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Abstract

Among additive manufacturing technologies, robocasting emerges as a versatile and an affordable method for
processing metallic materials. However, the success and competitiveness of robocasting depend on the
development of easy-to-process metallic inks that do not generate residues after debinding and production of
high purity metallic parts. The additive manufacturing of titanium is in particular attractive and challenging.
Titanium is a high-performance material with high specific mechanical strength, high fracture toughness, low
elastic modulus, and high corrosion resistance with important applications in aerospace, marine, medical,
alimentary, energy, recreational, and chemical industries. It is difficult to process titanium due to its high
reactivity with oxygen and other elements that leads to the formation of oxides and brittle inclusions that impair
the mechanical performance. The aim of this study is to understand the extrusion behaviour of a titanium ink
and the debinding at different temperatures to obtain carbide- and oxide-free commercially pure titanium
structures by robocasting. The results show that the ink meets all rheological requirements for robocasting
allowing the fabrication of a variety of different titanium structures with a maximal unsupported span of 2 mm.
Furthermore, the optimization of the debinding process avoided the thermal oxidation of titanium while
maximised the elimination of the binder, showing superior efficiency than other binders studied previously. The
microstructure and chemical analysis of the sintered samples confirmed the chemical and crystalline purity of
the material.
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1. INTRODUCTION

Additive manufacturing technologies allow superior control of the structure and, consequently, of the properties
of a broad range of materials for several applications. Selective laser melting is one of the most explored
additive manufacturing technologies for metals [1]. However, recently robotic assisted deposition (robocasting)
emerged as an alternative for the additive manufacturing of metals [2]. Robocasting was developed originally
for the fabrication of ceramic structures in Sandia National Laboratories [3]. It is based on the robotic controlled
extrusion of a powder paste (i.e. ink) following a pattern predesigned in silico to fabricate a desired part layer
by layer. Similar to injection moulding, the deposited part is a green body that requires high temperature
sintering for consolidation. However, in contrast with injection moulding, robocasting does not require a mould,
allowing the fabrication of more complex structures with near-net shape. The success of robocasting depends
on several variables including a proper control of the rheological properties of the ink [4]. The ink must show
pseudoplastic behaviour with a relatively high yield strength. After yield, the ink must demonstrate shear
thinning behaviour to allow extrusion at low load. Then, a fast recovery of the viscous state is required to retain
the shape of the deposited filaments. The high yield strength is required to allow layer-upon-layer stacking
without flow or deformation of the deposited material.
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The incorporation of an organic binder is necessary in order to allow extrusion. However, the binder must be
completely eliminated before sintering to avoid the reaction or contamination of the metal with the residual
elements, mainly carbon. Debinding is in particular relevant for the processing of high-purity reactive metals
such as commercially pure titanium. Titanium reacts with carbon at high temperature and also with the oxygen
in the atmosphere, forming titanium carbides and oxides that impact the mechanical properties of the final
material [5]. Moreover, since the ink is extruded trough a nozzle with an internal aperture of 250-800 um, one
of the most important drawbacks in robocasting is a phase separation. Thus, to achieve the required behaviour
of the ink and to prevent any contamination, the selection of the organic binder is a complex and yet crucial
task.

Thoroughly selected binders should result in an increase in the competitiveness of robocasting for the additive
manufacturing of titanium parts. The aim of this study is to understand the extrusion behaviour of the titanium
ink and the debinding of the obtained structures at different temperature performed in order to obtain carbide-
and oxide-free commercially pure titanium lattices. Titanium was selected due to its high specific strength and
corrosion resistance allowing a broad range of applications in aerospace, marine, medical, alimentary, energy,
recreational and chemical industries.

2. MATERIALS AND METHODS

The ink for robotic assisted deposition was prepared by mixing commercially pure spherical titanium powder
(ASTM Gd1) with an organic binder soluble in water, gelatine. The ink was introduced into a cartridge of the
robotic deposition device immediately after mixing.

Extrusion test was performed at room temperature in a mechanical testing machine using a tapering nozzle
with an internal aperture of 610 um. The test was performed at different times after mixing: 2, 15 and 20 min,
and different extrusion rates: 4, 10 and 23 mm/s. Force displacement curves, extrusion curves, were recorded
and the extrusion force was determined as the load applied to maintain a constant flow of the ink in steady
conditions. Images of the extruded filaments were acquired with a digital camera.

Samples of variable size were fabricated with the titanium ink using an orthogonal deposition pattern in
consecutive layers with the distance between filaments from 600 to 2000 um. Samples were fabricated in air
at the speed of 20 mm/s. Samples were allowed to dry at room temperature for 12 h.

Debinding experiments were performed at 250, 350 and 450 °C for 12 h in a muffle furnace in air atmosphere.
Before and after debinding the samples were analysed by scanning electron microscopy (SEM) together with
energy dispersive X-ray (EDX) analysis, X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and
mass loss. Debound samples were sintered in argon atmosphere at 1300 °C for 10 h. Sinter samples were
prepared for metallographic observation following standard methods for titanium. The microstructure was
observed in an optical microscope, whereas the composition was analysed by XRD and EDX before etching.

3. RESULTS AND DISCUSION

Figure 1 shows the extrusion curves. The curves show at the beginning a fast increment of force followed by
a small plateau. The increase in the force is related to the overcome of the yield strength needed to extrude
the ink through the aperture of the cartridge, whereas the plateau corresponds to the flow of the ink
progressively filling the nozzle. Then, when the ink reaches the exit of the nozzle, a second and more important
rise in the force is observed, as the vyield strength is higher due to the smaller aperture of the nozzle.
Afterwards, the ink is extruded at constant force, the extrusion force, until the cartridge is emptied and force
rises due to the compression of the extrusion ram.
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Figure 1 Force — displacement curves record during extrusion experiments: a) at constant extrusion rate of 4
mml/s; b) after 15 min of mixing at different extrusion rates. Displacement is presented as the fraction of the
length of the cartridge

It was clear that the extrusion force increased with the time elapsed after mixing (Figure 1a). The rise in the
extrusion force is explained by the rise in the viscosity of the ink due to the molecular restructuration of the
binder, involving hydrogen and ionic bonds. In fact, the images in Figure 2 show that the ink extruded shortly
after mixing has a low viscosity with a liquid-like behaviour, i.e. the extruded filaments fused immediately at
contact by surface tension. After 15 and 20 min of mixing, the extrusion produced continuous and stable
filaments that retained the shape and stack to form random hillocks that reach a height between 20 to 30 mm
before collapsing by their own weight. No other difference than higher extrusion force was observed between
extrusion at 15 and 20 min after mixing.

Figure 2 Representative images of the extruded ink after a) 2 and b) 15 min of mixing

Figure 1b represents the effect of the extrusion rate after 15 min of mixing. The extrusion force increases with
the increment of the extrusion rate in the range between 30 and 50 N. This range fits very well within the
working capabilities of the robotic deposition device allowing deposition at low speed for better resolution of
edges and high speed for fast object fabrication. Figure 3 demonstrates the diversity of shapes and sizes that
can be fabricated by robocasting using the titanium ink. The maximum unsupported span deposited in this
work was 2 mm, but it is possible that bigger cantilevers may be achieved with good resolution. Possible
applications for the titanium structures include filtration, catalysis, tissue engineering scaffolds, bone grafts,
armours and others. The current limitation is the volume of the object that can be fabricated, restricted to 5
cm?® by the size of the cartridge.
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Figure 3 Examples of the different titanium structures
that can be fabricated by robocasting (all dimensions
are in mm). Samples before debinding
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Figure 4 shows the titanium powder before and after debinding at different temperature. The presence of the
residual binder was not evident visually in all samples at low magnification (Figures 4a, b, d, e). However,
observation at higher magnification revealed that only debinding at 250 °C did not result in the complete
removal of the binder, since the powder had a small quantity of randomly distributed aggregates of titanium
particles surrounded presumably by the remaining binder (Figure 4c).

Figure 4 SEM images of a) the initial titanium powder, and the powders after debinding at b) and c) 250 °C,
d) 350 °C, e) 450 °C

The EDX analysis showed that titanium content decreased with debinding without evident differences among
different temperature (Figure 5a). In contrast, highest content of carbon was found in the sample treated at
250 °C confirming the incompleteness of the binder removal observed earlier by SEM. Higher temperature led
to a lower content of carbon reaching a level similar to the one of the initial powder. Despite the fact that
debinding at 450 °C resulted in the complete elimination of the organic binder, thermal oxidation was observed
on these samples. This was confirmed not only by the highest content of oxygen reflected in EDX results but
also by a clear change in colour from grey to navy blue (Figure 5b), what did not happen to samples debound
at 250 and 350 °C.
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Figure 5 Debinding of samples at different temperature, a) results of the EDX analysis and b) representative
image of the samples debound at 450 °C
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XPS spectra show oxygen, titanium and carbon as of three main elements at the surface level in all samples
(Figure 6). Additionally, samples debound at 250 and 350 °C had N 1s peak. Quantitative XPS analysis
showed that samples debound at 250 and 350 °C had about 15 at.% of nitrogen, 30 at.% less of oxygen and
30 at.% more of carbon in comparison with the initial powder which did not give signal of nitrogen and contained
50 and 30 at.% of oxygen and carbon, respectively. Therefore, it is clear that higher nitrogen and carbon
content is the result of the incomplete removal of the organic binder, changing the composition of the titanium
dioxide layer to a more nitride and carbide chemical nature.

Samples debound at 450 °C showed equivalent XPS spectrum than the raw powder (Figure 6), with equivalent
chemical composition of the oxide layer. However, as observed in Figure 5b, the change of colour of the
samples suggests that the oxide layer formed at 450 °C is significantly thicker than the layer generated at room
temperature. These results indicate that the binder produces chemical modifications of the surface of the
powder during debinding, however, the changes below 450 °C are not representative of the bulk of the material.

O (at%) | Ti (at%) | N (at%) | C [(at%)
450 °C 50.95 20.86 0.6 27.77
350 °C 21.2 6.72 15.88 56.2
250°C 15.7 0.31 143 69.69
Initial 51.64 18.99 - 20.37
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Figure 6 Surface elemental analysis by XPS before and after debinding. The elemental chemical
composition is in atomic percentage

The phase purity of the powder was confirmed by XRD with Cu-Ka wavelength in reflection mode. The analysis
did not show any difference in phase composition of the samples treated at different temperature (Figure 7).
All the peaks in the diffraction patterns were identified as hexagonal titanium. Therefore, the volume fraction
of any superficial second phase is below the detection limit of XRD, even the thick oxide layer formed
at 450 °C.

In summary, the results indicate that the optimal debinding temperature is 350 °C, as this temperature
maximises the removal of carbon and nitrogen, while minimises the thermal oxidation of titanium.
The experimental mass loss after debinding at this temperature was 90 % of the theoretical expected.
The efficiency in the debinding was superior to that observed previously when chitosan was used as binder [6]
and similar to that observed with Pluronic [7,8].
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Figure 7 XRD patterns before and after debinding Figure 8 Microstructure of the sintered titanium at

1300 °C for 10 h

Figure 8 shows the microstructure of the sinter sample, which exhibited equiaxed alpha titanium grains with
size of 67 um in average, few small pores and no evidences of carbide or oxide inclusions, as proof of titanium
purity after sintering. This is a significant step forward respect the use of Pluronic as binder, which generates
carbide inclusions [7]. Chemical purity was confirmed by XRD and EDX analysis, showing hexagonal titanium
as the only crystalline phase and 95.5 wt% of titanium, 3.7 wt% of oxygen, 0.8 wt% of carbon and no signal of
nitrogen in the metallographic cross-section of the sinter sample.

4, CONCLUSION

The titanium ink studied meets the requirements for robocasting, allowing the fabrication of a variety of different
titanium structures, with maximum unsupported span of 2 mm. Efficient debinding was also achieved with
minimal thermal oxidation of the titanium powder and very small residual fractions of carbon and nitrogen that
did not generate inclusions or secondary phases in the microstructure of the sintered titanium samples.
Robocasting is envisaged as cheaper additive manufacturing technology than selective laser melting for
titanium, and the limits in the fabrication of complex structures, dimensional accuracy and mechanical
performance deserve to be studied in future.
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