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Abstract

The Na,O-5rO-5i0; system shows promise in the development of glasses that can be
transformed into electrically conductive glass ceramics. The conventional processing of
such materials usually involves the synthesis of a parent glass, followed by a complex
devitrification treatment. This study proposes a simplified approach based on the use of
preceramic polymers, namely silicone resins combined with oxide fillers. These systems
yield silicate-based ceramics through direct heat treatment, replicating the phase assembly
of traditional glass ceramics with no need for prior glass melting. A printable formulation
was developed by mixing a silicone resin with an acrylate-based photocurable resin, sodium
nitrate and strontium carbonate. The resulting ‘suspension-emulsion” was later shaped
into monolithic components using digital light processing. After pyrolysis in nitrogen
atmosphere, the components transformed into SrSiOj3 crystals embedded in a composite
matrix, in turn composed of glass and turbostratic carbon (the latter specifically offered
by the silicone polymer). This combination of crystalline silicates and carbon resulted
in measurable electrical conductivity. This study confirms that silicone-derived systems
can serve as effective precursors for conductive glass-ceramic analogues, providing an
alternative to conventional methods with single-step processing. This approach enables
structural shaping through 3D printing and the development of functional properties
suitable for electronic or electrochemical applications.

Keywords: conductive glass-ceramic; polymer derived ceramics; ceramic additive
manufacturing; Na, O-5rO-5i0; system

1. Introduction

Glass-ceramics are a class of glass-ceramic composites in which one or more crys-
talline phases are dispersed within a residual glassy matrix. This unique microstructure
enables a combination of properties not typically achievable in either glasses or fully
crystalline ceramics, such as tailored thermal expansion, mechanical strength, and ionic
or electronic conductivity [1]. In particular, glass-ceramics based on the Na,O-5rO-SiO,
system have shown potential for high-temperature ionic conduction [2-5], making them
promising candidates for applications in sensors, solid-state batteries, and electrochemical
devices [6-8].

Recent studies, such as the work by Smeacetto et al. [2], have demonstrated that
fast-quenched samples in this compositional system outperform traditional solid-state
synthesis and SrSiO3-NaySipOs composites in terms of ionic conductivity and structural
stability. These fast-quenched materials exhibit enhanced crystallization behaviour, with
crystalline domains acting as nucleation sites for the recrystallization of NaSipOs, a phase
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that contributes significantly to Na* ion transport. A notable conductivity of 107! S-em™!

at 750 °C has been reported, along with the reversible formation of the Na,Si;Os phase,
offering the possibility of regenerating ionic pathways upon thermal cycling [2,9].

Despite these favourable properties, conventional glass-ceramic processing is often
complex and resource-intensive [10]. It typically requires the initial formation of a parent
glass via melt-quenching, followed by a controlled heat treatment to induce crystallization.
This multi-step process limits scalability, increases production costs, and restricts design
flexibility, particularly for complex geometries [2,11].

To address these challenges, the so-called polymer-derived ceramics (PDCs) ap-
proach [12] may offer an alternative fabrication strategy. According to this methodology,
silicon-based polymers, such as silicones, are converted into ceramic materials through
pyrolysis (thus motivating the term ‘preceramic polymers’). When combined with suit-
able oxide fillers, these systems can yield amorphous-crystalline composites similar to
conventional glass-ceramics, without the need for a melt-derived glass precursor. The
high reactivity of silica generated during the decomposition of the silicone enables in-
situ crystallization, often at lower temperatures and through a single thermal treatment
step [13,14].

An additional advantage of silicone-based systems is their compatibility with ad-
ditive manufacturing techniques [15,16]. In particular, digital light processing (DLP), a
vat photopolymerization method, allows for the shaping of complex architectures using
photosensitive resins [17-19]. Printable formulations can be obtained just by physically
mixing a silicone polymer with an acrylate-based resin [20]. Sodium nitrate, introduced
via emulsification [20], improves dispersion stability and homogeneity, while strontium
carbonate may serve as a stimulus (by supplying SrO) for specific crystalline phases [14].
When pyrolyzed under nitrogen, these formulations generate a multiphase ceramic material
comprising silicate crystals within a glassy matrix [21], along with turbostratic carbon from
the organic backbone [22]. This carbon phase may contribute to the electronic conductivity
of the final component [23,24].

In this study, we propose a simplified processing route to obtain electrically conductive,
silicate-based glass-ceramic analogues using silicone-derived preceramic formulations. The
aim is to demonstrate that a single-step thermal treatment, combined with 3D printing
via DLP, can yield monolithic components with structural and functional characteristics
comparable to those of conventional glass-ceramics, without requiring melt-quenching or
multi-stage devitrification [19,25].

2. Materials and Methods
2.1. Preparation and 3D Printing of Silicone-Based Emulsions

A key novelty of the current approach is the application of a silicone-based ‘suspension-
emulsion’. In fact, sodium and strontium oxide precursors could be mixed with a silicone
resin (Silres® H44, Wacker Chemie AG, Munich, Germany) in two distinct stages.

An ‘oily’ phase was prepared by mixing 5 g of H44 with 5 g of a commercial acrylate-
based photocurable resin (Industrial Blend Transparent, FunToDo, Alkmaar, The Nether-
lands). The two components were homogenized using a planetary mixer (Thinky ARE-250,
Intertronics, Kidlington, UK) operated at 2000 rpm for 10 min.

In parallel, an “aqueous’ phase was produced by emulsifying 10 g of the same pho-
tocurable resin with 1 g of Span 80 (sorbitan mono-oleate, TCI, Tokyo, Japan) and 2.6 g of
sodium nitrate (NaNOj3, Sigma-Aldrich, St. Louis, MO, USA). The mixture was sonicated
using an ultrasonic tip device (Bandelin Sonopuls HD 2070, Berlin, Germany) for 60 min
under continuous magnetic stirring. Subsequently, the emulsion was further homogenized
using a high-speed planetary mixer (SmartDac 250.4 VAC-PLR, Hauschild SpeedMixer,
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Hamm, Germany) with a programmed sequence of 2 min at 200 rpm, 2 min at 2200 rpm,
and 4 min at 2400 rpm. After this step, 3.3 g of strontium carbonate (SrCOj3, Sigma-Aldrich,
>98%) powders were suspended into the emulsion through additional sonication for
10 min to ensure uniform distribution of the ceramic filler.

The oily and aqueous phases were then combined and homogenized using the same
Thinky planetary mixer for 5 min, resulting in a stable and printable ceramic precursor
formulation.

Disk-shaped substrates, 30 mm in diameter and 0.7 mm in thickness, were fabricated
using a masked vat-photopolymerization 3D printer (Prusa SL1S, Prusa Research, Prague,
Czech Republic), operating at a wavelength of 405 nm. The printing process was conducted
with a layer thickness of 50 pm and an exposure time of 5 s per layer. The platform was
gradually lifted from the resin bath, forming the 3D geometry layer by layer.

After printing, the green parts were removed from the build platform and cleaned by
immersion in isopropyl alcohol (IPA) for 10 s to remove residual unpolymerized resin. The
samples were then post-cured under UV light (Prusa CW1, Prusa Research) at 405 nm for
10 min per side to complete polymerization.

Ceramization was achieved through a two-step heat treatment in a flowing nitrogen
atmosphere. The temperature was initially raised at 0.5 °C/min up to 500 °C, with a dwell
time of 2 h to induce polymer-to-ceramic conversion. This was followed by a second ramp
of 1 °C/min up to 1050 °C, with an additional 2 h dwell at the maximum temperature to
promote crystallization and densification of the ceramic matrix [2]. A detailed overview
of the full fabrication process, including emulsion preparation, 3D printing, and thermal
treatment, is provided in Appendix A.

2.2. Characterization of Printed Components and Final Substrates

The morphological features of the printed components, both before and after thermal
treatment, were evaluated using optical stereomicroscopy (AxioCam microscopy camera,
Carl Zeiss™, Oberkochen, Germany) to assess the overall surface quality and the structural
homogeneity of internal geometries.

Detailed microstructural observations of heat-treated samples were conducted using
environmental scanning electron microscopy (ESEM, FEI Quanta 200, Eindhoven, The
Netherlands), equipped with an energy-dispersive X-ray spectroscopy (EDS) detector, in
order to investigate phase distribution and elemental composition at the microscale.

Phase identification of powdered samples, collected before and after pyrolysis, was
conducted by X-ray diffraction (XRD) using a Bruker AXS D8 Advance diffractometer
(Karlsruhe, Germany). Data were collected in the 26 range of 10-60°, with a step size of
0.05° and a counting time of 1 s per step, using Cu Ko radiation and a Ni filter. Phase
analysis and peak identification were performed using the Match! software package
(Version 1.11h, Crystal Impact GbR, Bonn, Germany).

To verify the conduction of electricity, a digital multimeter was utilized to measure the
resistance of the material.

3. Results and Discussion
3.1. Morphological Evolution Before and After Thermal Treatment

The green parts produced using DLP printing had smooth, defect-free surfaces and
good dimensional accuracy (Figure 1a), which confirms that the silicone-acrylate formu-
lation with oxide precursors has adequate photoreactivity and dispersion stability. No
significant filler sedimentation or phase separation occurred prior to heat treatment.



Crystals 2025, 15, 885

40f 10

(@) (b)

Figure 1. (a) Green 3D-printed sample before pyrolysis; (b) Same sample after heat treatment at
1050 °C in Ny, showing black coloration and shrinkage.

Following pyrolysis at temperatures up to 1050 °C in an inert atmosphere, the parts
shrank substantially and changed colour to opaque black (Figure 1b). This was attributed
to the ceramization of the silicone matrix and the formation of a pyrolytic carbon phase.
Macrostructural heterogeneity was observed on the surface as a consequence gas-induced
bubbles clearly visible under optical stereomicroscopy (Figure 2).

(@) (b)

Figure 2. Optical stereomicroscope images: (a) Surface of green part with uniform texture; (b) Fired

part showing bubbles due to internal gas pressure during pyrolysis.

These bubbles are likely the result of internal gas pressure build-up during the de-
composition of NaNO3 and SrCOs, coupled with limited gas diffusion through the already
polymerised outer shell. This phenomenon is common in polymer-derived ceramic sys-
tems, particularly in geometries with limited wall thickness and restricted gas escape
pathways [22].

Interestingly, elemental mapping by EDX revealed that strontium tends to concentrate
within or around these bubbles, suggesting a degree of phase separation or differential
diffusion during ceramic transformation. One hypothesis is that Sr-containing species
(e.g., SrO or Sr?* complexes) migrate towards low-density or low-viscosity regions during
the initial stages of pyrolysis, possibly facilitated by localised gas flow or melt-phase
redistribution prior to crystallisation.

Such preferential accumulation could influence local crystallisation behaviour, explain-
ing the presence of Sr-rich crystallites at bubble perimeters as observed under SEM and
EDX (Figures 3b and 4).



Crystals 2025, 15, 885

50f 10

(b)
Figure 3. SEM micrographs at increasing magnifications showing: (a) Surface morphology of

glass-ceramic composite; (b) Elongated SrSiOj3 crystallites (the arrow indicates an elongated Sr5iO3
crystallite); (c) Detail of intergranular bubble and strontium-rich zones.
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Figure 4. EDX map focuses on a bubble zone. Si (light blue), Sr (yellow), Na (blue), and C (red).
Brighter areas indicate higher concentrations of the respective elements.

3.2. Microstructure and Elemental Distribution (SEM-EDX)

SEM analysis (Figure 3) revealed a heterogeneous microstructure composed of dense
ceramic regions. At higher magnifications, elongated and plate-like crystalline grains could
be distinguished embedded in a darker matrix, which is presumably amorphous.

EDX mapping confirmed a relatively uniform distribution of silicon, oxygen and
carbon throughout the matrix. As Figure 4 shows, the EDX map highlights strontium
accumulation along the bubble boundaries, indicating preferential segregation of strontium
in these areas. This supports the observation of strontium-rich crystallites near pore bound-
aries. Localised strontium enrichment in pore-rich regions (Figure 5 and Table 1). Although
this indicates that the distribution of strontium is not homogeneous at the microscopic
level, the composition of the matrix remains relatively uniform. This heterogeneity is
likely related to the foaming phenomena that occur during pyrolysis and must therefore
be considered an intrinsic feature of the current processing route. The turbostratic carbon
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phase is attributed to the decomposition of the organic resin in nitrogen, and it provides
potential pathways for electronic conductivity.

Figure 5. EDX spectrum analysis of different zones of the surface.

Table 1. EDX spectrum analysis of different zones of the surface.

% wt.
Element Spectrum 1 Spectrum 2 Spectrum 3 Spectrum 4
C 23.2 214 19.2 24.6
Sr 8.1 19.1 26 7.5
Na 11.7 8.8 6.3 12.6
Si 13.6 11.6 11.7 12
(@) 427 38.6 36.9 42.8

The absence of residual sodium peaks in the EDX data and the lack of clear Na-
containing crystalline phases suggests that either NaNOj3 volatilised during pyrolysis or
that amorphous sodium silicate domains formed below XRD detectability. NMR or XPS
studies would be required to further clarify the sodium speciation, but they are beyond the
scope of the present paper.

3.3. Phase Evolution by X-Ray Diffraction

The XRD pattern of the heat-treated samples (Figure 6) confirmed that the dominant
crystalline phase was SrS5iO5;. All the major peaks matched those of the orthorhombic
polymorph of strontium metasilicate, which is consistent with the literature. The broad
hump between 20° and 35° 20 indicates an amorphous silicate background.

Notably, no peaks corresponding to sodium-containing phases were detected. Fur-
thermore, no reflections associated with residual SrCO3 or NaNOj3 could be observed,
confirming that the samples underwent complete reaction and conversion during ther-
mal treatment, in line with the fact that SrCO3; decomposes above 875 °C and NaNOs3
decomposes above 450 °C.
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Figure 6. XRD pattern of the final ceramic showing dominant SrSiO3 peaks and an amorphous
background.

3.4. Electrical Behaviour

Contact probe measurements using a digital multimeter verified that the pyrolyzed
samples were electrically conductive. This confirms the development of a conductive
network within the ceramic body.

The observed conductivity is attributed to a dual mechanism involving the pyrolytic
carbon phase formed from the decomposition of the silicone backbone in an inert at-
mosphere and the crystalline SrSiO3 phase which is known in the literature to exhibit
semiconducting behaviour, particularly when formed in non-stoichiometric or defect-
rich environments.

The presence of 5r5iO3, as confirmed by XRD, may enhance electrical conduction via
hopping or small-polaron mechanisms [26], particularly if point defects (e.g., Sr or oxygen
vacancies) are introduced during processing. Such defects are commonly generated in
polymer-derived ceramic systems due to the non-equilibrium nature of the ceramization
route and rapid gas release.

Furthermore, the partial connectivity of the pyrolytic carbon phase can improve
electron transport across grain boundaries or through residual glassy regions. The carbon
is likely to exist in a turbostratic or amorphous form [27]. While this is less conductive than
graphitic carbon, it can still support percolation paths when sufficiently interconnected.

This glass-ceramic composites microstructure, comprising conductive ceramic crystals
and a dispersed carbon network, suggests that the resulting material behaves as a mixed
electronic conductor. These characteristics could be exploited in applications requiring elec-
tronic transport at moderate temperatures, such as in electrodes, gas sensors or interconnect
materials in solid-state devices.

4. Conclusions

A simplified processing route has been developed for fabricating electrically con-
ductive silicate-based glass-ceramic composites starting from printable, silicone-derived
emulsions. A mixture of silicone resin, acrylate-based photocurable resin, sodium ni-
trate and strontium carbonate was found to enable the formation of stable, photoreactive
formulations that were suitable for shaping via digital light processing (DLP).
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Following a single-step thermal treatment in nitrogen, the green bodies were con-
verted into glass-ceramic composites structures consisting of SrS5iO3 crystals embedded
in an amorphous matrix containing dispersed turbostratic carbon. This microstructure
was confirmed by SEM, EDX and XRD analyses and resulted in electrically conductive
materials. This conductive behaviour is attributed to the presence of the semiconducting
material SrSiO3 and to the formation of an interconnected carbon phase originating from
the silicone matrix.

Despite heterogeneity on the surface developing due to gas evolution during nitrate
decomposition, the fired substrates maintained sufficient mechanical integrity. These
characteristics suggest potential applications in functional ceramics requiring moderate
electronic conductivity.

This study demonstrates the feasibility of producing conductive glass-ceramic ana-
logues without the need for traditional glass melting or multi-step crystallisation. In
line with previous studies on polymer-derived ceramics, which recognised the potential
of crystallisation within an amorphous precursor matrix to tailor microstructures, this
work demonstrates the direct application of this approach in silicate-based systems. The
incorporation of crystalline SrSiO; domains within an amorphous Si-O-C matrix via a
simplified, one-step process demonstrates the potential of polymer-to-ceramic strategies in
producing functional glass-ceramic composites without the need for conventional melting.
This advancement extends the concept of crystalline-phase-containing PDCs to electrically
conductive, additively manufactured systems, revealing new possibilities for functional
ceramic technologies. Future investigations will include quantitative electrical characterisa-
tion, surface heterogeneity reduction and stability assessment under operational conditions.
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Appendix A

The Figure A1l provides a visual summary of the fabrication process used to produce
conductive glass-ceramic components from a silicone-based printable formulation. The
process begins with the preparation of a multifunctional mixture comprising a silicone resin,
a photocurable acrylate resin, sodium nitrate (NaNOj3) and strontium carbonate (SrCO3).
Adding a surfactant ensures the system is properly dispersed and stabilized, enabling the
formation of a homogeneous emulsion.

In this formulation, sodium nitrate is present in liquid form while strontium carbonate
is present as solid particles. The silicone and photocurable resin create an organic matrix
that can be structured via photopolymerization. Once mixed, the emulsion exhibits suf-
ficient rheological and optical properties to be processed using digital light processing
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(DLP), a 3D printing technique that enables the composite to be shaped layer by layer into
complex geometries.

After printing, the ‘green” components, which are still polymeric, undergo UV post-
curing to complete the polymer cross-linking and ensure structural stability prior to firing.
Subsequent heat treatment under nitrogen initiates a twofold transformation. First, the
silicone undergoes ceramization to form a partially amorphous silicate matrix. Secondly,
the added inorganic components participate in solid-state reactions. SrCOj3 reacts with
silica to form crystalline strontium silicate (5r5iO3), while NaNOj either volatilizes or
contributes to the formation of sodium-containing amorphous domains.

At the same time, the organic components of the matrix decompose, resulting in the
formation of a turbostratic carbon phase. This phase remains embedded within the ceramic
and contributes to the final material’s overall electronic conductivity.

The result is a glass-ceramic microstructure comprising SrS5iOj3 crystals dispersed in a
silica-based matrix and a percolative network of conductive carbon residues. Interactions
between sodium, strontium and silicon oxides during thermal processing are crucial for
defining the final phase composition and electrical properties of the material.

This processing route offers a more efficient alternative to conventional glass-ceramic
fabrication by eliminating the need for prior glass melting and enabling direct shaping
via additive manufacturing techniques. This opens up new possibilities for designing
conductive ceramic components with complex geometries and functional performance
tailored to electronic or electrochemical applications.

Photocurable blend Cured blend Si,0,Sr,Na,, matrix
Sodium Nitrate @ . . . t
O ' . <P Interaction

Strontium Carbonate |

Photocurable resin
tMixinE

© © O=m® O @mum) '

i_—»r

Particles SrCO, SrSi0,

Silicone

Surfactant\_ Particles SrCO, Surfactant

Liquid NaNT Solid NaNT

Figure Al. The fabrication process involves silicone-based precursor formulation, 3D printing, UV
curing and high-temperature treatment. This results in a conductive glass-ceramic material containing
5r5iO3 crystals and turbostratic carbon.
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