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Abstract: Additive manufacturing is well established for plastics and metals, and it gets more and
more implemented in a variety of industrial processes. Beside these well-established material
platforms, additive manufacturing processes are highly interesting for ceramics, especially
regarding resource conservation and for the production of complex three-dimensional shapes and
structures with specific feature sizes in the pum and mm range with high accuracy. The usage of
ceramics in 3D printing is, however, just at the beginning of a technical implementation in a
continuously and fast rising field of research and development. The flexible fabrication of highly
complex and precise 3D structures by means of light-induced photopolymerization that are difficult
to realize using traditional ceramic fabrication methods such as casting and machining is of high
importance. Generally, slurry-based ceramic 3D printing technologies involve liquid or semi-liquid
polymeric systems dispersed with ceramic particles as feedstock (inks or pastes), depending on the
solid loading and viscosity of the system. This paper includes all types of photo-curable polymer-
ceramic-mixtures (feedstock), while demonstrating our own work on 3D printed alumina
toughened zirconia based ceramic slurries with light induced polymerization on the basis of two-
photon absorption (TPA) for the first time. As a proven exemplary on cuboids with varying edge
length and double pyramids in the um-range we state that real 3D micro-stereolithographic
fabrication of ceramic products will be generally possible in the near future by means of TPA. This
technology enables the fabrication of 3D structures with high accuracy in comparison to ceramic
technologies that apply single-photon excitation. In sum, our work is intended to contribute to the
fundamental development of this technology for the representation of oxide-ceramic components
(proof-of-principle) and helps to exploit the high potential of additive processes in the field of bio-
ceramics in the medium to long-term future.

Keywords: additive manufacturing; ceramics 3D printing; two-photon adsorption; polymer-

ceramic mixtures; bio-ceramic engineering

1. Introduction

Highly complex technical ceramics are increasingly required in almost every field of
application, including many industrial areas such as medical technology. Ceramics have
a unique spectrum of electrical, optical, and magnetic properties as well as exceptional
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mechanical strength, thermal stability, hardness, and chemical resistance [1-3]. Additive
manufacturing of ceramics has the potential to exceed the limitations of standard ceramic
processing to open new fields of application while avoiding molding. Therefore, even in
small series, any application for complex shapes in the pm-up to the cm-range would be
addressable [3].

In this context, several excellent reviews on additive manufacturing (AM) and 3D
printing of ceramics have been recently published by e.g., Deckers et al. [4], Halloran et
al. [5], and Chen et al. [6]. They all conclude that a variety of highly innovative
technologies currently exists to additive fabrication to produce ceramic parts. All these
currently existing 3D printing technologies for ceramics can be mainly divided into
powder- and suspension-based technologies[2], while Chen et al. [6] also categorize bulk
solid-based technologies separately.

Examples for powder-based procedures are 3D powder printing (3DP [3,7]), Laser
Engineered Net Shaping (LENS™ [8,9]), Selective Laser Sintering/Melting (SLS/SLM [10]),
and Laminated Object Manufacturing (LOM [11]). A large variety of powder-based
processes for ceramic production is reviewed by Deckers et al. [4]. One advantage of this
powder based process is the direct accessibility of the ceramic object after printing while
parts made from suspensions need to be de-bonded and sintered after the building
process [12]. Therefore, powder-based procedures are also called direct fabrication
technologies.

Known suspension-based manufacturing procedures are Thermoplastic 3D-Printing
(T3DP [13]), Fused Deposition Modeling (FDM [14]), Direct Inkjet-based Printing (also
called Direct Ceramic Jet Printing DCJP [15]), extrusion-based direct-writing techniques,
light exposure-based lithography technologies such as the Lithography-based Ceramic
Manufacturing (LCM) [3,7], and ceramic stereolithography (CSL) [5]. According to Chen
et al. [6], the 3D printing of ceramics, LOM as well as FDM, can also be called bulk solid-
based technologies to create structural and functional ceramics.

Recently, it has been shown that photopolymerization methods by means of suitable
suspension-based slurries represent higher technology potential than powder bed fusion
in the manufacturing of 3D ceramics parts or graded porosities features. To name the most
promising markets, the photopolymerization technology is used for chemical industries,
aerospace, machinery, electronics, micromechanics/microfluidics, piezo-actuators,
catalytic surfaces, and photonics and medical industries [6]. In medical technology, a
continuous trend to individualization, and thus, to patient-specific implants requires the
combination of different properties in one implant component. For that, gradients in
functional properties as well as micro- and nano-scaled biomaterial surfaces are favored
[16]. However, conventional medical implants such as auditory ossicles, dental implants,
finger-, foot-, shoulder-, hip-, or knee implants made from ceramics are still produced by
other common techniques that are limited in individual treatment of patients. For medical
applications, especially dispersion ceramics like alumina toughened zirconia (ATZ)
ceramics as well as ZTA (zirconia toughened alumina) are reliable materials, since they
ideally combine a good biocompatibility (inertness) with a high wear resistance,
exceptional hardness, high mechanical strength, and slow hydrothermal aging [17-19]. In
addition to their outstanding biomechanical properties, the fast and stable ingrowth of
host tissue into superficial implant structures is advantageous to inhibit intolerances,
hypersensitivities, or allergic reactions, and to promote good osseointegration [20-22].
Crucial for this purpose is the availability of a defined pore gradient as a combination, for
example from nano-, micro- and macrostructures which might combine complex
microstructures and fine features on the nanoscale [23].

The production of structural-complex ceramic parts requires high resolution and
appropriate surface properties to meet the demanding applications. A technique which is
particularly suited for the fabrication of patient-individualized, functional, porous 3D
structures is direct laser writing via two-photon absorption (TPA) [24]. With TPA, the
polymerization is generally initiated by the simultaneous absorption of two photons,
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usually using near-infrared (780 nm) or green (515 nm) laser light. The photoreaction is
initialized by high energy intensity and takes place within a spatially confined focal
volume in the corresponding photosensitive resin. It is generally suited to realize free-
form 3D shapes with graded porosity in um- and sub-um-range in photosensitive
materials such as polymers, hybrid polymers, and composites such as ceramic materials
[25-27]. With conventional one-photon-based processes such as CSL [28], this type of
three-dimensional structuring, pore size distribution, and resolution is not possible,
because the polymerization only takes place at the liquid surface layer. A slurry-based
ceramic 3D printing technology like TPA involves liquid or semi-liquid polymer systems
with ceramic particles dispersed in the polymer host matrix as feedstock (inks or pastes).
Depending on the solid load and the ceramic particle size distribution, opaque ceramic
slurries typically used in CSL and DLP processes must be adjusted for TPA processing. In
addition, the viscosity of the system resulting from different additives might significantly
alter the polymerization kinetics [29,30].

This paper discusses our works to create 3D printed ATZ (alumina toughened
zirconia)-like ceramic slurries which are employed to light-induced polymerization by
means of TPA to fabricate simple shapes from the um up to the cm range. Multiple types
of photo-curable polymer-ceramic-mixtures of water- and non-water-based slurries for
CSL are described and discussed. According to the current DIN standard for the biological
evaluation of medical devices, a first experiment to assess the cytocompatibility of TPA-
printed ATZ ceramics was carried out and evaluated.

2. Materials and Methods
2.1. Materials

The prepolymer basis used in this study was a solution of acrylamide (AM),
methylenebisacrylamide (MBAM), and the dispersant sodium polymethacrylate, which
was dissolved in deionized water (all components from Sigma Aldrich GmbH, 97-99%
purity). Aluminum oxide (Aerodisp W440, Evonik AG) and zirconium oxide (Zirkonsol,
Nanostone GmbH) sols were mixed (pH of the ATZ slurry between 5-6) in a ratio of 20:80
(like an ATZ slurry with 50 wt.%) in a round bottom flask. Subsequently, the solvent was
evaporated. As shown in Table 1, the particle size (dso) of the commercially available
zirconia sol was between 30 and 35 nm with a particle load of 45 wt.%. The alumina sol
(cationically charged) had a particle size (dso) of 110 nm with a particle load of 40 wt.%.
As photoinitiator, the commercially available photoinitiator IRGACURE® 2959 (Ciba AG;
2 wt.% based on non-ceramic content) containing polar hydroxyl groups was added to the
prepolymer mixture.

Table 1. Commercially available ceramic components used for alumina toughened zirconia. (dso is
the mass median diameter which is the portions of particles with diameters smaller and larger
than this value are 50%).

Ceramic Producer Particle size Particle load
d50 [nm] [wt.%]
Aerodisp W440 AlOs Evonik 110 40
Zirkonsol ZrO2 Nanostone 35 45

The slurry was then stirred for 10 min in order to dissolve agglomerates and to
achieve a homogeneous slurry. The rheological behavior was optimized to account for a
suitable layer spreading which results in a homogeneous green microstructure. The final
viscosity (Modular Compact Rheometer MCR 502, Anton Paar) of the ceramic suspension
applied in this experiment was 0.2 mPa-s (value for 100/s, 22 °C). The transmission of the
ATZ slurry used for TPA experiments was 40% (value for 522 nm TPA laser wavelength
for 500 um optical path length).
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2.2. Methods
2.2.1. TPA Machine

The ATZ like slurry was processed with a commercially available industrial High
Precision 3D Lithography Equipment (LithoProf3D®-GSII, Multiphoton Optics GmbH) by
TPA to realize test patterns of 3D structures. The system is based on a femtosecond-pulsed
laser working at a laser wavelength of (522 + 4) nm and a maximum average output power
of 650 mW. The system is equipped with a 5-axes system consisting of 3-axes high-preci-
sion air-bearing stages and a galvo-scanner system. The laser beam is moved through the
liquid ceramic composite material in a synchronized motion. As objectives for the fabri-
cation of 3D structures, either a Zeiss (NA 1.4, x100) planachromat or a Leica (NA 0.6, x40)
lenses were used.

The objective lens with the highest numerical aperture was used for the highest spa-
tial resolution in a top illumination and a head-first fabrication, i.e., the structures are fab-
ricated head first at the bottom side of the upper glass cover slide (Figure 1a). The objective
lens with the lower aperture was also used for fabrication in a top illumination mode
where the structures are fabricated at the top side of the lower substrate, i.e., the laser light
has to travel through the thick ATZ slurry layers (Figure 1b). The interface was detected
with an integrated autofocus system still suited to be used even with these highly particle-
loaded slurries. While the fabrication displayed in Figure 1a corresponds to the objective
lens design case for the Zeiss planachromat, this is only suited for smaller structures, since
the light must travel through the already polymerized structures having a much higher
refractive index. This might lead to significant aberrations. It is necessary to focus the laser
beam deeper into the ATZ slurry to fabricate larger structures, resulting in a reduction of
the fabrication resolution.

(a) (b)

Figure 1. Schematics of the fabrication setups. The material is exposed to the laser light in both
setups from the top. (a) Head-first fabrication is used for highest resolution and (b) structure fabri-
cation at the bottom of the substrate through several hundred microns of ATZ slurry.

2.2.2. Characterization of Test Structures and Biocompatibility Testing

SEM investigations were carried out using a Zeiss Evo LS 10 (Carl Zeiss microscopy
GmbH) under high vacuum conditions equipped with an EDX detector Quantax X-flash
3011 (Bruker nano), having an energy resolution of <123 eV. SEM and EDX investigations
were carried out at an accelerating voltage of 12 kV at a working distance between 12 and
16 mm. SEM images were taken with a stage tilt angles of 60° to 80°, EDX scans were
performed by scanning an area of interest (AOI) of 10 x 10 um? without stage tilt at the
center of the structure shown in Section 3.2.

To determine the biocompatibility, a first cytotoxicity test (XTT-assay) according to
DIN EN ISO 10993-5: 2009 was carried out with extracts or solutions (indirect cell material
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contact) of completely processed materials. ATZ ceramic (as used in approved medical
products) from the manufacturer Mathys (ATZ-Mathys) as well as ATZ-like structures
produced with TPA (ATZ-TPA) were used as test materials. Extracts from both ATZ ma-
terials were produced in accordance with the specified DIN, and 0.35 mg/uL were used
for production. To prepare the dilution series, 20% of the extracts were further diluted 1:3
over 10 dilution steps. The stock solution was diluted in the same way as negative control.
The pre-osteoblast cell line MC3T3 was used as target cells in accordance with the medical
application (bone contact). To carry out the biological experiments, 10,000 cells/wells were
seeded in a 96-well plate and incubated overnight. Subsequently, the extract was added.
The vitality of the cells was determined with an XTT assay. Usually, XTT is a colorless
compound that only becomes detectable at 450 nm after reduction on the surface of an
intact cell membrane. In contrast, non-vital cells with a compromised membrane will not
reduce the XTT, and hence there is no signal increase at 450 nm.

3. Results and Discussion

3.1. Manufacturing of Ceramic Parts Using Heterogeneous Slurries and Conventional
Technologies

CSL processes to produce ceramic parts from water-based slurries were first reported
in 1994 by Griffith and Halloran [31] using a 45-55 vol.% water slurry of acrylamide and
N,N’-methylene bis-acrylamide (MBAM). They succeeded to produce a green body from
the silica-slurry using an UV lamp and a mask with a cure depth of about 300 um. Two
years later, the first fully additively manufactured ceramic piece fabricated with a SLA
apparatus and sintered was published also by Griffith and Halloran [32]. Until now, silica
and acrylamide/MBAM is the most studied water-based slurry [30]. The refractive index
(RI) of the solution is about 1.35-1.50 at 589 nm, which fits to silica ceramic particles with
a RI of approximately 1.5. This leads to highly transparent slurries. Additionally, the vis-
cosity is very low, with a value of about 1000 mPa-s, even with highly filled slurries. With
such slurries, high curing depths of up to 300 um and a resolution of 100 pm are possible
[33,34]. The inclination angle should not be larger than 30° to reduce delamination and
the surface roughness considering the ladder effect [35]. Moreover, other ceramics like
alumina [36] or beta tricalcium-phosphate [37] have been produced for scaffolds using an
aqueous slurry containing acrylamide/MBAM.

Besides the water-containing slurries, it is also common to use slurries based on or-
ganic solutions. The advantage of those is a higher reactivity and the absence of water,
which otherwise needs to evaporate during the exothermic UV process. Silica ceramics
have a low refractive index of RI589 nm = 1.56 compared to other ceramics. This makes it
easier to match with the refractive index of organic binders. For example, sintered silica
ceramics [38—41] are produced by using resins containing amorphous silica and low vol-
umetric percentage of as sintering additive (e.g., boron oxide (B203)) in hexandioldiacry-
late (HDDA), or in a mixture of hydroxyethylmethacrylate (HEMA), tetraethylenglycol-
diacrylate (TEGDA) and phenoxyethanol (POE) [42].

Compared to silica, alumina has a higher refractive index of 1.7, which makes it more
challenging to find a suitable binder system (e.g., for optical elements). Alumina ceramic
parts are widely used in many technologies, and the interest in producing 3D-printed alu-
mina ceramic parts is therefore very high. In 1999, Zhang [36] was the first who showed
the fabrication of a ceramic part from HDDA by u-stereolithography process (u-SLA) of
dense alumina parts with a line width of 1.2 um. The solid content varied between 40 and
60 wt.% [43—47]. Further used polymers are Acura SI-10 [48] and polyethyleneglycol-di-
acrylate (PEG-DA) [49]. Buerkle [50] fabricated Dielectric Alumina Resonator Antennas
(DRA), which shows that the range of possible applications of additively manufactured
alumina ceramic parts is very wide. Using micro photo-forming, Shan [51] reported the
fabrication of alumina ceramic parts. Besides HDDA, even barium titanate [52] or piezoe-
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lectric PMINT (0.65Pb(Mg1/5Nbz23)O3-0.35PbTiOs) [53] slurries were used to produce pie-
zoelectric materials (PZT) parts [54-56]. Further, also shown in the literature, quite a vari-
ety of slurries used epoxy resins like Adika rascure HS662 to form porcelain parts [57] or
Si02-TiO:2 to form photonic crystals [58]. Other ceramics produced with SLA were made
of BasZnTa209 (BZT) [59] for RF (radio frequency) devices or aluminum nitride (AIN) [60]
for the production of microchannel cold plates. A combination of beta-tricalcium phos-
phate (3-TCP) and hydroxyapatite (HAP) powder in oligocarbonate-dimethacrylate
(OCM-2) can be used to produce implants [61]. Bioactive glass is produced from SOMOS®
resin [62] and calcium pyrophosphate (CPP-A) [63] from an acryl polyester resin.

As generally shown from Hannemann et al. [64], the sintering property can be in-
creased by replacing the microscale ceramic particles by nano-sized ceramic particles. CSL
is a favorable technique to produce periodic lattices. Duplication of the smallest unit as
CAD model leads to very large objects. Various electrical or optical applications can be
addressed by choosing different materials, such as microwave devices [65] from alumina
and zirconia, photonic crystals [66,67] or lattices with different refractive indices [68].

Up to now, the synthesis and optimization of heterogeneous slurries on the basis of
oxide ceramics or dispersion ceramics, for example on the basis of alumina toughened
zirconia (ATZ) by means of TPA, was only rudimentary described [30].

3.2. Structuring of an ATZ like Slurry with TPA

Before TPA experiments started, the general ability of the ATZ slurry to be cross-
linked was tested using a commercially available LED light source (365 nm) at a power
density of 20 mW/cm?2 In these experiments, isopropanol, ethanol, and deionized water
have been proven to be suitable solvents.

Using the TPA equipment from Multiphoton Optics GmbH, a large variety of struc-
turing parameters and methods are accessible and can be screened in a high throughput
approach. In order to reduce the possible parameter space to relevant structuring param-
eters for the specific ATZ slurry, the fabrication parameters, such as the structuring veloc-
ity or writing velocity and the applied average laser power, are varied as part of a previ-
ously defined parameter search fields.

Cuboids with varying edge length and double pyramids (see designs in Figure 2b,d)
were chosen as test structures for the parameter fields. The fabricated cuboids determine
shape accuracy by determining edge length and surface flatness and double pyramids
show the feasibility of an undercut using ceramic slurries.

(a) (b) design cuboid
ol oo o
velocity 10 | OO O
(mm/s) 5 oo O
1 oo Cl‘
1 2 .. 20'
average laser
power (mW)
(c) (d) design double pyramid
velocity 50 00
(mm/s) 10| OO™ O
""1012 a4
average laser
power (mW)

Figure 2. Parameter field for cuboid structures (20 pum x 20 um x 30 pum). (a) Layout (not to scale)
and (b) overview SEM image with the respective designs. Parameter field for double pyramid
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structure: (c) layout (not to scale) and (d) overview SEM image of the structures that remained on
the substrate’s surface after the development step. Both overview SEM images feature a magnified
image of one exemplary structure.

Their designs were imported and further refined in the LithoSoft3D software (Mul-
tiphoton Optics GmbH) which enables a fast access to the process parameters. Results of
the fabricated structures with corresponding fabrication parameters are displayed in Fig-
ure 2 which shows the schematics of a parameter field as well as the default and the fab-
ricated cuboids as investigated by scanning electron microscopy (SEM). The magnified
SEM image of the cuboid structure in Figure 2b displays that the fabrication of structures
from an ATZ slurry is possible and somewhat accurate. The surface of the structure is not
as smooth as for other materials [26,69]. A closer look reveals that the smoothness de-
creases from bottom to top of the structures. This might be due to non-directed scattering
effects resulting from the ceramic particles incorporated in the polymer host material. Ag-
glomerates of ceramic particles act like point scattering sources increasing and deforming
the technical interaction volume. During the fabrication of a structure, the laser beam is
moved deeper into the material, resulting in an increasing amount of point scattering
sources within the laser beam region. As obvious from the data, shape deviations from
the design reveal; in fact, the structure is bigger than the design case, pointing to the fact
that more material is polymerized than initially directly exposed in the laser light’s focal
volume. As already explained by Houbertz et al. [24], there is an enlargement of the light-
exposed volume resulting from the polymerization reaction, referred to as chemical inter-
action volume. This reaction is in contrast to the technical interaction volume based essen-
tially on the IPSF (Intensity Point-Spread Function). The presence of the chemical interac-
tion volume leads to an enlargement of the polymerized structure due to chain reactions
and diffusion processes, and these can be further even amplified by non-directed scatter-
ing effects. It has to be mentioned, however, that a systematic study of shapes in depend-
ence of the ceramic particle filler content has not yet been carried out, which would reveal
the impact on light scattering upon exposure. Although the magnification of the double
pyramid structure shows additional shape deviations, structuring of an undercut with
TPA in these dispersions ceramic seems feasible.

For the fabrication of these structures, a setup such as displayed in Figure 1la was
used. The structuring process in this fabrication mode begins at the bottom side of the
cover glass slide, which is in direct contact with the ATZ slurry, and continues from top
to bottom along the optical axes into the material volume. The disadvantage of this fabri-
cation mode is that the laser light passes polymerized material for the structure consisting
of more than a single layer. In general, polymerized material features different optical
properties than unpolymerized material. Therefore, the structuring parameters should be
adapted along the structure’s height to compensate for effects such as light scattering, ab-
erration, and absorption.

An overview of the parameter space for structuring cuboids (20 pm x 20 pm x 30 pm)
using the ATZ slurry is given in Figure 3. Structuring of the ATZ slurry was possible with
all chosen structuring velocities up to 50 mm/s with very good results. However, for
higher structuring velocities, the average laser power needs to be increased in order to
obtain a similar energy dose in the TPA process. The parameter window of this ATZ slurry
is much smaller than that of a benchmarking inorganic-organic hybrid polymer of the
ORMOCER® material class, which is well suited for 3D structuring by TPA [70,71].
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Figure 3. Parameter space for structuring cuboids (20 um x 20 um x 30 um) with TPA using ATZ
slurry.

Furthermore, cuboid structures with larger edge length (50 um x 50 pm x 30 pum)
were fabricated alongside of cuboids with similar dimensions as before (20 pm x 20 um x
30 pum). The structuring results are displayed in Figure 4. While all polymerized small
cuboids are attached to the substrate, a notable number of larger structures has delami-
nated from the substrate’s surface during the development step. The shape of the larger
cubes (see also the double pyramids in Figure 2) suggests that the ATZ slurry structures
experience compressive stress during the fabrication process which was already observed
by [72]. The observation of compressive stresses results from the cross-linking process and
it is even enhanced after thermal annealing in the sintering process.

Aside of stresses related to the light-induced cross-linking, it is well known that ce-
ramic materials such as composites with a high amount of inorganic content often show
crack formation. However, it was demonstrated that materials with an extremely high
inorganic content can be structured in 3D by means of TPA without cracking or delami-
nation, which was the result from long-term process parameter optimizations. These re-
sulted either in piezoelectric or ferroelectric layers after thermal annealing [73] or high
refractive index materials even without annealing [74].

Figure 4. Smaller cuboids (20 um x 20 um x 30 um) and cuboid structures with larger edge length
(50 pm x 50 um x 30 pm), structured with 10 mm/s fabrication velocity and 20 mW average laser
power.

Further investigations have been carried out to determine whether structuring is pos-
sible in deeper material layers. For this purpose, a set-up as in Figure 1b is used. The
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structure is produced from bottom to top. As mentioned earlier, light adsorption and scat-
tering within the ATZ slurry leads to a power reduction in the focal volume, which can
have a significant impact for larger cure depths. In this work, structuring was successfully
performed through material layers with material thicknesses up to 480 um. Figure 5 dis-
plays the structuring results through an ATZ material layer of 80 um thickness. For a
lower exposure dose, the 3D structures which were fabricated resemble well the designed
structures. However, the structures are deformed if higher exposure doses beyond 35 mW
average laser power are used [34]. A closer look at the interface substrate/3D structures
shows that below 25 mW compressive stresses play a major role for the delamination pro-
cess. The structures are at their edges still attached to the substrate and delaminate at their
centers. However, between an average laser power of 30-35 mW, the situation seems to
be reversed. The edges delaminate and the center adheres to the substrate. For higher av-
erage laser power, the structures adhere well to the substrate which is related to an ex-
tremely elongated focal volume along the Z axis (optical axis). The lateral extension is less
affected by the laser power.

20mW 25mW 30mW 35mW 40mW 45mW S50mW S5mWwW G(RW
g ~

) @) ﬂ 8] [ 44 P

‘

ahﬂﬂg.ﬂ*

Figure 5. SEM image of structures printed on a glass substrate in a curing depth of 80 um.

Moreover, one first de-bonding/sintering experiment with a temperature-time-pro-
file commonly used for a standard zirconia oxide ceramic was performed on cuboid struc-
tures. It shows that TPA-printed 3D structures can in principle be thermally annealed to
create pure ceramic structures. The green structure fabricated by TPA (Figure 6a) was sin-
tered, resulting in compacted ceramic structure (Figure 6b). As shown in Figure 6c, the
typical elements for this ATZ ceramic such as Zr, Al, and O were clearly quantified by
means of energy dispersive X-ray (EDS) analysis.
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Figure 6. TPA fabricated 3D structure from an ATZ slurry before (a) and after (b) a non-optimized
de-bonding process (scale bar: 10 um). Elemental composition (EDX analysis (c)) after de-bonding
shows the main elements of this ATZ ceramic.

Without optimization of the heating process, there are noticeable changes such as, for
example (visible) cracks in the de-bonded 3D structure which becomes obvious from Fig-
ure 6b. The ceramic structure shrinks more at its bottom, which points to the fact that the
laser power (or energy dose) was less than at the top of the structure in the given setup,
resulting in a lower degree of polymerization than at the top of the structure. This was
already observed by Stichel et al. [75] who implemented an empirically determined laser
power adaptation to overcome the difference in polymerization degree and to create cubic
scaffold structures with a homogeneous degree of cross-linking. An iterative optimization
of the debonding process which was performed with best results for debonding between
300 and 370 °C to remove the organic binder, followed by a sintering step at 1450 °C re-
sulted in flawless 3D ceramic structures. This shows that an optimization of the tempera-
ture-time regime for the debonding and sintering process of the ceramic ATZ sol mixtures
[30,33] is essential. The iterative optimization process for debonding and sintering would
also prevent pore and crack formation resulting from the fact that all organic/inorganic
components from the ATZ slurry (see Section 2.1) are removed during processing.

3.3. Biocompatibility Tests

The biocompatibility testing was performed in a contact free assay according to the
DIN EN ISO 10993-5: 2009. The aim was to identify any soluble substance that may influ-
ence the cell growth independently from the direct contact to the material, since this may
influence the cell behavior itself. Hence, it is easier to estimate if the processing and not
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the surface characteristic of the material has an impact on the cells. Figure 7 shows that
both ATZ materials extracts (indirect cell contact) do not exhibit any cytotoxic effect on
cell growth for MC3T3 used in this study. In contrast to the control with dimethyl sulfox-
ide (DMSO), there is only a slight inhibition of cell growth for some medium dilutions of
the extracts from ATZ-TPA. Atlower dilutions, DMSO shows as a well described organic
solvent expect cytotoxic effects, whereas the effect decreases constantly with higher dilu-
tions. In case of ATZ material extracts, no such correlation between dilution and growth
inhibition could be observed. Nevertheless, it seems, that there still exists a slight inhibi-
tion of cell growth even at higher dilutions. This is eespecially true for ATZ, which were
fabricated by TPA (ATZ-TPA); the growth is obviously hampered in comparison to sam-
ples from ATZ Mathys. One explanation might be that the photoinitiator is either not fully
eliminated during the development of the ATZ-TPA sample or is not completely removed
during de-bonding/sintering. The latter is highly likely because the concentration of pho-
toinitiator in the material exceeds the necessary amount to a certain extent, always leaving
unreacted photoinitiator residue in the final material.

XTT-Assay
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Figure 7. XTT assay of MC3T3 cells for the detection of the cytotoxicity of finished processed mate-
rial (ATZ-Mathys and ATZ-TPA). Ceramic from Mathys was used as reference material and
DMSO as negative control (1 = 4 technical replicates).

However, the potential toxicity of the photoinitiator components which are required
for photopolymerization on different cells and tissues has not yet been fully addressed
[76]. It was demonstrated with other materials such as novel degradable hybrid materials,
that the toxic effect of photoinitiators can be completely neglected dependent on the ma-
terial formulation [77]. Nevertheless, further analysis of experiments using a direct cell-
material contact are necessary to thoroughly evaluate the biocompatibility of the pro-
duced ceramics. Additionally, for a full quantification of the biocompatibility of TPA-gen-
erated structures, more cell lines like, chondrocytes, epithelial cells, and mesenchymal
stem cells have to be taken into account. Medical devices are in contact with different cell
types, which might react differently to the artificial material.

For the structuring of polymers in the nm to the cm range, the application of TPA is
already well established. In contrast, as shown from our results, the transfer of this tech-
nique on ceramics has many challenges that need to be solved.

However, scaffolds for cell growth (Figure 8) can be fabricated with TPA with a com-
mercially available hybrid polymer from the ORMOCER® material class. In contrast to
such ORMOCER®, heterogeneous ceramic slurries naturally induce scattering of light dur-
ing the laser processing due to their particulate nature.
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Figure 8. Macroscopic TPA Scaffold made of ORMOCER® (organically modified ceramic) demon-
strating the performance of the TPA process as well as the used TPA machine (LithoProf3D®-GSII,
Multiphoton Optics GmbH) for producing structured 3D bodies, which is transferred to the novel
ATZ materials in the next step.

Consequently, the synthesis of suitable ceramic slurries and their optimization espe-
cially for the TPA process plays an important role to enable further ceramic stereolithog-
raphy (CSL) tools (ongoing process) in the near future to produce graded functionality
structures including complex microstructures and fine features. According to that, many
investigations have been accomplished in the last decades that deal with the synthesis and
characterization of heterogeneous slurries for TPA processing. Ceramic slurries described
in the literature are usually particles dispersed in a photocurable resin, which lead to
opaque mixtures, thus resulting in a significant challenge for photopolymerization pro-
cesses. Generally, water-based as well as non-water-based slurries have been investigated
regarding their suitability for the production of ceramic 3D structures using CLS [4,6].

4. Conclusions

In conclusion, basic aspects of the photo-chemical micro- and nano-lithography using
TPA for ceramic slurries as shown in this paper on three dimensional objects like cuboids
and pyramids in the um-range could be clarified by means of the experiments described
in this paper. For the first time, it was demonstrated that heterogeneous ATZ-based ce-
ramic slurries can be structured using TPA in a standard fabrication mode [23,78]. There-
fore, our work has made an important contribution to the development of photochemical
microlithography by means of TPA for the preparation of oxide ceramic (as shown for
ATZ) 3D structures. This will help to exploit the high potential of TPA in the field of 3D
structuring of various oxide ceramic suspensions/slurries in the near future.

It still needs to be considered, that—as with gel casting—the green body density of
the TPA-formed structure is determined by the ceramic volume fraction in the suspension.
For adequate de-bonding/sintering behavior, the green density and thus the suspension
volume fraction must be approximately 50 vol.% or higher. For this reason, a key feature
of ceramic technologies involving photopolymerization is to achieve the proper rheology
of highly loaded suspension.

Moreover, this work states that the TPA technique can be used for the additive fab-
rication of ceramic 3D structures, while for larger structures (>480 pm in height and >50
pum x 50 um base area) a redesign of the setup is recommended. Nevertheless, this tech-
nique must ensure a finer layering than for example Large Area Maskless Photopolymer-
ization (LAMP) to create a real micro resolution in all three dimensions. Moreover, it is



Ceramics 2021, 4

236

References

extremely useful to understand how parameters (cure depth and energy dose) depend on
the composition of the suspension, the used photoinitiators and dyes, and the physico-
chemical and optical nature and amount of the used ceramic powder. For the last point,
the response function of the material formulation to the laser light can be used to find out
the restrictions of the structuring resolution.

In order to produce ceramic microscale components with high precision and graded
mechanical or topographic properties in the future, supplementary investigations are nec-
essary. It would be important to study the swelling and shrinking of the structures during
the fabrication and sinter process. Furthermore, the technical and chemical interaction
volume as well as the threshold behavior need to be intensively studied to understand the
light-matter interaction of highly ceramic particle loaded material systems. Another key
requirement on a reliable material is the processing and long-term stability that requires
further attention. The conventional way to additively manufacture large structures is to
split the given design file into slices and hatches. Depending on the slice and hatch spac-
ing, this approximation of the design file can lead to long writing times. If the distances
are increased, the writing time decreases, whereby the structure quality and the dimen-
sional accuracy naturally deteriorate. If the processed ceramic slip is sufficiently stable
after crosslinking, it may be possible to write only the shell of the given structure with
TPA. After the necessary development step, the still liquid inner material can be cross-
linked, e.g., by a flat UV exposure. The stability of the shell must be adjusted depending
on the size and shape of the object. With this procedure, it is possible to reduce the writing
times drastically or to produce small 3D parts.
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