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The additive manufacturing (AM) of yttria-stabilized zirconia (YSZ) microarchitectures with sub-micrometer
precision via two-photon lithography (TPL), utilizing custom photoresin containing zirconium and yttrium
monomers is investigated. YSZ 3D microarchitectures can be formed at low temperatures (600 °C). The low-
temperature phase stabilization of ZrO, doped with Y203 demonstrates that doping ZrOy with ~ 10 mol%
Y203 stabilizes the c-ZrO, phase. The approach does not utilize YSZ particles as additives. Instead, the crystal-
lization of the YSZ phase is initiated after printing, i.e., during thermal processing in the air at 600 °C — 1200 °C
for one and two hours. The YSZ microarchitectures are characterized in detail. This includes understanding the
role of defect chemistry, which has been overlooked in TPL-enabled micro-ceramics. Upon UV excitation, defect-
related yellowish-green emission is observed from YSZ microarchitectures associated with intrinsic and extrinsic
centers, correlated with the charge compensation due to Y>* doping. The mechanical properties of the micro-
architectures are assessed with manufactured micropillars. Micropillar compression yields the intrinsic me-
chanical strength of YSZ. The highest strength is observed for micropillars annealed at 600 °C, and this
characteristic decreased with an increase in the annealing temperature. The deformation behavior gradually
changes from ductile to brittle-like, correlating with the Hall-Petch strengthening mechanism.

1. Introduction

Zirconia (ZrOy) is a high-performance ceramic material valued for
chemical and mechanical resistance, applied in a diverse range of
products.[1,2] Under atmospheric pressure, ZrO, is thermodynamically
stable in monoclinic (m-ZrO;, <1170 °C), tetragonal (t-ZrO,
1170-2370 °C), and cubic (c-ZrO,, >2370 °C) phases.[1] The t-ZrO, and
¢-ZrO; are typically preferred over the lower symmetry m-ZrO phase for
applications at room temperature.[3] These two t-ZrO, and c-ZrOy
symmetric phases can be achieved at low temperatures by substituting
the host cations with aliovalent dopants, such as alkaline earth or rare
earth metals, i.e., lanthanides, Ca%", Mg?*, and Y>*.[4] In the case of
Y203, zirconia is partially stabilized at approximately 2 — 5 mol % ad-
ditive concentration, yielding the metastable tetragonal (t*-ZrO5) phase.
[5] To achieve full stabilization, at least 8 mol % of Y5Og is necessary,

which results in metastable cubic zirconia (c*-ZrO5).[5] As a result of the
doping, oxygen vacancies (Vp) are introduced in the metastable analogs
to maintain a neutral charge.[3] Charge neutrality is associated with two
Y3 ions compensating for one oxygen vacancy.[3] Due to the co-
existence of the Vg and dopant ions, the local atomic environments in
the t*-ZrO, and c*-ZrO4 are significantly different from the pure stoi-
chiometric phases.[5]

The stabilization of ZrO, significantly alters its properties. The
melting point of YSZ exceeding that of most metal oxides, combined
with low thermal conductivity, makes it a material of choice for thermal
barrier coatings and refractories.[6,7] The high ionic conductivity and
electronic resistivity render YSZ the most-applied solid oxide fuel cell
electrolyte.[8] Furthermore, the biocompatibility, mechanical stability,
fracture resistance, and aesthetic appearance of YSZ are advantageous in
dentistry, e.g., tooth crowns, inlays, or implant abutments.[1,9] These
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properties and extensive advanced applications stimulated the demand
for YSZ, benefiting dimensional refinement.

In recent years, methods of producing structured YSZ have emerged,
including electrospinning of nanofibers,[10,11] preparation of hollow
tubes through the combination of phase inversion with sintering,[12] or
microtubes via direct fiber drawing with self-arrangement.[13] More
effective methods granting the desired three-dimensional (3D) design
involve direct laser beam sintering,[14] extrusion printing,[15] stereo-
lithography,[16] or digital light processing (DLP).[17,18] The common
ground of the abovementioned methods is the formulations, typically
established by the dispersion of YSZ particles. YSZ particles impose a
penalty to feature size resolution during TPL. Recently, Desponds et al.
presented surface functionalization of commercially available 5 nm
yttrium (8 mol%) stabilized ZrO, nanoparticles (NPs) with 2-carbox-
yethyl acrylate.[19] The YSZ NPs were then supplemented to the
mixture containing zirconium bromonorbornanelactone carboxylate
triacrylate, dipentaerythritol penta-/hexa-acrylate, 2-butanone, and
Michler’s ketone, and later used as a photoresin in TPL to fabricate 3D
microarchitectures.[19] After the thermal treatment for the removal of
organic matter, solid shrunken replicas were obtained.[19] However,
introducing NPs is challenging as realizing advanced 3D structures
would require the technical possibility of manufacturing monodisperse
NPs with the desired chemical composition. If NP polydispersity is
achieved, the NPs should be small enough to reduce scattering without
compromising sub-micrometer printing precision. Additionally, NP
loading should remain as low as possible, not compromising printing
resolution. At the same time, loading should be high enough to retain the
shape of the pre-ceramic replica after the temperature treatment
required to remove organics while maintaining sintering low.

A way forward is a one-pot preparation of photoresin containing
monomeric salts. The approach is less laborious, and the key advantage
of this method is the possibility of directly tuning the chemical
composition by simply modifying the content of the salts or doping. In
this work, we utilize Zr and Y monomers, permitting the sculpting of pre-
ceramic microarchitectures via TPL. The additively-manufactured
structures are annealed in the air, and the organic matrix is burned
off. Solid ceramic replicas of linearly decreased feature sizes are formed.
Introducing ~ 10 mol % Y03 (= 17.0 wt% Y503) promotes stabilization
of ZrO; in cubic phase at temperatures as low as 600 °C, while higher
treatment temperatures increase the crystallinity. The distribution of Y
and Zr is studied throughout the 3D microarchitecture fabrication
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process. The morphology, chemical composition, and optical properties
of the synthesized 3D microarchitectures are evaluated through photo-
luminescence measurements. The mechanical properties resulting from
the additive manufacturing process are investigated by micropillar
compression on plain specimens, which permits the assessment of the
intrinsic mechanical strength of YSZ fabricated using TPL.

2. Results

2.1. The additive manufacturing of yttria-stabilized zirconia
microarchitectures

The AM of YSZ microstructures requires the formulation of tailor-
made photoresin (Fig. 1(a)). Metal-organic salts, zirconium acrylate,
and yttrium methacrylate are dissolved in dimethylacetamide and
dichloromethane mixed with acrylic acid, of Y to Zr ratio adjusted to
yield approximately 10 mol % Y203 (=~17.0 wt% Y503) to ensure the
formation of YSZ of the c-ZrO; phase. A crosslinking agent, pentaery-
thritol triacrylate, is added with the photoinitiator, 7-diethylamino-3-
thenoylcoumarin. The excess dichloromethane is evaporated under
reduced pressure. The photoresin is then applied to the chamber created
by sellotaping a cover glass slide to a silicon dice with double-sided
polyimide adhesive tape. TPL is used to sculpt the structures on the
surface of the silicon substrate (Fig. 1(b)). The non-cured photoresin is
washed off, and the 3D crosslinked pre-ceramic microstructures are
annealed in the air to combust the organic constituents (Fig. 1(c)). After
the thermal treatment, self-miniaturized ceramic microstructures are
manufactured. The thermogravimetric analysis (TGA) assesses the
thermal behavior and stability of the UV-cured photoresin (Fig. S1,
Section S1, Supporting Information). Most organic matter is combusted
below 500 °C, and a residue, likely the oxidation product of metal-
—organic precursors, is formed.

2.2. Morphology and structural characteristics of YSZ 3D
microarchitectures

The non-annealed 3D octet-truss lattice after printing and develop-
ment has an average 33.82 + 0.23 ym edge lengthand a 1.77 + 0.13 pm
beam width, as observed from Scanning Electron Microscopy (SEM)
images (Fig. 2(a)). Scanning Transmission Electron Microscopy (STEM)
reveals no metallic or metal oxide grains formed during the
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Fig. 1. Additive manufacturing of YSZ 3D microarchitectures: (a) preparation of the tailor-made photoresin, (b) writing the pre-ceramic 3D structures using TPL, (c)

thermal annealing of the 3D-printed structures.
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Fig. 2. Secondary electron micrographs of an octet-truss lattice (a/a’) pre-ceramic state, before annealing, (b/b’) heat treated to 350 °C, (¢/c’) annealed at 600 °C for

1 h, (d/d’) annealed at 1200 °C for 2 h.

photopolymerization of zirconium acrylate and yttrium methacrylate
hydrate, signifying the precursor compatibility, miscibility, and likely
formation of a copolymer (Fig. S2, Section S2, Supporting Information).

The slow heating ramp of 0.5 °C min~" to 350 °C, then 1 °C min™! to
the target temperature, preserves the 3D object integrity and promotes
the organic constituent decomposition. A representative micrograph of
the sample heated to 350 °C is given in Fig. 2(b). The reduction of edge
length and beam width to 18.85 + 0.13 um (~44 %) and 0.79 + 0.05 ym
(~55 %) is associated with the thermal decomposition of the organic
matrix (Table S1, Supporting Information). The annealing at 600 °C for
1 h results in the further reduction of the features to approximately
14.42 + 0.22 pm (=57 %) and 0.58 + 0.06 ym (=67 %), as shown in
Fig. 2(c). The edge length and beam width in the sample annealed at
1200 °C for 2 h reach 11.85 + 0.15 um (*65 %) and 0.43 + 0.04 ym

(=76 %); the surface appears polycrystalline and irregular grains with
sharp edges are observed in Fig. 2(d). The low-magnification bright-field
STEM image (Fig. 3(a)) of a lamella extracted from the octet-truss lattice
annealed at 1200 °C for 2 h unveils that the structure is made of grains
with an average 121 + 21 nm length and 89 + 15 nm width (Fig. S3,
Supporting Information). The high-angle annular dark field (HAADF)
micrograph unveils the crystalline lattice (Fig. 3(b)); the Fast Fourier
Transform (FFT) pattern corresponding to the labeled area is presented,
with the marked (111) diffraction. The line profile indicates the 0.30
nm d-spacing, corresponding to the (111) diffraction of the cubic YSZ
system (Fig. S3, Supporting Information).

Images of octet-truss lattices annealed at 600 °C, 750 °C, 900 °C,
1050 °C, and 1200 °C for one and two hours are given (Figs. S4 and S5,
Supporting Information). Microarchitectures treated below 1050 °C are

Fig. 3. (a) STEM BF micrograph of a lamella of 10 mol% YSZ annealed at 1200 °C for 2 h, presenting grains and (a’) an inset with higher magnification of the labeled
region and a scale bar representing 200 nm, (b) HAADF image with the labeled area corresponding to the Fast Fourier Transform (FFT) pattern with (111) spot

marked, indicating the 0.30 nm d-spacing (inset).
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made of crystallites that cannot be individually resolved even at high
SEM magnification. The microstructure dimensions remain stable (=
12-14 pm and ~ 0.4 — 0.6 um edge length and beam width, respectively)
after thermal treatments at 600 °C — 1200 °C (Table S1, Supporting
Information).

Insights into the crystallinity of synthesized materials are provided
through XRD measurements. Control 10 mol% YSZ powders are syn-
thesized from the photoresins cured in bulk with ultraviolet light and
annealed at 600 °C, 750 °C, 900 °C, 1050 °C and 1200 °C for one and two
hours (Fig. S6, Supporting Information). The findings point toward the
formation of ¢*-ZrO, and are comparable with YSZ obtained from the
annealed carbon-rich precursor mixtures (Section S4, Supporting In-
formation).[20,21] No distinct peaks for Y,03 or t*-ZrO, or m-ZrO, are
detected (Figs. S7 and S8, Supporting Information).[22] The average
crystallite sizes (Table S2, Supporting Information) are computed using
the Scherrer formula (Fig. S8 and Section S5, Supporting Information).
The d-spacing (0.30 nm) corresponding to the most intense peak (111)
agrees with the value determined with STEM. A significant crystallite
size increase is noticed when the annealing temperature exceeds 900 °C;
no substantial changes occur upon extension of time from one to two
hours. Similar observations can be drawn from the SEM image analysis,
as the grains remain below the resolution threshold for temperatures
below 1050 °C (Figs. S4 and S5, Supporting Information).

2.3. The chemical composition of YSZ 3D microarchitectures

Scanning Electron Microscopy — Energy Dispersive X-ray spectros-
copy (SEM-EDX) is applied to assess the spatial element allocation
throughout the octet-truss lattice annealed at 1050 °C for 2 h. The Zr, Y,
and O distributions show that no areas are deficient with Zr or Y within
the spatial resolution. SEM well aligns with XRD results for 10 % mol
YSZ in Figs. S7 and S8, where only the YSZ phase has been found. The
surface of the Si substrate is oxidized with native oxide. The collected

—
O
—

Intensity (a.u.)
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EDX spectrum (Fig. 4(b)) confirms that the Zr to Y ratio is ~3.7:1, thus
slightly higher than expected from the 10 mol % Y203 doping in ZrO,.
Peaks confirming the presence of Zr, Y, and O within the octet-truss
lattice are found.[23] The main Si Ka; peak, overlapping with weaker
Koy and Kp; signals, originates from the substrate, whose surface is
oxidized, thus, also associated with the O Ka;. In the inset, a narrower
1.82-2.5 keV range is given, in which the characteristic Y Loy, Y Lag, Y
LB1, Zr Loy, Zr Lag, Zr LBy, and Zr LB, contributions are labeled.[23]

Owing to the high sensitivity towards oxygen ion polarizability,
Raman spectroscopy is a powerful instrument to determine the sym-
metry of stabilized zirconia.[24,25] The Raman spectrum of fully sta-
bilized zirconia is typically dominated by broadband within the 530 —
670 cm ™! range and several weaker poor definition features linked with
the disordered oxygen sub-lattice.[25,26] In the ZrO, stabilized with
varied Y03 contents, the 645 cm ™! band correlates with the Zr-O bond
stretching and shifts to lower wavenumbers with the increase of the
Y203.[27] The precise fitting of the broad, asymmetric band of c-ZrO, at
600 — 625 cm ! (F2g) is nontrivial; thus, in practice, the local intensity
maximum value is used instead as a reference.[27,28] The thermal
annealing effect on the crystallographic phase of the 3D YSZ micro-
architectures at 600 °C, 750 °C, 900 °C, 1050 °C, and 1200 °C for one
and two hours are studied with Raman within 50 — 850 cm ™! range
(Fig. 5).

The Raman spectra collected for all the 3D microarchitectures have
similar shapes and profiles of the 8-10 mol% YSZ (Fig. 5) [29,30] and
resemble ZrO; stabilized with >17 wt% Y203, as the Faq peak is centered
at approximately 612 cm ™~ 1.[27] The prominent t-ZrO, peak at 641 cm ™
is not observed for any microarchitectures. Raman analysis confirms the
yttria-stabilized ¢*-ZrO, phase for the 3D microarchitectures manufac-
tured in this study under different thermal conditions, which agrees with
the TEM, XRD, and SEM-EDX results discussed in the previous section. A
Si/SiO5 substrate transverse optic peak (= 521 cm’l), noted with an
asterisk (*), is sometimes detected.[31] Carbon-borne residues are often

Element Weight%
SiK 47
ZrL 26
OK 20
YL 7

Total 100

- OKa,

-
=

6 8 10

Energy (keV)

Fig. 4. (a) SEM-EDX images showing the distribution of Zr, Y, O, and Si throughout the octet-truss lattice printed on a Si substrate annealed at 1050 °C for 2 h, and

(b) corresponding EDX spectrum.
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Fig. 5. Raman spectra of 3D structures annealed at 600 °C, 750 °C, 900 °C, 1050 °C, and 1200 °C for (a) one hour and (b) two hours. The Fy; mode region is labeled.

A substrate peak (Si) is detected in some cases, noted with an asterisk (*).

incorporated in ceramic materials synthesized from metal-organic pre-
cursors and polymeric mixtures.[32] However, no intense vibrational
modes typical for the disordered (D) or graphitic (G) carbon species are
detected in a typical analytical range (Fig. S9, Supporting Information).
[33,34]

Determining chemical composition at the surface of the YSZ 3D
microarchitectures with XPS is complicated due to the low amount of
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analyte within the spot size. Therefore, YSZ powders have been analyzed
with XPS to generate complementary information about surface
elemental composition, stoichiometry, and chemical state.[23]
Although XPS is a surface-sensitive technique, the molar ratio of Y204 to
ZrO; . is approximately 0.093 — 0.095:1 for all the samples, marginally
lower than the expected 0.1:1. Furthermore, the general survey confirms
that Zr, O, Y, and C, and trace amounts of Hf are present in the reference

Wavelength (nm)
900 800 700 600 500 400

900°C1h

(b) 2.39

Intensity (a.u.)
N
&
\ )
—
)
I
<
3
w
8

1.5 2.0 25 3.0 3.5
Energy (eV)

Wavelength (nm)

900 800 700 600 500 400
\ \ \ \ \
(d) 238 1050°C2h
El
&
>
5 PL,
5 208 277
2 3.03
- 1.68
EL,
PLANE
PLA
T \ \ \ \
1.5 2.0 25 3.0 3.5

Energy (eV)

Fig. 6. Deconvoluted p-PL emission spectra of 10 mol% YSZ octet-truss lattices annealed for 1 h at (a) 600 °C, (b) 900 °C (c) 1050 °C, and for 2 h at (d) 1050 °C.
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powders annealed at 600 °C, 900 °C, 1050 °C for 1 h, and at 1050 °C for
2 h (Fig. S10 Supporting Information). Hf (1 — 3 wt%) is a common
impurity in Zr-based compounds,|[1,35,36] while rare earth elements (i.
e., Yb) have comparable atomic radii and similar cationic charges to Y,
rendering them difficult to separate.[32,33]

The Zr 3d, Y 3d, O 1 s, and C 1 s core level spectra are deconvoluted
(Figs. S11 and S12, Supporting Information), confirming the formation
of a mixed Zr and Y oxide, with a portion of a reduced stoichiometry
side-product. The amount of non-stoichiometric product reduces with
the increase in annealing temperature. The C-based impurities are likely
adsorbates from the combustion of the organic constituents of the pre-
polymeric photoresin. However, no characteristic Zr- or Y- carbonates
or oxycarbonates are detected.

2.4. Understanding the role of Y3* sites in YSZ 3D microarchitectures
optically

The additive manufacturing community somehow overlooks the
understanding of defects in 3D microarchitectures. However, defects can
be important in multiple applications, such as solid electrolytes or
micro-optoelectronics.[37,38] Therefore, the optical properties of cho-
sen YSZ architectures are characterized using micro-photoluminescence
(u-PL) emission measurements under 325 nm excitation. The emission
spectra of the YSZ octet-truss lattices annealed at 600 °C for 1 h, 900 °C
for 1 h, 1050 °C for 1 h, and 1050 °C for 2 h are recorded (Fig. 6). After
the deconvolution, the p-PL emission spectra from the microarchitecture
treated at 600 °C for 1 h comprise four peaks, labeled PL; — PL;y for
simplicity. The spectra registered for the other three microarchitectures
are fitted using five synthetic Gaussian curves, with an additional PLy
component at = 1.75 — 1.64 eV. All spectra are dominated by the PLy;
emission, and the PL; — PL;y peaks are marginally shifted between the
microarchitectures. The integrated areas of PL; and PLj are similar,
while the PL;y is approximately 1.5 — 2 times higher. The major differ-
ence between the microarchitectures concerns the presence of the PLy
peak and its relative intensity, which is the highest in the micro-
architecture annealed at 1050 °C for 1 h. The origin of the assigned
contributions is discussed below.

In YSZ, for two substitutional Y>" sites, one anion vacancy is intro-
duced.[39] Since the full stabilization of the cubic phase mandates high
dopant ion (Y3") concentrations, a highly defective structure is required
for charge compensation within the anionic and cationic sublattice.[40]
The most prevalent defect is anionic vacancies, also responsible for the
characteristic YSZ emissions.[40] Intrinsic and extrinsic type defects in
YSZ are distinguished, with the vacancy neighbored exclusively by the
Zr*t ions or, in the latter case, by one or two Y3+ jons.[40] Considering
the singly-occupied Vo of an oxide, its ground state can reside below the
valence band (Vg).[40] An additional electron can be introduced upon
excitation, resulting in the Vg hole formation and the rise of intrinsic (F)
or extrinsic (Fa and Fpp) centers.[40] Petrik et al. associated the F, Fa,
and Faa centers with singly-occupied anion vacancies, corresponding to
the PLy (=~ 2.69 + 0.02 eV), PLy; (~ 2.25 + 0.04 eV), and PLy (=~ 2.07 +
0.05 eV) emissions, respectively.[40] The PL; component was previously
associated with the ionized Vg (F') centers in the ZrO, conduction band.
[41,42] Upon photon absorption, a generated hole and electron allo-
cated at Vo recombine, resulting in the PL; emission.[41] The emissions
around 2.6 eV have been previously correlated with carbon impurities in
ZrO,, though we do not observe the direct correlation of the p-PL
emission and C 1 s or O 1 s components within XPS spectra; thus, we
exclude this assignment.[43]

The assignment of the PLy origin is complex and ambiguous. Berlin et
al. correlated the 1.62 eV emission in ZrO, with the Zr-O bond distortion
or strain, serving the recombination center role.[41] We cannot exclude
the presence of impurities in YSZ 3D Microarchitectures, e.g., Hf. Boffelli
et al. associated the band at 1.76 eV with the luminescence from the Vg
in HfO,.[44] The cathodoluminescence peak at 1.65 eV was also
assigned to Hf** or other transition element traces.[45] The
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contamination of zirconium compounds with Hf is commonly reported
since the Zr** and Hf** ionic radii are similar, and high-cost purification
is only practiced when topmost purity is required (e.g., nuclear re-
actors).[1,35] The YSZ 3D microstructures and the annealing processes
required in manufacturing are complex physical and chemical envi-
ronments. Partial reduction of the impurities, previously observed in
ZrO, 3D microarchitectures doped with lanthanide species, cannot be
excluded.[46,47] The assignment PLy signal origin remains partly
ambiguous and open. The luminescence emission spectra of zirconia are
often reported in the narrow range above 1.77 eV (700 nm), and the red
region is typically not covered nor discussed.[48,49] Regardless, the
p-PL emission spectra and their identified components for 10 mol% YSZ
octet-truss lattices annealed agree with the literature and are maintained
stable through the annealing conditions applied in this study.[40,41,50]

2.5. Understanding the intrinsic mechanical properties of YSZ
microarchitectures

The mechanical properties of the 3D-printed 10 mol% YSZ micro-
architectures are evaluated through in-situ microcompression tests. A
plain micropillar geometry is used to assess the intrinsic properties of the
TPL-produced materials. In this study, 10 mol% YSZ micropillars
annealed at 600 °C, 900 °C, and 1050 °C for 1 h and 1050 °C for 2 h are
investigated. Corresponding SEM micrographs are provided in Fig. S13
(Supporting Information).

Micropillars are compressed with a flat punch indenter in a
displacement-controlled mode at 20 nm/s. The experiment is halted
upon fracture of the specimens, and no further deformation is applied
(Fig. 7). Only well-aligned pillars are considered for the tests. The
experimental data are back-extrapolated towards the origin to
compensate for the initially non-ideal punch-micropillar contact, and
the strain values are correspondingly shifted. This data treatment per-
mits identifying and fitting the initial linear stress vs. strain curve
segment. An SEM video of the micropillar compression is presented
(Video 1, Supporting Information).

The micropillars annealed for 1 h at 600 °C, 900 °C, and 1050 °C
failed at 2.33 + 0.28 GPa, 2.23 + 0.62 GPa, and 1.43 + 0.18 GPa,
respectively. On average, increasing the annealing temperature de-
creases the ductility and strength and increases the stiffness. In the case
of the 2 h heat treatment at 1050 °C, brittle-like failure occurs at 1.98 +
0.30 GPa. Our previous study investigated the mechanical properties of
pure zirconia microarchitectures produced via TPL, which were heat-
treated at different temperatures.[51] The YSZ of the micropillars
annealed at 600 °C for 1 h yielded similar results to the m-ZrO, annealed
at 1200 °C for 1 h (2.43 + 0.19 GPa), while the pillars annealed at
1050 °C for 1 h can be compared with the t-ZrO5 previously reported
micropillars annealed at 840 °C for 1 h (1.29 + 0.33 GPa).[51]

The micropillar cross-sections before the deformation are exposed
via focused ion beam (FIB) milling (Fig. 8) to provide further insight into
their internal morphology. In the case of 1 h thermal treatment at
600 °C, no individual grains or voids discernible at the image resolution
is observed. A considerable nanopore density is found in a micropillar
treated for 1 h at 900 °C. The gradual nanopore size augmentation at the
expense of their population is noted after annealing at 1050 °C for 1 and
2 h. In the micropillar annealed at 1050 °C for 1 h, pores accumulate in
the upper half central area, while the 2 h thermal treatment yields a
more even pore distribution.

We previously compressed ZrO; micropillars and observed “brick and
mortar” interaction between crystallites and carbon remnants from
incomplete pre-ceramic metal-organic photopolymer combustion at
600 °C, leading to increased compression strength and ductility.[51]
The different annealing conditions in this study eliminate the carbon-
based residues, as confirmed by Raman spectroscopy (Fig. S9, Sup-
porting Information). Also, no point defect carbon-related emissions,
dependent on the annealing temperature, are observed in the p-PL
spectra (Fig. 6).[46] Therefore, the mechanical properties of 10 mol%
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Fig. 7. Engineering stress vs. engineering strain curves for 10 mol % YSZ micropillars annealed for 1 h at (a) 600 °C, (b) 900 °C, (c) 1050 °C, and (d) for 2 h

at 1050 °C.

500 nm

Fig. 8. Secondary electron contrast micrographs of FIB-milled cross-sections of 10 mol% YSZ non-compressed micropillars annealed at (a) 600 °C for 1 h, (b) 900 °C
for 1 h, (¢) 1050 °C for 1 h, (d) 1050 °C for 2 h, and (a’ — d’) high-magnification images presenting the cores of (a — d) micropillars.

YSZ micropillars are likely affected by factors other than carbon

impurities.

The global trend in compression strength (Fig. 9) is most likely
associated with the Hall-Petch strengthening, as it inversely correlates
with the average crystallite size increase from 5.2 + 0.6 nm to 25.2 +
1.7 nm for annealing at 600 °C for 1 h, and at 1050 °C for 2 h,

respectively (Table S2; Fig. S§8).[52-54] Furthermore, material imper-
fections, such as pores, likely cause the overproportional compression
strength to decrease, especially when micropillars anneled for 1 h at
900 °C and 1050 °C are compared. The pore volume surge predomi-
nantly takes place within the micropillar cores. These pores primarily
stem from the combustion of volatile components transforming into a
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Fig. 9. Compression strength for 10 mol % YSZ micropillars annealed for 1 h at
600 °C, 900 °C, and 1050 °C, and for 2 h at 1050 °C.

gaseous state. We propose that while within the peripheral regions of the
pillars, these gas bubbles can disperse towards the exposed surface, they
encounter confinement within the core, where they steadily expand due
to escalating internal pressure at higher annealing temperatures.

Furthermore, agglomeration of pores can occur and explain the
increased pore sizes (Fig. 8a — ¢). An additional hour of annealing at
1050 °C (1 h vs 2 h) increases compression strength, and the FIB-milled
cross-section (Fig. 8d) reveals a homogenous pore distribution. This can
be attributed to the migration of pores originating from the interior
towards the exterior parts of micropillars, allowed by the longer
annealing time, leading to a more uniform pore distribution across the
microstructure. Likewise, promoted sintering effects can explain the
increased strength and brittleness. Compared to the 2 h treatment at
1050 °C, inferior properties of pillars annealed at 1050 °C for 1 h could
also be related to the impurities mentioned above with Zr-O bond
distortion and the higher amount of oxygen defects in the micropillar.

Kulyk et al.[55] investigated the strength and fracture behavior of Y-
stabilized zirconia concerning the Y»O3 content (3 to 8 at%) produced by
sintering powder precursors. The authors observed that the most
favorable fracture mechanism occurs when: (i) the sintering promotes a
full recrystallization of the microstructure. In this case, the agglomerates
of fine grains with high grain boundary bond strength are the dominant
features of the fracture surface, with the crack propagating along the
grain boundaries of the grains/agglomerates, and only a few grains are
cleaved. An alternative mechanism (ii) is described by supposing pro-
nounced grain growth. However, increased amount of cleaved grains
can reduce the strengths. In contrast, (iii) other mechanisms can take
place for a less pronounced recrystallization process, which might result
in grains having weak cohesion, reducing the grain/agglomerate
boundaries’ bonding strength.

Concerning the proposed fracture behavior by Kulyk et al.[55], we
assume that fracture mainly occurs for the "full crystallization" mecha-
nism (i). However, a higher annealing temperature and respectively
grain size could lead to more cleaved grains. Nonetheless, this might be a
contributing fracture effect in our micropillars; we should recall that the
crystallite sizes in this work are 5.2 nm to 29.1 nm (Table S2), and
therefore significantly smaller from 0.6 — 1.0 mm studied by Kulyk et al.
[55] This leads us to exclude other mechanisms, such as crack propa-
gation mainly caused by large cleaved grains mentioned in (ii).
Furthermore, as shown in Fig. S2, the starting condition of the samples
in this work is a non-crystalline pre-ceramic photopolymer. Therefore,
fracture mechanism (iii) is unlikely because it assumes a microstructure
with partially sintered particles of the initial crystalline powder mixture.
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3. Conclusions

The tailor-made photoresin containing monomeric salts of zirconium
and yttrium enables the additive manufacturing of yttria-stabilized zir-
conia arbitrarily shaped microarchitectures with sub-micrometer pre-
cision. The monomeric zirconium and yttrium salts are compatible and
miscible within the 3D photopolymer microarchitecture formed via TPL.
The result is of significant importance for fabricating 3D mixed oxide
microarchitectures through TPL and opens a promising avenue for
further studies on structurally refined advanced ceramic materials.[56,
57] The applied solvent system permits doping, as previously presented
for ZrO, microarchitectures hosting different lanthanide species.[46,47,
56]

The crystallization of YSZ is not directly initiated during the TPL
process but triggered by thermal annealing and combustion of organic
photopolymer organic constituents. Annealing at a temperature as low
as 600 °C yields a crystalline product, with crystallinity further
improving with the annealing temperature. The doping of ZrO, with
~10 mol% Y03 yields the c-ZrO, phase; a portion of the product is of
reduced stoichiometry. The STEM analysis of the sample annealed at
1200 °C for 2 h unveils that the structure comprises grains of average
121 + 21 nm length and 89 + 15 nm width, approximately four times
larger than the crystallites estimated using the Scherrer equation.

Upon UV excitation, defect-related yellowish-green emission is
observed from 10 mol% YSZ 3D microarchitectures, associated with
intrinsic (F) and extrinsic (Fo and Fap) centers, correlated with the
charge compensation within the anionic and cationic sublattice associ-
ated with Y3* doping. The emissions are stable and comparable between
the annealing temperatures. Such stable optical properties could be
utilized, e.g., in high-temperature phosphor thermometry, where YSZ is
often a material of choice.[46,58]

The microcompression experiments reveal that the intrinsic me-
chanical strength of YSZ micropillars is the highest for micropillars
annealed at 600 °C and decreases with increasing annealing tempera-
ture. At the same time, their deformation behavior changes from ductile
to brittle-like. The Hall-Petch strengthening mechanism and increasing
porosity most likely explain the findings. The 10 mol% YSZ micropillars
annealed for 1 h at 600 °C fail at 2.3 + 0.3 GPa and perform similarly to
m-ZrOy micropillars presented in our previous study[51], while the
mechanical stability of 10 mol% YSZ micropillars annealed at 1050 °C
for 1 h resembles t-ZrO,. Further composition tuning and incorporating
carbon-based remnants to yield a “brick and mortar” composite with YSZ
could be an interesting path for future studies.

4. Experimental procedure

Materials: Acrylic acid (CAS: 79-10-7, stabilized with ca 200 ppm 4-
methoxyphenol, 99 %), dichloromethane (CAS: 75-09-2, 99.9 %), and
dimethyl sulfoxide (CAS: 67-68-5, 99+%) were supplied by Alfa Aesar.
Dimethylacetamide (CAS: 127-19-5, anhydrous, 99.8 %), dime-
thylsulfoxide (CAS: 67-68-5, ACS reagent, >99.9 %), methanol (CAS:
67-56-1, anhydrous, 99.8 %), pentaerythritol triacrylate (CAS:
3524-68-3), and zirconium acrylate (CAS: 60653-57-8) were purchased
from Sigma Aldrich. Yttrium methacrylate (CAS: 79718-33-5) and 7-
Diethylamino-3-thenoylcoumarin (CAS: 77820-11-2, 97 %) were
delivered by Gelest and J&K Scientific. Agents were used as received
without additional purification.

4.1. Tailor-made organic-inorganic resins for two-photon lithography

Custom resin allowing the additive manufacturing of 10 mol% Y503
stabilized ZrO2 (~17.0 wt% Y203) was prepared using zirconium acry-
late (65.05 mg) and yttrium methacrylate hydrate (13.3 mg). The salts
were placed in an amber round bottom flask, into which acrylic acid
(150 mg), dimethylacetamide (500 mg), and dichloromethane (2.0 g)
were poured. The contents were agitated using a rotary evaporator
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operated at ambient pressure at 40 °C for 45 min until the complete
dissolution of salts. To the flask, pentaerythritol triacrylate (300 mg)
was added, and the contents were mixed for 30 min, after which 7-dieth-
ylamino-3-thenoylcoumarin (23 mg) and dichloromethane (100 mg)
were added. The mixing continued for 15 min, after which the pressure
was reduced for 45 min to evaporate dichloromethane. The freshly
prepared resin was used directly. In the modified recipe applied to yield
4.2 mol% Y503 (=7.4 wt% Y203), the amount of zirconium acrylate and
yttrium methacrylate hydrate were adjusted to 72.5 mg and 5.8 mg,
respectively, maintaining the total amount of salts at approximately 210
umol. The Y503 reference powder is yielded by modification of the
original recipe, and 72.3 mg of yttrium methacrylate hydrate is used
without zirconium acrylate.

4.2. Two-photon lithography

Pre-ceramic microstructures composed of metal-containing poly-
mers were manufactured with a commercial two-photon lithography
system (Photonic GT, Nanoscribe GmbH). On the top side of the glass
cover slide (¥30 mm) mounted into a holder, Two Kapton® double-side
tape strips were attached, between which a droplet of resin was pipetted
and covered with a Si chip (1 x 1 cm). A spot of immersion oil
(ImmersolTM 518F, Carl Zeiss) was applied on the opposite side. The
system was equipped with a 63x/1.4NA oil immersion objective (Plan-
Apochromat, Carl Zeiss), and the interface between Si and resin was first
manually set in a reflection mode. A scanning speed of 1 mm s-1 and
18.9 mW laser power was applied during printing, and the stitching and
hatching distance of 0.4 um were applied. After successful structuring,
substrates with printed 3D pre-ceramic architectures were dipped in
DMSO for 5 min and in methanol for 2 min to remove the non-
polymerized resin. The prepared samples were then placed in an oven
at 65 °C to dry and provide additional curing.

4.3. Synthesis of reference powders

The tailor-made resin was cast on a Petri dish and cured for 4 h with a
365 nm UV lamp (36 W, name). The polymerized material was dried for
1 h in an oven set at 65 °C. The portions of the as-obtained cured pre-
ceramic material were then annealed in the air to synthesize the con-
trol powders.

4.4. Thermal treatment

The 3D-printed samples and portions of UV-cured resin were ther-
mally treated in the air to combust the organic constituents and facilitate
the crystallization of the target ceramic products. The samples were
placed in Alsint® crucibles and annealed in a chamber oven (LH 15/12,
Nabertherm) with opened air inlets. The two-stage annealing included a
slow heating ramp step (0.4 min~1) to reach 350 °C, followed by a faster
ramp (1° min_l) to the target temperature (600 °C, 750 °C, 900 °C,
1050 °C and 1200 °C, respectively). The samples were annealed for 1 h
or 2 h and then cooled to room temperature at a natural rate.

4.5. Characterization

4.5.1. Morphology and mechanical properties

Scanning Electron Microscopy (SEM): The high-magnification
topographical mapping of the samples was conducted using an HR-
SEM system (Zeiss Merlin) with a high-efficiency secondary electron
detector (HE-SE2) and 1.3 kV acceleration voltage.

Pillar compression: The compression experiments were conducted
with a Femtotools NMTO03 nanomechanical testing system installed
within a Zeiss Cross Beam 1540EsB FIB workstation. The deformation of
pillars was continuously observed until the fracture using a
displacement-controlled mode at 20 nm s~! testing speed.
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4.5.2. Chemical composition and material characterization

X-Ray Powder Diffraction (XRD): The crystalline structure of the
reference powders was characterized by an X-ray powder diffractometer
(D2 Phaser, Bruker), using Cu-Ka source radiation (A = 1.5418 108)
operated at 10 mA and 30 kV, and a LynxEye detector. The scan within
the 20 — 80° 20 scan range was conducted with 0.02° step and
2.25°min"! scan speed. The samples were cast on a zero-diffraction Si
sample holder (Bruker). The baseline correction was done with Crys-
talSleuth software.

Confocal Raman Spectroscopy (Raman): Room-temperature
Raman spectroscopy measurements of the 3D-printed structures and
reference powders were conducted using a Confocal Raman Microscope
(Alpha 300, WiTec)) equipped with a 600 g/mm grating and 100x/0.9A
(MPlan FL N, Olympus) air objective. The materials were excited with a
532 nm (frequency-doubled Nd:YAG) laser operated at 10 mW and
characterized in a standard backscattered mode. For each sample, ten
25 s acquisitions were averaged. The baseline correction and cosmic-ray
removal were done using CrystalSleuth software. Powder samples were
placed on Raman-grade CaF, substrates (Knight Optical) and dispersed
evenly with drop-cast isopropanol.

Energy Dispersive X-ray Spectroscopy (EDX): The elemental dis-
tribution was assessed by EDX attachment (name) to the SEM (name),
using AZtec (Oxford Scientific) software for acquisition.

Thermogravimetric analysis (TGA): The UV-cured dried resin was
transferred to a platinum crucible and heated in the air at a 5 °C min ™!
rate from 37 °C to 1200 °C using a thermal analyzer (STA 449 F3,
Netzsch).

X-ray Photoelectron Spectroscopy (XPS): The control powder
samples annealed at 600 °C, 900 °C, and 1050 °C for 1 h, and 1050 °C for
2 h were characterized. The analysis was performed with a PHI Quantes
scanning XPS/HAXPES microprobe with a monochromatic source of
1486.6 eV (Al Ka) radiation (25 W, 15 kV). The general survey spectra
were collected using 280 eV pass energy at 1 eV step size, while the core
regions were analyzed using 112 eV pass energy at 0.1 eV step size. The
Tougaard and Shirley background types were used, and the synthetic
Voigt peaks were fitted using CasaXPS software. All spectra were cali-
brated to the 284.8 eV aliphatic carbon signal. The 2.4 eV and 2.05 eV
splitting were fixed for the Zr 3(15/2/21' 3d3/2 and Y 3d5/2/Y 3d3/2 peaks,
respectively. The 3:2 ratios of 3ds, and 3ds,» peak areas are maintained.

Focused Ion Beam (FIB): The cross-section lamellae were extracted
from the 3D-printed microarchitectures using a Helios 5 UX DualBeam
(Thermo Scientific™) workstation. The initial milling was performed
using a Ga source, thinning, and polishing with low-energy W and Si
ions. The lamellae were welded to a Cu grid using W and C and analyzed
with STEM.

The micropillar cross-sections were milled with Ga™ in an FEI Ver-
sa3D Dual Beam station. Partial Pt coating was used to prevent
curtaining and protect the pillars from damage.

Scanning Transmission Electron Microscopy (STEM): Scanning
Transmission Electron Microscopy (STEM) analysis of lamellas prepared
by FIB was conducted using a Spectra 300 station (Thermo Scientific™)
operated at 300 kV acceleration voltage and 173 pA current.

Photoluminescence (u-PL): The micro-photoluminescence spectra
were registered at room temperature with a Horiba Jobin-Yvon LabRAM
Hr800 confocal microscope setup using a 40x/0.47NA MicroSpot®
Focusing Objective (LMU-40X-NUV, Thorlabs), and a 325 nm excitation
source (He-Cd IK Series, Kimmon Koha). Each spectrum is an average of
ten accumulations of 1 s, registered with a 600 1/mm grating and a D 3
filter.
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