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Executive Summary

Additive manufacturing methods have become an integral part of 21st century production tech-
nology. A majority of the most recent developments focused on the industrial production of
metal parts by additive methods. Even though laser and powder based methods such as selective
laser melting are already capable of fabricating high quality parts in an industrial environment,
their application in volume production is limited by the elevated cost of raw material and low
build rates. The common way to increase build rates of those machines is by adding more
laser sources to a single machine, but as laser sources and laser optics are costly parts, this also
increases the machine cost significantly.

Material jetting processes are additive manufacturing methods that directly print build material
on an empty platform. Their advantage in terms of cost and speed is that individual printing
nozzles are comparably cheap and therefore build rates can be multiplied, by using print heads
with a high number of nozzles, without dramatically increasing machine cost. Today, those
methods are only commercialised for polymers, while the developments for metals are just
starting.

This thesis contributes to the fundamental understanding of material jetting of aluminium by
analysing the correlations between thermal conditions, alloy composition and macroscopic part
properties as well as microstructure formation. A prototypic printing machine, capable of
printing small test parts, was developed and installed. Samples fabricated under a variation of
process parameters and alloy compositions were analysed to determine microstructure, relative
density and mechanical properties. Additionally, a novel method to simulate the temperature
field developing throughout the printing process, was implemented and used to give insight
into local thermal conditions during build-up. Furthermore, an industrial printing process with
higher deposition rates was virtually modelled to predict the effects of a wider range of process
parameters on local conditions.

Results show that material jetting of aluminium is able to produce parts with a density over
99% and mechanical properties superior or comparable to cast parts of the same alloys. Droplet
spreading and inter droplet bonding depend on the alloy composition and consequently on
the microstructure development during solidification. The behaviour of different alloys varies
significantly and cannot be described by models currently used, which assume that remelting
of previously printed droplets is necessary for the formation of metallic bonds. In any case
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the part’s temperature needs to be close to the alloy’s solidus temperature during the printing
process to obtain the desired part properties. However, temperatures must not get too high, since
then an undesired large volume melts during droplet deposition and the geometric shape is lost.
Therefore, it is a challenging task to control the process, according to the printed geometry, in a
way that local temperatures stay inside the process window. The present work contributes to the
fundamental knowledge needed to design an industrial material jetting process of aluminium
that meets the requirements to produce high quality metal parts.



Kurzbeschreibung

Additive Fertigungsverfahren sind ein fester Bestandteil der Produktionstechnik des 21ten Jahr-
hunderts geworden. Die Entwicklungen der letzten Jahre in diesem Bereich fokussieren sich auf
die additive Fertigung vonMetallbauteilen. Dabei sind die Laser und Pulver basiertenMethoden,
wie das Selective Laser Melting am weitesten verbreitet und auch bereits am weitesten hinsicht-
lich einer Industrialisierung entwickelt. Auch wenn mit diesen Verfahren bereits hochqualitative
Bauteile in einer industriellen Umgebung gefertigt werden können, ist ihre Anwendung für
größere Stückzahlen limitiert durch die hohen Kosten des Ausgangsmaterials und die geringen
Baugeschwindigkeiten der Maschinen. Um eine höhere Baugeschwindigkeit zu erreichen, wer-
den derzeit Anlagen mit mehreren Laserquellen angeboten. Da die Laserquellen kostenintensive
Bauteile sind, steigtmit zunehmenderAnzahl derMaschinenpreis ebenfalls deutlich an. Bei einer
anderen Art der additiven Fertigungsprozesse, wird das Baumaterial direkt von einem Druck-
kopf auf eine Bauplattform gedruckt. Diese Verfahren nennen sich Material Jetting Prozesse
und ihre Vorteile hinsichtlich Kosten und Baugeschwindigkeit sind, dass einzelne Druckdüsen
vergleichsweise günstig sind und daher Druckköpfe mit einer Vielzahl an Düsen gefertigt wer-
den können. Damit lassen sich hohe Aufbauraten erzielen, ohne eine deutliche Steigerung im
Maschinenpreis. Diese Verfahren wurden bereits für Polymere kommerzialisiert, während die
Entwicklungen für das Material Jetting von Metallen noch in ihren Anfängen sind.

Diese Arbeit trägt zum grundlegenden Verständnis des Material Jetting von Aluminiumlegie-
rungen bei, indem sie die Auswirkungen der lokalen thermischen Bedingungen und der Legie-
rungszusammensetzung auf die makroskopischen und mikroskopischen Bauteileigenschaften
systematisch analysiert. Dazu wurde eine Prototypenanlage entwickelt, die in der Lage ist kleine
Versuchsbauteile zu drucken. Unter variierten Prozessbedingungen und Legierungszusammen-
setzungen konnten Proben gefertigt werden, welche anschließend hinsichtlich ihrer Mikrostruk-
tur, ihrer relativen Dichte und ihrer mechanischen Eigenschaften untersucht wurden. Zusätzlich
präsentiert diese Arbeit eine neue Methode, um die lokalen thermischen Bedingungen während
desAufbaus vonBauteilen imMaterial JettingProzess zu simulieren.Diese Simulationsmethode
wurde verwendet, um die Bedingungen während der durchgeführten Experimente zu berechnen.
Weiterhin ermöglicht die Simulationsmethode dieModellierung und Analyse eines industriellen
Material Jetting Prozesses mit höheren Druckfrequenzen und geringeren Tropfendurchmessern
im Vergleich zur Prototypenanlage.
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Die Ergebnisse zeigen, dass dieses Fertigungsverfahren den Aufbau von Bauteilen aus Alumi-
niumlegierungen mit einer relativen Dichte von über 99% und mit mechanischen Festigkeiten
oberhalb der gegossenen Referenz ermöglicht. Das Fließen des Tropfens beim Aufprall und die
Anbindung an benachbartes Material sind stark von der Legierungszusammensetzung und der
Mikrostruktur abhängig, welche sich während der raschen Erstarrung bildet. Das Verhalten un-
terschiedlicher Legierung variiert mitunter deutlich und kann nicht durch bereits veröffentlichte
Modelle erklärt werden. Diese Modelle nehmen an, dass es erforderlich ist das benachbarte
Material durch die Überhitzung des Tropfens aufzuschmelzen, um eine metallische Bindung
zu bilden. Diese Annahme konnte nicht bestätigt werden. Für die meisten Legierungen ist es
notwendig das Bauteil während des Druckprozesses lokal auf eine Temperatur nahe der Solidu-
stemperatur zu bringen, um eine metallische Bindung zum aufgebrachten Tropfen zu ermögli-
chen. Wählt man die Temperatur zu hoch, so schmilzt zu viel Material auf und die erwünschte
Geometrie des Teils geht verloren. Daher ist es eine Herausforderung den Prozess so zu steuern,
dass die Temperatur beim Aufbau beliebiger Geometrien jederzeit im erforderlichen Prozess-
fenster bleibt. Die Ergebnisse dieser Arbeit tragen zum erforderlichen Verständnis bei, um einen
solchen industriellenMaterial Jetting Prozess für Aluminiumlegierungen zu entwerfen, welcher
hochqualitative Bauteile mit beliebigen Geometrien aufbauen kann.
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1 Introduction

Additive manufacturing (AM) is one of the most important developments for the production
industry in the last 25 years. This technology, which has become popular in the mainstream
press as 3D Printing, is defined as a process of joining materials to make objects from 3Dmodel
data, as opposed to subtractive manufacturing methods such as milling. AM processes are
usually performed layer upon layer and can be divided into several distinctly different processes.
Fabricating parts in a layer-by-layer fashion is possible by extruding, jetting, photo-curing,
laminating or fusing materials. The latest edition of the Wohler’s Report (2018), which is
also referred to as the bible of 3D printing, focuses on metal additive manufacturing as the
currently fastest growing branch of AM industry. According to it, AM system sales increased
by almost 80% in 2017 with an estimated 1768 machines sold compared to 983 in 2016. Five
years earlier in 2012, only 200 machines were sold throughout the year. By far the greatest
share of those systems are machines for a powder bed fusion process. In this process, metal
powder is selectively fused in the powder bed by a focused laser or electron beam. Even though
this technology has rapidly developed into the metal AM process with the highest flexibility,
distribution and technological readiness on the market, its further application in higher volume
production is limited by the elevated cost for both, machines and raw material (Ngo et al.,
2018). Machine prices are driven by expensive beam sources, beam scanners and the costly
metal powder of high quality. Build rates of the machines are low compared to conventional
manufacturing processes and the currently chosen way of machine designers to increase build
rates, is integrating multiple beam sources. As mentioned before, that also increases machine
prices significantly.

Another AM process for metals with a potentially higher build rate and moderate machine
prices is the binder jetting process that selectively applies binder from multiple printing nozzles
on a metal powder bed to create organically bound green parts. These have to be sintered or
infiltrated in a second process step to create a fully metallic part. Apart from the disadvantage
of a complex and design limiting multi-step process, this technology still uses metal powders
as raw material. An AM process that completely avoids the use of metal powders and beam
sources is thematerial jetting process, where buildmaterial is directly deposited through printing
nozzles on the build platform. While material jetting processes for polymers have already been
successfully commercialised, the development of the metal process and its commercialisation
are just starting.
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This thesis focuses on the analysis of droplet-droplet bonding in material jetting processes of
aluminium alloys and how a process should be controlled to obtain sound metal parts. This is
especially challenging in the case of material jetting, as all quality features of the part – i.e.
mechanical strength, porosity, surface quality and geometrical accuracy – are defined during
droplet deposition. The most important physical quantity that controls droplet spreading and
bonding to adjacent material is the temperature of the droplet itself and even more important that
of the adjacent material. The latter is a result of the printed geometry and process parameters, i.e.
droplet size, printing frequency and build platform temperature. Therefore, one has to carefully
control process parameters according to the printed geometry in order to obtain a sound part with
uniform properties. Currently, in published literature, there is scarce information on how printed
part quality develops for different aluminium alloys under certain thermal conditions and even
less information is available on how to efficiently simulate a material jetting process with metals
to predict local temperature evolution. Both are essential to design an industrial manufacturing
process, which yields high quality metal parts. This work contributes to this knowledge by
presenting a novel simulation method for the process of interest and by systematically analysing
the influences of thermal conditions and oxidation on the mechanical properties, porosity and
microstructure formation of printed parts.



2 State of the Art

First this chapter will give a brief overview of existing metal AM processes and their clas-
sification, then the process material jetting is explained in detail including current technical
realisations. Subsequently, the state of the art in simulation methods for this process is de-
scribed. Finally, the chapter presents knowledge on the topics needed to discuss the obtained
experimental results, like the formation of metallic bonds, the rapid solidification of aluminium
alloys and the oxidation behaviour of aluminium.

2.1 Additive Manufacturing for Metals

A series of international standards deal with additive manufacturing: ISO 17296-2,3,4 and
ISO/ASTM 52900. Even though the latest version of ISO/ASTM 52900 is still in the draft
status, it will be referred to in this work. It defines the term ‘additive manufacturing’ (AM) or
in German ‘Additive Fertigung’ as:

Process of joining materials to make parts from 3D model data, usually layer
upon layer, as opposed to subtractive manufacturing and formative manufacturing
methodologies.

The commercialisation of AM started in 1987 with stereolithography from 3D Systems. In
this process, thin layers of ultraviolet light-sensitive liquid polymers are solidified using a laser
beam. Four years later, in 1991, three AM process to create polymer parts were introduced,
including fused deposition modelling from Stratasys, solid ground curing from Cubital and
laminated object manufacturing from Helisys. Selective laser sintering (SLS), the first powder
bed process, became available from DTM in 1992. The company Solingen commercialised
direct shell production casting in 1993, which uses inkjet printing to deposit binder on a ceramic
powder to fabricate investment-casting shells. This process was based on the patents from
Massachusetts Institute of Technology (MIT), which described the consolidation of a powder
bed by binder jetting. One year after, ModelMaker from Solidscape was introduced, which
was the first material jetting (MJT) process on the market. ModelMaker deposits wax droplets
using an inkjet print head. In 1996, Fraunhofer ILT filed the patent application ‘shaped body
especially prototype or replacement part production’, the basic patent for selective laser melting,
which became the most relevant AM process to directly fabricate metal parts. Since 2000, an
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increasing amount of processes and machines are coming into the market each year and AM is
currently evolving from rapid prototyping to series production. (Meiners et al., 1998; Wohlers
and Campbell, 2017)

2.1.1 Overview and Classification

All AM processes have in common, that they build parts by adding elements or layers according
to a digital model. They do not need any geometry-specific tools and are characterised by
minimal design limitations compared to conventional manufacturing processes like milling,
casting or forming. The principle of AM is shown in figure 2.1: starting point is a digital model
that normally derives from a computer-aided design (CAD) or from measurement data of an
existing part. This digital model is divided into layers, which are separately built and fused to
form a physical part during the AM process.

Digital model Layer-wise model

Additive manufacturingPhysical part

Figure 2.1: Principle of AM processes: The digital model is divided into layers that are then
separately built and fused in the AM machine to form a physical part. According to
Gebhardt (2013)

Additive manufacturing methods today are available for a multitude of different materials in-
cluding building materials like concrete (Lim et al., 2012), foods like chocolate (Hao et al.,
2010) and even living cells (Melchels et al., 2012). The amount of different processes is just as
large as the number of materials that can be processed in AM. This chapter is limited to additive
manufacturing methods directly processing metallic materials in the AM machine. In contrast,
indirect methods create models or moulds that are used in conventional non-additive processes
afterwards. Examples are printed sand moulds for sand casting and wax or plastic models
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for investment casting. Table 2.1 gives an overview of the process categories defined in ISO
17296-2, common proprietary names, their suitability to process metals and whether parts can
bemanufactured in a single step or not. ISO/ASTM52900 differs between single-step processes,
where the basic geometric shape and the basic material properties are achieved simultaneously
in one operation and multi-step processes, where typically a first step forms the basic geometry
and one or more following steps consolidate the parts to obtain the desired material properties.

Table 2.1: Overview of AM processes defined by ISO 17296-2, common names, their suitability
to process metals and whether they are single step processes for the production of
metal parts.

Name according to ISO 17296-2 Common name(s) Metal Single-step

VAT photopolymerisation SLA No -

Powder bed fusion (PBF) SLM
DMLS

Yes Yes

Binder jetting (BJT) 3D Printing Yes No

Directed energy deposition (DED) LENS
DMD
WAAM

Yes Yes

Material extrusion (MEX) FDM
FFF

Yes No

Sheet lamination (SHL) LOM Yes Yes

Material jetting (MJT) BPM
MagnetoJet
MDDM
NDM

Yes Yes

As there are nometal processes in the categoryVATphotopolymerisation, it will not be explained
in more detail.

Probably the best known representatives to produce metal parts belong to the category powder
bed fusion: fusing metal particles by laser beam is commercialised under several trademarks:
e.g. ‘Selective Laser Melting’ (SLM), ‘Direct Metal Laser Sintering’ (DMLS), ‘LaserCUSING’
or ‘Laser Metal Fusion’. This process uses one or more lasers to locally melt metal powder in a
powder bed. That way a solid metal layer is welded on the build platform. After each layer, the
build platform is lowered and a recoating device spreads a new layer of powder. An alternative,
whose patents are held by the company ARCAM AB (Mölndal/Göteborg, Sweden), uses an
electron beam instead of a laser beam to melt and fuse the powder. An advantage of the electron
beam is the larger penetration depth, whereas a high vacuum is necessary resulting in a more
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massive and expensive machine design. Figure 2.2 shows a schema of this category. (Gebhardt,
2013; Zäh and Lutzmann, 2010)

1

2 3

4 5
6

7

1 powder reservoir
2 laser
3 laser scanner
4 powder bed
5 product
6 recoater unit
7 build platform

Figure 2.2: Schema of powder bed fusion processes. An energy beam (e.g. laser) selectively
consolidates powder in a powder bed layer by layer. According to ISO 17296-2

Another category broadly used and commonly known is binder jetting. The process name ‘3D
printing’ used by several companies, who commercialised such processes, will be used in its
narrow sense for processes, where a binder is selectively suspended through a printing system
on the surface of the powder bed. The binder locally joins the powder particles inside a layer
to each other and to the layers below. Figure 2.3 shows a schema of the category BJT. One
process uses organic resins printed through conventionally piezoelectric print heads for normal
ink. The resin hardens right after printing and bonds the metal particles to form a green part
that has sufficient strength to be removed from the powder bed. After printing the green part is
moved to two successive process steps: debinding and sintering. In the first step a great share
of the resin is removed thermally or chemically and during sintering, the metal particles fuse
together to form a solid metal part. Usually fully dense parts can not be produced that way, as
a certain porosity remains, which needs to be infiltrated to obtain dense parts. (Agarwal et al.,
2002; Desktop Metal Inc., 2018; Gebhardt, 2013)

A process of the same category, which is only described in a scientific publication (Sohn and
Yang, 2005) and a patent (US6238614B1), directly prints molten solder (Sn-Pb alloy) as a
binder in the powder-bed. The method is called ‘Selective Infiltration Manufacturing’ in the
cited patent. No information is given to successive process steps or properties of the parts
produced that way, neither to the application of those parts.

The last category of the aforementioned, with a high degree of commercialisation, is direct
energy deposition. In the processes ‘laser engineered net shaping’ (LENS) or ‘direct metal
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1 powder reservoir
2 print head
3 powder bed
4 product
5 recoater unit
6 build platform

2

Figure 2.3: Schema of binder jetting processes. A print head selectively deposits binder in a
powder bed that locally consolidates the particles. According to ISO 17296-2

deposition’ (DMD) the material is supplied by metal powder which is blown into a melt pool
established by a laser beam. The powder is transported by a stream of inert gas through nozzles
arranged radially around the laser beam. The powder fuses with the existing material inside the
melt pool and by moving the substrate relative to the laser beam, parts are successively built.
An example setup is depicted in figure 2.4. This build-up welding device is usually installed
in a machine, which is similar to a CNC portal milling machine with five axes. As no support
material is used in this process, five axes are necessary to create parts with overhanging features.
Common applications use this method to add functionality to conventionally manufactured
parts or for repair purposes of worn parts. (Atwood et al., 1998; DMG MORI, 2018; Gebhardt,
2013)

1

2

3

4
5

1 powder supply
2 focused laser beam
3 product
4 substrate
5 build platform

Figure 2.4: Schema of direct energy deposition processes. A focused energy beam (e.g. laser)
locally welds material to the product. Material is fed to the melt pool by wire or
powder as shown here. According to ISO 17296-2

A similar process uses conventional filler wire and an electric arc as energy source (Karunakaran
et al., 2000). It is called ‘wire+arc additive manufacturing’ (WAAM) and is developed by
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Cranfield University in Great Britain. The main advantage of this process is the utilisation of
conventional welding equipment and materials, which are fully developed, easy available and
cost-efficient. The welding head is manipulated by a robot, or similar to the DMD process, in
a five axes portal machine. Taminger and Hafley (2003, 2006) report a process that uses an
electron beam instead of the electric arc to supply energy, while material is added via wire.

Cold gas dynamic spray or cold spray is a process conventionally used for coatings, which can
also be used to additively build parts. In this processes metal particles are accelerated to high
velocities by a supersonic carrier gas stream. When the particles impact on the substrate they
will fuse with it by intense local plastic deformation. The resolution of this process is limited
by the spot size of the deposition nozzle, which is commonly greater than 1mm. Therefore, in
most application this method is combined with a milling device to obtain accurate shapes. (Sova
et al., 2013)

Figure 2.5 shows a schema of the well-known material extrusion process for polymers ‘fused
deposition modeling’ (FDM). Based on it, a process for fabricating metal parts was developed:
A thermoplastic filament filled with a high amount of metallic particles is heated and extruded
through a nozzle. Due to the elevated temperature the thermoplastic fuses with the surrounding
material before it hardens by cooling. As in most other AM processes the build-up is layer by
layer and support structures or a support material can be used to create three-dimensional parts.
The part created is a green part, that needs to be consolidated in a second process step. Just as
in 3D Printing with organic binders, a debinding and a sintering process are necessary to create
metal parts. (Desktop Metal Inc., 2018; Geiger et al., 1994; Gonzalez-Gutierrez et al., 2017;
G. Wu et al., 1999)

1

2

3

4

5

1 heated nozzle
2 raw material stock
3 product
4 support structure
5 build platform

Figure 2.5: Schema of material extrusion processes. A filament from the feed stock is extruded
through a heated nozzle and deposited on the product. According to ISO 17296-2
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Another method similar to FDM directly extrudes metal in a semi-solid state. To obtain the
semi-solid state, an alloy is held at a temperature between solidus and liquidus temperature and
constantly stirred. Through a nozzle the material is then pressed on a substrate just as it is done
for thermoplastic materials in FDM. (Finke and Feenstra, 2002; Rice, 2000)

In the category sheet lamination, metal foil or sheet metals are used as a feedstock. They are
cut to the desired layer shape, stacked upon the existing part and fused with it. Bonding is
achieved by several methods: adhesives (Gebhardt, 2013), diffusion welding (Yi et al., 2004) or
ultrasonic welding (Friel and Harris, 2013). The shaping of each layer is done by laser cutting
or milling.

Processes of the category material jetting differ from the extrusion processes as there is no
contact between the material supply and the part being built. This gives the opportunity to
use several parallel operating nozzles. The material deposition is no longer vector-based but
raster-based. The complete layer is run over by the print head and single droplets are deposited
on the desired coordinates, as it is done in ink-jet printing. This basically enables a significant
higher material flow rate compared to vector-based methods, as there are no restrictions to the
number of nozzles. Figure 2.6 shows the differences for an example layer.

Vector-based Raster-based

Print head

Figure 2.6: Comparison of vector-based and raster-based methods to deposit one layer.

One commercialised method of this category is ‘NanoParticle Jetting’ by the company XJet
(Rehovot, Israel). It prints a liquid suspension containing small particles of the build or support
material through a piezoelectric ink-jet print head directly on the build platform. This platform
is heated and a part of the fluid evaporates immediately after impact. A secondary heat input by
an infrared heater sinters the particles partly together. In each layer, the complete build platform
is covered with either build or support material. That way a green part is produced, which needs
to be consolidated by sintering as it was already described for other processes. (Gothait et al.,
2015; Xjet, 2018)
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The only single-step process of the category material jetting deposits directly molten metal
droplets on a build platform to fabricate metal parts.

2.1.2 Material Jetting of Metal

This thesis focusses on the material jetting (MJT) process of metal, which is presented in detail
in the following section. First, the process procedure is described, then the most important
technical realisations are presented and finally published knowledge on the mechanisms of
droplet bonding are explained. Several names were given to this process but none of them has
established itself yet. Throughout this work the term ‘material jetting of metal’ will be used
for all realisations. As abbreviation MJT is used for the processing of metal, even though in its
general meaning this term also includes polymer processes.

Description of Process Procedure
In MJT an equipment called print head ejects droplets of molten metal. The material in the print
head is heated at least to liquidus temperature. The droplets are deposited on a build platform or
on the already deposited material, which will be called substrate in the following. The substrate
has a temperature below or only slightly above the material’s solidus temperature. Incoming
droplets bond with the substrate and solidify upon deposition. In this manner a desired part is
deposited droplet by droplet. Figure 2.7 shows the principle procedure of MJT processes.

Print head

Build platform

Droplet

Figure 2.7: Principle procedure of MJT processes: A print head ejects molten metal droplets,
which are deposited on a build platform, where they bond with the existing material.

In almost all realisations the substrate and/or the print head are positioned in three linear axes to
control the location of droplet deposition and the distance between print head and part surface
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(Pham and Gault, 1998). An alternative method was published by Orme and Smith (1999),
where the droplets are electrically charged and deflected by electro-magnetic fields.

To build overhanging features, with an angle of more than 40° against the build platform, in a
three axes setup, support material is necessary. In comparable methods to process plastics or
wax, support materials are used that can be removed due to their mechanical brittleness, their
low melting point or their chemical solubility (Gebhardt, 2013). For MJT of metal, there is
not yet a publication concerning suitable support materials. But due to the high surface tension
of metals, overhangs up to 40° against the build platform can be build without using support
material (Zhang et al., 2017). Figure 2.8 illustrates this possibility with zigzag columns.

Figure 2.8: Zigzag columns build by MJT of aluminium. Reprinted from Zhang et al. (2017),
page 22, ©2017, with permission from Elsevier.

Methods for droplet ejection
Existing methods to deliver droplets for an MJT process can be divided into two categor-
ies: ‘continuous-jet’ and ‘drop-on-demand’ (DoD) systems (Heinzl and Hertz, 1958). In
‘continuous-jet’ methods, fluid is continuously jetted from a nozzle. The jet disintegrates to
a train of droplets according to Rayleigh (1878). To stabilise the disintegration into regular
droplets of a constant size, a small excitation in an appropriate frequency is necessary. The
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droplets are usually electrically charged and deflected in electric fields. The deflection can have
two purposes: To control the direction of flight and therefore the location of deposition on the
platform and/or to deflect undesired droplets in a gutter (Heinzl and Hertz, 1958; Orme and
Smith, 1999). An advantage of those methods is the high delivery rate. Orme and Smith (1999)
presented a setup to eject droplets of pure aluminium with a diameter of 189 µm at a rate of
24 kHz. Figure 2.9 shows the principle of a ‘continuous-jet’ print head.

Heating elements

Excitation
Gas supply

Substrate

Gutter

Charge electrode

Deflection electrode

Printing fluid

Nozzle

Figure 2.9: Principle of a ‘continuous-jet’ print head: A fluid is forced through the nozzle by
a constant gas back pressure. Supported by the vibration excitation the jet quickly
disintegrates to a train of droplets, which are charged and deflected in electric fields.

However, most published realisations of MJT are based on DoD methods. By several mech-
anisms a pulsed force on the molten metal inside the reservoir is created. The bottom of the
reservoir is closed by a nozzle, which is small enough to avoid dripping due to surface ten-
sion and capillary pressure. The pulsed forces induce a pressure at the nozzle entrance that
ejects a small amount of fluid through the nozzle. Figure 2.10 shows the principles of DoD
print heads with different actuations: A gas pressure pulse can be applied to the surface of the
molten metal to create a pressure pulse at the nozzle entrance, which cause a droplet ejection
(Rumschoettel et al., 2017). Alternatively a piezoelectric or electromagnetic actuator can be
used to apply the necessary force (Lee et al., 2008; Zhong et al., 2014). Those actuators need
to be thermally decoupled by a transmitter rod from the liquid metal as they can not withstand
the high temperatures. Piezoelectric ceramics, which are commonly used for DoD print heads
working at room temperature like ink-jet print heads, loose their piezoelectric effect at temper-
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Figure 2.10: Principle of ‘drop-on-demand’ print heads with pneumatic actuation (left), piezo-
electric or electromagnetic actuation (centre) and magneto-hydrodynamic actu-
ation (right).

atures above the curie-temperature (< 350 ◦C) (Uchino, 2017). Another contactless method is
the magneto-hydrodynamic principle (MHD). A pulsed magnetic field is induced by an external
coil surrounding the crucible. The induced eddy currents interact with the magnetic field and
create an axial Lorentz force, which can be used to eject a droplet. (S. Vader et al., 2016)

Another method, which also uses Lorentz forces, creates the magnetic field and the electric
current separately. A constant magnetic field is created by a permanent magnet or an elec-
tromagnet. A current pulse between two electrodes that are in contact with the molten metal
interacts with the magnetic field and applies a Lorentz force on the melt, which is perpendicular
to the magnetic field and the electric current according to the right-hand rule. (Sachs et al.,
2017; Suter et al., 2012)

A special form was developed by Harnisch (2009) to print solder: A ferromagnetic piston is
balanced by two external coils to float in the molten metal above the nozzle plate. The lost heat
from the coil is used to melt the solder inside the crucible. By varying the coil currents the
piston is moved axially to generate the desired pressure for droplet ejection.

The StarJet system is a pneumatically driven system that can be operated in DoD mode as
well as in continuous mode. Scientists at the University of Freiburg (Freiburg, Germany) are
still working on this method. Its special feature is the nozzle with star-shaped bypass channels
surrounding the nozzle orifice (see figure 2.11). The bypass channels are narrow enough not to
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be wet by the molten metal, which therefore has only little contact with the nozzle material. A
constant gas flow through the bypass channels induces the droplet break-up when liquid enters
the nozzle. That way this system delivers a continuous train of equally sized droplets at a constant
rate by only applying a constant gas pressure on the molten metal. When applying pressure
pulses, the print head can also be operated in DoD mode. The challenge for this system is to
fabricate a nozzle chip from a material that is inert to aluminium melt at the high temperatures
necessary. (Gerdes et al., 2017; Tropmann et al., 2012)

Figure 2.11: SEM view of a Star-Jet nozzle with the nozzle orifice and the star-shaped bypass
channels. (Gerdes et al., 2017) ©2017 IEEE

Technical Realisations of MJT
So far there is only one MJT system commercialised and available on the market: A technology
called ‘MagnetoJet’ is developed and distributed by the company Vader Systems, LLC (New
York, USA). The print head is based on the MHD principle and is patented in the US (S. Vader
and Z. Vader, 2015). It ejects droplets with a size of 50 to 500 µmat a frequency of 40 to 1000Hz.
A wire feeder, as it is used in welding equipment, supplies the print head with an aluminium
wire that is used as raw material. After entering the print head, the wire is molten under inert
gas and flows into the ejection chamber, where MHD forces are induced by the surrounding
coil. All parts being in contact with molten aluminium are made from boron nitride. The print
head is embedded in a heated housing, which is purged by inert gas. An opening below the
nozzle allows the droplet to escape together with the inert gas. All other components, e.g. the
build platform are not enclosed in a housing, so one can assume, that there is no controlled
atmosphere around the parts during build-up. Figure 2.12 shows the setup. (Karampelas et al.,
2017; Sukhotskiy et al., 2018; Vader Systems, 2018)

A patent research reveals that there are current developments in other companies on that topic too:
Desktop Metal Inc. (Burlington, USA) plans to bring two AM systems to produce metal parts
on the market: The studio system, which extrudes a metal particle enriched filament (MEX) and
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Figure 2.12: Schema of the setup commercialised by Vader Systems, LLC: A wire feeder provides
aluminium wire to the print head, where it is molten. A coil provides a pulsed
magnetic field that induces Lorentz forces in the liquid metal. The forces eject
droplets from the nozzle. The print head is contained in a heated housing purged
by inert gas.

the production system, which prints organic binder on a metal powder bed (PBF). Both methods
create green parts that needs to be consolidated in additional process steps (Desktop Metal Inc.,
2018). But Desktop Metal Inc. is also working on a MJT process with molten metals according
to their three recent patent applications on that topic (Myerberg, Fulop et al., 2017; Myerberg,
Natchurivalapil Rappai James et al., 2017; Sachs et al., 2017). Two other companies that
published patent applications on MJT are Robert Bosch GmbH (Stuttgart, Germany) and OCE
Technologies B.V. (Venlo, Netherlands) (Rheiter and Rasa, 2015; Voehringer et al., 2017).

At the universities Jiaotong University and Northwestern Polytechnical University in Xi’an,
China, two very similar setups are used for research purposes. In their publications a total of
three different print heads are presented: two mechanical systems using a coupling rod that
reaches into the melt close to the nozzle entrance and is connected to either a piezoelectric
actuator (Luo et al., 2014) or an electromagnetic vibration exciter (Zhong et al., 2014) and a
simple pneumatic drive (Zuo et al., 2015). Droplets are deposited from a stationary print head on
the build platform, which can be manipulated by three linear motion stages. The characteristic of
all those systems is that they are completely enclosed in a vacuum-tight chamber. This chamber
is evacuated and purged with inert gas several times before starting the experiments, which leads
to a oxygen content of less than 5 ppm (Chao et al., 2012; Zuo et al., 2015). Figure 2.13 shows
a schema of those systems.

A scientific group at the University of Toronto, Canada, published several articles on metal
droplet generation for solder, tin and aluminium in the years 2000 to 2009. A pneumatic



2 State of the Art 16

Inert gas
Print head Vacuum chamber

3D platform

Vacuum pump

Figure 2.13: Schema of the setup at Jiaotong University and Northwestern Polytechnical Uni-
versity in Xi’an. The complete setup is enclosed in a vacuum chamber that is
evacuated and purged by inert gas before the experiments.

actuation is used to eject droplets. The rest of the setup is comparable to that shown in figure
2.13 except that the print head is outside the chamber and oxygen concentration is 35 ppm.
Moreover, the build platform can only be moved in a plane by two axes, so the distance between
print head and build platform remains constant. (Cheng et al., 2005; Fang et al., 2009)

The only MJT system with a continuous-jet print head was developed and run at the University
of California-Irvine, USA. Droplets are ejected at a high speed of 10.9m s−1. They are charged
electrically after separation from the jet and can be deflected by electric fields to reach the
desired location on the build platform. Due to the high speed, the flight distance between print
head and substrate is 50 cm to enable a sufficient lateral deflection. Despite that possibility of
deflection, all three-dimensional parts from the publications are built using a motion stage to
manipulate the build platform. The complete apparatus is evacuated and purged by nitrogen to
maintain oxygen concentrations of 35 ppm. (Liu and Orme, 2001; Orme and Smith, 1999)

2.2 Process Simulation of Material Jetting of Metal

Several publications focus on the coupled fluid motion, heat transfer and solidification phenom-
ena, which occur when molten droplets impinge a solid substrate at a temperature below the
solidus temperature of the droplet. Zhao et al. (1996a,b) published amathematical formulation of
the problemwithout solidification that they solved by a finite element approach with a remeshing
criteria to avoid excessive distortion of the elements. In the second paper, the authors compare
their simulated results with experimental results of ink and tin droplets on a quartz plate. They
find good agreement with the model in the early stages of spreading, which are controlled by
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the inertial of the droplet. In the late stage of spreading, the effect of wetting at the contact
line becomes dominant and the model fails to accurately predict the droplet shape, as they do
not model the wetting correctly. Pasandideh-Fard et al. (2002) use a fixed grid discretisation
and a volume-of-fluid method that tracks the free liquid surface, to solve the governing equation
for fluid motion, heat transfer and solidification. A cell size of 50 to 70 µm was necessary to
find valid results for the impingement of a tin droplet with 2.7mm diameter. They successfully
compare numeric results with experimental results of a tin droplet deposited on a steel substrate
at high Weber numbers (final splash diameter� final splash height). Fang et al. (2009) present
an analytic model for the 1-D temperature field of a growing column created by the successive
deposition of droplets on a fixed position. They compare measured temperatures in experiments
with an aluminium alloy to their prediction and find a fairly good conformity. H. Li et al. (2012)
model fluid motion, heat transfer and solidification in three dimensions during the successive
deposition of three aluminium droplets on a moving substrate. The software Flow 3D with the
volume-of-fluid method is used to solve the problem. Time step is 1 × 10−9 s and the grid has
a spacing of 75 µm in all three dimensions. Validation experiments are carried out with pure
aluminium. The resulting geometry is compared qualitatively with images taken by a scanning
electron microscope (SEM). In an almost identical publication of the same working group, the
authors compare a simulated line of five droplets qualitatively with SEM images of experiments
with Al7075 (H.-p. Li et al., 2014).

Only two publications address the prediction of a global thermal field during the build-up of a part
consisting of more than one thousand droplets: Chao et al. (2013) present a model based on the
software ANSYS, which neglects fluid motion and approximates each droplet as a cuboid brick
represented by a single cell. The equations are solved with the finite-element-method (FEM).
The ‘element birth’ and ‘death’ capabilities of ANSYS are used to implement the successive
deposition of material. When an element is ‘killed’ its conductivity is multiplied by a factor
close to zero and its mass is set to zero. At the start of the simulation, all cells are ‘killed’ and
for each droplet deposition, the corresponding element is set ‘alive’. In a later publication the
authors present good agreement with temperature curves measured in experiments with Al7075
and they calculate thermal stresses based on the same model (Chao et al., 2016).

2.3 Formation of Metallic Bonds

In the process of MJT, liquid metal droplets fall on (semi) solid material of the same kind. To
be able to produce parts with comparable properties to conventionally manufactured ones in a
single step, it is necessary that metallic bonds are formed directly after contact. This chapter
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presents the published knowledge on this topic. The first part comprises information gained in
the field of MJT while the second and third part shows information on comparable processes.

2.3.1 Droplet-Droplet Bonds in Material Jetting of Metal

An often cited model to estimate the temperature in the contact zone between a droplet and
the substrate for short times after contact is the model of semi-infinite bodies. Droplet in this
context always relates to the liquid droplet just arriving, while substrate is the already deposited
material, which comes into contact with the droplet. When two semi-infinite bodies with
different temperatures come into contact without thermal resistance, their temperature profiles
can be calculated analytically. In this case the contact temperature, which describes the local
temperature in both bodies next to the contact zone, is independent of time and can be calculated
to (Polifke and Kopitz, 2009):

Tc1 =
Tsubs
√
ρsubscsubsλsubs + Tdrop

√
ρdropcdropλdrop

√
ρsubscsubsλsubs +

√
ρdropcdropλdrop

(Equation 2.1)

T : Temperature
ρ: Density
c: Specific heat capacity
λ: Thermal conductivity

c1,subs,drop: Evaluated at contact, substrate, droplet

Fang et al. (2009) use the contact temperature Tc1 as a criteria to decide if remelting of the
substrate occurs or not. It is assumed that remelting occurs when the contact temperature is
higher than the alloy’s solidus temperature Tc1 > Tsol. The assumption is successfully validated
by comparing the outer appearance of columns formed by droplet deposition at the same position.
The alloy A380 (AlSi9Cu3(Fe)) is used in these experiments.

Also Chao et al. (2013) employ this model to define three regions dependent on the solidus Tsol

and liquidus temperature Tliq of the alloy:

Tc1 < Tsol I: No remelting and therefore no metallic bonds form

Tsol < Tc1 < Tliq II: Remelting with formation of metallic bonds

Tc1 > Tliq III: ‘Over-remelting’, printed parts loose their shape
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To validate those assumptions, blocks and columns are printed from aluminium 7075 with
different substrate and droplet temperatures. Outer appearance andmicro-sections are compared.
It should be noted that all shown combinations of temperatures are within the region II but still
all three states are found: insufficient bonding, satisfying bonds and loss of shape. So one
can conclude that, at least for aluminium 7075, those regions are not adequate to predict part
quality.

Aziz and Chandra (2000) deposit droplets of molten tin with a diameter of 2 to 3mm on a
steel platform. The surface temperature below the droplets is recorded by a fast-responding
thermocouple. The authors find that the temperatures estimated by Tc1 (Equation 2.1) are lower
than the measured temperatures. They conclude that liquid convection inside the droplet during
spreading on the substrate invalidates the assumption of a semi-infinite body described by ρ,
c and λ. Instead they propose to use a semi-infinite body for the substrate and a constant
temperature boundary condition for the droplet as fluid convection supplies the interface with
‘fresh’ melt during impact of the droplet. To find an analytical solution, it is necessary to
introduce a heat transfer coefficient α between droplet and substrate. Now the temperature
inside the semi-infinite body next to the interface can be estimated to (Polifke and Kopitz,
2009):

Tc2 = Tdrop − (Tdrop − Tsubs)
[
exp

(
α2t

λsubsρsubscsubs

)
erfc

(
α
√

t
√
λsubsρsubscsubs

)]
(Equation 2.2)

T : Temperature
t: Time
ρ: Density
c: Specific heat capacity
λ: Thermal conductivity
α: Heat transfer coefficient

c2,subs,drop: Evaluated at contact, substrate, droplet

Aziz and Chandra (2000) determine α by fitting (Equation 2.2) to their experimental data and
obtain values from 2 × 105 to 1 × 106Wm−2K−1 dependent on the conditions.

S. P. Wang et al. (1998) provide a model of one-dimensional heat conduction in a semi-infinite
substrate covered by a layerwith a finite height. Phase changewith super-cooling and overheating
is included in the model. At the interface a heat transfer coefficient is introduced and the problem
is numerically solved for several different material combinations. The criteria for remelting of



2 State of the Art 20

the substrate by the applied layer is presented graphically in figure 2.14. Also S. P. Wang
et al. (1998) assume that remelting is necessary to obtain metallic bonds between substrate and
layer.

Figure 2.14: Operational map for substrate remelting after contact with a finite layer. With the
layer height b, the heat transfer coefficient h, initial temperatures of substrate T0
and layer Tp, the fusion temperature of the substrate TM2 and the heat conductivity
of the layer λL1. According to S. P. Wang et al. (1998)

2.3.2 Compound Casting

Compound casting is defined as the production of a part consisting of two different metals of
which one at least is cast in a mould, which is at least partly formed by the compound partner.
This compound partner was either produced by casting in a preceding step and is already (partly)
solidified or it was produced in a different manner and placed in the mould. (Lange, 1998)

According to Ißleib et al. (1995) there are two basic requirements for the formation of metallic
bonds between compound partners:

• The materials needs to be free of disturbing non-metallic atoms or molecules on the
surface.

• At least one of the materials needs to be in the molten or thixotropic state for a certain time,
because the technical roughness of solid parts does not allow the partners to approach
close enough for a physical contact of the atoms.
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Lange (1998) states that, to satisfy the second requirement, it is necessary that the contact
temperature is above the solidus temperature of one of the partners. To estimate the contact
temperature the model of semi-infinite bodies Tc1 (Equation 2.1) is employed.

Bobzin (2013) distinguishes five mechanisms of bonding between metallic compound partners
as shown in figure 2.15:

• Mechanical interlocking: Bonds created by a surface structure with undercuts that are
filled by the compound partner.

• Diffusion: Mutual solubility of the metals enables diffusion in each other creating a
diffusion zone in the interface. This zone compensates the chemical composition, lattice
structure and residual stresses of the partners.

• Pseudo-diffusion: When high energies (e.g. kinetic) are present when partners come into
contact, atoms of one partner may be brought inside the others lattice, where they remain
even though no solubility is given.

• Adhesion: Partners without solubility and chemical reactivity are merely bond by van-
der-Waals forces between atoms and molecules on the surfaces.

• Chemical compound: A chemical reaction of the partners creates an interface layer
consisting of intermetallic phases or oxides for example. This layer comprises usually
several atom layers. The properties of the layer are decisive for the properties of the part.

Mechanical
interlocking

Diffusion Pseudo-diffusion

Adhesion
Chemical
reaction

Figure 2.15: Mechanisms of bonding between metallic partners. (Bobzin, 2013)

For compound casting of an aluminium alloy onto a rolled aluminium sheet, Papis et al. (2008)
suggest to coat the metal sheet with tin prior to casting, which improves the wetting behaviour.
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Otherwise the wetting of the metal sheet’s surface by the melt is insufficient. In contrast to that
Nerl et al. (2014) show metallic bonds without surface treatment in a continuous compound
casting process of two aluminium alloys. The process is characterised by casting both alloys in
a single tool in immediate sequence. Heugenhauser (2018) studies a casting process that forms
aluminium compound strips by casting pure aluminium on a preheated strip of AlSn25 or Al
7075. He states that the crucial condition to form a sound metallic bond is the removal of the
thick oxide layer, which formed during preheating of the substrate. To remove this layer it is
necessary to melt the substrate below the oxide layer, so it can be displaced and fractured by the
melt flow on top of it.

2.3.3 Soldering and Brazing

According to ISO 857-2 soldering and brazing are defined as:

Joining processes in which a molten filler material is used that has a lower liquidus
temperature than the solidus temperature of the parent material(s), which wets the
surfaces of the heated parent material(s) and which, during or after heating, is drawn
into (or, if pre-placed, is retained in) the narrow gap between the components being
joined.

Soldering is a process using a filler metal with a liquidus temperature below 450 ◦C, while
brazing uses one with a liquidus temperature above 450 ◦C. As aluminium alloys in technical
applications are usually joined by brazing, the following will concentrate on this process.

The bonding process is based mainly on cohesion forces resulting frommutual diffusion of alloy
elements. Generally, atomic bonds between parent metal and filler metal are created by four
processes (Matthes et al., 2003):

• Diffusion of atoms from the parent metal into the molten filler metal and formation of a
solid solution in the subsequent solidification.

• Diffusion of atoms from the molten filler metal into the solid parent metal under formation
of a solid solution.

• Mutual diffusion of atoms from the filler metal and the parent metal under formation of
intermetallic compounds.

• Adhesion (diffusion-free bonds).
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To enable those processes, an intermediate contact of atoms on the surface of parent metal and
molten filler metal is necessary. Therefore, the correct preparation of the parts for brazing is of
particular importance. In the case of aluminium alloy as parent material the oxide layer on the
surface needs to removed before brazing. It is first grounded then remaining grease is removed
by organic solvents and then the surface is strained by straining agents containing HF and HNO3.
As a thin oxide layer will form immediately when the virgin metal gets into contact with oxygen,
a flux is used to remove existing oxides and protect the surface against oxidation until it is
covered with molten filler metal. To fill the assembly gap between joint partners, wetting of the
filler metal on the parent material needs to be sufficiently good (contact angle < 30°). (Bobzin,
2013; Matthes et al., 2003)

2.3.4 Wetting

As just mentioned, a necessary condition to obtainmetallic bonds is, that the substrate is properly
wetted by the molten metal. In this section the basics of wetting are explained with a focus on
molten materials.

Basics of Wetting
To describe the wetting of a solid by a liquid quantitatively, usually the contact angle is given.
This can be illustrated by a sessile drop on a flat surface as shown in figure 2.16. The angle
present between solid and liquid in the point where the three phases liquid, solid and surrounding
gas meet, is called contact angle. Young (1805) was first to deal with it and established the
relationship between the contact angle and the surface energies between the phases:

cos θ =
σsv − σsl

σlv
(Equation 2.3)

θ: Contact angle
σ: Surface energy or tension

sv, sl, lv: Solid-vapour, solid-liquid, liquid-vapour

As shown in figure 2.16 a small contact angle corresponds to a good wetting. While σlv is
a measurable value usually called surface tension σ, the quantities σsv and σsl can only be
determined as the difference σsv −σsl. The higher the interactions between solid and liquid, the
smaller the value of σsl. Good wetting with small contact angles is present, when reaction occur
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between liquid and solid, like the formation of intermetallic phases or dissolution. (Bobzin,
2013; John, 1981)

Figure 2.16: Illustration of the contact angle with a sessile drop on a flat surface.

Molten Droplet Deposition
Young’s Equation (Equation 2.3) and the theory behind it are only valid for the equilibrium state.
That means the droplet is at rest and no thermal gradient is present. According to this a molten
droplet on a solid of the same material can never be in equilibrium state. Schiaffino and Sonin
(1997a,b,c) published a series of articles on this problem and the following summarises their
assumptions:

After impact, the droplet spreads under inertia or capillary forces, dependent on the Weber
number We. The Weber number measures the relative importance of inertia compared to
surface tension and is defined by (Haenlein, 1931; Weber, 1931):

We =
ρv2l
σ

(Equation 2.4)

We: Weber number
ρ: Density of the liquid
v: Velocity of the droplet
σ: Surface energy or surface tension
l: Characteristic length, usually diameter

During spreading, the advancing contact line is arrested by solidification close to the contact
line. The local ‘contact angle’ θsf is called solidification angle and decreases with an increased
substrate temperature Tsubs. The contact line arrests in much shorter time than the bulk solidific-
ation time for low or medium Weber numbers, when the post-solidification height is not small
compared to the diameter of the contact line. In this case the liquid above the frozen footprint
continues to oscillate until the motion is damped by viscous effects. When gravitational effects
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can be neglected (small Bond number), the liquid forms a spherical cap on top of the frozen
footprint. The Bond number is defined by (Suter, 2012):

Bo =
ρgl2

σ
(Equation 2.5)

Bo: Bond number
ρ: Density of the liquid
g: Gravitational constant
l: Characteristic length, usually diameter
σ: Surface energy or tension

This results in a macroscopic shape with an apparent contact angle θ∗ between the droplet and
the substrate. Figure 2.17 illustrates this behaviour. For low Weber numbers this apparent
contact angle can be estimated by empirical correlation (Schiaffino and Sonin, 1997c):

θ∗ =
9
16

C
St

©«
√

1 + 19
(

St
C

)2
− 1ª®¬ (Equation 2.6)

θ∗: Apparent contact angle
C: Material constant
St: Stefan number

Solidified droplet
θsf

θ*

Temperature solid

Figure 2.17: Post-solidification shape of droplets depending on the substrate temperature.

The Stefan number St is a dimensionless quantity that compares sensible heat to latent heat. It
is defined as (Šarler, 1995):



2 State of the Art 26

St =
c(Tsol − Tsubs)

L
(Equation 2.7)

St: Stefan number
c: Specific heat capacity
T : Temperature
L: Specific latent heat of fusion

sol,subs: Solidus and substrate

For mercury and water they found good agreements between their experimental results and their
estimations (Equation 2.6) with C = 0.216 for mercury and C = 1.331 for water.

Another series of publications from authors at the Swiss Federal Institute of Technology (ETH,
Zurich, Switzerland) take a closer look on heat transfer and fluid dynamics of solder droplets
deposited on a flat substrate and of a pile-up consisting of two droplets deposited on the same
position. For the MJT process the results of the pile-up are more relevant, as the interaction with
the build platform is only important for the first layer and also highly dependent on the materials.
The main findings are that the spreading of the second droplet is higher for smaller Stefan
numbers. This is in good agreement with (Equation 2.6). They also find that the spreading
increases with an increased droplet velocity (here presented as the Weber number). This is
basically also in agreement with the model of Schiaffino and Sonin (1997c) as for higher Weber
numbers the velocity of spreading is higher and therefore the droplet spreads further before the
contact line is arrested by solidification. However, the final shape of a two droplet pile-up is far
more dependant on the Stefan number than on the Weber number as can be seen in figure 2.18.
(Haferl and Poulikakos, 2002, 2003)
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We = 4.1 St = 0.895

St = 0.895

St = 0.754

St = 0.612

St = 0.470

St = 0.329

St = 0.187

We = 2.39

We = 2.91

We = 3.61

We = 4.17

We = 4.91

We = 5.99

Figure 2.18: SEM pictures of pile-up of two solder droplets deposited at the same position for
different Stefan and Weber numbers. The effect of the Stefan number on the final
shape is significantly higher than the effect of the Weber number. Reprinted from
Haferl and Poulikakos (2003), page 547, ©(2013), with permission from Elsevier.
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2.4 Aluminium and its Alloys

This work focuses on an additive manufacturing method for aluminium alloys, therefore a
general overview on aluminium is given: Compared to other metals, aluminium is a rather
young material. It is produced on a technical scale only since 1886, less than 150 years ago.
In this time the amount of aluminium produced for technical purposes increased to over 44
million tons per year in 2011. For different applications a wide range of alloys was developed
based on the main alloying elements: silicon, copper, magnesium and zinc. (Bundesverband
der Deutschen Gießerei-Industrie, 2013; Kammer, 2002)

Aluminium is mainly used owing to its low density and its high thermal and electric conductivity.
Table 2.2 presents the most relevant physical properties for this study of pure aluminium. The
density change on melting is 7%. Values reported for the surface tension are valid for oxygen
saturated melt, the effect of oxidation on the surface tension is explained in more detail in section
2.7.

Binary compositions of silicon, copper and magnesium were studied in this work but valuable
results were only obtained for silicon and copper. Therefore, AlSi and AlCu alloys are described
in more detail below.

Table 2.2: Overview of the most important physical properties of pure aluminium. a Values
relate to oxygen saturated liquid Al. (Mills, 2002)

T /◦C ρ/kg m−3 c/J kg−1 K−1 λ/W m−1 K−1 η/mPa s σ/mN m−1

25 2702 905 237 - -

100 2685 945 240 - -

200 2662 990 238 - -

300 2640 1030 233 - -

400 2617 1070 228 - -

500 2594 1100 222 - -

600 2571 1150 215 - -

660.2 2558 1180 211 - -

660.2 2380 1180 91 1.11 871a

700 2366 1180 92 1.049 865a

800 2331 1180 96 0.93 849a
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2.4.1 Aluminium-Silicon

Silicon is the most common addition to aluminium alloys, to which it imparts fluidity and
good mechanical properties. With aluminium it forms a simple eutectic phase system, which
is shown in figure 2.19. The eutectic temperature is generally accepted as 577 ◦C and the
most probable composition of the eutectic point is 12.5wt.%, though values between 11.7 to
14.5wt.% have been reported, as the structure close the eutectic composition is more influenced
by the cooling rate, than the silicon content. In the equilibrium state, the solid solubility of
silicon in α-aluminium is 1.65wt.% at the eutectic temperature and decreases below 0.01wt.%
at room temperature. (Mondolfo, 1976)

Figure 2.19: Aluminium-Silicon phase diagram. The system is a simple eutectic one with an
eutectic composition of 12.5 wt.%Si at 577 ◦C. According to (Kammer, 2002)

When a hypo-eutectic alloy (Si content < 12.5 wt.%) is cooled slowly, to ensure thermodynamic
equilibrium conditions, solidification starts once the temperature is below the corresponding
liquidus temperature. In case of aluminium-silicon alloys, this temperature falls from 660 ◦C
for pure aluminium to 577 ◦C for the eutectic composition. During primary solidification α-
aluminium grows in dendritic crystals. Due to the limited solubility of silicon in α-aluminium the
remaining melt is enriched with silicon until the eutectic composition is reached at the eutectic
temperature. The remaining melt will then solidify in a coupled growth to form the eutectic
phase. Coupled growthmeans that α-aluminiumand silicon crystals grow simultaneously into the
melt with short diffusion distances between both phases creating the fine polyphase distribution
typical for eutectic alloys. Note that even though the term ‘eutectic phase’ is commonly used, it



2 State of the Art 30

does actually not describe a single phase but two individual phases distributed in a characteristic
manner. If the silicon concentration is above the eutectic composition (hyper-eutectic), primary
silicon will grow in polyhedral crystals during the primary solidification instead of α-aluminium.
Figure 2.20 shows the characteristic microstructure of hypo-, hyper- and eutectic compositions.
(Bührig-Polaczek et al., 2013; Hellawell, 1970)

20 µm 50 µm 100 µm

Figure 2.20: Microstructure of aluminium-silicon alloys: Left: Hypo-eutectic microstructure
with dendrites of α-aluminium solid solution in white and modified eutectic between
dendrites. Middle: Normal eutectic alloy with coarse flake morphology of silicon.
Right: Hyper-eutectic alloy with primary silicon in polyhedral shape and coarse
eutectic with flake morphology of silicon. According to (Kammer, 2002)

The structure of the eutectic coupled growth can have several forms depending on the presence
of elements like sodium, strontium or antimony, the solidification velocity vs f and the thermal
gradient ∇T during solidification. The presence of sodium or strontium hinders the growth of
the silicon particles, which results in a fibrous and significantly finer eutectic microstructure
known as modified eutectic. Figure 2.21 compares the modified and the unmodified eutectic
in Al-Si alloys. In alloys without sodium, strontium or antimony the silicon crystallises in the
flaky form shown in figure 2.21 when vs f is in the order of 1 to 100 µms−1. For high rates of
solidification above 0.2 to 1mm s−1, as they occur in chill or pressure die casting, a transition
in microstructure to a fibrous form of silicon in the eutectic phase occurs. Even though the
mechanisms of formation for the fibrous silicon in a modified eutectic and for the fibrous silicon
in a rapidly solidified eutectic are different, their appearance in micrographs, as well as their
effects on the mechanical properties are similar. (Justi, 1971; Khan and Elliott, 1996; Makhlouf
and Guthy, 2001; Steent and Hellawell, 1972)

Rapid solidification has another effect on the eutectic reaction: The eutectic temperature is
depressed and the eutectic composition is shifted to higher silicon contents. For sufficiently
high cooling rates the limit of primary solubility of silicon in α-aluminium can be extended to
almost the eutectic composition (Bose and Kumar, 1973; Murray and McAlister, 1984). The
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20 µm20 µm

Figure 2.21: Comparison of normal and modified Al-Si eutectic: Flake structure of silicon in
normal eutectic (left) and fibrous structure of silicon in modified eutectic (right).
According to (Dahle et al., 2005)

microstructure of a rapidly solidified alloy with an eutectic composition therefore shows primary
α-aluminium dendrites like in hypo-eutectic alloys. Figure 2.22 shows the micrographs of two
unmodified eutectic alloys. While the slowly cooled sample does not show primary dendrites
and a flaky silicon, the chill cast sample shows primary α-dendrites and a fibrous silicon. Elliott
and Glenister (1980) studied undercooling of the eutectic reaction and proposed the relationship
∆T = 2.24v0.25

sf for low velocities (vsf < 50 to 100 µms−1) and ∆T = 0.8v0.25
sf for high velocities,

with ∆T in K and vsf in µms−1. Those findings are only valid for the flake morphology, which
changes to the fibrous morphology at a critical solidification rate. Khan and Elliott (1996)
present a drop in undercooling, when the silicon structure changes from flake to fibrous type
caused by rapid cooling, so undercooling is in the range of 2 to 20K for any case.

50 µm 20 µm

Figure 2.22: Effect of solidification rate on Al-Si eutectic: Flake morphology in slowly cooled
sample (left) and fibrous morphology with primary dendrites in chill cast sample
(right). (Hellawell, 1970)
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Figure 2.23: Effect of cooling rate on ultimate tensile strength and elongation at fracture for
Al-Si alloys. Both properties increase more for alloys with a higher silicon content.
According to Pek (1987)
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Figure 2.24: Effect of cooling rate on 0.2% offset yield strength for Al-Si alloys. For high
cooling rates and alloys containing at least 7 wt.%Si the yield strength increases
with the cooling rate. In all other cases no effect is visible. According to Pek (1987)
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Pek (1987) examines the influence of solidification rate on the mechanical properties of binary
Al-Si alloys without chemical modification. Figure 2.23 shows the effects of cooling rate on
ultimate tensile strength and elongation at fracture. The increase in tensile strength is higher for
alloys with a high silicon content, which can be explained by a fine eutectic phase. The effect of
rapid solidification is stronger for the eutectic than for the primary dendrites, therefore an alloy
with more eutectic phase is more sensitive to high cooling rates. Same is true for the elongation
at fracture: while it increases with cooling rate for alloys with 13.4wt.%Si and 8.3wt.%Si, it
is hardly affected by the cooling rate for alloys with 5.3wt.%Si and 2.08wt.%Si. Figure 2.24
shows the influence of cooling rate on the 0.2% offset yield strength. Only for cooling rates
above 100Kmin−1 and only for alloys containing more than 7wt.%Si an effect is visible: the
yield strength increases progressively with the cooling rate.

Müller (1996) shows that, similar to unmodified alloys, also modified alloys show a finer eutectic
phase when cooled at higher rates.

2.4.2 Aluminium-Copper

Between 0wt.% and 53wt.% aluminium and copper form a simple eutectic phase diagram with
α-aluminium and the intermetallic Al2Cu called θ-phase. Figure 2.25 shows the phase diagram
in that range. Industrial relevant compositions of aluminium alloys are in the range of the
solid solubility in α-Al below 5wt.%. The solubility of Cu in α-Al reduces dramatically from
5.7wt.% at the eutectic temperature 548.2 ◦C to 0.05wt.% at room temperature. (Bundesverband
der Deutschen Gießerei-Industrie, 2013; Murray and McAlister, 1984)

This circumstance can be used for precipitation hardening: After homogenisation close to the
eutectic temperature, the material is quenched and then age hardened. Samples analysed in
this work were also heat-treated during build-up. To be able to understand the resulting micro-
structure and mechanical properties, the precipitation hardening of Al-Cu alloys is described in
detail:

Depending on the supersaturation of α-Al, the temperature and the time of age hardening five
structures can form:

• Supersaturated Solid Solution (SSS)

• Guinier-Preston-Zones I (GP I)

• Guinier-Preston-Zones II (GP II) or θ′′
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Figure 2.25: Aluminium-copper phase diagram for 0 to 53wt.%. Simple eutectic of α solid
solution and intermetallic θ-phase. According to Bundesverband der Deutschen
Gießerei-Industrie (2013)

• θ′-phase

• θ-phase

They generally form in the order above, though depending on the temperature history during
hardening, not all of them necessarily appear. Nevertheless, they will not coexist but each
form will replace the predecessor. GP I-zones will rapidly form from SSS even at subzero
temperatures. They consist most probably of single atom layers of pure copper in the [100]
planes of the Al matrix. Their diameter grows depending on the temperature to several hundred
angstrom. GP I-zones are fully coherent with the parent matrix. When aged at 100 to 200 ◦C
GP II-zones will start to replace GP I-zones. There is disagreement about the exact structure
of GP II-zones. The consensus is that they are coherent to the matrix and that they have a disk
shape, like GP I, but are several atom layers thick (20 to 100Å) with a greater diameter of 400 to
1500Å. θ′-phase forms after GP II-zones when ageing longer times at 100 to 200 ◦C or directly
from GP I-zones or SSS when ageing above 200 ◦C. It is a precursor to the stable θ-phase,
but still shows partly coherency to the Al-matrix. Again there is disagreement about the exact
structure, but θ′ is generally seen as a definite phase. Finally at temperatures above 300 ◦C the
stable θ-phase (Al2Cu) occurs, which has a tetragonal lattice and is incoherent to the Al-matrix.
(Franz, 1957; Mondolfo, 1976; Murray and McAlister, 1984)
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As GP I-zones will form even at room temperature, copper additions to aluminium increase the
strength and hardness of the alloy significantly, even without a heat treatment. But applying a
heat treatment can increase the strength by almost factor two, followed by a loss of strength and
hardness, when the alloy is aged to long (or at temperatures being too high). This correlates
to the structures mentioned above: The presence of SSS, GP I- and GP II-zones increase the
strength significantly. They will formmore likely for higher copper contents and therefore alloys
with a copper content close to the maximum solid solubility show the highest values. Then
the formation of θ′ will still increase strength and hardness until a certain amount before their
values start to decrease for longer ageing times. Finally when the intermetallic θ-phase forms,
the material fails brittle at low tensile stresses. Ductility is preserved during natural ageing
close to room temperature but will successively decrease during artificial ageing at elevated
temperatures. (Bundesverband der Deutschen Gießerei-Industrie, 2013; Franz, 1957)

2.5 Rapid Solidification

The formation of solid crystals in metallic melts will generally include two diffusion processes:
thermal diffusion of latent heat formed during solidification and chemical diffusion of alloy
elements, as the solid solubility is commonly smaller than the liquid solubility. The process is
therefore highly dependent on the solidification rate. But phase diagrams as they were presented
earlier are only valid for equilibrium conditions thatmeans at infinitesimal small rates of solidific-
ation. The MJT process is characterised by high rates of solidification and therefore equilibrium
phase diagrams can only be used to derive tendencies and basic correlations. Table 2.3 shows
the hierarchy of non-equilibrium that is followed by an increasing solidification rate. (Sahm
et al., 1986)

In the first regime, at solidification velocities ≈ 1 nm s−1, metal will freeze in full equilibrium
without thermal or chemical gradients. The phase diagram is fully applicable. In the second
regime at rates ≈ 1 µm s−1, the phase diagram is only valid locally at the solidification front.
In the third regime (≈ 1 mm s−1) stable phases can not nucleate or grow fast enough, so the
metastable phase diagram can be used to describe the local conditions at the interface. Finally,
at rates of ≈ 1 m s−1 diffusion is mostly suppressed and conditions at the solidification front can
not be described by a phase diagram. (Sahm, 1999)

Common technical processes are taking place in the second and third regime, where a local
stable or metastable equilibrium is present at the solidification front. Prominent examples are
macrosegregation for the second regime and white cast iron for the third. In white cast iron, the
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Table 2.3: Hierarchy of non-equilibrium states for increasing solidification rates. According to
(Sahm et al., 1986; Sahm, 1999)

Solidification rate Conditions at the solid-liquid interface

≈ 1 nm s−1 Full diffusional equilibrium
• No chemical potential gradients (composition of phases is

uniform)
• No temperature gradients
• Lever rule in phase diagram is valid

≈ 1 µm s−1 Local interface equilibrium
• Phase diagram gives composition and temperatures only at

liquid-solid interface
• Corrections made for interface curvature (Gibbs-Thomson

effect)

≈ 1 mm s−1 Metastable local interface equilibrium
• Stable phase can not nucleate or grow sufficiently fast
• Metastable phase diagram gives the interface conditions

≈ 1 m s−1 Interfacial non-equilibrium
• Phase diagram fails at interface
• Chemical potentials are not equal at interface

nucleation and growth of graphite is suppressed by the rate of solidification and the metastable
phase cementite forms.

Figure 2.26 illustrates how rapid solidification influences the phase diagram of binary alloys:
Solid solubility is increased and the liquid temperature is decreased. Therefore, the solidification
range also decreases. Also the eutectic point is affected: it shifts to higher concentrations of the
alloy element and to lower temperatures. In the extreme case the solidification range is reduced
to a line and a degenerated eutectic phase diagram results, which is shown by the dash-dotted
line in the figure. (Kurz and Trivedi, 1991; Sahm, 1999)

Maybe the technically most relevant effect of the solidification rate is the change in solidification
morphology shown in figure 2.27. For a given thermal gradient, which is usually small for
metals, and increasing solidification rate, the morphology of the solidification front changes
from planar to cellular at vcon then to dendritic. For even higher rates the morphology changes
back to cellular and finally planar for rates higher than the absolute stability vabs. (Sahm, 1999)
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Figure 2.26: Schematic binary phase diagram for different growth rates vsf. Rapid solidification
suppresses the eutectic temperature and shifts it to higher concentrations. Also
the solid solubility increases. vsf,0 < vsf,1 < vsf,2. According to (Kurz and Trivedi,
1991)
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Figure 2.27: Qualitative effect of solidification rate and thermal gradient on the morphology: for
a given thermal gradient the morphology changes from planar to cellular/dendritic
and back with increasing solidification rate. According to (Sahm, 1999)
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The rate for the onset of diffuse crystal growth (cellular or dendritic) vcon can be explained by
the concept of constitutional undercooling shown in figure 2.28. A crystal of a binary alloy with
limited solubility in the solid state grows in positive z-direction. Here the distribution coefficient
k = csol/cliq is smaller than unity. As the crystal grows, solute will pile up ahead of the interface
when the excess solute is rejected from the solid phase. The solute concentration will decrease
exponentially in z-direction according to solute diffusion in the liquid phase. As the liquidus
temperature changes with solute concentration in the melt according to the phase diagram, the
negative gradient in solute concentration can be transformed into a positive gradient in liquidus
temperature. Now depending on the thermal gradient and the solidification rate, the local
temperature in the melt ahead of the interface can be lower than the local liquidus temperature.
In this case the melt is constitutionally undercooled. When a small perturbation arises in the
interface it will steepen the local concentration gradient and consequently the local constitutional
undercooling. Therefore, the perturbation is stabilised and grows preferably, which leads to a
diffuse growth. (Kurz and Fisher, 1992)

vsf

c0

c0/k

cliq

0
z

Tsol(c0)

Tliq(c0)

D/vsf

T(z)

Tliq(cliq)

c0 c0/k

Tliq

Δ
c 0

Δ
T
0

solid liquid

Tsol

Figure 2.28: Constitutional undercooling in alloys: The solute pile up ahead of the solidification
front creates a gradient in the liquidus temperature. If the melt temperature falls
below that local liquidus temperature, it is constitutinal undercooled. According
to (Kurz and Fisher, 1992)

The gradient of cliq close to the interface can be derived from a mass flow balance at the
interface according to (Equation 2.8). The interface becomes unstable once the gradient of
solute concentration is greater than the thermal gradient. So the critical solidification rate
can be calculated according to (Equation 2.9). To derive the equation for the upper boundary
of the diffuse solidification vabs, more complex models and mathematics are necessary. So the
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explanation herewill be limited to a qualitative description: With increasing rate of solidification,
the isolines of solute concentration ahead of the diffuse solidification front will adapt closer to the
interfaces shape. Finally, when the isolines exactly follow the interface shape, the constitutional
undercooling is equal along the interface and perturbations are no longer stabilised by it. Now
the surface tension between liquid and solid, which is present in any case, will try to minimise
the interface area and a planar growth becomes stable. This absolute stability limit can be
calculated by (Equation 2.10). (Sahm, 1999)

dcliq
dz
= −

vsf

D
∆c0 (Equation 2.8)

cliq: Local solute concentration in melt
∆c0: Difference in solubility solid/liquid
vsf: Velocity of solidification front
D: Diffusion coefficient of solute in melt

vcon = −
∇T
m

D
∆c0
= ∇T

D
∆T0

(Equation 2.9)

vcon: Critical solidification rate for constitutional undercooling
∇T : Thermal gradient

m: Slope of liquidus temperature in phase diagram
D: Diffusion coefficient of solute in melt
∆c0: Difference in solubility solid/liquid
∆T0: Solidification range

vabs =
D∆T0

kΓ
(Equation 2.10)

D: Diffusion coefficient of solute in melt
∆T0: Solidification range

k: Distribution coefficient
Γ: Gibbs-Thomson coefficient 1

1The Gibbs-Thomson coefficient measures the surface tension at the solid-liquid interface and is in the order of
10−7 Km
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2.6 Dendrite Coherency Point

The dendrite coherency point (DCP) describes the state of a solidifying alloy when growing
dendrites come into contact and form a coherent network. At this point solidifyingmetal behaves
rather as a solid than a liquid. To understand the droplet spreading after deposition in MJT, it is
necessary to understand the dendrite coherency. The DCP is characterised by the temperature
and the fraction solid of dendrite coherencyTDCP, f sDCP. Thermal analysis can be used to detect
the DCP, as the dendrites can not grow any longer in their preferred direction, which effects the
thermal gradient. Also at DCP the materials viscosity increases steeply, which can be detected
by a rheometer (Arnberg et al., 1993; Djurdjevic et al., 2012). The DCP is commonly used
in casting simulations to describe the transistion between liquid-like and solid-like behaviour
during mould filling (Stefanescu, 2002).

The DCP depends on dendrite growth velocity as well as grain size, which both depend on the
cooling rate (Malekan and Shabestari, 2009). Therefore, f sDCP is not always monotonically
dependent on the cooling rate: Arnberg et al. (1993) show that for the alloy 355 (AlSi5Cu1Mg)
the fraction solid reduces from 15 to 10% when the cooling rate is increased from 0.1 to 3K s−1.
On the other hand, Ghoncheh and Shabestari (2015) present data for Al 2024 (AlCu4Mg1): For
cooling rates between 0.4 to 1.1K s−1 the fraction solid at DCP increases from 11 to 29%, but
for cooling rates higher than that f sDCP decreases to 7% at 17K s−1. In a recent publication
Malekan et al. (2016) study the alloys ADC12 (AlSi10Cu2Fe) and the dependency of DCP on
the cooling rate: when the cooling rate was increased from 1.2 to 7.2K s−1, then f sDCP increased
from 8 to 19%.

2.7 Oxidation of Aluminium Alloys

As mentioned earlier, oxide layers are disturbing the formation of metallic bonds. This section
presents published knowledge on the formation of oxide layers on aluminium with a focus on
the initial oxidation as it is most relevant for MJT. The affinity of a metal to form a metal oxide
can be measured by the Gibb’s free energy of formation ∆G. The higher the negative value of
∆G the more likely a metal oxide will be formed. Aluminium has one of the highest affinities
to oxygen of all common metals. At 1000K only Ba, Be, Ce, Ca, Gd, Mg and Y have a higher
value of ∆G amongst the more common metals. (Reed, 1971)
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Common sources for the oxygen necessary to form alumina (aluminium oxide) are air and
water:

4 Al + 3 O2 −−−→ 2 Al2O3

2 Al + 3 H2O −−−→ Al2O3 + 3 H2

Alumina appears in many different structures, but three of them are of particular interest: an
amorphous and two crystalline (γ and α) structure. The amorphous alumina is completely
dense and provides the protective character on solid aluminium. At higher temperatures (500 to
700 ◦C) it transforms into γ-alumina which is a cubic spinel. On liquid aluminium γ-alumina is
directly formed and no amorphous structures are present. At even higher temperatures (750 ◦C
in dry air (Impey et al., 1988); 900 ◦C (Thiele, 1962)) γ-alumina transform to the α-type which
is a hexagonal lattice with a 24% higher density compared to the cubic γ. This transformation
induces cracks in the oxide layer and the rate of oxidation increases significantly. This effect is
known as break away oxidation. (Ostermann, 2014; Thiele, 1962)

Bachrach et al. (1978) analyse the initial oxide formation on an aluminium single crystal and
assume a three step model for initial oxidation: first oxygen is adsorbed to the surface, then
incorporated below it and finally alumina forms. The authors also find evidence that the initial
oxide grows in islands. This is supported by the work of Gartland (1977). As both works
show that adsorption and oxide formation is depending on the crystals orientation one can
expect island-like growth on a polycrystalline surface in any case. Stucki et al. (1987) studied
the oxidation on polycrystalline solid and liquid of high purity aluminium by Auger electron
spectroscopy and determine the exposure necessary to form one monolayer of aluminium oxide
on the surface. The point of monolayer formation is characterised by a reduction in oxide
formation rate, as islands can rapidly grow radial without diffusion, but further growth can only
take place if oxygen or aluminium diffuses through the oxide layer. For solid aluminium at
room temperature they obtain an exposure for monolayer formation of 1.33 × 10−4mbar s and
for liquid aluminium 3.99 × 10−3mbar s, which is 30 times higher than for the solid state. They
discuss that on solid Al, the oxygen is adsorbed on the surface (up to 2.66 × 10−5mbar s) before
it starts to form aluminium oxides. In contrast, the authors could not measure adsorbed oxygen
on the liquid surface and therefore state, that it is immediately incorporated in the liquid until a
certain exposure (1.33 × 10−3mbar s) before the first oxide islands form.
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Oxidation of Al-Mg alloys
Magnesium additions to aluminiummelt are of special interest, asMg is a very common alloying
element for aluminium and has a great effect on the oxidation behaviour: Thiele (1962) reports a
drastic increase in oxides mass of an Al-Mg alloy compared to pure aluminium and also to Al-Si
alloys as figure 2.29 shows. Additions of Be to Al-Mg melts can protect them from break away
oxidation with Be contents as little as 0.0001% as they form preferable BeO coatings on the
melt, which protect it from further oxidation. However, if seeds of crystalline metal oxides are
added to the melt, they counteract the protective action of Be additions completely. (Cochran
et al., 1977)
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Figure 2.29: Effect of alloy elements on the oxidation of aluminium at 700 ◦C. Each additions
is 1 atom-%. Rate of oxidation increases significantly for additions of Mg, Na und
Ca. According to (Thiele, 1962)

Effect on the Surface Tension
An alumina film on the aluminium melt also effects the surface tension. For a droplet surface
covered completely with alumina consistent values of 0.85Nm−1 are reported in literature
(Goumiri and Joud, 1982; Molina et al., 2007). For values of a ‘pure’ aluminium surface the
data is inconsistent, as it is technically almost impossible to create an oxide free aluminium
melt surface. A recent publications obtains a value for an oxide-free aluminium of 0.95Nm−1

(Molina et al., 2007).
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Effect on the Wetting Behaviour
Several studies examine the contact angle between aluminiummelt and aluminium nitride (AlN)
and boron nitride (BN). Their results allow the following conclusion:

When the melt surface is covered with alumina the melt does not wet the ceramic and high
contact angles between 140° and 160° are reported. At temperatures above 800 ◦C Al2O is
formed on the melt’s surface, which is gaseous and volatile. Now clean aluminium comes in
direct contact with the substrate and contact angles are reduced to values below 90°. This is
also consistent with the results of Ho and S.-T. Wu (1998) who adapted the sessile drop method
to deposit droplets from a syringe instead of melting them from a solid aluminium part. In
comparison to existing data they measure smaller contact angles between aluminium and AlN
of 110° at 800 ◦C. (Chiaramonte and Rosenthal, 1991; Impey et al., 1988)

2.8 Summary and Conclusion

Material jetting of metal is a promising technology to additively manufacture parts from alu-
minium alloys. It is currently on the verge of commercialisation. As described in this chapter,
there is already some published knowledge on print heads for high melting metals, the behaviour
of metal droplets impinging on a flat surface and on the numerical description of the behaviour
of a liquid droplet spreading and solidifying on a substrate of the same kind. However, there
is very little published knowledge on the effect of process parameters on resulting macroscopic
part properties. One of the few publications on macroscopic part properties by Chao et al.
(2013) presents four cuboids fabricated under different thermal conditions. According to the
quality prediction by the semi-infinite-model presented in the same publication, all four should
yield good results with a well defined geometry and a low porosity as the contact temperature
Tc1 is between Tsol and Tliq. But exactly the opposite is true: The sample printed at the lowest
temperatures shows a great amount of pores, while the sample printed at the highest temperatures
looses its geometry almost completely. There clearly is a lack of information on how thermal
conditions influence the MJT process, which is of great importance as the local temperatures
during droplet deposition have a major effect on the resulting macroscopic part properties.



3 Objectives and Structure of Thesis

The scope of this work is to contribute to the basic knowledge needed to design an industrial
MJT process for aluminium alloys. It focuses on the droplet-droplet bonding process, which
is crucial to the quality of printed parts. The quality can be described by two basic criteria:
geometrical accuracy and material soundness. This work focuses on the latter, which means in
the case of MJT: mechanical strength and porosity.

Tensile tests and relative density measurements were conducted to quantify their dependency on
the main process parameters, i.e. alloy composition, thermal conditions, oxygen concentration
in the printing atmosphere and Weber number of the droplets. The results are supported by
the analysis of micrographs and fractured surface by optical microscopy and scanning electron
microscopy (SEM). To be able to fabricate specimens for the aforementioned analysis, it was
first necessary to develop and install a prototypic printing machine. It was developed in cooper-
ation with the Institute of Micro Technology and Medical Device Technology at the Technical
University of Munich. It consists of a print head, a printing environment with controlled oxygen
concentration, a heated build platform, a 3D-motion stage able to move the build platform and
finally a programmable logic controller (PLC) to automate the build process based on a G-code
script, similar to scripts used in computerised numerical control (CNC) machining.

A particular feature of additive manufacturing processes is, that quantities like the temperature
are changing on small scales in both time and space. This makes those quantities difficult
or impossible to access by conventional measurement methods. To overcome this hurdle, a
simulation method for MJT was developed and used in this work to gain more insight into the
manufacturing process of the analysed specimens. It is further used to extrapolate to conditions
occurring in an industrial processwith smaller droplets deposited at a higher frequency compared
to the prototypic machine used here.

Figure 3.1 gives an overview of the content and structure of the present work. In Chapter 4 the
experimental and simulation methods are described, including the prototypic machine used to
fabricate specimens under a variation of process parameters. To analyse the process, Chapter 5
compares simulation results with the analysis of printed specimens. A fundamental understand-
ing of droplet-droplet bonding can be derived from these results taking into account the already
published knowledge presented in chapter 2. Finally the simulation model is adapted to predict
conditions in a notional industrial process. In combination with the experimental results, basic
knowledge that supports the design an industrial MJT process for aluminium is presented in
chapter 6.
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Figure 3.1: Overview of content and structure of the present work.



4 Methods

During the research project this thesis is based on, a prototype printing machine for material
jetting of aluminium was designed in cooperation with the Institute of Micro Technology and
Medical Device Technology at the Technical University of Munich. This chapter will first
describe the machine itself, then the experiments that were conducted and finally a novel
simulation model, used to gain inside into the local conditions of the conducted experiments.

4.1 Prototype Printing Machine

Figure 4.1 shows the CAD model of the mechanical parts of the printer and a picture of the
complete setup. The motion stage assembly and the printing chamber are mounted in the
machine frame, which is assembled from aluminium profiles. The print head is integrated in the
printing chamber’s lid and therefore stationary. The picture also shows the pneumatic plate with
the valves and flowmeters, the nitrogen supply and the visualisation of the programmable logic
controller (PLC). The main components are described in detail in the following sections.

4.1.1 Motion Stage Assembly

The printer’s XY stage is arranged in an ‘H-Bot’ configuration that is shown in figure 4.2. Two
rail guides in y-direction carry the two rail guides in x-direction on four carriages. The base
plate of the printer is attached to four carriages on the rail guides in x-direction. The toothed
belt starts and ends at the base plate, where it is held by belt tensioners. Four return pulleys turn
the belt by 90° to be in parallel with the y-direction. Attached to the y-direction rails, two motor
pulleys and two free turning pulleys complete the H-shape. If only one motor is turning while
the other one stands still, the base plate moves in the directions m1 or m2, which have an angle
of 45° to the x- and y-axis. To transform the motor axis system to the machine axis system a
simple rotation of 45° is sufficient.

The advantage of this configuration is that both motors are stationary and do not move with
the base plate. Therefore, the accelerated mass is lower and higher dynamics can be achieved.
The linear stage for the z-direction is designed for lower dynamics and is therefore light. It is
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Figure 4.1: Overview of the prototype printing machine: The motion stage assembly (d) and the
printing chamber (c) are fixed in the aluminium frame (a). The print head (b) is
mounted in the chamber’s lid. The picture also shows the pneumatic actuation (e),
the nitrogen supply (f) and the visualisation of the machine control (g).
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Figure 4.2: Sketch of ‘H-Bot’ configuration of the XY motion stage: The base plate is mounted
on carriages on rail guides to be able to move in x- and y-direction. A toothed belt is
attached to the base plate and is guided by six return pulleys and two motor pulleys
in a shape, which resembles the letter ‘H’. Each motor moves the base plate in a
direction 45° to the x- and y-axis when operated individually (m1, m2).
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attached to the base plate and consists of lead screw linear stage driven by a stepper motor. More
detail on the motion stages is given in table 4.1

Table 4.1: Overview of the most important components of the motion stage.

Part Type Manufacturer

Rail guide (x,y) Linear Guide Rail PS 4-15 item Industrietechnik GmbH,
Solingen, Germany

Carriage (x,y) Bearing Carriage PS 4-15 item Industrietechnik GmbH,
Solingen, Germany

Motor pulley Timing-Belt Reverse Unit 8 40 R25 item Industrietechnik GmbH,
Solingen, Germany

Return pulley Timing-Belt Counter-Reverse Unit 8 R25 item Industrietechnik GmbH,
Solingen, Germany

Toothed belt Timing Belt R25 T10 item Industrietechnik GmbH,
Solingen, Germany

Linear stage (z) drylin SHT-12-AWM-100 igus GmbH, Köln, Germany

Servomotor (x,y) AM8111-1F20-0000 Beckhoff Automation GmbH &
Co. KG, Verl, Germany

Gearbox (x,y) AG2250-+PLE40-M02-20-1B1-AM811x Beckhoff Automation GmbH &
Co. KG, Verl, Germany

Stepper motor (z) AS1020-0120 Beckhoff Automation GmbH &
Co. KG, Verl, Germany

4.1.2 Printing Chamber

A middle section of the printing chamber is shown in figure 4.3. It can be divided into two
parts: a stationary and a moving part. The latter consist of the base plate, which is driven by
the XY stage and the lifting rod that carries the heated build platform. For heating the platform
three heat cartridges (hotrod 10x60, Hotset GmbH, Lüdenscheid, Germany) are fitted in the
boreholes, which can be seen in the figure. A thermocouple (type K, class I) is used to control
the temperature of the build platform. It is fitted in a borehole between two heat cartridges (not
shown in the figure). To isolate the build platform from the lifting rod, it is attached by four
thin-walled spacer tubes made from stainless steel. The lifting rod is guided by two sliding
bearings (H4FM-2528-21, igus GmbH, Köln, Germany), which are pressed in a bearing block
connected to the base plate. On the bottom the lifting rod is mounted to the linear stage. The
complete lifting rod is hollow and contains the cables of heat cartridges and thermocouple. An
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Figure 4.3: Middle section of the printing chamber. The base plate is connected to the XY stage
and carries the build platform with the lifting rod. The chamber frame is stationary
and fixed to the machine frame. Three glass windows enable optical access to the
process. The top lid contains the print head and is surrounded by the inert gas
injection.

O-ring between the two sliding bearings and high temperature silicone injected in the hollow rod
after installing the cables, provide sealing to separate the inert atmosphere inside the printing
chamber from the environment.

The stationary part is based on the chamber frame made from aluminium, which is fixed on
the machine frame. An O-ring sealing is pressed into a groove in the bottom of the chamber
frame. This O-ring is in contact with the moving base plate. To minimise friction and wear
the base plate is coated with Polytetrafluoroethylene (PTFE). Three sides of the chamber frame
are closed by glass windows and the forth side is closed by the back plate. In the back plate
a thermocouple (type K, class I) and an oxygen sensor (S0-D0-001, SENSORE Electronic
GmbH, Klosterneuburg, Austria) are fitted. The top is closed by a lid containing the print head.
Surrounding the lid, the chamber frame contains the inert gas injection. Through 12 circular
arranged holes nitrogen is blown into the chamber.

The pneumatic plan of the inert gas supply is shown in figure 4.4. A gas bottle with nitrogen
(purity 99.999%) supplies inert gas to the setup. The electronic pressure regulator (VPPE
3-1-1, Festo AG & Co KG, Esslingen, Germany) in combination with a flow restrictor enables
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the machine control to set a desired inert gas flow, which is visualised by the flowmeter. The
pressure regulator works from 0 to 6 bar and the restrictor is designed to create a gas flow
between 0 to 1m3 h−1. A closed-loop control is implemented in the PLC to maintain a desired
oxygen concentration in the printing chamber’s atmosphere by adjusting the inert gas flow
accordingly.

N2

Electronic
pressure regulator

Restrictor

Flowmeter

Printing chamber

Figure 4.4: Pneumatic plan of inert gas supply: An electronic pressure regulator and a flow
restrictor enable the PLC to set a desired gas flow between 0 to 1m3 h−1, which is
visualised by the flowmeter.

4.1.3 Print Head

Figure 4.5 shows a middle section of the CAD model and a photo of the print head. Four
bolts with nuts and springs clamp together the top plate, the crucible, the bottom plate, the lid
of the printing chamber and all components in between. The lid of the printing chamber is
not shown completely here (see figure 4.3). The crucible is centred in both the top and the
bottom plate. It needs to withstand the aluminium melt, the high temperatures in an oxidising
environment and it needs to be resistant to thermal shock to allow fast heating and cooling of
the setup. Therefore, a sintered silicon nitride ceramic (SN-TC, FCT Ingenieurkeramik GmbH,
Frankenblick, Germany) is used for the crucible. The top plate, the gas adaptor, bolts, springs
and nuts are made from stainless steel (1.4301 or 1.4305). The bottom plate needs to thermally
isolate the nozzle plate from the printing chamber and is therefore made from calcium silicate
(Calcast CC 350, SILICA GmbH, Mettmann, Germany). To improve inert gas flow at the nozzle
orifice, a vent is machined in the bottom of the plate, to allow inert gas to flow from the chamber
to the nozzle and escape through the vent. This is shown in more detail in section 4.3.7. A
heating coil (hotspring Mini, Hotset GmbH, Lüdenscheid, Germany) with a power of 268W,
surrounds the crucible and can heat it to a maximum temperature of 750 ◦C. Sealings made from
graphite paper are placed between top plate and crucible as well as between crucible and nozzle
plate. The nozzle plate is centred in a pocket in the crucible and is made from an aluminium
nitride/boron nitride mixed ceramic (Shapal Hi-M Soft, Tokuyama Corporation, Tokyo, Japan).
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Figure 4.5: Middle section of CAD model (left) and picture (right) of the print head. The
crucible, which contains the molten aluminium, is clamped between the top and the
bottom plate by four bolts. On the bottom it is closed by the nozzle plate and on the
top it is closed by the gas adaptor. A heater surrounding the crucible is controlled
to set a desired temperature that is measured by a thermocouple plugged into a hole
through the top plate and the crucible.



4 Methods 52

The advantage of this ceramic is that it can be machined by conventional tools in the sintered
state. It has a bending strength of 300MPa, is resistant to thermal shock and molten aluminium.
Figure 4.6 shows the drawing and a picture of the orifice after machining.
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Figure 4.6: Drawing (left) and picture (right) of the nozzle plate. The picture shows the orifice
on the bottom site after machining.

The pneumatic layout to create the pressure pulse used to eject droplets is shown in figure 4.7.
The gas is taken from the same bottle used to purge the printing chamber. An electronic pressure
regulator (VPPE 3-1-1, Festo AG & Co KG, Esslingen, Germany) is used to set the desired
amplitude of pressure. A fast switching 2/2-way valve (MHJ 9, Festo AG & Co KG, Esslingen,
Germany) creates a pressure pulse with a minimum length of 1.2ms. The pressure pulse runs
through a hose made from PTFE to the print head where it provides the energy for droplet
ejection. To avoid reflections of the pressure pulse between melt and valve, which would cause
multiple droplets to be ejected, the wave has to be terminated. For that purpose a restrictor open
to the environment is placed close to the print head. The opening diameter is just big enough to
terminate the wave after one reflection on the surface of the melt completely.

N2

Electronic
pressure regulator

Reservoir 18 ml 

2/2-way valve

Print head

Restrictor d = 2.6 mm 

Figure 4.7: Pneumatic layout to supply pressure pulses to the print head: A pressure regulator
sets the desired pressure amplitude for the pulses. The reservoir is designed to
contain the gas needed for a single pulse without a significant pressure drop. A
fast switching 2/2-way valve creates the pulse, which runs through the hose to the
print head. Close to the print head an opening terminates the pressure pulse and
suppresses multiple reflections in the hose.
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4.1.4 Machine Control

To operate the printing machine, a programmable logic controller (PLC) based on the modular
I/O-system EtherCAT (Beckhoff Automation GmbH, Verl, Germany) is employed. It consists
of an EtherCAT coupler and a number of EtherCAT terminals for several functions. Figure 4.8
shows a screenshot of the user interface. It comprises following core elements:

• Close-loop controller for the temperature of the print head, the temperature of the build
platform and the oxygen concentration in the printing chamber

• Manual control for the valve to eject droplets

• Player to run the machine automatically by G-code scripts

Figure 4.8: User interface of machine control consisting of the core elements: closed-loop
controller for temperatures and oxygen concentration, a manual control to eject
droplets and a player to run G-code scripts.

The set value of the close-loop controllers can be either given by the user or by the G-code
script. Alternatively the controller can be switched off and the actuating variable is set manually
between 0 to 100%. The parameters to eject droplets are the time between two droplets tperiod ,
the time the fast switching valve is opened tpulse and the pressure amplitude ppulse that is given
to the pressure regulator. All parameters can be either set manually or by the G-code script.
When a droplet should be ejected manually, a number of droplets can be entered that are ejected
in a series according to the parameters after the trigger button ‘Go’ is pressed. The player is
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used to load a G-code script, which can then be started, stopped and paused. After a change in
the set temperatures, a G-code command can be given, to pause the machine, until the measured
temperatures are within ±10 ◦C of the set temperatures. A visualisation shows the current
position of the motion stages and counts the number of droplets.

4.2 Alloys

Six different aluminium alloys were used for the presented studies. The reference material for
most of the experiments was an eutectic aluminium-silicon alloy AlSi12 (4047A). To examine
the influence of the silicon content it is compared to AlSi5 (4043A) and to Al99.5Ti (1450).
Additionally the effects of aluminium-copper and aluminium-magnesium were examined with
AlMg3 (5754), AlMg5Cr (5356) andAlCu5. The latter was prepared bymelting pure aluminium
(Al99.9) and dissolving pure copper (Cu-ETP) in it. The other five alloys can be obtained as
filler metals for welding in various wire diameters, whereas no binary aluminium-copper alloys
are available as filler metal. The norm ISO 18273 standardises filler metals for welding and the
numbers given in parentheses always refer to that norm. The material is inserted in the crucible
after heating and purging with inert gas, therefore it needs to fit through the bore in the top plate.
A maximum diameter of 4mm is possible, so the AlCu5 was first cast into a block and then rods
with a cross section of 3 mm × 3 mm were cut from it. Suppliers and forms of all materials are
summarised in table 4.2. As the tests with AlMg alloys failed owing to excessive oxidation (see
section 5.3.2), those materials are not further described.

Table 4.2: Overview of the alloys used in the presented studies, with supply form and supplier.

Alloys Grade Form Supplier

AlSi12 4047A wire coil d = 0.8 mm Drahtwerke ELISENTAL W. Erdmann GmbH & Co,
Neuenrade, Germany

AlSi5 4043A rod d = 2.0 mm voestalpine Böhler Welding GmbH, Düsseldorf, Germany

Al99.5Ti 1450 rod d = 1.6 mm VDB-Schweißtechnik, Dormagen, Germany

AlMg3 5754 rod d = 3.2 mm VDB-Schweißtechnik, Dormagen, Germany

AlMg5Cr 5356 rod d = 3.2 mm VDB-Schweißtechnik, Dormagen, Germany

AlCu5 - cast block, cut into
rods 3 mm x 3 mm

-
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The chemical composition of all alloys was tested by an optical emission spectrometer (Foundry-
Master, Worldwide Analytical Systems AG, Uedem, Germany). The results are presented in
table 4.3 compared to the norm ISO 18273.

Thermal properties used throughout the work for those alloys are summarised in table 4.4.
Al99.5Ti is considered to be pure aluminium. For AlCu5 data from the technical alloys EN AW
2024 (AlCu4Mg1) is used. For the aluminium-silicon alloys the METALS model was used to
estimate the necessary properties. All data as well as the model are described byMills (2002).

Table 4.3: Chemical Analysis (meas.) of used materials compared to the norm ISO 18273.
AlCu5 was not produced according to any norm. All numers in wt.%.

Si Fe Cu Mn Mg Cr Zn Ti Be

AlSi12 (norm) 11-13 <0.6 <0.3 <0.15 <0.1 - <0.2 <0.15 <0.0003

AlSi12 (meas.) 13 0.16 0.006 0.005 0.001 <0.0003 <0.001 0.021 <0.0001

Al99.5Ti (norm) <0.25 <0.4 <0.05 <0.05 <0.05 - <0.07 0.1-0.2 <0.0003

Al99.5Ti (meas.) 0.05 0.13 0.006 <0.001 <0.0001 <0.0004 <0.002 0.106 <0.0001

AlSi5 (norm) 4.5-6 <0.6 <0.3 <0.15 <0.2 - <0.1 <0.15 <0.0003

AlSi5 (meas.) 5.38 0.14 0.019 <0.001 <0.0001 <0.0003 <0.001 0.008 <0.0001

AlCu5 (meas.) 0.04 0.03 5.25 <0.001 <0.0001 <0.003 <0.001 0.002 <0.0001

Table 4.4: Thermal properties of alloys used in this study. According to Mills (2002)

Property Unit Al99.5Ti AlCu5 AlSi5 AlSi12

Liquidus temperature: Tliq
◦C 660 632 632 577

Solidus temperatur: Tsol
◦C 660 538 577 577

Thermal conductivity at Tliq: λliq W m−1 K−1 91 86 85 77

Thermal conductivity at Tsol: λsol W m−1 K−1 208 188 210 207

Specific heat capacity at Tliq: cliq J kg−1 K−1 1180 1140 1169 1155

Specific heat capacity at Tsol: csol J kg−1 K−1 1180 1100 1126 1101

Density at Tliq: ρliq kg m−3 2380 2500 2388 2401

Density at Tsol: ρsol kg m−3 2557 2674 2641 2613

Heat of fusion kJ kg−1 397 366 389 426
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4.3 Experimental Procedure

Different experimental setups were used throughout the studies to print specimens for tensile
tests and micrographs, to record single droplets with a high speed camera and to measure the
cooling of single droplets with a pyrometer. The setups and the procedures are described in the
following sections.

4.3.1 Blocks for Tensile Tests and Micrographs

Each experiment starts with the job preparation that ensures comparable conditions for every run.
Afterwards, the G-code script is started and the printing process is then running automatically.
All steps done after the block was build, are summarised in the post process.

Job Preparation
Before every run, the print head is taken from the machine and disassembled completely to
remove remaining material and slag from a previous test run. The nozzle is checked for
clogging and eventually cleaned by pressurised air. All seals are replaced in case they were
damaged in the previous run or while disassembling. Then the components are reassembled
and clamped by the springs. A nickle sheet (50 mm × 50 mm × 1 mm) serves as a carrier plate.
Before every run that nickle sheet is sanded with 1200 grit paper until it is metallic bright and
then placed on the build platform.

After the print head is mounted in the printing chamber, the heaters of build platform and print
head are started in manual mode and set to the temperatures for the first layer. The inert gas
supply is set to maximum flow until the oxygen concentration in the chamber can be detected
by the sensor (< 1000 ppm). Then the close-loop controller is activated and set to the desired
value of oxygen concentration.

When the print head temperature and oxygen concentration are reached, material is fed through
the gas adaptor manually. Once the crucible is filled, the gas hose is connected to the gas adaptor
and the printer is ready to operate.
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Build Process
Once the job preparation is finished, the G-code player is started and the automatic build process
begins. The dimensions of one printed block were chosen to make full use of the material that
fits into a crucible filled to the maximum and to be able to machine a tensile test specimen similar
to the smallest one standardised in DIN 50125. Each layer is deposited the same way, following
the path shown in figure 4.9. The path shows the relative movement of the print head as seen
from the build platform. This point of view is easier to interpret, even though the platform is
moving, not the print head. After reaching the start position, a short movement without droplet
ejection in positive y and in negative x directions ensures that no backlash appears during droplet
deposition. Then, during constant movement, the droplet ejection is activated for 32mm. The
movement is stopped a few millimetre after droplet ejection is finished, to make sure no effects
of acceleration can be seen in the parts. After an offset of 1mm in y-direction the second
line is deposited in opposite x-direction. Deposition is now started 0.5mm earlier than the last
line ended. This alternating offset in x-direction allows to print two lines closer to each other
resulting in a higher density. Velocity during printing is set to 5.5mm s−1 and the period time
is 200ms, so the distance between two droplet ejections is 1.1mm. That way, five lines are
printed until one layer is finished. Then the platform is lowered by 0.8mm and moved to the
start position before the next layer is deposited. A total of eight layers is printed for one block.
All geometric parameter were set in a way to ensure planar layers with a maximum density and
a constant distance between nozzle and part.

32 mm

1 mm

Start

End Droplet deposition

No droplet deposition

x

y
0.5 mm

Figure 4.9: Path of the print head relative to the platform during deposition of a single layer
while printing a block for tensile tests and micrographs. Five lines are printed in
alternating directions with a distance between the lines of 1mm. Each line is 32mm
long. Ending of one line and starting of the next line are shifted for 0.5mm.

It was desired to achieve a certain amount of bonding between droplets and carrier plate to avoid
deformation induced by thermal contraction but bonding should also not be too high, to enable
part removal without damaging the carrier plate or the printed specimen. This is only possible
for certain platform and droplet temperatures. Therefore, the first layer is always printed with
Tplat = 450 ◦C and Tph = 700 ◦C. Before the second layer those temperatures were set to the
desired value. The valve parameters pulse time tpulse and pulse pressure ppulse were identified for
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each alloy to eject a volume between 0.8 to 0.9mm3 with a velocity of approximately 2.7m s−1 at
each pulse. This corresponds to a droplet diameter of 1.15 to 1.2mm for a single ideal spherical
droplet. The parameters were also adjusted to ensure stable operation conditions, so the velocity
criteria is not always exactly met.

Three test series were carried out: a full factorial variation of alloys, the platform temperature
Tplat and the print head temperature Tph, a one factor variation of oxygen concentration in the
build chamber cO2 and a full factorial variation of droplet ejection pressure ppulse andTplat on two
stages. Table 4.5 gives an overview of the process parameters that were used in the test series
of temperature variations. Tables 4.6 and 4.7 show the parameters for the variation of oxygen
concentration and variation of Weber number. In the case of ppulse variation, the valve opening
time tpulse was adjusted to maintain a constant droplet size at higher droplet velocities.

Table 4.5: Parameter settings for the test series of temperature variations.

Alloy Tplat in ◦C Tph in ◦C tpulse in ms ppulse in bar cO2 in ppm

AlSi12 300,350,400,450,500 650,700,750 7 1.2 20

AlSi5 450,500,550 700,750 6.3 1 20

Al99.5Ti 580,600,620 750 6.0 0.9 20

AlCu5 500,550 700,750 11.5 1.5 20

Table 4.6: Parameter settings for the test series of oxygen concentration variations.

Alloy Tplat in ◦C Tph in ◦C tpulse in ms ppulse in bar cO2 in ppm

AlSi12 500 650 7 1.2 20,60,100,140,200,350

Table 4.7: Parameter settings for the test series of droplet velocity variations. tpulse is adjusted
to maintain a constant droplet size.

Alloy Tplat in ◦C Tph in ◦C tpulse in ms ppulse in bar cO2 in ppm

AlSi12 300,500 700 4, 3.3, 2.3 2, 3, 5 20

Post Process
ForAlSi12, AlSi5 andAl99.5Ti the cooling after printing is uncontrolled on the building platform
or after removing the nickle plate. As AlCu5 shows precipitation hardening the cooling history
has an effect on the tensile properties. Therefore, it was cooled by pressurised air from an air
gun at 6 bar, directly after printing.
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After cooling, the blocks are removed from the nickle sheet and either machined to tensile
specimens or cut diagonal to prepare micrographs. Figure 4.10 shows a printed block from
AlSi12 with the cutting plane for micrographs on the left and a machined tensile specimen on
the right. The amount of pores is higher between lines and layers as it is in the middle of a line or
a layer, a diagonal cutting plane for the micrographs is therefore necessary to get a representative
image. Simulation results (see section 5.2.1) show that local thermal conditions do not differ
significantly in x-,y- and z-directions during the experiments. Consequently, microstructure is
expected to be independent of the cutting plane. Tensile specimens were machined from the
centre of the block.

5 mm

Figure 4.10: Printed block of AlSi12 (left) and tensile specimen (right). A white dotted line
shows the cutting plane for the micrographs.

4.3.2 Tensile Tests

As already mentioned, tensile test specimens are machined from the printed blocks. The print
head does not contain sufficient material to print a block big enough to machine a specimen
according to DIN 50125, which is based on the international standard ISO 6892-1. According
to those standards, a machined specimen with a circular cross section needs to have a minimum
diameter of 4mm and a minimum initial gauge length of 20mm. For this study a specimen was
designed with a diameter of 3mm and an initial gauge length of 15mm. The technical drawing
is shown in figure 4.11.

Figure 4.11: Drawing of tensile test specimen. It has a circular cross section with a diameter of
3mm, a parallel length of 18mm and M5 threads.
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All tensile tests are performed in a universal testing machine (1484, Zwick GmbH & Co. KG,
Ulm, Germany). The test setup is according to ISO 6892-1 with a constant strain rate of
2.5 × 10−4 s−1. Elongation is measured with an extensometer (Makro, Zwick GmbH & Co.
KG, Ulm, Germany) directly on the specimen’s surface. The recorded stress and strain data
is evaluated for ultimate tensile strength Rm, 0.2 % offset yield strength Rp0.2 and uniform
elongation Au. To determine Rp0.2, the elastic modulus E is necessary and as the initial gauge
length is smaller than requested by the standard, it is assumed that measuring uncertainties are
greater than deviation of E between different samples. Therefore, a constant elastic modulus of
70GPa is assumed.

4.3.3 Preparation of Micrographs

Printed blocks were cut diagonal as shown in figure 4.10 and then embedded under reduced
pressure of −0.6 bar relative to environment. After hardening of the resin they were grounded
and polished step-wise to a final polishing step with a colloidal SiO2 suspension containing
0.04 µm particles (OP-S, Struers GmbH, Willich, Germany). Specimens of the alloy AlCu5
were additionally etched in two steps, first with sodium hydroxide solution (2%), then with a
mixed solution of sodium hydroxide (1%) and potassium permanganate (4%).

4.3.4 Density Evaluation from Micrographs

According to VDI 3405-2 the density of additively built metal parts by means of beam melting,
can be measured by image analyses of micrographs. As there is no standard forMJT yet, the VDI
3405-2 is used instead. Images of the micrographs covering the whole specimen are made by
a light microscope (Axioplan 2, Carl-Zeiss Micro-Imaging GmbH, Göttingen, Germany) with
a resolution of 7.5 µmpx−1. The open source software Fiji is used for the image analyses. First
the picture is cropped to cut away the boarders that do not show printed metal but embedding
material. Then the colour image is converted to an 8-bit grey-scale image. Next, the image is
segmented to separate pore from material. To do so, Fiji uses the isodata algorithm of Ridler
and Calvard (1978). A filter is applied to ignore all pores smaller than two pixels. The steps are
visualised in figure 4.12. Now the relative density can be calculated by dividing the number of
pixels representing metal, by the total number of pixels:
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ρrel =
nmetal

ntotal
(Equation 4.1)

ρrel: Density
nmetal: Number of pixels representing metal
ntotal: Total number of pixels

Original

Crop & grey-scale

Segmented

Figure 4.12: Steps of image analysis to measure the relative density. First the image is cropped
to show only material, then it is converted to an 8-bit grey-scale and segmented by
the isodata algorithm.

4.3.5 High-speed Camera Records

To evaluate the droplet characteristics, a high-speed camera records images of ejected droplets
in flight. Figure 4.13 shows a schema of the experimental setup. Through the two opposite
glass windows of the printing chamber, the droplet can be observed in flight by a high-speed
camera (MotionBlitz EoSens mini2, Mikrotron GmbH, Unterschleißheim, Germany) and a LED
backlight (M450LP1, Thorlabs GmbH, Dachau, Germany). Pictures are recorded at a speed of
5000 frames per second with a shutter time of approximately 20 µs. With the used objective
(LM50TC, Kowa Optimed Deutschland GmbH, Düsseldorf, Germany) droplets can be observed
for approximately 10mm depending on the exact position of the camera. To calibrate the length
of each pixel in the images, a caliper opened exactly 2mm is held in the beam path at the same
position at which the droplets will be ejected, and a picture is taken by the camera. By counting
pixels between the calipers legs in the picture, the length of one pixel can be calculated. This
value is determined at the beginning of every test run and is about 17.5 µm.

A script for the software Matlab (The MathWorks Inc., Natick, MA, USA) automatically evalu-
ates the recorded images. To do so, two pictures are given to the function. One when the main
droplet is fully visible and one showing the main droplet just before leaving the recorded area.
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Figure 4.13: Schema of experimental setup to evaluate droplet characteristics: Through two
glass windows the droplet in flight is observed by a high-speed camera and illu-
minated by a LED backlight.

The image is then segmented in fore- and background by a threshold grey value, which is set
by the user. The closed area which is closest to the bottom of the image is assumed to be the
main droplet and its centre of area is calculated in both images. The distance travelled between
both images can be calculated using the pixel length from the calibration and the time between
both images known by the frame rate and the image number. Figure 4.14 shows an image as
it is taken by the high-speed camera and the processed result from the Matlab-script with the
droplet’s centre of area.

Original Processed

Figure 4.14: An image taken by the high-speed camera and the result after processing it with
the Matlab-script. A threshold grey value is used to segment the image in fore- and
background. The droplet’s centre of area is calculated and shown by a cross.
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4.3.6 Pyrometer Measurements

The main purpose of this setup was to validate the simulation described in section 4.4. Un-
fortunately it was not possible to measure temperatures with the pyrometer directly for several
reasons: The emissivity of aluminium and its alloys is very low and depends on the surface struc-
ture (Wen and Mudawar, 2006). Test on conventionally cast blocks showed, that the emissivity
changes significantly during solidification. Figure 4.15 compares the temperatures measured by
a thermocouple and measured by a pyrometer with a constant set emissivity of 0.435 during the
solidification of a conventionally cast AlSi12 surface. The emissivity value was calibrated at
room temperature and is valid as soon as the material is fully solidified. It is not valid for liquid
aluminium and changes during solidification, when the surface structure changes owing to the
microstructure of the solid material and owing to oxidation.

Figure 4.15: Comparison of temperatures measured by thermocouple and pyrometer during
solidification of conventionally cast AlSi12. The emissivity was set constantly to
0.435. While temperatures are equal after solidification, they differ before and
during solidification.

Another reason is, that the droplet is small compared to the detector of the pyrometer. Thus,
a significant amount of background radiation is measured, especially from the build platform.
Finally, the angle between metal surface and pyrometer is also affecting the measured radiation
(Lax and Pirani, 1929). As the droplets have a high curvature and are moving relative to the
pyrometer, this angle is permanently changing.

Despite the described challenges to measure temperatures directly, it was possible to determine
the solidification time from the pyrometer signal. The experimental setup for this purpose
is shown in figure 4.16. A pyrometer (CTvideo3M, Optris GmbH, Berlin, Germany) with
a spectral range of 2.3 µm and a 300:1 optic (CF-vario, Optris GmbH, Berlin, Germany) is
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focused to measure the droplets just after deposition. Sensor values are recorded at a frequency
of 1000Hz. In the acquisition software, the emissivity is set to a minimal value of 0.1 to ensure
a maximal sensitivity. To determine the start and end of solidification, the first derivative of the
temperature curve is formed and its minima are evaluated. Figure 4.17 shows the raw pyrometer
signal for the measured temperature and its derivative. The minima in the derivative mark the
onset and the end of solidification.

Figure 4.16: Schema of experimental setup to determine the droplet solidification time by a
pyrometer measurement.

Figure 4.17: Evaluation of solidification time from pyrometer signal: The derivative of the
pyrometer signal shows minima for the onset and the end of solidification.

To validate the simulation, a cuboid block with 32×5×8 droplets is printed with the parameters
summarised in table 4.8 at two different platform temperatures. The solidification times of
all 32 droplets in the first line of the sixth layer were measured. The solidification time is
constant for those 32 droplets owing to the fact, that at low deposition frequencies each droplet
cools essentially to the platform temperature before the next droplet is deposited. Therefore, an
average solidification time is calculated for the complete row.
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Table 4.8: Process parameters for validation experiments at two different platform temperatures.

Alloy Tplat in ◦C Tph in ◦C tpulse in ms ppulse in bar cO2 in ppm

AlSi12 400,490 700 7 1.2 20

4.3.7 Oxygen Measurements

The oxygen content in the printing chamber atmosphere is measured only at one position during
normal operation, which is shown in figure 4.3. Owing to the high temperatures of print head
and build platform, convective gas flow might lead to an inhomogeneous oxygen distribution.
Hence, a test series was carried out to measure the oxygen concentration close to the nozzle
position in comparison to the normal measurement position. An adaptor, which was fabricated
by SLS, allows to install the oxygen sensor at the same position as the nozzle plate in normal
operation. For this purpose the adaptor replaces top plate, crucible and heater in the print
head. The base plate is maintained to ensure comparable gas flow. As the maximal operating
temperature of the sensor is 350 ◦C, the nozzle temperatures can not be fully simulated by this
setup, but it should still reproduce the principle relations. Figure 4.18 compares the setup used
for the oxygen measurement at nozzle position with the normal print head setup.

Figure 4.18: Setup to measure oxygen content close to printing nozzle: Instead of the crucible
an adaptor is installed that positions the oxygen sensor at the same place as the
nozzle in normal operation.

In a first step, the build platform is positioned 10mm below the printing chamber’s lid and is
heated to 500 ◦C. The oxygen sensor is installed at its normal position and the print head is
heated to 700 ◦C. Then the printing chamber is purged with inert gas and the controller for
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the oxygen concentration is set to the desired value. After the gas flow controller established a
constant value, this value is documented together with the set oxygen concentration.

In the second step, the adaptor together with the sensor is installed at the print head and the
opening in the build chamber is sealed. Now the chamber is purged again manually with an inert
gas flow corresponding to the values documented in the first step. Build platform position and
temperature are identical. Once the value measured by the oxygen sensor becomes constant, it
is documented. This procedure was necessary, as only a single oxygen sensor was available.

4.3.8 Inert Gas Injection for Print Head Nozzle

Aluminium-magnesium alloys could not be printed with the conventional print head design,
owing to nozzle clogging by oxidation. Therefore, a gas injection was designed that delivers
inert gas directly to the printing nozzle. The inert gas injection replaces the bottom plate of the
print head as shown in figure 4.19. The part was additively built from 1.4404 stainless steel in
SLM process at AMCM GmbH (Starnberg, Germany). A fitting at the top of the part allows
inert gas to be bled into the cavity, where it flows along the side walls and exits through a ring
nozzle pointing upwards. Simulation of gas flow, show that the gas hits the printing nozzle, flows
radially inwards and forms a concentric stream around the orifice. The open area is designed
to generate a flow velocity of 1m s−1 at a flow rate of 0.25m3 h−1. A ceramic inlay between
crucible and inert gas injection and a ceramic ring between printing chamber lid and inert gas
injection provide heat insulation of the crucible. Both ceramic parts were made from calcium
silicate (Calcast CC 350, SILICA GmbH, Mettmann, Germany). The oxygen adaptor for the
oxygen measurements at nozzle position is also compatible with the inert gas injection.

4.4 Simulation Model

The process MJT is characterised by incrementally adding material to a part being built. Those
increments are small in time and spatial dimensions. Thus, physical quantities like local
temperatures are hard or impossible to access by conventional measurement techniques. So it
is essential to establish simulation methods that yield the possibility to look into the process
and obtain full access to the physical quantities of interest. For the evaluation of experimental
results it is essential to know, whether local temperatures change during build-up and to what
extent. A new method to simulate the temperature field on the scale of full parts consisting of
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Figure 4.19: Rendering of inert gas injection alone and built in the print head. Inert gas enters
through a fitting, flows through the side walls and exits through a ring nozzle
pointing upward to the printing nozzle.

several thousand droplets was developed and is presented in the following sections. The method
was already published in the journal Production Engineering (Himmel et al., 2018).

As shown in section 2.2 spatial and time resolution needs to be very small (1 × 10−9 s and 50 µm)
to obtain valid results for the fluid motion of deposited droplets. Therefore, fluid motion has to
be neglected to simulate the thermal field of a part consisting of several thousand droplets with
an acceptable effort. This is valid for the macroscopic thermal field, as according to Schiaffino
and Sonin (1997a) the bulk solidification time of a droplet is at least one order of magnitude
greater than the spreading time (for aluminium alloys at temperatures and droplet sizes occurring
in MJT). The only method of such kind already published, is based on the software ANSYS
(ANSYS Inc., Canonsburg, PA, USA) and the finite-element-method (FEM) (Chao et al., 2013).
Using a FEM solver to simulate the MJT process yields some difficulties for the model setup:
During printing process, the shape of the part and the boundary surfaces are changing with
each droplet being deposited. For every droplet a separate simulation run has to be started with
adapted conditions and adapted boundaries. Doing that for a part consisting of several thousand
droplets is inefficient and difficult to implement automatically for arbitrary geometries.

The following sections present a novel method based on the software Flow 3D (FlowScience Inc.,
Santa Fe, NM, USA), which uses the Finite-Difference-Method (FDM) to solve the governing
equations in time and space. A special method called ‘volume of fluid’ (VOF) is used by Flow
3D to describe the fluid’s free surface and the boundary conditions at this surface. This method
defines a step function F that is unity at any point occupied by fluid and zero otherwise. The
value of F in a cell represents the fractional volume of fluid in that cell. Accordingly, each
cell with an F value between one and zero contains a fluid surface. The surface normal can
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be computed by calculating the derivatives of F in space. A detailed description of the VOF
method was published by Hirt and Nichols (1981). As the fluid surface is evaluated in every
time step, this method is ideal to use for MJT, where the material’s surface changes over time.

4.4.1 Subroutine

To efficiently simulate the MJT process, the initialisation of individual droplets needs to be
done automatically while the solver is running. For this purpose a subroutine was developed
that reads the time tnext and the coordinates for each droplet deposition from an ASCII-file and
initialises fluid with the desired temperature Tdrop in the desired cells at the correct time step.
This subroutine was compiled directly into the solver’s executable and is called in each solver
iteration. Figure 4.20 shows the flow chart of this subroutine. When the current simulation time
t gets greater or equal to tnext, the subroutine continues by reading the next line of the input
ASCII-file, which contains the time tnext for the following droplet and the x,y,z-coordinates for
the current droplet. Each droplet is represented by a cuboid with nx × ny × nz cells and the
coordinates describe the corner in positive x-, y- and z-direction. Next, the routine identifies
the cells corresponding to the coordinates and the given size of the cuboid and fills them with
fluid (F = 1). Finally the solvers routine to evaluate the cells’ internal energy is called and the
subroutine ends. The parameters Tdrop, nx, ny and nz are stored in the input deck of the solver
(.prepin file) and can be read by the subroutine. As the solver will reevaluate the free surface
in the following time step, all boundary conditions are automatically updated. This subroutine
yields the possibility to simulate the build-up process of a part consisting of an arbitrary amount
of droplets in a single simulation run.

According to the literature the crucial parameter controlling the spreading and bonding behaviour
of a droplet on a substrate (carrier plate or previously printed droplet) is its temperature. So
a relevant result is the surface temperature that an arriving droplet ‘sees’ when it is deposited.
Therefore, the subroutine calculates the average temperatures of the cells next to a new droplet
in x-,y- and z-direction just before it is initialised. Those temperatures are called adjacent
temperatures Tadj,x, Tadj,y and Tadj,z. They are calculated by the subroutine and written in a result
file in ASCII format. Figure 4.21 depicts where the temperatures are evaluated at the time of
droplet arrival.
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Figure 4.20: Flowchart of subroutine that automates the build-up process. The routine initialises
droplets of the desired temperature in the correct time step at the desired position.
Reprinted by permission from Springer Nature: Himmel et al. (2018), ©2018

Figure 4.21: Evaluation of adjacent temperatures. The adjacent temperatures Tadj,x/y/z of an
arriving droplet are evaluated on the faces of neighbour droplets just before the
droplet is initialised.
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4.4.2 Model Setup

According to the samples produced for the experimental studies in this work, a simple cuboid
geometry is used to study the influences of process parameters on the thermal field during a
build-up process. Figure 4.22 shows the model setup for the parameter study. A nickle sheet
(60 mm×60 mm×1 mm) serves as the carrier plate. A constant temperature boundary condition
is applied to the surface of this sheet in negative z-direction with a heat transfer coefficient to
the nickle sheet of αs = 200 W m−2 K−1. To obtain this value a thermocouple was welded to the
surface of the nickle sheet. Then the nickle sheet was brought into contact to the preheated build
platform (500 ◦C). Assuming that the nickle sheet acts as a block capacity, the heat transfer
coefficient between build platform and carrier plate can be calculated from the measured heating
curve according to the relation τ = ρcV/(αAc), where τ is the time constant and ρ, c, V , Ac

are the density, specific heat capacity, volume and contact area (Polifke and Kopitz, 2009).
Between the environment with a constant temperature Tenv = 100 ◦C and the nickle sheet as
well as the printed droplets a heat transfer coefficient of αenv = 20 W m−2 K−1 is used. This
value was estimated for free convection and radiation of a horizontal plate according to (Polifke
and Kopitz, 2009). The environmental temperature is measured in the experimental setup by a
thermocouple in the printing chamber. It ranges from 60 to 160 ◦C depending on the temperature
of the build platform and the printing time. As the influence of heat transfer to the environment
is small owing to the small heat transfer coefficient, the value was set independent to the platform
temperature to a constant average value of 100 ◦C.

Figure 4.22: Model setup for the simulation study showing the order of droplet deposition and
boundary conditions. According to Himmel et al. (2018)

Droplets are represented by a brick with 1.2 mm×1.2 mm×0.6 mm, which corresponds approx-
imately the dimensions of a deposited droplet in the experiments. Droplets are deposited on the
platform in alternating direction as indicated by the arrow. Each layer starts at the same position
in the lower left corner. A delay of 1 s after each line and 7 s after each layer is considered.
Those times were measured in the experiment and rounded to a full second.
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Material properties are taken from the literature andwere presented in table 4.4 in section 4.2. For
numerical simulations a solidification interval of 5K was introduced for AlSi12 (Tliq = 582 ◦C)
and Al99.5Ti (Tliq = 665 ◦C), as a certain range of latent heat release is necessary for numerical
stability. This is also physically valid, as only a high purity alloy with exact composition can
really show a solidification point instead of a solidification range. In this study technical alloys
are used, which contain impurities and will not exactly have the eutectic composition.

The computational mesh is a regular mesh with a cell size of 0.3mm in all three dimensions.
Consequently, each droplet is represented by 4× 4× 2 = 32 cells. Equations for the temperature
field are solved implicit with a maximum time step of tperiod/20 = 10 ms.



5 Results and Discussion

This chapter will first show the analysis of droplet characteristics as this will be necessary to
further understand the details of all presented results. Next, the variation of thermal conditions,
oxygen concentration and Weber number are presented and discussed separately. The variation
of alloy composition is integrated in the variation of thermal conditions. In the final section
‘Understanding the Droplet Deposition’ all gathered results and the already published knowledge
are brought together, to give an extensive view on the deposition of a single droplet.

5.1 Droplet Characteristics

Even though the droplet generation process is not the scope of this work, it is essential, for the
interpretation of the final results, to understand the characteristics of the flying droplets. Hence,
they were analysed based on high-speed camera records.

Results
Figure 5.1 shows a recorded sequence of a single droplet ejection. The times are given relative
to the first image. Each pressure pulse ejects a series of smaller droplets that are moving in the
same direction with almost the same velocity. They tend to coalesce to form bigger droplets as
can be seen by the last two droplets in the sequence. After coalescence the formed droplet is
oscillating as shown by the first droplet in the first image of the sequence. The last image was
recorded 17ms after the first one and shows a trailing satellite droplet, which is significantly
smaller and also slower than the main droplet train. This satellite also tends to deviate in the
direction of travel. As all of the droplets in the main train will arrive in the same position
at almost the same time, they instantly coalesce to one droplet on the substrate. Thus, in the
whole text outside of this section, ‘droplet’ describes the material ejected by one pressure pulse
that forms one droplet on the substrate. Small satellites will not always coalesce with the main
droplet, as they arrive in a different location or as they are already solidified upon arrival.

The recorded image sequences are used to calculate the droplet velocity. Figure 5.2 presents
the measured droplet velocity against the set pressure at the inlet of the solenoid valve (see
Figure 4.7). For sufficiently high pressures, the velocity follows an almost linear dependency.
At pressures above 2.5 bar the ejected material could not be analysed properly for valve opening
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Figure 5.1: Sequence of single droplet ejection recorded by the high-speed camera. Each
pressure pulse ejects a series of droplets flying in the same direction with the same
velocity and occasionally trailing satellites that are significantly smaller and slower.

times of 6ms. Thus, a second series with a valve opening time of 3ms time was measured. In
this series no results were obtained at pressures below 2 bar. Generally, the opening times do
not have a significant effect on the droplet velocity, only on the ejected volume.

Figure 5.2: Droplet velocity against pulse pressure as evaluated from high-speed camera re-
cords. The droplet velocity increases almost linearly with the pressure.

Each point in the plot represents the mean value of 20 droplet ejected in one sequence at 10Hz.
The error bars represent two standard deviations of these 20 droplets. Apart from the extreme
configurations, the deviation inside one sequence is small, but there are clearly deviations
between individual sequences, which were measured on different days.

In the rest of this thesis, results of droplet velocity variations are presented against the droplet
Weber number. It is calculate from the measured velocity according to (Equation 2.4) with the
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density of AlSi12 according to table 2.2, the droplet diameter of 1.18mm as characteristic length
and the surface tension of pure aluminium of 0.871Nm−1 according to Mills (2002).

Discussion
The whole train of droplets, which is ejected by a single pressure pulse, extends over a range of
approximately 12ms for the parameters used in most test setups. The major part of the ejected
volume is contained in the first, bigger droplets over a time of 4ms. According to Schiaffino
and Sonin (1997a) the characteristic spreading time of a droplet is in the order of ddrop/(2vdrop).
In this case, with a droplet velocity of 2m s−1 and a droplet diameter of 1.2mm the spreading
time would be in the order of 0.3ms and therefore one order of magnitude faster than the
time of droplet arrival. The droplet spreading process of this droplet train will therefore differ
significantly from the spreading process of a single droplet of the same size.

To understand how the fragmentation of the fluid volume in several subdroplets instead of one
single droplet affects the process of droplet impingement, one needs to image the ideal case of a
fluid on a flat substrate without solidification. A continuous stream of small droplets with short
distances between each other is feeding a bigger droplet that spreads on the substrate. Now
as seen from the bigger droplet forming on the substrate, a continuous supply of fluid would
force the droplet to spread further and further. In that case, the spreading time is not any longer
ddrop/(2vdrop), but the time of small droplet arrival. It can be assumed that the fragmentation of
droplets in the experiments essentially increases spreading time by a factor of ten.

Another observation of the droplet characteristic is that satellites with low velocities and small
diameters follow the main train of droplets. They are still visible in the final product as they
usually do not fuse with the main droplet. The satellites will reduce density and accuracy of the
final part. Figure 5.3 shows a SEM image of an AlSi12 droplet with a satellite on the surface
and another one in the interface at the bottom.

To estimate the cooling of droplets during flight the loss of heat due to convection was estimated
according to Polifke and Kopitz (2009). The assumptions for this estimation are as follows: A
droplet of a constant temperature of 700 ◦C is flying for a distance of 8mm through nitrogen at
1 bar and 100 ◦C with a velocity of 5m s−1. The size of a droplet is calculated by the assumption
that the main volume of one ejection is distributed in three droplets having a diameter of 0.8mm.
Material properties for aluminium are taken from table 4.4 and properties for nitrogen are taken
from VDI (2013). The heat loss owing to radiation can be estimated to be less than 2 ◦C with an
emissivity of the droplet of 0.1 according to Mills (2002) and the surface of three droplets with
a diameter of 0.8mm. The environment is assumed to be infinite compared to the droplet and
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Figure 5.3: SEM images of AlSi12 droplet with satellites highlighted by white arrows. Tsubs =
435 ◦C

has a temperature of 100 ◦C. Even though all estimations are rough, most of them are worst-case
assumptions and one could hardly expect a droplet cooling of more than 10 ◦C. Accordingly,
throughout the presentation of the results as well as in the discussion, the droplet temperature
upon deposition is assumed to equal to the print head temperature (Tdrop = Tph).

5.2 Variation of Thermal Conditions

The variation of thermal conditions, mainly the substrate temperature, is the most important
influence factor on the droplet-droplet bonding. It is most intensively studied throughout this
work. First, the simulation results are analysed to see if the condition inside one specimen can be
considered homogeneous and isotropic. Then the experimental results and their interpretation
for the alloys AlSi12, AlSi5, AlCu5 and Al99.5Ti are presented.

5.2.1 Simulation Model of Laboratory Setup

After the validation of the simulation model against measured data, the influences of the main
process parameters are presented and discussed.
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Validation of Simulation Model
Simulations according to the experimental setup described in section 4.3.6 are performed. To
compare the simulated solidification time to the measured values, the result ‘local solidification
time’ provided by Flow3D for each cell is used. It measures the time that passed between liquidus
and solidus temperature in the cell during cooling. The measurement method to obtain these
values experimentally is described in section 4.3.6. Figure 5.4 compares the average simulated
values of all cells representing the 32 droplets of the first line in the sixth layer with the average
measured solidification time obtained from experiments. The results show a good agreement
between simulation and experiment. Therefore, the simulation is capable to determine the
influences of process parameters despite the simple setup, rough estimations of droplet shape
and the neglect of fluid motion. It cannot clearly be stated, where validity limits of the chosen
simulation setup are, but once the droplet shape is significantly influenced by the temperatures
it might not be valid anymore. This is the case, if adjacent material is still liquid, when a
new droplet arrives, because then it will fuse with the existing material in the liquid state and
probably result in a significantly different shape compared to that defined in the model setup.

Figure 5.4: Simulation validation: Measured solidification times compared to simulated values.
The error bars show two standard deviations of the measured values. The simulation
correlates well with the measured solidification times. Reprinted with permission
from Springer Nature: Himmel et al. (2018), ©2018

Simulation Results
To analyse local thermal conditions during the experiments, simulations of the build-up of
similar cuboid blocks were performed. The cuboids consist of 32 × 5 × 8 droplets (38.4 mm ×
6 mm × 4.8 mm). Two factors were varied in the experiments: platform temperature Tplat
and droplet temperature Tdrop. A full factorial design with 12 setups was simulated: Tplat =
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300, 400, 500, 550 ◦C and Tdrop = 650, 700, 750 ◦C. The printing frequency is 5Hz. The alloy
for the presented results is AlSi12.

Figure 5.5 shows Tadj,x and Tadj,z for the complete build job with the highest (Tplat = 550 ◦C,
Tdrop = 750 ◦C) and lowest (Tplat = 300 ◦C, Tdrop = 650 ◦C) temperature combination. Tadj,y will
always be between Tadj,x and Tadj,z, as the adjacent temperatures are controlled by the cooling
time. Hence, the temperatures in y-direction are not shown in the plots to improve clarity. While
in the ‘cold’ setup temperatures slowly increase, they slowly decrease in the ‘hot’ setup. The
mean value of adjacent temperatures is always some degree higher than the platform temperature.
Within each layer, temperatures are rising from the first to the last line.

Figure 5.5: Simulated adjacent temperatures for a complete build job in the laboratory model.
Comparison of Tadj,x and Tadj,z of the highest and lowest temperature combination.

To discuss the experimental results, it is helpful to know the mean adjacent temperatures within
one specimen and also the maximum deviation from this mean. As the experimental evaluation
does not consider the first layer and also not the beginning and ending of each line, the mean
values and maximum spread values are calculated without the first layer and without the first
and last three droplets of each line.

Figure 5.6 presents the difference between the mean adjacent temperature and the platform
temperature Tadj,m − Tplat on the left and the maximum spread ∆Tadj on the right, depending
on the platform and droplet temperatures. Tadj,m − Tplat decreases from 50 ◦C at low platform
temperatures to 15 ◦C at high platform temperatures. Droplet temperature has only a small effect
on both results compared with the platform temperature. The maximum variation of adjacent
temperatures in one cuboid decreases with the platform temperature until 500 ◦C and increases
for 550 ◦C.
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Figure 5.6: Effect of platform and droplet temperature on difference between mean adjacent and
platform temperatures Tadj,m − Tplat (left) as well as maximum adjacent temperature
difference ∆Tadj (right).

Discussion of Simulation Results
The small increase respectively decrease of the mean temperatures throughout the printing
process, shown in figure 5.5, can be explained by the low coefficient of heat transfer between
nickle plate and build platform (200Wm−1K−1): For low platform temperatures, heat convection
to the surrounding gas is low and the system therefore heats up, as not enough heat can be
transferred to the build platform. For high platform temperatures a significant amount of heat
can be transferred to the gas by convection and so the system cools when the surface of the
cuboid grows. Nevertheless, those effects are small as the mean layer temperatures in x-direction
decrease by about 10 ◦C for the ‘hottest’ setup and increase by the same amount for the ‘coldest’
setup.

The temperature evolution within one layer can be explained by the influence of two parameters:
The size of the contact area of each droplet to adjacent material and the time that passed since
the deposition of this adjacent material. The first droplet of each layer has only contact with one
neighbour, the remaining droplets of the first line and the first droplets of the following lines
have contact with two neighbours and all other droplets of one layer have contact with three
neighbours. A greater contact area to solid material leads to higher cooling rates.

As each layer is build in the same sequence, the time that has passed since the deposition of
adjacent droplets in z-direction is constant. Still, the first droplet in each layer will fall on the
coldest material and will transfer heat to it and the surrounding material. In consequence, the
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successive droplets fall on preheated material and the temperatures Tadj,z show a steep increase
at the beginning of each layer.

The explanation for the difference between platform and substrate temperature is straight forward:
At high platform temperatures, the heat can mainly be transferred to the cold surrounding gas.
Hence, less heat is conducted to the build platform and the temperature difference between part
and platform becomes small.

Owing to a high latent heat of fusion, the greatest share of heat is transferred from the droplet to
already build material in the freezing range of the alloy (577 to 582 ◦C). And as the temperature
variations within one build job ∆Tadj are caused by cooling during pause times and heating
during printing times, the variations are high, when the platform is significantly colder than
the solidus temperature. At 550 ◦C the first line of each layer remains liquid during printing,
as adjacent temperatures are still above solidus temperatures. At the same time the adjacent
droplets in z-direction in the first line are comparably cold owing to the period without printing
between two layers. Thus, ∆Tadj increases as soon as droplets do not fully solidify between two
depositions. In this case we expect those droplets to merge to a coherent line.

For the experiments we can conclude that:

• All adjacent temperatures for all droplets of one cuboid are within ±15 ◦C, when the first
layer and the beginning and ending of each line are ignored. This is valid, as the borders
of the cuboids are not taken into account in the experimental evaluation.

• The mean adjacent temperatures are some degree higher than the build platform temper-
ature. This deviation will be considered during the experimental evaluation. Evaluation
of printed specimens will be presented against Tsubs instead of Tplat, with Tsubs = Tadj,m.

• The droplet temperature has only little effect on the adjacent temperatures.

5.2.2 AlSi12

The eutectic alloy AlSi12 was most intensively studied though out this work, as it yielded
analysable results over the greatest range of parameters. Results for this alloy were obtained
by the analysis of microstructure, SEM images, evaluation of relative density and tensile tests.
Some of the results of AlSi12 were already published in the Rapid Prototyping Journal (Himmel
et al., 2019).
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Results
Figure 5.7 shows images taken from a cuboid printed at Tsubs = 520 ◦C and one printed at Tsubs =

565 ◦C. While droplets solidify individually at 520 ◦C, they merge to line-wise solidification at
Tsubs = 565 ◦C. That matches well with the prediction of the simulation model.

Figure 5.7: Images of cuboids printed at Tsubs = 520 ◦C and 565 ◦C. While droplets solidify
individually up to Tsubs = 520 ◦C, they merge to continuous lines at Tsubs = 565 ◦C.

To analyse the droplet shape and microstructure in printed parts, images of micrographs made by
optical microscope and images of the surface made by a scanning electron microscope (SEM)
are presented. To describe the circumstances, droplets will be labelled ‘first’ and ‘second’,
meaning that the first droplet was deposited earlier than the second droplet. The surface and
microstructure of each droplet changes from the surface, where the droplet comes into contact
with already printed material and the free surface, where the droplet is only in contact with the
surrounding gas. Those directions will be called ‘bottom’ and ‘top’. In figure 5.10 the labels
are shown in the figure representative of all following figures.

Figure 5.8 shows a SEM image of AlSi12 printed at a substrate temperature of 350 ◦C. Apart
from some impurities, the surface of the droplet is free of any structure in the bottom and shows
dendrite tips at the top. A macroscopic contact angle greater than 90° is visible, but on both
sides a ‘foot’ close to the neighbour droplet can be seen. The contact angle of this ‘foot’ is about
90° as shown in magnification.

To study the effect of the substrate temperature, figure 5.9 shows the same details for a part
printed at Tsubs = 520 ◦C. The amount of surface with a dendritic structure on the top is greater
compared to figure 5.8. The ‘foot’ at the contact line disappears and the macroscopic contact
angle is equal to the microscopic one, both approximately 90°.
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Figure 5.8: SEM images of an AlSi12 droplet atTsubs = 350 ◦C Droplet overview and magnifica-
tions of the contact area (a) and unstructured part of the surface (b). Tdrop = 700 ◦C
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Figure 5.9: SEM images of an AlSi12 droplet at 520 ◦C substrate temperature: Droplet overview
and magnifications of the contact area (a) and part of the surface (b). Tdrop = 700 ◦C
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Figures 5.10 and 5.11 showmicrographs close to a droplet-droplet boundary of AlSi12 specimen
for the variation of Tdrop and Tsubs. In all cases a highly dendritic structure is apparent. Each
droplet shows a gradient in the fineness of the microstructure: At the bottom, where it first comes
into contact with a neighbour droplet a fine structure is formed, which gradually gets coarser
to the top, where the solidification ends. All images show the two extremes in each droplet:
the top of the first droplet in the lower left corner of the image and the bottom of the second
droplet in the upper right corner. While the droplet temperature does not show an effect, the
substrate temperature changes the microstructure significantly. For lower substrate temperatures
the dendritic structure is much finer, especially in the bottom. In the case of Tsubs = 350 ◦C even
a globular structure appears close to the interface. Lower substrate temperatures also yield a
finer eutectic phase: While at 520 ◦C silicon and α-aluminium can still be resolved at the given
resolution, the eutectic phase appears as a single tone of grey for 350 ◦C.

Figure 5.10: Micrographs of a droplet-droplet interface for AlSi12 at different droplet temper-
atures: Hardly any visible effect of droplet temperature. Tsubs = 435 ◦C
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Figure 5.11: Micrographs of a droplet-droplet interface for AlSi12 at different substrate temper-
atures: The interface is visible owing to the sudden change in the microstructure.
Lower substrate temperatures result in a higher gradient in microstructure and an
overall finer eutectic phase. Tdrop = 700 ◦C
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As mentioned in section 2.3.4 the thermal conditions during droplet impact influence the spread-
ing and the post solidification shape of each droplet. Therefore, they also affect the amount
and size of pores that remain between adjacent droplets. As an example, figure 5.12 shows
two low magnified micrographs at different substrate temperatures. Bigger pores are located
in the corners between three or more droplets and occasionally smaller pores are visible inside
droplets. The size and amount of pores between droplets is reduced with a higher substrate
temperature. That observation is generally true for all materials.

Figure 5.12: Micrographs showing the pores inside printed AlSi12: greater pores are mainly
situated between three or more droplets and only seldom inside a droplet. Amount
and size of pores reduce with a rising substrate temperature. Tdrop = 700 ◦C

Figure 5.13 presents the relative densities for AlSi12 against the variation of substrate temper-
ature and droplet temperature. The scatter of the data is comparably high, but nevertheless an
increased density with an increased substrate temperature can be observed. The droplet temper-
ature, on the other hand, has no significant effect. Relative densities between 93 and 99% were
measured. The highest value is measured in the case, that droplets fuse to coherent lines (see
figure 5.7).

The results of tensile test evaluation uniform elongation, 0.2% offset yield strength and tensile
strength, are presented in Figure 5.14. Owing to a high experimental effort, in most cases less
than ten tensile specimens were tested under the same condition and in some cases even less
than five. Moreover, the scatter of the data is high and it is therefore not presented by a mean
value and a standard deviation but by individual measured values instead. A cast reference
was produced by casting a block of 50 mm × 30 mm × 90 mm in an open steel die at room
temperature. Specimens with the same dimensions as those manufactured from printed material
were machined and tested. The cast reference results are presented as two grey dash-dot lines,
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Figure 5.13: Relative density of printed AlSi12 against substrate temperature for droplet tem-
peratures of 650 ◦C, 700 ◦C and 750 ◦C. While the substrate temperature increases
the relative density significantly, the droplet temperature has no clear effect.

with one line at a standard deviation below the mean and one line at a standard deviation above
the mean.

The elongation increases significantly with an increased substrate temperature from values
below 1% to values of 12%. For a substrate temperature of 520 ◦C the uniform elongation is
comparable to the cast reference. The droplet temperatures do not show a significant effect on
the elongation, only in the case of Tsubs = 520 ◦C a minor effect is noticeable. The yield strength
decreases linearly from about 140 to 100MPa with the substrate temperature. The lowest values
are still slightly higher than the cast reference with a mean of 87MPa. And the ultimate tensile
strength is more or less stable over the whole range, but the scatter of the data decreases for
higher substrate temperatures. No effect of the droplet temperature on either the yield strength
or the uniform elongation is visible. Among all testes alloys, only for AlSi12 it was possible to
machine tensile specimens from cuboids printed at the lowest tested substrate temperature. No
specimens were made for substrate temperatures below 350 ◦C as the elongation was already
close to zero.

Discussion
Tensile specimens could be evaluated for all tested conditions, so the lower boundary for Tsubs
was not reached. Figure 5.15 shows representative stress-strain curves of tensile specimens
made from AlSi12 at different substrate temperatures.

First the cast reference is compared to the specimen printed at Tsubs = 565 ◦C: The printed
specimen has superior mechanical properties and even a higher elongation owing to the fact,
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Figure 5.14: Tensile properties of printed AlSi12: The elongation increases significantly with
the substrate temperature. The 0.2% offset yield strength decreases linearly with
the substrate temperature and the ultimate tensile strength remains almost constant.
The data scatter reduces with an increased substrate temperature. Cast reference
shows the range of two standard deviations.
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Figure 5.15: Stress-strain curves of AlSi12 for different substrate temperatures. With decreased
substrate temperature the yield strength increases and the elongation decreases,
while the ultimate tensile strength stays approximately constant.

that at the given conditions, the droplets will merge to form a line in the printing direction. As the
tensile specimens are also tested in printing direction, there is essentially no limiting porosity,
but the material benefits from the higher cooling rate and a finer eutectic phase, respectively. For
lower substrate temperatures, the elongation reduces and the yield strength increases. That can
be explained by two opposite effects: The size and amount of pores between individual droplets
increases, but also the solidification rate increases and so the fineness of the eutectic phase (and
also of the dendrites). A finer microstructure improves yield strength, elongation and ultimate
tensile strength of Al-Si alloys. As the eutectic phase is much harder than the α-phase it bears
the main part of the load and is therefore crucial to the mechanical properties. Moreover, the
eutectic phase is sensitive to the solidification rate, so an alloy with a higher amount of eutectic
phase will also be more sensitive to the solidification rate (Baumgartner, 2019; Pek, 1987).
To summarise, the increased solidification rate induced by a cold substrate should improve all
mechanical properties. But the pores between droplets have sharp edges at the droplet interfaces
and serve as crack-initiators reducing the possible elongation. Consequently, the ultimate tensile
strength remains constant over the substrate temperature.

Especially the elongation data at Tsubs = 520 ◦C shows a significant amount of scatter. When
pores are responsible for crack initiation, then a single critical pore can lead to low elongation
values. If a high amount of pores is present, a critical one will always be in the tested volume
and the scatter is low. For higher substrate temperatures the amount of pores is reduced and
some specimens will and others will not contain a critical pore and thus, the scatter increases.

Figure 5.16 compares SEM images taken from the fractured surfaces of specimens fabricated
at Tsubs = 350 ◦C and 520 ◦C. At the lower substrate temperature the droplet shape is clearly
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visible and great parts of each droplet surface were not in contact with the neighbour droplet
before fracture. In the centre of each droplet a fractured area is visible that indicates the area,
which was in contact with the neighbour droplet. Probably not even 50% of the area shows
fracture marks and the real stress inside the material is therefore significantly underestimated
by the macroscopic evaluation in a tensile test. Samples fabricated at Tsubs = 520 ◦C show a
continuous fractured area without droplet-droplet interfaces over great parts, even though there
are still some droplet interfaces visible. In contrast to the specimen printed at 350 ◦C those
droplet interfaces have a rough surface, which means that they were also bound. The fact that
the crack followed the droplet-droplet interface can have several reasons: The droplets may
not have bound properly and the interface itself is an imperfection in the material. Another
option would be that residual stresses have build up due to thermal contractions during rapid
solidification. But the whole cuboid is held at 520 ◦C for the complete printing process, which
should release residual stresses. The last and most likely option is that the crack propagates close
to the interface in the ‘first’ droplet as the discontinuity in the microstructure at the interface
will concentrate the stress.

Figure 5.16: SEM images of fracture surfaces comparing tensile specimens printed at Tsub =
350 ◦C and 520 ◦C: For low substrate temperatures only small parts of the droplet
show a fractured surface, while for high temperatures, a great area shows fracture
marks.
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5.2.3 AlSi5

Specimens fabricated from the hypo-eutectic alloy AlSi5 were analysed by micrographs, SEM
images, tensile tests and density evaluation. The results will be presented and discussed in the
following section compared to the eutectic composition.

Results
Figure 5.17 shows the measured relative density of AlSi5. A comparable range of densities is
measured but on a significantly smaller range of substrate temperatures compared to AlSi12.

Figure 5.17: Relative density of printed AlSi5 against substrate temperature for droplet tem-
peratures of 700 ◦C and 750 ◦C. The substrate temperature increases the relative
density significantly.

Figure 5.18 compares the microstructure at the interface of droplets deposited at Tsubs = 516 ◦C
and 560 ◦C. The structure at 516 ◦C is comparable to that of AlSi12 deposited at the same
temperature (see figure 5.11): The interface can hardly be seen and the microstructure at the
bottom and at the top of each droplet are comparable. But in the case of AlSi5 the amount
of α-dendrites is significantly higher. For Tsubs = 560 ◦C the interface is clearly visible in the
z-direction (between layers), as the microstructure at the top of the first droplet changed and is
now mainly consisting of eutectic phase with some coarse silicon particles. There is no visible
interface between two droplets in the direction of printing (x-direction). This is only the case for
AlSi5 at Tsubs = 560 ◦C. For all other configurations, there are no differences between interfaces
in x- or z-direction.

Compared to AlSi12, the surface of a droplet from AlSi5 in figure 5.19 has a rougher surface
almost without any smooth areas. The magnification of the surface shows a fully dendritic
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Figure 5.18: Micrographs of a droplet-droplet interface for AlSi5 at different substrate temper-
atures: At Tsubs = 516 ◦C the interface can hardly be seen. At Tsubs = 560 ◦C
a layer with more silicon phase is apparent in the lower droplet at the interface
perpendicular to the printing direction (z). In printing direction (x) no interface is
visible. Tdrop = 700 ◦C
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structure and in comparison to AlSi12 the inter-dendritic spaces appear to be empty. Here again
the droplet has a ‘foot’ at the contact line with an contact angle of about 90° and the apparent
macroscopic contact angle is greater than that.
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10 µm 10 µm
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Figure 5.19: SEM images of an AlSi5 droplet at 516 ◦C substrate temperature: Droplet overview
and magnifications of the contact area (a) and part of the surface (b). Tdrop =
700 ◦C

Figure 5.20 shows the properties of AlSi5 as measured in the tensile tests. Cuboids fabricated at
substrate temperatures below 472 ◦C could either not be removed from the nickle plate or could
not be machined without breaking. Again, the uniform elongation increases with the substrate
temperature to values above 15%, which is more than measured for the cast reference. No
effect of the droplet temperature can be seen. Yield strength increases slightly with the substrate
temperature and is not affected by the droplet temperature. Still almost all measured values
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lie above the mean yield strength of the cast reference. The tensile strength increases with the
substrate temperature to values well above the cast reference.

Discussion
For this alloy, specimen could only be fabricated for substrate temperatures of at least 472 ◦C.
In contrast to AlSi12, the yield strength is almost constant over the substrate temperature, which
is in agreement with Pek (1987), as this alloy has a low amount of eutectic phase. At higher
cooling rates, finer dendrites and a finer eutectic phase form (see figure 5.18). But as the eutectic
phase is incoherent, it can not transfer load on a macroscopic scale and the α-phase does not
benefit from higher cooling rates.

The relative density increases steeply with the substrate temperature and the uniform elongation
increases accordingly. For a material with otherwise constant properties, an increased uniform
elongation also yields an increased ultimate tensile strength.

Figure 5.18 shows coarse silicon particles at the ‘top’ of the ‘first’ droplet in z-direction. Owing
to high solidification rates, the α-dendrites are supersaturated with silicon. At Tsubs = 560 ◦C
the heat released by the ‘second’ droplet performs a heat treatment in the ‘first’ droplet, which
results in a precipitation of silicon from α-dendrites and a coarsening of existing particles.
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Figure 5.20: Tensile properties of printed AlSi5: The uniform elongation increases significantly
with the substrate temperature. The 0.2% offset yield strength shows only a weak
dependency on the substrate temperature and the ultimate tensile strength increases
with the substrate temperature to values above the cast reference. Cast reference
shows the range of two standard deviations.
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5.2.4 AlCu5

This section presents micrographs, SEM images, density measurements and tensile test eval-
uations for the alloy AlCu5. The interpretation of those results is dominated by the state of
precipitation hardening caused by the thermal history.

Results
Figure 5.21 presents the relative density. A even greater range of densities (90 to 99%) compared
to AlSi12 and AlSi5 is measured for a variation of the substrate temperature of only 42 ◦C.

Figure 5.21: Relative density of printed AlCu5 against substrate temperature for droplet tem-
peratures of 700 ◦C and 750 ◦C. The substrate temperature increases the relative
density significantly.

Figure 5.22 shows two etched micrographs for the alloy AlCu5 printed at a substrate temperature
of 514 ◦C and 556 ◦C. While for 514 ◦C the grains share a common grain boundary along the
droplet-droplet interface, for a substrate temperature of 556 ◦C that boundary vanishes in some
cases and grains extend over the interface. For lower substrate temperatures the grains are
generally smaller and a fine distributed phase is present inside the grains of solid solution.
Those particles of a second phase almost disappear for the higher substrate temperatures.

The SEM images in figure 5.23 show a completely smooth surface in the low magnification,
but at a higher magnification, a dendritic structure becomes apparent. The macroscopic contact
angle is significantly greater than 90° and comparable toAlSi12 atTsubs = 350 ◦C (see figure 5.8).
Also in this case, a ‘foot’ forms at the contact line to the previous droplet. The contact line lies
far behind the greatest extend of the droplet and is overhung by it.
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Figure 5.22: Micrographs of a droplet-droplet interface for AlCu5: At Tsubs = 514 ◦C the
interface is visible as a common grain boundary and a fine distributed phase is
present inside the grains. At Tsubs = 556 ◦C grains are bigger and extend over
the interface. A smaller amount of a second phase appears inside the grains.
Tdrop = 750 ◦C
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Figure 5.23: SEM images of anAlCu5 droplet at 514 ◦Csubstrate temperature: Droplet overview
and magnifications of the contact area (a) and part of the surface (b). Tdrop =
750 ◦C
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The results of tensile tests for AlCu5 are shown in figure 5.24. Specimens printed at lower
substrate temperatures than 514 ◦C failed during machining or while removing the cuboid from
the nickle plate. For all properties the highest values are measured for a substrate temperature
of 556 ◦C with about 8% uniform elongation, 180MPa 0.2% offset yield strength and 290MPa
ultimate tensile strength. While the elongation of the cast reference (8%) is comparable to the
maximal value of printed material, the yield strength (90MPa) and the ultimate tensile strength
(195MPa) of the cast reference are lower than the maximum values of printed material. One
outlier is visible at 514 ◦C.

Discussion
Interpreting the tensile tests for an aluminium-copper alloy is more complex than for an
aluminium-silicon alloy, as it can be age hardened, so the thermal history of the blocks has
to be considered.

Just as for AlSi12 and AlSi5, the relative density and uniform elongation increase with the
substrate temperature. The density values are one or two percent lower than those of AlSi5 and
have a comparable gradient. But here, unlike for aluminium-silicon alloys, the yield strength also
increases with the substrate temperature. Consequently, the tensile strength increases steeply.

This behaviour can be explained by the form of the intermetallic Al2Cu-phase: When the
material is held at 514 ◦C the thermodynamic equilibrium state will be approached. At this
temperature the solid solution contains about 3.2wt.% copper. The remaining copper will form
the stable and incoherent θ-phase inside the grains as well as at the grain boundary as it can
be seen in figure 5.22. This phase is brittle and incoherent, so it weakens the material. After
printing, the cuboids were air quenched and aged at room temperature during storage. The
copper contained in the solid solution will form GP I-zones that harden the material to a certain
grade.

In case ofTsubs = 556 ◦C the temperature is already 8 ◦C higher thanTsol = 548 ◦C (binary Al-Cu
phase diagram) so the copper is completely dissolved in the solid solution. There might also be
some liquid fraction, but as the phase diagram is only valid for strictly binary compositions and
the used alloy contains a plurality of impurities, it cannot clearly be stated if there is a liquid
fraction. However, it can be ignore here. After quenching and cold ageing, a greater amount of
GP I-zones will form as the copper concentration in solid solution was higher before quenching.
Accordingly, the material will be hardened more by the precipitation and it is also free of the
brittle θ-phase. These effects are stronger than the reduction of mechanical properties owing to
coarser grains, which certainly form at higher substrate temperatures.
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Figure 5.24: Tensile properties of printed AlCu5. The uniform elongation at Tsubs = 556 ◦C is
comparable to the cast reference. The highest value of 0.2% offset yield strength is
measured for 556 ◦C and is twice the value of the cast reference. Also the ultimate
tensile strength shows the highest value for 556 ◦C, which is 50 % higher than the
cast reference. Cast reference shows the range of two standard deviations.
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5.2.5 Al99.5Ti

For Al99.5Ti micrographs are not included, as they do not show any contrast at the interface
between two droplets. SEM images, density and tensile test evaluation are presented and
discussed according to the preceding sections.

Results
For Al99.5Ti relative density values are shown in figure 5.25. The density remains almost con-
stant at 99% over the substrate temperature range of 33 ◦C that enabled specimen evaluation.

Figure 5.25: Relative density of printed Al99.5Ti against substrate temperature for a droplet
temperature of 750 ◦C.

Figure 5.26 shows SEM images of a part made of Al99.5Ti. Like AlCu5, this technically pure
aluminium shows a smooth surface in low magnification, but in the close-up of the surface a
dendrite-like surface structure clearly becomes visible. This structure is significantly coarser
than for all other alloys. The macroscopic contact angle is about 90° and only a small ‘foot’ with
a contact angle just below 90° forms.

Tensile specimen for this alloys could not be produced for substrate temperatures below 613 ◦C
as they fractured during machining. Tests were also conducted at Tsubs = 659 ◦C, but those
results had to be excluded, as at those temperatures an Al-Ni alloy forms with nickle from the
substrate plate. The eutectic temperature of Al-Ni is 640 ◦C. Specimens fabricated at 596 ◦C
could at least be removed from the nickle plate, so density measurements were conducted.
Figure 5.27 presents the tensile properties of Al99.5Ti. Elongation increases slightly with the
substrate temperature, but stays below the cast reference at 24%. Yield strength decreases a
small amount for higher substrate temperatures from values close to the cast reference at 50MPa
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Figure 5.26: SEM images of an Al99.5Ti droplet at 613 ◦C substrate temperature: Droplet
overview and magnifications of the contact area (a) and part of the surface (b).
Tdrop = 750 ◦C

to about 40MPa. Same is true for the tensile strength, which decreases from values just below
the cast reference at 73MPa to about 62MPa.

Discussion
For this technically pure aluminium a minimum substrate temperature of 596 ◦C is necessary to
obtain enough strength to be able to remove cuboids from the substrate plate in one piece. For
Tsubs = 596 ◦C a relative density of 99% could be evaluated, but despite the low porosity, those
samples were not strong enough to be machined into tensile specimens. Clearly, droplet-droplet
bonds form independent of the relative density.
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Figure 5.27: Tensile properties of printed Al99.5Ti: The uniform elongation increases with the
substrate temperature, but stays below the cast reference. The 0.2% offset yield
strength is comparable to the cast reference and decreases for a higher substrate
temperature. The ultimate tensile strength decreases for a higher substrate tem-
perature. All results are close to, but still below the cast reference. Cast reference
shows the range of two standard deviations.
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At a substrate temperature of 654 ◦C droplets almost completely spread and the shape of a cuboid
was lost as can be seen in figure 5.28.

2 mm

Figure 5.28: Images of an Al99.5Ti specimen printed at Tsubs = 654 ◦C. Sharp corners and the
overall shape are lost.

Therefore, tensile specimens were only evaluated for two substrate temperatures: 613 ◦C and
629 ◦C. While the uniform elongation slightly increases, the yield strength and ultimate tensile
strength slightly decrease. This can be explained by the grain size, which is smaller for lower
substrate temperatures and yields higher strength and lower elongation values.

5.3 Variation of Oxygen Concentration

Owing to the high oxygen affinity of aluminium, the concentration of remaining oxygen in the
printing environment is crucial for the process. This section will first present a study on oxygen
distribution in the printing chamber and close to the printing nozzle. Next, the influence of
oxygen on mechanical properties and microstructure is shown and discussed.

5.3.1 Oxygen Distribution in Printing Chamber

In a separate test series, the oxygen concentration close to the print head’s nozzle in comparison
to the oxygen concentration in the printing chamber was measured by replacing the crucible
with the oxygen sensor. Those tests were part of a student thesis by Alexander Hofmann.

Results
Figure 5.29 shows the concentrations measured at the nozzle in comparison to the concentrations
measured in the printing chamber. The values close to the nozzle are about 600 ppm higher and
increase linearly with the printing chamber concentration.
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Figure 5.29: Oxygen concentration cO2 close to the nozzle compared to the concentration in the
printing chamber: Significantly higher amount of oxygen close to the nozzle with a
linear dependency on the chamber concentration.

With the inert gas injection described in section 4.3.8 the oxygen concentration measured at the
nozzle position is 0 ppm for an inert gas flow rate of 0.25m3 h−1 independent of the printing
chamber concentration. Considering the accuracy of the oxygen sensor, the oxygen concentration
is < 20 ppm.

Discussion
In the normal print head setup (without inert gas injection) the bottom plate is made from a
porous calcium silicate ceramic. The open porosity is 58% and contains air during downtime of
the machine. When the ceramic is heated by the crucible during operation, the air in the pores
expands and escapes to the small chamber between printing chamber lid and printing nozzle (see
figure 5.30). As the heat diffusivity of the ceramic is low, no stationary conditions are achieved
in acceptable times (one hour). To reduce the amount of oxygen close to the printing nozzle,
an inert gas vent was machined in the bottom of the plate to allow inert gas from the printing
chamber to flow upwards through the opening in the printing chamber lid and purge the volume
close to the orifice. As oxygen concentration measurements close to the nozzle show, the supply
with inert gas is insufficient to ensure comparable oxygen concentrations in the printing chamber
and close to the nozzle. The situation close to the printing nozzle is depicted in figure 5.30. In
the setup for oxygen concentration measurements the crucible is replaced by the sensor. Even
though the sensor is heated to 350 ◦C it will still conduct less heat to the ceramic as the crucible
and consequently the ceramic will release less oxygen. Thus, those measurements are only a
rough estimation.



5 Results and Discussion 105

Figure 5.30: Gas flows close to the printing nozzle in normal setup. Oxygen is pressed out of the
ceramics open porosity owing to heat expansion. A inert gas vent allows inert gas
from the printing chamber to flow through the volume between printing chamber
lid and printing nozzle.

5.3.2 Analysis of Specimens Printed at Different Oxygen Concentrations

Magnesium containing alloys showed a substantially different behaviour during the experiments
compared to alloys without magnesium additions. This can be attributed to oxidation and the
results in this chapter are therefore presented separately for alloys containing magnesium and
for those without.

Results for AlMg alloys were obtained in the student thesis by Alexander Hofmann and results
for AlSi12 in the master’s thesis by Jakob Reif.

AlMg Alloys
With both tested AlMg alloys (AlMg3 and AlMg5Cr) it was not possible to print parts with a
constant droplet size. For all test setups, the nozzle was clogged by oxides within one printing
run (1200 droplets). Either it was clogged completely or the droplet sizes reduced significantly.
Even though installing the inert gas injection improved the behaviour, it was still impossible
to print specimen with a constant droplet size. Tests were performed with three different inert
gases: standard N2 with 99.999% purity, high purity nitrogen with 99.9999% and argon with
99.999% purity. With higher purity, nozzle clogging was delayed, but still it appeared too fast,
to print specimen for the evaluation of microstructure and tensile strength. Figure 5.31 shows a
nozzle after a single test run with columnar crystals growing from the orifice rim inwards.

AlSi12
As already shown, the oxygen concentration in the printing chamber and close to the print head’s
nozzle are not necessarily equal. All results for the oxygen concentration presented here are
labelled with the concentrations measured in the printing chamber.
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Figure 5.31: Image of a nozzle after printing with AlMg3. Crystals grow from the orifice rim
inwards and clog the nozzle.

Figure 5.32 shows that no effect on the density of the printed parts can be measured. The amount
of pores lies within the range of 1.5 to 4%.

Figure 5.33 shows a droplet-droplet interface of a part printed with AlSi12 at Tsubs = 520 ◦C
and Tdrop = 650 ◦C with an oxygen concentration in the build chamber of 20 ppm and 350 ppm.

Figure 5.32: Relative density against oxygen concentration of printed AlSi12. No influence of
oxygen on the resulting part density can be measured.
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No changes in microstructure are visible, but the interface is partially interrupted for 350 ppm.
As for the other results related to oxygen concentration, the interruptions in the interface appear
abruptly at an oxygen concentration in the chamber between 100 and 200 ppm. The amount and
size of interruption does not further increase between 200 and 350 ppm.

Figure 5.33: Influence of cO2 on micrographs of a droplet-droplet interface for AlSi12: The
interface at higher cO2 is partially interrupted and the microstructure remains
unchanged. cO2 measured in the build chamber. Tsubs = 520 ◦C

Figure 5.34 presents the dependence of uniform elongation, offset yield strength and ultimate
tensile strength on the oxygen concentration. The scatter of elongation data is again high, as
it was already observed and discussed for AlSi12 at Tsubs = 520 ◦C. For concentrations below
100 ppm all tensile properties are independent of the oxygen content in the environment. At
140 ppm a sudden decrease is apparent, as some of the tested specimens show the high values of
lower oxygen concentration and others the low values of higher concentrations. Values for yield
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strength and tensile strength at 200 ppm and 350 ppm show only the results for those specimens
that survived machining. In case of 200 ppm five of ten specimens could be machined and in
case of 350 ppm only two of ten. For all other oxygen concentrations ten out of ten specimens
were tested.

Figure 5.34: Tensile properties against oxygen concentration of printed AlSi12: All measured
properties are constant below 100 ppm and reduce significantly for values higher
than 140 ppm. Tsubs = 520 ◦C, Tdrop = 650 ◦C
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5.3.3 Discussion on the Influence of Oxygen

To discuss the influence of surface oxidation on the MJT process aluminium-magnesium alloys
will be compared to AlSi12, which is considered to be representative for all magnesium-free
alloys. Magnesium is the only addition to aluminium in the used alloys that significantly effects
the oxide skin behaviour (see figure 2.29). It is therefore valid to assume that all magnesium
free alloys will behave as AlSi12.

Aluminium-Magnesium Alloys
Magnesium is one of the few elements that has a higher affinity to oxygen than aluminium.
Hence, it will mainly appear at the surface of a molten AlMg alloy. MgO skins are less protective
compared to Al2O3 as literature reports (Thiele, 1962). This is caused by the formation of MgO
crystals. While an amorphous skin is protective, a crystalline skin is not. Especially when the
surface is seeded with crystals of either MgO or even metal crystals in the mushy zone, the
oxide skin of aluminium-magnesium alloys will soon form crystalline structures and become
non-protective (Cochran et al., 1977; Silva and Talbot, 2016).

In the experimental setup used here, the formation of crystalline MgO is probably seeded by
the printing nozzle material that is mainly consisting of aluminium nitride. This assumption
is supported by the fact that the observed columnar crystals clogging the nozzle are always
growing from the orifice rim inwards. Even though it was not proven that those crystals are
MgO, the indication is strong as they were never observed when working with magnesium free
alloys and the literature reports that oxides formed on AlMg alloys are essentially pure MgO for
a Mg content in the alloy greater than 1.5 to 2% (Cochran et al., 1977; Silva and Talbot, 2016).
The alloys used in the experiments contain at least 3% magnesium.

Magnesium Free Alloys
When the concentration of oxygen in the printing environment is increased, a sudden decrease
in the mechanical properties – especially uniform elongation – is observed at about 140 ppm.
The following will try to discuss, where, when and how aluminium oxide influences the printing
process.

Generally, oxidation of aluminium can not be completely suppressed by means of a ‘normal’
technical process. As Stucki et al. (1987) have shown, a monolayer of Al2O3 forms on solid
aluminium at room temperature after an exposure of 1.33 × 10−4mbar s. Assuming the process
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works at atmosphere pressure of 1 bar and an oxygen concentration of 20 ppm, the time tml that
passes until an aluminium surface was exposed to 1.33 × 10−4mbar s calculates to:

tml =
1.33 × 10−4 mbar s

1000 mbar · 20 × 10−6 = 6.7 ms

This time is significantly shorter than almost any time scale in the printing process. Therefore,
any solid aluminium surface will be covered by aluminium oxide. Still it is possible to obtain a
sound droplet-droplet bound, which means that either the oxide layer is destroyed upon impact
of the droplet or it does not disturb the bonding. Yamaguchi (1974) reports that the oxide layer
of Al2O3 is bound to the aluminium substrate over the suboxides Al2O and AlO. As those
compounds have free valence electrons and a similar lattice parameter, they can form bonds to
the metal. Consequently, it is unlikely that the oxide layer can be destroyed by the liquid droplet
upon impact, as long as the substrate is not remelted. In the example of AlSi12 it is possible to
obtain sound mechanical properties without remelting as already shown.

For an elevated oxygen concentration a sudden decrease in bonding strength was measured.
If the assumption of an indestructible oxide layer on the substrate is correct, then this oxide
layer either changes in a way to disturb bonding or the oxide layer on the liquid droplet is
critical. According to Thiele (1962) oxide layer growth – after the formation of a monolayer –
is controlled by the diffusion of aluminium through the layer and therefore independent of the
oxygen partial pressure. Consequently, it is improbable that the oxide layer thickness causes the
decrease in mechanical properties. A sudden change in oxide layer morphology at a constant
temperature was also not reported in literature. So it can be assumed, that the oxide layer on the
solid substrate is not responsible for the loss of strength.

Heugenhauser (2018), on the other hand, shows that it is not possible to obtain a sound bonding
in compound casting, if the oxide layer on the substrate is not removed during the process.
In his work, the solid substrate is heated to temperatures above 500 ◦C over a time of 30min
without a protective environment before it comes into contact with the melt. During heating
from room temperature to 500 ◦C, the oxide layer fractures by morphology changes and the
substrate’s thermal expansion (Pieczonka, 2017). In an oxidising environment this will lead to
a significantly thicker oxide layer compared to MJT. This interpretation is also in line with the
publication by Nerl et al. (2014), who create a compound by casting two aluminium alloys in
immediate sequence without reheating the substrate and who do not report problems with oxide
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layer formation. From the publication one needs to assume that also in their setup the substrate
is covered with an oxide layer before the melt comes into contact with it.

In the case of MJT it will be assumed, that the oxide layer developing on the liquid droplet is
critical for droplet-droplet bonding. Considering the knowledge on early oxidation presented
in section 2.7 there are two options: Either the onset of oxidation on liquid aluminium at an
oxygen exposure of 1.33 × 10−3mbar s or the formation of a monolayer of aluminium oxide
at 3.99 × 10−3mbar s lead to the abrupt loss of mechanical strength (Stucki et al., 1987). For
further understanding, the time for start of oxidation tso and the time for monolayer formation
tml on liquid aluminium at 140 ppm are calculated.

tso,max =
1.33 × 10−3 mbar s

1000 mbar · 140 × 10−6 = 9.5 ms

tml,max =
3.99 × 10−3 mbar s

1000 mbar · 140 × 10−6 = 28.5 ms

As shown by experimental results (section 5.3.1), the oxygen concentration close to the nozzle
is substantially higher than the value measured in the chamber. At 140 ppm in the chamber, the
gas close to the nozzle has a concentration of ≈ 1000 ppm. Now the times calculate to:

tso,min =
1.33 × 10−3 mbar s

1000 mbar · 1000 × 10−6 = 1.3 ms

tml,min =
3.99 × 10−3 mbar s

1000 mbar · 1000 × 10−6 = 4.0 ms

Those values can be compared with the time of flight tf for a droplet between droplet ejection
and deposition. With a distance between substrate and nozzle of approximately 8mm and a
droplet velocity of approximately 2m s−1, the time of flight is tf = 4 ms. Even though all those
values are rough estimations, the time of flight is the only time in the process that is in the same
order of magnitude as the times for oxidation onset and monolayer formation at the given oxygen
concentrations.

Figure 5.35 presents two SEM images of the fractured area after tensile tests of two specimens
printed at 140 ppm: the sample with the highest and the one with the lowest measured tensile
strength. The one with the highest tensile strength shows rough surfaces just as specimen
produced at 20 ppm, with the characteristic appearance of a ductile fracture as it can be seen
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in the enlarged image. The sample with the lowest tensile strength instead, shows great areas
of a smooth surface. Occasionally, small spots with a fracture surface are situated inside the
smooth area, like the one enlarged. Next to those spots the smooth area shows wrinkles. All
samples printed at oxygen concentrations higher than 140 ppm show those large smooth areas
with wrinkles.

Figure 5.35: SEM images of fracture surfaces comparing the strongest and weakest specimen
printed at 140 ppm. The strongest specimen shows rough surfaces, while the weak
specimen shows great areas of smooth surface with small spots of sound bonding
with adjacent wrinkles.

The smooth surfaces in the fractured area of the weak specimen can be interpreted as an oxide
skin covering the whole droplet, which will not coalesce with the neighbour droplet. In some
places, this skin is teared open by fluid dynamic forces during deposition and local coalescence
is observed. Next to the ‘holes’ in the oxide layer, this skin is pushed together and forms wrinkles
like a fabric would do. Those wrinkles are only observed close to areas with a fracture surface.

The samples in figure 5.35 were fabricated with identical process setups and owing only to
process variations, they either show a completely rough surface without traces of an oxide
skin or an almost completely smooth droplet surface that is assumed to be a result of an oxide
skin. This allows the conclusion that the critical condition is not the onset of oxidation, but the
formation of a coherent monolayer of aluminium oxide. As explained earlier, Al2O3 can create
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bonds to the metal matrix. Two layers of Al2O3 cannot bond at the given conditions, as sintering
temperatures of Al2O3 start at 1200 ◦C (Alper, 1970). The situation at the interfaces is therefore
illustrated as shown in figure 5.36. If the arriving droplet is not covered by a coherent oxide
layer, the oxide islands on the droplet surface can move freely and molten metal comes directly
into contact with the existing oxide skin on the solid material. Bonds between metal and oxide
can form via suboxides. But if the droplet is covered by a coherent oxide skin that only partly
rips during impact, two separate oxide layers are present at the interface. As those layers can
not form bonds in the solid state at the given conditions, they create gaps in the interface.

Al

Oxide

Al

Al

Oxide

Al

Oxide

No coherent oxide layer Coherent oxide layer

Figure 5.36: Illustration of the situation at oxidised droplet-droplet interfaces. When the arriving
droplet is not covered by a coherent oxide skin, metal directly comes into contact
with the oxide skin of solid aluminium and bonds to it. A coherent oxide skin on
the droplet will not bond to the oxide skin on solid Al.

5.4 Variation of Weber Number

This section will present only the results from the variation of droplet velocity, which is here
presented as the Weber number. The discussion is included in the next section.

Figure 5.37 shows two interfaces of cuboids printed with Weber numbers of 12 and 27 at a
substrate temperature of 350 ◦C. Narrow corners that form between droplets are filled at higher
Weber numbers. The microstructure in those corners is even finer than close to a ‘normal’
interface. Other than that, the microstructure of a droplet-droplet interface is not changed by the
Weber number.

Figure 5.38 presents the effect of droplet velocity respectively the Weber number on the relative
density of AlSi12. After an initial increase, the relative density stays constant with further
increased Weber numbers. The maximum value depends on the substrate temperature. As
figure 5.39 shows, the printed samples loose their cuboid geometry for higher Weber numbers.
Compared to We = 13, the cuboid printed at We = 27 and We = 70 show rounded corners and
rougher surfaces on the sides.
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Figure 5.37: Micrographs of a droplet-droplet interface for AlSi12 at different Weber numbers.
While the general appearance of the interface remains unchanged, more narrow
corners are filled. Tsubs = 350 ◦C
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Figure 5.38: Relative density againstWeber number of printed AlSi12. Initial increase of relative
density with the Weber number to an afterwards constant value that depends on
the substrate temperature. Tdrop = 700 ◦C
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Figure 5.39: Images of cuboids printed at high Weber numbers with Tsubs = 520 ◦C and Tdrop =
700 ◦C. With increasing Weber number the outer shape of a cuboid is lost owing
to droplets spreading over the sides of the previously printed material.
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5.5 Aspects of Droplet Deposition

This section describes the relevant processes during a single droplet impact, spreading and
solidification. And it will compare the measured results from the test series of this work with the
models given in the literature to judge their quality of predicting the behaviour of the analysed
alloys.

5.5.1 Impact and Spreading

To characterise the impact and spreading this work mainly follows the assumptions and models
stated by Schiaffino and Sonin (1997a). During isothermal impact and spreading of a droplet
four forces can play a role: gravitation, inertia, viscosity and capillary forces. In the case of
metal droplet printing, gravitational forces can generally be neglected as the Bond number is in
the order of 10−2 (i.e. 7 × 10−3 for pure Al droplets with d = 0.5 mm). Same is true for viscous
forces, as the Ohnesorge number, which measures the relation between viscosity and surface
tension (Oh = η/

√
ρσd), is also small. In the case of pure Al Oh = 1 × 10−3. Accordingly, the

relevant forces for droplet deposition are inertia and capillary forces, whose relation is measured
by theWeber number: For higherWeber numbers the deposition process is controlled by inertia.
That means, when a droplet hits the substrate, the dynamic pressure drives the fluid flow during
spreading against the inertia. For low Weber numbers the process is controlled by capillary
forces meaning that the droplet is ‘drawn’ onto the substrate after contact.

5.5.2 Solidification

Pasandideh-Fard et al. (1998) studied the impact of molten tin droplets on a steel substrate
and conclude that the effects of solidification on the impact and spreading process can be
neglected if

√
St/Pr � 1, with the Stefan number St = c(Tsol −Tsubs)/L and the Prandtl number

Pr = ηc/λ. For aluminium and at reasonable substrate temperatures
√

St/Pr is greater than
unity and solidification is therefore effecting droplet spreading and the final droplet shape.

Schiaffino and Sonin (1997b) describe the model of the advancing contact line of a molten
droplet spreading over a cold solid (see Figure 5.40). For MJT it is assumed that no thermal
resistance exists at the interface and that no undercooling of the liquid occurs as nucleation sites
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are plentiful on the surface of the substrate of the same kind.1 Therefore, immediately upon
contact a layer of solid will grow into the droplet. This layer has the angle θsf at the contact line.
According to Schiaffino and Sonin (1997b) this angle is only a function of material properties
and the Stefan number (see equation (Equation 2.6)). As long as the contact angle of the
solidified layer is smaller than the current dynamic contact angle of the advancing contact line,
the droplet will spread further. According to the Hoffman-Tanner-Voinov law (X. Wang et al.,
2007), the dynamic contact angle of a moving contact line increases with contact line velocity2.
The velocity of the contact line will decrease during spreading and the dynamic contact angle
will therefore also decrease until it is equal to the solidification contact angle. At this point the
contact line is arrested as no liquid material can be supplied to the contact line. Figure 5.41
shows the SEM images of an AlSi5 droplet printed at Tsubs = 516 ◦C and Tdrop = 700 ◦C. One
can clearly see the layer of rapid solidification close to the substrate (previously printed droplet)
with a contact angle smaller than the apparent contact angle of the complete droplet.

Figure 5.40: Contact line during molten droplet spreading: Close to the contact line a solid
layer forms in the droplet with a constant angle θsf. Spreading continuous as long
as the dynamic contact angle θd is greater than θsf. According to Schiaffino and
Sonin (1997b)
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Figure 5.41: SEM image of an AlSi5 droplet with a foot at the contact line. The appearance of
the droplets showing a rapid solidified layer with a ‘foot’ at the contact line agrees
with the models by Schiaffino and Sonin (1997b)

1In this case undercooling only means undercooling owing to homogeneous nucleation. Undercooling owing to
non-equilibrium solidification will still occur.

2This is only valid during spreading. Hoffman-Tanner-Voinov law: µv/σ = k(θ3
a − θ

3
e ). With θa the dynamic

contact angle, θe the equilibrium contact angle and k a material constant.
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One could argue that this is only true if no remelting of the substrate occurs. But in the early times
of a droplet impacting on an infinite solid, the contact line of the droplet will keep advancing on
‘fresh’ solid. Therefore, it is valid to assume that close to the contact line there is always a solid
layer growing inside the droplet, at least for a moderate melt superheat. The topic of remelting
is discussed in more detail in section 5.5.3.

When looking at the results of different Weber numbers, it can first be said that all results were
obtained for the inertia controlled regime as the lowest Weber number is 12. With an increasing
Weber number the relative density initially increases, which is absolutely in agreement with the
aforementioned. As a higher droplet velocity results in a higher spreading velocity, the droplet
can spread further and fill smaller corners, before the spreading is arrested by solidification. On
the other hand at high Weber numbers, the outer appearance of the samples is more chaotic,
because surface tension can not ensure a mainly spherical droplet shape anymore. Instead,
droplets spread over the sides of the cuboids and form a chaotic surface. So even at a Weber
number of 50 the relative density is no higher than 98% for Tsubs = 350 ◦C.

All the aforementioned models and publications are related to pure materials with a melting
point. But in the case of MJT of metals, one will generally work with alloys showing a broader
solidification range. It is now necessary to find a way to compare different alloys and their
results to find a more general approach. It is commonly assumed that a solidifying alloy will
behave as a liquid as long as its temperature is above the temperature of dendritic coherency
TDCP. Therefore, figure 5.42 compares the results of relative density for substrate temperature
variation by their distance to the coherency temperature Tsubs − TDCP. Values for TDCP are taken
from table 5.1. Independent of the bonding between droplets, the relative density should reflect
the droplet spreading upon impact. The further the droplet spreads upon impact, the lower
the solidification angle θsf becomes and the better this droplet will fill the corners to adjacent
droplets as visualised in figure 5.43.

Independent of the solidus temperature, the highest density values for all alloys are obtained
at substrate temperatures ≈ 50 ◦C below the coherency temperature. When comparing AlSi5
and AlCu5, one can see that liquidus temperatures are equal (630 ◦C), coherency temperature
of AlSi5 is 9 ◦C higher (621 ◦C vs. 612 ◦C) but the solidus temperature of AlCu5 is 29 ◦C lower
(548 ◦C vs. 577 ◦C). If Tsol would be relevant for the droplet spreading and thus, the relative
density, one would expect the density values of AlCu5 to be higher, but exactly the opposite is
the case.

Another observation is that while the alloys AlSi5 and AlCu5 show a very steep gradient in
the density against Tsubs − TDCP, the values for AlSi12 remain almost constant. Eutectic alloy
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Figure 5.42: Relative density of different alloys compared to the coherency temperature.

Figure 5.43: Illustration of the solidification angle’s effect on the relative density: With an
increasing substrate temperature, the solidification angle θsf decreases and corners
between adjacent droplets can be filled better and the relative density therefore
increases.

specimens with a constant density can be fabricated over a range of almost 150 ◦C. Note that
values of AlSi12 at Tsubs − TDCP = −27 ◦C have to be judged differently, as in this case the
droplets fuse to form lines during printing.

Following the model of Schiaffino and Sonin (1997b) (figure 5.40) it is assumed that the angle
θsf is greater, when the ‘solidified’ layer at the bottom is thicker. If the heat flow to the substrate
is comparable for different alloys, then the ‘solidified’ layer thickness in the droplet during
spreading at a given time hDCP is indirect proportional to the heat of fusion, which is released
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by this layer. Note that a layer is assumed to be ‘solidified’ in terms of fluid motion, once it has
reached the coherency point. Therefore:

θsf ∝ hDCP ∝
1

f sDCP · L
(Equation 5.1)

θsf: Solidification angle of spreading droplet
hDCP: ‘Solidified’ layer inside spreading droplet

f sDCP: Fraction solid at coherency point
L: Specific heat of fusion

It is common practice to estimate the fraction solid at a given temperature T inside the solidi-
fication range to f s(T) = (Tliq − T)/(Tliq − Tsol). This can be used to estimate fraction solid at
coherency points and to calculate f sDCP · L, which is presented in table 5.1 for the alloys used.
The difference in f sDCP between AlSi5 and AlSi12 for example is caused by a different solid-
ification morphology. While eutectic alloys show a planar solidification front, hypo-eutectic
alloys solidify in a dendritic morphology. When solidifying in a dendritic morphology, the
solidification can reach deep into the droplet and hinder fluid motion at a low fraction solid and
thus, a low amount of released heat of fusion. Respectively, when the same amount of heat is
transferred to the substrate, the ‘solidified’ layer of an alloy with dendritic solidification mor-
phology is thicker than the layer of an alloy with planar solidification morphology. Figure 5.44
illustrates the situation at the molten contact line.

Table 5.1: Values of f sDCP · L for the alloys used in the studies. Values for AlSi5 and AlCu5
were taken from Chai et al. (1995) for a cooling rate of 1 K s−1. Values for TDCP were
calculated by Tliq − f sDCP(Tliq − Tsol).

Alloys T DCP in ◦C fsDCP fsDCP·L in kJ kg−1

Al99.5Ti 660 1 397

AlCu5 612 0.21 77

AlSi5 621 0.2 78

AlSi12 577 1 426

Those results and their interpretation are in line with the technological properties ‘fluidity’ of
metal melts as used in conventional metal casting. Stefanescu (2002) describes fluidity by the
length covered by melt during mould filling before the melt solidifies (flow length l f ). For
pure metals and eutectic alloys, he gives the equation l f = v · t f and for dendritic single phase
alloys l f = f sDCP · v · t f with the velocity of the melt v and the time until melt flow arrests t f .
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Figure 5.44: Illustration of the solidification morphology’s influence on the behaviour of a
molten contact line: For the same amount of fraction solid, an alloy with dendritic
solidification will form a thicker layer of ‘solidified’ material compared to an alloy
with planar solidification.

Figure 5.45 presents measured values for the fluidity of Al-Si melts depending on the Si content.
In contrast to the results presented in this work, the fluidity improves with the melt superheat.
This is probably caused by the difference in thermal resistance between melt and substrate.
In conventional casting the fluidity is measured by the distance an alloy flows in a preheated
steel mould that usually has the shape of a spiral. The heat transfer coefficient between liquid
aluminium and steel mould is limited and in the range of 103 to 104Wm−2K−1 (MEl-Mahallawy
and Assar, 1991). In the case of droplet deposition, the thermal resistance between droplet and
substrate is neglectable, as they are made of the same material and form a metallic bond.
Therefore, the substrate temperature will completely dominate the processes close to the contact
line. Another reason is that in conventional casting the first dendrites can move freely inside the
melt where they mix with still overheated melt. So in this case a homogeneous distribution of
fraction solid is assumed. During droplet deposition instead, the dendrites are connected to the
substrate and can not move inside the liquid droplet, so a solid layer forms, which is part of the
substrate and again dominated by the substrate temperature. Nevertheless, it is valid to say that
an alloy with a high fluidity will form dense metal parts more easily and also over a wider range
of substrate temperatures compared to an alloy with a low fluidity.

Conclusion
The droplet spreading is arrested by solidification at the interface to the substrate. For alloys
with a low fraction solid at dendrite coherency the spreading is arrested earlier compared to
alloy with a high f sDCP. The technical property fluidity reflects f sDCP and therefore droplets
of an alloys with a high fluidity will spread further and hence, form parts with a high relative
density.
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Figure 5.45: Fluidity of Al-Si alloys depending on the Si content. Values measured by fluidity
spiral. According to Bundesverband der Deutschen Gießerei-Industrie (2013)

5.5.3 Contact Temperature and Remelting

In the literature of droplet-based metal printing as well as compound casting, several authors
state that remelting of the substrate is an essential condition to achieve metallic bonds (Chao
et al., 2013; Fang et al., 2009; Lange, 1998; S. P. Wang et al., 1998). To determine whether
remelting occurs, most publications use the semi-infinite-bodies solution (Equation 2.1) and
assume that a contact temperature Tc1 higher than Tsol leads to remelting. Figure 5.46 plots
the relative ultimate tensile strength for all tested alloys against Tc1 − Tsol. Measured values
are plotted relative to the maximum value of each alloy. Remember that except for AlSi12,
specimens had insufficient strength to be machined for substrate temperature lower than lowest
presented value. If the assumptions in the literature were correct, one would expect no significant
strength below zero and successively increasing values above. That is approximately true for
AlSi5 and Al99.5Ti but definitely not for AlCu5 and AlSi12. In case of AlSi12 it is possible
to obtain tensile strengths comparable with cast material for contact temperatures 100 ◦C below
solidus temperature. Whereas for AlCu5 no specimens could be machined until 40 ◦C above
solidus. Furthermore, this model implies that the droplet temperature has a significant effect on
the strength, which is not the case for the results presented in this thesis.

Irrespective of whether remelting is a necessity for metallic bonding, the model of semi-infinite
bodies also fails to predict remelting or even the temperature during droplet deposition. Aziz
and Chandra (2000) deposit tin droplets on a steel substrate and measure the temperature by
a fast-response thermocouple. They find that Tc1 (Equation 2.1) underestimates the measured
temperatures. They conclude that the model does not account for the fluid convection in the
droplet, which transports heat to the interface during spreading and propose to model the
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Figure 5.46: Relative ultimate tensile strength of all tested alloys against Tc1 − Tsol. Values are
given relative to the maximum value of each alloy. Measured data does not reflect
the models cited in the literature.

temperature in the substrate by a semi-infinite body with a finite heat transfer coefficient to a
constant temperature condition at the interface (Equation 2.2). Even though it is correct that the
semi-infinite-bodies-solution does not account for fluid convection in the spreading droplet, this
model does also not account for something far more important: heat of fusion. Say the thermal
conditions are in a way that solid forms inside the droplet, which is certainly the case in the
experiments by Aziz and Chandra (2000) and probably in all common cases as solidification
will always occur close to the contact line of the spreading droplet, then the solidifying material
will release its heat of fusion and maintain the solidus temperature until it has fully solidified.
For pure aluminium, the latent heat of fusion releases the same energy as aluminiummelt cooled
by 336 ◦C without a phase change. Consequently, it is heavily effecting the thermal conditions
and must not be neglected.

Moreover, the semi-infinite-bodies-solution is valid only for short times after impact, to satisfy
the assumption of infinity. So heat transfer between the droplet and the substrate needs to
happen without significant time delay. This is not possible for problems involving solidification
as solidification is a time controlled process with a finite solidification rate. This rate is limited
in metallic alloys by diffusion in the liquid state and is in the order of 3m s−1 (MacDonald et al.,
1989). Melting instead is not controlled by diffusion, the ‘collision-limited model’ can therefore
be applied, which limits the maximum rate of phase change to the speed of sound (Tsao et al.,
1986). In solid bodies the speed of sound for longitudinal waves is approximately

√
E/ρ. For

aluminium at melting temperature the speed of sound is about 3500m s−1.

S. P. Wang et al. (1998) model a finite splat of thickness b on an infinite substrate. They numer-
ically solve the governing equation in one dimension and allow phase change with subcooling
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of the liquid and overheating of the solid as a consequence of rapid phase change. The top
of the splat is assumed to be adiabatic, which is a valid assumption for short times, as con-
vection at the upper side of a droplet is small compared to heat conduction in the substrate.
Under those assumptions they present an operational map shown in figure 2.14. When thermal
resistance between substrate and droplet is assumed to be small, then Bi � 1 and for Al on
Al one obtains (Tdrop − Tsubs)/(Tmelt − Tsubs) ≈ 2.5, where Tmelt is the distinct melt temperature
of a pure metal or eutectic alloy. This results in the same remelting condition as predicted by
the semi-infinite-bodies-solution (Equation 2.1). By putting Tc1 = Tmelt and rearranging, one
obtains:

Tdrop − Tsubs
Tmelt − Tsubs

=

√
ρdropcdropλdrop +

√
ρsubscsubsλsub√

ρdropcdropλdrop
(Equation 5.2)

With values for pure aluminium (Equation 5.2) gives (Tdrop − Tsubs)/(Tmelt − Tsubs) = 2.53.

The elaborate model by S. P. Wang et al. (1998) accounting for latent heat and rapid phase
change phenomena will predict the same onset of remelting as the overly simple model of
semi-infinite-bodies. It was already assessed that the presented data is not consistent with the
semi-infinite-body solution. Consequently, it is also not consistent with the model by S. P. Wang
et al. (1998).

Conclusion
Remelting is not a necessary condition to form metallic bonds in the case of AlSi12 and it is
also not sufficient to form metallic bonds in the case of AlCu5. One needs to find novel models
to predict whether droplets in MJT will form a coherent material.

5.5.4 Rapid Solidification

Thermophysical data of solidifying alloys as liquidus, solidus and coherency temperature are
dependent on the rate of solidification respectively the cooling rate. In most publications, the
cooling rate is defined as the cooling rate before the onset of solidification.

The solidification time in the presented results is between 30 and 200ms. The lower value
was measured in section 5.2.1 and the upper value is a boundary, when individual droplet
solidification is assumed at a printing frequency of 5Hz. With an average droplet height of
0.6mm, the average solidification rate is in the range of 3 to 20mm s−1. Cooling rate can be
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calculated from the solidification time to ÛT = L/(c · tsf), when it is assumed that the rate of heat
transfer to the environment remains constant before and after the onset of solidification. In this
case, the average cooling rate is between 2 × 103 and 12 × 103K s−1. At those conditions, the
equilibrium phase diagram is not valid. Liquidus and solidus temperatures are shifted to lower
temperatures and the eutectic point is shifted to a higher solute concentration. It is not possible
to quantify those differences for the conducted experiments from published data.

For remelting, the solidus temperature during heating is relevant, which is not significantly
effected by heating rates, as melting is not diffusion controlled. However, during spreading,
solidification at the contact line and the fraction solid at DCP are controlling the droplet depos-
ition. As described in section 2.6, the dendrite coherency depends on the cooling rate without
a clear tendency. Therefore, reliable data on the DCP of the used alloys at high cooling rate is
necessary to discuss the droplet spreading in more detail.

5.5.5 Surface Structure

The different surface structures apparent on the droplet surfaces of different alloys at different
temperatures can also be explained by the solidification morphology. When the solidification
is dendritic, two different behaviours can be observed: when the solute concentration is below
the maximum solubility in solid solution, as it is the case for AlCu5, then dendrites will grow
until coherency and then thicken until complete solidification. In this case, the surface is
compact but bumpy, as two convex dendrite arms can never create a flat surface. When the
solute concentration is above the maximum solubility in solid solution, as it is the case for
AlSi5, dendrites will grow until the remaining melt reaches the eutectic composition. Now, this
remaining melt will freeze in between the dendrite arms and the volume deficit can only be taken
from the remaining liquid melt. This causes the melt to draw back from the surface leaving
dendrite tips that reach out of the droplet surface with gaps in between. Figure 5.47 shows the
SEM images of the surface of AlSi5 droplets compared to AlCu5 droplets. This microstructure
also has the effect that AlSi5 parts appear matt while those made from AlCu5 and especially
those made from AlSi12 and Al99.5 are shiny.

When the solidification front is planar, all material needed to feed the volume deficit during
solidification is directly supplied by the liquid at the solidification front and the resulting
surface is even. Droplets of AlSi12 show a smooth surface at the bottom and more and more
dendrite tips to the top. Droplets printed on cold substrate show a greater amount of smooth
surface, while droplets printed on a warmer substrate show more rough surface on the top.
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Figure 5.47: SEM images taken from the surface of AlCu5 droplets compared to AlSi5 droplets.
While AlCu5 forms a dense but bumpy surface, AlSi5 shows dendrite tips with gaps
in between.

This can be explained, taking the micrographs into account, by rapid solidification close to the
interface. Here a high solidification rate results from the steep thermal gradient short times after
contact. As the thermal gradient reduces, the solidification rate also reduces in the late time of
solidification. High solidification rates will lead to a planar solidification front (see figure 2.27),
while comparable lower rates lead to a dendritic morphology. The solidification rates are high
enough in any case to shift the eutectic compositions to higher Si concentration, which makes
AlSi12 behave like a hypo-eutectic alloy (see figure 2.26). Figure 5.48 shows images taken from
AlSi12 droplets printed at Tsubs = 350 ◦C and Tsubs = 520 ◦C.

Figure 5.48: Images taken from the top surface of AlSi12 cuboids printed at Tsubs = 350 ◦C
and Tsubs = 520 ◦C. The amount of smooth surface is higher at lower substrate
temperatures.

From the presented data, it is difficult to draw clear conclusions on the effects of surface structure.
For the formation of metallic bonds, the melt of an arriving droplet needs to completely fill the
gaps of a rough substrate surface. This will happen easier, when surface roughness is low.
Solidified droplets from AlSi12 show a significantly lower surface roughness than all other
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tested alloys. At the same time, AlSi12 specimens show a high tensile strength also at low
substrate temperatures. Possibly, the smooth surfaces of AlSi12 droplets enable the formation
of metallic bonds at low substrate temperatures.



6 Consequences for an Industrial Material
Jetting Process of Aluminium

The scope of this chapter is to look beyond the limited possibilities of the experimental setup in
this work and to extrapolate the knowledge already presented on an industrial printing process.
Such a process needs to work with smaller droplets to be able to fabricate small corners and fine
details. Moreover, a higher deposition rate is necessary to increase build rates.

For this purpose, the simulation model is extended and used to conduct a parameter study.
Those results are interpreted and then combined with the experimental results, to discuss the
consequences for an industrial material jetting process of aluminium.

6.1 Simulation Model of Industrial Setup

In order to get a basic understanding on how process parameters will influence local thermal
conditions, the simulation model used for the laboratory setup was adapted: A shortcoming in
the laboratory setup is the low heat transfer between carrier plate and build platform, which
is especially critical at high deposition rates. For the industrial model it is assumed that the
temperature in the carrier plate can be exactly controlled and therefore the boundary condition
in negative z-direction is now a fixed temperature Tplat without a thermal resistance to the plate.
Assuming that the motion stage in an industrial machine can achieve high accelerations and
velocities, the pause times between lines and layers are neglected. The time between two droplet
depositions is always tperiod. For variations of the droplet diameter, the mesh size was adapted
accordingly.

Two test plans were simulated: a screening plan, where one factor is varied at a time and a
full factorial design. The factors platform temperature Tplat, droplet temperature Tdrop, droplet
diameter ddrop and printing frequency f are considered. Geometry of the part being printed will
also have an influence on the local thermal field, especially when very thin features as single
droplet towers or walls are build. Additionally, different printing paths can be used to build
the same geometry and the printing path will also have an impact on the thermal field. The
possibilities are infinite and the purpose of this study is to generate a basic understanding, so
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path planning and geometry are not considered in this work. All variations will be performed
with the familiar cuboid geometry.

6.1.1 Screening Design

The base of the screening design is a reference setup with Tplat = 400 ◦C, Tdrop = 800 ◦C,
f = 50 Hz and ddrop = 0.8 mm. The printing frequency f = 1/tperiod will be used here instead
of the time between two droplet ejections tperiod. The droplet diameter ddrop is the diameter of a
sphere with the same volume as the bricks used in the simulation. Based on the reference setup,
each factor was varied independently.

Results
At higher volume flow rates, either by a bigger droplet diameter or by a higher printing fre-
quency, a significant temperature difference between adjacent temperatures in x- and z-direction
develops. Adjacent temperatures in y-direction are always between those in x- and z-direction.
To account for that, the evaluation of the industrial model’s results is different from those of
the laboratory model: Each figure shows the mean adjacent temperature Tadj,m,x/z in x- and
z-direction separately on the left and the maximum spread ∆Tadj,x/z on the right. Again, the first
layer and the first and last three droplets in each line are ignored. Figures 6.1 to 6.4 present the
influences of Tdrop, Tplat, ddrop and f .

The droplet temperature does not show any significant effect on the mean adjacent temperatures
but it increases the variation within both adjacent temperatures. Those variations mainly occur
within one layer, in most cases within one line.

The build platform temperature directly controls the adjacent temperatures in all directions.
Apart fromTplat = 500 ◦C the maximal differences are unaffected by the platform temperature.

When more energy is brought into the system by either a bigger droplet or a higher deposition
rate, Tadj,m,x will deviate from Tadj,m,z and ∆Tadj,x increases to a maximum before it rapidly
decreases again. This behaviour can be observed in figure 6.1 at ddrop = 1 mm and in figure 6.4
at f = 100 Hz.
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Figure 6.1: Effect of droplet temperature on mean adjacent temperatures in x- and z-direction
and maximum adjacent temperature difference in both directions. While the droplet
temperature does not affect the mean temperatures, it increases the maximum differ-
ence in each direction.

Figure 6.2: Effect of platform temperature on mean adjacent temperatures in x- and z-direction
and maximum adjacent temperature difference in both directions. The platform tem-
perature linearly increases Tadj,m,x/z and slightly increases ∆Tadj,x for high platform
temperatures.
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Figure 6.3: Effect of droplet diameter on mean adjacent temperatures in x- and z-direction and
maximum adjacent temperature difference in both directions. The droplet diameter
increases Tadj,m,x and a maximum occurs for ∆Tadj,x.

Figure 6.4: Effect of printing frequency on mean adjacent temperatures in x- and z-direction and
maximum adjacent temperature difference in both directions. The printing frequency
increases Tadj,m,x and ∆Tadj,z, while ∆Tadj,x shows a maximum.
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Discussion
The main part of the droplets thermal energy is stored in the latent heat and not in the superheat,
therefore the droplet temperature shows only small effects. As the build platform is the main
heat sink, its temperature will directly control the cooling rate and consequently the adjacent
temperatures.

The droplet diameter increases the volume of the droplet and consequently the energy brought
into the system by the power of three, while the surface area grows by the power of two.
Therefore, a bigger droplet cools less before the next droplet is deposited and consequently
Tadj,m,x increases. Owing to the high heat conductivity of aluminium and a perfect heat sink at
the lower z-boundary, Tadj,m,z only increases to a small amount.

The peak in ∆Tadj,x observable for the variation of ddrop and f can be explained as follows:
at high rates of energy deposition, droplets do not have sufficient time to cool to the bulk
temperature before the next droplet is deposited and Tadj,m,x is therefore higher than Tadj,m,z.
A difference between Tadj,m,x and Tadj,m,z yields high thermal gradients. And when thermal
gradients are high, small variations in the cooling conditions will lead to high variations in the
temperature and so ∆Tadj,x increases, when Tadj,m,x and Tadj,m,z deviate. As soon as droplets can
not completely solidify during tperiod, thermal gradients will be reduced owing to latent heat
release and consequently ∆Tadj,x decreases. In those cases, droplets will not solidify individually
but as coherent lines, so properties of the printed part will be different in the spatial directions
and also the outer occurrence changes accordingly. The onset of this line-wise solidification is
at ddrop = 1 mm or at f = 100 Hz.

Note: ∆Tadj,x and ∆Tadj,z evaluate the spread only in one direction, whereas ∆Tadj, which was
used in the presentation of the laboratory model, evaluates the maximum spread in all directions.
Those two values develop in opposite directions at the onset of line-wise solidification: While
∆Tadj,x decreases, because thermal gradients decrease,∆Tadjwill increase at the onset of line-wise
solidification, because the difference between x- and z-directions increases.

6.1.2 Full Factorial Design

Based on the results of the screening design, a full factorial variation of the most significant
factors ddrop, Tplat and f was performed. The platform temperature is varied between 200 and
500 ◦C, the frequency between 20 and 500Hz and the droplet diameter on two stages: 0.6 and
1.2mm.
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Results
Figures 6.5 and 6.6 show contour line plots for the mean adjacent temperatures over platform
temperature and printing frequency.

For a droplet diameter of 0.6mm the adjacent temperatures in z-direction are almost constant over
the printing frequency in the shown range, while adjacent temperatures in x-direction depend
equally on platform temperature and printing frequency. The 550 ◦C contour line deviates from
the otherwise constant pattern.

In the case of a droplet diameter of 1.2mm, an influence of the printing frequency on Tadj,m,z

is present but still small compared to the effect on Tadj,m,x. At a higher droplet diameter, the
adjacent temperature in x-direction is dominated by the printing frequency. Again, the contour
lines greater or equal to 550 ◦C are more distant from their neighbours.

Figure 6.5: Effect of platform temperature and printing frequency on mean adjacent temperat-
ures in x- and z-direction for a droplet diameter of 0.6mm.

Discussion
Adjacent temperatures in z-direction show a weak dependency on the printing frequency, which
means that preheating of the bulk material by the previously deposited droplet is small. Adja-
cent temperatures in x-direction on the other hand, are significantly dependent on the printing
frequency, which implies that droplets cannot completely cool to the bulk temperature at high
frequencies before the next droplet is deposited. Contour lines of 550 ◦C and above are more
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Figure 6.6: Effect of platform temperature and printing frequency on mean adjacent temperat-
ures in x- and z-direction for a droplet diameter of 1.2mm.

distant from their neighbours. This marks the onset of incomplete solidification of the previous
droplet, as latent heat release will reduces cooling rates.

Droplets with ddrop = 1.2 mm have eight times the volume of droplets with ddrop = 0.6 mm,
the volume deposition rate is scaled by factor eight. Figure 6.7 compares Tadj,m,x for both
droplet sizes at the same volume deposition rate. Even though the two contour plots have
somewhat comparable patterns, they are shifted about 50 ◦C to lower temperatures in the case of
ddrop = 1.2 mm. This reflects the differences in contact area of each individual droplet and the
differences in cooling time between volume deposition and measurement of the shown values.

6.2 Combining Experimental and Simulation Results

In this section the results gathered in the experimental part of this work are combined with the
simulation results just shown to discuss the consequences for an industrial process.

Thermal Control
For being able to manufacture parts from arbitrary alloys it is necessary to maintain the substrate
temperature close to or inside the alloy’s solidification range. The simulation results for AlSi12
from the industrial model show that the temperature of the underlying layer (z-direction) needs
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Figure 6.7: Comparison of effects on Tadj,m,x for different droplet sizes. The ordinate is scaled to
show the same volume rate for both droplet diameters. The pattern is comparable,
but shifted about 50 ◦C.

to be controlled by the platform temperature, as all other parameters have little or no effect
on it. Figure 6.8 presents an operational map for a droplet diameter of 0.6mm based on the
simulation results: To obtain sound droplet-droplet bonds that yield elongations in the range
of the cast reference, an adjacent temperature of at least 500 ◦C is necessary. To ensure this
condition in the z-direction, aminimal platform temperature of 470 ◦C is needed. At this platform
temperature, adjacent temperatures in x-directionwill reach 550 ◦C at 150Hz printing frequency.
As shown by the experimental results, for a mean substrate temperature just above 550 ◦C line-
wise solidification will start. If line-wise solidification is acceptable or even desirable, a printing
frequency of at least 200Hz should be chosen, to avoid the transition zone, where individual and
line-wise solidification will occur in a single layer. Finally, at very high printing frequencies,
Tadj,m,x will reach more than 600 ◦C, which means the previously printed material remains
completely liquid and overheated for a certain period of time. This will probably lead to a loss
of shape as it was observed in the experiments. As a result, for the given setup and a droplet
size of 0.6mm, accurate parts with homogeneous properties and appearance can only be printed
at a frequency below 150Hz with individual solidification or at a frequency between 200 and
500Hz with line-wise solidification. To achieve higher deposition rates, additional technical
equipment is needed, e.g. a print head with multiple nozzles or a local cooling device.
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Figure 6.8: OperationalMap for AlSi12 based on the simulation results. Conditions for sufficient
bonding, line-wise solidification and loss of shape are marked. ddrop = 0.6 mm

One needs to bear in mind that this data shows average values from the build-up of a simple
cuboid with constant layer sizes and layer printing times. To find a process window to print an
arbitrary geometry is a challenging task and will most probably need special process parameters
for special parts of the geometry, like the first line in a layer or very thin features. The most
dynamic process parameter that can be changed from droplet to droplet, is the printing frequency.
It can be used to control adjacent temperatures for individual geometric features within one layer,
but at the cost of a lower build rate. Hence, the task for an industrial printing process will be to
find a good trade-off between high build rates and homogeneous part properties. Alternatively,
to maintain high deposition rates, a dynamic local cooling device could be used to increase the
solidification rate after deposition at a given substrate temperature.

By comparing the laboratory model with the industrial model, it is clear that the build platform
is by far the main heat sink and therefore essential to control the temperature inside the part.
Consequently, an industrial printing machine needs the ability to exactly control the build plate
temperature close to the printed part. It needs to be heated to start a build job or at low deposition
rates but for high deposition rates it will certainly need a cooling system as well.

Inert Environment
It will be impossible to completely suppress the oxidation of parts as well as droplets. If the
assumptions are correct, one needs to focus on the oxygen concentration close to the printing
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nozzle and during droplet flight. Here a lowest possible oxygen concentration should yield best
results in terms of nozzle clogging and mechanical properties. Whereas the oxygen content in
the printing chamber can be significantly higher.

To be able to fabricate parts of an aluminium alloy containingmagnesium in a stable process, one
has to come up with a different idea as it will not be possible to suppress oxidation completely.
One option could be to use a nozzle material that does not act as a seed to the formation of
crystalline MgO. Another option could be to work with the alloys composition. For example
beryllium additions could help in reducing the oxidation.

Alloys
Industries most relevant aluminium alloys contain a certain amount of magnesium and are
currently problematic to be printed due to the above mentioned oxidation issues. Apart from
that also the alloy’s solidification rate will affect its behaviour in the MJT process. Pure or
eutectic alloys have the advantage of a high fraction solid at dendrite coherency and therefore,
it is possible to produce parts with an acceptable density also on colder substrates. However, an
alloy with a small solidification range will loose geometric accuracy quickly for temperatures
above solidus. In contrast to that an alloy with a high solidification range can still create an
accurate geometric shape at substrate temperatures greater than the solidus temperature, but
relative density decreases rapidly for lower substrate temperatures.

Owing to the small droplet sizes, little or no porosity is formed by insufficient feeding during
solidification. Therefore, even wrought alloys can be processed by material jetting, which can
usually not be used for conventional form castings.

Also the droplet surface, which is directly correlated to the solidification behaviour, has an
impact on the droplet-droplet bond formation. The data suggests, that a smooth surface as
it is created by a planar solidification is beneficial to droplet-droplet bonding. Consequently,
alloys that solidify with a planar solidification front will improve process stability in terms of
droplet-droplet bonding.
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Material jetting of aluminium is a novel and promising additive manufacturing technology that
can potentially fabricate parts from aluminium alloys at higher build rates and lower costs
compared to current state-of-the-art processes. In MJT processes, a print head directly deposits
molten material on a build platform to successively create parts. It is a single-step process
defining basic shape and material properties during build-up, without the need for post processes
like sintering. The deposition of a single droplet is mainly controlled by the temperature of
adjacent material and the conditions of the droplet itself (velocity and size). The temperature
of adjacent material develops during the process as it is a result of process parameters and layer
geometries. It is therefore a major challenge of this technology to control the temperatures in a
way that each droplet

• spreads out far enough to fill corners and form a dense part without enclosing pores,

• forms metallic bonds with adjacent material to create a sound metallic part and

• cools sufficiently fast, to maintain a desired and controllable shape.

For the experimental work in this thesis, a prototype MJT printer for aluminium alloys was
developed. The pneumatic print head can be heated to maximal 750 ◦C, ejects droplets at a
maximal rate of 50Hz and a droplet size between 0.6 and 1.2mm. The build platform can
be heated to 650 ◦C and manipulated in three dimensions inside a build chamber. The oxygen
concentration in the build chamber can be controlled between 20 and 1000 ppm in order to
minimise oxidation.

This work contributes to the knowledge needed to control the MJT process by systematically
examining the resulting part properties of specimens built under controlled thermal conditions
from different aluminium alloys, namely Al99.5Ti, AlSi5, AlSi12 and AlCu5. Moreover, a novel
method to simulate the temperature field that develops during build-up of arbitrary geometries
is presented. Additionally, the influence of oxidation on macroscopic part properties is studied.
The most important findings of this work are presented in the following paragraphs.

Findings on droplet spreading
When adjacent droplet temperatures are 50 ◦C below the temperature of dendrite coherency
or higher, the relative density of printed specimens is greater than 98%. At sufficiently high
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substrate temperatures or printing frequencies, droplets will fuse to coherent lines in the printing
direction, which leads to a further increase of relative density. The loss of relative density at
lower adjacent droplet temperatures depends on the alloy composition. This is explained by the
solid fraction at the coherency point. When the fraction is low, droplet spreading will soon be
arrested by solidification, whereas alloys with a high fraction solid at DCP can spread further
on a cold substrate. The explanation is in line with the property of melt fluidity used in casting
practice. In other words, an alloy with a high fluidity will more likely form dense parts in MJT.
The amount of spreading can also be increased by the dropletWeber number to a certain amount.
However, at high Weber numbers the surface tension cannot prevent droplets from spreading
over the sides of already printed material leading to a loss of shape.

Findings on droplet-droplet bonding
The formation of metallic bonds between droplets is independent of the creation of high relative
densities. Samples with sufficiently high densities could be fabricated without any appreciable
strength and others showed an ultimate tensile strength comparable to cast material at relative
densities below 95%. With increasing adjacent droplet temperatures, the relative density
increases and microstructure’s fineness decreases. While a dense part shows higher elongation
values, a finer microstructure yields higher mechanical properties. According to published
literature on metal droplet deposition and compound casting, it is necessary to remelt underlying
material by the droplet’s thermal energy, to enable the formation of metallic bonds. In this work,
several analytic models are applied to predict the onset of remelting. The results of this work do
not match the predictions by any of these models. It is therefore concluded – in contrast to other
publications – that remelting is neither sufficient to form metallic bonds, nor is it necessary.

Findings on geometric shape
Analysing the effect on geometric shape was not in the scope of this work, but some results
were gathered anyway: at a certain deposition rate, depending on droplet size and substrate
temperature, droplets will start to fuse and form coherent lines in the printing direction. This is
unavoidable, when high deposition rates are desired and will lead to inhomogeneous part prop-
erties. At high Weber numbers, droplets loose their sphere-like shape and the deposit geometry
becomes uncontrollable. When adjacent droplet temperatures in the z-direction (towards the
build platform) become too high, droplets will spread out and merge with the underlying layer to
an extent, that the geometric shape is lost. Relative to the temperatures needed to form metallic
bonds, this occurs at lower temperatures for alloys with a small solidification range. Hence, the
process window between metallic bonds and loss of geometry is greater for alloys with a greater
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solidification range. In the cases of individual droplet solidification at low Weber numbers the
outer appearance of printed cuboids was not significantly effected by thermal conditions.

Findings for an industrial MJT process
The presented simulationmethodwas used to perform simulations of high deposition frequencies
and small droplets sizes, beyond the capabilities of the prototype printer. Together with the
experimental results, basic information for the thermal process design of an industrial MJT can
be given: To be able to print conventional aluminium alloys, the substrate needs to be heated to a
temperature close to the alloy’s solidus temperature. Adjacent droplet temperatures will always
differ to a certain amount within one layer. Therefore, a transition zone between individual
and line-wise solidification forms, where some droplets of a layer will solidify individually and
others will fuse. That zone should be avoided as it will most probably cause uncontrollable
inhomogeneities. At high printing frequencies, material is kept in the molten state over the
period of several droplet depositions, creating a melt pool containing several droplets. Once the
melt pool reaches a certain size, the defined geometric shape of the printed lines is lost.

As an industrial printing process will try to achieve highest possible deposition rates, additional
technical solutions to the presented setup need to be found, to avoid the loss of geometric shape.
A print head with multiple nozzles would increase deposition rate by the number of nozzles,
without significantly changing the local thermal conditions, assuming that adjacent nozzles do
not print simultaneously at the same position. Usually, the distance between two orifices is
bigger than the diameter of one droplet. Another possibility to increase deposition rate with a
single nozzle would be to cool the printed material immediately after deposition by e.g. a stream
of cooling gas.

The droplet cooling rate differs significantly depending on the current local geometry, i.e. for
lines with adjacent material in only one direction or adjacent material in two directions. Thus,
for special geometric features like single line walls, one will need special process parameters
(e.g. reduced printing frequency).

Findings on surface oxidation
Separate experiments for the influence of surface oxidation in the controlled environment were
conducted with the following results: alloys containing a significant amount of magnesium
(> 1 wt.%) will form magnesium oxides on the nozzle surface at a high rate causing the orifice
diameter to reduce continuously even at very low oxygen concentrations (1 ppm). Therefore, it
was not possible to print aluminium-magnesium alloys in the current setup. For Mg-free alloys
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a limit in oxygen concentration exists. Below that limit, no effect of oxidation can be measured
and for higher concentration, the material immediately looses its mechanical strength. This is
attributed to the formation of a coherent monolayer of aluminium oxide on the droplet’s surface
during flight between ejection and deposition. Solid material will always be covered with Al2O3

(cO2 > 1 ppm) and it is assumed that those thin oxide layers will stay inside the material without
affecting the material properties, as metal will bond with those layers from both sides.

Future Work
All of these results contribute to the basic understanding of the printing process, but MJT of
aluminium is still in its infancy. Based on the shown results future work should address several
topics:

• Find a stable process for Mg-containing alloys.

• Develop an analytic model to predict whether metallic bonds form and to what extent,
which is valid for all aluminium alloys.

• Establish support structures to enable three dimensional printing of overhanging structures.

• Design a print head with multiple nozzles to increase volume deposition rates.

Possibilities to suppress oxidation of magnesium in aluminium alloys are the addition of alloy
elements that have a higher affinity to oxygen and form a protective layer. Amongst others,
beryllium is a potential candidate. The literature describes breakaway oxidation of MgO caused
by crystalline seeds on the melt’s surface. Possibly, the nozzle material, which is in this
case mainly aluminium nitride and boron nitride, acts as the seed for breakaway oxidation.
Consequently, a different nozzle material or coating could avoid excessive oxidation.

To discuss the formation of metallic bonds further and to formulate a valid model it is necessary
to obtain reliable non-equilibrium properties of the alloys. During MJT, droplets cool at
extremely high rates and published thermophysical data, which is measured close to equilibrium
solidification, is not valid and can only be a first estimation. One first needs to find ameasurement
method to determine solidus temperature, liquidus temperature and coherency point at very high
cooling rates. Second, the amount of different alloys needs to be extended to AlMg, AlZn and
commercial alloys. Then finally, by comparing reliable properties with more experimental data,
one could derive a valid prediction for the formation of metallic bonds.

Even though it is possible to create overhanging structures by carefully choosing process para-
meters, it is still necessary to establish a support material to create an additive manufacturing
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method able to build arbitrary geometries. An option would be to use a different material that can
be removed chemically or mechanically after printing. Another option could be to manipulate
the deposition of the build material in a way that only weak bonds form in the areas defined as
support, i.e. by local oxidation or cooling.

Until today all publications focus on single nozzle print heads with a multitude of actuation
methods. To fully use the capability of MJT, it will be necessary to design a compact print head
with multiple independent nozzles.

Though different improvements are still to be found, the process material jetting of aluminium
is capable of becoming an industrial additive manufacturing process, which can add new pos-
sibilities to the way parts are manufactured in the future.
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