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Abstract
In order to produce three-dimensional components frommetals, a wide variety of processes exist. Laser processes combined with
metal powders are frequently used and developed. Restrictive factors are the machine-related small workspace, the machinery
costs and the material portfolio, which place the technology in the area of high-performance components. Wire and arc additive
manufacturing (WAAM), as a robust and economical welding process technology in combination with robot applications,
represents an option to become more size-independent and provides variability in the range of materials. This work shows results
for the robot-basedWAAM of structures made from nickel alloy 617. The main focus of the investigation was the determination
of the mechanical properties in the as-welded state for which static strength tests, microhardness and metallographic studies were
carried out. The anisotropic material behaviour in relation to the build direction (BD) was tested. The direction-dependent
strength properties of single-track welded structures are presented with samples taken and tested at 0°, 45° and 90° to the BD.
The deformation behaviour was investigated by micro-tensile tests in a scanning electron microscope, whereby the formation of
sliding steps on the polished surface under tensile stress was studied. The anisotropic behaviour of the WAAM structures is
discussed under consideration of the microstructure and with regard to the grain size development and phase formation. The
results indicate an anisotropic material behaviour in the as-welded state based of the crystallographic orientation of the material.
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1 Introduction

Forecasts for additive manufacturing’s (AM) global market
volume until 2024 show an annual growth rate of approxi-
mately 20% [1]. AM is at its turning point moving from the
rapid prototyping sector into mass production. This change is
due to the advantages of additive manufacturing, such as the
manufacturing of complex near-net-shape geometries. In ad-
dition, AM offers the potential of manufacturing according to

customer requirements, realizing lot size 1, and regeneration
of worn or defective components. In terms of resource con-
servation, the use of AM’s repair potential is increasingly
moving into the focus of research. According to EN ISO/
ASTM 52900 [2], there are seven groups of additive
manufacturing processes. Metals can be printed with all
groups, but processes from mainly two groups are used: di-
rected energy deposition (DED) and powder bed fusion (PBF)
[3]. Well-known processes for PBF are selective laser melting
(SLM) and selective laser sintering (SLS). Processes of the
group DED are laser metal deposition (LMD) and wire and
arc additive manufacturing (WAAM). WAAM is the generic
term for gas tungsten arc welding (GTAW), gas metal arc
welding (GMAW) and plasma arc welding (PAW).

Robot-based WAAM is a promising manufacturing pro-
cess that is still underrepresented. It combines the advantages
of the significantly cheaper investment in equipment com-
pared with all other systems with the less expensive consum-
able wire. By using wire instead of powder, there are, in
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addition to the variety of materials, advantages of lower pric-
ing, lower health hazards and simplified storage. Furthermore,
WAAM offers the potential to apply material to free-form
surfaces in the form of repairs or extensions. The workspace
is directly increased by extending the lead machine. The high
application rate is only opposed by the minimum layer width
of four millimetres. Due to the very high material variety, the
mechanical properties are not yet determined for all available
materials for WAAM. Especially in the field of AM of nickel-
based alloys, only a few alloys have been investigated so far.

The mechanical properties of alloy 718 have been exten-
sively investigated using SLM [4–8] and electron beam pow-
der bead fusion [9–12]. Baufeld tested the mechanical prop-
erties of GTAW manufactured alloy 718 and compared them
to other AM processes. He found that the tensile strength level
of GTAW is slightly higher than as-cast but lower than AM
applications with laser or electron beam [13]. Xu et al. com-
pared the material properties of alloy 718 samples in as-build
condition to heat-treated condition. For this purpose, they pro-
duced single-track walls using the GMAW process. In as-
build condition, the mechanical properties of the GMAW pro-
cess are comparable to GTAW presented in [14]. The strength
of the heat-treated samples was 105 MPa lower than of the
forged samples. Furthermore, they compared two wires of
different suppliers and found a difference in tensile strength
of around 50 MPa, most likely due to the difference in ele-
mental composition [14]. Wu et al. analysed the resulting
residual stresses as a function of different path planning strat-
egies for GTAW. They printed alloy 718 in a rectangular
shape with three deposition patterns: long, short and spiral.
The use of short track lengths reduces the residual stress
[15]. Chelbus et al. researched the mechanical properties of
alloy 718 processed by SLM in as-build and heat-treated con-
dition. They printed cubes and tested the properties in four
directions (Y, Y-Z, Z and X-Y-Z). Y is the scan/deposition
direction, Z is the build direction, Y-Z is the diagonal of the Y-
Z plane, and X-Y-Z is the diagonal of the X-Y-Z space. They
found that the tensile strength in X-Y-Z direction is signifi-
cantly higher in as-build than in the other three directions
tested. After the heat treatment, the difference was smaller
but measurable [8].

Jurić et al. studied the influence of shielding gas composi-
tion on the mechanical properties of alloy 625 using GMAW.
They found that using a shielding gas with 2.5% carbon diox-
ide in argon would increase the tensile strength by 7% com-
pared with pure argon, 5% hydrogen in argon and 3% helium
+ 1.5% hydrogen in argon [16]. Wang et al. used GTAW to
manufacture walls of alloy 625 and tested the mechanical
properties in deposition (Y) and BD (Z). Ultimate tensile
strength in deposition direction was slightly higher than in
BD (Z), 722 ± 17 MPa compared with 684 ± 23 MPa [17].
Ma et al. investigated the crystallographic texture of additive
manufactured alloy 625. The samples were produces by

LMD. They found that the orientation <100> is predominant
and the grains are aligned at 45° (Y-Z) to BD [18]. Yadroitsev
et al. studied the anisotropy of the mechanical properties in
alloy 625. They build a cylinder using SLM and prepared
vertical and horizontal samples. They chose samples in 0°
(Y), 45° (X-Y), 90° (Y) and BD (Z). No essential differences
of the mechanical properties were found [19].

To the knowledge of the authors, no research regarding the
mechanical properties of additive manufactured alloy 617 has
been published. Alloy 617 (UNS N06617) is a nickel-based
alloy consisting of the main components nickel, chromium,
cobalt and molybdenum. Due to its good corrosion properties,
good strength and oxidation resistance at high temperatures,
the alloy is widely applied for high-temperature components
like gas turbines, high-temperature heat exchangers and air
heaters. Alloy 617 is a candidate for being approved
by ASME Section III Subsection NH. As a result, it
would be used for the reactor internals and intermediate
heat exchangers of helium-cooled very high-temperature
reactors (VHTR) [20].

This paper closes the gap of the missing research for the
properties of additive manufactured alloy 617. The literature
shows that the additive manufacturing processes cause
anisometric properties due to the directed energy input.
However, these are rarely investigated as samples are only
taken in the deposition (Y) and build direction (Z). In this
paper, samples in the interesting Y-Z direction are also taken
and discussed.

2 Material and methods

2.1 Setup and material

All samples were prepared using the test rig shown in Fig. 1.
The lead system consists of two KUKA six-axis industrial
robots. The welding torch is attached to the KUKA KR16-2.
This allows complete freedom in setting the welding torch
angle. The substrate plate is mounted on the KUKA KR-
125. This allows all welding positions PA to PE to be tested.
The welding system used was the power source model
Phoenix 521 coldArc fromEWMwith the welding torchmod-
el AUT 501 from Abicor Binzel.

Starting with a CAD file of the part that is to be printed, the
model is broken down into layers, and the path planning is
carried out for each layer. The resulting robot program is ex-
ecutedwith the robots. In the case of the printed walls, the path
planning is shown in Fig. 2.

The substrate was cut from flat material of the material
S235JR to the dimensions 370 × 100 × 10 mm and afterwards
cleaned with ethanol. The wire used was alloy 617 (Sanicro
53) with a diameter of 1.0 mm from Sandvik AB. The chem-
ical composition of the wire is shown in Table 1.
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For the studies, three walls with the dimensions 7 × 350 ×
210 mm have been produced. As welding job, the coldArc-
Job 67 supplied by EWMwas selected. ColdArc is a variant of
the GMAW with reduced heat input. The shielding gas was
argon with 20% helium and 2% carbon dioxide with a flow
rate of 12 l/min. Deposition parameters are shown in Table 2.
After welding, the nickel oxide layer was removed using the
pickling agent Formula Green in combination with a neutral-
ization solution from Sandvik AB.

2.2 Analytical methods

The samples were cut from the walls using water jet cutting.
For each of the three walls and each of the three directions (Y,
Y-Z, Z), five tensile specimens were taken. Additionally, two
micro-tensile specimens each in (Y), (Y-Z) and (Z) direction
were taken for examinations in the scanning electron micro-
scope, as well as six samples for metallographic examination.
The position of the samples can be seen in Fig. 3.

The light microscopy samples were embedded,
ground, polished and etched with Adler’s reagent.The
images were taken with a microscope camera of the
type DP72 by Olympus.

The tensile specimens and micro-tensile specimens were
machined to the dimensions according to DIN EN 50125
shown in Fig. 4. Both sides of the micro-tensile specimens
were polished, and one side etched with 3 ml hydrofluoric
acid in 80 ml nitric acid. The images were taken with a

microscope camera of the type DP72 by Olympus. One side
of the tensile specimens was polished, and a ZHU 250 univer-
sal testing machine from Zwick was used to measure Vickers
hardness (HV10) according to DIN EN ISO 6507-1. All sam-
ples were fixed in the ZHU 250 identically. A load of 98.07 N
was applied for 13 s on three points in the shaft of each spec-
imen. The tensile test was carried out according to DIN EN
ISO 6892:2016 on the Zwick Z250 universal testing machine.
The extensometer length was 20 mm and the test speed
0.06 mm/s to Rp0.2 from then on 0.15 mm/s.

The deformation behaviour under tensile load was investi-
gated on polished micro-tensile specimens in a scanning elec-
tron microscope in high vacuum. The examination of the ten-
sile test was performed with the high-resolution field emission
scanning electron microscope (SEM) SUPRA 55VP from
Zeiss using a secondary electron detector in combination with
a tensile module with DDS control from Kammrath & Weiss.
The X-ray powder diffraction (XRD) measurements were per-
formed with a Bruker D8 Discover with cobalt anode.

3 Results and discussion

3.1 Metallography

In contrast to the casting process, the layer-by-layer building
process of AM parts represents a strongly anisotropic process.
The continuously moving local heat source and the melt pool
are moved in deposition direction (Y) and in BD (Z). This
results in an almost directional solidification in relation to
the BD. The linear design of the additive process is not only
reflected by the wavy surface structure but has also effects on
the microstructure and on the resulting properties of the ma-
terial. This circumstance, which is used by targeted solidifica-
tion processes in the area of Ni-based alloys because of the
advantageous property formation, also arises during welding
due to the directional process control of the heat input.
Figure 5 shows this in an impressive way, since grain sizes
of more than 10 mm can be detected in cross section although

Fig. 1 (Left) Robot-based
welding setup at Institute of
Materials Science of LU
Hanover; (right) welding process
of vertically walls made from
alloy 617. The welding torch is
attached to the KUKA KR-16
(left no. 2). The substrate is
mounted on the KUKA KR-125
(left no. 3). The welding machine
in the background (left no. 1)

Fig. 2 Path planning for weld. The welding direction alternates with each
layer. The first layer is welded in -Y direction. The welding process is
stopped at the end of each layer. After a cooling phase of 30 s, the welding
torch is moved by the layer height in the Z direction. The second layer is
welded in the + Y direction opposite of the first layer. The welding direc-
tion changes with every layer
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the layer height is only 1.6 mm. Sun et al. described this effect
deeply in the case of powder-based electron beam additive
manufacturing of alloy 718. They investigated the properties
of the material for varying build directions and concluded that
the crystallographic orientation in the as-build conditions is
the base of the strengthening of the material. Due to the co-
lumnar grain growth during the manufacturing process, a
highly anisotropic metallographic structure is created.
However, the crystallographic orientation of the stem crystals
is dominant in <001> direction and shows a crystallographic
texture for this cubic face-centred material. Furthermore, the
influencing parameters due to macroscopic errors such as po-
rosity, the direction-dependent arrangement of precipitates
and grain boundaries are considered, which, however, have
no influence on the expected anisotropy behaviour. However,
the temperature-dependent property profile is influenced by
the phase formation of the precipitates caused by heat treat-
ment [21].

Under WAAM conditions, the remelting of an already so-
lidified grain leads to a crystallographic orientation of the
material. This can clearly be seen in Fig. 5 from the continu-
ous microstructure, although a heat-affected zone is visible
across it. Disturbances of the process show a new grain for-
mation by the fusion of fine-grained solidified material to
coarse grain areas, which grow several millimetres in one
direction (Fig. 5). To check whether the grains continue to
grow over the layers, diffraction images were taken with an
XRD at the points marked in Fig. 6 on the left. In the diffrac-
tion images (see Fig. 6 on the right), only single reflections are

visible, as it is usual for single crystals, large grains or texture.
The diffraction patterns are nearly identical, which means it is
the same grain grown over several layers or two grains with
nearly identical orientation. The explanation for this is the
inhomogeneous heat dissipation caused by the migrating arc,
whereby crystallization is characterized by increased nucle-
ation and low nucleus growth. At the interface of solid to
liquid of the already existing seam, heterogeneous nucleation
begins in the super cooled melt due to the high heat gradient.
The existing weld seam can also provide foreign nuclei if the
surface is wetted by the melt. Nuclei in the melt near the
solidification temperature form grains. The nuclei above a
minimum size are capable of growth. Around the growing
nuclei, atoms arrange themselves to a crystal lattice. The crys-
tallite begins to grow. The kinetic energy of the atoms from
the melt is suddenly reduced by the attachment to a crystal
lattice, since there are only small movements possible. This
energy difference is released as heat of crystallization and
must constantly be emitted. The nuclei grow in an undirected
form, with heat flow in all directions. The elongated grain
visible in the microstructure is formed as a stem grain due to
the low subcooling caused by the low heat gradient. The so-
lidification front, which moves into the melt, is directed
against the heat flow. Grain growth occurs almost exclusively
because the subcooling is not sufficient to form new nuclei
[20]. The fact that fine grains and stem grains are present is
due to the different heat dissipation in the component and
seam. Thus, the heat gradient and the subcooling of the melt
are decisive for whether nucleation with or without growth
preferably occurs. Is the heat dissipation homogeneous, the
nucleation rate decreases, and nucleation growth dominates
the solidification process. This means that a directionally so-
lidified grain in the component can continue to grow during
the application of the next layer and thus large crystals can be
produced in the WAAM process. This texture in the grain
structure can have a major influence on the anisotropic prop-
erties of the material, provided that the crystalline orientation
is textured as well. If the intermediate temperature is too low,
the subcooling of the following weld bead is too large and fine
grain formation occurs at the solidification line. As the tem-
perature gradients decrease, this results in a large grain again
(see Fig. 5 on the right). Visionary theWAAM process allows
the mapping of property profiles comparable to the technical
single crystal.

The metallographic investigations show a low-porosity
weld with precipitations along the grain boundaries and mi-
cropores up to a size of less than 10 μm, which can be seen in

Table 2 Deposition parameters

Gas Ar/2%CO2/20%He

Gas flow rate 12 l/min

Wire Sanicro 53, alloy 617

Wire diameter 1.0 mm

Wire feed 5.4 m/min

Welding Job EWM coldArc

Current 90 A

Voltage 20.4 V

Travel speed 0.45 m/min

Layer height 1,6 mm

Contact tip-to-work distance 15 mm

Torch angle 0°

Dwell time between layers 30 s

Table 1 Chemical composition
(%wt) of the filler wire Elements in weight % Ni Cr Mo Co Fe Si C Mn

Filler wire (Alloy 617) Balance 22.50 9.00 11.50 0.50 0.20 0.06 0.04
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the SEM microsections in the form of round, black areas
(Fig. 7). This has also been reported by Wang et al. [17].
The micropores are forming lines along the BD. Large pores
or pore nests, which are often typical for gas-shielded welding
processes, do not occur in this production and the selected
material system.

3.2 Strength behaviour at room temperature

The highly textured structure caused by the directional grain
growth shows an anisotropic strength behaviour at room tem-
perature. The BD determines the mechanical properties in the
plastic deformation range which, however, cannot be ex-
plained by the grain structure alone. As Fig. 8 shows, different
mechanical properties are achieved in the as-welded state in

various directions with respect to the BD. Despite the scatter
bands measured within the sample size of 3 × 5 specimens, it
is noticeable that in the test direction 45° to BD (Y-Z), an
increased tensile strength with increased yield strength and
simultaneous reduction of elongation is recorded. In deposi-
tion direction (Y) and in BD (Z), the material shows a lower
strength and an increased plast ic deformabi l i ty .
Quantitatively, the change to the test direction of 45° (Y-Z)
results in an increase of the tensile strength by approximately
25–45 MPa. In the area of the yield strength, there is an in-
crease of approximately 30 MPa, and the fracture strain is
reduced by about 1–4%. Due to the scattering of the measured
values, this result is not unambiguous and can only be
interpreted as a trend statement. While the anisotropy effects
in the high-temperature range are assigned to the ‘γ’ phase

Fig. 3 Cutting plan for all three
walls. Five tensile samples
(white) for each direction. Two
micro-tensile samples (blue) for
each direction. Six samples for
microscopic analyses (green). Y
is in deposition direction, and Z is
in build direction (BD)

Fig. 4 Geometry of tensile and
micro-tensile specimens
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formation, the reasons of the room temperature range of the
present material are rather crystallographically based anisot-
ropy. The knowledge in the literature on both elastic and plas-
tic deformation shows the typical properties of a cubic crystal.
For example, the directional dependence of the modulus of
elasticity [22, 23] and the orientation-dependent formation of
the strength properties at room temperature [24, 25] can be
mentioned here.

In order to understand why the anisotropy occurs and
how it can be explained, micro-tensile tests were per-
formed in the SEM. The behaviour of tensile specimens
in the plastic deformation range on polished surfaces was
studied as a function of direction. It is known that the
cubic space-centred Ni-based alloys deform according to

an octahedron sliding due to the sliding of densely
packed atomic planes. The sliding process on the surface
results in typical steps which are clearly visible. The
number, the alignment to each other and the behaviour
at disturbances, e.g. grain boundaries or precipitates, can
also be studied. Simple or double sliding systems can be
identified, and the crystallographic oriented sliding direc-
tion can be inferred from the angular arrangement of the
sliding stages. The inclination of the tensile axis in rela-
tion to the position of the crystallographic planes is of
interest, since by considering Schmid’s shear stress law
(Eq. (1)), the shear stress required to activate the respec-
tive sliding planes can be calculated. This consideration
makes an interpretation of anisotropic property profiles

Fig. 5 Cross sections etched with
Adler’s reagent represent the
precipitation structure and the
porosity

Fig. 6 Analysis of grain growth.
On the left, the two measuring
points are marked in red. On the
right, XRD diffraction patterns
measured with a 0.3 mm
measuring area. The upper
diffraction image is from the
upper measuring point. The lower
diffraction image is from the
lower measuring point
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Fig. 7 Precipitation and porosity in the WAAM material. (Top) Microscopic images etched with 3 ml hydrofluoric acid in 80 ml nitric acid. (Bottom)
SEM with secondary electron detector

Fig. 8 Strength behaviour of the
WAAM structure 0°, 45° and 90°
in relation to the building
direction of the material
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possible, provided that the processes of deformation by
sliding of crystal planes are known for the material.

τ ¼ σ∙cosκ∙cosλ ¼ Sσ ð1Þ
where S is the Schmid factor, κ the angle between tensile
direction and slip plane standards, λ the angle between
tensile direction and slip direction, τ the resulting shear
stress and σ the tensile stress.

In case of the investigated Ni-based alloy, a clear direction-
dependent formation of the sliding plane systems can be seen.
In the tensile tests of 0° and 90° to the BD, double sliding
systems are formed which can clearly be seen in Fig. 11 in
form of angularly offset sliding stages. The activation of this

double sliding system shows that the activation energy τ for
the displacement of sliding systems in different directions is
reached by the applied tensile stress. Therefore, under consid-
eration of the angular relationship in Schmid’s law, there are
areas in which both κ and λ are similar in size and therefore
result in similar shear stresses as activation for the sliding
process, as Fig. 9 shows. In the stress-strain diagram
(Fig. 10), this is shown by a low yield strength. The shear
stress for sliding of the atomic planes is very high; therefore,
the plastic deformation begins at low tensile stresses. It also
shows that the hardening, i.e. the dislocation formation in the
range from 0° to BD, above the plastic deformation is higher
than at 90° to BD. In Fig. 11, this is illustrated by the higher

Fig. 9 Dependencies of the
angular relationships under
application of Schmid’s shear
stress law for the case of a double
conduction in bfc-material

Fig. 10 Stress-strain diagram of
the micro-tensile tests correlated
with SEM observation to present
the anisotropic gliding operations
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number of sliding steps, which can be interpreted as a measure
of dislocation density.

The deformation processes at 45° to BD are completely
different, as only one sliding system has been activated.
This means that the double sliding system is not activated
in this test direction. Only one sliding system is available
for plastic deformation. Since the entire deformation must
manifest itself through the dislocation formation and the
sliding of atomic planes when the yield point is exceeded,
the dislocation formation is only present in one of the
sliding systems. For the same plastic deformation, a con-
siderably higher number of dislocation movements are ex-
pected in the activated sliding system, and this results in
solidification. This can be seen in the stress-strain diagram
of the micro-tensile test in form of the higher yield
strength and the increased strength behaviour compared
with the other two tensile test directions in 0° and 90° to
BD (Figs. 10 and 11).

At first sight, the hardness measurements shown in Fig. 12
appear to contrast with the strength and strain behaviour. In
BD and 90° to BD, the hardness is higher than in 45° to BD.
Although the measured values are within the scatter bands, a
systematic dependency can easily be identified as a trend. The
anisotropic behaviour, especially the lower hardness with
higher strength for the 45° direction (Y-Z), can be explained
by the discussion of the test method. Since the hardness was
measured at the flat ends of the tensile specimens and the
specimens were always positioned identically on the test table,
the direction of the pyramidal surfaces of the Vickers pyramid
is dependent on the BD (Fig. 12). If the test specimen now
penetrates the material, shear stresses in the normal direction
are induced on its surfaces. Thus, the system activates shear
stresses in four directions in the material, which leads to the
activation of sliding systems and thus to plastic deformation
through material displacement. In BD and 90° to it, this shear
stress acts in a direction in which fewer slip planes can be

Fig. 11 SEM observation of the
surface deformation during
micro-tensile test results
correlated with SEM observation
to present the anisotropic gliding
operations in different load
directions to the built direction
(BD)
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activated, whereby the dislocation density increases and
strengthening takes place. This can be seen in the increased
hardness in BD and 90° to BD. In case of 45° to BD, more
sliding systems are activated by application of force of at the
pyramid surfaces, so that a larger plastic deformation is de-
tected. This corresponds to a greater material displacement,
which results in a reduced hardness. This shows that there is
a crystallographic preferred orientation in the material, which
makes the deformation behaviour anisotropic, but hardly
plays a dominant role in its quantity at room temperature.

4 Conclusion

In summary, it can be said that the GMAW-based WAAM
process in combination with robotics is a cost-effective and
extremely versatile alternative to many other additive
manufacturing processes. The positioning accuracy is abso-
lutely sufficient to produce three-dimensional structures with
the GMAW process, and there are manifold possibilities for
the complete automation of this process technology.

In addition to many other materials available in wire shape,
nickel-based alloys in particular can be processed. Using the
example of alloy 617, it was shown that distortion-free single-
track structures in the form of walls measuring 350 × 210 mm
can be produced by layer-by-layer welding.

The mechanical properties and the hardness show an an-
isotropy related to the BD, which tends to be recognizable,
although the scattering of the measured values does not permit
this statement unambiguously due to a certain overlap. There
is an increase in strength in the direction of 45° to BD with a
simultaneous reduction in elongation. In BD and 90° to BD,
the mechanical properties are at a comparable level. By
interpreting the slip lines of micro-tensile tests in the SEM,
statements can be made about the anisotropic behaviour under
deformation. While double sliding systems are activated at

BD and 90° to BD, only one sliding system is activated at
45° to BD. With different patterns of the slip lines, it can be
assumed that a dominant crystallographic direction exists. A
targeted control of the solidification front can make the pro-
cessing of nickel-based alloys by WAAM direction depen-
dent. So that elongation and strength reserves can be utilized
in certain directions, provided that the component coordinate
systems can be adapted to the crystal growth directions.

This meansWAAM could be used to generate components
with directionally property profiles. Through the intelligent
combination of the possibilities of robot-based motion sys-
tems and the WAAM process, the generation of direction-
optimized properties can already be considered in the path
planning. By optimizing the heat management, perspectives
are created that enable the generation of components in the
form of technically monocrystalline structures, such as those
used in turbines. This also opens up realistic and economical
possibilities for repairing and reconditioning such cost-
intensive components by means of single-crystal repair, so
that the product life cycle per component can be extended.
In this way, the WAAM process can contribute to significant
cost savings and overcome previous limitations through
targeted process control.

Further investigations on the alignment of the grains and
the control of the alignment will be carried out.
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