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Inconel 718 (IN718) is a nickel-based superalloy designed to display exceptionally high yield, tensile and creep-
rupture properties at temperatures up to approx. 700 °C. For aerospace applications, it is the most widely used
superalloy. The additive manufacturing process, laser-based direct energy deposition (DED) with powdery filler
material can be used to repair, geometrically modify or manufacture components made of IN718. However,
despite the devious advantages, its typical deposition rate of <0.5 kg/h is significantly lower than that of other
DED processes such as metal inert gas (MIG) of wire + arc additive manufacturing (WAAM) - at about 10 kg/h —
and electron beam additive manufacturing (EBAM®) with wire - at approx. 12 kg/h. Here, using IN718 as ad-
ditive material, we targeted to increase the deposition rate of laser-based DED by a factor of more than ten and
achieved a deposition rate of about 6 kg/h. For this purpose, we first developed a suitable process management
strategy in combination with adapted system technology. Then, we built up samples with developed process
parameters, from which tensile specimens for mechanical property tests were manufactured. Thereafter, the
macro- and microstructures of the as-deposited material were analyzed. Based on the results, we applied a post
heat treatment for modifying the microstructure and improving the mechanical properties. We demonstrated
finally, the aerospace material specifications for the static mechanical properties can be achieved. This work

shows a great potential of laser-based DED with increased deposition rate.

1. Introduction

For metallic materials, laser-based direct energy deposition (DED)
with powdery filler material is one of the most important additive
manufacturing (AM) processes. Compared to powder bed based pro-
cesses, such as EPBF (electron powder bed fusion) or LPBF (laser powder
bed fusion), the main advantages of this process are its broad applica-
bility for cladding, repair and, increasingly, additive manufacturing, as
well as its ability both to process large components (in the meter range)
and to modify conventionally manufactured components, for example,
by deposition or manufacturing geometric features. Laser-based DED
with powdery filler material is currently used, particularly, in turbo-
machinery and aerospace industries to process high performance ma-
terials such as nickel-based superalloys.

The superalloy Inconel 718 (IN718) is such a nickel-based alloy and
typically used for manufacturing high temperature turbine components.
The reason for this is its good mechanical properties, such as high wear
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resistance, tensile strength and creep resistance at temperatures up to
700 °C. In the area of additive manufacturing, many research has been
done regarding the material properties of IN718, and AM of IN718 is
more and more widely applied for a variety of applications [1,2].
Components made of IN718 can be processed with the laser-based DED
as described above. When appropriate post heat treatment is applied, the
aerospace material specifications (AMS) for the static mechanical
properties can be achieved and are similar to that of wrought material
[3].

To date, a deposition rate of less than 0.5 kg/h can be achieved by
laser-based DED to process IN718 with coaxial powder feeding and
without additional energy sources such as induction heating for pre-
heating [4]. However, this is very low compared to the deposition rates
of other DED processes such as metal inert gas (MIG) of wire + arc ad-
ditive manufacturing (WAAM), which reaches about 10 kg/h [5-7], and
electron beam additive manufacturing (EBAM®) with wire, which
achieves up to approx. 12 kg/h [8]. Nevertheless, the scope of the
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applications with laser-based DED is continuously increasing. This
process is also becoming more and more attractive for additive
manufacturing, especially in combination with conventional
manufacturing processes. For these reasons, there is a growing demand
to increase the deposition rate significantly and, thus, to improve the
productivity of the process. The main goal of the work presented here
was to increase the deposition rate by at least a factor of 10, to more than
5 kg/h, and at the same time, to achieve the aerospace material speci-
fications (AMS) for the static mechanical properties.

To achieve these targets, we initially developed a suitable process
management strategy in combination with adapted system technology,
especially the powder feeding nozzle, for the mentioned deposition
rates. Then, we built cuboids with developed process parameters, from
which tensile specimens for mechanical property tests were manufac-
tured. Thereafter, the macro- and microstructures of the as-deposited
material were analyzed. Based on the results, a post heat treatment
was adapted and conducted in order to modify the microstructure. To
investigate the effects of this heat treatment, we then analyzed the
microstructure of the heat-treated material. Finally, the static mechan-
ical properties were determined through tensile tests. These properties
were compared with the AMS specifications to evaluate the achieved
results.

2. Method

When it is assumed that the cross section of a single track is a half
ellipse, the functional dependency of the deposition rate on the process
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parameters can be expressed by

T, = Asvep & %‘ﬂ‘%'hg‘l)'p = %-n-Bv-sz-v-p €))
where.

mar: Deposition rate.

Ag: Cross-sectional area of a single track.

v: Scanning speed.

p: Density of the material.

d;: Diameter of the laser spot.

hg: Layer thickness.

b: Layer width, b = d;, and.

B,: Aspect ratio, B, = hg/b ~ hg/d;.

According to Equation (1), the deposition rate is proportional to the
scanning speed and to the square of the laser spot diameter with a
constant aspect ratio. The deposition rate can thus be increased by
increasing either the scanning speed or the laser spot diameter. Since the
laser spot diameter influences the deposition rate more significantly, the
laser spot diameter is enlarged, and laser power increased. To accom-
plish this approach, an experimental setup was built up, see Fig. 1.

The typical laser spot diameter used in DED lies in the range of
0.5-1.5 mm, with which the system can achieve a deposition rate of up
to about 0.5 kg/h. By using a laser spot diameter of approx. 4 mm, Zhong
[4,9] and Witzel [10] have demonstrated that deposition rates of up to
about 2 kg/h can be achieved. Here, a zoom optic was used to generate a
larger laser spot, up to @ 9 mm in the working plane. Since a sufficient
laser power is the key prerequisite for increasing the deposition rate, a

10 mm

Fig. 1. | Experimental setup: a The high power laser source, a diode laser with a max. output of 12 kW; b The powder feeder; ¢ The main experimental setup; d The
powder feeding nozzle; e The powder-gas-flow with a powder flow rate of approx. 7 kg/h, where a homogenous powder distribution can be observed. f The
deposition strategy: the layers are deposited in a meandering pattern, and for every layer, a contour is deposited. g A deposited cuboid.
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high power diode laser with a maximum output power of approx. 12 kW
was used in this work.

Another challenge for implementing laser-based DED with high
deposition rates is the powder feeding nozzle, which has two essential
requirements in comparison to conventional DED. First, the nozzle must
be resistant to high thermal loads because it is exposed to a significantly
high heat radiation and reflections from the higher laser power. Second,
to achieve a deposition rate of more than 5 kg/h, a powder flow rate
higher than 5 kg/h must be fed through the nozzle without creating a
stoppage in it. To achieve these targets, a modified powder feeding
nozzle, based on the ILT-KOAX-50 nozzle, was used for this work.

As shown in Fig. 1, the laser beam generated by the laser source is
guided via a fiber through the processing optic to the workpiece. The
additive material that fed by a powder feeder comes through the powder
tubes and the powder switch and then is injected via the powder feeding
nozzle into the laser-induced molten pool. The powder tubes are elec-
trically conductive so that electrostatic charges are avoided. The process
can be observed coaxially via the integrated CCD camera on the con-
nected monitor.

The whole experimental setup mainly consists of a high power laser
source with a maximal output powder of approx. 12 kW, a collimator, a
zoom optic and a modified powder feeding nozzle for processing high
powder flow rates up to >7 kg/h. The setup is equipped with a four-axis
handling system. Both the tool axis and the movement of the lenses in
the zoom optic are controlled by a NC-control system. With the zoom
optic, the size of the circular laser spot can be varied from a diameter of
3 mm-9 mm. The 12 kW diode laser source is linked via a 1000 pm glass
fiber to the collimation optic. The powder is fed by argon, which is also
used as the shielding gas, preventing the molten pool from interacting
with atmospheric gases such as O,.

3. Process development
3.1. Materials

For the study, powders manufactured with two different processes
were used: gas atomization (GA) and plasma rotating electrode process
(PREP). Both powders have the same nominal grain size in the range of
45-90 pm. The chemical compositions of the powders used are listed in
Table 1. In addition, to evaluate these values, the limit values regarding
the chemical composition of IN718 [11] are given as well in this table.

As seen in Table 1, both powders have a quite similar chemical
composition and satisfy the specifications.

The morphology of the powders was analyzed with a light micro-
scope (LM) and scanning electron microscope (SEM), see Fig. 2.

As is common for powder manufactured by the GA process, a certain
amount of powder particles shows small adherences, so-called satellites.
These satellites are formed during the gas atomization process: Smaller
rapidly solidified particles adhere to the larger and semi-liquid particles.
Moreover, non-uniform and non-spherical particles can be observed.
Additionally, hollow particles with pores inside the particles can be also
observed from the polished cross-sections in the LM micrographs.

In comparison to the GA powder, very few irregular-shaped or non-
uniform particles can be found in the powder manufactured by the PREP
process. The particles are almost perfectly spherical and have neither
enclosed pores nor adhering satellites. To sum up, PREP powder shows a
better quality than GA powder. Nevertheless, PREP powder is much
more expensive, and owing to this GA powder was initially used in the
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process development to identify the process parameters in the next step.

3.2. Initial process parameters and procedure

The target was to identify the process parameters by doing experi-
ments and conducting evaluations. The following procedure was applied
to find suitable initial parameters.

The deposition rate is dependent upon the process parameters: Ac-
cording to Equation (1), the deposition rate is proportional to both the
scanning speed and the square of the laser spot diameter with a constant
aspect ratio.

Laser spot diameter: Since the laser spot diameter has the greatest
influence on the deposition rate, the maximum laser spot that can be
achieved with the optical system, ¢ 9 mm, was used.

Powder flow rate: In order to achieve a deposition rate of 5 kg/h, a
powder flow rate of approximately 5.6 kg/h is necessary, assuming a
powder efficiency of 90%. Since a deposition rate of >5 kg/h should be
achieved, a powder flow rate of about 6 kg/h was determined.

Scanning speed: With an aspect ratio of approx. 1:5, a density for IN
718 of approx. 8.2 g/cm®, a deposition rate of 5 kg/h, and a scanning
speed of 799 mm/min are calculated with equation (1) above. As
starting value, a scanning speed of 800 mm/min was selected.

Laser power: The laser power was the last parameter to be deter-
mined. According to Witzel [10], the laser power required tends to in-
crease only disproportionately with increasing powder flow rate. It is,
thus, difficult to estimate the necessary laser power through the powder
flow rate. Nevertheless, preliminary tests show that a laser power of
approx. 5.6 kW is required to prevent bonding defects and guarantee a
metallurgical bonding. In order to determine a suitable laser power,
experiments with variation of the laser power in the range 5.6-7.5 kW
were, therefore, conducted.

Three groups of experiments (Table 2) were conducted to examine
the influence of the process parameters on porosity and track geometry.
The laser spot diameter remains constant for all experiments and is
approx. 9 mm. Single tracks of about 80 mm in length are deposited,
metallographically prepared and evaluated. For the evaluations, three
positions of each deposited track far from the start and end positions
were analyzed.

3.3. Effect of laser power

As discussed above, the laser power cannot be determined by the
afore-mentioned equation. Thus, for the experiments, the laser power
was first varied in the range of 5.6-7.5 kW. The effects of laser power on
porosity and track geometry (track width, track thickness and aspect
ratio) are presented in Fig. 3.

As shown, the porosity decreases as laser power increases, from
almost 3.2% at approx. 5.6 kW to 0.27% at approx. 7.5 kW. At a laser
power of approx. 6.6 kW, the single tracks have a significantly lower
porosity. It is also striking that the fluctuations in the porosity are
significantly greater at lower laser powers than at high laser powers.
Nevertheless, a completely dense single track could not be achieved
even at a laser power of approx.7.5 kW.

Regarding the track geometry, the single tracks become wider with
increasing laser power. The change in the track thickness as the laser
power increases is not significant. These changes in the track geometry
lead to a slight decrease in the aspect ratio, from approx. 0.2 to 0.17.

As a laser power of 6.6 kW is sufficient to achieve the lowest porosity

Table 1
The chemical composition of the powders used.
Ni Cr Nb Mo Ti Al Mn C S
Specification 50.0-55.0 17.0-21.0 4.75-5.50 2.80-3.30 0.65-1.15 0.20-0.80 <0.35 <0.08 <0.015
Powder GA 53,07 18.48 4.86 3.01 0.92 0.33 0.18 0.026 0.002
PREP 51.3 19.2 5.2 3.0 0.99 0.56 0.037 0.056 0.004
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GA powder

EHT=20.19KV SignelA=SE1 WD= fémm FieName=Suzer 0240
IProbe = 40pAMag= 100KX
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PREP powder

EHT=2019kV SigralA=SE1 WO 12mm
IProbe = GOpA Mag= 100KX

Fig. 2. Light microscope (LM) and scanning electron microscope (SEM) micrographs of the powders used.

Table 2
Experimental plan for studying the effects of the main process parameters.

Laser power Py, Scanning speed v [mm/ Powder flow rate m

[kW] min] [kg/h]
Group 5.6-7.5 800 6
1
Group 6.6 600-1000 6
2
Group 6.6 800 5-7
3

of 0.27%, this laser power was used for the further experiments.

3.4. Effect of scanning speed

In the following experiments, the feed speed was varied in the range
of 600-1000 mm/min, at constant laser power and power flow rate.

As shown in Fig. 4, the porosity remains almost constant up to a
scanning speed of approx. 900 mm/min and then increases sharply. Both
the track thickness and the track width decrease slightly with increasing
scanning speed. Since the track thickness decreases faster than the track
width, the aspect ratio decreases slightly as the scanning speed

increases. By applying the estimated scanning speed of 800 mm/min,
low porosity could be achieved and no negative effects on the track
geometry are observed; therefore, this value was retained for the further
experiments.

3.5. Effect of powder flow rate

For the following experiments, the powder flow rate was varied in
the range of approx. 5-7 kg/h.

As can be seen in Fig. 5, the porosity initially remains constant as the
powder flow rate increases, then increases significantly. It is also easy to
recognize that the fluctuation of the porosity increases as powder flow
rate increases, from about 6 kg/h. At a powder flow rate <6 kg/h, the
porosity is approx. 0.3%.

Regarding the track geometry, the single tracks become slightly
higher as the powder flow rate increases, whereas the track width re-
mains almost constant. The aspect ratio increases from 0.15 to 0.21.

3.6. Process parameters

According to Witzel [10], a porosity smaller than 0.25% is required
for aerospace applications. However, a porosity of lower than 0.25%
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cannot be achieved with the GA powder. Zhong et al. have shown that
the porosity can be essentially decreased by using PREP powder [12].
Therefore, PREP powder was used for the further experiments.

For the parameter transmission, we observe that more particles are
“reflected” from the melt in the process with PREP powder. The reason is
presumably the higher particle speed of the PREP particles due to their
morphology: They have a much smoother surface than GA-powder and
the particles are nearly perfectly spherical. In order to achieve a similar
deposition rate, the powder flow rate, therefore, had to be increased by
approx. 4-5%. The basic parameters for both powders and typical cross
sections of the deposited single tracks are depicted in Fig. 6.

With a laser spot diameter of approx. 9 mm, this experimental setup
could achieve a deposition rate of around 6 kg/h at a laser power of
approx. 6.6 kW, a powder flow rate of about 6.5 kg/h and a scanning
speed of 800 mm/min. Based on these basic process parameters, 3D
geometries such as cuboids, shown in Fig. 1, were built up using PREP
powder. Since the workpiece was continuously heated during the pro-
cess, the laser power was successively adapted to avoid excessive heat
input and, thus, to prevent the melt from overheating, which is intended
to reduce or avoid deformation. To adapting the laser power, the Z-
traverse distance needs to stay constant for each layer so that the layer
thickness remains as unchanged as possible. The parameters used for the
cuboid are listed in Table 3.

From the cuboids, tensile test specimens were manufactured

GA powder  PREP powder
Laser power
kW] 6.6 6.6
Scannings'peed 200 200
[mm/min]
Powder flow rate 6.3 6.5

[kg/h]

according to DIN 50125-B 4x20 for studying the static mechanical
properties.

4. Microstructure and mechanical properties
4.1. Macro- and microstructure

The macro- and microstructure of the as-deposited material were
analyzed by using a light microscope (LM) and a scanning electron mi-
croscope (SEM). Regarding the macrostructure, the tensile specimen is
free of cracks and exhibits a very low porosity, see Fig. 7. To study the
microstructure, the as-deposited material is etched, after which
columnar grains mainly aligned perpendicular to the deposition direc-
tion can be observed, thus indicating a strong anisotropy. Moreover, the

Table 3
Process parameters for building up the cuboid with PREP powder.

Layer  Track  Laser power P, Scanning speed v Power flow rate m
[kwW] [mm/min] [kg/h]
1 1 6.6 800 6.5
2 6.4 800 6.5
2-5 1 6.4 800 6.5
2 6.2 800 6.5

GA powder

PREP powder

Fig. 6. The basis process parameters (left) and typical cross sections by applying these process parameters (right).
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dendritic structure can be observed, and there is a large amount of Laves
phases in the interdendritic zones. The microstructure is presented in
Fig. 7.

It is worth mentioning here that the Laves phase is an intermetallic
and long-chained brittle phase in IN718 [13,14], which is detrimental
for the mechanical properties, such as ductility, ultimate tensile
strength, fracture toughness and fatigue life [15-17]. Moreover, IN718
is strengthened primarily by the body-centered tetragonal (BCT)
y”-phases (NigNb) and, to a small extent, by the face-centered cubic
(FCC) y'-phases (Ni3(ALTi)) [18,19]. However, none of these strength-
ening phases were observed in the as-deposited material. These over-
served microstructures, columnar grains, the dendritic structure and the
Laves phases are very similar to the typical microstructures of the
as-deposited IN718 in conventional DED [20-22].

In summary, though no obvious defects and a very low porosity were
achieved, the as-deposited material shows a strong anisotropy. Addi-
tionally, there is a high amount of detrimental Laves phases, while
strengthening phases are not available, which indicates poor mechanical
properties. In order to improve the microstructure and, thus, mechanical
properties, a post heat treatment must be applied.

4.2. Heat treatment

According to the problems identified in the as-deposited material,
the following targets should be achieved by a post heat treatment:
elimination of the anisotropy, dissolving of the Laves phases, and pre-
cipitation of the strengthening phases. Therefore, a three-step heat
treatment consisting of homogenization, solution and double aging was
applied.

To eliminate the anisotropy, the as-deposited material was firstly
homogenized for 2 h at a temperature of approx. 1100 °C, and then
cooled down in air. Through homogenization, all the alloy elements
should be homogeneously distributed in the matrix, which can eliminate
the anisotropy and dissolve the Laves phases [10]. Afterwards, the
samples were solution heat treated for another 2 h at a temperature of
about 980 °C, and then cooled down in air. Through this step, 5-phases
can be formed and are located at the grain boundaries. 5-phases are
important for the further heat treatment because they prevent the grain
growth [23] and, therefore, hinder the grain coarsening that is detri-
mental to the static mechanical properties. Finally, the as-deposited
materials were double aged: at approx. 720 °C for 10 h, cooled down
in an oven to 620 °C, and then aged for another 20 h under 620 °C.
Through double-aging, the strengthening phases should be precipitated,
thus improving the mechanical properties.

In order to prove whether the targets of the heat treatment were
achieved, the microstructure of the heat treated material was analyzed
using light microscope (LM), (scanning electron microscope) SEM and
electron backscatter diffraction (EBSD). The grain morphology, grain
orientation and the precipitations were observed and the results are
presented in Fig. 8.

=1}
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After the heat treatment, the columnar grains were transformed to
equiaxed grains, which can be seen in the LM micrographs and the re-
sults of the EBSD analysis. The isotropic orientations of the grains can be
seen in the EBSD-IPF map. AS well, the pole figures show very similar
patterns. All this indicates that the anisotropy of the as-deposited ma-
terial is eliminated through the applied heat treatment. In the heat-
treated material, no Laves phase is observed, which suggests they
have been successfully dissolved. Moreover, the needle-like 8-phases are
observed at the grain boundaries. Their morphology and location indi-
cate that grain growth during the heat treatment can be avoided.
Furthermore, the strengthening phases are precipitated in the matrix,
which improve the strength of the material. In summary, all the afore-
mentioned targets were achieved by the applied three-step post heat
treatment. Since the material exhibits no cracking and has a low
porosity, and the desired microstructures are obtained after heat treat-
ment, the expected mechanical properties should be achieved.

4.3. Mechanical properties

To determine the static mechanical properties, tensile tests were
carried out. The ultimate strength, the yield strength and the elongation
were determined, and the results are presented in Fig. 9. In order to
evaluate these achieved results, the specifications according to AMS
(Aerospace Material Specification) for cast IN718 (AMS 5383) and
wrought IN718 (AMS 5662) are also presented in Fig. 9.

It can be seen in Fig. 9 that all the achieved static mechanical
properties satisfy both of the specifications: The achieved properties are
significantly higher than those of cast IN718 and are quite similar to
those of wrought IN718.

5. Summary

In summary, we have demonstrated that the deposition rate of laser-
based DED with IN718 can be increased by a factor of more than ten —
from lower than 0.5 kg/h (state of the art) to more than 5 kg/h and up to
approx. 6 kg/h — by enlarging the laser spot diameter and raising the
laser power along with using the corresponding system technology,
especially the powder feeding nozzle.

1. We achieved quite similar microstructures to that of the as-deposited
material in conventional laser-based DED with IN718: columnar
grains with dendritic structure, a large amount of Laves phases
located at the interdendritic zones, and no available strengthening
phases.

2. To improve the microstructure and, thus, the mechanical properties,
the as-deposited material was heat treated by homogenization, so-
lution and double aging.

3. After heat treatment, the anisotropy is eliminated, the Laves phases
are dissolved and the strengthening phases precipitated.

SEMMAG: Z00kx | View flekd: 104 pm 20 pm
et 56 Data(midry): 1191118

Performance in nanospacs

Fig. 7. | Macro- and microstructure of the as-deposited material: a A light microscope (LM) micrograph of a polished cross section showing the nearly defect-free as-
deposited material; b An LM micrograph of an etched cross-section, where the columnar grains and the dendritic structure can be seen. ¢ A scanning electron
microscope (SEM) micrograph, showing the detail of the dendritic structure and the Laves phases (the bright white phases) which are in the interdendritic areas.
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4. The static mechanical properties were determined through tensile
tests. The results show that the ultimate strength, the yield strength
and the elongation satisfy the AMS specifications.

The material exhibits significant better performance than the cast
material and is very similar to that of wrought IN718. Last but not least,
the methodology for increasing the deposition rate is not limited in
IN718, but can be applied as well to other materials that can be addi-
tively manufactured by laser-based DED.
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Fig. 8. | The microstructure of the heat treated ma-
terial: a An LM micrograph of an etched cross-section
of the heat-treated material. Instead of columnar
grains, equiaxed grains can be observed. b The grain
boundaries are marked with blue, by which the
morphology of the grains can be clearly recognized. ¢
The results of electron backscatter diffraction (EBSD)

Evaluated area

(ca. 3mm X 2mm)

IPF colouring 1 analysis, the heat treated material can be seen as
nearly isotropic. d A SEM micrograph showing the
grain boundaries (marked with yellow). The area in
the box is observed at a higher magnification with
SEM and is shown in e, where §-phases located at the

on 101

grain boundaries can be seen. f An SEM micrograph
showing the even distribution of the strengthening
phases. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web
version of this article.)
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Fig. 9. | Static mechanical properties: The achieved
ultimate strength, yield strength and elongation in
this work are presented in violet columns. To help
evaluate the results, the AMS (Aerospace Material
Specification) for cast and wrought IN718 are also
given. The achieved static mechanical properties are
significantly higher than the specifications for cast
IN718 and are similar to those of wrought material.
(For interpretation of the references to colour in this
figure legend, the reader is referred to the Web
version of this article.)

N cast IN718 (AMS 5383)
Nwrought IN718 (AMS 5662)

M LMD: after heat treatment
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