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Abstract

Material jetting (MJT) is a category of additive manufacturing processes where the build material is deposited in the form
of individual droplets. MIT has recently been expanded into the field of metal processing due to a potentially high printing
speed at low equipment and raw material cost. For full 3D capability, support structures are needed that have to be removed
after the print job. We examine water soluble salts and suitable nozzle materials to realise the printing of molten salt in a
MJT process. Here, the wetting characteristics of the melt and nozzle are crucial because pronounced wetting is problematic
for the ejection of droplets. A sessile-drop contact angle test stand was set up to evaluate the wetting characteristics of three
salts or salt mixtures (NaCl, KCl-NaCl and NaCl-Na,CO;) on six different nozzle materials (various ceramics and graph-
ite), i.e. potential nozzle materials. The results indicate a high wetting tendency of most of the examined samples with the
exception of KCI-NaCl on graphite. Application of these materials on a MJT test stand confirm the feasibility of our findings.

Keywords Additive manufacturing - Material jetting - Salts - Support structure - Wetting - Contact angle

1 Introduction

Industry has many demands on production technologies:
low cost, high volume, high possible part complexity and
short time from idea to production, just to name a few. If
the latter two are the priority, additive manufacturing (AM)
techniques offer many advantages compared to conventional
production technologies. Many different AM processes have
been developed in the last few decades and the processable
materials are increasing rapidly. Today, a selection of poly-
mers, metals, ceramics and composite materials can be pro-
cessed additively [1].

In the world of metal AM, the powder bed fusion pro-
cesses have gained a lot of attention. Metal powder is selec-
tively melted with lasers or electron beams to create three
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dimensional parts. In 2019 the majority of AM systems for
metallic parts were based on the powder bed fusion (PBF)
process [1].

However, the terms low cost and high volume can not be
attributed to the PBF technologies. Another approach for
producing metal parts additively is material jetting (MJT).
Molten droplets of metal are ejected onto a heated build
platform and bond. This results in dense metal parts with
mechanical properties that can be better than those of the
cast reference due to high cooling rates [2]. The inexpen-
sive raw materials in the form of metal wire combined with
the low equipment cost and potentially high printing speed
are the main attractions of this technology. In industry, this
process is currently mainly used for photopolymers and wax-
like materials [1]. However, there has already been research
conducted on expanding the printable materials into the field
of aluminium alloys. Liu et al. [3] presented a piezo actuated
continuous jet print head, Karampelas et al. [4] developed
a magnetohydrodynamic drop-on-demand print head and
Himmel et al. examined the tensile properties of specimens
printed from an aluminium silicon alloy [2].

The shapes that can be directly produced by just add-
ing droplets onto a moving build platform are limited.
For more shapes with overhanging structures, multi-axial
movement of the platform, support structures, or both are
needed. The present investigation shows an approach for
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easily removable support structures in metal MJT. The
printing of salts shall be enabled to create water soluble
structures that endure the temperature of molten alumin-
ium. Regarding the target droplet size, two effects have to
be considered. Obviously, the droplet size directly affects
the resolution of the printed part and therefore, a small
droplet diameter would be desirable. However, the droplet
diameter has a strong impact on the printing speed since
the droplet volume is proportional to the third power of
the diameter. Taking this into account, we target a droplet
size of 500 pm.

For the material selection of nozzle and support mate-
rial, the wetting characteristics are of importance. High
wettability makes it very hard for the printing process to
work reliably since the underside of the nozzle is covered
with fluid which hinders a proper ejection of droplets.
However, we hypothesise that there is a combination of
salt and nozzle material that shows low wettability and
therefore enables the processing of the salt in a MJT print
head. Since there is little research on the wetting of salts
on any surface, a contact angle test stand was built and
various combinations of ceramic or graphite surfaces and
selected salt melts were tested to determine pairs that show
high contact angles. The contact angles are directly linked
to the wettability. The implementation of salt MJT shall
ultimately result in less post processing in metal MJT.

Figure 1 shows a flow chart of the conducted prac-
tice. The salt and nozzle material selection is interrelated
through the corrosiveness of the salts and corrosion resist-
ance of the ceramics. Inadequate salts (toxic, very hygro-
scopic, unsuitable melting temperature, ...) are excluded
right away. The wettability of the remaining materials is
determined pairwise in a contact angle test stand. Trials on
a MIJT test stand show the feasibility of salt MJT.

corrosion resistance Preselection

Nozzle Materials

Preselection
Salts

Y Y

Contact angle measurements (determining wettability)

Y
Trial in MJT test stand

Y
MJT of Salt

Fig. 1 Flow chart of the conducted practice. The material selection
(salt and nozzle material) is followed by contact angle measurements
to determine the wettability and concluded by trials on a MIT test
stand
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2 State of the art and theoretical
background

2.1 Support structures for MJT

Support structures create the basis for overhangs. Figure 2
shows a schematic representation of a material jetted part
with support structures. The build material (e.g. aluminium)
is shown in black, the support structure in light grey. The
heated platform onto which the droplets are ejected is shown
in dark grey. The support structures constitute the basis for
layers of build material on top of them.

Typically, the support structures are removed after the
printing process. This is especially cumbersome when they
are hard to access and made from tough materials. Some
processes already use dissolvable materials for their support
or materials with lower melting temperature than the build
material to be removed thermally [1]. Inclined surfaces often
also require support structures. In MJT, inclines of more
than 45° from the vertical typically need to be supported [5].

2.2 Wettability and contact angle

When a solid, a liquid and a vapour phase come into con-
tact, the contact angle 0 can be observed (see Fig. 3). 0
depends on the surface tensions y of the phases and is
described by Young’s equation (Eq. 1) [6]. In reality, how-
ever, the contact angles will also depend on many other

Fig.2 Schematic representation of a part manufactured with MJT.
Black areas designate the printed part, light grey areas the support
structure and dark grey areas the heated build platform

vapour
Yiv P

6 liquid

solid

Ysv Ysi /

Fig.3 Droplet on solid surface surrounded by a vapour phase. The
surface tension vectors y,, ¥, 73, define the value of the contact angle
0 according to Eq. 1 [6]



Production Engineering (2021) 15:855-862 857
factors, such as gravity, the droplet volume, the method of 1000
dispensing, the ambient temperature, etc. Further, differ-
ent angles can be observed for the advancing and reced- 900 f 1
ing contact angle 8, and 0, in the case of changing droplet O salt-liquid (sl) 858 °C
volume during the measurement [7]. £ 800 801 °C
cos = v T ) § 44,8 mol-% :
v g 700 (sl + NaCl (solid) /8 Mol-%o sl + Na,CO; (solid) -

. . ol 634 °C
where 6 is the contact angle, y,, the surface tension between 600 | : |
solid and vapour phase, y,, the interfacial tension between NaCl (solid) + Na,CO; (solid)
solid and liquid phase and y;, the surface tension between :
liquid and vapour phase. 5000 ~ 20 a0 &0 80 100

According to the value of 6, the wettability is typically
divided into four cases, shown in Fig. 4. Very good wet-
ting is the case when the contact angle is very small (6 <
10°). Relative to the volume of the fluid, a large area of
the substrate is covered with the fluid. A contact angle
of 10° < 6 < 80° is as sign of good wetting. Poor wetting
is defined by a contact angle of 80° < 8 < 140°. Contact
angles 6 > 140° are observable in case of very poor wet-
ting. Poor or very poor wetting is the state that we aim for
when designing nozzles for MJT. High wettability makes
printing nearly impossible because the underside of the
nozzle covers with fluid and no defined and consistent
droplets can be ejected.

3 Materials and methods
3.1 Sample description
3.1.1 Preselection salts

In this work, three different salts or salt mixtures are exam-
ined for their suitability as support material (see Table 1).

(a) (b)

- %GV\

good wetting 10° < 6 < 80°

d
" Q)

very poor wetting 6 > 140°

very good wetting 6 < 10°

A

poor wetting 80° < 0 < 140°

()

Fig.4 Classification of contact angle ranges according to [6]. Very
good (a) and good wetting (b) of a nozzle by the fluid makes printing
nearly impossible. Poor (c) or very poor wetting (d) is the state that
we aim for when selecting the nozzle and support material

mol-% Na,COj3

Fig.5 Phase diagram of NaCl and Na,CO;. The melting temperature
of the eutectic mixture is 634 °C and lies significantly below those of
the pure salts. [12]

For the selection of these salts their availability, melting
temperature, solubility in water, hygroscopicity and envi-
ronmental aspects were considered.

Due to generally good availability alkali chlorides and
alkali carbonates were considered in the preselection.
Environmentally harmful and toxic salts, as well as com-
pounds with the radioactive alkali metals or halogens are
excluded. The lithium salts are also excluded, since lithium
chloride shows high hygroscopic behaviour [8] and lithium
carbonate displays poor solubility in water [9]. This leaves
the four salts sodium chloride (NaCl), potassium chloride
(KCl), sodium carbonate (Na,CO;) and potassium carbon-
ate (K,CO;).

The melting temperature, or temperature range in the
case of salt mixtures, is an essential material property for
processing. It must be suitable for the respective range of
the build material. If the selected salt has a too high melting
temperature, the already printed aluminium layer will melt.
If the melting temperature is too low, already printed support
structures are melted by newly applied aluminium. In our

Table 1 Selected salts for the contact angle measurements

Salt/salt mixture Melting temperature Note

NaCl 801 °C[11] Purity: p.a.*

KCI-NaCl 658 °C[13] Eutectic
mixture, com-
ponents with
purity: p.a.*

NaCl-Na,CO; 634 °C[14] Eutectic

mixture, com-
ponents with
purity: p.a.*

*Pro analysis, purity: > 99.5%
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case, the build material is A1Si12—the eutectic aluminium
silicon alloy. AlSi12 melts in a range of 577 °C to 582 °C
[10]. The processing temperature typically is 700 °C. The
salts were selected to have a melting or liquidus temperature
of approximately 100 °C below and above the processing
temperature. NaCl and KClI fall into this range with melt-
ing temperatures of 801 °C and 770 °C, respectively. The
sodium and potassium carbonates, however, show higher
melting temperatures with 851 °C and 901 °C, respectively
[11]. The melting or liquidus temperature can be lowered if
salts are mixed. A eutectic mixture of NaCl and Na,CO; for
example, has a liquidus temperature of 634 °C (see Fig. 5).
An advantage of using mixtures of salts instead of pure
salts is that the solidification interval, i.e. the range between
solidus and liquidus temperature, can be varied by adjust-
ing the mixing ratio. A eutectic mixture of KCl and NaCl
and a eutectic mixture of NaCl and Na,CO; were chosen as
candidates for the salt support structure. KCI was excluded
in the selection because of the caking tendency in prelimi-
nary experiments due to its hygroscopic behaviour. Table 1
shows an overview of the selected salts for the contact angle
measurements.

3.1.2 Preselection nozzle materials

In order to identify suitable materials for the nozzle, various
ceramics and graphite are tested. The samples for the con-
tact angle measurement are typically specimens made of the
corresponding nozzle material rather than actual nozzles.
Therefore, the nozzle material will, more generally, also be
called the substrate material and the specimen itself the sub-
strate. Table 2 shows an overview of the examined substrate
materials. One of the main difficulties in handling salt melts
in a print head is their typically strong tendency to corrode
other materials. This is observable for many metals [15, 16].
Ceramics are typically more endurant [17] although they are
not completely resistant to corrosion [18]. The melting tem-
peratures of the selected salts also demand high temperature
resistance. The selection of the tested substrate materials
includes five ceramic materials commonly used in industry
as well as graphite.

Table 2 Tested substrate (nozzle) materials

The graphite used is a mineral that is characterised by
high temperature resistance, resistance in highly corro-
sive environments and good machinability. The manufac-
turer’s designation is R7340 (Final Advanced Materials
GmbH, Freiburg, Germany). The graphite is isostatically
pressed and shows a porosity of 15%. Aluminium oxide
is a sintered ceramic that is generally non-porous and has
the chemical formula Al,O;. It can be exposed to tempera-
tures as high as 1650 °C and has a high thermal conductiv-
ity of up to 37W/(mK). The specimens are manufactured
using LithalLox HP350D (Lithoz GmbH, Vienna, Austria),
a ceramic-loaded liquid for Lithography-based Ceramic
Manufacturing (LCM). SHAPAL™ HI M-SOFT (Tokuy-
ama co., Tokyo, Japan) is a machinable aluminium nitride
ceramic. It can be used up to 1900 °C under non-oxidising
atmospheres and has good thermal conductivity proper-
ties. The material is electrically non-conductive as well
as practically non-porous. Silicon nitride, in this case a
hot-pressed compound with the designation SN-HP (FCT
Ingenieurkeramik GmbH, Frankenblick, Germany), is
typically used in foundry technology and chemical appa-
ratus construction. The material shows a thermal con-
ductivity of 22W/(mK). Vitronit® is a machinable mica
glass ceramic from VITRON Spezialwerkstoffe GmbH,
Jena-Maua, Germany. It is practically pore-free, does not
degas during heating and can be used for temperatures
up to 1000 °C. Vitronit® is a compound of SiO,, Al,Oj,
MgO, K,0, Na,O and fluorine. Zirconium oxide is a white
sintered ceramic with the chemical formula ZrO,. It is
used in medical prosthesis construction and oxygen sen-
sors. We use StarCeram® Z-Smile Pure from KYOCERA
Fineceramics Precision GmbH, Selb, Germany.

The surface roughness Rz of the samples was examined
with a Keyence VK X150 laser microscope. For each sam-
ple ten measurements are conducted. The mean (Rz,,.,,),
maximum (Rz,,,,) and minimum (Rz,;,) values aswell as
the standard deviation (Rzy,) are stated in Table 3.

Material Abbr. Trade name, manufacturer

Aluminium oxide AO LithalLox HP350D, Lithoz GmbH, Vienna, Austria

Machinable aluminium nitride ceramic AN SHAPAL™ HI M-SOFT, Tokuyama co., Tokyo, Japan

Isostatic, machinable graphite GR R7340, Final Advanced Materials GmbH, Freiburg, Germany
Mica glass ceramic GC Vitronit®, VITRON Spezialwerkstoffe GmbH, Jena-Maua, Germany
Silicon nitride SN SN-HP, FCT Ingenieurkeramik GmbH, Frankenblick, Germany
Zirconium dioxide y4e) StarCeram® Z-Smile Pure, KYOCERA Fineceramics Precision

GmbH, Selb, Germany
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Table 3 Surface roughness

Rz Rz Rz .. Rz
of the samples for the contact mean “max "~ min T
angle measurements AO 11,1 15,4 8,7 1,7

AN 11,7 132 95 10
GR 11,7 238 91 29
GC 222 334 140 59
SN 15,1 18,6 123 15
Z0 19 103 63 1,1

Rz in pm

3.2 Experimental setup
3.2.1 Test stand for MJT

The test stand, developed for the printing of aluminium, has
been previously described in detail by Himmel et al. [2]
and Rumschoettel et al. [19]. Figure 6 shows a schematic
view of the test stand. The printing chamber is purged with
nitrogen, which is also used for ejecting the droplets. A pres-
sure surge is created by a solenoid valve. The print head sits
on top of the chamber and mainly consists of the ceramic
crucible, heating elements and the nozzle. The test stand is
controlled by a programmable logic controller (PLC) via a
human machine interface (HMI).

The new print head, designed for the printing of salt,
features ceramic heating elements (BACH Resistor Ceram-
ics GmbH, Seefeld, Germany) and a new nozzle material
whose selection is described in this paper. In comparison
to the nozzle for printing aluminium, the nozzle diameter is

solenoid valve

heating element

crucible
salt melt
nozzle

printing platform

PLC |- HMI \J

Fig.6 Schematic view of the MJT test stand for salt melts. The salt
melt is located in the heated crucible. Droplets are ejected onto the
heated printing platform via a pressure surge. The printing platform is
located in a nitrogen purged chamber and can be controlled by a PLC

reduced to 100pm because preliminary experiments showed
leakage for greater diameters. The resulting droplet size
heavily depends on the opening time of the solenoid valve
and is typically in the range of 490um to 780pum for valve
opening times of 2ms to 8ms at a pressure of 2bar. The drop-
lets flatten upon impact, showing a height that is typically
30% of the lateral extension.

A mica sealing is placed between crucible and nozzle
(Final Advanced Materials GmbH, Freiburg, Germany).
Pneumatic impulses force the liquid through the nozzle,
resulting in the formation of droplets.

3.2.2 Contact angle test stand

To determine the wetting, the sessile drop method is used
in this work. Salt is placed on the substrate material and
heated up until fully melted. Figure 7 schematically shows
the basic principle of the method. In the centre of the test
stand is a copper rod that transfers heat from the heat-
ing elements to the specimens. The heating elements are
ceramic fibre heaters (Watlow Electric Manufacturing Co.,
St. Louis, United States) and are controlled using a Wat-
low EZ-Zone® PM6 PID controller. Inside the top of the
copper rod is a thermocouple for closed loop temperature
control. The copper rod is enclosed by borosilicate glass
that enables optical inspection of the specimens. The test
chamber is purged with nitrogen to prevent oxidation of
the copper rod, to ensure consistent experimental con-
ditions and to create a low-oxygen environment such as
in the later application. Images of the droplets are cap-
tured by a digital camera (Lul70M, Teledyne Lumenera,
Ottawa, Canada). A monochrome 1.3 megapixel image
sensor is used in combination with a M118FM16 lens

thermocouple salt droplet camera

\\ substrate
™~ heating element
\ glass pane
N copper rod

Fig.7 Schematic view of the test stand used for determining contact
angles. The sample (salt droplet on substrate) is located on top of a
heated copper rod. The surrounding chamber is purged with nitrogen.
A camera outside of the chamber is observing the sample through a
glass pane
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(TAMRON Co.,Ltd., Saitama, Japan). For image analy-
sis, the software ImageSP (TRS, Diinzelbach, Germany)
is used. An external illumination of the sample as used in
previous experiments [20] can be omitted, since the opera-
tion temperatures lead to radiation in the visible spectrum.
Limitations of the sessile drop method are that the meas-
urement is, amongst others, influenced by substrate surface
inhomogeneity and gravity [7].

3.3 Experimental procedure for determining
the contact angle

For determining the contact angle of a surface-salt pair,
the specimen (salt on substrate) is first placed on the cop-
per rod. Next, the chamber is purged with Nitrogen 5.0
(Linde plc, Dublin, Ireland) at a flow rate of 2.51/min for
five minutes. Afterwards, the heater is turned on and heats
the specimen up to the salt-specific melting temperature
while the nitrogen purging is maintained. Once the salt
begins to melt, this temperature is maintained. When the
specimen is completely melted, the heating is turned off.
An image with the salt completely molten is used to deter-
mine the contact angle. Nitrogen purging is stopped after
the temperature of the copper rod falls below 100 °C. The
contact angles are determined manually by aligning a tan-
gent in the three-phase point. The angle is determined on
both sides of the droplet which leads to two possibly dif-
ferent results per measurement.

Due to a hypothesised dependence of the contact angle
0 of both the salt and the substrate material, a full facto-
rial design is chosen over a fractional factorial design.
Because of the high experimental effort, only one salt-
substrate combination (NaCl on AN) is measured three
times to determine a representative statistical range of the
measurements. The measurements of all other combina-
tions are executed once.

Table 4 Results of the contact angle measurements

NaCl KCI-NaCl NaCl-Na,CO,
AO 5/6 10/10 <5
AN 63% 43/57 17/19
GR 19724 75/87 13/15
GC <5 <5 17/17
SN <5 23/26 11/12
70 <5 <5 <5

Contact angle 6 in °

*Rounded mean value of three individual measurements, thus six
contact angles. Individual values: 60/62, 54/60, 70/73. Statistical
range R =19°
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4 Results and discussion
4.1 Contact angle measurements

Table 4 shows the experimental results of the contact angle
measurements. The examined droplets’ volumes are in the
range of 25pl to 63pl

The left and right contact angle are separated by a slash
(B)e5/ Origny) and do not necessarily need to match, e.g. due to
surface inhomogeneity. Many salt-substrate pairs show very
good wetting with barely observable contact angles 8 < 5°.
This applies for all ZO combinations. AO and GC also show
very good wetting with all salts, the combination of GC and
NaCl-Na,CO; being the only exception at@ = 17°/17°. The
wetting characteristic of the remaining substrates heavily
depends on the applied salt. In SN for example, very good
wetting is only observed in combination with NaCl. The
combinations of SN with KCI-NaCl and NaCl-Na, CO; only
show good wetting at 0 = 23° /26°and 0 = 11° /12°, respec-
tively. Higher contact angles are observable on AN with
KCI-NaCl (f = 43°/57°) and NaCl-Na,CO5 (8 = 17°/19°).
The contact angle of the combination AN with NaCl was
measured three times. The individual results are 60°/62°,
54°/60° and 70°/73°. The mean contact angle is 0 ~ 63° and
the statistical range is R = 19°. The highest contact angle in
all samples and poor wetting was observed for KCl1-NaCl
on GR (6 = 75°/87°). In Fig. 8 four representative images
of the contact angle measurements are shown. Molten
KCI-NaCl on different substrates are displayed. ZO is very
well wetted with the salt melt (a). Good wetting is observ-
able on SN (b) and AN (c). Poor wetting can be determined
on GR (d).

We suspect that the contact angles do change over time
in our setup after initial melting of the sample, even at
constant copper rod temperature and nitrogen flow rate so
two extended measurements were performed. A change in

(a) (b)
| — | —

KCI-NaCl on ZO KCI-NaCl on SN
0:<5° 0: 23°/26°
(c) (d)
[ ! [
-
KCI-NaCl on AN KCI-NaCl on GR
0:43°/57° 0: 75°/187°

Fig.8 Results of the contact angle measurements KCI-NaCl on ZO,
SN, AN and GR. The highest contact angle in all samples and poor
wetting was observed for KC1-NaCl on GR (0 = 75/87°)
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contact angle can, for example, occur by chemical reaction
of salt and substrate material or salt mass reduction due
to evaporation [7]. An evaporation of the sample leads to
liquid volume reduction, thus evoking a drawback of the
three-phase point leading to a receding contact angle 6,.
Furthermore, the substrate and/or salt temperature might
also increase due to a maintained heat flux from the copper
rod. A constant copper rod temperature does not necessarily
imply a constant substrate temperature. A long term meas-
urement of NaCl on AN showed varying contact angles over
time, ranging from about 70° just after the salt is completely
melted to 20° after 20min at quasi constant temperature of
the copper rod and nitrogen flow rate. After 37min a distinct
droplet can no longer be observed (Fig. 9). For KCI-NaCl
on GR, a long term measurement was performed, too. A
decline in contact angle from approximately 85° to 20° was
observable 40min after the salt was completely melted. The
droplet is no longer observable after an additional 14min.

It is apparent that the contact angle depends on both the
salt and the substrate. KCI-NaCl, for example, shows very
good wetting on GC but poor wetting on GR. GC is wetted
by NaCl and KC1-NaCl with § < 5° and by NaCl-Na,CO;
with 0 = 17°.

4.2 Trial in MJT test stand

Nozzles were manufactured out of selected substrate materi-
als and tested in the MJT test stand. Table 5 gives an over-
view of the tested combinations. The two combinations with
the highest contact angles (KCI-NaCl on GR and NaCl on
AN) and two combinations with the lowest observed contact
angles (KCl-NaCl on ZO and NaCl-Na,CO; on ZO) were
selected for the experiments. Further, two combinations with
contact angles in-between the extreme values (NaCl-Na,CO;
on AN and NaCl-Na,CO; on SN) were examined.

For the combination GR and KCI-NacCl, it is possible to
eject salt droplets and print simple geometries. Figure 10
shows printed salt parts. Presumably due to the high den-
sity change at solidification, part warpage is observable.
The other tested salt-substrate combinations did not lead

(a) (b)
——]
(c) (d)

1 [

Fig.9 Long term contact angle measurement of the combination
NaCl on AN. The salt sample is shown before melting (a), after it is
completely melted (b) and 10min (¢) and 30min (d) at quasi constant
temperature copper rod temperature and nitrogen flow rate

Table 5 Tested salt-substrate combinations in the MIT test stand

NaCl KCI-NaCl NaCl-Na,CO,
AO
AN X X
GR X
GC
SN X
70 X X

to a reliable printing process. The underside of the nozzle
is wetted with salt. Nozzles made of AN allowed for short
term printing (<20 min). The results of the long term con-
tact angle measurements suggest that the GR nozzles will
also wet after an extended period of time which hinders the
further ejection of droplets.

As test geometries we chose the logo of the Technical
University of Munich (TUM) as well as a ring-shaped geom-
etry. The printed parts proof the possibility of processing
molten salt via MJT. In a future step, the salt parts have to
printed on with the build material (e.g. aluminium) in order
to function as a support structure. Eventually, the printing of
salt parts shall enable the production of more complex parts,
such as the one depicted in Fig. 2.

4.3 Limitation of the contact angle measurements

The determination of contact angles of molten salt remains a
challenging task. Multiple effects influence the measurement
of contact angles [7]. The described test stand allows quali-
tative statements about the wettability. The quantification of

(@) | (b)

(c) (d)

Fig. 10 Material jetted salt parts. A printed logo of the Technical
University Munich is shown (a). The logo has a height of approxi-
mately 12mm. Further, a printed salt ring is shown (b). The two salt
parts are also depicted from a different perspective in (¢) and (d) to
show the considerable warpage
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contact angles is limited due to a relatively high statistical
range of the results. For more precise measurements, a more
direct determination of the droplet temperature is desirable.
Further, taking the history of the samples into account seems
to be very important, since changing contact angles over
exposure time were observed.

5 Conclusion

The goal of this work was to find a suitable salt and noz-
zle material for printing water soluble support structures for
a metal MJT process. Since the wetting characteristics are
crucial in the printing process, a sessile drop test stand was
built to investigate the contact angles of salt melts on vari-
ous substrate materials. The contact angles of molten salt
on ceramic surfaces are typically low. Of the investigated
samples, only KCI-NaCl in combination with GR showed
poor wetting which is important for the printing process. It
appears that the wetting properties depend on the combina-
tion of both salt and substrate. Nozzles were manufactured
out of selected substrate materials and tested in the MJT test
stand. For the combination GR and KCI-NaCl it is possible
to eject salt droplets and print simple geometries.

The shown possibility of printing salt in a MJT process
enables the production of water soluble support structures
that can be used to extend the possible part complexity in
metal MJT at low effort of rework.
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