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We introduce a laser-based process relying on multi-photon induced polymerization to produce complex 3D glass
parts. A focused, intense, laser beam is used to polymerize a transparent resin, loaded with additives and silica
nanoparticles, at the wavelength of the laser beam through non-linear absorption processes. The object is created
directly in the volume, overcoming the limitation of layer-by-layer process. The process enables the production of
silica parts with consecutive debinding and sintering processes. 3D objects of centimetric dimensions are
obtained with bulk silica density and a resolution that depends on the laser spot size.

It is difficult, and sometimes even impossible, to achieve glass objects
with conventional glass processing techniques because of their scales
(sub-millimeter length) or their configurations. Additive manufacturing
of glass-based material allows building new functional glass materials
with tailored properties and high resolution. Moreover, glass-based
materials hold the potential to provide particular value in the additive
manufacturing field due to their hardness, optical qualities, affordability
and availability. There have been significant advances in the last few
years to develop innovative processes to print 3D glass structures. For
example, binder jetting, selective laser melting and sintering of glass
powders approaches have been applied to glass materials in order to
overcome their high melting temperatures and high viscosity [1-5].
With this method, the sintered glasses can be very fragile and appear
opaque due to incomplete densification. Methods to print glass directly
require high temperatures: for fused deposition molding approach [6],
soda lime glass is heated to around 1000 °C and for filament feed
technique a manual wire feeding approach is used in which a glass
filament is melted using a laser [7]. In both these processes, filaments
are potentially vulnerable to thermal stresses and unable to completely
merge into the desired structure, which give coarse structures with high
surface. However, it is also possible to overcome these heat treatments
limitations. In fact, Nguyen et al. developed a two steps process (forming
and sintering) which uses direct ink writing for the 3D printing of
optically transparent glass structures with sub-millimeter features [8].
From photo-curable silica nanocomposite, stereo-lithography 3D
technique combined with sintering process can also produce
transparent fused silica glass components [9]. Recently, Kotz et al. have
presented research which allow to print non-porous silica glasses, with
the optical transparency of commercial fused silica glass, and a smooth
surface with a roughness of a few nanometers [10]. This work was
enabled by the development of glass nanocomposites which can be
cured by light and sequentially thermally annealed to result in highly-
transparent fused silica glass [11], which has opened new perspectives
such 3D printing of silica preform [12]. Other approaches exploit the
photopolymerization-induced phase separation of hybrid resins [13] or

hybrid ceramic precursor that can undergo both the
photopolymerization reaction and a sol-gel process [14], to create
transparent silica parts from a solution form, without any particles.

The common approach in these works to build arbitrarily-shaped
parts with current 3D printing technologies is to create multiple 2D
slices and then stack these slices to form 3D objects. This layer-by-layer
process has numerous limitations: manufacturing time, mechanical
anisotropy properties, shrinkage, shear stress, robust implementation
time of layers of constant thickness, need for the creation of supports for
complex parts and their elimination in a post processing operation, etc
[15]. Most of these drawbacks are linked to the layer by layer procedure.
The direct creation of 3D structures is however possible with Two-
Photon Polymerization (TPP) technique [16]; polymerization is
activated by the simultaneous absorption of two photons of an intense
laser radiation, only taking place at high laser intensity within a spatially
localized focal spot in the monomer with photosensitive initiator. Then,
with the TPP technique, it is possible to polymerize volumes inside the
polymer liquids contrary to conventional one-photon-based process
(such as stereo-lithography [17]), in which polymerization takes place
only on the liquid surface or close to. TPP can directly produce 3D
nanostructures, with a spatial resolution far beyond the diffraction limit.
It is widely applied in fields such as micro/nano-photonics [18, 19],
fabrication and rapid prototyping of different photonic structures and
integrated optics [20, 21], micro-electro-mechanical systems (MEMS)
and micro-components [22, 23], microfluidics [24] or biomedical [25-
27].

It will be therefore of high interest to apply the TPP technique to the
direct production of 3D glass components. In this context we introduce
in this letter a multi-step process (preparation of mixtures, 3D printing
through TPP and post-treatments) which requires simple materials to
prepare glass nanocomposites and equipment to fabricate transparent
silica glass from a green part printed with two photon polymerization
process.

The critical point in this process is the preparation of mixtures that
should contain a high amount of silica nanoparticles, have a high
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viscosity in order to build the 3D part without deformation (internal
shrinkage and fall of the free object under construction in accordance
with Stokes' law), be transparent at the laser operating wavelength
(both initial and polymerized material) and be absorbent at half the
laser wavelength to initiate the polymerization process. We have
prepared mixture of 80 wt% monomer hydroxyl-ethyl-methacrylate
(HEMA) and 20 wt% of solvent phenoxyethanol (POE), loaded with
nanoparticles from commercial hydrophilic fumed silica (“Aerosil
0X50” from Evonik, Germany), with a mean diameter of 40 nm. With
such a composition it is possible to disperse a high amount of silica
nanoparticles [28]. In our case the nanoparticles are dispersed in the
mixture in small increments with a mechanical stirrer until reaching 50
wt% of nanoparticles of silica. The solvent phenoxyethanol is added to
form a solvation layer around the particles leading to a stable sol and
high solid loading without prior particle modification or the use of
dispersants. A photo-initiator (2,2-Dimethoxy-2-phenylacetophenone)
(1 wt%) is added to the dispersion to initiate the two-photon
polymerization in the UV. The slurry obtained is transparent in the
visible spectral range, as illustrated on the experiment shown on Figure
1, and it has a high viscosity estimated to be greater than 5 Pa s (from
comparison to commerecial high viscosity photocurable resins).

Figure 1: Two-Photon Polymerization of the mixture loaded with silica
nanoparticles. A 515nm laser beam is focused inside the mixture with a
long working distance microscope objective, polymerization occurs at
the focus point, indicated by the red arrow.

A schematic of the developed 3D printing laser system developed is
shown in Figure 2. The laser source is a commercial femtosecond diode
pumped Ytterbium amplified laser operating at 1030 nm, with a
repetition rate of 1 kHz. For the experiments described in this paper,
515 nm pulses are obtained by second harmonic generation in a
nonlinear crystal. The average laser power is controlled with a polarizer
combined with a half-wave plate. The laser beam passes through an
optic to shape the beam inside the preparation contained by a
transparent tank. Optionally a beam shaper is used in the set-up to
adjust the desired voxel morphology. An imaging system is used to
monitor the process in real time. The stages, visualization system, half-
wave plate and shutter are connected to a computer for monitoring and
synchronization. A commercial laser machining software is used to
generate the movements of the reactor vessel from a CAD file and
control the synchronization with the laser irradiation.
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Figure 2: 3D printing system configuration. a: schematic of the
experimental arrangement; b: 3D printing of a complex part in the
mixture on our experimental set-up.

We were able to vary the dimensions of the formed voxel during the
laser irradiation by variation of the laser power. Figure 3 shows the
influence of the laser power and duration applied in a resin on the voxel
length formed. In these conditions, we are able to produce voxel from
few tens of um of length to several hundreds of um.

6000 T T T T
¢ P=23mW ~
= P=54mwW -7
500091 4 P=10mwW e i
_ + P=20mW _--~
E L7 _ 1
= 4000 - -
= P I 1
= 30004 - .
S & - e |
o ¢ Y ‘_—-'1
> 1 g - -
200048 x* - et
ok T 1
f/-r"v
1000-,{:
T T T T

Laser irradiation duration (s)

Figure 3: Voxel length as a function of applied power and duration of
exposition in conditions.

After the 3D printing process, solidified structures are picked out of the
tank and rinsed with isopropyl alcohol to remove the non-polymerized
material and the nanoparticles. It is then necessary to apply thermal
post-treatments to transform the polymerized green parts into silica
glass: debinding and sintering precise procedures are performed in a
high temperature furnace. These procedures are optimized to produce
silica glass objects with the highest optical quality possible. The purpose
is to obtain a final transparent part, without remaining porosity and



cracks, and which presents a density as close as possible to the
theoretical density of silica (2.2 g/cm3).

Thermal debinding step consists in removing by evaporation/pyrolysis
the organic binders and the water molecules from the printed green
part. This stage is crucial and has a huge impact on the final parts. On the
one hand, if the polymeric matrix elimination is too fast, cracks and
breaks will appear on the object. On the other hand, defects like large
voids or blisters can also occur in the case of non-optimized debinding
and will constitute a source of contamination and affect the mechanical
properties of the final component. To avoid these issues, long heating
cycles and holding phases are often used to give the polymer enough
time to decompose and evaporate out of the part [10]. We have used
thermogravimetricanalysis (TGA) and we have conducted a parametric
study to evaluate the thermal debinding kinetics of 3D parts in order to
define an optimized protocol. As can be seen in Figure 4a the TGA
measurements showed two different turning points corresponding to
the different phases of weight loss: the major decomposition step results
in weightloss of ~43% between 25 °Cand 150 °Cand the second weight
loss of ~5% is around 400 °C. To confront and validate these results, we
carried out a parametric study: different temperature rises, holdings
temperatures and durations were tested. From these results, we built
our debinding protocol, presented in Figure 4b. Thermal debinding and
sintering are performed in a high temperature tube furnace (type STF
15/180, Carbolite). The brown part is debinded at 600 °C during 2h
(heating rate of 0.2°C min-1) for organic matter removal.
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Figure 4: Thermal processing. a) Thermogravimetric analysis of a silica
glass sample printed from a resin loaded with 50 %wt of nanoparticles
of silica. b) Optimized debinding and sintering protocol.

After this thermal debinding, only the silica powder remains, resulting
in the “brown part”. The final step of sintering allows a capillary
contraction and rearrangement of solid silica nanoparticles to increase
the density and, in principle, obtain high-quality fused silica glass with
no remaining porosity and no cracks. Thus, we investigated sintering

parameters to find the optimum conditions. The highest density was
found at 1360 °C with a holding phase of 2h and a heating rate of 3
°C/min. To evaporate molecularly bound water and surface bound
silanol groups, we apply a holding phase of 2h at 800 °C (heating rate of
5 °C/min) before sintering. The final heating pattern (debinding and
sintering) is presented in the Figure 4b. During the experimental
investigations, we note the influence of the sample depth on the density
of the parts obtained (Figure 5a): for same sintering conditions, the
thinner the sample, the better the density. Moreover, the effect of
sintering atmosphere was investigated to optimize the optical
transparency and the density of the sintered parts. It has been found
that parts obtained with sintering under air atmosphere presents poor
transparency with a low density (< 2.0 g/cm3). This is due to the fact
thatatmospheric conditions lead partially non-sintered areas due to the
entrapped air or gas. This effect is illustrated in Figure 5b, which is a
scanning electron microscopy observation of air bubbles trapped in a
part sintered under atmospheric condition. In order to decrease
porosity and enhance the density of the parts, we achieve our sintering
under vacuum (5x10-2 mbar). In such conditions, the transparency has
been characterized for different sample thicknesses (Figure 5a): the
transmission has been measured in the 500-1500 nm range and
compared to a commercial fused silica substrate (5 mm thick). The
transparency is close to the theoretical one for thicknesses lower than 3
mm (0.91 for the printed part, versus 0.93 for the substrate), but for
thicker parts some bubbles are still remaining which lead to scattering
and lower density, meaning that the process still needs to be optimized
for thick parts.

a 22 T T T T T T T )
— ] L
2,20 c
S
— . 2
§ \ Looo E
E) e 2
S22 -
£ N I
c LR 085
@ So =
Q o s
RS ]
2,104 ~. . [
e L
2,05 B - . 0,75

T T T T
10 15 20 25 30 35 40 45 50
Sample thickness (mm)

Figure 5: Material characterization after sintering. a) Influence of the
sample depth on the obtained density and transparency (relative
transmission in the 500 - 1500 nm range compared to fused silica).
Dashed line represents the theoretical density value of the amorphous
silica density. b) SEM observations of the air trapped in the silica glass
when sintering is done under atmospheric condition. ¢) SEM
observations in the case of sintering step in vacuum environment.

The objects presented in the Figure 6 have been made through the
described protocol. After printing and rinsing, green parts were
debinded and sintered with the optimized temperature profile shown



in Figure 4b. We have obtained transparent parts, without cracks and
breakages. The measured density of the sample treated with the
presented thermal post-treatments is 2.18 g/cm3, close to the
theoretical value of amorphous silica. Therefore, such samples are
sintered to around 99 % density. The linear shrinkages AL on samples
was calculated as the variation of the external dimensions of the parts. It
is not dependent on the scale of the parts but only on the initial fraction
of silica nanoparticles in the mixture, that we have considered during
the dimensioning of the parts. In these cases, we have found a
homogeneous linear shrinkage AL of 30 %. The experimental
arrangement has been built to print objects in comparable dimensions
to standard UV lithography, but it should be noted that using
microstereolithography, fused silica glass objects with tens of microns
resolution have been successfully been printed as shown in Ref. [29],
which suggests the possibility to downscale voxel size and object size.

Figure 6: Examples of printed and sintered silica glass parts.

In conclusion, we have developed an original and efficient process to
produce complex silica glass parts. A focused, pulsed laser beam with a
high flux density is used to polymerize a transparent mixture,
containing silica nanoparticles, through nonlinear absorption
processes. Thus, we can create objects directly in the volume, avoiding
the addition of successive layers and its limitations. To obtain silica glass
parts, with density close to the theoretical one of amorphous silica and
without remaining porosity and cracks, we specifically optimized the
thermal post-treatments and showed the importance of them on the
success of the global process. Further work is of course required to
optimize the process, particularly surface quality to obtain lower
roughness, but this proof of concept could enable new applications in
photonics and fields requiring fast prototyping of silica parts.
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