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Two-Photon Polymerization of Nanocomposites for Additive
Manufacturing of Transparent Magnesium Aluminate Spinel

Ceramics

Richard Prediger, Nitipoom Sriyotha, Karl G. Schell, Sebastian Kluck,

Leonhard Hambitzer, and Frederik Kotz-Helmer*

Transparent polycrystalline magnesium aluminate (MAS) spinel ceramics are
of great interest for industry and academia due to their excellent optical and
mechanical properties. However, shaping of MAS is notoriously challenging
especially on the microscale requiring hazardous etching methods. Therefore,
a photochemically curable nanocomposite is demonstrated that can be
structured using high-resolution two-photon lithography. The printed
nanocomposites are converted intro transparent MAS by subsequent
debinding, sintering, and hot isostatic pressing. The resulting transparent
spinel ceramics exhibit a surface roughness S, of only 10 nm and can be
shaped with minimum feature sizes of down to 13 pm. This technology will be

optical properties.[! Besides a hardness of
up to 16 GPa and a melting point of 2135 °C,
they demonstrate high chemical stability
and a transmission of up to 87 % in the
range of 250-5000 nm.[23] As a result of
their cubic crystal structure, polycrystalline
spinel ceramics are optically isotropic and
therefore do not exhibit birefringence.*!
Due to their superior material proper-
ties MAS ceramic are currently used for
the production of simple geometries such
as infrared domes or sensor windows.!*°]
Since they also combine a high refractive

important for the production of microstructured ceramics used for optics,

photonics, or photocatalysis.

1. Introduction

Transparent magnesium aluminate (MgAl, O;) spinel (MAS) ce-
ramics are of great interest due to their excellent mechanical and
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index n;,,,, of 1.719 with a low dispersion
(Abbe number x60), MAS ceramics would
also be an interesting material for optical
components such as thin lenses.'® As a
high refractive index is always associated
with high dispersion in polymers and glasses, MAS ceramics
thus have a significant advantage.l”! The high transmittance com-
bined with high thermal and chemical stability also proves useful
as photocatalyst support.®] Since the efficiency depends on the
surface area of the catalyst, microstructuring to achieve a high
surface area is particularly required.l’’ Unfortunately, transpar-
ent MAS ceramics are notoriously difficult to shape especially on
the microscale.

Transparent MAS ceramics are usually produced by methods
such as hot pressing or slip casting followed by sintering and
hot isostatic pressing (HIP).['®!!] However, these methods are
mainly suitable for simple structures like disks or domes and
post-processing steps such as grinding or polishing are required
to achieve optical surfaces.[>!12] Recently, our group has shown
that the production of transparent MAS is also possible via pow-
der injection molding.[**] Injection molding is well suited for
the production of ceramics in high volumes. However, new tools
are required for each new geometry, making low-volume pro-
duction uneconomical. Furthermore, the demand for complex
3D microstructured parts is increasing, which can’t be shaped
via molding.!**1%] Recently, first 3D printing methods of trans-
parent MAS have been demonstrated. For example, direct 3D
printing via laser direct deposition has been shown, however
the manufactured parts all showed prevalent cracking.'”] Fur-
thermore, stereolithography of transparent MAS starting from a
nanocomposite was demonstrated, which for the first time was
capable of fabricating truly 3D-dimensional MAS parts with a
resolution of a few 100 pm.!8] However, due to the layer-by-layer
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based printing, the method is not capable of printing optical
surfaces.

2. High-Resolution 3D Printing of MAS
Nanocomposites

In recent years, two-photon lithography (TPL) has become a
promising method for high-resolution 3D microprinting. TPL
uses a laser that is focused on a very confined region, leading to
a multiphoton absorption at the very fine voxel, and allowing an
extremely high printing accuracy.[**19] It has already been shown
that TPL can be used to print complex shapes from polymers
with an extremely high precision and resolution.[?>-?? In addi-
tion, it has previously been shown that structuring of inorganic
materials such as metals, non-transparent ceramics as well as
transparent glass-ceramics, and glasses is feasible.[*-28] In 2006,
Pham et. al. showed that SiCN ceramics can be structured using
TPL with a resolution of up to 210 nm starting from a polymer
photoresist, which acts as a precursor.??! The polymer photore-
sist was printed in high resolution and then converted into SiCN
by thermal treatment. Based on this method, further processes
have been developed that allow metals such as platinum or tung-
sten to be fabricated using TPL.3%%!) In addition, 3D printing
of transparent silicate glass ceramics containing zirconium ox-
ide was demonstrated.[*?] Fused silica, which could be fabricated
starting from nanocomposites, has also already been presented
as a transparent inorganic material for TPL.[?®] Transparent yt-
trium aluminum garnet is so far the only reported transparent
non-silicate ceramic that has been printed by TPL using a sol-
gel approach.3*] However transparency could only be shown for
parts thinner than 1 um due to a relatively high defect density
in the parts. The materials further showed a high shrinkage of
up to 68 % leading to deformations during the heat treatment
process.!33

Here, we describe for the very first time the fabrication of
complex shaped microstructured MgAl,O, nanocomposites us-
ing TPL, which can subsequently be converted into transparent
MAS ceramics, with a feature size of down to 13 ym and a surface
roughness S, of only 10 nm. The printed samples show a Vickers
hardness of 1226 + 70 HV and a transmission approaching the
theoretical maximum.

The nanocomposites consist of MgAl,O, nanoparticles with
an average particle size in the range of 430 nm (Figure
S1, Supporting Information) dispersed in a matrix of a
monomeric binder mixture and the acidic dispersant 2-[2-(2-
methoxyethoxy)ethoxyJacetic acid (MEEAA). MEEAA was added
to prevent agglomeration of the particles and reduce the viscos-
ity of the material.®] Agglomerates moreover prevent homoge-
neous densification of the ceramics during subsequent sinter-
ing, which is mandatory for achieving full-density and transpar-
ent parts.'*] Further, the binder contained a photoinitiator suit-
able for TPL. 3D printing was carried out on a commercial TPL
printer type NanoOne (UpNano GmbH). Suitable printing pa-
rameters were determined as demonstrated in Figure S9 (Sup-
porting Information). Excess non-polymerized nanocomposite
was removed by a development step in a solvent mixture. The
organic binder matrix of the printed parts was removed by ther-
mal debinding at 600 °C. Afterward, the so-called brown parts
were sintered at 1550 °C to polycrystalline ceramics with a density
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>97 % demonstrating a closed porosity. The correlation between
densification and thickness is shown in Figure S5 (Supporting
Information) for samples with a thickness of 250 and 500 um
(Supporting Information). The pre-densified ceramics were fur-
ther fully densified via HIP at 1700 °C and 1500 bar. The overall
process is shown in Figure 1a.

Figure 1b shows a transmission of 26.1 % at the processing
wavelength of 780 nm of a 0.3 mm layer, which was sufficiently
high to selectively cure the nanocomposite. Furthermore, the vis-
cosity of the nanocomposite with a solid loading of 28 vol.%
was analyzed (Figure S2, Supporting Information). Despite the
relatively high viscosity of ~38 Pa s (shear rate of 10 s71), the
nanocomposite could still be poured and processed. To investi-
gate the stability of the nanocomposites, both the optical appear-
ance and viscosity were studied over a period of 30 days. It was
found that the nanocomposites do not show agglomeration after
30 days and the viscosity hardly changes. It can therefore be ex-
pected that the composites can be used over a period of several
weeks. Figure 1c shows the process from a printed green part to
a transparent MAS ceramic with an exemplary printed Schwarz
P structure.

3. Sintering and HIP of 3D Printed MAS
Nanocomposites

The printed green parts were thermally debinded and sintered.
A detailed description of the debinding and sintering procedure
can be found in Figure S3a (Supporting Information). During
sintering to an almost complete density (>97 %) at 1550 °C the
parts shrink isotropically by 34.57 + 0.06 % (see Figure 2a,b). This
corresponds to a theoretical density of 99.9 % (see Equation S1,
Supporting Information). A density of >97% after sintering is im-
portant to ensure closed porosity of the ceramics that is a require-
ment for HIP.['*] It has been found that structures with a thick-
ness of up to 500 um can be debinded and sintered crack-free
(Figure S4, Supporting Information). After HIP, a total shrink-
age of 34.65 + 0.08 % was determined (see Figure 2c¢). This is in
good agreement with the theoretical value of 34.58 % for a fully
dense part.

Grain growth during different sintering stages was investi-
gated by scanning electron microscopy (SEM) on polished and
thermally etched samples (Figure 2d-g). A mean grain size of
0.36 + 0.16 um was determined after 2 h at 1550 °C. Further-
more, no abnormal grain growth was observed. Small grains fa-
vor complete densification of the ceramics, as remaining pores
can be removed more successfully.3> During the HIP process,
grains grew to a final mean grain size of 11.58 + 4.92 ym. No
abnormal grain size growth was observed during this step as
well. After HIP the samples showed a dark discoloration, which
has been described in literature as an oxygen vacancy happening
during sintering.*%”] This effect could be removed by thermally
post-treating the samples for 30 min at 1200 °C in atmospheric
conditions (see Figure S3b, Supporting Information).

Additionally, the transmission of a sintered and HIPed MAS
ceramic with a thickness of 250 ym was measured in the range
from 190 to 6000 nm (Figure 2h). In the range from 190 to
1000 nm, the transmission approaches the theoretical maxi-
mum of 87%!%8] with an increasing wavelength. For wavelengths
>1000 nm, a transmission >80% is achieved. At wavelengths
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Figure 1. Fabrication of transparent MAS ceramics by TPL. a) Schematic illustration of the process for the production of transparent MAS ceramics
via TPL. The part is printed on a substrate that is immersed in a vat containing the nanocomposite using TPL. The resulting green part consists of
nanoparticles that are fixed in position by the organic binder matrix. After thermal removal of the binder matrix, a brown part is obtained, which then
can be sintered to closed porosity and subsequently fully densified by HIP into a transparent MAS ceramic. b) Transmission spectrum of a 0.3 mm layer
of the MAS ceramic nanocomposite in the range of 300-900 nm. A maximal transmission of 26.1 % was determined at the illumination wavelength of
780 nm. c) The process demonstrated on the example of a single Schwarz P cell. A green part, a debinded and sintered part as well as a transparent

MAS ceramic after HIP are shown (scale bars, 100 um).

from 3000 to 5000 nm the transmission reaches the theoreti-
cal maximum, while it decreases at higher wavelengths. Figure
S9 (Supporting Information) shows that the transmission spec-
tra of MAS samples with a thickness of 250 , 300 and 400 um
do not vary significantly from each other in the UV-vis and
IR range. Energy dispersive X-ray (EDX) measurements were
conducted to investigate the elemental composition of the fi-
nal MAS ceramics (see Figure 2i). The analyzed sample con-
sisting of ~15 % Mg, 32 % Al and 53 % O is in good agree-
ment with the theoretical composition of MgAl,O,. Further-
more, a homogeneous distribution of the elements within the ce-
ramic was observed (Figure S6, Supporting Information). X-ray
diffraction (XRD) analysis was performed and its results com-
pared with a reference diffractogram (Figure 2j). It was con-
firmed that the crystal structure of the transparent ceramic con-
sists of pure MAS. Additionally, the Vickers hardness of the
transparent MAS ceramics was determined. The measured mean
value of 1226 + 70 HV or 12.02 + 0.69 GPa (see Table S1,
Supporting Information) is within the range of values from 12
to 16.8 GPal'!l reported in the literature. Furthermore, the sur-
face roughness of a printed planar structure was investigated.
A surface roughness S, of only 10 nm (10 X 10 um) was deter-
mined using WLI (see Figure S7a, Supporting Information). For
amore extended area of 40 X 40 um, an increased surface rough-
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ness S, of 26 nm was determined (see Figure S7b, Supporting
Information).

Figure 3 shows various structures that were printed and con-
verted into transparent ceramics using the method described.
Figure 3a,b shows a microlattice with a strut diameter of 80 pm.
A Schwarz P array with a wall-thickness of 34 pm can be seen
in Figure 3c,d. The gyroid structure in Figure 3e shows a single
feature size of only 13 pm, being significantly smaller than previ-
ously shown stereolithography prints with 100 um feature size.!®!
Furthermore, the functionality of printed transparent MAS ce-
ramics was demonstrated in Figure 3f~h. The magnification ef-
fect could be shown through the lenses using an exemplary letter
“M”. Using a white light interferometry (WLI), a surface rough-
ness R, of 90.88 nm (100 pm profile) was shown on an exemplary
printed lens (Figure 3i). The higher roughness can be explained
by the vertically elongated voxel. This results in an inconsistent
light exposure dose for curvatures and leads to an increased sur-
face roughness.*!

4. Conclusion

In summary, we demonstrate for the very first time high-
resolution 3D printing of transparent MAS ceramics using
TPL of nanocomposites. Using this approach, structuring of

© 2024 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 2. Characterization of MAS ceramics after sintering and HIP treatment. a) Green part having struts with a diameter of 124.1 um. b) Sintered part
having struts with a diameter of 81.2 um. c) Part after HIP with a strut diameter of 81.1 pum (Scale bars a—c, 100 um). An overall linear shrinkage of 34.65 %
was determined. d) SEM image of the surface of a MAS ceramic (thickness: 300 um) that was sintered for 2 h at 1550 °C (scale bar, 1pum). The inset shows
a sintered MAS ceramic (scale bar, 200 um). e) Grain size distribution of a sintered MAS ceramic with a median grain size of 0.36 + 0.16 um. f) SEM
image of a sample (thickness: 300 um) after HIP for 2 h at 1700 °C and 1500 bar (scale bar, 1 um). The inset shows a part after HIP (scale bar, 200 pm).
g) Grain size distribution of MAS ceramics after HIP with median grain size of 11.58 + 4.92 um (scale bar, 20 um). h) Transmission measurement of a
MAS ceramic with a layer thickness of 250 um after HIP. The dashed line indicates the maximum theoretical transmission of 87 % (scale bar inset, 1cm).
i) EDX-measurement to analyze the elemental composition of MAS ceramics after HIP. Signals for gold are caused by the sputter layer. An elemental
composition of 15 % Mg, 32 % Al, and 53 % O was determined. j) XRD measurement of a printed MAS ceramic after HIP. A reference diffractogram
was added for comparison (RRUFF ID: R050392).

MAS ceramics with a resolution of up to 13 ym and a surface 5, Experimental Section

roughness of only 10 nm is feasible, thus taking a major step

tow.ard optlcal. ql.lahty. The printed co¥np0nen.ts show a high der S30CR was purchased from Baikowski, France. The acrylate-
optlcal transmission close to the theoretical maximum as Weu 45 based photochemical binder matrix including the photoinitiator
high hardness of 12 GPa. The so far unprecedented resolution bis(diethylamino)benzophenone was provided by Glassomer GmbH,
of TPL of MAS ceramics in combination with a high freedom  Germany. 2-[2-(2-Methoxyethoxy)ethoxylacetic acid (MEEAA) was

of design leads to new opportunities for applications in optics,  purchased from Sigma-Aldrich, Germany. Glassomer Developer
photonics, and functional surfaces. was thankfully provided by Glassomer GmbH, Germany. The sub-

Materials: Al materials were used as supplied. MAS nanopow-
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Figure 3. Printed transparent MAS ceramics after sintering and HIP. a) And b) octet lattice consisting of struts with a diameter of ~80 um (scale bars,
200 pm). c) And d) Schwarz P 3 x 3 x 3 array with a wall thickness of 34 um (scale bars, 200 um). e) SEM image of a gyroid structure after sintering
and HIP (scale bar, 200 um). The inset shows a feature size of only 13 um. (scale bar, 50 um). f) Scheme for the demonstration of the functionality of a
microlens array by focusing through the lenses on an “M” below the printed part. g) SEM image of the micro lens array after HIP and h) the demonstrated

functionality of the lenses according to the scheme in f) (scale bars g,h, 100 um). i) WLI measurement of the printed microlens array in g).

strates used for printing were purchased from UpNano GmbH,
Austria.

Analysis of MAS Nanoparticles: The particle size distribution of the
MAS nanoparticles was analyzed using a LS 13 320 laser diffraction parti-
cle size analyzer (Beckman Coulter, USA).

Preparation of MAS Nanocomposite:  For the preparation of the MAS
nanocomposite, MEEAA was added to the binder and the mixture was
stirred for 10 min at room temperature. Subsequently, the MAS nanopow-
der was added in small portions over a period of ca. 30 min, and the mix-
ture was stirred using a laboratory stirrer type RZR 2102 (Heidolph Instru-
ments GmbH & Co. KG, Germany) for additional 30 min at room temper-
ature with a stirring speed of 1500 rpm. Before use, the nanocomposite
was degassed in vacuum.

Two-Photon Lithography: 3D printing using TPL was performed on a
NanoOne printer (UpNano GmbH, Austria) with a 10x objective. The 3D
structures were printed on substrates of fused silica (10 mm x 10 mm).
Printing was performed using the following parameters: Profile: 10x Fine,
print mode: Vat, slice mode: Simple, infil: Fine, Axy = 1 um, and Az =
3 um. The power of the laser ranged from 100 to 150 mW and a scanning
speed between 400 and 600 mm s~! was adjusted. This corresponds to an
absorbed dose of 2-2.5 m) cm~". The fluence F was 516 ] m~2. The laser
worked with pulse lengths of 100 fs and a pulse frequency of 80 MHz. This
results in 100 x 107" s pulses at a time interval of 1.25 x 1073 s. It can
therefore be assumed that no pulse overlap occurred. The printed parts
were developed on the substrate in the Glassomer Developer, a mixture
of solvents optimized for developing composite materials. For develop-
ment, the printed parts were hung upside down in the developer at room
temperature and developed for 15-30 min. Subsequently, the parts were
dried for at least 1 h at room temperature. Afterward, the printed parts
were detached from the substrate to allow isotropic shrinkage. As shown
in Figure S10 (Supporting Information), the printing time increases sig-
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nificantly with the size of the parts. For this reason, only parts in the size
range of up to a few millimeters were printed. 3D printing without pho-
toinitiator was not possible with a dose of 2-7.5 mJ cm™ using the same
parameters as described before. At 6 mj cm~" and higher, bubbles started
to form in the resin.

Heat Treatment: The organic binder matrix of the green parts was re-
moved in an ashing furnace of type AAF (Carbolite Gero, Germany). Af-
terward, the debinded parts were sintered to a density >97 % in a high-
temperature furnace type BLF 18/3 (Carbolite Gero, Germany) with a heat-
ing rate of 5 °C min~! to a maximum temperature of 1550 °C and a dwell
time between 1and 3 h, depending on the thickness of the printed parts.

Density Measurement: Density measurement was performed on sam-
ples with a diameter of 3 cm that have been produced by UV-casting. The
density (p) was measured using the Archimedes principle with a lab scale
type Quintix 124-1S and a density kit analytical balance YDKO03 (Satorius
AG, Germany). The pre-sintered and HIP-treated MAS ceramics were first
measured in their dry state (m) and subsequently placed in DI water (T =
22 °C). The density was then calculated using the following equation with
my, being the buoyancy mass and p, o the density of water. The results
can be seen in Figure S5 (Supporting Information).

m
=pox 2 1
P = PH,0 m, (1

Hot Isostatic Pressing: Complete densification of the pre-sintered parts
was performed in a hot isostatic press type QIH-6 (ASEA, USA). The sam-
ples were treated in an argon atmosphere for 2 h at 1700 °C and 1500 bar.
The heating and cooling rate was 10°C min~'. Several samples subse-
quently exhibited a slight discoloration, which was removed by an addi-
tional heat treatment of 30 min at 1200 °C in atmospheric conditions.
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Optical Characterization: The transmission of the nanocomposite as
well as the fully densified MAS ceramics were measured using a UV—vis
spectrometer type Evolution 201 (Thermo Scientific, Germany). Addition-
ally, the transmission measurement in IR-range was performed using a
Fourier transform infrared (FTIR) spectrometer of type Frontier 100 MIR-
FTIR (Perkin Elmer, Germany). The samples were prepared by UV-casting
between two glass slides using a UV light source of type Superlite 400
(Lumatec, Germany) operating at a wavelength of 300-400 nm.

Characterization of MAS Ceramic: XRD measurements were carried
out in Bragg-Brentano geometry with a D8 DISCOVER diffractometer
(Bruker, Germany) equipped with Cu-Ka radiation source and a LYNXEYE
XE-T detector. Measurements were performed with a step size of 0.05°ina
20 span of 10-70 °. EDX measurements were performed with a spectrom-
eter type Octane Elite EDS system (EDAX, Germany) with an acceleration
speed of 20 kV. For the study of grain sizes, the samples were thermally
etched by heating to a temperature of 1380 °C for 30 min after grinding and
polishing. Subsequently, grain size analysis was performed on a SEM type
Quanta FEG 250 (FEI Instruments, USA). The analysis of the roughness
and the surface of the lens array of the MAS ceramics was performed us-
ing a White-light interferometer type NewView 9000 (Zygo, USA). Vickers
hardness was measured using a MHT-10 microindentation tester (Anton
Paar Germany) with a load of 100 kp and a load duration of 1s. The mean
value was determined from ten individual measurements.

Supporting Information

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