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Ceramics are highly chemically, thermally, and mechanically resistant. These
remarkable propertiers make them useful across multiple industries; but also,
difficult to mold into complex shapes. A possibility to make convoluted ceramic
parts is to use preceramic polymers (PCPs) in liquid form. The PCP resin is first
solidified in a desired geometry and then transformed into ceramic compounds
through a pyrolysis step that preserves the shape. Light-based additive
manufacturing (AM) is a promising route to achieve solidification of the PCP resin.
Different approaches, such as stereolithography, have already been proposed but
they all rely on a layer-by-layer printing process which limits printing speed and
object geometry. Herein, the fabrication of complex 3D centimeter-scale ceramic
parts by using tomographic volumetric printing is presented, which is fast and
offers a high-resolution and geometrical design freedom. First, a photosensitive
polysiloxane preceramic resin that is solidified by projecting light patterns from
multiple angles is formulated. Then, the obtained 3D printed parts are converted
into ceramics by pyrolysis. The strength of this approach is demonstrated through

(e.g., ceramic thermal barrier coatings, fil-
ters, lightweight space mirrors, hip or knee
implants)."*~®!

However, the fabrication of complex
ceramic parts remains very challenging.
Mainly because of their hardness and brittle-
ness, conventional manufacturing pro-
cesses, such as machining or molding, are
limited to simple object geometries as well
as being costly and time-consuming.
Additive manufacturing (AM) represents
an attractive alternative. Not only does it
offer more flexibility in terms of architecture
and significantly reduce material waste but
also it leads to cost-effective production in a
shorter time. In the liquid-based AM tech-
nologies being used for the fabrication of
ceramics, the process starts with a liquid

the fabrication of smooth, dense microcomponents exhibiting overhangs and
hollow geometries without the need of supporting structures. Their resistance to
thermal stress and harsh chemical treatments is characterized.

1. Introduction

Over the past decades, ceramics have attracted much interest for
their superior properties, including hardness, durability, and sta-
bility in extreme environments. They meet fabrication needs in
various fields ranging from transportation industry (e.g., diesel
engines) to the energy sector (e.g., nuclear) but also environ-

ment, defense, aerospace, and in the medical sector

preceramic polymer (PCP) that is first solid-
ified into a 3D object: the so-called green
body. The latter is then transformed into
a ceramic material, generally denoted as
polymer-derived ceramic (PDC), through a
pyrolysis step.”) Initially, PCP resins were
processed or shaped using conventional
polymer-forming techniques such as injection molding or extru-
sion. Later, it was demonstrated that by adding a photoinitiator to
the liquid precursor, the solid green body can be formed by expo-
sure to UV radiation.®! Through photopolymerization, laser-based
stereolithography (SLA) has enabled the fabrication of PCP com-
ponents with high resolution and a good surface quality.”! It con-
sists of scanning a laser beam on the photosensitive PCP resin and
selectively hardening the material, building the 3D green body
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voxel by voxel. A faster variant of SLA is digital light processing
(DLP) in which a projector is used to selectively expose and
cross-link an entire layer of UV-curable preceramic monomers
at once.'>*? Using this DLP approach it is possible to print in
a few tens of minutes complex scaffold structures like Kelvin cell
structures of typical size 5x 5 x 5mm’® with a resolution of
50-100 pm that maintain their initial shape during pyrolysis at
temperatures of 1000 °C, or large geometries at high print speed
using high-area rapid printing.”) Two-photon photopolymeriza-
tion (2PP) is yet another lithography-based AM process character-
ized by its very high resolution and accuracy, making it ideal for
the manufacture of microscopic structures. Pham et al. reported
the fabrication of complex SiCN ceramic microstructures with a
submicron resolution via nanostereolithography of a PCP.*!
The process is based on the two-photon absorbed cross-linking
of the photosensitive PCP. Later, more complex structures were
also reported using the commercial 2PP system by Nanoscribe
with higher pyrolysis temperatures.'*'*) Recently, AM of ceramic
components has been demonstrated by gel-casting and filling with
ceramic precursors."®!

Volumetric 3D printing is a class of emerging light-based tech-
nology that eliminates the need for support struts by printing the
whole object at once within a resin's container (see illustration in
Figure 1a). Volumetric 3D printed objects are self-supported within
the build volume and are built in a few tens of seconds as opposed
to the tens of minutes required by layer-by-layer systems. The rea-
son for this decreased building time is that the resin does not have
to flow to fill in the surface of the build plate when a new layer is
cured as done in SLA or DLP. The essence of volumetric 3D print-
ing departs from this layer-by-layer scheme by producing a 3D dose
of light within the whole volume of resin using tomographic back
projections!”” ' or orthogonal dual-wavelength photopolymeriza-
tion.”” Tomographic volumetric additive manufacturing is not
only faster but also forms isotropic homogeneous polymerized
bodies because the whole object is polymerized at once.'®
Furthermore, this printing approach allows the fabrication of con-
voluted hollow structures and geometries with large overhangs
which are unprintable with other conventional AM techniques.
Recent progress in volumetric additive manufacturing now allows
printing different materials including acrylic,** thiol-ene photore-
sins,”!! or even scattering resins,’*”! but to our knowledge the 3D
printing of ceramics with a tomographic approach has not been
reported yet.

2. Results

2.1. Tomographic Printing of Preceramic Resins

Here, we report on the volumetric additive manufacturing of sil-
icon oxycarbide (SiOC) ceramic centimeter-scale components
using a polysiloxane ceramic precursor with a cross-linker.
Photopolymerization was induced by tomographic back projec-
tion. The resin used in the printer is composed of a polysiloxane
(SPR 684) with 1,4-butandiol-diacrylate (BDDA) as cross-linker.
The photoinitiator diphenyl-(2,4,6-trimethylbenzoyl)-phosphin-
oxide (TPO) is added as the light sensitive component to trigger
the polymerization. The radical polymerization mechanism illus-
trated in Figure 1b begins with single-photon absorption by the
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photoinitiator (TPO). This generates the primary radicals
(C-centered acyl and P-centered phosphinoyl radicals) after the
a-cleavage of the C—P bond.?***! The efficiency of the cross-
linking at the propagation step is enhanced thanks to BDDA.
In fact, the primary radicals of the initiation step (TPO) activate
the radical polymerization of the BDDA by cleaving the methy-
lene bond. The high reactivity of BDDA correspondingly assists
the chain growth of the PCP by a similar mechanism of methy-
lene cleavage. In this way, the cross-linking propagates to a direc-
tion perpendicular to the chain of the PCP and should terminate
after irradiation stops.

In the volumetric printer, parts are printed within rotating
glass vials filled with the photocurable resin as a set of light pat-
terns are exposed onto it (Figure 1a). To ensure high printing
fidelity with the target object, it is crucial that the projected light
patterns propagate through the resin without being distorted nor
attenuated. Regarding this point, the resin is highly transparent
and presents only little absorbance coming from TPO, as shown
in Figure Sla—c, Supporting Information. Although relatively
low, this attenuation can hinder the printability of centimeter-
scale shapes (Figure S1d, Supporting Information); thus,
we correct for it following the method described in the study by
Madrid-Wolff et al?? Also, the resin we use has a viscosity of
873 mPas, as shown in Figure S2a-b, Supporting Information,
which is high enough to prevent sinking of the polymerized part
within the printing times of 3060 s (see Figure S2c—e, Supporting
Information). The acrylate-mediated photopolymerization exhibits
a thresholded response to light dose® (Figure S1b, Supporting
Information). This is the result of two effects: the gelation thresh-
old of the resin®! and the presence of an inhibitor in the resin.
The inhibitor, here oxygen naturally dissolved from the atmo-
sphere in the resin, reacts with the excited photoinitiator, prevent-
ing the initiation of the polymerization process. This nonlinear
response of the resin to light is fundamental in tomographic volu-
metric additive manufacturing: it ensures the projection of several
light patterns over a few (at least one) vial's rotation before the
solidification of the resin occurs.

2.2. Ceramization of the Polysiloxane Substituted Precursor

The green body is converted to the PDC through the pyrolytic
transformation. The SPR-684 is a commercially available polysi-
loxane which converts to ceramic for pyrolysis temperatures
tested already in the range of 1000-2000 °C.[*>27-31

Pyrolysis leads to the decomposition of some organic units
with an escape of volatile gases. Polymer-to-ceramic conversion
usually occurs within a temperature window of 400-800 °C.
Ceramic conversion is almost complete above 600 °C and later
there will be rearrangement of bonds to form Si—C-rich and
Si—O-rich regimes. In our case, pyrolysis plays a key role in
the stability of the final structure as both the siloxane and acrylate
units have different pyrolysis profile. The acrylate starts to
decompose around 375 °C and care must be given at this tem-
perature to avoid formation of bubbles and cracking of struc-
tures. Heating should be as slow as possible to allow a
smooth escape of volatile units resulting from the decomposition
of acrylate units. The pyrolysis profile is designed accordingly
(see Supporting Information). The preceramic green bodies
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Figure 1. a) In tomographic volumetric additive manufacturing of silicon oxycarbide ceramics, the 3D model of the desired part is used to calculate a set
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of light patterns which are projected onto a rotating vial filled with a photocurable preceramic resin. The resulting solid green body is retrieved from the

liquid resin, and pyrolyzed at T= 1000 °C. b) Schematic representation at the molecular level. A polysiloxane preceramic resin is mixed with a cross-linker

and a photoinitiator. After excitation with blue light, a stiff network of polymerized and cross-linked polysiloxane chains forms the green body. During a
48 h pyrolysis process, different organic compounds volatilize while the part transforms the part into a silicon oxycarbide ceramic amorphous network.!"”
c) Exemplary 3D printed PDCs. From left to right, a screw with a central hollow channel, two 3D crosses of different sizes, and two spherical woodpiles.

Scale bar: 5mm.

are slowly heated to the specified temperature and a holding step

of 1h is applied at 375 °C. This is followed by a heating ramp to

1000 °C and kept at the peak temperature for 1 h to complete the
ceramic formation. This causes a large mass loss and leads to
shrinkage between the green body and the PDC. More details

are provided in Figure S3, Supporting Information.
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2.3. Geometrical Characterization of 3D Printed Ceramic Parts

Tomographic additive manufacturing is a very flexible technique
in terms of object's geometry as it offers the possibility of
fabricating microcomponents with unique shapes that may

potentially be very challenging to obtain with other AM
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technologies. As depicted in Figure 1c, examples of three differ-
ent shapes with different sizes were successfully printed (from
left to right: a screw with three full revolutions and with a channel
going down its center, 3D crosses, and a ten-level spherical wood-
pile structure). We noticed that all these structures were success-
fully pyrolyzed without major bubble formation, deformation, or
cracks. This shows that relatively large objects can be produced
especially if their geometries present sufficient escape routes to
facilitate degassing, like inner channels.

Hereafter, we characterize the geometry of a PDC woodpiles of
size 5 x 5 x 5 mm? with five layers of rods of square cross section
measuring 1 X 1 mm and spaced out by voids of the same dimen-
sions, as shown in Figure 2a,b. Micro-CT scans show that the parts
retained the design voids inside, even after pyrolysis. A ceramic
part was cut and the internal side was imaged by a scanning elec-
tron microscope (SEM) with 5nm resolution. In Figure 2b, the
SEM image of this part shows that the prints have no signs of
porosity through the bulk of the PDC. Small residues can be
observed on the same image because of the cutting process.

www.aem-jou rnal.com

Figure 2c shows a series of SEM images of the woodpile structure,
highlighting the surface quality of the prints. It is visible that the
vertical walls of the PDC exhibit some striations when compared to
the horizontal ones. These striations are typical of volumetric addi-
tive manufacturing and might come from self-writing waveguide
effects.**** Additionally, volumetric additive manufacturing sim-
plifies postprocessing of the green bodies due to the absence of a
build plate or support structures. This imaging indicates that the
resulting PDC are dense and have smooth surfaces.

Shrinkage poses a difficulty to fabricate functional pieces from
PCPs.>*! Recent works measured the resulting shrinkage after
pyrolysis and applied corrections to the 3D model to obtain accu-
rate parts.”® Such corrections are more straightforward if the
shrinkage is isotropic. Previous works on volumetric additive
manufacturing have shown that tomographic back projection
results in isotropic, smooth polymerization, contrary to
extrusion-based printing and DLP.'® As the green bodies are
formed volumetrically, without a preferential direction, it is
expected that the shrinkage is isotropic. Indeed, the pyrolyzed parts

(@) 3D model PDC

—

——

UCT cross sections (b) SEM

() . SEM

200 um

Figure 2. Density and smoothness. a) 3D model, microscope image, and cross sections from micro-CT images of a five-level woodpile. Scale bar: T mm.
b) SEM image of the internal side of a cleaved ceramic part. c) SEM images of the printed parts and their surfaces. Scale bar: 200 pm.
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Figure 3. Isotropy of shrinkage. a) In tomographic volumetric additive manufacturing, the object is printed upon the simultaneous polymerization of the
resin in the rotating vial. Unlike SLA or DLP, the part exhibits isotropic polymerization along cylindrical coordinates. b) Shrinkage along the axial and radial
dimensions of prints. An unpaired t-test shows that there is no significant difference between the shrinkage along the radial and axial dimensions. Error
bars indicate a standard deviation. c) Overlay of the green body and PDC of a 3D cross.

did not show significant differences in shrinkage along any direc-
tion (p = 6.3 x 107%). This allows the PDCs to keep their shape
along the axial and radial dimensions of printing, as shown in
Figure 3. Additionally, we report a shrinkage of 31.0 + 1.7%
and a mass loss of 54.0 + 0.2% from printing to pyrolysis.
These results are in line with those of previous works.[***

2.4. Materials Characterization

In order to have a detailed and in-depth understanding of the
ceramization, we performed a set of different measurements
on both green and ceramic parts, namely, Fourier-transform
infrared spectroscopy (FTIR), Raman spectroscopy, and X-ray
photoelectron spectroscopy (XPS).

In Figure 4a, the FTIR spectra of the green and pyrolyzed state
are presented. In the spectrum of the green body, several bands
are observed which are mostly referred to the organic siloxane

Adv. Eng. Mater. 2022, 24, 2101345 2101345 (5 of 10)

backbone and its functional groups. In the pyrolyzed state, the
bands appear as a smoother curve presenting mainly Si—O-
and Si—C-type bonds after ceramization. Both spectra are in good
agreement with prior work of the exact same PCP in the
green state, including the added cross-linker and photoinitia-
tor,72%3*4 and in the pyrolyzed state.”*"*¢! As shown in
Figure 4b, Raman spectroscopy of green bodies and pyrolyzed
parts suggests a conversion from an organic to an inorganic mate-
rial after pyrolysis. The spectrum of the green body shows numer-
ous narrow bands, characteristic of the organic siloxane backbone
and cross-linker. Most notably, peaks at 618, 998, 1188, and
1592cm ™" are likely those of the phenyl group in the back-
bone.’***! The Raman spectrum of the pyrolyzed parts mainly
exhibits two broad bands at 1380 and 1600 cm™, namely, the
D and G bands of free carbon.***! So-called free carbon intru-
sions have been previously documented in pyrolyzed PDCs.[*¢~
*8l The organization of this free carbon phase segregated within
the microstructure and the gradual degradation of the amorphous

© 2022 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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Figure 4. Pyrolysis leads to material transformation from organic green bodies (bottom) to ceramic pyrolyzed parts (top). a) FTIR spectra suggest
conversion from the organic green body with numerous thin absorbance bands, many attributable to the organic bonds in the cross-linked PCP, to
an inorganic silicon oxycarbide material, with Si—C and Si—O bonds. The absorbance region around 1500 cm™" is attributable to the free carbon phase.
b) Raman spectra corroborate the findings from FTIR. In the green body spectrum, four strong emission peaks match the spectral fingertip of the phenyl
group present in the siloxane. In contrast, the pyrolyzed parts show a smoother emission spectrum, with two marked peaks representing the D and G
bands of the free carbon phase. c) X-ray photoelectron spectra around the Si 2p bond. The spectrum for the pyrolyzed part spans the binding energies that
are characteristic to intermediate mixed silicon oxycarbide species, namely, SiOsC, SiO,C,, and SiOCs. For the green body, the energy spectrum may be

attributed to organic siloxanes.

Si—O—C network have been linked to higher pyrolysis tempera-
tures. This free carbon, as illustrated in Figure 1b, has been sug-
gested to explain the high thermal resistance of these materials.”!
XPS spectra around the Si 2p bond show a broadening of the peak
for the pyrolyzed parts, with respect to the green bodies, as shown
in Figure 4c. The spectrum for the pyrolyzed part spans the bind-
ing energies that are characteristic to intermediate mixed silicon
oxycarbide species, namely, SiOsC, SiO,C,, and SiOC; with bind-
ing energies at 103, 102, and 101 eV, respectively.*! Spectra at the
O 1s and C 1s bonds are shown in Figure S6, Supporting
Information. Bonds of lower energies, such as Sic, P! might be
present in these samples, although at much lower concentrations,
as the appearance of nanocrystalline SiC has been documented in
PDCs only at higher pyrolysis temperatures (>1300 °C).*" Recent
studies have shown that the site of binding between phenyl groups
and the silicone backbone may result in mixed Si—O and Si—C
bonding, particularly at the interface between the silica-rich nano-
domains and the free carbon nanodomains.”" In contrast to the
pyrolyzed state, the XPS spectrum of the Si 2p bond for the green

Adv. Eng. Mater. 2022, 24, 2101345 2101345 (6 of 10) ©

state shows a narrower peak, with an energy distribution that
matches that of siloxanes with organic functional groups.””

2.5. Resistance of 3D Printed Ceramic Parts

We tested the physical and chemical properties of the fabricated
PDCs. To test their thermal resistance, we exposed the parts to
rapid thermal shock cycles of 15 s heating up under the flame of a
butane torch and 10's of cooling down. The temperature of the
flame (T 1400°C) is higher than the pyrolysis temperature.
Figure 5a shows a time-lapse sequence of a spherical woodpile
under its fifth thermal stress cycle. The first and last frames of
the time-lapse show that the part retained its shape and did not
crack, even withstanding the stress induced by the holding
clamp. To assess the chemical inertness of the parts, we sub-
merged them for 1 h in aqueous corrosive baths. Figure 5b shows
a 3D cross PDC sitting in a HCI solution of pH = 2 on the left
and a 3D cross PDC sitting in a KOH solution of pH = 14 on the
right (see Figure S8, Supporting Information). Both parts
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Figure 5. Resistance of 3D printed ceramic parts. a) Time-lapse of a ceramic part being heated to incandescence with a butane torch (T~ 1400 °C) and
then let cool down. The last frame shows the part after five cycles of thermal stress. Scale bar: 5 mm. b) Parts after being immersed for one hour in a

strong acid (pH =2) or a strong base (pH = 14) for 1 h. Scale bar: 2 mm.

retained their mass (within 0.1 mg on a precision scale). This
demonstrates that they are very resistant to high temperatures,
rapid heating and cooling for several cycles, and to corrosion.

3. Discussion and Conclusion

In this work, we demonstrated the fabrication of isotropic, fully
dense, and crackfree PDCs from volumetric additive
manufacturing. We formulated a transparent preceramic resin
from a polysiloxane backbone and a diacrylate as a cross-linker.
The resin was poured in a rotating cylindrical glass vial to be pho-
tocured with a laser source at 405 nm by using tomographic back
projection. Parts with complex shapes were successfully fabri-
cated and the green bodies were converted to ceramic parts
through pyrolysis at 1000 °C. We reported qualitatively on the
density and the smoothness of the parts at the microscopic scale
by micro-CT (10 pm resolution) and SEM (5nm resolution).
Based on experimental measurements, we report a mass loss
of 54.0 £ 0.2% and a shrinkage of 31.0 + 1.7% from green
to pyrolyzed state. No significant anisotropy in shrinkage could
be measured. We validated the polymer to ceramic conversion by
FTIR, Raman, and XPS spectroscopy. We confirmed that the fab-
ricated components exhibited strong resistance to thermal stress
and to harsh chemical environments.

Ceramics are popular candidates for the fabrication of proto-
types with exceptional properties, but traditional AM techniques
impose long building time because of their inherent layer-by-
layer process. Consequently, both steps of the 3D printing and
the pyrolysis are time-consuming, which stands in the way of
rapidly optimizing a ceramic prototype until specific require-
ments are met (accuracy, precision, and tolerance). Volumetric
additive manufacturing is an emerging 3D printing technology
that drastically accelerates the 3D printing step, leads to isotropic
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shrinkage, and opens up a different range of materials and geom-
etries for use in prototyping ceramics. Future work on assessing
fabrication accuracy after pyrolysis could provide even faster
cycles to optimize prototypes.

4. Experimental Section

The preceramic resin was prepared by combining a commercial poly-
siloxane  ([=Si(CsHe) 20—J3[~Si(CH3) (H) O—Jo[=Si (CHs3) (CH=CH,) O,
SPR 684, Starfire Systems, USA) with 1,4-butanediol diacrylate (BDDA)
as a cross-linker (1070-70-8, Sigma-Aldrich, USA), and diphenyl
(2,4,6-trimethylbenzoyl) phosphine oxide (TPO) as a photoinitiator
(75980-60-8, Sigma-Aldrich). The resin preparation consisted of
85 wt% polysiloxane, 15wt% BDDA, and 2 mM TPO (0.063 wt%).

To produce the resin, TPO was diluted in BDDA to a concentration of
30 mgmL™" and vortexed. Following this, the polysiloxane precursor was
combined with the TPO in the BBDA solution. The components were then
simultaneously mixed and degassed using a planetary mixer (Mazerustar
KK-250SE, Kurabo, Japan). Finally, the resin was poured into glass vials
(diameter 16.5 mm), which were used for printing.

The absorbance spectra of the resin were measured with a Cary
50 (Varian, Australia) UV-vis spectrometer using a scan rate of 60 nm
min~'. The resin was poured in 10mm plastic cuvettes. Before each
analysis, a background acquisition was performed and then subtracted
from the resin's spectra.

To evaluate the dose response of the resin, sets of millimetric cylinders
were printed onto a static microscope slide. Each cylinder was printed with
a different light dose. The coverslip was then imaged under an optical
microscope (VHX-5000, Keyence VHX-5000, Japan). The cross-sectional
area of each printed cylinder was digitally measured using the microscope.
For each light dose, the polymerization ratio was calculated from the ratio
between the printed cylinder's and the target's size.

The viscosity of the resin was measured using a rheometer (MCR 102,
Anton-Paar, Austria) with a (25 mm) parallel plate and a gap of (350 pm) at
a shear rate of 0.108 Pa.

3D Printer: A custom volumetric 3D printer!'® was used for this work.
In it, the light from four laser diodes (4 =405nm) was coupled into a
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multimode fiber. Then, the beam was expanded to fill a Digital Micromirror
Device, DMD, (VIS-7000, Vialux, Germany). The patterns for the tomo-
graphic reconstruction of the part were displayed on the DMD and pro-
jected by a pair of achromatic lenses with focal lengths of f; =100 mm
(AC254-100-A-ML, Thorlabs, USA) and f, =250mm (ACT508-250-A-
ML, Thorlabs) onto the rotating cylindrical glass vial containing the pho-
topolymer. The resin vial was dipped in a refractive index matching bath
with square footprint to remove the lensing effects of the round vial. A
camera records the progress of the print in the vial by imaging the sample
with an orthogonal expanded laser beam (1 =671 nm).

Tomographic Back Projection: The patterns for the tomographic back
projection were computed following the algorithm described in the study
by Loterie et al." To do so, the STL file of the 3D part was voxelized using
a python script, which used binvox 3D mesh voxelizer as a backbone.**>%l
Then, the Radon transform of this digital object was calculated over 7 radi-
ans around one of its axes. The Fourier transform of these patterns was
taken and a ramp filter was applied to compensate for the over sampling of
the low spatial frequencies. Finally, the inverse Fourier transform of these
patterns was calculated. Additional corrections for attenuation from the
phot?zigitiator were also performed following the study of Madrid-Wolff
et al.

Printer Specifications: The photosensitive preceramic resin solidifies
under a certain exposure to light, typically when the light dose reaches
the polymerization threshold. To correctly print the object with a tomo-
graphic approach, it is important to project light from multiple angles
which in practice corresponds to at least a few rotation of the vial. The
rotation speed of the vial is set such that there is no flow of the resin during
the print. In this work, the vial rotates 360° approximately 10s and the
number of rotations usually does not exceed 5-6. These are parameters
that depend on the intensity of the light patterns and thus can be fine-
tuned to improve the print quality. In our printer, the maximal printing
resolution is around 80 pm. The minimal features of the final ceramic part
are larger than the ones of the corresponding green body. This is due to
pyrolysis that tends to deform and smooth the part. We estimate that the
smallest feature one can obtain at the end of the complete fabrication pro-
cess is around 200 pm.

After printing, the parts were recovered from the glass vials and dipped
into a toluene bath, which was manually agitated for 5 min until all uncured
resin dissolved. The parts were then placed in a bath of isopropyl alcohol
(IPA) to dilute the toluene and stop the solving action on the parts. The
bath was manually agitated again for 1 min. The parts were then left to dry
in air at room temperature until all IPA fully evaporated, leaving them free
of any unpolymerized resin.

The parts were then postcured in a UV curing station (FormCure,
Formlabs, USA) for 1 h at room temperature. After this, all the remaining
photoinitiator had been consumed, but the surface of the parts was still
sticky. To remove the stickiness, green bodies were submerged in a con-
centrated solution of TPO in IPA (10mgmL™") and left for 1h to allow
TPO to diffuse inside. The bath with the parts was then placed for
15 min in the UV curing station. Then, the parts were removed from
the bath and postcured dry one last time for 45 min in the curing station.
After that, the green bodies were placed in an oven for 24 h at 80°C to
remove any solvent that soaked into the part. Dry, postcured parts were
kept in dry boxes until they were pyrolyzed.

The rinsed, postcured, and aged green bodies were then pyrolyzed in an
alumina tube furnace (STF 15/450, Carbolite Gero, Germany) in a flowing
argon atmosphere following the temperature profile described and
explained in the Supporting Information. The pyrolysis peak temperature
was set to T= 1000 °C, for a dwell time of 1 h, and a total cycle duration of
48 h. The detailed pyrolysis temperature profile is shown in Figure S3,
Supporting Information.

uCT Imaging: Printed objects were imaged with voxel sizes of
10x10x 10pm under a 160kV X-ray transmission tomography
(Hamamatsu, Japan). 3D visualizations and cross sections of the pieces
were obtained using Fiji-lmage).>”!
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Photographic Imaging: Green bodies and pyrolyzed parts were imaged
with a DSLR camera (D3100, Nikon, Japan) with a f=2.8 macro lens
(AF-S Micro Nikkor 40mm, Nikon), and a digital microscope
(VHX-5000, Keyence, USA) with magnifications between 20 and 100x.

SEM Imaging and Gold Deposition: The sputtering machine Alliance-
Concept DP650 was used for the deposition of a thin gold layer
(20 nm) on the samples. Following that, the samples were transferred
to the SEM (SEM LEO 1550) and were inserted into the chamber vacuum
for imaging the surface from low to high magnification. The resolution of
this instrument was 5 nm.

To show resistance of the ceramic parts to high temperature, a butane
torch was used to heat the ceramic parts (T = 1400 °C) for some seconds
until they became incandescent and then let cool down. A typical thermal
stress cycle was 20 s. The spherical woodpile shown in Figure 5 was sub-
jected to five thermal stress cycles.

Parts were dipped into vials containing aqueous solutions of HC| and
KOH solutions (pH =2, and pH =14, respectively) for 1h and photo-
graphed at the beginning and the end of the experiment. The pH of
the aqueous solutions was measured using 0-14 paper pH indicators
(MQuant, Merck, Switzerland).

Raman spectra of the inside of green bodies and pyrolyzed parts were
acquired with a LabRam HR800 spectrometer (HORIBA Scientific, USA)
confocally coupled to an upright microscope (BX1, Olympus, Japan).
To image the inside of the parts, green bodies were cut with a clean blade
and pyrolyzed pieces were broken with a hammer. Samples were placed on
microscope slides and excited at 532 nm (with a diode laser). Light was
collected with a 10 x 0.25 NA air objective. Spectra were acquired using a
grating with 1800 lines mm™", after three repetitions with integration
times of 30's. No postprocessing was performed on the data.

FTIR spectra of samples of parts in the green and pyrolyzed states were
collected with a VERTEX 70v FT-IR Spectrometer (Bruker, USA). The spec-
trometer was coupled to a Hyperion upright microscope (Bruker). The
sample of polymerized resin (green state) was prepared by depositing
50 of liquid preceramic resin on a gold mirror and spinning it at
6000 rpm. The sample was then polymerized under UV light for 5 min.
The sample of pyrolyzed material was prepared by grinding pyrolyzed
pieces with a mortar and a pestle until pulverized. The powder was resus-
pended in isopropyl alcohol. 100 of the suspension were deposited on a
gold mirror and the alcohol was let to dry.

XPS measurements were performed using a Physical Electronics Versa
Probe III system with a hemispherical analyzer and monochromated Al Ka
source. The energy scale linearity was calibrated with Au 4f;, at 84.00 eV
and Cu 2p3; 932.62 eV. All data were measured at room temperature with
a pass energy of 26 eV, at a takeoff angle of 45° and angular acceptance
angle of £20°. The samples were electrically isolated during measurement
and a low-energy Ar+ and electron flood gun dual beam charge compen-
sation system was used. The X-ray beam size on the sample was 100.
Energy scale referenced to major C 1s peak at 284.8 eV which was assumed
to originate primarily from C—C. No beam damage was observed.

To compare the differences between shrinkage along the axial and
radial dimensions of the prints, a set of lengths were measured on green
bodies and their corresponding PDCs (Mparts = 7, fimeasurements = 14), Most
of them woodpiles. Flat geometries were chosen because they reduced
ambiguity in measuring lengths, as shown in Figure S5, Supporting
Information. Measurements were made from microscopic images
acquired with an optical microscope (VHX-5000, Keyence).

Statistical analysis of the isotropy of shrinkage was conducted by run-
ning a two-tailed t-test assuming unequal variances (Welch test, @ = 0.05)
on Microsoft Excel.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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