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Abstract

Technical parts are typically subject to various requirements that may conflict with each
other. Multi-material parts can be a way to overcome such conflicting goals. Liquid Metal Jetting
(LMJ) can be a promising additive manufacturing process for the production of multi-material
copper parts with high geometric complexity. Since LMJ builds up a part droplet by droplet, there
are no mixed powders after printing. In addition, LMJ offers the possibility of changing materials
from droplet to droplet. In previous studies, we have shown that it is possible to produce copper
alloy parts using LMJ. In this work, we produced multi-material copper specimens at different
process parameters to investigate the manufacturing of multi-material copper parts. The
investigations show that the quality of the compound and the microstructure depend significantly
on the thermal process parameters used.
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Introduction

Materials often differ considerably in their properties, e.g., in terms of mechanical strength,
density, corrosion behavior, or thermal and electrical conductivity. As a result, there is often a
conflict of interest when selecting a material for a part. Combining different materials with different
properties in a multi-material part can be a possibility to solve such conflicts of interest.
Conventional manufacturing processes often require several steps to produce such multi-material
parts [1] and are limited in design freedom. Additive manufacturing (AM) processes offer the
potential to produce highly complex parts with locally adapted properties without the
disadvantages of conventional processes [2]. The material can be adjusted by the local adaptation
of properties such as mechanical strength, biocompatibility, or part color [3]. In recent years, many
studies have investigated the production of multi-material parts using various AM processes. One
AM process for producing multi-material parts is material jetting (MJT). In MJT, droplets of the
build material are created using a print head and deposited on a build platform [4]. On the build
platform, the droplets solidify, e.g., by cooling or by exposure to light. A part can be built up layer
by layer by joining the droplets. Since it is possible to use several print heads, which can be filled
with different build materials, MJT offers considerable potential for producing multi-material parts
[5]. Multi-material MJT is already used to produce polymer parts [4]. By processing a soft and hard
polymer, Tee et al. produced a part with improved mechanical properties using MJT [6]. Another
application of multi-material MJT is shown by Inoue et al., who produced a multi-colored bone
model [7]. By alternating the build material’s colors, a bone model could be created that can be
used as an anatomy illustration model. Previous studies on producing parts from one or more
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materials using MJT have been limited primarily to non-metallic materials. In recent years, the
production of metallic parts using MJT has also become the focus of research and industry. In MJT
with metallic materials, so-called Liquid Metal Jetting (LMJ), the build material is melted in a print
head and ejected droplet by droplet through a nozzle. A wire can be used as raw material. The
ejected droplets are deposited on a build platform, where they solidify. Depending on the metallic
material used, significantly higher processing temperatures are needed in the LMJ process
compared to MJT with polymers.

Different metallic materials can be processed via LMJ. A detailed overview of the materials
investigated to date was provided by Ansell [8]. Initial investigations were carried out with low-
melting materials based on tin and aluminum. Orme and Smith produced and characterized the first
aluminum parts via LMJ [9]. The heat transfer during the printing of vertical columns of aluminum
was investigated by Fang et al., both analytically and based on practical tests. Column-shaped
aluminum test specimens were produced at different process temperatures. It was found that the
temperature of the uppermost droplet of the column must be slightly below the melting point of the
build material to obtain good bonding of the newly impinging droplet. Exceeding the melting
temperature in the contact area led to the destruction of the already-printed column [10]. Chao et
al. produced four rectangular aluminum test specimens at different thermal process parameters.
Here, too-high temperatures in the contact area of the newly impinging droplets also led to the loss
of the already printed geometry. On the other hand, low temperatures increased pores in the part
[11]. Further investigations on the influence of thermal process parameters on the printing result
during the processing of aluminum materials were carried out by Zuo et al. [12] and Himmel et al.
[13]. In particular, the parameters' influence on the mechanical properties were investigated.

In addition to aluminum as a build material, the processing of copper and copper alloys
using LMJ has also been investigated. Zhong et al. studied the process of generating copper
droplets with a pneumatically actuated generator. After identifying suitable parameters for stable
droplet generation, several copper droplets could be deposited on each other, and a columnar part
could be produced [14]. In further work by Zhong et al., the pneumatic pressure signal arriving in
the crucible was measured and subsequently used as an input variable for simulating the droplet
generation [15]. Ploetz et al. produced test specimens from a copper-tin bronze using LMJ at
different droplet and build platform temperatures and carried out a mechanical characterization of
the parts. Specimens printed at a build platform temperature close to the solidus temperature of the
material showed the highest values for tensile strength and uniform elongation within the scope of
the investigations [16].

To the authors' knowledge, processing more than one material in the LMJ process to
produce multi-material parts has not yet been investigated. This paper will examine the production
of multi-material parts using two copper materials. Pure copper has high thermal and electrical
conductivity and is often used for electrical components or cooling devices [17]. Adding tin reduces
thermal and electrical conductivity but improves the material's hardness, mechanical strength, and
corrosion resistance. By combining the two materials in one part, both advantages of the materials
can be used specifically at the location of the required load.

It is known from numerous preliminary studies that the quality of the droplet bonding and,

thus, the quality of the parts is significantly influenced by the thermal conditions during the droplet
deposition. Consequently, the thermal process variables, essentially the build platform temperature,

1167



must be adapted to the material to be processed. These are often slightly below the solidus
temperatures of the materials. However, when processing more than one material within one
printing process, there are limitations in adjusting the build platform temperature. The lower
melting material limits the maximum build platform temperature, as excessively high substrate
temperatures can lead to renewed melting of the already deposited material and, thus, to the
destruction of the structure of the parts. Especially with material combinations where the individual
materials have very different solidus temperatures, possible problems may be expected. In the
context of this work, this problem is to be investigated based on multi-material parts consisting of
two copper-tin bronzes with different tin contents and, thus, different solidus temperatures. The
investigation is carried out using rectangular test specimens. The copper-tin bronzes CuSnl and
CuSn8 are used as build materials.

At the beginning of the paper, the LMJ test stand used for the fabrication of the test
specimens and the build materials used are presented. This is followed by the presentation of the
specimen geometry and the description of the experimental procedure. Finally, the results are
shown using micrographs of the produced multi-material parts.

Material and Methods

Test stand for LMJ

The samples for this work are fabricated on a LMJ test stand with a high-temperature print
head and a heated build platform. Figure 1 shows the LMJ test stand used.

Print head Pneumatic board

Build platform Process chamber

Figure 1: MIJT test stand for processing aluminum, copper, and salt as support structures.

In the center of the test stand is the process chamber in which the part is built. Various high-
temperature print heads can be mounted on the process chamber to generate droplets. The system
can process aluminum materials, salts as a support structure, and copper materials. All print heads
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generate the droplets using a pneumatic pressure surge. During the printing process and the cooling
phase of the printed part, the process chamber can be purged with nitrogen. The flooding of the
process chamber reduces the oxidation of processed material.

Below the static print head is the heated build platform. This platform can be moved within the
process chamber. The droplets produced by the print head are deposited on a substrate plate
attached to the top of the build platform. The substrate plate, including the manufactured part, can
be detached from the build platform after printing. Substrate plates made of different materials can
be used. The substrate plate can be heated to a temperature of 1020 °C via a heating element
installed in the build platform. The build platform can be moved in the x-y direction during printing
to produce a layer of the part. After creating a layer, the build platform can be lowered in the z-
direction.

A single print head is used to produce test specimens, where a material change only occurs
from one layer to the next. This single print head has only one crucible and nozzle for generating
droplets. Figure 2 shows schematically the components of the high-temperature print head.

Pressure connetion

/ Top plate with cooling channels
/ Isolation

Housing

— Heating element
/ Crucible

Nozzle

| — Isolation

_ | — Adapter

Figure 2: Schematic illustration of the components of the high-temperature print head.

In the center of the print head is a graphite crucible used to melt and store the build material.
Two side-mounted heating elements heat the crucible via radiation. This allows the crucible to be
heated in a controlled manner up to a maximum temperature of 1200 °C. The area around the
graphite crucible is flooded with nitrogen to prevent the crucible from burning off. A nozzle made
of graphite is attached to the underside of the tubular crucible. In the center of the nozzle is a
500 pm diameter orifice. At the top of the crucible, the wire-shaped build material can be fed into
the crucible. The wire is melted in the crucible, and a defined amount of melt is stored. Adding
wire during the printing process keeps the height of the melt level constant. In the initial state, no
melt flows out of the nozzle orifice due to the surface tension. A pneumatic pressure surge is
applied to the melt from above to create droplets. As with the flooding of the process chamber and
the print head in the crucible area, nitrogen is used as the process gas for droplet generation. The
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level of the applied pressure pulse and the time for which the pressure pulse acts on the melt are
controlled by a programmable logic controller (PLC). The PLC also controls the temperatures of
the build platform and the crucible, the process chamber's flooding, and the build platform
movement. The temperature of the crucible is recorded via thermocouples. An oxygen sensor is
installed in the process chamber to detect the oxygen content.

Build material

In this work, multi-material parts consisting of CuSn1 and CuSn8 are investigated. The raw
materials for producing the multi-material parts are copper-tin bronze CuSn8 and copper Cu-ETP
(Wieland-Werke AG, Ulm, Germany). The copper-tin bronze CuSnS8 is in the form of a wire with
a diameter of 2 mm. This copper-tin-bronze has a liquidus temperature of 1040 °C and a solidus
temperature of 860 °C. The diameter of the Cu-ETP wire is 1.2 mm. The material has a melting
point of 1083 °C. To prepare the material CuSnl, the wires of CuSn8 and Cu-ETP are
proportionally melted and mixed in the crucible of the print head. The chemical composition of the
used build materials CuSn8 and CuSn1 are listed in Table 1 and Table 2. The three elements with
the highest concentration determined are listed in each case. Using a printed test specimen, the
material composition is determined by spark spectrometry (FOUNDRY-MASTER, Worldwide
Analytical Systems GmbH, Kleve, Germany).

Table 1: Composition of a CuSn8 sample produced via LMJ, determined by optical emission
spectroscopy. All values in %.

Element Concentration in measurement 1 Concentration in measurement 2
Cu 92.6 92.9

Sn 6.83 6.97

P 0.112 0.039

Table 2: Composition of a CuSn1 sample produced via LMJ, determined by optical emission
spectroscopy. All values in %.

Element Concentration in measurement 1 Concentration in measurement 2
Cu 99.2 99.2

Sn 0.74 0.71

P 0.0015 <0.0010

Geometry and printing strategy

Rectangular test specimens were produced to investigate the LMJ of multi-material copper
parts. These consist of eight layers on top of each other, whereby a material change only takes
place in the z-direction. First, four layers of material 1 are produced. Then, four more layers of
material 2 are printed. One layer consists of four parallel lines. Each line consists of 15 droplets.
The distance between the droplets of a line is 0.8 mm. The distance between the individual lines is
0.75 mm. Figure 3 shows the test geometry schematically.
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Figure 3: Schematic illustration of the printing strategy.

Experimental procedure

Figure 4 shows the procedure for manufacturing and evaluating the test specimens.
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Figure 4: Experimental procedure.
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The flow diagram shows the manufacturing and evaluation process of the rectangular test
specimens with one-dimensional material change in the z-direction. These test specimens are
produced with a single print head. Since this print head contains only one crucible in which the raw
material is melted and stored, the rectangular test specimens are produced in two steps. In the first
step, the crucible is filled with material 1, and the bottom layers of the test specimen are printed.
The temperature of the build platform is adapted to the material to be processed to create these
layers. For the manufacturing of CuSn8, the build platform temperature is Tplatform = 850 © for CuS|1
Tplatform = 980 °C. Afterward, material 1, still in the crucible, is ejected outside the specimen to be
printed, and the crucible is emptied. The empty crucible is then filled with material 2, and the
remaining layers of the test specimen are produced with material 2. The top layers are printed once
at a build platform temperature of Zplatform = 850 °C and once at a build platform temperature of
Tplatform = 980 °C. By combining two different material combinations for CuSnl or CuSnS8 as top
layers and the two build platform temperatures investigated, four configurations will be
investigated. Three specimens are printed for each configuration. For each configuration, one
characteristic specimen is selected to be represented in this paper.

After the printing process, the rectangular specimen is prepared for metallography. The
specimens are first embedded in epoxy resin (Kulzer GmbH, Hanau, Germany). Then, the
specimens are ground and polished. The polished surface is etched and then examined using
reflected light microscopy. An AxioCam MRc5 camera system, which is part of the reflected-light
microscope (Axioplan 2, Carl Zeiss Microlmaging GmbH, Goettingen, Germany), is used to
analyze the material microstructure based on micrographs.

Table 3 shows the process parameters used to produce the test specimens. The droplet
temperature for both materials is chosen to be Taroplet, cusnl = Tdroplet, cusns = 1130 °C to avoid any
influence of the droplet temperatures on the print result. The print head has a nozzle with an orifice
of 500 um. This setup produces droplets of CuSn1 and CuSn8 with an average diameter of 0.9 mm.
Individual droplets can have a deviation of up to 10% from the average droplet diameter. The
frequency to eject droplets is 50 Hz. The residual oxygen content is measured with an oxygen
sensor installed in the process chamber. The content is < 50 ppm during part manufacturing and
the cooling process. The temperature of the build platform is examined at two levels. A temperature
of Tplatform = 850 °C 1s used as the suitable temperature for processing CuSn8. The temperature
assumed to be suitable for processing CuSnl is chosen to be Tpiatform = 980 °C.

Table 3: Process Parameters used.

Parameter Symbol Values
Temperature droplet CuSn1 Tdroplet, Cusnl 1130 °C
Temperature droplet CuSn8 Tdroplet, CuSn8 1130 °C
Temperature platform Thlatform 850 °C /980 °C
Droplet diameter CuSn|1 ddroplet, Cusn1 0.9 mm
Droplet diameter CuSn$ ddroplet, Cusns 0.9 mm
Deposition rate Jdeposition 50 Hz

Oxygen in process chamber Coxygen <50 ppm
Speed of the build platform Vplatform 40 mm

during droplet deposition S
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Results and Discussion

Figure 5 shows the etched micrographs of the four produced test specimens. In the top row,
figures 5(a) and 5(b) show the micrographs of the test specimens for which four layers of CuSn8
were produced first and then four layers of CuSnl. The bottom row shows in figures 5(c) and 5(d)
the micrographs of the parts where CuSn8 was printed on CuSnl. Below each micrograph, the
respective temperatures of the build platform during the production of the bottom and top layers
are shown. The top layers in figure 5(a) and 5(c) were produced at a build platform temperature
of Tplatform = 850 °C. In figure 5(b) and 5(d), the build platform temperature for the production of
the top layers is Tplatform = 980 °C. The bottom layers were each produced at suitable temperatures.
For CuSn8, the suitable temperature was set at Tpuattorm = 850 °C and for CuSnl,
at Tplatform = 980 °C.

(b)

CuSnl

CuSn8

top layers: Tjjypom = 850 °C
=850°C

top layers: T}y 5m = 980 °C

bottom layers: Tigom bottom layers: Ty gom = 850 °C

CuSn8

CuSnl
top layers: Tjjaom = 850 °C — top layers: Tjjyorm = 980 °C
bottom layers: 7}, = 980 °C 1 mm bottom layers: 7}, = 980 °C

Figure 5: Micrographs of the multi-material parts of CuSnl and CuSn8 produced at different
platform temperatures.

The micrographs in Figures 5(a) and 5(b), where CuSnl was printed on CuSn8, show
different microstructure and pore amounts for the different temperatures used to print the top layers.
In Figure 5(b), the CuSn1 layers have fewer pores than the CuSnl layers of the part in Figure 5(a).
The reason for this is the better droplet bonding due to the higher temperatures of the build platform
during droplet deposition. In addition, larger grains tend to be observed in the microstructure of the
CuSnl material of the part in Figure 5(b).

A difference in the microstructure of the bottom layers of CuSn8 can also be seen when
comparing the micrographs shown in Figure 5(a) and 5(b). The bottom layers in Figure 5(b) show
the segregation of the CuSn8 material. No segregation can be detected in the bottom layers of the
part produced at a platform temperature of Tplatform = 850 °C shown in Figure 5(a).
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The micrographs in figures 5(c) and 5(d), where CuSn8 was printed on CuSn1, also differ
significantly depending on the temperatures used to produce the top layers. The top layers out of
CuSn8 again show segregation of the material in the part shown in Figure 5(d), which has a
platform temperature of Tplatform = 980 °C during the production of the top layers. In addition, the
shape of the individual droplets is no longer recognizable. The part geometry shows a deviation
from the intended rectangular shape. The rectangular shape is still preserved in the part shown in
Figure 5(c), where the top layers were produced at a temperature of Tplatform = 850 °C. However,
this part has more pores in the top layers. The bottom layers of CuSn1 have a similar microstructure
for both temperatures used to produce the top layers. The part shown in Figure 5(d) produced at
the higher temperature of Tplatform = 980 °C shows a slight enlargement of the grains due to the
higher platform temperature during the printing of the top layers.

The micrographs show that the droplets of the top layers fuse better together at the higher
platform temperature Tplatform = 980 °C examined. If CuSnl is printed on CuSn8, this causes a
reduction in the porosity present in the part and thus tends to improve the part quality compared to
the build platform temperature of Tplattorm = 850 °C. If the top layers are made of CuSn8 and a build
platform temperature of Tpatform = 980 °C is used to produce the top layers, this leads to an
unwanted partial loss of the part geometry. The reason for this is the re-melting of the already
deposited CuSn8 drops. In addition, a segregation of the CuSn8 material can be observed at the
higher build platform temperature used to produce the top layers.

Conclusion

In this paper, we demonstrated the manufacturability of multi-material parts made of copper
alloys via LMJ. Using rectangular test specimens with a material change in the z-direction, the
influence of the selected build platform temperature on the properties of the material structure, the
porosity, and the part geometry was investigated. At the high temperature investigated during the
production of the top layers, the droplets fuse better. If CuSn1 is used as the material for the top
layers, the part quality improves. With CuSn8 as the material for the top layers, the part geometry
is partially lost. These observations show the challenges in the production of metallic multi-
material parts. Different substrate temperatures are required to produce a high-quality part
depending on the build material. However, the material with the lower solidus temperature limits
the temperature of the build platform. When processing the material with a higher solidus
temperature, porosity can occur due to the low substrate temperature.

To solve this problem, future work will investigate ways to locally increase the substrate
temperature to realize good droplet bonding even at low build platform temperatures. Possible
approaches could be to adjust the droplet size, the printing frequency, and the printing pattern. In
addition, a characterization of the interface between the two materials will be performed.
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