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Abstract. Additive manufacturing is an economical route for the production of high-value materials, such as nickel alloys
used in the aerospace industry. In recent decades, new technologies have emerged enabling 3D printing of metallic
powders. Among these technologies, 3D extrusion techniques frequently reported for the production of ceramic
components, is an alternative for processing metal powders. This technology is suitable for testing new materials and
producing small batches, as it enables the use of reduced amounts of raw materials and has a post-processing similar to
those commonly used in powder metallurgy. In this study, we investigated the sinterability of nickel parts produced from
Ni paste developed for 3D extrusion. For this purpose, we prepared a nickel paste by mixing nickel powder and a
hydrogel. At this initial study samples were produced by deposition and compaction of nickel paste. Sintering behavior
and microstructure were investigated using light and scanning electron microscopy, X-ray diffraction, and Vickers
microhardness. The fabrication of nickel parts through 3D extrusion of the developed pastes are currently under
investigation. 3D printing based on extrusion of metallic pastes can be an attractive route for the cost-effective
production of small batches of complex shaped parts.
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1. INTRODUCTION

Nickel is a widely used metal in the aerospace sector for aeronautical structures and propulsion systems. In this regard,
nickel alloys exhibit excellent performance against high-temperature creep and high corrosion resistance, enabling them
to withstand extreme environments where most metallic alloys would fail. Consequently, numerous nickel-based
superalloys have been developed in recent decades. The aerospace industry has been the main driving force behind the
development of nickel-based superalloys, as Ni-based alloys allow for increased combustion temperature and pressure,
thereby enhancing the performance of aircraft jet engines (Smith et al., 2001). Inconel alloy is an example of a nickel-
based superalloy widely used in combustion chambers and disc brakes due to its high mechanical strength and resistance
to thermal deformation. To meet the demands of the aerospace industry, various alloying elements such as chromium,
iron, molybdenum, and copper are added. The high content of alloying elements forms a complex microstructure, making
the processing of these alloys challenging through traditional casting and hot forming methods due to segregation and
cracking issues (Reed, 2006). To overcome these processing challenges, powder metallurgy routes and, more recently,
additive manufacturing (AM) have been applied in the processing of nickel-based superalloys (Sreenu et al., 2020; Babu
et al., 2018). Through additive manufacturing, it is possible to produce turbines with innovative designs and customized
properties. Given the importance of nickel in the aerospace sector, it is necessary to optimize new additive manufacturing
routes to ensure the highest quality of the final component.

Additive manufacturing (AM) has been receiving increasing attention due to its significant advantages over
conventional production methods. This technology enables the production of complex-shaped parts using less raw
material. It is particularly attractive for the production of high-value materials such as nickel alloys used in aerospace
engines. In recent decades, new technologies have emerged, enabling 3D printing, including the printing of metallic
components. These technologies are generally classified into two main categories: fusion-based technologies and
sintering-based technologies. Fusion-based technologies, such as selective electron beam melting (SEBM) and selective
laser melting (SLM), have been the focus of many studies aiming to process nickel alloys and superalloys (Babu et al.,
2018; Qiu et al., 2019; Strossner et al., 2015). However, the solidification process during SLM and SEBM results in
directional microstructure formation, crack formation, and segregation, which hinder the application of their mechanical
properties. On the other hand, sintering-based AM technologies have the ability to produce isotropic parts, including
nickel alloys and superalloys, with mechanical properties similar to those produced by powder metallurgy. Sintering-
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based AM technologies, such as binder jetting and material extrusion, allow for the production of parts with complex
geometries, isotropic properties, and potentially higher printing speeds as no metal melting is required during the process.
Mostafei et al. (2018), Martin et al. (2021), and Dahmin (2021) demonstrated the production of nickel superalloys using
binder jetting, obtaining a homogeneous microstructure, and applying hot isostatic pressing after sintering, resulting in
nearly dense parts with excellent mechanical properties. However, binder jetting equipment is not widely available in
most research centers, and the high equipment costs make it challenging to apply in most laboratories and industries in
Brazil.

Another sintering-based additive manufacturing technology is 3D printing by paste extrusion, also known as direct
ink writing. This technology allows for the construction of a 3D part through the deposition of layers of paste. Initially, a
paste is prepared by dissolving/dispersing ceramic or metallic powder in a suspension. Then, the paste is deposited layer
by layer using a screw or pneumatic extruder. Finally, post-processing steps such as binder removal and sintering can be
applied. Extrusion-based technologies have been frequently applied for the production of ceramic components (Faes,
2015), but there is a lack of investigation in metal fabrication. Recently, this technology has started to be adapted for the
production of metallic components, such as titanium alloys (Elsayed, 2019). The extrusion technology is suitable for
testing new materials and producing small batches, as it allows for the use of reduced amounts of raw materials and has
a post-processing process similar to those commonly used in powder metallurgy. Nocheseda et al. (2021) fabricated
copper and SS316L parts by 3D extrusion of biodegradable cellulose hydrogels. The advantage of using hydrogels is their
lower environmental impact compared to solvent-based or toluene-based pastes.

In summary, recognizing that AM processes are particularly attractive for the processing of higher-cost materials,
such as nickel alloys used in the aerospace sector, in this preliminary study, we investigated the sinterability of nickel
pastes used for 3D extrusion of metallic pastes. Nickel pastes based on hydrogel were developed, and the parts were
produced by depositing the nickel paste into a mold followed by cold compaction. The effect of binder composition on
sintering behavior and microstructure was then investigated.

2. MATERIALS AND METHODS

In this section, the experimental procedures, starting materials, paste composition and characterization techniques
conducted are presented. Deionized water and polyvinyl alcohol (PVA, ACS) were used for preparing the polymer water
solution. The starting powder was characterized by Scanning Electron Microscopy (SEM) as shown in Figure 1 and
Energy-Dispersive X-Ray Spectroscopy (EDS) as can be seen in Table 1, in spite of EDS not being the most suitable
technique for measuring oxygen, it gives an indication that the start powder has a higher oxygen content.
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Figure 1. SEM image of starting Nickel powder.

Table 1. EDS composition.

Element Mass (%)
Ni 91.06
C 6.25
@] 2.69

The polymer water solution was prepared by dissolving the binder (PVA) in deionized water; two compositions
containing 2% and 7% of PV A were tested. Afterwards the paste was prepared by adding the nickel powder to the polymer
solution in a ratio varying from 75% to 80 wt.% The composition of the pastes are shown in Table 2.
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Table 2. Composition and proportion of mixtures for nickel paste.

Paste Label Binder Binder/Water (wt.%) | Powder load (wt.%)
Ni 88_2PVA PVA 2/98 88
Ni 75_2PVA PVA 2/98 75
Ni 75_7PVA PVA 7/93 75

In order to investigate the effects of hydrogel composition on the sinterability of nickel parts, preliminary samples
were prepared by deposition of nickel hydrogel pastes in a die of 10 mm diameter followed by compaction at 50 MPa.
Thermal debinding and sintering were performed in a vacuum furnace (Fortelab, Brazil). Compacted samples were heated
up to 500°C at 2 K min%, where the temperature was held for 60 min to remove the binder. Afterwards, samples were
heated under vacuum (< 10"1Pa) up to 1200°C at 10 K min* followed by a dwell time of 120 min at sintering temperature.
Then, the samples were cooled in the furnace until they reached room temperature as depicted in Figure 2.

Paste Production Compaction Thermal Debinding and Sintering
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Figure 2. Schematic of the manufacturing process (a), samples after heat treatment and cross section cutting (b) and
after grinding and polishing (c).

Sample microstructure was evaluated by light microscopy (Olympus B220, Japan) and Scanning Electron
Microscopy (SEM, JSM6360, Jeol, USA), for that sample were cross-cut and polished. The elemental composition of the
samples was determined by Energy Dispersive X-Ray Spectroscopy using the EDS system (Bruker Nano Compact)
connected to SEM. Porosity was estimated by image analysis using ImageJ software. Vickers Microhardness was
measured in the cross section of the polished samples using a HMV Shimadzu Microhardness tester applying a load of
1.916 N for 15 s following to ASTM E92-82/2003. Compression tests were performed in the compacted samples using a
universal electromechanics tester (DL-10000, EMIC, Brazil).

3. RESULTS AND DISCUSSION

In Figure 3 is shown the SEM image of the Ni 88 part before and after sintering. It is possible to notice there was
diffusion among the nickel particles leading to densification.
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Figure 3. Cross section of Ni 88 _2PVA part: green part before sintering (a) and after sintering (b).

In Figure 4 is shown the SEM image of the cross section of Ni 75_2PVA, Ni 75_7PVA and Ni 88_2PVA parts after
sintering. It is possible to notice the presence of small pores and a second phase in all parts, which may be a Nickel oxide
phase due to high oxygen concentration in starting powders.

©

Figure 4. Cross section of as sintered 88Ni_2PVA (a), Ni 75_2PVA (b) Ni 75_7PVA (c).
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In Table 3 are presented the results of shrinkage, porosity and microhardness. As expected, the high amount of powder
load resulted in a lower porosity. On the other hand, the samples, with lower powder load have a higher hardness, these
results may be related with possible carbide precipitation and high oxygen content due high binder amount. These results
will be further analyzed in our ongoing study.

Table 3. Porosity, Shrinkage and Microhardness values.

Sample Label Shrinkage in Shrinkage in Porosity (%0) Microhardness
height (m) diameter (m) (HV)

Ni 88_2PVA - - 2.31 33.02

Ni 75_7PVA 0.000825 0.0008 3.43 44.58

In Figure 5, is shown the SEM image of the cross section and EDS map of Ni75_2PVA sintered part. In the EDS
map, the red dots are related to oxygen and the green dots to nickel. It is possible to notice in Figure 5(a) that there is a
concentration of oxygen in the darker grains, which suggests the formation of nickel oxide.
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Figure 5. SEM of the cross section (a) and EDS map (b) of as sintered Ni75_2PVA.

In Figure 6, is shown the SEM image of the cross section and EDS map of the sintered Ni75_7PVA part. It is possible
to notice in Figure 4(a) that there is a concentration of darker grains in the central area of the sample, which suggests the
nickel oxide formation was higher in the middle of the sample. For sintering an oxygen getter material was used to
decrease sample oxidation, this getter material could be the reason for higher oxygen removal from the sample surface
than the inner.
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Figure 6. SEM of the cross section (a) and EDS map (b) of as sintered Ni75_7PVA.
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In all Ni parts the EDS analysis verified that the darker regions present higher oxygen concentration, indicating the
formation of nickel oxides in the samples. To reverse this situation, the use of a hydrogen atmosphere during the sintering
processes is proposed, since the hydrogen can reduce the Ni.

In Figure 7 the results of the compression test are shown, in spite of the presence of oxide in the samples, they showed
a ductile behavior, compression strength of ca. 330 MPa was achieved in 40 % of deformation.
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Figure 7. Compression test of Ni75_7PVA.
4. CONCLUSION

Based on the aforementioned results, it is concluded that nickel parts with ductile behavior can be manufactured using
a hydrogel nickel pastes. Sample density and hardness can be improved by increasing the powder load in the paste,
however higher powder loading increases paste viscosity, which is expected to reduce printability. Therefore, in our
ongoing study we will optimize the powder loading to achieve suitable printability and density.

Microstructural analysis by SEM revealed the presence of nickel oxide and microporosities in the samples, suggesting
the need for adjustments in the sintering processes to improve the uniformity and quality of the parts. In spite of the oxide,
the nickel parts showed a ductile behavior. In summary, the studies carried out provided promising information on the
composition, hardness and microstructure of the nickel samples after compaction, sintering and subsequent treatment.
The observations and analyses performed allow an initial assessment of the properties and characteristics of the parts
produced, highlighting areas that can be improved in the manufacturing processes. In addition, they contribute to the
advancement of knowledge in the area of nickel materials and may provide insights for the development of more efficient
additive manufacturing processes.
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