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ABSTRACT

In recent years, a growing interest has settled for optical materials and fibers for the mid infrared (mid-IR) region. This
interest originates from societal needs for health and environment for instance, and also from demand for defence
applications. Indeed, the mid-IR spectral region contains the atmospheric transparent windows (3-5 um) and (8-12 pm)
where thermal imaging (military and civilian) can take place. The elaboration of chalcogenide microstructured optical
fibers (MOFs) permits to combine the mid infrared transmission of chalcogenide glasses up to 18 pm to the unique
optical properties of MOFs thanks to the high degree of freedom in the design of their geometrical structure. In this
context, additive manufacturing of glass materials appears as an attractive technique to achieve more elaborate designs
that can hardly be obtain using more common methods such as the stack-and-draw or molding. Taking advantages of the
specific physical properties of chalcogenide glasses such as low Tg and extrusion temperature, we have shown that
chalcogenide preforms can be rapidly obtained by fused deposition modeling (FDM) using a customized RepRap-style
3D printed fed with chalcogenide glass rods. Such as-prepared preforms can be drawn into chalcogenide optical fibers.
Those early-stage results open a new way for the elaboration of chalcogenide MOFs.
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1. INTRODUCTION

In recent years, the interest for optical materials and fibers operating in the mid infrared (mid-IR) region has grown
tremendously. This interest originates from societal needs in the fields of health and environment for instance, and also
from demand for defense applications. Indeed, the mid-IR spectral region contains the atmospheric transparent windows
(3-5 pm) and (8-12 pm) where thermal imaging (military and civilian) can take place. Furthermore, the infrared window
is well-suited for sensing (bio)-molecules, whose fingerprints are located at wavelengths between 2 and 15 pm. In this
context, the development of mid-IR transparent materials and optical fibers is essential. Chalcogenide glasses are good
candidates for the realization of new and innovative mid-IR systems. Thus, chalcogenide fibers have been utilized for
versatile mid-IR fiber transmission [1, 2], supercontinuum generation [3, 4], and sensing [5-7]

An original way to obtain single-mode fibers is to design microstructured optical fibers (MOFs). Such fibers present
unique optical properties thanks to the high degree of freedom in the design of their geometrical structure. Since the
primary works on silica MOFs, this new class of fibers has attracted much interest in the optical fiber community[8, 9].
Different methods for the realization of chalcogenide preforms and microstructured fibers have been reported, such as
the stack and draw method [10], drilling method [11, 12], extrusion processes [13, 14] and molding method [15].

In this context, we have investigated an alternative way for fabricating microstructured preforms by using an original 3D
printing process. By using this additive manufacturing method, preforms with complex designs can be fabricated in a
single step within a couple of hours, with a high degree of repeatability and precision of the geometry. The cost of



fabrication can be reduced as well, as compared to traditional techniques. In this study, the optical attenuation of the
printed fiber has been compared to the one of a chalcogenide fiber drawn from a standard melt-quenched preform.
Finally, the fabrication of a holey chalcogenide preforms is reported. A holey fiber has been drawn from the preform,
and transmission of infrared light has been demonstrated.

2. THE CHOSEN CHALCOGENIDE GLASS: TE20AS30SEso0
2.1 Thermal properties

Calorimetric measurements were carried out with a differential scanning calorimeter (DSC). The glass transition
temperature (Tg) was determined by heating 10 mg of a TexAs3oSeso (TAS) sample in a hermetic aluminum pan at
10°C/min rate. Tg was measured at around 137 °C, as shown in figure 1. In addition, no crystallization peak has been
observed up to 280 °C, which demonstrates the stability of the glass against crystallization.

-0,05

Thermal flux (mW)

-0,06

-0,07

-0,08

-0,09

T T T T 1
80 120 160 200 240 280
Temperature (°C)

Figure 1. DSC Curve of the Te20As30Seso chalcogenide.

Viscosity measurements have been carried out by means of a parallel-plates experimental set-up. The lower viscosity
than can be measured with this set-up is 10* Pa.s. The results are displayed in figure 2. By extrapolating with VFT
equation the curve, a range of viscosity of 10-10° Pa.s can be estimated between 260 °C and 300 °C, which correspond to
the conventional viscosities and temperatures used for standard thermal 3D printing of polymers [16]. As a result, one
can assume that the additive manufacturing method can be implemented with TAS glass.
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Figure 2. Viscosity curve of the Te20As30Se50 glass.



2.2 Optical properties

The main goal of this study is to explore a new way for the elaboration of chalcogenide MOFs, and more particularly for
fabricating hollow-core fibers. Preliminary modelling works have been carried out in order to define the optimized
design of the future fiber. For defining the best fiber geometry, optical properties of TAS glass, such as the refractive
index and fiber attenuation, have to be considered.
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Figure 3. Refractive indices of the Te20As30Seso glass in the mid-IR.

Figure 3 presents the values of TAS glass refractive index as a function of wavelength. The refractive index varies from
2.96 (at 2 ym) to 2.90 (at 12 pm) [17]. The typical attenuation curve of a high purity TAS glass is presented in figure 4.
The optical losses are less than 3 dB/m between 3 and 10 pum and less than 100 dB/m between 1 and 17 pm. Thanks to
preliminary numerical modelling, we can expect an attenuation less than 10 dB/km at 10 um in a TAS hollow core fiber.
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Figure 4. Optical Attenuation of a Te20As3oSeso fiber.

3. CHALCOGENIDE GLASSES 3D PRINTING PROCESS
3.1 Homemade 3D printer

The principles of 3D printing can be found in Ref. [18]. In this study, the 3D-printing set-up is based on a customized
commercial RepRap-style 3D printer (Anet A8) upgraded for soft glasses (Fig. 5). Especially, the feeding mechanism is
customized for brittle materials. This mechanism is supplied with 400-mm long TAS rods with 1.75 to 3-mm diameters,
produced by the fiber-drawing method. An extruder drives the raw material filament to a nozzle, heated well above Tg.
The printer head moves in the X and Z directions and the bed plate in Y direction while depositing the TAS glass as a
thin layer on the pan. The nozzle can control the diameter of the extruded filament from 250 um to 400 pum.



Figure 5. Photography of the 3D printer used for printing the chalcogenide glass.

The printer head, made in copper, can reach an extrusion temperature of 400 °C. As shown in figure 2, TAS glass
reaches a suitable viscosity when the temperature is above 250 °C. In consequence, the temperature of the printer head
and the nozzle was fixed at 300 °C. The size of the nozzle, and consequently, the thickness of the printed lines was about
400 um. The TAS glass was deposited on a sodalime glass bed plate heated around 140 °C, which ensures a good
adherence of the printed sample. The printer movements were controlled by using G-code programs especially computed
for driving displacements compatible with TAS glass.

3.2 Characterizations of the 3D printed glasses and fibers

Firstly, TAS glass bulk pellets of 5 mm height and 10 mm diameter were printed and polished before being analyzed to
compare the physical properties of the initial glass to those of the printed glass. The composition of the pellet was
determined by energy dispersive spectroscopy (EDS). The results are shown in Table 1. The comparison with the initial
composition of the glass indicates that there is no change in the chemical composition during the printing process. The
glass transition temperature (T,), thermal expansion coefficient (a), and density of the printed TAS glass were also
compared to a standard TAS glass (see Table 1). Considering the experimental error inherent to DSC measurements
(DSC Q20 Thermal Analysis), the T, of the printed glass and the initial glass are similar. In addition, no crystallization
peak was observed in the DSC measurement of the printed glass (not shown). The thermal coefficient measurements
were carried out on a thermomechanical analyzer (TA Instrument, TMA 2940) with a heating ramp of 2 °C-min"!. The
coefficient is 22.82-10° K™! for a classic glass and 22.62-107° K! for a printed glass, respectively. Considering the
measurement error, both glasses have the same coefficient of expansion. The densities were measured by the Archimedes
method. It is noticed that the density significantly decreases from 4.86 g-cm™ for a quenched glass to 4.81 g-cm™ for a
printed glass, meaning that the printed objects do not present the expected density of a bulk glass. 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° 28 range. It has been
observed (not shown) that the XRD diagrams of the initial glass and the printed glass perfectly overlap and no additional
diffraction peak is detected for the printed glass.

Table 1. Physical properties comparison of a melt/quenched TAS glass used as the initial glass and a printed TAS glass
Initial TAS Glass | Printed TAS Glass

Composition from EDS analysis (%) (x1) TexoAs30Seso Tez1As2oSeso
Tg (°C) (2) 137 136
Coefficient of thermic expansion (10 K™) (x 1%) 22.82 22.62

Density (g.cm™) (x 0.02) 4.86 4.81




After pellets, 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 pm 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. Comparison of Attenuation spectra of initial and printed glasses: (a) with an unpurified initial glass (b) with
purified initial glass

3.3 3D printing of microstructured preforms and fibers

Finally, additive manufacturing was applied to the printing of fiber preforms as shown in Fig 7. As example, preforms
with a clad and 6 or 8 capillaries could be printed. The 3D printing method permit also to print original designs as
examples with semi-circles or triangles (see Fig. 7c and Fig. 7b).

Figure 7. Printed preforms: (a) cross-section view of the chalcogenide printed 6 capillaries preform (b) cross-section view of the

chalcogenide printed 8 capillaries preform (c) cross-section view of the chalcogenide printed 8 half-capillaries preform (c) cross
section view of 8 triangles preform.

From the preform with 6 capillaries, a microstructured optical fiber could be drawn [19]. The printed preform was used
to manufacture an anti-resonant hollow-core fiber by using a homemade drawing tower specifically designed for low-Tg
glasses. The preform is placed in a narrow drawing furnace that can permit to draw short preforms. When the furnace



reaches the drawing temperature around 270° C, a glass drop appears and falls down under gravity forming a glass fiber
which is then reeled on a spool in rotary motion. At the same time, the preform is moved down, feeding the drawing
furnace. For a given feeding speed of the preform, the diameter of the fiber is controlled by the spool speed. A helium
gas flow provides an inert atmosphere around the preform. Usually, during the drawing of MOFs, a differential pressure
is applied in the core and in the different capillaries in order to control the geometry. However, for this proof of concept
study, no differential pressure was applied. Consequently, the geometry of the capillaries has changed during drawing
due to surface tension, more particularly the ratio between the inner and the outer diameter. Nevertheless, it has been
demonstrated that a preform obtained by additive manufacturing can be drawn into a fiber in which the initial shape is
globally maintained (see Fig. 3). Although the printed hollow core preform is only 3 cm long, only several meters of
fibers have been obtained. The optical losses of the “printed fiber” were too high to perform cut back analysis, however,
light transmission of a 20-cm long hollow-core fiber drawn from the printed preform has been obtained in the 2 -12 um
Mid-IR window (Fig 8).
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Figure 8. Chalcogenide hollow core fiber obtained from a printed preform (from Fig.6a), inset Mid-IR output profile recorder with a
microbolometer camera in the [7-13 pm] range.

4. CONCLUSION

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,
extrusion or molding. 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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