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Abstract 

Liquid metal jetting (LMJ) bears the potential of being a fast part manufacturing 

technology while using a cheap raw material. LMJ is a subtype of material jetting (MJT) and the 

parts are built by successively depositing droplets of molten metal onto a build platform. For full 

3D capability, support structures are necessary, which must be removed in subsequent processes. 

In previous investigations, we proposed the usage of water-soluble salt as a support material, 

selected a suitable salt, and analyzed the influence of this material on aluminum parts made in 

LMJ. The present work shows a duplex MJT print head for processing aluminum alloys and KCl-

NaCl salt. Various printing sequences and support structure strategies are compared. The results 

show that the sequence of printing aluminum and salt is crucial. Furthermore, using thin layers of 

the support material as a release layer appears promising.  
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1. Introduction

Liquid metal jetting (LMJ) is an additive manufacturing (AM) technology that can be used 

to manufacture near-net-shape metal parts. Molten metal, e.g., aluminum or copper, is ejected 

through a nozzle as droplets. This can be done either by a continuous droplet stream (continuous 

jet) [1] or droplet by droplet (drop on demand) [2]. For the ejection of the droplets, various 

principles are used, e.g., pneumatic [3], piezoelectric [4], or magnetohydrodynamic [5]. The 

resolution of the printed parts is determined by the diameter of the metal droplets. The droplet 

diameter itself heavily depends on the setup and is typically in the range of 50 µm to 1.3 mm [6]. 

Since the printing frequency of all ejection systems is limited, the droplet diameter not only 

influences the printing resolution but also limits the amount of jetted material per time. Therefore, 

small droplets are not always desirable, especially when considering the cubic relationship 

between the diameter and the volume of a sphere. In the literature, the LMJ of aluminum [7], silver 

[8], copper [9], steel [10], and other materials have been reported. A broad overview of the state 

of the art of liquid metal jetting was published by Ansell et al. [6]. 
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 One of the main advantages of LMJ is the ability to use a wire as a raw material, which is 

typically cheaper and easier to handle than metal powder [11]. Further, LMJ does not require 

downstream sinter processes, is highly scalable, and allows the fabrication of multi-material parts 

[12]. The voxel-based approach of LMJ opens up the field of local material optimization. Varying 

thermal process conditions in LMJ significantly influence the mechanical properties of jetted 

aluminum parts. The mechanical properties of jetted parts can outperform cast parts if the thermal 

conditions in LMJ are optimal [13].  

  

 A big advantage of AM is the design freedom; however, all AM processes have limitations 

in the capability of realizing three-dimensional (3D) structures. A challenge in LMJ is the 

fabrication of complex geometries with overhanging structures since the incline angle is limited 

[14]. To some extent, this issue can be approached by using an LMJ system with more than three 

spatial degrees of freedom, e.g., one with a tilting or rotating build platform [15]. In more general 

cases, full 3D capability can be attained by using support structures. One approach is to print the 

support structures from the same material as the final part (build material). However, the support 

structures must be removed after the manufacturing process in many cases, which can be 

challenging. Support removal via machining adds a post-processing step to the manufacturing 

chain, and the support structures must be accessible in the first place, which in turn can reduce 

design freedom. This also holds for manual support removal, which can be reasonable in small 

batches. In any case, the quality of the final part must be considered, especially in the areas where 

the support connects to the final part. Further, there is always the risk of damaging the final part 

[16]. Additionally, just like the final part, the support structures must be manufactured, which takes 

pre-processing time, raw material, and processing time, thus increasing cost [17]. An approach to 

solving many of these issues is using support structures that can be removed by dissolution. 

Soluble support structures have already been applied in other AM processes, such as fused 

deposition modeling with water-soluble poly(vinyl alcohol) support [18], direct energy deposition 

with carbon steel support that is removed by electrochemical etching with nitric acid [19], and 

powder bed fusion with a similar approach to the latter [20]. For LMJ, we investigate the use of 

salts for water-soluble support structures. The expected advantages of this approach are an easy 

support removal with no damage to the final part and little influence on the printing process. In 

analogy to LMJ, the salt support structures shall be processed by jetting, too. We call this process 

liquid salt jetting (LSJ). Figure 1 depicts a schematic of a part jetted from a build material (shown 

in blue) with a support structure made from a soluble support material (shown in green) via LSJ. 

The part geometry is inspired by the logo of the Technical University of Munich (TUM). The part 

is jetted onto a printing plate (shown in black), which sits on a heated build platform, as described 

in the Materials and Methods section. 

                                 

Figure 1: Schematic of a part manufactured in the liquid metal jetting (LMJ) process with a 

soluble support structure made via liquid salt jetting (LSJ). The part geometry is inspired by 

the logo of the Technical University of Munich (TUM).  
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 Salt melts are often highly wetting [12] and corrosive [21, 22], thus making the material 

selection for the print head a challenging task. Suitable salts were selected in previous 

investigations, and a material jetting print head was developed, built, and tested. Demonstrator 

parts could be produced via LSJ [12]. In a subsequent study, the influence of jetting molten salt on 

jetted aluminum parts was analyzed. No significant signs of corrosion of the jetted aluminum parts 

by the molten salt were observed. However, the microstructure of the aluminum just on top of the 

support was coarser than in other areas with the same vertical distance to the printing plate [23]. 

A possible explanation for this phenomenon is the reduced heat conduction due to the lower 

thermal conductivity of the used salts – KCl and NaCl [24] – compared to aluminum [25].  Heat 

conduction is, among other factors, an essential task of support structures in metal AM [17]. 

 

 Summing up the existing research, the processing of molten salt in a jetting process is 

possible and its use as a support structure for LMJ has been demonstrated. A still open field is the 

probing of the limits of LSJ and the comparison of different support structure strategies. Both of 

these topics are addressed in this paper. 

 

 

2. Materials and Methods 

 

2.1. Build and Support Material 

 

 As build material for all jetted parts in this work, an aluminum alloy with 12 % silicon 

(AlSi12, also denoted by 4047 or LM6) is used. AlSi12 has a liquidus temperature of 590 °C, 

taking the average value for the liquidus temperature in the cooling and the heating cycle into 

account [26]. The raw material is a rod with 2 mm in diameter and 1 m in length (VDB-

Schweisstechnik, Dormagen, Germany). As soluble material for the support structures, a eutectic 

mixture of potassium chloride (KCl) and sodium chloride (NaCl) is used. According to Bale et al., 

the NaCl content in the eutectic mixture is 50.6 mol % and the liquidus temperature is 657 °C [27]. 

This mixture, which is denoted by KCl-NaCl, was selected in previous investigations to be 

processed via jetting in the molten state [12]. KCl and NaCl are sourced separately, with a purity 

of ≥ 99,5 % for KCl and ≥ 99,8 % for NaCl (Carl Roth GmbH + Co. KG, Karlsruhe, Germany). 

The raw materials are in powder form and mixed in the crucible before processing. 

 

2.2. Experimental Setup 

 

 All experiments were performed on a self-constructed MJT test stand. The test stand is a 

further development of the system previously described by Himmel et al. [13] and can be equipped 

with various print heads. The print heads sit on top of a nitrogen-purged process chamber. Inside 

this chamber is a heated build platform that can move in three spatial directions, driven by an axis 

system below the chamber. A pneumatic duplex print head for processing AlSi12 and KCl-NaCl 

is used in the present work. The LSJ system is based on a design that was described in previous 

work [12]. The print head ejects droplets pneumatically via a pressure surge that is controlled by 

a pressure regulator and a solenoid valve. The duplex print head consists of two heated crucibles, 

each with a nozzle plate on the bottom. The raw material (AlSi12 rod or KCl-NaCl powder) is 

melted inside the crucible and jetted through the nozzle by pneumatic pressure surges. The oxygen 
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content in the process chamber is close-loop controlled. A schematic of the MJT test with the 

duplex print head is depicted in Figure 2 and a picture of the test stand is shown in Figure 3.  

Figure 2: Schematic of the MJT test stand with the duplex print head for LMJ and LSJ. The 

print head consists of two heated crucibles, each with a nozzle plate on the bottom. Droplets 

are ejected onto a printing plate that is placed on top of a heated, movable build platform. 

The pneumatic droplet ejection is realized by a pressure regulator and solenoid valves. The 

process chamber is nitrogen-purged. 
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Figure 3: Picture of the MJT test stand. In the center of the stand is the process chamber with 

the heated build platform inside. The print head is located on top of the process chamber, 

next to the pneumatic system with pressure regulators, throttles and solenoid valves. Below 

the process chamber is the axis system that drives the heated build platform. The picture only 

shows the upper part of the MJT test stand. The total height of the MJT test stand is 2m. 

 

2.3. Experimental Procedure 

 

 To investigate the two main areas of this work – probing the limits of LSJ and investigating 

different support structure strategies – test specimens are fabricated on the MJT test stand and the 

results are evaluated qualitatively. To examine the limitations of LSJ, first, pillars are printed at 

different angles to determine the realizable overhangs. These inclined pillars can be used to create 

geometrically optimized branched support structures. Secondly, the relevance of the printing 

sequence is investigated. It is known from previous experiments that the adhesion of AlSi12 to 

KCl-NaCl is limited and mainly based on form-fit. By means of a test geometry with several layers 

of AlSi12 and KCl-NaCl, the influence of different printing sequences on the printing result shall 

be investigated. To compare different support structure concepts, a sample geometry (TUM logo) 

is printed three times, each time with a different type of support structure strategy. The printed 

TUM logos are then examined qualitatively. The test geometries are described in detail in the 

following chapters. A flow chart of the complete experimental procedure of this work is shown in 

Figure 4. For the fabrication of all samples of this investigation, the process parameters listed in 

Table 1 are used. 
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Figure 4: Flow chart of the experimental procedure for examining salt support structures for 

liquid metal jetting (LMJ). First, the limits of liquid salt jetting (LSJ) are investigated and 

then, different support structure strategies are compared. 

 

 

Table 1: Parameters for processing AlSi12 and KCl-NaCl on the MJT test stand. 

Parameter Value 

Build platform temperature 500 °C 

Oxygen content in chamber < 100 ppm 

Processing temperature AlSi12 700 °C 

Mean droplet diameter AlSi12 1,1 mm 

Printing frequency AlSi12 5 Hz 

Pneumatic pressure AlSi12 1,5 bar 

Valve opening time AlSi12 2 ms 

Processing temperature KCl-NaCl 800 °C 

Mean droplet diameter KCl-NaCl 0,7 mm 

Printing frequency KCl-NaCl 1,5 Hz 

Pneumatic pressure KCl-NaCl 3,5 bar 

Valve opening time KCl-NaCl 4 ms 

 

2.3.1. Limits of LSJ 

 

 Salt pillars with different inclination angles shall demonstrate the geometric limits of LSJ. 

The pillars are fabricated by ejecting droplets on a moving printing plate at varying droplet 

spacings to form different inclination angles. The droplet spacings are 50 µm, 125 µm, and 

150 µm. 

 

 A more complex part, produced by combining LSJ and LMJ, is used to demonstrate the 

importance of the sequence of printing build and support material. The geometry is inspired by a 

cylindrical heat sink and requires the fabrication of multiple layers of AlSi12 and KCl. The part is 

referred to as demo part and is depicted in Figure 5 from the front (a), in section view (b), and in 

section view support structure (c). 
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                         a)                                                b)                                                  c) 
 

 

Figure 5: Demo part to compare different printing sequences. Depicted from the front (a), in 

section view (b), and in section view with support structure (c). 

 

 The layers of the part can be fabricated according to several ways. Two of them are 

investigated in this paper. Figure 6 shows a top view of the sample with an AlSi12 and a KCl-

NaCl layer already printed and the first few AlSi12 droplets of the next layer. In subfigure (a), 

these AlSi12 droplets are ejected circularly, starting from the center of the part, so that the AlSi12 

droplets come into contact with AlSi12 droplets from the previous layer. In subfigure (b), the 

AlSi12 droplets for the next layer are also ejected in a circular fashion, but starting from the outside 

and initially only touching the KCl-NaCl droplets of the previous layer.  

 

a) Printing AlSi12 on AlSi12                 b) Printing AlSi12 on KCl-NaCl 
 

 

Figure 6: Printing sequences for the demo part. Starting to print the AlSi12 layer from the 

center of the part, with AlSi12 contacting AlSi12 (a) and starting to print the AlSi12 layer 

from the outside of the part, with AlSi12 initially contacting KCl-NaCl only (b). 

2.3.2. Support structure strategies 

 

 As previously described, three different strategies to realize salt support structures for LMJ 

of aluminum are realized and discussed in this work. The trivial strategy for salt support structures 

in LMJ is fabricating monolithic salt blocks. As a first optimization approach, we will discuss 

pillar support structures to reduce build-up time and material use. The third strategy is the use of 

salt only as a releasing layer between an aluminum support structure and the aluminum part. The 

idea behind these so-called release layer support structures is an improvement of the heat transfer 

through the support, which influences part quality, as shown in previous work [23]. As for 

comparing the support structure strategies, TUM logos are fabricated on the MJT test stand. A 

schematic of all support structure strategies is shown in Figure 7. 
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                a) Monolithics                              b) Pillars                             c) Release layers 

 

   

Figure 7: Strategies for producing soluble salt support structures: (a) monolithic salt support 

structure, (b) salt pillar support structure, (c) salt release layer support structure. 

 

 

3. Results and Discussion 

 

3.1. Limits of LSJ 

 

 The printed salt pillars are shown in Figure 8. For droplet spacings of 50 µm and 125 µm, 

straight pillars form at angles of approximately 70° and 45°, respectively. In the case of 125 µm 

droplet spacing, the pillar is warped slightly. Wider droplet spacings, and thus shallower angles, 

are more challenging. At a droplet spacing of 150 µm, the pillars collapse repeatedly. It appears 

that the practical limit for overhangs in LSJ is an inclination angle of 45° – similar to the maximum 

inclination angle in LMJ of aluminum [14]. 

 

     Droplet spacing:       50 µm                  125 µm                    150 µm 
 

 

Figure 8: Salt pillars printed at different droplet spacings (50 µm, 125 µm, and 150 µm). 

 

 Two demo parts for comparing different printing sequences are depicted in Figure 9. For 

each printing sequence, a schematic representation and the printed part is shown. The initial 

adhesion of AlSi12 droplets to KCl-NaCl in the fabrication process is limited and mainly based on 

form-fit. In many cases, AlSi12 droplets bounce off the KCl-NaCl layer, causing geometric 

deviations. Further, due to the low heat conduction of KCl-NaCl, neighboring AlSi12 droplets join 

to form larger droplets, which in turn leads to deviations from the desired geometry. Both defects 

are visible in subfigure (b). Therefore, AlSi12 droplets should initially always land on AlSi12, as 

is the case in subfigure (a). A demo part that was fabricated according to this sequence (AlSi12 on 

AlSi12) is shown in Figure 10 as a schematic (a), as a printed part with support (b), and as a printed 

part without support (c). 
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            a) Printing AlSi12 on AlSi12                             b) Printing AlSi12 on KCl-NaCl  

 

Figure 9: Comparison of printing sequences. Starting to print the AlSi12 layer from the 

center of the part with AlSi12 droplets contacting AlSi12 (a) and starting to print the AlSi12 

layer from the outside with AlSi12 droplets contacting KCl-NaCl only (b). 

 

 

            a) Schematic                   b) Demo part with support         c) Demo part without support 

 

Figure 10: Demo part, fabricated according to the AlSi12 on AlSi12 sequence. 

Schematic (a), printed part with support structure (b), and printed part after support structure 

removal (c). 

 

3.2. Support structure strategies 

 

 The TUM logo fabricated with monolithic salt support structure is shown in Figure 11. A 

schematic of the part is shown in (a), the part with support is shown in (b), and the part after support 

removal is shown in (c). The geometrical deviations are due to a variation in the individual droplet 

size of AlSi12 and KCl-NaCl. This is caused by irregularities in the pressure surge, among other 

things. The total printing time for the part with support is 10 min and 30 s. 

 

            a) Schematic                        b) Part with support                      c) Part without support 

 

Figure 11: TUM logo with monolithic salt support structure. Schematic (a), printed part with 

support structure (b), and printed part after support structure removal (c). 

 The TUM logo fabricated with a salt pillar support structure is shown in Figure 12. A 

schematic of the part is shown in (a), the part with support is shown in (b), and the part after support 

removal is shown in (c). Compared with the monolithic support structure, only about one third of 
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the KCl-NaCl droplets are printed, resulting in a time saving of 2 min 25 s at a total printing time 

of 8 min 5s. The geometric fidelity of the part with pillar support and the part with monolithic 

support is similar. 

 

            a) Schematic                      b) Part with support                        c) Part without support 

 

Figure 12: TUM logo with salt pillar support structure. Schematic (a), printed part with 

support structure (b), and printed part after support structure removal (c). 

 The TUM logo with salt release layer support structures is shown in Figure 13. A schematic 

of the part is shown in (a), the part with support is shown in (b), and the part after support removal 

is shown in (c). The total printing time for the part is 6 min 40 s which is 1 min 25 s faster than the 

printing time of the TUM logo with pillar support structure. The release layer support structure is 

hardly visible since it is only two droplet layers thick, and some AlSi12 droplets overlap the release 

layer laterally. The support structure columns are partially bonded to the part, making support 

structure removal difficult. The geometric fidelity of the part is inferior to the parts with monolithic 

and pillar supports. A proposed solution for this issue is an adjustment of the spacing of pillars and 

part, if applicable, with the use of fanned-out tree supports.  

            a) Schematic                      b) Part with support                        c) Part without support 

 

Figure 13: TUM logo with salt release layer support structure. Schematic (a), printed part 

with support structure (b), and printed part after support structure removal (c). 

 

 

4. Summary and Outlook 

 

 The objective of this paper was to investigate soluble support structures for aluminum LMJ 

that are fabricated via liquid salt jetting (LSJ). First, the limitations of LSJ were analyzed using 

two test geometries. The results show that KCl-NaCl pillars can be printed with an overhang angle 

of up to 45°. Attention must be paid to the printing sequence since the initial adhesion of AlSi12 

droplets to KCl-NaCl is limited. It is advisable to let the AlSi12 droplets of a new layer come into 

contact with the AlSi12 droplets of the previous layer. This paper's second object of investigation 

was the comparison of different support structure strategies. Parts with monolithic support 

structure, pillar support structure, and release layer support structure were fabricated. A 

comparable geometric fidelity was obtained with monolithic and pillar support structures; 

however, salt pillar support structures offer the advantage of a shorter printing time and less 

material consumption. Release layer support structures offer the potential of the least thermal 

influence on the process, which, referring to previous studies [23], has a positive effect on the 

mechanical strength of AlSi12 components. This work provides a qualitative examination of salt 
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support structures for LMJ. Further investigations and quantitative characterizations of printed test 

specimens are needed for more detailed statements.  

The thermal impact of support structures in LMJ could be further optimized by using 

release layer support structures with thinner release layers and by using a release material with 

better thermal conductivity. In future work, thinly sprayed-on graphite as a release layer shall be 

examined. 
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