in nitrogen: a,b) cubic-cell
sample; c¢) diamond-cell scaffold
A small reduction in the mechanical properties of SiOC scaffolds from H62C, compared to those

from H44, was observed (Table 1), compatible with the mentioned differences in microstructure. With the
same cubic-cell morphology, SiOC scaffolds exhibited nearly the same geometrical density, the same
distribution between open and closed porosity (closed porosity being only ~4.5 vol.% of the total), and a
similar compressive strength (exceeding 20 MPa). Passing to a diamond cell structure implied an overall
reduction of geometrical density and a reduction of the closed porosity (~2.5 vol.% of the total). The
observed compressive strength (2-3 MPa) is far from being low, given the high value for the total porosity.
According to the well-known Gibson&Ashby model for the scaling of compressive strength (oc) with relative
density (orr) in open-celled bending-dominated structures (o= 0.2-6vend:(ore)® [30]), We estimated a
bending strength of the solid phase (owend) NOt below 200 MPa, far above that of silicate glasses [31]. We did

not apply the analysis to cubic-cell samples, considering the presence of relatively thick struts.

TABLE 1 HERE
Table 1 - Physical and mechanical properties of SiOC scaffolds

3.2 Akermanite-based 3D scaffolds

The addition of fillers determined additional processing complications. The transformation of many
silicones into SiOC, upon the firing in Ny, is still unclear in terms of exact quantification of the Si/O/C
atomic balance. H44 represents an exemption, with the deriving SiOC known to correspond to the chemical
formula Siz046Cs.45 [32]. However, it should be observed that the inclusion of fillers influences the
formulation of polymer-derived SiOC, as previously observed with wollastonite-diopside foams [Error!
Bookmark not defined.]. The firing in air was thus applied to simplify the ceramic conversion of silicones,

into pure silica, according to above mentioned ceramic yields (52.5 wt.% for H44, 58 wt.% for H62C). An
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increase of the firing temperature, up to 1100 °C, was adopted in order to maximize the interdiffusion
through the liquid phase, in turn provided by anhydrous borax, initially set at 1.5 wt.% of the total ceramic
yield of the other components [Error! Bookmark not defined.].

Fig. 4 clearly demonstrates the higher suitability of H44 as a precursor for the target
crystalline phase, with diffraction peaks matching those of the desired phase (Ca.MgSi»O-, PDF#87-0049).
Only traces of wollastonite (B-CaSiOs, PDF#76-0925) were detected as a minor crystalline phase. The
sample from H62C, on the contrary, featured substantial signals attributed to merwinite (CasMgSi>Os,
PDF#89-2432) - i.e. to a Ca-Mg silicate with different CaO/MgO/SiO; balance -, to unreacted MgO
(periclase, PDF#89-4248) and to crystalline SiO; (cristobalite, PDF#82-1014). The inhomogeneity already
observed without fillers, upon firing in nitrogen, evidently resulted in inhomogenous reactions between the

polymer-derived silica and fillers.

FIGURE 3 HERE
Fig. 3 — Mineralogical comparison of samples from silicone-photocurable acrylic resin-reactive fillers
blends, fired in air (at 1100 °C), based on: a) H62C; b) H44

FIGURE 4 HERE
Fig. 4 — Microstructural details of samples containing anhydrous borax (1.5 wt.% Na.B4O; addition): a)
macro-cracks in cubic-cell scaffold; b) defect within a strut of a diamond-cell scaffold; ¢) microporous
structure of struts

The samples from H44, despite the excellent phase assemblage, still had some drawbacks. As shown
by Fig. 4a, the scaffolds contained many macro-cracks. Their strength was insufficient, so they could break
under gentle hand pressure. Anhydrous fillers (MgO and NazB4Oy), firstly selected, were expected to
minimize the gas evolution upon ceramic conversion; however, this choice led to some agglomerates, likely
due to the hygroscopicity of the same fillers, in turn causing the cracking. Fig. 4b, as an example, illustrates a
large defect in the cross-section of the strut of a diamond-cell sample. Interestingly, higher magnifications of
the same cross-section, as shown by Fig. 4c, revealed a spongy, foamed structure. The multitude of pores
could be attributed to gas release from the decomposition of CaCOs filler and SB/H44 blend.

Based on the microstructural observations, we can conclude that preceramic polymers and reactive
fillers were confirmed to enable the fabrication of scaffolds with hierarchical porosity also by digital light
processing, after successful experiments with scaffolds produced by direct ink writing of silicone-based
pastes [Error! Bookmark not defined.]. Such scaffolds possessing hierarchical porosity represent a
significant research target in recent bioceramics (sometimes achieved by quite complex processing, such as
the printing of emulsions instead of ceramic pastes [33], [34], [35] , in order to combine cell attachment,
growth and differentiation, infiltration of body fluids and vascularization [36],[37].

More homogeneous blends were achieved when using hydrated fillers. As shown in Fig. 5a,
macrocracks were still present, at low borax addition (1.5 wt.%). A good homogeneity was indirectly
indicated by the diffraction pattern in Fig. 6: despite involving a micro-sized MgO precursor, the new blend

provided nearly phase pure dkermanite, as in the previous case with nano-sized MgO. Increasing the borax



addition reduced or eliminated both the formation of microcracks (Figs. 5b,c) and the presence of

wollastonite secondary phase (Fig. 6).

FIGURE 5 HERE
Fig. 5 — Microstructural details of cubic-cell scaffolds from hydrated borax (a: 1.5 wt.% Na»B4O- addition;
b: 3 wt.%; c: 4.5 wt.%)

FIGURE 6 HERE
Fig. 6 — Mineralogical analysis of scaffolds fired at 1100 °C from H44-based mixture added with hydrated
borax: (a: 1.5 wt.% Na,B.O7 addition; b: 3 wt.%); c: 4.5 wt.%)

The spongy, foamed structure of the struts was confirmed also in the case of hydrated fillers, as
shown in Fig. 7. Quite surprisingly, there was no extra foaming effect from the release of water vapour, the
microporous struts from hydrated fillers (1.5-3 wt.%, Figs. 7a,b) being quite similar to those formed with
anhydrous fillers (Fig. 4c). In the previous investigation on scaffolds from MK-derived pastes printed by
direct ink writing, passing from anhydrous to hydrated filler determined a clearly visible transition from
nearly fully dense to foamed struts [Error! Bookmark not defined.]. MK silicone evidently had not
undergone a substantial cross-linking, at low temperature, so that water vapour release (at 300-350 °C, due to
the decomposition of both Mg hydroxide and borax), could occur in a viscous matrix. The acrylate
resin/silicone blend used for DLP experiments reasonably led to a highly cross-linked matrix, not undergoing
any softening at the early stage of heat treatment.

The maximum amount of borax (for a Na;B4O; addition of 4.5 wt.%) had an interesting
microstructural effect, with micropores surrounding interlocking elongated akermanite crystals, as shown by
Fig. 7c. This is in agreement with previous experiments with foams [Error! Bookmark not defined.]; a
more abundant liquid phase surrounding the reactants (polymer-derived SiO,, CaO and MgO), evidently
favored anisotropic crystal growth (a similar condition is known for mullite crystals in clay-derived vitreous

ceramics, presenting a more acicular morphology in more fluxed, and more fluid, matrices [38]).

FIGURE 7 HERE
Fig. 7 — Microstructural details of H44-derived diamond-cell samples: a) 1.5 wt.% Na,B1O- addition; b) 3
wt.%; c,d) 4.5 wt.%)

Table 2 reports data from physical and mechanical characterizations of the H44-based scaffolds
involving reactive fillers. Both total and open porosity increased significantly, compared to scaffolds from
the blend not comprising reactive fillers and fired in N, as an effect of the formation of highly porous struts.
As an example, with 1.5 wt.% Na,B4O- addition, the total porosity of the cubic-cell scaffold passed from 62
to 74 vol.%. The almost non-existing closed porosity indicate the full gas permeability of the structure.

Increased amounts of borate salt reduced total porosity (from 74 to 66 vol.%), due to enhancement of
viscous flow. In any case, the porosity remained mostly open. The observed compressive strength values
(from 1.5 to 2.8 MPa) remained within the range generally exhibited by silicate scaffolds for bone tissue

engineering, with the same level of porosity [39].



Changing the design from cubic to diamond cells did not imply any cracking, as confirmed by Fig.
7d, but caused a significant reduction of compressive strength. Again, this must be seen in the light of the
increased porosity, approaching 90 vol.%. Applying the above-mentioned Gibson&Ashby model, we could
estimate a bending strength of ~50 MPa, well below the strength values of glass-ceramics; the model,
however, neglects any stress concentration effect, arising from the porosity in the struts. Anyway, the
compressive strength of the sample with 4.5 wt.% Na,B4O- addition still compares well with the values for
silicate scaffolds with the same porosity [Error! Bookmark not defined.]. Additional efforts will be carried
out, in the near future, to improve the strength by revision of the designs. Finally, extensive cell studies are
envisaged to confirm the high biocompatibility and bioactivity expected from akermanite-based ceramics.

TABLE 2 HERE
Table 2 - Physical and mechanical properties of akermanite scaffolds from H44-based mixtures
Conclusions

Based on the presented results the following conclusions can be drawn:

o Akermanite scaffolds, with hierarchical porosity, were easily manufactured by digital light
processing of silicone-based photocurable mixtures;

o Silicone/acrylate resin blends could be used instead of photocurable silicones; the high homogeneity
could be exploited both for the manufacturing of SiOC ceramics, without fillers, and for the
manufacturing of multicomponent silicate ceramics, including reactive oxide fillers;

e The microporosity of the struts was not determined by water release from hydrated fillers, but from
the decomposition of CaCO; filler and SB/H44 blend;

o Hydrated fillers favored the development of homogeneous blends, in turn leading to defect free

scaffolds.
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Figure captions

Fig.1

Fig.2

Fig.3

Fig. 4

Fig. 5

Fig. 6

Fig.7

Details of scaffolds from H44-photocurable acrylic resin blend, fired in nitrogen: a-c) cubic-cell
sample; ¢,d) diamond-cell sample

Details of scaffolds from H62C-photocurable acrylic resin blend, fired in nitrogen: a,b) cubic-cell
sample; ¢) diamond-cell scaffold

Mineralogical comparison of samples from silicone-photocurable acrylic resin-reactive fillers blends,
fired in air (at 1100°C), based on: a) H62C; b) H44

Microstructural details of samples containing anhydrous borax (1.5 wt% Na2B4O7 addition): a)
macro-cracks in cubic-cell scaffold; b) defect within a strut of a diamond-cell scaffold; c)
microporous structure of struts

Microstructural details of cubic-cell scaffolds from hydrated borax (a: 1.5 wt% Na,BsO7 addition; b:
3 wt%; c: 4.5 wt%)

Mineralogical analysis of scaffolds fired at 11000C from H44-based mixture added with hydrated
borax: (a: 1.5 wt% NazB4O7 addition; b: 3 wt%,; c: 4.5 wt%)

Microstructural details of H44-derived diamond-cell samples: a) 1.5 wt% Na.B4O- addition; b) 3
wit%; c,d) 4.5 wt%)
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Table captions

Table 1 Physical and mechanical properties of SiOC scaffolds
Table 2 Physical and mechanical properties of akermanite scaffolds from H44-based mixtures
Tables
3D SiOC structures Geometrical density, Total porosity Open Compressive
p (g/cm?) (vol %) porosity strength, o
[prelzl'Ptot] (VOI %) (Mpa)
[Gbend (M Pa)]
cubic 0.75+0.02 62+1 58+1 24+3
H44 [0.38]
diamond 0.35+0.01 82+1 791 3+0.3
[0.18] [~208]
cubic 0.73+£0.01 64+1 50+1 21+1
H62C [0.36]
diamond 0.27 £0.02 86+1 84+1 2+05
[0.14] [~206]
Table 1
Na;B.O; addition,  Design Geometrical density,  Total porosity Open Compressive
by means of p (g/cm?®) (vol %) porosity strength, o
hydrated borax [pre=1-Prot] (vol %) (MPa)
(Wt%) [Sbend (MPa)]
cubic 0.75+£0.05 741+£16 73.8+1.6 15+£05
15 [0.26]
diamond 0.27 £0.03 90.7+1.0 90.6 £1.0 0.07+0.01
[0.09] [~12]
cubic 0.82+0.03 72.0+£10 715%1 21+0.3
3 [0.28]
diamond 0.32+0.01 89.0+0.6 88.4+0.7 0.25+0.05
[0.11] [~34]
cubic 0.98+£0.04 66.4+1.3 65.3+1.3 28+04
4.5 [0.34]
diamond 0.33+£0.03 88.6+1.0 88.2+1.0 0.40 £0.05
[0.11] [~50]
Table 2
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