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Abstract: In this work, an original way of shaping chalcogenide optical components has been
investigated. Thorough evaluation of the properties of chalcogenide glasses before and after 3D
printing has been carried out in order to determine the impact of the 3D additive manufacturing
process on the material. In order to evaluate the potential of such additive glass manufacturing,
several preliminary results obtained with various chalcogenide objects and components, such as
cylinders, beads, drawing preforms and sensors, are described and discussed. This innovative 3D
printing method opens the way for many applications involving chalcogenide fiber elaboration, but
also many other chalcogenide glass optical devices.
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1. Introduction
In recent years, a growing interest has been developed for optical materials and fibers
for the mid-infrared (mid-IR) region, especially for chalcogenide glasses [1,2]. Such interest
originates from societal needs for health and environment for instance, and also from the
demand for military applications [3,4]. Indeed, the mid-IR spectral region contains the
3–5 µm and 8–12 µm atmospheric transparent windows, where both military and civilian
thermal imaging can take place [5,6]. Compared to oxide-based glasses, vitreous materials
containing chalcogen elements, i.e., S, Se and Te, show large transparency windows in
the infrared. Depending on their chemical composition, chalcogenide glasses can be
transparent from the visible up to 12–18 µm [7–9]. In this context, we have investigated
an alternative approach based on a 3D printing process for fabricating mid-IR optical
components such as preforms, optical fibers, sensors and beads.
3D printing, more formally known as additive manufacturing, was firstly a shaping technique widely used for polymer for rapid prototyping processes but it is now
more and more commonly employed for mass production and mass customization, as
well [10–13]. Very quickly, this technology was extended to metals [14], ceramics [15] and
even glasses [16–18]. The most common method for polymers is the fused filamentation
fabrication (FFF) method, also known as fused deposition modeling (FDM) [19,20]. It
involves the extrusion of a thermoplastic material through a heated die and accurate deposition, layer by layer, until the desired three-dimensional object is obtained. It has been

Crystals 2021, 11, 228. https://doi.org/10.3390/cryst11030228

https://www.mdpi.com/journal/crystals

layer by layer, until the desired three-dimensional object is obtained. It has been demonstrated that such filamentation techniques can be modified and applied to the 3D printing
of glasses with low glass transition temperature (Tg), also known as “soft glasses”, such 2 of 12
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Figure 1. Thermal properties of the Te20 AS30 Se50 (TAS) chalcogenide glasses: (a) differential scanning calorimetry measurement, (b) viscosity versus temperature curve.

Figure 1. Thermal properties of the Te20AS30Se50 (TAS) chalcogenide glasses: (a) differential scanning calorimetry measurement,
(b) viscosity
temperature
curve.
The implementation
of versus
a filamentation
process
with this glass also requires a better
knowledge of its viscosity as a function of temperature. For this purpose, a TAS pellet was
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prepared in order to measure the viscosity. Both sides of the printed disk (15 mm diameter,
4 mm height) were polished to ensure that they were parallel. The viscosity of the glass
was measured above the glass transition temperature between 140 and 230 °C by using
a Rheotronic®parallel plate viscometer (Theta industries). This experimental set-up did
not permit one to measure viscosities lower than 104 Pa.s. This value is reached when the
temperature of the glass is equal to 230 ◦ C. However, considering that experimental data
follow the VFT (Vogel–Fulcher–Tammann) law, the viscosity value can be estimated up to
300 ◦ C using a fitting procedure from Equations (1) and (2) [26], as shown in Figure 1b.
This enables one to estimate the flow rate and, therefore to optimize the process.


A
log10 η(T) = log10 η∞ +
(1)
T − T0
This equation can also be written as follows:
log10 η(T) = log10 η∞ +
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where, log10 η∞ , m and Tg are constants determined by the fitting procedure. They are
equal to −9, 35.9 and 413.15 K, respectively.
Commonly, the required viscosities for polymers in FFF processes are around
2
10 –103 Pa.s [27,28]. According to Figure 1b, such viscosities are obtained when the temperature gets to the 270–300 ◦ C range, which confirms that the TAS glass is a suitable
candidate for FFF printing at reasonable temperatures.
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for the targeted infrared optical applications, particularly for the realization of infrared
components and fibers.
The transmission of a polished 1-mm thick TAS glass pellet was measured with a
Fourier Transform Spectrometer (FTIR) (Bruker Tensor 37) from of 1 µm to 22 µm. The
obtained transmission spectrum is shown in Figure 2. The transmission of the glass ranges
from 1.2 to 20 µm, with a maximum of transmission of around 65%. Such moderate
transmittance is explained by strong Fresnel reflections due to the high refractive index of
of 14 glass is close
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to 3.
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2.2. Additive Manufacturing Process
In this study, the 3D-printing set-up is based on a customized commercial RepRapstyle 3D printer (Anet A8) upgraded for soft glasses. The feeding mechanism is especially
customized for brittle materials. The extrusion head, made of copper, can reach tempera-
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Refractive indices were measured for different wavelengths between 1.3 and 12 µm.
From 2 to 12 µm, a homemade optical bench based on the minimum deviation method or
Littrow method [29] was utilized by using a TAS prism [30,31]. Due to the experimental
limits of our prism method (2–12 µm), two other measurements have been achieved at
1.31 µm and 1.55 µm with a commercial Metricon device (Model 2010/M). The refractive
index of the TAS glass is equal to 3.073 at 1.31 µm and decreases to 2.902 at 12 µm.
2.2. Additive Manufacturing Process
In this study, the 3D-printing set-up is based on a customized commercial RepRapstyle 3D printer (Anet A8) upgraded for soft glasses. The feeding mechanism is especially
customized for brittle materials. The extrusion head, made of copper, can reach temperatures up to 400 ◦ C. As shown in Figure 2, TAS glass reaches the appropriate viscosity
when the temperature is above 270 ◦ C. As a result, the temperature of the printer head was
set to around 300 ◦ C. The width of the printed lines resulted from the size of the nozzle
diameter, which was mainly chosen at 400 µm. However, we have shown that the printing
process can also use a 250 µm diameter nozzle. The chalcogenide glass was deposited on
a sodalime silicate glass bed heated to 140 ◦ C, which ensured the good adhesion of the
printed sample. It can be noted that all the components printed in this study were extruded
using a layer thickness of 100 µm, which corresponds to a z-pitch of 100 µm for each layer.
The 3D printer was fed by 3 mm diameter TAS rods which were prepared from TAS
bars synthesized by the melt–quenching method. To save time and to ensure that the
printing process was possible with such a glass, the preliminary tests were performed with
unpurified TAS glasses. The different chemical elements, i.e., Te (5N), As (5N) and Se (5N),
were placed in a silica ampoule under a vacuum. The ampoule was then heated at 850 ◦ C
in a rocking furnace for a few hours and finally the molten glass was quenched at room
temperature and placed in an annealing furnace at Tg +5 ◦ C for 3 h and then slowly cooled
to ambient temperature.
After the validation of the additive manufacturing method for TAS, the raw material
rods were made from purified glass using a similar process to the one described in reference [32]. In this case, TeCl4 and Al (1000 ppm and 100 ppm, respectively) were added
during the glass synthesis. After the first melt–quench, the glass was distilled for the first
time under a dynamic vacuum to remove impurities such as CCl4 and HCl. The second
stage of static vacuum distillation made it possible to remove carbon, silica, alumina and
other refractory oxides, for example. The glass was then homogenized at 850 ◦ C for a few
hours, then cooled to 550 ◦ C and quenched in water before it was annealed at Tg +5 ◦ C.
Once removed from the synthesis silica tube, the TAS glass bars (also named TAS
preforms) were placed in an annular furnace within a homemade fibering tower to be
drawn into 3 mm diameter rods. Whether it was an unpurified or purified glass preform,
meters of fibers were also drawn in order to measure the optical transmission of the initial
glasses that would be used to feed the 3D printer (the details of these characterizations will
be presented in Section 3.2.). As an example, a 12 cm long glass bar gives about 2 meters of
TAS rod.
The rods were then fed into the printer’s head to be extruded. The printer movements
were controlled by using G-code programs especially computed for driving displacements
compatible with TAS glass. Firstly, as presented in Figure 3, simple objects such as cylinders,
disks, and beads were made to study the impact of the 3D printing process on the properties
of TAS glass such as density, thermal expansion coefficient, refractive indices and optical
attenuation. In a second step, more complex shapes were realized such as microstructured
preforms (studied in [22] and Section 3.3) and tapers.
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Finally, to ensure that the glass did not crystallize during the additive manufacturing
process, the initial and the printed TAS pellets were analyzed by X-ray diffraction (XRD)
XRD diagrams were recorded at room temperature in the 10–80° 2θ range using a PANalytical X'Pert Pro (Cu Kα1, Kα2 radiations, λKα1 = 1.54056 Å, λKα2 = 1.54439 Å , 40kV, 40 mA
PIXcel detector 1D). Figure 4 shows that the two diagrams perfectly overlap and no addi-
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Figure 4. XRD diagrams of initial TAS glass (black curve) and printed TAS glass (purple curve).
Figure 4. XRD diagrams of initial TAS glass (black curve) and printed TAS glass (purple curve).
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After pellets and beads, two cylinders (or preforms) with an outer diameter of 8 mm
were printed. One of the cylinders was obtained from an unpurified TAS glass rod while
the second one was obtained from a purified glass rod. These preforms were prepared in
order to be drawn and optically characterized with the aim to compare the optical losses
between initial glass fibers and printed glass fibers depending on the quality of the initial
glass.
Each preform was stretched on a drawing tower specifically designed for low Tg
glasses. Several meters of fibers with approximately a 400 µ m diameter were obtained and
optically characterized using the FTIR and a MCT (alloy of mercury, cadmium and tellurium) detector. Attenuation measurements were performed in order to compare the optical transmission of the initial glass fibers and the "printed" fibers. The results are shown
in Figure 6. A significant increase in optical losses is observed for the "printed" fibers.
Thus, when the minimum attenuation of the initial unpurified glass is less than 10 dB/m,
and less than 1 dB/m for the purified glass, the minimum attenuation of the unpurified
“printed” fiber is around 28 dB/m and around 18 dB/m for the purified "printed" fiber.
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Figure 6. Attenuation spectra of the initial glasses (unpurified and purified glasses, red curve and
blue curve respectively) and the “printed” glass fibers (from an unpurified glass and from a purified glass, purple and green respectively)
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Figure 7. Linear 3D printed chalcogenide glass: (a) 700 × 500 µm slots shapes, (b) 1000 × 800 µm
Figure 7. Linear 3D printed chalcogenide glass: (a) 700 × 500 µ m slots shapes, (b) 1000 × 800 µ m
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A third object was printed with a 0.25 mm diameter nozzle using the same thermal
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shown in Figure 7c. For these small printed components, variations of about 10% in height
and width were measured. These results show that various shapes of chalcogenide glass
objects can be obtained by additive manufacturing and demonstrate the strong potential of
such a fabrication approach.
Finally, additive manufacturing was applied to the printing of fiber preforms as
previously shown in reference [22], with the printing of a hollow-core preform with a clad
and six capillaries. After this first proof of concept, more complex designs were printed as
shown in Figure 8a. The first preform is a hollow-core preform constituted by 8 capillaries
of 1.2-mm diameter. The preform had an outer diameter of 18 mm and a height of 15 mm.
This preform was too short to be drawn. A second preform, illustrated in Figure 8b, has
been drawn into fiber (Figure 8c). This printed preform was designed with eight halfcapillaries as illustrated in Figure 8b. The printing of a such geometry permits one to reduce
the diameter of the preform and consequently permits one to increase the printed preform
length by using the same volume of glass. The diameter of the semi-circles is 1.8 mm. The
overall diameter and height of the preform are 15.2 mm and 30 mm, respectively. This
design was realized also for showing the interest of 3D printing that can permit one to
obtain geometries that cannot be obtained by the stack and draw technique. However,
no light propagation in mid-IR was observed in the hollow core of the fiber drawn from
this preform. This is attributed to the final geometry of the as-prepared fiber (Figure 8c)
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4. Discussion

The aim of this work was, firstly, to study the impact of 3D printing by filamentation
on the properties of chalcogenide glasses, and secondly, to apply additive manufacturing
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The
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small
crystals
in
the
printed
pieces
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sion. These inhomogeneities could be refractive index variations or additional absorptions
excluded, even though XRD investigations have shown no sign of crystallization due to
the process (Figure 4). The infrared images also show that the interfaces between the lines
(along the Z axis, Figure 5e) present more defects than the interfaces between the layers
(Figure 5d). Indeed, the IR image, presented in Figure 5e, clearly shows concentric lines
that are related to the movement of the extrusion head for one printing layer (Figure 5a). In
order to improve the transmission of the printed chalcogenide glasses, this effect should be
considered in further studies, by changing the 3D printing parameters such as the nozzle
size, the layer thickness, the extrusion temperature, the extrusion, and printing rates, which
have not yet been investigated.
The study of the optical properties of fibers has also revealed significant differences
between the initial glass and the printed glass and in particular shows the impact of the
quality of the starting glass. The minimum of attenuation of the initial glass were measured
at around 8 dB/m and 1 dB/m for the unpurified glass fiber and purified glass fiber,
respectively. The minimum of attenuation of the “printed” fiber made from the unpurified
glass is close to 28 dB/m, whereas the preform realized with a purified glass permit one to
obtain propagation losses in the fiber lower than 18 dB/m. So, the quality of the printed
glass is clearly better when a purified glass is used for printing. However, it can be noticed
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that the additional losses induced by the printing process are similar. Indeed, the additional
losses induced by the 3D printing is 20 dB/m for the unpurified glass and 17 dB/m for the
purified glass, which indicates that the majority of the losses are induced by the 3D printing
process itself. In addition to the background losses, numerous other additional absorption
peaks are observed in the attenuation spectra of both printed glasses drawn into fibers: OH
groups and molecular H2 O signatures at 2.9 µm and 6.3 µm respectively, C–H chemical IR
signatures at 3.3 µm, other undefined organic compounds signatures at 5.8 µm, 6.8 µm and
7.3 µm, and finally oxidation signatures at 7.9 at 9.1 µm. It is important to note here that
the 3D printing process is carried out in air. In these experimental conditions, the origin
of the additional absorption bands is probably due to the presence of moisture, oxygen
and possible traces of pollution by organic compounds in the printer’s enclosure. For the
fiber drawn with an unpurified printed preform, the strong increase in the Se–H bond IR
signature at 4.55 µm is surprising in comparison to the purified glass fiber spectrum for
which the characteristic band of Se–H does not evolve. However, Se–H bonds are the result
of a chemical reaction between chalcogenide glass and hydrogen coming mainly from O–H
bonds and/or molecular water. In our case, before printing, the unpurified initial glass
shows high O–H and molecular water contents, at 2.9 µm and 6.3 µm respectively, whereas
the purified glass does not contain any water pollution. The most probable hypothesis is
that the water contained in the initial unpurified glass has reacted with the selenium of the
glass to form Se–H bonds during printing.
The main interests of additive manufacturing processes are the realization of complex
objects that cannot be obtained by other methods but also for mass production and for
mass customization with a significant cost reduction. In order to evaluate the potential of
our 3D printed method, various shapes and small objects were achieved.
Concerning the objects showing centimetric sizes, it has been shown that several
shapes such as disks, cylinders, and beads can be 3D printed with the selected chalcogenide
glass. However, the investigations have shown that improvements must be implemented
in order to reach the same optical transmission in a printed glass than in a glass synthesized
by the usual melt–quenching process. For future studies, the priority improvement should
be the use of an inert and dry atmosphere in the printed enclosure to prevent any defects
resulting from chemical pollution.
In the present experimental set-up, the resolution of one line (approximately equal to
the size of nozzle) is 250 µm or 400 µm and the resolution along the Z axis is 100 µm, which
corresponds to the thickness of one layer. For preliminary results, these resolutions seem
to be sufficient for printing components with size smaller than 1 mm. These preliminary
results also show that it will be possible to exploit the properties of chalcogenide glasses to
make infrared sensors. In fact, the printed taper in Figure 7c exhibits a design very close to
that of infrared fiber sensors used commercially by DIAFIR company to carry out infrared
spectroscopy and medical diagnosis [33,34].
5. Conclusions
The investigations on the thermal properties between the initial glass and the printed
glass have shown no major difference. Indeed, the composition of the glass and the glass
transition temperature are the same before and after the printing operation. In addition, no
sign of a crystallization is reported in the printed glasses. The study has also shown that
improvements have to be achieved in order to increase the optical quality of the printed
glasses. For example, the use of an inert and dry atmosphere during the printing has been
pointed out and this should constitute the main future development axis.
Finally, this work clearly demonstrates that 3D printing could be an innovative approach for elaborating microstructured fibers. Especially, it allows one to obtain new
geometries that cannot be realized by any other methods such as stack and draw [35,36],
extrusion [37] or molding [38].
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This innovative 3D printing method opens the way to many applications involving
chalcogenide fiber manufacturing, but also many other optical devices based on chalcogenide glasses, such as chalcogenide sensors for spectroscopy and medical diagnosis.
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