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Abstract

Material Extrusion (MEX) has become an attractive technique for producing filaments for
additive manufacturing of complex, low-volume, customized parts. It is an innovative approach to
manufacturing ceramic or metal parts by extruding and depositing layer by layer a hot filament
made from granules (raw material) or composite filaments. The printed parts are then debinded and
sintered to produce the final parts. In this work, a new environmentally friendly raw material was
developed from zirconia and partially biobased polymers. Models describing the thermal
degradation of polymers were used to calculate the activation energy associated with debinding,
and to design the optimal thermal debinding program based on thermogravimetric analysis (TGA).
Finally, digital imaging and X-ray tomography were used to characterize the internal morphology
of sintered parts.

Introduction

Additive manufacturing of ceramics is an advanced production technology that enables the
fabrication of complex and customized components with geometries unattainable through
conventional manufacturing methods. Among the various additive manufacturing techniques,
Material Extrusion (MEX) offers significant potential for shaping intricate ceramic structures [1,2].
This process involves several key steps, including the preparation of a printable ceramic feedstock,
the layer-by-layer deposition of material to form a "green part,” and subsequent thermal treatments
such as debinding and sintering (Fig. 1) [3].

A critical challenge in this process is the debinding stage, which ensures the complete removal of
organic binders without introducing defects in the sample. Inadequate debinding can lead to
residual organic compounds that negatively impact the final sintered part, particularly in ceramics
[4,5]. Traditionally, debinding is performed using solvent-thermal debinding [6] or thermal
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debinding alone [7]. However, optimizing a single thermal debinding cycle without solvent
extraction could significantly reduce processing time and cost while maintaining material integrity.

To improve the thermal debinding process, thermogravimetric analysis is commonly employed to
quantify the degradation of organic binders by measuring mass loss under controlled heating rates.
Additionally, model-free approaches such as Ozawa-Flynn-Wall [8], Friedman [9], and Kissinger
[10] provide valuable kinetic parameters, including activation energy, which can be used to design
optimized debinding programs [11,12,13,14].

This study aims to investigate the feasibility of a single-step thermal debinding process by testing
different binder formulations and optimizing the process parameters. Two distinct feedstocks were
developed and processed via the Arburg Plastic Freeforming technique [14], allowing for a
comprehensive evaluation of debinding efficiency and its impact on the final material properties.
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Fig. 1: Additive manufacturing of ceramics based on Material Extrusion process

Methodology
In this work, two feedstocks (A and B) were prepared, containing essentially 3 components:

4 Powder: Tetragonal zirconia (ZrO.) TZ-3YS-E, partially stabilized with 3 mol% of yttrium
oxide (Y203), purchased by Tosoh (Japan), supplied as spray-dried granules with an average size
D50 = 0.6 um and a specific surface of 7 + 2 m?.g*.

v Binders: two binders were considered. feedstock A used a bio-based polyester while
feedstock B integrated a polyolefin polymer. Both used also the same amount (in weight) of a
water-soluble polymer.

v Dispersant: stearic acid, supplied by Sigma-Aldrich, to preserve powder dispersion in the
binder and prevent re-agglomeration.



Both feedstocks contained 80 wt.% and 0.4 wt.% of zirconia powder and stearic acid respectively.
The zirconia powder was functionalized with stearic acid in ether solvent, then mixed with the
binder in a blender for 30 minutes at 20 °C. The mixture was extruded using a twin-screw extruder

with 40 rpm rotational speed and a die temperature of T=110 °C and T=180 °C for feedstock A
and B respectively.

The feedstocks were printed using a Freeformer machine equipped with a nozzle of 0.25 mm in
diameter. The screw and build chamber temperatures were 110 °C and 40 °C for feedstock A and
220 °C and 130 °C for feedstock B respectively. The layer thickness was fixed to 230 um and 240
um for feedstock A and B respectively. Discs with a diameter of 20 mm and a thickness of 4mm
have been printed, named green parts.

Green parts were thermally debinded in a debinding furnace at different heating rates, then sintered
in a sintering furnace. These two steps were carried out under air. To optimize the thermal
debinding step, the software NETZSCH Kinetics Neo was used. For this, TGA measurements were
carried out on a NETZSCH TG 209 F1 instrument from 25 °C to 450 °C at three heating rates (0.5,
1 and 2 °C/min) under air. Several models have been tested to fit the TGA curves and the Friedman
one (Eq. 1) was found to be the most suitable in this work.

ln(;—‘: = In(Af(a)) — % (1)

Where f(a) refers to the reaction mechanism model, A is the pre-exponential factor, E is the

activation energy, T the temperature, R is the gas constant and « refers to reaction conversion and
is calculated by the Eq. 2:
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where Mo is the initial mass, M is the sample mass at time t; and Mg is the final mass at T=450 °C.
The methodology allows limiting the required time for the debinding step and avoiding a higher

mass loss of binding in a low time which must create defects in the part. The optimized debinding
steps for both feedstocks are shown Fig. 2.

4004 Feedstock A 500 Feedstock B
— 0,4°C/mi -
O 300- o 400
9_) ) 1°C/min
5 = 300+
g 200 0,1°C/min _/ 1°C/min ©
S O 200-
qE) 100 g 0,05°C/min
= — 100

0 1 1 1 0 T T 1

Time (h) Time (h)

Fig. 2: Thermal debinding step for feedstock A and feedstock B



After the debinding process, the sintering step was carried out under air. The furnace was heated
up to 1500°C at a heating rate (50 °C/h) and stayed there for 2 hours. Debinded and sintered parts
were characterized by a scanning electron microscope (SEM), after metallization with gold. X-Ray
tomography was used to investigate the defects resulting from debinding and sintering steps.

Results and discussion

For polyolefin-based feedstock (B), the optimization of the printing parameters (layer thickness,
chamber temperature) allowed to minimize the defects formed during the manufacturing of the
green parts. Some defects such as voids and warping remained after printing (not shown here). No
defect was observed by X-Ray tomography neither after thermal debinding nor after sintering. SEM
observation showed a rough and inhomogeneous morphology after thermal debinding and a well-
densified surface after sintering (Erreur ! Source du renvoi introuvable.).
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Fig. 3: X-Ray tomography and SEM images of feedstock B after thermal debinding (a) and
sintering step (b)

In contrast, X-Ray tomography clearly highlighted the presence of cracks and decohesion between
the layers after the thermal debinding of bio-based feedstock (A), these defects being amplified
after sintering. SEM analyses revealed dense and homogeneous morphology after debinding and
incomplete densification due to the presence of open porosities in the part after sintering (Erreur !
Source du renvoi introuvable.).
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Fig. 4: X-Ray tomography and SEM images of feedstock A after thermal debinding (a) and
sintering (b)

The defects formed during the debinding were attributed to an inadequate morphology induced
during this step. It was postulated that a strong exothermic reaction (binder degradations) could
occur during debinding, leading to a formation of gas inside the parts, which remained entrapped
into the part. Stress concentration promoted crack propagation in the specimens (Fig. ). These
defects were not observed with feedstock B because the presence of open porosities facilitated the
gas evacuation formed from the thermal decomposition of binders through the porosities. The
absence of porosity in the parts printed for feedstock A seems to hinder the diffusion of gaseous
molecules towards the outside of the part.
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Fig. 5: SEM images showing some defects in the sintered parts (feedstock A)
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The binder in feedstocks A and B is made up of different polymers with different degradation
kinetics and viscosities during the binder degradation stage. Some studies nevertheless describe the
mechanisms involved in thermal debinding. German et al. [15] described the binder extraction
mechanisms through the powder network, from the core to the outside of the part. Another research
group [16] observed, during thermal debinding of a zirconia-based commercial feedstock, a
homogeneous distribution of the binder in the part and deduced that the binder is extracted
simultaneously from all the pores in the part, whether large or small, whatever their location.



Other works [17] propose a thermal debinding mechanism in three stages and it is this type of
mechanism that is observed in the feedstocks that we have developed. Initially, the binder
constituents with low molar masses begin to degrade, leaving porosities. In an intermediate phase,
the increase in temperature becomes greater and the viscosity of the binder decreases. The pressure
of the gases degrading the binder accumulates mainly in the core of the part, more the pore channels
are fine and interconnected. This gas pressure then pushes the liquid, low-viscosity binder towards
the outside of the part. To encourage this binder to flow outwards, it is important to study the size
distribution of the powders and the powder loading rate in the feedstock produced. Finally, in the
final phase, most of the binder has been eliminated. Approximately less than 20 % (estimated by
mercury porosimetry [17]) of the initial quantity of binder remains. This binder forms pendular
bonds that maintain the cohesion of the material.

The work carried out highlights the importance of an initial porosity favouring thermal debinding
with the same zirconia powder having the same size distribution and the same filler content for
feedstock B. The only difference between the two feedstocks was the polymer mixture component
with different degradation profiles (Fig. ). The degradation temperatures of the polymer
components of feedstock A are very close, complicating the formation of a high-quality sintered
part after only one thermal debinding. In contrast, feedstock B presented a significant gap between
the degradation temperatures of its polymeric components. In this case, the second polymer
remained intact after thermal degradation of the first one and could maintain the shape of the part
without formation of too much stress.
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Fig. 6: TGA curves of two feedstocks.

Thus, an alternative to obtain a high-quality part without defects for feedstock A is to perform a
binder solvent extraction before the thermal debinding step (i.e.: a chemical debinding step). This
added step would generate an open-pore structure from the dissolution of the water-polymer
component and the second one would then be removed by thermal debinding. Thus, the gas
evacuation would be easily done during the thermal debinding step from the existing porosity. The
solvent debinding tests were carried out in water at 60 °C for 24 hours.



The following SEM pictures (Fig. ) present the morphology of printed specimens for feedstock A
after solvent debinding (a) and sintering (b). The solvent debinding was beneficial because it forms
interconnected pore structure, that facilitated the thermal debinding step. Also, complete
densification was observed after sintering.
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Fig. 7: SEM pictures of feedstock A after solvent debinding (a) and sintering step (b)

Conclusion

Testing a single thermal debinding step for two binders by using the software NETZSCH Kinetics
Neo was the major focus of this work. The feedstock containing a polyolefin polymer (Feedstock
B) was successfully debinded thermally (i.e.: without chemical debinding step) and completely
densified after sintering. Only some printing defects were observed which could be overcome by
optimizing printing parameters.

The feedstock containing the bio-sourced polymer (Feedstock A) showed some defects after
thermal debinding and sintering, caused by an inadequate morphology. To avoid these defects two
strategies could be proposed and will be explored in a future step of the present work:

v Starting with solvent debinding to facilitate the thermal debinding step by generating
several open pores during solvent extraction. It was the easiest solution that was studied in this
work.

v Optimizing the thermal debinding step by adjusting the heating rate, temperature, and
isothermal steps.
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