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A B S T R A C T

Methods and materials: are presented here, which enable the manufacturing of fine structures using a 3D-printing
method known as two-photon-polymerization (2PP). As traditional photolithography methods for structuring
ceramic slurries do not function with 2PP, due to light scattering on ceramic particles, a novel water-based
photoresist with high ceramic loading of extremely well dispersed ceramic nano particles was developed. This
photoresist is basically a ceramic slurry containing a photocurable agent and a photoinitiator to be crosslinkable
with the 780 nm wavelength femtosecond laser light source of the 2PP machine. It is demonstrated that it is
possible to gain a highly transparent and low viscous slurry suitable for 2PP processing. This work shows the
development of the slurry, first printing results and the post-printing processes required to form three dimensional
ceramic microstructures consisting of alumina toughened zirconia (ATZ).
1. Introduction

Ceramics possess unique chemical and mechanical properties, such as
mechanical strength, thermal stability, hardness, chemical resistance and
special electrical, optical, and magnetic properties. By exploiting these
unique properties, a great variety of technical and medical applications
can be addressed. These include structured piezoelectric ceramics for
ultrasonic transducers [1], customized bone implants made from hy-
droxyapatite [2], or bioglass/-TCP scaffolds [3,4] with promising
biocompatibility and bespoke mechanical strength. For joint implants
with high strength purpose, Alumina Toughened Zirconia (ATZ) is a
desired material, due to its biocompatibility and mechanical behavior
[5]. In particular for these medical andmicroengineering uses, the ability
to introduce fine structures in materials is sorely needed. Additive
manufacturing (AM) methods uniquely enable the formation of
complex-shaped (e.g. porous) architectures. Here, AM complements
traditional manufacturing in that it opens up completely new fields of
research and applications [6]. Lithography based additive manufacturing
of ceramics has been reviewed by Doreau et al. [7], with stereo-
lithography methods standing out in particular, due to their high preci-
sion and fast production speeds. These methods can be either single beam
processes or multi-beam/dynamic mask technologies [8–10]. The reso-
lution of those processes can be optimized down to 10 μm in the XY-plane
[11]. The Z-resolution is dependent on the technology shaping the single
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layers and rather higher than the XY-resolution, down to 2 μm [11]. Due
to constraints imposed by the laws of physics, these lower resolution
limits can only be further improved by exploiting nonlinear optical
properties, as is done in two-photon polymerization (2PP). This tech-
nology can be applied to cross-link a range of polymer materials [12],
printing ultrafine structures using the non-linear two-photon effect to
confine the polymerizing voxel in three dimensions. However, producing
3D-structured ceramic parts using 2PP requires a careful design of the
printing resin. A photocurable ceramic resin suitable for 2PP must meet a
number of requirements, including a high transparency and a low vis-
cosity, while maintaining a high ceramic content. Commercially avail-
able preceramic polymer options include Ormocer® [13] and SZ2080
[14] resins, which meet the aforementioned requirements [15]. With
Ormocomp®, for example, a resolution can be achieved of 1 μm [16] or
less [17], which is suitable for e.g. applications such as photonic crystals
[18], microneedles [19], or even branched hollow fibers [20]. SZ2080 is
a Zirconia-containing preceramic polymer, which can produce structures
with tunable refractive index [21,22]. Moreover, tailored resins have
been applied in combination with 2PP very successfully [23].

Compositing with particles can adjust the behavior of the final
product. This has been demonstrated with piezoelectric barium titanate
nanoparticles in Ormocomp® [24], Silica particles in polyvinylsilazane
[25] or silica/gold nanoparticles [26].

Upon sintering, a ceramic is formed, which will mainly consist of
(J. Günster).
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silica/siliconoxicarbide SiOC [23,27]. To print full ceramic microstruc-
tures, another class of resin is needed, i.e. where the desired ceramic
particles are embedded in a polymer filler that can be completely
removed during sintering. The main challenge here is to fill the polymer
with the highest possible weight fraction of ceramic particles, while
maintaining the properties needed for the 2PP process. In this paper, the
development of this new class of resin is introduced and first results of
printed parts are presented.

2. Material and methods

The process chain from a ceramic-containing suspension (ceramic
slurry) to a fully ceramic body follows the steps described in Fig. 1. A
water-based suspension containing highly dispersed ceramic nano-
particles is also filled with the necessary photocuable agent and a suitable
photoinitiator. This resin can be exposed to either UV-light or a 2PP-
laser. Subsequently, the so called “green body” needs to be washed and
dried, before it can be debinded to become a “brown body” and sintered.
The sintering is the last and most important step to obtain ceramic
bodies.
Fig. 2. Model of a half-filled SchwarzP-block consisting of 4 � 4 � 4 repeating
unit cells.
2.1. Material preperation and characterization

The nano-ceramic-additive-manufacturing (nanoCAM) photoresin
was inspired by a slurry recipe for ceramic stereolithography [28]
regarding the photocuable agent, i.e., Acrylamid and N,N0-methylene
bisacrylamide. First a mixture of alumina oxide sol (Aerodisp W440,
Evonik Industries AG) and zirconia oxide sol (Nanobinder NB 05,
Nanostone Water Inc.) with a zirconia oxide/alumina oxide weight ratio
of 80:20 has been dispersed in water to obtain a suspension with a total
solid fraction of 65 wt%. After this, Acrylamid and N,N0-methylene
bisacrylamide (Merck KGaA) is dissolved therein in a weight ratio of 10:1
to obtain photocurable properties in a resin with a ceramic load of 50 wt
%, corresponding approximately 15,8 vol%. A photoinitiator suitable for
the 2PP laser emitting at ca. 780 nm wavelength, consisting of 2,5-Bis
[4-[N,N-Bis-[2-(Acetyloxy)Ethyl]Phenyl]-Methylene]-(2E,5E)-Cyclo-
pentanone (BA740) [29], kindly provided by AG Schubert, Organic
Chemistry II, University of Jena, is added at 1 wt % to trigger the desired
photoreaction.

UV–vis measurements were performed using a StellarNet Inc. BLACK-
Comet C-50 spectrometer with an SL5 deuterium þ halogen light source.
The samples were scanned in a cleavable quartz cell from Hellma Ana-
lytics with a thickness of 0,1 mm. The intensity-weighted mean size is
determined using a Zetasizer (Nano ZS90, Malvern Pananalytica GmbH).
2.2. Two-photon-polymerization setup

Three-dimensional printing was performed using a Setup (Nano-
factory, Femtika Ltd.) [24]. It incorporates a light source C-Fiber 780
High Power (Menlo Systems GmbH) operating at 100 fs pulse duration,
100 MHz repetition rate and 780 nm wavelength. The laser passes a 60�
1.4 numerical aperture immersion oil objective lens (Carl Zeiss AG). The
positioning system combines linear stages ANT130XY-160 (Aerotech
Inc.) for XY-plane, ANT130LZS-060 (Aerotech Inc.), for Z direction, and
galvo-scanners (AGV-10HPO (Aerotech Inc.) for image projection. Pro-
gramming tasks and controlling the process where done by 3DPoli
Fig. 1. Process chain beginning with water-based suspension with ceramic nanoparti
nano particles, 2. Photocuring, 3. washing and drying, 4. debinding, 5. Sintering.
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software (Femtika Ltd.).

2.3. Sample preparation, post-processing and characterization

An alumina plate is used as supporting substrate for the μm sized
printed parts during printing, washing, debinding and sintering. On top
of the supporting alumina plate 2–3 layers of a tape are glued to form a
spacer of 100–200 μm, in which an area of a fewmillimeters is cut into, to
form a process envelope. Inside this space, a drop of nanoCAM is placed,
and subsequently covered by a thin microscopy cover glass with a
thickness of 30 μm. On the supporting base a three-dimensional model of
a SchwarzP triple periodic minimal surface [30] is printed. These
SchwarzP cells are used as single repeating unit for generating scaffolds
(see Fig. 2) with high mechanical strength, while minimizing the mate-
rial consumption and the building time. With this particular
SchwarzP-variation, one half space is filled to gain higher intrinsic
strength during the writing process. This printable STL-file was produced
using in-house developed software [34] based on an open source soft-
ware [31].

Every structure is washed, using deionized water to remove uncured
material, and dried after printing. Thermal debinding was performed
between 325 and 375 �C and sintering at 1450 �C at a dwell of 100 min.
The characterization of printed structures is performed using a scanning
electron microscope (EVO MA10, Carl Zeiss GmbH) equipped with an
energy dispersive X-ray detector from Thermo Fischer Scientific.

3. Results and discussion

3.1. Transparency

The optical properties of the suspensions used are extremely critical
cles; 1. adding photocuring agent and photoinitiator to a slurry of well dispersed
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to the process. Light is generally scattered by ceramic particles in water-
based suspensions. On the other hand, light absorption is weak, as the
pure ceramic material is a wide band gap insulator. The transparency of
the ceramic suspensions, zirconia and alumina, was measured at 780 nm
wavelength through different layer thicknesses to gain information about
possible curing depths for the two-photon-setup. Two properties of the
powders used are governing light scattering, the materials diffractive
index and the particle size. To compare the two different powders, pure
alumina and zirconia slurries have been prepared with near-identical
ceramic content (50 wt % compared to 45 wt %, respectively). Fig. 3 is
revealing the particle size distribution of the different slurries. It was
found, that the larger particles of the alumina slurry scatter the light more
effectively than the zirconia, even though zirconia has the higher
refractive index of 2,1 than alumina of 1,7. This result is in accordance
with the Rayleigh scattering regime [32], at which scattering is related to
a decay in intensity I of I ∝ λ�4, as a function of the wavelength lambda.

For the final slurry, 80 wt % zirconia and 20 wt % alumina, a trans-
mittance of 65% was measured at a penetration depth of 0,1 mm, which
implies enough photons can pass through the nanoCAM photoresin to
induce photopolymerization at the desired object size of maximal 100
μm.

3.2. 2PP production of ceramic parts

Before structures can be successfully printed, the operational
parameter window (in particular the laser power, writing speed, and 2D
hatching) must be defined. Due to intrinsic differences, this needs to be
done for every material separately. For nanoCAM, this was done by
printing one single SchwarzP unit cell in a 2D array whilst varying the
laser power, writing steps (hatching distance) and scan speed from 500
μm/s to 4500 μm/s in 500 μm/s increments. As shown in Fig. 4, there
exists a certain threshold at which the laser power is too low and the scan
speed is too high for sufficient crosslinking. At a laser power output of
lower than 12 mW the written structures completely collapse after
washing and sintering. The clearest outline is visible in a powder range
from 18 to 20 mW at a scan speed between 3500 and 4500 μm/s. This
leads to an optimal setting at reasonable productivity of 4500 μm/s scan
speed and 20 mW power output. It is noteworthy, that at a scan speed of
4500 μm/s, the laser spot distance between two adjacent laser pulses is in
the range of 0.05 nm, bearing in mind that the laser is operated at a pulse
repetition rate of 100 MHz.
Fig. 3. Particle size distribution of
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The Stereo Lithography (STL) file is translated via a compiler into the
machine code, providing the sliced object with a given thickness and
hatch lines within one layer. If the hatching distance is too wide the
structure will become unstable, and if it is too narrow, oversaturation
results in distortions of printed object or even burning of the resin. Both
parameters have been varied from 0,1 μm to 1,9 μm in steps of 0,2 μm. At
a layer thickness of 0,3–0,5 μm and hatch distance of 0,3–0,7 μm the
single units are the clearest. Also, at extreme parameter pairs with a
maximum layer thickness of 1,9 μm and hatch distance of 0,1 μm and a
minimum layer thickness of 0,1 μm with hatch distance of 1,9 μm good
results are obtained. The latter parameters are useful for an increase of
the process speed.

After compiling these findings, larger structures were configured, i.e.
scaffolds comprised of 4 � 4 repeating unit cells (see Fig. 5), and sub-
sequently fusing those scaffolds together to form 2 � 2 arrays of 100 �
100 μm. The operational parameters were a scan speed of 5000 μm/s,
axis velocity of 1000 μm/s (for moving the objective in the stitching
mode), laser output power of 20 mW, layer thickness of 0,99 μm and
hatch distance of 0,1 μm. After washing, drying, debinding and sintering,
a scaffold remains on the surface. Due to significant shrinkage of up to
50% during the post-processing, debinding and sintering in particular,
the final shape is distorted, mostly in z-direction. A constrained sintering
on the non-shrinking alumina substrate results in a distortion of the
structure, most significantly along the z-axis. Nonetheless, Fig. 5 is a clear
evidence, that 2PP processing of ceramic slurries is possible. Associated
to Fig. 5 there is an additional learning: In the writing program, four
SchwarzP 4 � 4 repeating unit cells were stitched together. That means
each of the four 4 � 4 structures were written independently, by the
imaging scanner optics without moving the objective. Stitching was
achieved by a lateral movement of the objective relative to the substrate.
This strategy is commonly applied to build up large structures with 2PP.
However, the intrinsic stability is only given in structures that were
written as a continuous structure without stitching. In the as-printed part
the interface cannot be recognized, but after sintering. It is not exactly
clear why these weak interfaces are formed, but very likely the ceramic
particles are separated in an optical tweezer effect [33], drawing them
into regions of highest laser intensity, which finally would result in an
entirely polymeric interface leaving a ceramic material gap after
sintering.

To address the distortion of the printed object occurring during
shrinkage, one tiny scaffold was placed on a sacrificial support structure
zirconia alumina suspension.



Fig. 4. Scan speed and laser power output map to find suitable writing parameters. For reducing the process time, the results shown are obtained at a relative high
layer thickness of 0.99 μm and a hatch distance of 0.1 μm.

Fig. 5. SEM images of a 2PP-printed fully ceramic scaffold (a) one 4 � 4
SchwarzP unit with two adjacent 4 � 4 units, (b) detailed view.

Fig. 6. Scaffold on top of a support structure completely disintegrated by the
enormous stress associated to sintering shrinkage on the rigid, non-shrinking
supporting alumina support.
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comparable to the approach presented by Brigo et al. [23], which is,
however, destroyed during the post-processing, see Fig. 6. Originally the
support was a simple cylinder, which completely disintegrated due to
internal stress into an irregular structure as shown. Nonetheless, it gave
the scaffold the possibility to shrink uniformly and preserved its shape in
all three dimensions.

The ceramic nature of the structures shown has been confirmed by
4

Energy-dispersive X-ray spectroscopy (EDX), revealing the correct ratio
between zirconium, aluminum and oxygen atoms required to form
alumina toughened zirconia. In addition, an image taken from the
structure by an SEM operated in electron back scatter mode clearly
confirms that the structure is composed out of two species, one with
heavier elements, i.e., zirconia (brighter structures in Fig. 7 a), and one
with lighter elements, i.e. alumina (darker structures in Fig. 7a). The as-
sintered surface shown does not exactly resemble the expected micro-
structure of 30 nm zirconia and 200 nm alumina particles. Apparently,
due to the high sintering activity of the extremely well dispersed and
closely packed zirconia nanoparticles, domains of densely sintered zir-
conia are formed. Also, it is not clear at which extend the scanning of the
laser beam is influencing the particles micro structure, by the previously
mentioned optical tweezer effect and local crosslinking of the polymer
matrix. For the fist time, these effects need to be considered in ceramics
powder processing.

4. Conclusion

This study demonstrates the smallest additively manufactured
ceramic nanostructure using two photon polymerization. To achieve this,



Fig. 7. (a) Electron back scatter image and (b) secondary electron image of a
2PP alumina toughened zirconia structure after sintering.
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a resin, nanoCAM, has been developed, containing extremely well
dispersed ceramic nanoparticles to overcome the light scattering-
imposed limitations. The suspension meets the criteria for two photon
polymerization, being viscous enough for processing, photocurable to
build up mechanical strength and sufficiently transparent at the desired
wavelength range. This result should encourage other groups to combine
classical ceramic processing with two-photon polymerization (2PP)
technology for the manufacture of smallest advanced ceramics structures
and taking advantage of their superior physicochemical properties even.
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