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Summary

Additive manufacturing using aluminium can be a valuable technology in
industries that require lightweight parts, such as aerospace and
automotive. However, state-of-art approaches that involve melting the
feedstock material pose a challenge for many aluminium alloys due to
metallurgical problems that occur during the melting and solidification
phases. A solid-state approach that avoids the liquid phase and related
problems is a potential solution.

Within the Production Technology chair, a new solid-state process has
been developed, called Friction Screw Extrusion Additive Manufacturing
(FSEAM). It employs a rotating screw in a stationary housing to deposit
aluminium feedstock at much lower temperatures providing a fine-grained
microstructure without porosity for a broad range of alloys. However, the
influence of various parameters on microstructure and mechanical
properties is still unknown. This work focuses on the effect of printing
speed during manufacturing.

Four builds were successfully produced of AA6060 T6 with printing
speeds of 100, 150, 200, and 250mm/min. The average temperature at the
print head increased with printing speed. No macro-scale defects were
observed, but SEM microscopy showed the presence of micro-scale
defects. Furthermore, EBSD revealed substantial grain refinement for all
samples.

The builds’ hardness decreased by about 50% compared to the feedstock
material. Tensile tests showed a decrease in yield and tensile strength



but an increase in elongation at break after the additive manufacturing
process. Tensile strength tended to increase with print speed. The
mechanical properties differed significantly between samples extracted in
the build and deposition directions. The former often showed premature
failure related to unfavorable micro-scale defects, while the latter
displayed consistent and relatively large ductility values, hardly or not
affected by defects. Further process improvement is required to prevent
interfacial defects and improve interlayer bonding.

A closer look at the stress-strain curves from builds with an average build
temperature above 400 ◦C (150-250mm/min) revealed serrated
stress-strain behavior in the plastic region. This behavior was ascribed to
the dissolution of strengthening precipitates at elevated temperatures
within the print head during deposition, with only partial recovery
occurring in the subsequent deposition process.

Lastly, a 2D thermal model of the build was developed to gain a better
understanding of the builds’ thermal history. The model calculations
confirmed the impact of deposition speed on heat generation and
temperature development.



Contents

1 Introduction 1
1.1 Motivation and Framework . . . . . . . . . . . . . . . . . . . 1
1.2 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.3 Research questions . . . . . . . . . . . . . . . . . . . . . . 6
1.4 Report organisation . . . . . . . . . . . . . . . . . . . . . . 7

2 Literature overview 8
2.1 Microstructure development . . . . . . . . . . . . . . . . . . 8

2.1.1 Hardening . . . . . . . . . . . . . . . . . . . . . . . . 10
2.1.2 Annealing . . . . . . . . . . . . . . . . . . . . . . . . 16

2.2 Solid state processes . . . . . . . . . . . . . . . . . . . . . 20
2.3 Friction stir based processes . . . . . . . . . . . . . . . . . 21

2.3.1 Friction stir extrusion . . . . . . . . . . . . . . . . . . 24
2.3.2 Friction stir additive manufacturing . . . . . . . . . . 27

3 Experimental 30
3.1 Experimental setup . . . . . . . . . . . . . . . . . . . . . . . 30

3.1.1 Planer table & motor . . . . . . . . . . . . . . . . . . 30
3.1.2 Feed system . . . . . . . . . . . . . . . . . . . . . . 31
3.1.3 Print head . . . . . . . . . . . . . . . . . . . . . . . . 32
3.1.4 Thermocouple placement . . . . . . . . . . . . . . . 32

3.2 Material . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.3 Performed experiments . . . . . . . . . . . . . . . . . . . . 34
3.4 Experimental analysis . . . . . . . . . . . . . . . . . . . . . 36

4 Results and discussion 43
4.1 Measurements in-situ . . . . . . . . . . . . . . . . . . . . . 43



CONTENTS

4.1.1 Nozzle temperature . . . . . . . . . . . . . . . . . . 45
4.1.2 Normal force . . . . . . . . . . . . . . . . . . . . . . 48
4.1.3 Feed force . . . . . . . . . . . . . . . . . . . . . . . 49
4.1.4 Torque . . . . . . . . . . . . . . . . . . . . . . . . . . 50

4.2 Optical inspection . . . . . . . . . . . . . . . . . . . . . . . 51
4.3 Digital light microscopy . . . . . . . . . . . . . . . . . . . . . 53
4.4 Scanning Electron Microscopy . . . . . . . . . . . . . . . . 55
4.5 Electron Backscatter Diffraction . . . . . . . . . . . . . . . . 57
4.6 Hardness . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
4.7 Tensile tests part 1 . . . . . . . . . . . . . . . . . . . . . . . 63

4.7.1 Serrated flow . . . . . . . . . . . . . . . . . . . . . . 66
4.8 Micro CT . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
4.9 Tensile tests part 2 . . . . . . . . . . . . . . . . . . . . . . . 69
4.10 Fracture surface . . . . . . . . . . . . . . . . . . . . . . . . 73
4.11 Precipitates after processing . . . . . . . . . . . . . . . . . 79
4.12 Changes in practice . . . . . . . . . . . . . . . . . . . . . . 80

5 Thermal model 81
5.1 Modeled process . . . . . . . . . . . . . . . . . . . . . . . . 81
5.2 Dimensions of the model . . . . . . . . . . . . . . . . . . . 82
5.3 Modeling approach . . . . . . . . . . . . . . . . . . . . . . . 82
5.4 Experimental data . . . . . . . . . . . . . . . . . . . . . . . 85
5.5 Comparison to experimental data . . . . . . . . . . . . . . . 88
5.6 Print velocity-build temperature relation . . . . . . . . . . . 89

6 Conclusions and recommendations 93
6.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
6.2 Recommendations . . . . . . . . . . . . . . . . . . . . . . . 95

A Experimental overview i

B Process parameters iv
B.1 E1 - 100 mm/min, 400 RPM . . . . . . . . . . . . . . . . . . vi
B.2 E2 - 150 mm/min, 400 RPM . . . . . . . . . . . . . . . . . . ix
B.3 E3 - 200 mm/min, 400 RPM . . . . . . . . . . . . . . . . . . xii
B.4 E4 - 250 mm/min, 400 RPM . . . . . . . . . . . . . . . . . . xv

C Grain size distribution per experiment xvii



CONTENTS

C.1 E1 - 100 mm/min, 400 RPM . . . . . . . . . . . . . . . . . . xviii
C.2 E2 - 150 mm/min, 400 RPM . . . . . . . . . . . . . . . . . . xix
C.3 E3 - 200 mm/min, 400 RPM . . . . . . . . . . . . . . . . . . xx
C.4 E4 - 250 mm/min, 400 RPM . . . . . . . . . . . . . . . . . . xxi

D Error estimation models xxii
D.1 Thermal penetration depth . . . . . . . . . . . . . . . . . . . xxii
D.2 Convection check . . . . . . . . . . . . . . . . . . . . . . . . xxiv



List of acronyms

FSEAM Friction Screw Extrusion Additive Manufacturing

FSW Friction Stir Welding

FSP Friction Stir Processing

FSC Friction Stir Cladding

FSE Friction Stir Extrusion

FSAM Friction Stir Additive manufacturing

FS Friction Surfacing

AFSD Additive Friction Stir Deposition

SEM Scanning Electron Microscopy

EBSD Electron Backscatter Diffraction

ECD Equivalent Circle Diameter

SEM Scanning Electron Microscopy

EDX Energy Dispersive X-Ray Analysis

DSA Dynamic Strain Aging



Chapter 1

Introduction

Friction Screw Extrusion Additive Manufacturing (FSEAM) is an additive
manufacturing technique for printing aluminium alloys, currently being
researched at the University of Twente. This chapter will discuss the
potential value of FSEAM, and the work presented on the impact of
building speed on microstructure and mechanical properties of the
material. Previous work will be discussed and a research question and
strategy will be formulated.

1.1 Motivation and Framework

Additive manufacturing is a production technique where 3-dimensional
structures are build layer by layer. Overall, additive manufacturing is
known for advantages such as reduction of waste material and parts for
assembly, no need for expensive tooling, production of intricate parts, and
shorter time to market [1]–[3]. Applying additive manufacturing with
aluminium could be of great use in fields with a need for lightweight parts
such as aerospace and automotive [1], [3]. Aluminium additive
manufacturing methods can be classified into fusion and solid
state-based processes. The fusion based processes bind layers by
melting the material, whereas solid-state processes remain below melting
temperatures. Solid state processes are divided by mechanical
deformation and sinter based methods, with the binding energy being
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CHAPTER 1. INTRODUCTION 2

provided through kinetic energy for the first, and thermal input for the
latter [2], [4]. A structured overview of the classifications and the
corresponding manufacturing methods is provided in Figure 1.1.

Figure 1.1: Overview of metal additive manufacturing methods [2]

The first approaches to metal printing were fusion-based processes such
as directed energy deposition and powder bed fusion [5]. The feed stock
material of these methods is often a powder, which is deposited and
melted with a laser or electron beam to fuse with the previous layer.
Challenges arise in the phase transformation from solid to liquid and
back. Examples of these challenges are large columnar grains upon
solidification, few available feed stock alloys, loss of elements through
vaporisation, porosity and lack of fusion defects, cracking and
delamination, mechanical anisotropy, and residual stresses [1]–[3],
[6]–[9].
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One way to solve these problems is by shifting to a solid-state approach.
Previous research by the Production Technology chair of the University of
Twente showed good results with friction surface cladding and extrusion
[10]. This sparked interest in extending this method to additive
manufacturing with a similar approach, which is called Friction Screw
Extrusion Additive Manufacturing (FSEAM). Some successful
experiments with AA6060 T6 have been performed [11], [12],
demonstrating grain refinement and porosity-free parts. AA6060 T6 is an
aluminium and magnesium silicide alloy, which is in its peak aged state,
more details about this material and the state are given in Section 2.1.

In addition, the FSEAM process is performed at much lower
temperatures, removing the melt-based defects and opening up more
options for alloy types, resulting in promising production technology.
However, the influence of different process conditions on the mechanical
properties is still unknown. Therefore, more research needs to be done,
to fully understand what happens during the fabrication of a structure and
how the printing process can be influenced to obtain the best mechanical
properties.

1.2 Background

To get a better understanding on the previous findings, the basics of the
FSEAM process have to be explained first. The material is pressed onto
a rotating tapered screw; due to friction, the material is heated and moved
downwards by the screw where it is deposited onto a substrate. When the
table on which the substrate is mounted is moved, structures can be
made in an additive manufacturing fashion. A schematic overview of the
system and its process parameters is given in Figure 1.2.

The process parameters that can be influenced are the rotational speed
of the tool (ωtool) and the feed rate (Vfeed), which is the speed at which the
material is fed into the system. Furthermore, the table speed (Vtable), at
which a new layer is deposited, and the tool gap (hTG), which is the space
between the extrusion chamber wall and the rotating screw. Two forces
are measured during the process, the feed force (Ffeed) and the normal
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Figure 1.2: Process overview (ωtool = Rotational speed, hTG = tool gap,
Vfeed = Material feed rate, Ffeed = Feed force), Vtable = Table speed, Fnormal

= Normal force)

force (Fnormal). They are influenced by the above mentioned process
parameters and are recorded to give an in-situ indication of what happens
during the manufacturing process. The feed force is related to the feed
rate, while the normal force is related to a combination of the feed rate,
the height of the newly printed layer, and the speed of the table. Chapter
3 will give more details about the setup.

In previous work of R. Ariës some successful builds have been made at
low table speeds ranging between 50-65 mm/min. An example of these
builds is given in Figure 1.3. An important result of the research is the
influence of the material feed rate in porosity-free printing, which is one of
the advantages of FSEAM over melt-based processes. By overfeeding
the material by 25-30%, virtually no porosity is found in the part
employing the current setup [12]. This means that 25-30% more material
is added than is required for the desired dimensions of the print. In a later
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study by V. Dolas, this has been confirmed for table speeds between 50
and 490mm/min [11]. Both studies are carried out with AA6060 T6, which
is used in this research as well.

Figure 1.3: FSEAM build with a low table speed [13]

Based on previous work by N. Masselink some additional assumptions
can be made. Starting with the influence of the tool gap on the tool torque
and feed force. A larger tool gap gives more space for the material, and
therefore a lower force is necessary to push the material in. However, the
tool torque will rise since more material has to be transported at once
[13].

Second, the importance of the water cooling of the material feed. This
cooling keeps the temperature low enough to prevent plastic deformation
in the feed tube [13]. If the temperature rises too much, the feed material
deforms laterally under the influence of the feed force preventing further
feed material movement in the feed tube.

Next to print experiments, extrusion experiments have been performed
with roughly the same setup, as can be seen in Figure 1.4. Some useful
trends can be recognised in these extrusion experiments. Starting with
the material feed rate, it was observed that in extrusion the grain size
increases with increasing material feed rate, independent of the rotational
range of the tool used [13], [14]. Since small grains are preferred,
explained in more detail in Section 2.1, it is wise to use a lower material
feed rate. However, feedtube jamming may occur at very low feed rates,
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Figure 1.4: Friction screw extrusion head [13]

and low print speeds result in an unwanted long process time.

In the hardness test, the opposite seems to be true. The hardness of the
material decreased less with increasing material feed rate [13], [14].
Comparing the extruded material to the feedstock the hardness
decreased for all experiments. However, at a higher feed rate the
extrudate is less influenced by the effects of heat. This is probably related
to the heating time. For a shorter time at elevated temperatures, more
precipitates remain within the material, reducing the material hardness
less. More information about precipitates will be given in section 2.1.1.

1.3 Research questions

This research focuses on print velocity as the variable parameter during
the manufacturing process. Therefore the research question is defined as
follows: What influence does the print speed have on the microstructure
and mechanical properties of FSEAM builds made from AA6060 T6?
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An answer will be formulated based on the following steps:

• Perform a literature study on friction stir processes and, in particular,
similar additive manufacturing approaches.

• Set up and perform an experimental approach to find a correlation
between the mechanical properties, microstructure, and print
velocity.

• Support the experimental outcome with a thermal model of the
builds.

1.4 Report organisation

In Chapter 2, a literature research is performed to get a better
understanding of the material processes which can occur during the
build, to answer the research questions above. Additionally, comparable
production methods are reviewed to gain some insight in the current
status of similar processes. Next, an experimental plan is constructed, in
Chapter 3, to print the samples and review the microstructure and
mechanical properties. Then, in Chapter 4 an overview of the results
combined with a discussion of the results is presented. After the
experimental research, a simplified thermal model of a sample during the
build is elaborated in Chapter 5. Afterwards, in Chapter 6, a conclusion
will be made about the overall results.



Chapter 2

Literature overview

To gain insight into existing friction stir processes and the behavior of
aluminium in general, a literature study was performed. In this chapter an
overview is given of the microstructure development of aluminium and
how it can be influenced. Next, solid-state processes in general are
discussed and other friction stir processes are highlighted.

2.1 Microstructure development

As mentioned in the introduction, this research is focused on the additive
manufacturing of aluminium. Aluminium is a crystalline material, which
means its atoms are ordered in a repeating lattice pattern, called a crystal
structure [15], [16]. These crystal structures are rarely perfect and contain
multiple types of defects. These defects are able to move through the
lattice under certain circumstances, which are discussed later in this
section. The movement of these defects within the microstructure plays
an important role in the microstructure development and the mechanical
properties. To understand this role, different types of defects are
discussed first.

The defects can be subdivided in three categories; point defects,
dislocations, and grain boundaries [15]. From all categories, one example
is highlighted. Starting with the category point defects, a vacancy is

8
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discussed. In Figure 2.1a, it can be seen that one atom is missing in the
crystal structure, this is called a vacancy. Due to the gap in the lattice the
other atoms are pulled toward each other, creating a tensile strain field
[15]. Next, an example of an edge dislocation is seen in Figure 2.1b,
where an entire row of atoms is misaligned. Last, grain boundaries in
Figure 2.1c. Grain boundaries are formed because the orientation of the
lattice structure differs from that of the surrounding lattices [15]. A grain is
never aligned with its neighbor. At the interface between these grains, a
grain boundary is formed.

(a) Vacancy point defect [15] (b) Edge dislocation [15]

(c) Grain boundary [17]

Figure 2.1: Examples of crystal structure defects

Movements of the defects are caused by diffusion, where single atoms
move to an adjacent location, pushing the dislocation forwards. Edge
dislocations for example, where a shear stress can cause a wave of



CHAPTER 2. LITERATURE OVERVIEW 10

motion that transports the dislocation to the end of the lattice. In Figure
2.2 a schematic overview is provided.

Figure 2.2: Plastic deformation based upon the movement of a dislocation
line through the lattice [18]

Diffusion takes place once the following two conditions are met; a
vacancy is present in an adjacent side, and the atom has enough energy
to break the existing bonds with its neighbouring atoms [17]. The energy
of an atom can be expressed in the amount of vibration in place. This
vibration becomes larger at elevated temperatures, making it easier for an
atom to diffuse.

2.1.1 Hardening

Pure aluminium is not necessarily useful for structural applications, as it
is very soft and ductile [19]. The lack of strength in the material can be
explained by plastic deformation due to movement of defects in the crystal
structure. The more plastic deformation is possible in a crystal structure,
the more elongation of the material can take place. However, the strength
of the material will be reduced due to these movements [15], [16]. To
improve the strength of the material, these movements should be restricted
[15], [17]. This can be achieved with multiple types of hardening. Some
common types of hardening are listed and discussed down below:
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• Strain hardening

• Grain refinement hardening

• Precipitate hardening

• Solid solution hardening

Strain hardening

Strain hardening occurs through plastic deformation, needing a high
dislocation density. Strength is gained by the interaction between the
dislocations, limiting each others movement [15]. Dislocations are
surrounded by a strain field that repels other dislocations. Therefore,
these strain fields stop the movements of other dislocations once they are
in close contact. The more dislocations are stopped in their movement,
the more strength is necessary to plastically deform the material,
resulting in higher strength. However, there is a limit to which this applies.
A lot of dislocations pilling up in a small location make a material brittle,
and can cause cracks [15].

Grain refinement hardening

Grain refinement hardening is based upon the grain boundaries, which is
one of the defects mentioned in Section 2.1. These boundaries provide
strength because they impede the movement of dislocations. The
movement is restricted due to the different orientations of the crystals,
disrupting the slip plane, as depicted in Figure 2.1c. The slip plane has to
change its direction of motion to move on to the next grain, making the
movement more difficult and temporarily bringing the dislocation
movement to an end, strengthening the material [17].

Besides, a repulsive strain field is created by the boundary, which stops
the dislocation before reaching the boundary. Once more dislocations
have moved near the grain boundary, a cluster of dislocations is formed.
All these dislocations create their own repulsive strain field as well, and
eventually the strain field of the dislocations becomes large enough to
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overcome the strain field created by the grain boundary. Moving one
dislocation to an adjacent grain. The pillage of dislocations, which is
necessary to overcome the strain field of the grain boundary, causes
hardening [15].

Overall, grain refinement hardening benefits from small grains, because
smaller grains have a higher boundary-to-volume ratio. The more grain
boundaries are present in a volume, the earlier the dislocation
movements are stopped resulting in a stronger material [15], [20]. A
remark has to be made here. Since, in precipitation-based aluminium
alloys like AA6060, the effect of precipitate hardening is usually much
larger than the effect of the grain size.

Precipitate hardening

The material strength can be increased by additives as well, alloying
elements can be used to increase the strength via precipitate hardening.
In the AA6XXX series magnesium and silicon are added, which offer
qualities such as better corrosion resistance, surface finish, formability,
and increased strength. These qualities make the material a good fit for
extrusion [21], and thus FSEAM.

These alloy elements can form magnesium silicide (Mg2Si) particles in
the aluminium, providing strength [21]. These particles are known as
precipitates and are small particles unmixed from the overall solution of
the alloyed material. They give extra strength to the material because
they hinder the motion of dislocations. However, these precipitates have
multiple stages. The state of the precipitate tells something about the
amount of hindering that takes place, and thus the added strength.

The presence or absence of these precipitates can be explained by the
phase diagram. In Figure 2.3 the phase diagram of aluminium and
magnesium silicide can be found. The dotted line indicates AA6060,
which is the feedstock material used for this research. The phase
diagram will be explained from the top of the dotted line to the bottom.
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Starting in the liquid region (L), the temperature is above the melting
point (T > Tmelt) and the material consists of a homogeneous liquid. If the
temperature is decreased, the alloy passes through multiple region. The
α + liquid region, the solid solution region α, and finally below the blue
solvus line: the α + Mg2Si region. In this last region, precipitates of
Mg2Si are formed, represented by small stripes in Figure 2.3.
Precipitation occurs because the material has a decreasing mixability
when the temperature is reduced [16]. In the phase diagram, this is
indicated by the solvus line, which is the blue line in Figure 2.3.

Figure 2.3: Phase diagram (left) [22] and the schematics of heat treatment
stages (right) [23] of the Aluminium 6XXX series

If the material is kept in the α + Mg2Si region at T1, the diffusion rate is
high and Mg2Si particles can form precipitates. The higher the
temperature, the faster this diffusion takes place. The longer the material
is kept at an elevated temperature, the larger the precipitates become,
and the lower the amount of precipitates in the material becomes. The
size of the precipitate tells something about its state and thus its strength
since precipitates can be divided into different categories; underaged,
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peakaged, and overaged precipitates [24]. These categories are depicted
in Figure 2.4. As can be deduced from the name, peak-aged precipitates
give the highest strength and are therefore desired in a material. Large
precipitates are overaged, which can only be reversed by crossing the
solvus line into the solid state, where all the alloying elements are
dissolved and the process starts from zero. If a material is underaged,
however, it is possible to artificially age the material even further.

Artificial ageing is a heat treatment in which the material is heated to the
solid solution phase (T0) and is kept there for some time to fully
solutionize. The material is then quenched to room temperature or below
(T2), resulting in a material without precipitates. This is called a
supersaturated solid solution, where the magnesium and silicon atoms
had no time to depart from the solid solution at elevated temperatures. By
reheating the material up to T1, precipitates start to grow and the
precipitates can be aged to the desired state [25]. The process is
schematically displayed in Figure 2.3 on the right. If a material is still in
the underaged state, T4 for example, the ageing step without
solutionizing can be used to reach the peak aged state at T6.

Figure 2.4: Artificial ageing curve for Aluminium [25]

Solid solution hardening

Another strengthening mechanism which makes use of alloying elements
is solid solution hardening. The alloying elements add strength by
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dissolving in the aluminium and taking the place of a vacancy in the
crystal structure [15]. In Figure 2.5, a schematic overview is given of
alloying atoms in a vacancy.

Figure 2.5: Example of alloying atoms in place of a vacancy [15]

Once these vacancies are taken by alloying elements, the localized strain
changes. This is caused by the alloying atoms being either larger or
smaller than the matrix atoms, which distorts the lattice [15]. A larger
atom creates a compressive strain field, pushing the matrix atoms apart.
While a smaller atom pulls the matrix atom towards each other, creating a
tensile strain field. These strain fields are called lattice strains and both
types are depicted by the grey areas in Figure 2.5. Dislocation
movements are either attracted or repelled by the lattice strains, causing
the strain to work as a barrier. Since the movement of the dislocations
gets restricted, hardening takes place. A remark has to be made, since
the alloying elements should remain within the aluminium lattice. A look
at the phase diagram, in Figure 2.3, shows that the material ends up in
the α +Mg2Si region when cooled down to room temperature. Indicating
that the atoms want to diffuse out of the lattice. In order to prevent this,
the material should be cooled down fast, to a temperature in which
diffusion becomes difficult.
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2.1.2 Annealing

Oppose to the previous mentioned hardening methods which store
internal energy, annealing is a thermal process which lowers the energy
of a material. Defects raise the internal stored energy, and plastic
deformation increases the dislocation density, resulting in
thermodynamically unstable microstructures after processing[26]. The
internal energy can be lowered by processes like recovery,
recrystalisation, and grain growth [17], [26]. These processes may follow
each other in the given order, as seen in Figure 2.6, but they can occur
separately as well. All processes are explained in more detail down
below.

Figure 2.6: Schematic overview of the microstructure evaluation during
annealing, including recovery, recrystallisation and grain growth [27]

Recovery

In recovery, dislocation movements take place in rest, to lower part of the
internally stored energy [17]. That is, no external stresses are applied to
the material. This occurs at elevated temperature, speeding up the
diffusion process. During recovery the material seeks to release some
internally stored energy. Therefore, dislocations diffuse to create the
lowest possible strain field without grain boundary migration, resulting in a
small reduction in the number of dislocations [17], [26].
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Recrystallisation

While recovery lowers internal energy, a lot of strain is still present in the
material. Therefore, another process can take place, called
recrystallisation. In this process, nuclei are formed, which are the start of
new grains. These nuclei are formed at defects in the crystal structure,
preferable grain boundaries [17]. They grow into new grains with a low
dislocation density, lowering the overall internal energy of the material.
The new grains start very small and grow until the old grains have been
replaced, see Figure 2.6 (3) and (4). The driving force of this process is
the energy difference between the old and the new grains. The new
grains store less strain, which favors the growth of new grains over the old
strained grains.

The degree at which recrystalisation takes place depends on both time
and temperature. For higher temperatures nuclei form faster and the
diffusion rate is higher, resulting in a higher rate of recrystalisation [17].
Another factor which influence the recrystallisation rate is the dislocation
density. The more dislocations are present, the higher the recrystalisation
rate. Meaning the recrystalisation starts at a lower temperature. However,
there is a limited temperature value, even for high dislocation densities,
which lays around half of the melt temperature [17].

Grain growth

Last in line is grain growth. Grain boundaries create free energy within
the material, resulting in a higher total energy. Since large grains result in
fewer grain boundaries and thus less free energy, the material will strive
to form larger grains [16], [17]. A single grain is able to grow by diffusing
atoms from the neighboring grains. Because the atoms leave the
neighbouring grains, the smaller grains will shrink until only large grains
remain. Resulting in a material with less but larger grains over time [17].

The rate at which the grains grow depends on the diffusion rate. The size
of the aluminium grain has been shown to grow over time at elevated
temperatures, as can be seen in Figure 2.7. Once the grains grow over
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Figure 2.7: Typical grain size evolution over time at various temperatures
(a), and typical grain size evolution over temperature for different Al alloys
after 1h annealing (b) [28]

time, the growth rate starts to decrease, and higher temperatures result in
faster grain growth as is seen in Figure 2.7a and 2.7b respectively.

Another principle that can be recognized in 2.7b is the threshold in the
grain growth. The temperature should exceed a certain limit before grain
growth takes place. This temperature is called the critical grain growth
temperature (Tgg) [28]. Many factors influence Tgg, such as material
composition, processing methods, and microstructure [28]. However, an
indication can be given by the relation in Equation 2.1 [29].

Tgg =
Tm

2
(2.1)

in which Tm is the melt point and both temperatures are expressed in [K].
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Dynamic recovery & recrystallisation

Besides the previously discussed recovery and recrystalisation, both
processes can occur under an external load as well, called dynamic
recovery and dynamic recrystallisation. The processes occur under strain
at elevated temperatures [30].

This external load causes more dislocations, to the point where new
deformation leads to rearrangement and self-destruction creating cell
boundaries [28], [31]. This results in a subgrain structure with low-angle
grain boundaries caused by dynamic recovery, see Figure 2.8 (1) and (2).

Figure 2.8: The schematic presentation of continuous dynamic recovery
and recrystallisation [28]

If the strain continues the subgrains are rotated, increasing the



CHAPTER 2. LITERATURE OVERVIEW 20

misorientation, seen in Figure 2.8 (3). Therefore, the low angle grain
boundaries become high angle grain boundaries resulting in a grain
refinement as depicted in Figure 2.8 (4) and (5) [28], [31]. However, due
to the rotation of the subgrains two adjacent subgrains can end up with
the same orientation, causing them to merge and become a single grain
[28]. The dynamic recrystalisation process is usually started at existing
grain boundaries, due to the locally increased internal energy.

2.2 Solid state processes

Additive manufacturing is categorized into fusion-based and solid-state
processes. The first melts the material, the second does not. The solid
state can then again be divided into sinter-based and plastic
deformation-based processes. The focus will be on plastic
deformation-based, which adds kinetic energy instead of thermal energy
during the process [2], [4].

These mechanical deformation-based processes vary in the energy input
between friction, pressure and high velocity. Up till now, some proven
methods are: friction stir processing, cold spray techniques, binder jetting,
metal extrusion, ultrasonic additive manufacturing, and sheet lamination
[2], [4]. In general, these methods have their strengths and limitations, but
some common advantages and disadvantages are listed in Table 2.1.

Table 2.1: Advantages and disadvantages of solid-state processes
Advantages Disadvantages
Soft and reactive materials can be High strength alloys are
processed difficult to process
Grain refinement May require post-processing
None to little residual stress Small build volumes
Broad range of alloys as feedstock Slow production rates
Blends different materials

By switching to a solid-state approach, printing a broad range of alloys
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and reactive materials becomes feasible [2], [4]. Additionally, small grains
can be achieved by processing without melting while severe plastic
deformation takes place [4]. Furtheremore, residual stresses are
minimized by preventing the liquid to solid phase transformation [2], and it
becomes possible to bond dissimilar metals without a brittle intermetallic
layer. Since the bond temperature of metals is located below the meld
temperature [2].

It is necessary to take some of the disadvantages of solid-state
processing into account as well. First, the material is processed in solid
state, so high strength alloys become difficult to process [2]. Furthermore,
post processing may be required. To either reach the desired surface
roughness or improve the mechanical properties of the build depending
on the manufacturing type [2]. Additionally, most processes require long
production rates and the build volume is limited, which is why large scale
production is not feasible. However, current research in friction stir
processes have shown promising results in faster production rates and
large scale components [2].

2.3 Friction stir based processes

Friction stir processes are based on material mixing through plastic
deformation, resulting in better microstructural properties, for example
smaller grain size [32]. Since FSEAM is a friction stir process, as
mentioned in Section 1.2, more information on friction stir processes is
gathered to get a better insight in what is happening.

Friction stir processes can be divided into welding (FSW), material
processing (FSP), cladding (FSC), extrusion (FSE), and additive
manufacturing (FSAM). All processes make use of friction and stirring of
the material due to a rotating tool, generating heat but staying below the
meld temperature. Thus, disregarding the disadvantages of melting the
material. All processes have different goals and thus results, but some
similar factors can be found within all of them. Since the focus of this
research is on friction screw extrusion additive manufacturing, the
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extrusion and additive manufacturing processes are discussed in more
detail in Section 2.3.1 and 2.3.2.

Friction stir welding, as can be seen in Figure 2.9a, bonds two parts
together by creating a material flow from part A to part B and the other
way around. This material flow is created by the tool, which softens the
material due to frictional heat [33]. By moving the tool, a weld line is
formed. FSP, seen in Figure 2.9b, is based on the same process as FSW,
but focusses on modifying the microstructure of the surface layer and
possibly adding reinforcement particles [34].

Cladding, seen in Figure 2.9c, is used to modify the surface layer, but now
by adding additional material to the surface, which could be great for
repairs. A consumable rod is pressed onto a substrate. The compression
combined with the rotation of the rod generates enough friction to soften
the material. The rod is moved over the substrate, where a thin layer
remains on the substrate: the clad layer [10].

In general, the output material of a friction stir process is characterized by
a homogeneous fine-grained structure [32], [36]–[41]. The grain
refinement is up to a micrometre scale, which is not possible with
conventional thermo-mechanical processes [40]. This grain refinement
finds its origin in the strain field introduced by the rotating tool, causing
dynamic recrystallisation and recovery [32], [38]. The important factors
for the occurrence of these processes are the generated heat and the
processing time [32], [42]. The heat generated is caused by friction and
plactic deformation. The amount of friction that builds up comes from the
tool rotational speed, the velocity in the process direction, and the
downward applied force. For higher tool rotational rates and velocity in
the process direction, the friction and plastic deformation is higher,
causing more heat to be generated.

As mentioned in Section 2.1.1, for the strength of a material precipitates
are more important than the grain size. Therefore, the evolution of these
particles is of importance. It is found that precipitates age further during
friction stir processes due to heat. Depending on the state of the
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(a) Friction stir welding (FSW) [33] (b) Friction stir processing (FSP) [34]

(c) Friction stir cladding (FSC) [35]

Figure 2.9: Friction stir process overview

precipitates in the feed material, they grow and coarsen, or dissolve
completely, which can mean both an increase or a decrease in strength
[39], [40]. When the precipitates dissolve completely, a comparison can
be made with artificial ageing of a material, which is discussed in Section
2.1.1. However, the solutionization step in artificial ageing takes hours
[23] while these processes take minutes [39]. In case the precipitate
remains/ages to the peak age state, the hardness of the material
increases by grain refinement while maintaining good ductility of the
material. [38].
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2.3.1 Friction stir extrusion

In friction stir extrusion, multiple process heads have been shown to
produce an extrudate [36], [43]–[51]. An overview of the different
principles is given in Figure 2.10. The first principle is called a friction stir
extruder, seen in Figure 2.10a. It consists of a flat rotating tool, which is
pressed down onto the feedstock material. In the middle of the tool, the
extrusion opening is located and the extrudate comes out of the centre of
the tool. The friction stir-back extruder, seen in Figure 2.10b has the
same construction but produces a tube instead of a rod. The tool has a
rounded top and is smaller than the extrusion chamber in which it is
placed. The extruded material comes out at the outside of the tool. Lastly,
a rotating screw guides the material to a tapered exit, which can be seen
in Figure 2.10c. Here, continuous material feed is achieved, creating a
continuous process.

All of the above methods have the same working principle carried out in a
different form. Material chips or granulates are compressed and, due to
the rotational tool, friction is build, resulting in a rise in temperature and
strain, causing severe deformation. While the material is forced to flow to
the extrusion die, the energy input causes the material to bond and
recrystallise upon exit [46], [47], [52]. This results in grain refinement as
mentioned in Section 2.2.

Friction stir extrusion is often described as a great method of recycling
material chips [45], [49], [53]. These chips are scrap material created by
subtractive methods such as milling. Once a continuous material input
can be achieved, it would be possible to create a production line in which
material is recycled into wire. This can then again be used as feed
material for additive manufacturing or as filler material [53].

By varying the experimental parameters, the properties of the output
material can be changed. For instance, the rotational speed of the tool
plays an important role. If this is too slow, the heat input will be too low
and no extrusion or cold tearing takes place [46]–[51]. If it is too fast, the
strain rate becomes too high and swirl defects or hot cracking lower the
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(a) Friction stir extruder [45] (b) Friction stir back extruder [36]

(c) Friction screw extruder [44]

Figure 2.10: Friction stir extrusion processes

mechanical properties [48]–[51]. A balance between these two extremes
has to be found experimentally. Previous experiments show that
increasing the rotational speed from 180− 500RPM gives a rise in grain
size and results in a drop in hardness and yield strength [46], [50]. A
proposed explanation for this is a temperature increase causing
annealing, that prevents dynamic recrystallisation and causes grain
growth instead [46]. However, more important than the grain size is the
state of the precipitates [47]. As explained in Section 2.1.1 the thermal
cycle is of great importance in relation to the state of the precipitates.
Experimental results show a grain refinement with a decreased
microhardness, where an increase is expected [43]. Therefore, it is seen
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that the contribution of the precipitates dominates the strength change.
What can be taken from this is the importance of figuring out how much
the precipitates age during the production process. With this knowledge,
the desired out put material can be achieved. First, by adjusting the
feedstock to achieve the peak aged state as output. Second, by
optimizing the process and its parameters to end up with the desired
output material. Presumably a combination of both.

Considering the torque, higher values are measured with increased
vertical force and decreased rotational speed [47]. The influence of the
rotational speed on the torque is explained by heat generation. A higher
rotational speed generates more heat and thus softens the material
resulting in lower torque. Additionally, it is found that for AA2050 the Cast
and T0 conditions will result in higher peak torque and slightly lower
average torque values [47]. An explanation is found in the lower
hardness, causing the material to stick to the die before it softens,
increasing the torque.

For the friction stir extruder and the back extruder, the influence of more
parameters is known. It is found that high pressure, therefore a high
vertical load, compresses the material too much, which limits the flow and
therefore results in an unwanted rough surface. Experiments are carried
out with a vertical force of 38.4 , 48.4 , and 58.4 kN, where the best result
was obtained with 38.4 kN [46]. Closely related to the extrusion force is
the extrusion velocity. The higher the extrusion force, the higher the
velocity [54]. Of course, the extrusion velocity influences the process as
well. The longer the material is inside the extrusion chamber, the more
heat is generated by friction and plastic deformation within the extrusion
chamber. Therefore temperature increases with a constant tool rotation
and a decreasing extrusion force [54]. This time at elevated temperatures
becomes beneficial once artificial ageing is necessary to meet the
required mechanical properties [50]. However, it should be taken into
account that there will always be a difference in the thermal cycle for the
first and the last extruded material. The material extruded as last remains
longer in the extrusion chamber, and thus remains at elevated
temperatures for a longer period of time than the first part of the
extrudate. Therefore, the properties of the extruded material are not
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constant in time from the first until the last part of the extrudate.
Nonetheless, a study of W. Tang showed a more or less homogeneous
hardness in the extrudate [50].

2.3.2 Friction stir additive manufacturing

To better understand the current knowledge available about friction
stir-based additive manufacturing, different methods are discussed that
produce a porosity-free structure with a fine homogeneous microstructure
[55]–[58].

A division can again be made into 3 principles; Friction surfacing (FS),
Additive friction stir deposition (AFSD), and Wire-based friction stir
additive manufacturing (WFSAM). In friction surfacing a rotating
consumable rod is pressed onto the material by a vertical load [59], seen
in Figure 2.11a. In additive friction stir deposition a consumable rod with a
non-consumable rotating tool is pressed onto the material by a vertical
load, see Figure 2.11b. Last, in wire-based friction stir additive
manufacturing, Figure 2.11c, a screw rotates inside a stationary chamber
with wire feeding [60]. The last method has the advantage of a
continuous process and due to the small stir depth into the previous layer,
the interfacial bonding is excellent.

The process parameters correspond with the parameters of friction stir
extrusion; vertical load, rotational speed of the tool, and extrusion speed.
Since a structure is build, the table speed, layer height, and normal force
between the print head and the substrate are added to the list of process
parameters. Logically, these additional parameters are related to the ratio
between the material feed rate and the extrusion speed.

The working principle is comparable to the friction stir extrusion
processes, but with a solid rod as feedstock. A distinction has to be made
between the working principle of the first two processes and the screw
tool. Methods with feedstock rods are characterized by pressing the
feedstock onto the substrate, causing heat generation due to friction and
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(a) Friction surfacing [59] (b) Additive Friction Stir Deposition [59]

(c) Wire-based friction stir additive manufacturing [60]

Figure 2.11: Friction stir additive manufacturing processes

softening of the material. This results in a thin layer of material, just as in
FSC. In rod-based processes, the tool rotation causes severe plastic
deformation, and breaks up the oxide layer causing the material to adhere
to the substrate while dynamic recrystallisation takes place [57], [59].
Common limitations in the rod based methods are the noncontinuous
kind, decrease in mechanical properties due to microstructural evolution
[55], [59]. Additionally, up to now production results in a near net shape,
requiring post processing like milling to produce accurate parts.

The last process, wire-based friction stir additive manufacturing, builds
friction due to the motion of the screw inside the extrusion chamber. The
material is severely deformed and compressed within the extrusion
chamber, causing the material to soften before extrusion onto the
substrate or the previously build layer [60]. A stirring motion to the
substrate/previous layer is added to this deposition by probes at the end
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of the tool, which is also known from FSW as mentioned in Section 2.3.

In extrusion processes, the material cools down once it is outside the
extrusion chamber, which slows down the grain growth and precipitate
ageing. In additive manufacturing, this is not the case since the material
is reheated by every added layer. This might cause grain growth and
precipitate evolution in the bottom layers [59], but only if the temperature
overshoots the critical value.

The mechanical properties of the builds are defined by the heat flow,
plastic deformation, porosity, interfacial bonding, and the precipitate
distribution and state [55], [59], [61]. All process parameters influence
these properties in their way, but the relationship is often still unclear,
especially for Wire-based friction stir additive manufacturing since this
principle is still at the start of the research phase. The goal is to tailor the
mechanical properties and microstructure, by gaining control over the
grain size and precipitate evolution [60].

Previous research on AFSD has proven hardening [56] and a loss of
hardness [62] compared to the base material, and the same holds for the
tensile strength [56], [57]. An explanation can be found in the difference
between the thermo-mechanical history of the material. The state of the
precipitates is expected to be the determining factor for these mechanical
properties. A drop in hardness and tensile strength is often accompanied
by a rise in elongation at break, an explanation is proposed by
solutionisation of the precipitates [57], [58].

A trend which can be recognized for AFSD is the influence of feed rate
and rotational speed. With a higher feed rate and rotational speed the
grain size increases and the degree of recrystallisation decreases [57].
However, no significant loss of hardness is accompanied by these larger
grains. Furthermore, optical analysis by Gang Chen [57] showed a
smooth and rough edge finish depending on the rotational direction. The
retreating side showed a smoother finish than the advancing side.
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Experimental

In this chapter, the experimental setup with all its subsystems will be
explained and the performed experiments will be highlighted.
Furthermore, the methods used to analyse the samples is described.

3.1 Experimental setup

The experimental setup consists of a planer machine, an electric motor,
a print head, and a feed system. In Figure 3.1 the entire setup is visible.
Next, the different parts will be discussed in more detail.

3.1.1 Planer table & motor

The planer table can move in the x-direction. The movement is recorded
by a displacement sensor. The motor has a power of 13 kW and is mounted
above the planer table. The motor is used to rotate a tapered screw tool
to plastically deform the feed material. The torque is measured and the
rotational speed can be set to a specific value. The torque is recorded by
a camera, and written down every 30 sec afterwards. In these experiments,
a rotational speed of 400RPM is used. At the bottom of the motor frame
three load cells are placed to measure the normal force the print head
experiences, the location of one of these is depicted in Figure 3.3.

30
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Figure 3.1: Schematic overview of the FSEAM setup

3.1.2 Feed system

The feed system consists of a hydraulic cylinder, a load cell, a pushpin, a
displacement sensor, and a feedtube, all displayed in Figure 3.2.

The hydraulic cylinder ensures the force which is needed to push the
material into the print head. This is limited to 25 kN to make sure the
setup is not damaged during the experiments. Connected to the hydraulic
cylinder, a load cell is present in its holder to measure the force the
hydraulic cylinder exerts. In the holder of the load cell, a cavity is made to
fit a pushpin. The pushpin is a steel rod, round 8mm which is the same
diameter as the aluminium feedstock material. The pushpin is used to
push the feedstock through the feedtube. The feedtube is mounted in the
print head. It is used to guide the material to the tool while being cooled
with water. The cooling is needed to make sure the material does not
deform plastically or only to a limited amount before it enters the extrusion
chamber. Next to that, a displacement sensor is mounted on the load cell
holder to record the movement of the pushpin. This movement is used to
determine feed rate at which the material is pushed into the extrusion
chamber, see Figure 1.2.
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Figure 3.2: Section view of the 3D model of the feed system

3.1.3 Print head

The print head is constructed around a rotating tool, which is mounted to
the motor by five bolts. The tool gap, see Figure 1.2, is kept at a constant
3.2mm. This is achieved with a spacer of 9.2mm. The print head itself
consists of two outer rings where the cooling block, the feedtube, and the
nozzle are mounted. An overview of the parts is given in Figure 3.3.

The cooling block is located around the cylindrical part of the tool, to
control the temperature during the process, and prevent overheating of
the material. Cooling water is guided through the block to control the
temperature. The nozzle is shaped to the tapered part of the tool to
create a constant tool gap, and small guides are constructed around the
opening to make sure the printed material cannot flow to the sides
directly. The 3D model of the nozzle shows the guides in Figure 3.4.

3.1.4 Thermocouple placement

The setup is equipped with thermocouples to provide insight into the
temperatures during the process. Often multiple thermocouple locations
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Figure 3.3: Section view of the 3D model of the print head

in the same area are chosen since the thermocouples are fragile and
tend to break during the assembly or the process itself. An overview of
the thermocouple placement in the print head is given in Figure 3.5.
Furthermore, the substrate contains two thermocouples named TC 7 and
TC 8, and the temperature of the cooling water is also recorded by TC 9
placed in the cooling water tank. All thermocouples except TC 9 are fixed
in place by a thermal paste called Thermofix. The results are given in
Appendix B.

3.2 Material

The material used for the experiments is Aluminium 6060 T6, which is in
the peak hardened state, see Figure 2.4. The full composition can be
found in Table 3.1 and the mechanical properties can be found in Table
3.2. Values are obtained from the material database in GRANTA EduPack
2020 [63]. Additional, previous research from R. Ariës investigated the
hardness of the feed material, resulting in a hardness of 80 ± 9HV.
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Figure 3.4: 3D model of the nozzle

(a) Front view print head (b) Side view print head

Figure 3.5: Thermocouple placement

3.3 Performed experiments

Multiple experiments are performed in which the print velocity is varied
per experiment. By analysing these builds, the influence of the print
velocity can be analysed in the range of 100− 250mm/min. Some of
these experiments are performed successfully, some less successfully.
An overview of all the experiments and their process parameters is given
in Appendix A. The successful experiments can be found in Table 3.3.

All experiments are performed on an AA2024 substrate plate with a
four-layer start-up phase. The table speed, thus the print speed, is
adjusted by a rotary nob which can be varied between 0 - 500mm/min.
The feed rate of the material is adjusted by a control valve turning a key.
Therefore, feed rates are measured in keys and vary between key 2
(0.226mm/sec) and key 7 (2.218mm/sec). In Section 1.2 it is mentioned
that overfeeding the material by approximately 30% showed builds
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Table 3.1: Composition overview AA6060 T6 [63]
Material Percentage [%]
Aluminium (Al) 97.8 - 99.2
Chromium (Cr) 0 - 0.05
Copper (Cu) 0 - 0.1
Iron (Fe) 0.1 - 0.3
Magnesium (Mg) 0.35 - 0.6
Manganese (Mn) 0 - 0.1
Silicon (Si) 0.3 - 0.6
Titanium (Ti) 0 - 0.1
Zinc (Zn) 0 - 0.15

Table 3.2: Mechanical properties of AA6060 T6 [63]
Elongation [% strain] 8 - 11.5
Elastic modulus [GPa] 69.5 - 73
Tensile strength [MPa] 190 - 222
Yield strength [MPa] 150 - 175

Table 3.3: Print parameters of the successful experiments

Experiment Average feed
ratio [ mm/sec ]

Table speed
[ mm/min ]

Rotational speed
[ RPM ]

E1 0.453 100 400
E2 0.685 150 400
E3 0.950 200 400
E4 1.154 250 400

without porosity’s in previous experiments. Therefore, a build-to-feed ratio
of 1 3 is applied here as well.

The first layer would vary in table speed between 40− 50mm/min and the
second, third, and fourth layers were printed with a table speed of
50mm/min. For the entire start-up phase, the feed rate is set to key 2.

After the start-up phase, 50 layers are printed with a constant table speed
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and material feed rate. The height of the layer is kept constant at 1mm for
all layers, resulting in a total height of 54mm excluding the substrate. The
dimensions of the builds are roughly 150mm in length and a little more
than 10.5mm in width due to the feed ratio of 1 3.

Due to the semi-continuous material feed of the process, the material is
refilled after every printed layer. The procedure is as follows: At the end
of a layer, the table movement is stopped and the print head is moved
1mm upwards. Next, the pushpin is retrieved and enough material is
inserted in the feedtube to print one full layer. The pushpin is moved back
and once close to the feedstock, the feed rate is set to the desired value,
pushing the material onto the screw. Pressure starts to rise again and the
table movement is started in the opposite direction. The process is
repeated at the end of the layer.

During the course of this research, some changes have been made in the
experimental procedure. First, flow sensors were installed on the cooling
system. The values of the cooling rate of both cooling systems can be
found in Appendix A. Next, starting at experiment E2, the cooling water is
changed during the experiment. This is done to keep the water
temperature below 35 ◦C, which is the maximum temperature of the water
being pumped. Last, starting at experiment E3, the material feed rate is
adjusted to key 2 instead of the constant material feed rate when the print
head is moved upwards.

3.4 Experimental analysis

The successfully manufactured builds from Table 3.3 are all analysed
according to the following procedure. The explanation of these analysis
methods is coherent with the order in which they are performed.

1. Pictures
The first step is taking pictures of the samples before they are cut into
pieces for the other analysis methods. These pictures will be made
in front of a white background and with an added ruler for scale.
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2. 3D scan
Next, a 3D scan of the surface is made of the intact sample. In this
way, a digital file of the shape and size of the samples is constructed
for reference purposes. The 3D scan is performed with the Shining
3D Einscan Pro 2x Plus.

Figure 3.6: Cut plan for the samples, measurements in [mm]

3. Cutting
For the following steps, the samples have to be cut into pieces. The
cuts will be made with the Struers Labotom 3. During the cut, water
is used as additional cooling. In Figure 3.6 the dimensions of the
subdivision of the sample and for which technique it is used can be
seen.

4. Polishing
The piece for the microscopy and hardness testing will be hand
polished starting with a Gekko plate and grit paper 500, 1000, and
2000. Next, the polishing continues with the MD DAC plate
combined with DIA DUO 3 μm, MD NAP plate combined with DIA
DUO 1 μm, and as the last step the MD GEM plate combined with
CHEM OPS NonDry. Once the samples are scratch free, they are
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cleaned and ready for further analysis.

5. Electron microscopy
The polished samples were analysed with the Thermo Fisher SEM
microscope. This gives the possibility to check for cracks, bond
failures, and other physical defects.

6. Etching
After the Thermo Fisher SEM analysis, the samples are etched with
a 15% solution of NaOH to visualise the flow lines of the material.
The duration of etching varied per sample between 30 - 60 sec.

7. Digital light microscopy
To create an overall overview of the flowlines, an image is made with
a digital light microscope. Because a metal is analyzed, striking light
is used on the VK 9700 Keyence microscope. A scale bar is added,
and the overview is made with the stitch function.

8. Electron Backscatter Diffraction
Electron Backscatter Diffraction (EBSD) is performed only on the top
sections of the specimens, since the entire height of the build is too
big for the JEOL JSM 7200f. EBSD is used to identify the grains and
their orientation. The EBSD analysis is performed on four locations
throughout the top 20 layers of each sample. An indication of these
locations is given in Figure 3.7.

Figure 3.7: Indication of the EBSD locations

9. Hardness test
The hardness of a material can be related to its tensile strength
(σtensile in [MPa]) according to Equation 3.1.
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σtensile = 3 ∗HV (3.1)

in which HV is the hardness in [HV]. Therefore, the hardness of
the samples is tested with the Leco LM 100 AT. During this test, a
diamond pyramid is pressed into the material with a force of 300 gf
and a duration of 15 sec. The average length of the imprint diagonals
is related to the Vickers hardness of the material. This imprint will be
measured afterwards. An indent is made in each layer of the center
of the wall. In Figure 3.8 the grid of the performed hardness test is
shown.

Figure 3.8: Cross section AA from Figure 3.6, Grid hardness tests,
measurements in [mm]

10. Micro CT
To find defects within the material without destructive methods,
micro CT scans are made of the second set of tensile test
specimens. The grey tone of the scans indicates the density of the
sample in every location. A light spot indicates high densities, and a
dark spot indicates low densities. If a spot differs from the general
grey tone, an indication for a defect can be indicated. The CT scans
are performed on the ZEISS Xradia Versa 620. To perform the
analysis, the test specimens were bonded together in bundles of
four to reduce the number of scans necessary, and a tape indicator
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was placed to recognise the orientation of the samples. An overview
of the prepared samples is given in Figure 3.9.

(a) Overview of the bundled samples
prepared for micro CT

(b) Tape indicator to verify
the orientation of the
samples

Figure 3.9: Sample preparation for micro CT

11. Tensile test
To perform tensile tests, an electric discharge machine is needed to
extract tensile test samples from the builds. The samples are
produced according to the drawing in Figure 3.10. The first set of
tensile test samples are tested with the Zwick 1000 Universal
Testing System, combined with an extensometer to measure the
extension of a specimen, also known as displacement
measurement. The second set is tested with the Zwick 1000
Universal Testing System, combined with the ARAMIS Adjustable
system, which measures the displacement. Combining the data of
both systems stress-strain curves are made.

From every build, six vertical tensile test samples orthogonal to the
printing directing were taken. Three samples were taken from the
side of the build (Set 1), and three from the middle (Set 2). The
exact location can be seen in Figure 3.6. To study the influence of
the sample location and the homogeneity of the build manufactured.
Exploratory experiments indicated that the temperature near the
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Figure 3.10: Dimensions of the tensile samples in [mm]

build ends are typically lower due to the cooling of the build during
refilling of the feed system. Furthermore, five horizontal samples
are extracted along the printing direction (Set 2), indicated in Figure
3.6 as well. These horizontal samples are taken to compare the
mechanical properties of the print direction to the samples
orthogonal to the print direction. To refer to the tensile samples in a
clear matter, the samples are named in Table 3.4.

12. Surface fracture analysis
After the tensile tests, the fracture surface of four tensile test samples
is analysed. This is done with the SEM function of the JEOL JSM
7200f. An overview picture is made of one side of the fractures.
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Table 3.4: Overview of the tensile samples names
E1
100mm/min

E2
150mm/min

E3
200mm/min

E4
250mm/min

Set 1
Vertical samples

100 T1
100 T2
100 T3

150 T1
150 T2
150 T3

200 T1
200 T2
200 T3

250 T1
250 T2
250 T3

Set 2
Vertical samples

100 S1
100 S2
100 S3

150 S1
150 S2
150 S3

200 S1
200 S2
200 S3

250 S1
250 S2
250 S3

Set 2
Horizontal samples

100 L1
100 L2
100 L3
100 L4
100 L5

150 L1
150 L2
150 L3
150 L4
150 L5

200 L1
200 L2
200 L3
200 L4
200 L5

250 L1
250 L2
250 L3
250 L4
250 L5



Chapter 4

Results and discussion

In this chapter, an overview of the results is given. The results are
analyzed in detailed and possible explanations for the results are given,
based on the previously presented literature. Where necessary, some
additional literature is presented.

4.1 Measurements in-situ

In this section, a more detailed description of the process parameters of
Experiment E1 is given. It consists of the measurements of 2 layers in the
middle section of the build and can be seen in Figure 4.1. From the
displacement data of the material feed, a clear distinction can be made
between the print phase and the refill phase. Red vertical dashed lines
are used to indicate a switch between these phases. Once these phases
are indicated in the other measurements as well, a pattern can be
recognized.

During the refill phase, the measurements show a drop in value for all
measured parameters except the displacement of the pushpin (xfeed).
This is logical since the pushpin is retrieved to access the feedtube and
insert feed material. Next, the pushpin is moved back in the direction of
the screw. First, in a higher feed rate since no contact has been made
with the material yet. Once contact has been made the feed rate is set to

43
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Figure 4.1: Process parameters of 2 layers of experiment E1 performed
with FSEAM at a print speed of 100mm/min and feedstock material
AA6060 T6

the desired value for printing. During the refill phase, the remaining
material is not pressed against the screw and no friction is build, lowering
the torque and thus no frictional heat is generated, which is seen from the
nozzle temperature (T1-T3). Once the feed material is pressed against
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the tool again, more friction takes place and the cylinder force, followed
by the normale force and the temperatures, starts to climb. Where the
temperature climbs to a more or less stable level.

Additionally, little to no material flows out during the refill phase, lowering
the normal force on the print head. An increase in normal force is seen at
the beginning of the printing phase, which can be explained by the table
being stationary. The table stands still during the refill phase and is
moved after material deposition is started again. Pressure is build in this
short moment of a stationary table during deposition, explaining the small
peaks in normal force at the beginning of each print layer.

The peak in the feed force after the refill phase can be explained by the
temperature of the feedstock. Once new feed material is added to the
feedtube, its temperature is at room temperature. During deposition, a
feedstock rod is pressed against the tool, generating the desired friction
and heat. This heat is carried through the entire feed material, making it
softer and easier to process. This results in a lower feed force. In
contrast, after the recharge phase, the material is still cool and hard,
resulting in a peak in the feed force at the initial stages of the printing
process after refilling.

4.1.1 Nozzle temperature

In Figure 4.2 an overview of the mean nozzle temperature is given by
deposit location. This is the mean of TC 1, TC 2, and TC 3. The ends of
the build are not taken into account, as indicated in Figure 4.2a. The aim
is to eventually replace the refill phase by a continuous material feed.
Therefore, the stop and start after every layer are not analyzed.
Additionally, only the top 50 layers are taken into account since the start
phase of 4 layers were printed with a different speed.
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(a) Reviewed section of the print highlighted in red

(b) E1 - print velocity 100 mm/min (c) E2 - print velocity 150 mm/min

(d) E3 - print velocity 200 mm/min (e) E4 - print velocity 250 mm/min

Figure 4.2: Average measured nozzle temperature of experiment E1-E4
with various print velocities, performed with FSEAM and feedstock material
AA6060 T6
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Table 4.1: Mean nozzle temperature of TC 1, TC 2, and TC 3 per
experiment during the print phase, with a various print velocity, performed
with FSEAM and feedstock material AA6060 T6

E1 E2 E3 E4
vtable [mm/min] 100 150 200 250
Tnozzle [◦C] 384 ± 35 485 ± 21 493 ± 28 525 ± 10

The overview shows a higher nozzle temperature in the bottom half of the
builds for experiment E1, E2, and E4. Furthermore, a clear distinction is
made between the temperature within the nozzle of experiment E1 and
other experiments. In Table 4.1 the mean nozzle temperatures of the
indicated area in Figure 4.2a are given.

Figure 4.3: Phase diagram indicating AA6060 and the mean nozzle
temperatures of experiments E1-E4 [22]

The mean nozzle temperatures indicate an increase in nozzle
temperature with increased print velocity. In Figure 4.3, the temperatures
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as given in Table 4.1 are depicted in the phase diagram. It is seen that
the nozzle temperatures of experiments E2, E3 and E4 are located in the
solid solution region. This gives the opportunity for the precipitates to
solutionize and start the precipitate ageing from zero after the deposition
of the layer. Furthermore, the nozzle temperature of experiment E1 is
very close to the solidus line. Probably, some precipitates will solutionize
since the material temperature is expected to be higher than the
measured nozzle temperature.

4.1.2 Normal force

In the normal force measurements, a noticeable difference is observed
between experiment E1 and the other experiments as well. Besides, an
increase in normal force is observed with increasing print speed. In Table
4.1 the mean normal forces are given, and in Figure 4.4 the normal force
is depicted per deposit location. Both only include the area depicted in
Figure 4.2a, for which the reasoning is given in Section 4.1.1.

Figure 4.4 shows a clear gradient throughout the width of the sample for
experiment E2, E3 and E4, while experiment E1 shows a blotchy
gradient. In all samples, it is seen that the lower half of the layers were
exposed to a higher normal force, just as is seen with the nozzle
temperature.

Table 4.2: Mean normal force per experiment during the print phase, with
a various print velocity, performed with FSEAM and feedstock material
AA6060 T6

E1 E2 E3 E4
vtable [mm/min] 100 150 200 250
Fnormal [kN] 5.35 ± 1.40 8.85 ± 1.55 7.34 ± 0.99 9.32 ± 1.62
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(a) E1 - 100 mm/min (b) E2 - 150 mm/min

(c) E3 - 200 mm/min (d) E4 - 250 mm/min

Figure 4.4: Normal force over the deposition location of experiment E1-E4
with various print velocities, performed with FSEAM and feedstock material
AA6060 T6

4.1.3 Feed force

The same figures as for the nozzle temperature and the normal force
were made for the feed force. However, the load cell of the feed force
failed during experiment E2. Therefore, only the data from experiment E1
is reliable and presented in Figure 4.5. Again a decrease is seen after
approximately 15 layers, just as in the nozzle temperature. Indicating
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more force is necessary to push the feed material onto the screw for
these first layers.

Figure 4.5: Feed force over the deposition location of experiment E1 -
100mm/min, performed with FSEAM and feedstock material AA6060 T6

4.1.4 Torque

The torque measured during the experiments is given in Figure 4.6 and
all experiments are plotted separated in Appendix B. An overview of the
mean torque during the print phase is given in Table 4.3. It is suggested
that the torque increases with a higher print velocity because the tool
rotation is kept constant. So, the tool has to transport more material at the
same rotational speed. However, the highest torque is measured in
experiment E2 and the lowest in experiment E1.

According to the assumption from Section 2.3.1, a higher peak torque is a
sign of a softer feedstock and the mean torque is lower for soft materials.
Since one type of feed material is used here, no statements can be made
on the peak torque. However, a lower mean torque for a softer material
would explain why experiment E2 shows the highest torque values. In
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Table 4.3: Mean Torque of experiment E1-E4 during the print phase, with
a various print velocity, performed with FSEAM and feedstock material
AA6060 T6

E1 E2 E3 E4
vtable [mm/min] 100 150 200 250
ωtool [Nm] 39 ± 11 55 ± 18 44 ± 15 41 ± 18

Figure 4.6: Torque data of experiments E1-E4 with various print velocities,
performed with FSEAM and feedstock material AA6060 T6

Table 4.1, it can be seen that the nozzle temperature increases with an
increasing print speed. Since material becomes softer at high
temperatures, it becomes easier to process. This would explain why E3
and E4 have a lower measured torque.

A closer look at the torque data, see Figure 4.6, shows a drop in torque at
the end of every experiment, while other in-situ measured parameters
remained the same. No clear explanation is found, since the other
parameters remain the same, and suddenly less torque is necessary to
transport the same amount of material.

4.2 Optical inspection

Optical inspection showed a near-net shape that is expected with respect
to the overfeeding. In Figure 4.7, front views of the builds of experiments
E1, E2, E3, and E4 are seen. Experiment E2, E3, and E4 all show an
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acceptable surface roughness. However, a noticeable difference in
surface roughness is observed in experiment E1 were waviness can be
identified. A possible explanation can be the lower temperature during the
process (see Figure 4.2b), the blotchy normal force (see Figure 4.4a), or
a combination of both. At lower deposition temperatures, the material is
prone to flow less fluently as it is more solid. The surface roughness could
become higher. For the normal force, a higher force would be expected to
push more material aside. Therefore, the blotchy development of the
normal force could also explain the difference in surface roughness.

(a) E1 - 100 mm/min (b) E2 - 150 mm/min

(c) E3 - 200 mm/min (d) E4 - 250 mm/min

Figure 4.7: Visual appearance of experiment E1-E4 with various print
velocities, performed with FSEAM and feedstock material AA6060 T6

Preliminary research of R. Ariës and V. Dolas has shown waviness at low
print speeds as well. That is, the velocity of the material leaving the
nozzle is not constant at low print speeds, even though the feed rate as
determined from the position of the hydraulic cylinder is constant.
Waviness is observed at print speeds below 150mm/min. No clear
explanation is found for the occurance of the waviness, requiring
additional research into the material flow at lower print speeds.
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Furthermore, in Section 2.3.2 the difference in surface roughness
between the advancing and retreating sides of the build is mentioned.
However, in the FSEAM builds both sides have a comparable surface
roughness.

4.3 Digital light microscopy

Next, a cut-out of the build was taken to analyze the cross section. After
polishing and etching, no defects or porosities were visible in the
cross-section with the naked eye. An overview of the cross sections is
given in Figure 4.8. Unlike the observations at the in-situ measurements
in Section 4.1, no variation is seen between the top and bottom sections.

(a) 100mm/min (b) 150mm/min (c) 200mm/min (d) 250mm/min

Figure 4.8: Light microscopy images of the cross section of experiment
E1-E4 (left to right) with a various print velocity, performed with FSEAM
and feedstock material AA6060 T6

What can be identified are the different layers. Additionally, all cross
sections show different grey tones throughout the height. These different
grey tones do not show a clear pattern and can not be related to the
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measurements in-situ. A possible explanation can be sought in oxidation
after etching [64].

In Figure 4.9, a closer look shows the start of some surface cracks,
originating from the edges. Combined with the visible flow lines on the
surface a hypothesis can be made. A pattern is seen near the edges,
where every layer overflows in the protrusions of the layer below. An
explanation can be found in the guiding walls next to the nozzle opening,
see Figure 3.4. The newly deposited material is enclosed by these
guides, building pressure until the entire cavity is filled. Due to this rise in
pressure and temperature, a good bond between the layers is ensured.
However, since the material is overfed, it tries to find a way out, which is
downwards. A pressure drop occurs at the side, since the material is no
longer restricted, resulting in bad interlayer bonding and the formation of
surface cracks. A simplified overview of these steps is given in Figure
4.10.

Figure 4.9: Flow line of a layer within the cross section of experiment E3,
performed with FSEAM and feedstock material AA6060 T6

For future applications, the surface cracks are a concern because these
small cracks can grow inward and cause weak spots between the layers.
An easy workaround is to mill the surface layer to a point where the
surface cracks are not present. However, more desired is optimizing the
production process to deposit the exact amount of material that is
needed, so the protrusions are prevented instead of overcome.
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(a) Material flows into the cavity (b) Pressure is build

(c) Material overflows

Figure 4.10: Simplified schematic overview of surface crack formation from
the edges of a FSEAM build

4.4 Scanning Electron Microscopy

The electron microscopy, or SEM, showed good overall results. At macro
scale there are no defects found, but using a higher magnification some
microscale defects can be found. These defects can be divided in roughly
three categories. First, porosity spots between 10 - 50 μm, as can be seen
in Figure 4.11a. Second, there are sparse defects such as Figure 4.11b
with a diameter of ± 50 μm. Finally, horizontally aligned micro-cracks,
such as in Figure 4.11c that are only seen in Experiment E1.

The porosity’s are mainly seen in experiment E1 and E4. Which might be
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(a) Porosity spots from experiment E1 (b) Sparse defect from experiment E2

(c) Crack from experiment E1

Figure 4.11: Microstructural defects in FSEAM experiments E1 and E2,
where the location in the build is indicated on the right

due to too the print speed and the heat input. In friction stir welding
porosity’s like these are observed as well. They are caused by either
insufficient heat input, or abnormal stirring causing an abundance of heat
[65]. Since the porosity’s in experiment E1 are mainly seen in the top
section and for experiment E4 in the bottom half, this would be in line with
the measured nozzle temperatures. In Figure 4.2, it is seen that the
bottom half of experiment E4 measured the highest nozzle temperatures,
and the top section of experiment E1 measured the lowest nozzle
temperatures.

The sparse defects seem to appear at grain boundaries, revealing a local
globular microstructure. Globular microstructures are known from
trixoforming, an additive manufacturing process where the feedstock has
to be semi-solid. A possible explanation for the occurrence of this
microstructure can be found in the combination of high temperatures and
the applied normal force during deposition. This combination can result in
recrystalisation, but also in partial melting of the material [66]. In case the
material partially melts and cooling is sufficiently quick, the liquid gets
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trapped, resulting in structures like Figure 4.11b. However, this is often
seen in the entire micro structure instead of the local defects observed in
the FSEAM builds. Additional research into these sparse defects should
reveal if enclosed liquid is present in these defects.

The micro-cracks from experiment E1, seen in Figure 4.11c, indicate bad
interlayer bonding. This might be caused by a lack of pressure and/or too
low temperatures, since experiment E1 shows a slightly lower normal
force and a lower nozzle temperature compared to the other experiments
as seen in Table 4.1 and 4.2.

Figure 4.12: Surface crack originating from the edge of experiment E3,
where the location in the build is indicated on the right

Last, surface cracks, as described in Section 4.3, are seen in all
experiments. With the SEM pictures, see Figure 4.12, it is verified that
these surface cracks are found between every layer.

4.5 Electron Backscatter Diffraction

The electron backscatter diffraction revealed a grain refinement after
processing, just as in previous FSEAM experiment AM-3 of R. Ariës [12].
The feedstock has a significant bigger grain size than the experiments as
can be seen in Figure 4.13. Additionally, a difference in grain size is
observed in experiment E1 and the others. The mean, minimum, and
maximum values of the equivalent circle diameter (ECD) of the grains are
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given in Table 4.4, the full grain size distribution can be found in Appendix
C. Locations of the measurements link to the numbers in Figure 4.14.

Figure 4.13: Grain size comparison of the feedstock material AA6060 T6
and experiments E1-E4 with various print velocities, produced by FSEAM
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Table 4.4: ECD measurements of experiment E1-E4 in [μm]
E1 - 100mm/min E2 - 150mm/min

Location 1 2 3 4 1 2 3 4
Mean 2,1 1,98 2 1,77 3,79 4,24 4,09 4,14
Minimum 0,42 0,42 0,42 0,42 0,56 0,4 0,4 0,4
Maximum 7,33 5,87 5,87 5,52 12,73 15,89 13,22 15,02

E3 - 200mm/min E4 - 250mm/min
Location 1 2 3 4 1 2 3 4
Mean 3,43 3,72 3,37 3,08 3,67 3,45 3,88 3,4
Minimum 0,4 0,4 0,4 0,4 0,44 0,44 0,44 0,41
Maximum 10,91 11,61 11,82 9,21 13,17 17,15 15,02 11,63

The small grains of experiment E1 can be explained by the lower process
temperatures. The mean nozzle temperature of experiment E1 is 384 ◦C,
while the other mean temperatures of the experiments are at least 100 ◦C
higher, see Table 4.1. An explanation might be that the grains grow more
right after deposition. Because the deposition temperature is higher, it
takes more time for the material to cool down below the critic grain growth
temperature as mentioned in Section 2.1. Therefore, the grains have
more time to grow right after deposition.

Figure 4.14: Experiment E3 - Grains from the 4 locations
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In section 2.3.2 it is mentioned that Additive Friction Stir Deposition
showed a larger grain size with increasing feed rate and rotational speed,
due to a lower degree of recrystalisation. Comparing the results of
FSEAM this is not the case, since all samples show a refinement of the
grains. Additionally, no trend can be recognized in the grain size with an
increasing print velocity.

In previous research by R. Ariës, it was seen that the grain size did not
vary with the height of the build [12]. An explanation was found in a
process temperature close to the critical grain growth temperature, as
mentioned in 2.1. With a melt temperature estimated at 625 ◦C [63] this
results in a critical grain growth temperature of 176 ◦C. During the
process, the temperature of the build remained mostly below this limit. In
Figure 4.15, an overview is given of the substrate temperatures (TC 7 or
TC 8) of the analyzed experiments. For each experiment the
thermocouple closest to the build is selected. The black line in Figure
4.15 indicates Tgg. Local maximum temperatures overshoot the critical
grain growth temperature, but drop below the Tgg relatively quick (50 -
150 sec), making the time available for grain growth small.

A difference in the peak temperature of experiment E1 and the others is
also observed. The substrate temperature of experiment E1 stays below
Tgg after the first 13 layers, where the peak temperatures of the other
experiments remain around the critical grain growth value for the entire
build.

Since only the top section of the build was examined, no statements can
be made over the entire height of the build. However, in the upper part of
all experiments, it is seen that the grain size remains roughly the same,
so no significant grain growth is assumed during the build. The
microstructures at the four different locations are depicted in Figure 4.14
for experiment E3.
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Figure 4.15: Substrate temperatures of experiment E1-E4

4.6 Hardness

Hardness tests of the builds show a relatively uniform hardness
throughout the height of the builds. However, an increased hardness is
seen in the top layers of experiment E2, E3, and E4. An overview of the
results is given in Figure 4.16. This increase might be caused by the
shorter time at elevated temperatures of the top layer. Since no additional
layers are added, the top layer is not reheated, decreasing the time at
elevated temperatures compared to the lower layers of the build.
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Figure 4.16: Hardness measurements in [HV] over the length of the cross
section of experiments E1-E4 with various print velocities, performed with
FSEAM and feedstock material AA6060 T6

Furthermore, one outlier in layer 5 is seen in experiment E3, which might
be caused by a defect. Figure 4.17 shows an example of some defects
observed in the SEM analysis near the location of the hardness
measurement.

Besides, the hardness of the walls is roughly the same for all the printing
speeds. This would mean that the tensile strength should be roughly the
same as well, according to the relation in equation 3.1. Since the
hardness has an average of 40HV, an estimation for the tensile strength
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can be made of 120MPa.

Figure 4.17: Defects found in the SEM analysis of experiment E3 near the
outlier of the harness analysis

Overall, a decrease in hardness compared to the feedstock occurred.
The feedstock material had a Vickers hardness of approximately 80HV
[12], while the samples showed a hardness of approximately 40HV.

4.7 Tensile tests part 1

In Figure 4.18, the tensile-strain curves of the tensile test results of Set 1
are shown per experiment. The 0.2% yield strength is indicated by the ’x’
symbol, the ’o’ symbol indicates the tensile strength. The samples deform
elastic between 0 to ’x’, and plastic deformation occurs between ’x’ and
’o’. Furthermore, a sudden decrease after ’o’ is an indication for
premature fracture of the sample. Sample names are indicated in Table
3.4.

All samples from experiment E1 failed relatively fast after plastic
deformation, resulting in a small elongation at fracture. This is seen in
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Figure 4.18: Stress-strain curves of tensile tests - Set 1, produced from
a FSEAM build with feedstock material AA6060 T6. Tensile samples are
located and orientated as depicted in Figure 3.6

sample 150 T1 and 150 T2 from experiment E2 as well. Additionally,
multiple samples broke in the fillet region of the tensile samples, which is
outside the measurement region of the extensometer. Therefore, the
measured elongation at fracture is not correct.

A possible explanation for the premature fracture is that the samples are
taken from the side of the build, see Set 1 in Figure 3.6. Where it is
expected that the normal force and the temperature of the nozzle have
not yet stabilized after the filling tube has been refilled. In Figure 4.1 this
can be seen by the data of the Fnormal, TC 1, TC 2, and TC 3 at the start
of the print phase. This might result in bad interlayer bonding and thus
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premature fracture. To check whether tensile samples from the center of
the build give better results an additional set of tensile test samples is
taken and tested in Section 4.9. The location of the vertical samples of
Set 2 are indicated in Figure 3.6.

Figure 4.19: Mechanical properties of tensile tests - Set 1, produced from
a FSEAM build with feedstock material AA6060 T6, with (E) the elasticity
modulus, (σyield) the yield strength, (σtensile) the tensile strength, and (δ)
the elongation at fracture. Tensile samples are located and orientated as
depicted in Figure 3.6

The mechanical properties per experiment are given in Figure 4.19.
Where E is the elasticity modulus, σyield the yield strength, σtensile the
tensile strength, and δ the elongation at fracture. As can be seen the
elasticity modulus (approximately 55GPa), and yield strength
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(approximately 80MPa) remain roughly the same for all experiments.
However, an increase in tensile strength is observed between
experiments E1 and E4, starting at approximately 110MPa and increasing
up to approximately 145MPa. Since most samples of experiment E1 and
E2 broke early in the plastic deformed region, the second set of tensile
samples is discussed before a comparison is made with the literature.

4.7.1 Serrated flow

A closer look at the stress-strain curves revealed a sawtooth pattern for
experiment E2, E3, and E4 as seen in Figure 4.20. This phenomenon,
known as serrated flow, shows an initial straight deformation curve
followed by sudden stress drops in a short time [67], [68]. Two
explanations for these load-serrations in aluminium are found in the
literature; Dynamic Strain Aging (DSA), and precipitate shearing [69],
[70].

Figure 4.20: Serration in the tensile test results

The first explanation is Dynamic Strain Aging, where locking of mobile
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dislocations by solute elements takes place. Solute atoms diffuse and
stick to dislocations, locking the displacement and making them
temporarily immobile, until they are overcome with the aid of thermal
fluctuations [68], [70]–[72].

Second, precipitate shearing makes use of small coherent precipitates to
stop the movement of dislocations, as is explained in Section 2.1. This
forced stop causes a local stress concentration and eventually, the
dislocations shear the precipitates, resulting in a sudden drop in the
stress. This process repeats itself for the next blockade, creating the
sawtooth-like pattern [68], [70].

Depending on the type of serration, an assumption can be made on the
state of the precipitates. It is seen that the sawtooth pattern becomes
larger for the higher print velocities. Combining this with the knowledge of
the higher mean nozzle temperatures, it is expected that the precipitates
solutionized.

4.8 Micro CT

The second set of tensile test samples is scanned with the micro CT to
search for defects in a non-destructible manner. The scans showed
mainly contaminations of some sort instead of porosity’s with enclosed
air. Both the horizontal and vertical samples showed defects, and no
trend is seen in the amount or size of defects found in the horizontal
versus the vertical samples.

Examples of the contamination and porosity are given in Figure 4.21.
Both defects are from the samples of experiment E1, which showed the
largest defects of all experiments. Most defects, which are smaller in size,
are found in the samples of experiment E3.

These contaminations are evaluated through an energy-dispersive X-ray
(EDX) analysis. Because this analysis can only be performed on the
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(a) Contamination (b) Enclosed air

Figure 4.21: Defects found in tensile test samples of experiment E1.
Images at the top display the location of the cross sections analyzed. The
bottom figures indicate the density distribution in the cross sections.

surface layer, samples were chosen with some defects on the surface
layer. However, during the analysis, these defects could not be seen. This
could be an indication that the matrix material covers the defects. So, the
contaminations are covered in aluminium. The composition of these
contaminations remains unknown.

Additionally, in Section 4.10, the location of the defects seen through
micro CT will be compared to the fracture location of the tensile samples.
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4.9 Tensile tests part 2

The stress-strain curves from the second set of the tensile tests are
subdivided in horizontal and vertical samples. The vertical samples are
shown in Figure 4.22 and the horizontal samples in Figure 4.23. Just as
in Section 4.7, the 0.2% yield strength is indicated by the ’x’ symbol, and
the ’o’ symbol indicates the tensile strength.

Figure 4.22: Stress-strain curves of vertical tensile tests - Set 2, produced
from a FSEAM build with feedstock material AA6060 T6. Tensile samples
are located and orientated as depicted in Figure 3.6
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The entire second set of tensile tests showed plastic deformation, just as
the first set in Section 4.7. Still, some of the vertical samples of
experiment E1 and all vertical samples of experiment E3 failed
prematurely. The samples from experiment E3 failed relatively fast after
plastic deformation, resulting in a small elongation at fracture. This is
seen in one sample of experiment E1 as well. Since the samples of Set 2
are taken from the middle part of the build, this premature fracture can
not be explained by the warm up phase after the refill phase. In Section
4.10 some fracture surfaces of prematurely fractured samples will be
analysed, to see if an indication for this premature break is discovered.
Thus, the theory of poor adhesion between layers due to process start-up
on the side of the build cannot be confirmed yet denied.

The set of horizontal samples did not show any premature break and the
results per print speed show little deviation, indicating consistency
throughout the height of the sample. In Figure 4.24, the mechanical
properties of the entire second set of tensile samples are given. The blue
lines and markings indicate the horizontal samples, red indicates the
vertical samples of Set 2.

Comparing the horizontal and vertical samples, it becomes clear that the
elongation at fracture is larger for the horizontal samples. The set of
horizontal samples are expected to show better results than the vertical
samples, since the defects are mainly expected at the interlayer surface.
These interface defects are less significant when loaded in the vertical
direction. Thus, loaded in-line instead of orthogonal to the defects. This is
in agreement with the results of the tensile tests as well, considering that
both orientations showed defects in the micro-CT analysis as mentioned
in Section 4.8. The horizontal samples showing better results than the
vertical samples is an indication that the interlayer bonding is not perfect
yet.
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Figure 4.23: Stress-strain curves of horizontal tensile tests - Set 2,
produced from a FSEAM build with feedstock material AA6060 T6. Tensile
samples are located and orientated as depicted in Figure 3.6

Furthermore, the elasticity modulus and yield strength remain roughly at
the same level for all experiments, which is in accordance with the first set
of samples as well. The increase in tensile strength as a function of the
print speed of the first set of samples is also observed. However, a drop
for the vertical samples of experiment E3 is noted, which is logical due to
the premature fracture of the samples.
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Figure 4.24: Mechanical properties of tensile tests - Set 2, produced from
a FSEAM build with feedstock material AA6060 T6, with (E) the elasticity
modulus, (σyield) the yield strength, (σtensile) the tensile strength, and (δ)
the elongation at fracture. Tensile samples are located and orientated as
depicted in Figure 3.6

Comparing the results to the feedstock material, of which the mechanical
properties are mentioned in Table 3.2, the following can be noted:

• A decrease in yield strength of ±40MPa

• A slight drop in elastic modulus of ±10GPa

• Overall, a drop in tensile strength

• An increase in elongation with roughly 17 % strain
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In Section 2.3.2 it was mentioned that an increase in elongation at
fracture is often related to a drop in tensile strength. If the horizontal
samples are compared this is true. However, for the vertical samples
there are not enough results without premature fracture to verify this
statement.

Last, a prediction for the tensile strength is done according to the
hardness-tensile strength relation in Equation 3.1. An estimation of
120MPa based on the Vickers hardness combined with the expectation
that the tensile strength would be constant for all print velocities was
done. However, tensile tests showed an increase in tensile strength with
increasing print velocity. The estimated strength is more or less correct
for experiment E1.

4.10 Fracture surface

The fracture surfaces of four tensile tests have been reviewed. These
samples are selected as followed:

• A sample in the horizontal direction with good tensile test results
(Sample 100 L3)

• A sample in the vertical direction with good tensile test results
(Sample 150 S1)

• A sample with moderate tensile test results (Sample 100 S2)

• A sample with bad tensile test results (Sample 200 S2)

The reviewed fracture surfaces are depicted in Figure 4.25 and 4.27.
Additionally the CT data of the defects in the fracture region is depicted in
Figure 4.26 and 4.28. The CT results show the cross sections in front
view (FV), side view (SV) and top view (TV).
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Figure 4.25: Fracture surface of sample 150 S1 and 100 L3 after tensile
test. Magnified details of the fracture surfaces are indicated with the red
squares
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(a) Tensile sample 150 S1

(b) Tensile sample 100 L3

Figure 4.26: Fractured tensile tests and defects observed in micro-CT
analysis around the fracture region of sample 150 S1 and 100 L3. CT
results show the cross sections in front view (FV), side view (SV) and top
view (TV).
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In Figure 4.25, it can be seen that the fractures with good tensile test
results show a significant reduction in cross section, also known as
necking. A closer look reveals a structure of small dents, called dimples.
Dimples are an indication of ductile breaks, which means that the
material can withstand some plastic deformation before fracturing.

When comparing the horizontal sample (100 L3) to the vertical sample
(150 S1), it can be seen that the fracture surface of the horizontal sample
is the smallest. Indicating that more plastic deformation and thus
elongation at fracture took place in the horizontal sample, which is in line
with the tensile test results from Section 4.9.

The micro-CT results of the fracture region of sample 100 L3 and 150 S1
both indicate the presence of contamination; see Figure 4.26. For sample
150 S1 two possible defects are seen near the fracture. However, both
are located near the outer surface of the tensile sample, indicating that
the fracture is not caused by these defects since necking occurred in this
region.

In sample 150 S1 a large defect is seen in the fracture surface region,
see Figure 4.26. However, the fracture surface does not indicate a
different structure at this location in Figure 4.25. Therefore, the
assumption is made that this defect did not cause the fracture.

The reviewed tensile samples that fractured prematurely show a variety in
cross-sectional width, see Figure 4.27. However, some necking still
occurred. In sample 100 S2 a wider left side of the fracture is seen,
indicating less plastic deformation before fracturing than the right side.
This could be an indication that the fracture started on the left side. In
Figure 4.28, the CT data from the fractured region indicates the presence
of a defect on the left side of the fracture as well.
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Figure 4.27: Fracture surface of sample 100 S2 and 200 S2 after tensile
tests were premature fracture is identified. Magnified details of the fracture
surfaces are indicated with the red squares
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(a) Tensile sample 200 S2

(b) Tensile sample 100 S2

Figure 4.28: Fractured tensile tests and defects observed in micro-CT
analysis around the fracture region of sample 200 S2 and 100 S2. CT
results show the cross sections in front view (FV), side view (SV) and top
view (TV).
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The same is seen in sample 200 S2, but here the fracture appears to
start from the right side. Again, the CT data of the fracture region is
compared to the fracture surface. However, the defects found in the
fracture region are small and on the opposite side of the sample.
Therefore, these defects are not expected to cause the premature
fracture and no clear indication is found.

Next, the structure of the fracture surfaces experiencing premature
fracture is discussed. Mixed regions of both flat and dimple rich regions
are seen in Figure 4.27. Flat surfaces indicate little plastic deformation of
the fracture surface and are seen in brittle fractures where there is little
necking. The mix of dimples and flat surfaces indicates both good
bonding and sheared surfaces. This may be caused by a defect rather
than poor interlayer adhesion in general, as ductile areas are observed as
well.

4.11 Precipitates after processing

Combining the results of EBSD analysis, hardness and tensile tests a
hypothesis about the precipitate state can be made. After processing, the
EBSD results show a grain refinement, while the hardness and tensile
strength both decreased. Grain refinement should increase the strength
of a material, see Section 2.1.1. So, since the measured mean grain size
order is E2-E4-E3-E1 from large to small, a material strength increase in
the same order is expected. Reviewing the tensile strength this is not the
case. Therefore, it can be concluded that the strength is defined by the
precipitates and that these are not in the peak aged state anymore.
Additionally, the tensile strength results suggest that the precipitates of
higher print speeds are closer to the peak aged state.

This suggestion is supported by the serrations seen in the stress strain
curves of experiments E2, E3, and E4. These serrations are caused by
either dissolving of the precipitates or by small coherent precipitates in
the underaged state. Both scenarios indicate dissolving of the
precipitates during the process, which is in agreement with the measured



CHAPTER 4. RESULTS AND DISCUSSION 80

nozzle temperatures from Table 4.1. However, to conclude if the
precipitates are dissolved or underaged additional research is necessary.

4.12 Changes in practice

The big difference in results of the in-situ measurements of experiment
E1 compared to the other experiments is remarkable. No clear
explanation is found for this difference, but the number of parts in the
setup that have been replaced after completion of this experiment is
noteworthy. An overview of the work done on the setup is given in
Appendix A.

After conducting experiment E1, many problems arose of which the
cause was often unclear. Some parts needed replacement and were
reproduced. One of these parts was the nozzle, and after replacement it
was seen that the available drawing was incorrect. Since the dimensions
of the nozzle are closely related to the size of the tool gap, see Figure
1.2, this became smaller. The nozzle and its drawing are adjusted before
continuing, but a remark has to be made. The exact dimensions of the
previous nozzle were unknown, and since it was destroyed, there is no
100 % certainty that the replacement has the same dimensions.

As mentioned in Section 1.2, a small change in the toolgap could result in
noticeably different values for the torque and the feed force. Since no
reliable feed force data is available after the changed nozzle, only the
torque can be compared. In Table 4.3 it can be seen that the mean torque
of experiment E1 is lower than the other experiments. However, it is not
that far off experiment E3 and E4. A slightly larger tool gap for experiment
E1 might be possible, however it is not likely regarding the similar torque
values.



Chapter 5

Thermal model

Additional to the experimental work, a 2D temperature model of the
temperature development during the manufacturing of the build has been
created. The model is supported with the experimental data collected
with the thermocouples in the nozzle (TC 1, TC 2, and TC 3) and the
substrate (TC 7 and TC 8). The locations of which can be found in Figure
3.5. With the help of a validated thermal model the relation between the
temperature development in the substrate and the print speed can be
investigated.

5.1 Modeled process

The modeled process is a simplified 2-dimensional version of the
experimental build of a structure as described in Section 3.3. Including a
substrate, the start phase, and the refill phase after every layer, but
excluding the print head. The deposition of material is simplified to an
area at deposition temperature. The size of the area is in accordance with
the nozzle diameter.
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5.2 Dimensions of the model

The model consists of a 2-dimensional uniform grid of N by M points.
Here N indicates the y-direction and M the x-direction. Starting with the
substrate only, the four lower rows are nonzero, while all other points are
equal to zero. Figure 5.1 shows a scaled-down example; real values can
be found in Table 5.1. Layers are printed by adding non-zero points
between column S and E, depicted by the light grey blocks. The
calculated points of the matrix are located in the middle of the blocks.

(a) Situation at the start (b) Situation mid-model

(c) Situation at the end

Figure 5.1: 2-dimensional grid of the model in multiple phases of the build.
The squares indicate the volume assigned to one single point in the matrix.
Dark grey volume indicates the substrate, light grey the build.

5.3 Modeling approach

The time and place dependent heat transfer equation is employed to
simulate the temperature distribution during the deposition of the
aluminium in a layer-wise fashion while fabricating a rectangular build.
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Table 5.1: Properties used in the model
N 58
M 300
S 61
E 240
∆x 8.3333× 10−4m
∆y 0.001m
∆t 0.0020 sec
T∞ 18 ◦C
hair 10W/m2K
htable 375W/m2K
λAA6060 210W/mK
λAA2024 120W/mK
ρAA6060 2700 kg/m3

ρAA2024 3000 kg/m3

cpAA6060 900 J/kgK
cpAA2024 880 J/kgK

∂T

∂t
=

λ

ρcp
(
∂2T

∂x2
+

∂2T

∂y2
) (5.1)

in which T is the temperature in [◦C], t the time in [sec], λ the thermal
conductivity in [W/m ∗ K], ρ the density in [kg/m3], cp the specific heat
capacity in [J/kg ∗ K], and x and y are locations in [m]. The method used
in this model is a combination of the finite difference method (Equation
5.2), based on the difference between neighboring points, and the explicit
Euler method for time discretization (Equation 5.3).
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∂
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∂x
) +

∂
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1
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1
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∆y
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∆x2
+

Ti+1,j − 2Ti,j + Ti−1,j

∆y2

(5.2)
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in which j denotes the point in the x-direction, and i the points in
y-direction. The model has been verified by comparing it to the exact
solution of the thermal penetration depth theory, more information can be
found in Appendix D.

∫ tn+1

tn

f(T ) dt ≈ ∆tf(T (tn))

T n+1 = T n +∆tf(T n)

(5.3)

Furthermore, the boundary conditions described to the system are based
on convection with a varying enthalpy value for air and the table. A
schematic overview of the applied boundary conditions is shown in Figure
5.2. Where λ is the heat transfer coefficient of AA2024 and AA6060
respectively, and h the enthalpy of the air and the table. Where hair is
based on a previous models from the Production Technology chair [42],
htable has been determined by matching the experimental data from TC
1, TC 2, and TC 3. Values can be found in Table 5.1. Furthermore, the
convection boundary condition is verified by comparing it with the stable
convection equation; more information is provided in Appendix D.

Additional boundary conditions are coupled to the material deposition.
The print head is simplified to a deposition length of 10.5mm, which
equals 12 points, and is moved to the side according to the print speed.
The deposition height is 1mm, which equals 1 point. Furthermore, the
deposition temperature is kept constant during print phase, and a linear
decrease of 200 ◦C is assigned to a stationary deposition location at the
end of every layer. This is done to mimic the refill phase where little to no
material is extruded. Since contact with the material inside the printhead
is maintained the heat input is lowered but not equal to zero because the
screw is still rotating.
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Figure 5.2: Convection boundary conditions assigned to the finite
difference model

5.4 Experimental data

To make a good comparison between the experimental data and the
model, more insight in the substrate temperature of the experiments is
necessary. In Figure 5.3 the experimental data of experiment E2 - TC 7 is
depicted. Where the difference between the start phase and the main
build is indicated, and 2 printed layers in the main build are highlighted.
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(a) Substrate temperature over time

(b) Two layers of substrate temperature and
table movement over time

Figure 5.3: Experimental data of E2

In the start phase in Figure 5.3a, higher peak temperatures are seen,
which can be explained by longer layers, adding more energy to the build
before the next material refill. Furthermore, two events are indicated
during the build; peaks get lower while valleys become higher. Both
events can be explained. During the build, the newly deposited material is
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placed further and further away from the thermocouple. Since the
distance becomes larger, the temperature becomes lower. Next, the
higher valley temperatures. Every layer more energy is added to the
build. This energy is indicated by the increasing temperature. During the
material refill moments some of this energy leaves the build by convection
and conduction into the table. In the end it is a story of energy balance:
the temperature is determined by the amount of heat put in by the
building process and lost by convection and conduction. Since more
energy is put in than can be lost via convection and conduction, the
internal energy increases and results in higher valleys.

In Figure 5.3b, the table location is plotted within the indicated 2 layers as
well. The horizontal lines indicate material refill, while the slopes indicate
the print phases. The first temperature peaks lags behind the stop of the
table movement. This can be explained by the thermocouple which is
located opposite from the build edge. It takes time for the heat wave to
arrive at the thermocouple. The second layer ends on the side of the
thermocouple. Since the distance to the thermocouple is close, this peak
is nearly located at the start of the table movement. The second peak is
regularly smaller, which can be explained by the energy already in the
build. After material refill, it takes some time before the temperature is
back at the original values during continuation of the manufacturing
process.

Additionally, a failed material refill is indicated in Figure 5.3a, and it can
be seen by the excess material at the lower left of the build in Figure 4.7b
as well. This is a clear example of manual errors which occur during the
process. Most of the steps during printing are manually timed, while the
timing in the model is kept constant. Therefore, the timing of the model is
not entirely the same as the experimental data. Moreover, the long layers
in the starting phase are not included in the model. However, the lower
print speed of these layers is included.
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5.5 Comparison to experimental data

A comparison is made between the simulated temperature distribution
and the measured one to verify the model. The compared model makes
use of the time and temperature measurements. The high end of the
mean nozzle temperatures in Table 4.1 are used as deposition
temperatures of the material, and the wait time is based on the
experimental time data. Both input arguments vary per experiment and
are given in Table 5.2. After the model is complete, the experimental data
from TC 7 or TC 8 is plotted against the substrate temperature in the
model. It is concluded that the locations of the thermocouples are not
directly under the build, and that the distance to the build varies. Figure
5.4 gives a schematic overview of the indicated distance, and the values
per experiment can be found in Table 5.2. A remark has to be given that
the exact distance is unknown. An estimation is made based on the
pictures taken from the builds, because the builds have been cut into
smaller pieces for analysis.

Figure 5.4: Schematic overview of the thermocouple location used in the
model

Once the local maximum and minima of the 2 dimensional model are
plotted against the experimental data it can be seen that the model fits
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Table 5.2: Values used in the model, taken from the experimental data
100mm/min 150mm/min 200mm/min 250mm/min

Deposition
temperature [◦C] 420 506 521 535
Wait time [sec] 57.8 45.3 47.2 46
Distance TC
[#ofpoints] 30 16 24 18

the experimental data relatively good, as seen in Figure 5.5 and 5.6.
Some differences between the model and reality were already mentioned
in Section 5.4. An additional explanation is sought in the assumption of a
2D model, which assumes an infinitely thick body instead of a wall of
approximately 15mm. Thus, convection out of the x-y plane is not taken
into account, which becomes larger with a growing build. This might
explain the higher mean of the model at the end of the build. Additionally,
the experimental results of experiment E4 deviate more than the others.
The build cooled down much quicker in between layers than the model. A
possible explanation would be the shorter duration of the experiment.
Since the table slowly heats up during the experiment it acts as an energy
storage. The hotter the table becomes, the less heat from the build can
be stored in the table. Since no temperature data of the table is available,
this can not be to verified.

5.6 Print velocity-build temperature relation

The thermal model is used to simulate the influence of the print velocity
on the substrate temperature. The lower layers of the build are expected
to decrease in temperature with increasing print speed. The hypothesis is
based on the amount of heat that is added to the build. If the deposition
temperature and the refill time are kept constant, this means that the rate
of heat added to the build is constant over the different print speeds.
Since a higher print speed results in a shorter build time, less heat is
added to the build overall. This should results in lower substrate
temperatures for higher print velocities.
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(a) 100mm/min

(b) 150mm/min

Figure 5.5: Part 1: Experimental data of the substrate temperature,
compared to the maxima and minima values of the substrate temperature
of the model

The maxima en minima of the substrate temperature of four different print
speeds are plotted in Figure 5.7. A constant deposition temperature of
500 ◦C and a wait time of 45 sec is chosen. The thermocouple location is
assigned to column S, directly under the build.
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(a) 200mm/min

(b) 250mm/min

Figure 5.6: Part 2: Experimental data of the substrate temperature,
compared to the maxima and minima values of the substrate temperature
of the model

The maxima en minima plots indicate a larger bandwidth for lower print
speeds. The lower maximum with increasing print speed can be
explained according to the hypothesis. Due to the constant heat rate, a
faster processes results in a lower maximum temperature.
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Figure 5.7: Print velocity-substrate temperature relation

The expectation does not explain the higher minima. A possible
explanation is the amount of convection and conduction which takes
place. The temperature is measured at the thermocouple location. As the
nozzle deposits a layer of material, it passes by the thermocouple
location. When the nozzle reaches the end of the first layer, the next layer
is deposit on top, and the nozzle will return towards the thermocouple
location. The time interval between the instances where the nozzle
passes the thermocouple is dependent on the printing speed, so a higher
print speed results in a shorter time interval. Since the time interval is
shorter, the build can lose less energy to its surroundings, resulting in a
higher lower limit.



Chapter 6

Conclusions and
recommendations

6.1 Conclusions

The answer to the research question is formulated using the previously
described literature, findings from the experimental work, and the thermal
model.

The research question:
”What influence does the print speed have on the microstructure and
mechanical properties of FSEAM builds made from AA6060 T6?”

Four successful builds were produced and reviewed, with printing speeds
of 100, 150, 200, and 250 mm/min. The following conclusions were drawn
from the analysis of the build and the thermal model.

• The in-situ measurement showed an increasing trend in the nozzle
temperature with increasing print speed. Furthermore, the nozzle
temperatures of experiments E2, E3, and E4 are located in the solid
solution phase of the phase diagram, which might cause
solutionizing of the precipitates during the process.

• Analysis of the builds showed no macro-scale defects. Microscopy
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showed microscale defects of approximately 50 μm for the builds
produced at 150, 200, and 250mm/min builds. The build produced at
100mm/min showed larger micro-cracks as well.

• The electron backscatter diffraction revealed a grain refinement for
all builds, indicating recrystallisation. However, no trend in grain size
regarding the print speed is noticed. An explanation can be found in
the temperature of the build in process, which remains close to the
critical grain growth temperature.

• Regarding mechanical tests, the hardness of all experiments
decreased by approximately 50 %, and the tensile tests showed a
decrease in the yield strength and the tensile strength, combined
with an increase in elongation at fracture compared to the feedstock
material. Since this is in contrast with the grain refinement, it can be
concluded that the precipitates are not in their peak aged state after
processing.

• After mutual comparison of the experiments, the tensile test results
show an increase in tensile strength with increasing printing speed.
However, no influence of the print speed is seen on the elastic
modulus as this remain roughly at the same level for all builds.

• A difference in tensile test results is observed between samples
extracted in the build direction and along the deposition direction.
From every build both horizontal and vertical tensile samples were
extracted and compared. All samples showed plastic deformation.
However, many vertical samples broke prematurely, while no
premature fracture is seen in the horizontal samples. Since
micro-CT analysis revealed defects in both orientations of the the
tensile samples, it can be concluded that the influence of these
defects is negligible in the horizontally orientated samples. This can
be explained by interlayer areas being loaded in length. Additionally,
the elongation at fracture is greater for horizontal samples. These
are indications that the interlayer bonding is not perfect and the
process is in need for further improvements.

• Furthermore, a closer look at the stress-strain curves revealed a
sawtooth pattern, known as serrated flow. The sawtooth pattern is
seen for higher print speeds (150, 200, and 250mm/min). Combining
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this with the nozzle temperatures located in the solid-solution
phase, a hypothesis is made that the precipitates solutionize in the
print head. This would occur when the material is transported by the
rotational tool, resulting in precipitates that have not formed yet or
are in the underaged state after deposition. However, more
research is necessary to prove this statement.

• Last, the 2D thermal model concluded a decrease in the maximum
substrate temperature and an increase in the minimum substrate
temperature, with an increasing print speed when all other
parameters remain constant.

In summary, the nozzle temperature and the tensile strength show
increasing trends with an increased print speed in experimental work.
Other results have not shown clear trends regarding the print speed.
However, since only one build per print speed is produced, more
experiments have to be performed to identify small trends and/or verify
these results.

6.2 Recommendations

Based on the work presented, some recommendations are made for
future work. These recommendations can be divided into the following
categories: Experimental work, additional analysis of the builds, and the
thermal model.

Experimental work

• Experiments should be performed with the same setup, without
intermediate cleaning. This assures the same thermocouple
location and tool gap for all experiments. Small changes in
thermocouple location or the size of the tool gap may cause
unanticipated changes in the temperature and/or heat generation.

• Additionally, it is wise to check the existing technical drawings of
crucial elements in the setup to make sure these are up to date. In
case of failure, such as in experiment F4 (see Appendix A), the
parts can be replaced with ease.
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• Cleaning the feed material. Up until now, the feed material had to be
cut into small pallets. In the workshop, the pallets are sawn on a
general saw that is used for other materials as well. Contaminations
can stick to the pallets and are inserted with the pallet as feedstock
material. However, ideally the need to cut the feedstock into small
pallets is removed completely by changing to a continuous feed
system.

• Finally, there is the desire to move to a more automated system.
The movement of the table and the print head is now done by
manually pressing and turning buttons, which does not offer
precision. The same holds for the feed rate at which the material is
fed to the screw. All are crucial for material flow and thus the
pressure necessary to create a good bond between layers. By
moving to an automated system a more constant deposition volume
and feed rate can be achieved.

Additional research

• Further investigation of the contaminations seen in the micro CT
results. A quick EDX analysis is performed without success. These
contaminations might cause defects, and therefore it is necessary to
identify their composition as a first step in figuring out where these
contaminations come from and how to prevent them. Two theories
are formed; these contaminations are inserted with the feedstock, or
the contaminations are assigned to the wear of the tool.

• Most importantly, more research is necessary to form a
well-substained theory about the precipitate state. Two methods can
be considered; transmission electron microscopy (TEM), or artificial
ageing combined with tensile tests. The first being a microscopy
method which can identify precipitates. From the size and the
distribution of the precipiates it can be estimated in which state they
are. The second method is by artificially ageing the material, as
explained in Section 2.1.1. Tensile samples can be aged, for
multiple time durations, and tested to find the highest tensile
strength. Relating this to the existing literature and a known
composition will indicate the state of the precipitates at the start.

Thermal model
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• Measure the exact distance to the thermocouple. The distance
between the deposition area of the build and the location of the
thermocouple in the substrate is now unknown. In the comparison
of the model with the experimental data an estimation of this
distance is made. By knowing the exact distance of the
thermocouple to the build, the model can be verified accurately.
This can be achieved by milling the substrate plates until the
thermocouple becomes visible. Additionally, the amount of thermal
fixing paste between the aluminium and the thermocouple should
be reviewed as well. Indicating how well the heat conduction could
take place.

• Switch to a 3 dimensional model which includes the in plane heat
conduction. A 3-dimensional model is expected to result in a better
approximation, and thus giving a better indication of the thermal
history.
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Appendix A

Experimental overview

Multiple experiments were performed without success, as can be seen in
Table A.1. However, some important changes to the setup were
performed, which is why they are documented in this appendix. An
overview of the changes and what went wrong during the experiments is
given as well. The S- and E-series, which are not further elaborated, did
not encounter a setup change.

• Experiment S1
Cooling block was not fixed in place and came loose during the
process. This caused a forced stop of the experiment.

• Experiment E1
In the last layer the build came loose from the substrate. Since is was
the last layer the build could still be reviewed. The start-up procedure
was changed to create a larger surface area in which the build can
bond to the substrate. This results in the bottom 4 layers now being
± 5 cm longer.

• Experiment F1
The experiment failed during the start up phase. The problem
occurred in the feedtube due to a blockade. It is suggested that the
cause of the problem was prematurely softening of the feedstock,
which can be solved by using a higher cooling rate for the feedtube.

i
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Table A.1: Overview of all performed experiments
Name Date Table speed Feed rate Key Cooling rate Cooling rate Fail/

(y\m\d) (mm/min) mm/sec Feedtube Nozzle Success
(L/min) (L/min)

S1 22/02/01 50-430 0.226-1.946 2-5.8 Unknown Unknown Fail
E1 22/03/09 100 0.453 2.8 Unknown Unknown Fail
F1 22/03/23 - - - Unknown Unknown Fail
F2 22/03/30 200 0.950 4.0 Unknown Unknown Fail
F3 22/05/03 Extrusion 0.226 2.0 Unknown Unknown Fail
F4 22/05/12 Extrusion 0.226 2.0 Unknown Unknown Fail
F5 22/05/31 210 0.950 4.0 7.1 1.8 Fail
F6 22/06/16 200 0.950 4.0 6.8 2.2 Fail
F7 22/06/16 150 0.685 3.5 6.8 2.2 Fail
E2 22/07/20 150 0.685 3.5 3.5 2.3 Success
E3 22/07/27 200 0.950 4.0 3.5 2.5 Success
E4 22/07/27 250 1.154 4.5 3.5 2.5 Success
S2 22/08/19 300 1.354 4.9 3.6 2.5 Success
S3 22/08/19 350 1.575 5.3 3.6 2.5 Success
S4 22/08/23 400 1.810 5.6 3.5 2.5 Success
S5 22/08/23 450 2.036 5.9 3.5 2.5 Success
S6 22/08/23 500 2.218 7 3.5 2.5 Success

• Experiment F2
The experiment failed during the start up phase. The suggested
problem was the high extrusion force. A possible explanation could
be a too high cooling rate of the nozzle. To check the cooling rate in
later experiments, flow meters are added to the system afterwards.

• Experiment F3 & F4
Extrusion experiments with AA7075 were performed for another
research. During experiment F4 the system got blocked and the
screw and nozzle got stuck in the print head. For the next
experiment both a new nozzle and screw where used.

• Experiment F5
The experiment failed during the start up phase. The problem
occurred in the feedtube due to a blockade. It is suggested that the
cause of the problem was prematurely softening of the feedstock.
Since the cooling rate of the feedtube was much higher than
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previous the reason for this softening has to be found somewhere
else. A closer look at the new manufactured nozzle showed a
different geometry, causing a smaller toolgap, and explained the rise
in temperature, force, and torque. For the next experiment, the
toolgap will be brought back to 3.2mm by adjusting the geometry of
the nozzle.

• Experiment F6
The experiment failed due to too high vertical forces. The material
feed was not stopped while the table did not move causing a rise in
vertical force. Due to these high forces, the table could not move
anymore and the experiment had to be stopped.

• Experiment F7
The experiment failed due to too a power outage causing the
systems to stop. Afterwards the feedtube was examined. Since it
had a diameter of 8.5mm instead of the original 8.1mm, probably
due to wear over time, it was replaced.



Appendix B

Process parameters

The in-situ measurement taken during the builds are depicted in the
following Figures. If one of the thermocouples mentioned in Section 3.1.4
is not assigned, it broke during assembly or in the experiment.

iv
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B.1 E1 - 100 mm/min, 400 RPM
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B.2 E2 - 150 mm/min, 400 RPM
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B.3 E3 - 200 mm/min, 400 RPM
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B.4 E4 - 250 mm/min, 400 RPM
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Appendix C

Grain size distribution per
experiment

C.1 E1 - 100 mm/min, 400 RPM
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C.2 E2 - 150 mm/min, 400 RPM
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C.3 E3 - 200 mm/min, 400 RPM
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C.4 E4 - 250 mm/min, 400 RPM



Appendix D

Error estimation models

To check whether the model is a good approximation of reality, two error
approximations are made and discussed down below. For these
approximations some values for the material properties are necessary,
which can be found in Table D.1.

Table D.1: Properties used for error approximations
hair 10W/m2K
λAA6060 210W/mK
ρAA6060 2700 kg/m3

cpAA6060 900 J/kgK

D.1 Thermal penetration depth

First the thermal penetration depth is evaluated. The exact solution is
given for a one-sided infinite system. Here, a solid aluminium block of
AA6060. For which at t0 the temperature of the build is at the uniform
temperature T0 and one side is at Twall. All the other sides are fully
insulated, as can be seen in Figure D.1a.

Since this is a one dimensional problem, the heat equation of the system
becomes D.1. Furthermore, the initial and boundary conditions are
prescribed to the system.

xxii
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(a) Thermal penetration depth check (b) Stable convection check

Figure D.1: Boundary and initial conditions of the error estimation models
at t=0

∂T

∂t
=

λ

ρcp

∂2T

∂x2

with

x = 0, T = Twall for t > 0

x = ∞, T = T0 for t > 0

t = 0, T = T0 for all x

(D.1)

Solving the system with respect to the conditions results in D.2. In which
erf is the standard error integral. Once plotted and compared with the
model, the error can be examined in Figure D.2. Three models are plotted
with a varying step size in the x-direction, the exact solution, and its slope
are plotted for 1000 time steps. All values used for the error estimation
can be found in Table D.2. It can be seen that the modeled systems are
close to the exact solution and that they converge for a smaller step size,
indicating a good approximation.

T (x, t) = Twall − (Twall − T0)erf(
x

2
√

λ
ρcp

t
) (D.2)
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Figure D.2: Error evaluation thermal penetration depth theory

D.2 Convection check

Next, the boundary condition described to the system is evaluated. Again,
the system starts at an initial temperature T0, where the right side is kept
constant at this temperature while the left side is cooled via convection
with a room temperature of Tinf . The top and bottom wall are both fully
insulated, an overview is given in Figure D.1b.

Twall = Tinf +
T0 − Tinf

∆x∗h
λ

+ 1
(D.3)

The computation is compared to the exact solution of a time independent
problem (Equation D.3). Therefore, the duration of the simulation is set to
approximately1 h to simulate a time independent problem. All the values
of the model can be found in Tables D.2 and D.1. As seen in Figure D.3,
the model gives a close resemblance of the exact solution and converges
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Table D.2: Variable data used in the models
thermal penetration depth stable convection

T0 [
◦C] 0 400

Twall [
◦C] 400 -

T∞ [◦C] - 18
∆x1 [m] 0.0033 0.0033
∆x2 [m] 0.0017 0.0017
∆x3 [m] 8.3333e-04 8.3333e-04
∆t [sec] 0.0036 0.0036

after a grid refinement. Again, indicating a good approximation.
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Figure D.3: Error evaluation convection boundary condition
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