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Abstract: Additive manufacturing processes are among the most innovative manufacturing processes
of this century. Powder-based direct metal deposition (DMD) is one of these processes. In the
DMD process, local shielding takes place via the powder nozzle. The process is therefore critical for
oxidation, especially for materials with an affinity for oxidation such as titanium, aluminum and
their alloys. In order to study the oxidation behavior in more detail, the present gas dynamics must
be further understood. Wirth and Wegener have made a first approach with their gas flow simulation.
In this study, a measurement method for spatial oxygen concentration determination is presented. It
can be shown that the spatial oxygen concentration follows the nozzle geometry. Furthermore, the
coaxial nozzle is superior to the three-jet nozzle with respect to a low oxygen concentration from a
carrier gas to shielding gas volume flow ratio of equal to or greater than 0.4. Finally, it can be shown
that the use of a shielding gas chamber eliminates the optimization of the gas flow settings.

Keywords: additive manufacturing; direct metal deposition; CFD simulation; oxygen concentration;
powder nozzles

1. Introduction and State of Research

Laser cladding is becoming increasingly widely used, especially with today’s push for
additive manufacturing capabilities as well as life cycle improvements of products. With
the increase in applications, the number of newly developed materials for laser cladding
has also increased. These new materials also increase the need for a more detailed process
understanding to be able to deliver their best performance after being clad. One additive
manufacturing technique is powder-blown laser direct metal deposition, which is part of
the scope of this publication.

Investigation of process parameters such as laser power, feed rate, mass flow rate and
spot diameter for iron- and nickel-based alloys on metallurgical bonding, microstructure,
porosity and cracking tendency have been the main focus of research in additive manu-
facturing technology so far [1-5]. This is sufficient in most cases for the above-mentioned
iron- and nickel-based alloys. For materials with an affinity for oxidation, such as titanium
or aluminum alloys, consideration of the usual process parameters, which are intended to
ensure sufficient energy input for the build-up, is not sufficient. The present gas dynamics
have a significant impact on the oxidation. Oxidation leads to unfavorable material proper-
ties such as the embrittlement of titanium. In powder-based direct metal deposition (DMD),
the melt pool is protected against oxidation by the shield gas flow. In powder-based DMD,
the gas dynamics are adjusted by the two machine parameters shielding gas volume flow
and carrier gas volume flow. In the following, the state of research is presented which deals
with the shielding gas atmosphere of the powder-based DMD process.

Yamaguchi and Hagino [6] investigated the impact of the ambient oxygen concen-
tration in the resulting material deposition quality regarding WC-12Co coatings. In this
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investigation, a shielding gas chamber was used, in which a precise ambient oxygen con-
centration could be set and held during a normal cladding run. Furthermore, the laser
power was changed during the experiments to see the impact of the laser power combined
with the oxygen concentration. Single tracks were deposited at different laser powers and
oxygen concentrations. The cross sections were analyzed using optical microscopy as well
as X-ray diffraction (XRD) to obtain an impression of pores and their size as well as the
material composition. As main result of this study, the increase in the pore size in the
build-up with increasing oxygen concentration is revealed. The main issue of this study is
that no element analysis was performed. Thus, no reliable statement can be made whether
the pores resulted from the change in oxygen concentration. Furthermore, it is also not
possible to explain the contrary behavior that the porosity increase is due to exceeding a
certain limit power. One possibility is that the increasing melt pool dynamics at higher
temperatures and the decomposition of the hard-phase particles creates additional pores.
Whether the porosity is ultimately determined by the oxygen concentration cannot be
clearly concluded from this study. Furthermore, the influence of the nozzle geometry
and the influence of the carrier gas and shield gas volume flow on the present oxygen
concentration is not investigated. This will be investigated in more detail within the scope
of the present study.

Koruba et al. [7] have investigated the impact of process gases on Stellite 6 coatings
onto a cylindrical steel substrate. The influence of carrier gas and shielding gas variation
on the following coating properties were investigated: coating height, depth of the heat
affected zone, roughness and microhardness. The study demonstrates that by increasing
the carrier gas flow, the roughness of the surface decreases, thus reducing the formation
of surface discontinuities. Furthermore, with increasing carrier gas flow, the depth of
the heat affected zone, the height of the layer and the dilution increases. With increasing
shielding gas flow, coating irregularities increase. On the other hand, the depth of the heat-
affected zone decreases with increasing shielding gas flow due to the higher cooling rate
caused by the higher shielding gas flow. Due to the higher cooling rate, the microhardness
increases. The study clearly illustrates the influence of the process gases on the coating
properties. However, only geometrical and mechanical properties are investigated based
on the permutation of two gas settings (carrier gas: 4 L/min and 10 L/min and shield gas:
10 L/min and 15 L/min). A reliable statement cannot be made due to the low number of
samples investigated. Furthermore, the influence of the gas settings on the gas velocity
was investigated by means of a CFD simulation. This does not allow final conclusions to be
drawn about the spatial oxygen concentration. An increase in microhardness could also be
due to an increase in oxidation. Since no element analysis was carried out, the statement of
this paper is not unambiguous. Finally, the influence of the nozzle geometry on the oxygen
concentration was not investigated; this will be investigated in the following study in more
detail.

Wirth and Wegener [8] performed a simulation and parameter study looking at dif-
ferent gas types (He and Ar) with different three-jet nozzles while characterizing their
performance regarding powder particle speed, oxygen concentration and shielding capabil-
ities of both process gases. It was shown that changing the carrier gas species has an effect
on the oxygen concentration. Due to its lower molar mass compared to Ar, He has a smaller
influence on the protective gas flow at the same carrier gas flow and thus leads to a lower
oxygen concentration. Furthermore, it can be seen that the shielding gas bell is increasingly
disturbed with an increase in the carrier gas flow. However, the oxygen concentration was
only measured exactly below the nozzle, so no spatial oxygen concentration can be drawn
experimentally. Furthermore, only two different three-jet nozzles were investigated and no
comparison with other nozzle geometries (e.g., a coaxial nozzle) was provided.

The aims and objectives of this study differ from the existing studies in the following
points:

(1) Specification of the gas dynamics and the resulting present oxygen concentration over

a larger parameter range;
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(2) Description of the influence of different nozzle geometries (in particular a coaxial
nozzle) must be investigated in more detail;

(3) Simulation of the coaxial nozzle in terms of resulting oxygen concentration depending
on different gas flow settings.

2. Experimental Setup and Methods

Two nozzles with different geometries were measured regarding oxygen concentration
distribution. These are a three-jet nozzle, which is an in-house product of Oerlikon Metco
and not commercially available, and the Coax 40S coaxial nozzle from Fraunhofer ILT. The
Metco powder nozzle has a powder channel diameter of d. = 2 mm and a standoff of
12 mm. Standoff is defined as the distance between the nozzle tip and the powder focus.
The ILT coaxial nozzle has an angular cavity of 200 pm between the outer and inner cone
and a standoff of 7 mm. The experimental setup (see Figure 1) was developed for the
measurement.

@ Measuring point

Powder nozzle

Sampling tube

Dansensor ISM-3

Figure 1. Measuring principle for determining the spatial oxygen concentration. A scanning strategy
or a stationary measurement can be utilized.

A hole plate was fabricated so that the diameter of the hole matches the outside
diameter (diameter: 1/16") of the sampling tube of the oxygen sensor. The Dansensor ISM-3
was used to measure the oxygen concentration with an accuracy better than +1% of the
displayed measured value.

To obtain a first insight into the spatial extent of the zone with low oxygen concentra-
tion (<10,000 ppm), both nozzles were approached from the outside in the direction of the
gas sampling hose at a carrier gas flow of 4 L/min and a shield gas flow of 15 L/min at
the working distance of the respective nozzle (standoff three-jet nozzle: 12 mm, standoff
coaxial nozzle: 7 mm) until a change to the ambient oxygen concentration (20.9 vol.%)
occurred. Below a certain distance, a strong oxygen gradient was present. To better resolve
this area, the point grid was refined in this region.

These experiments were used to create an oxygen concentration distribution at the
respective working distance of each nozzle with turned off laser and powder flow. The
laser must be turned off because it would destroy the gas sampling hose and the powder
flow must be turned off because it would destroy the ceramics which are inside the oxygen
sensor. This has no impact on the measured oxygen concentration because the influence of
thermally induced flows is negligible (which is shown in the Numerical Modeling section)
and because of the low volume percentage of the powder particles inside the carrier gas
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flow. Further experiments investigating the oxygen concentration change directly above
the gas sampling hose (at working distance of the respective nozzle) at different carrier and
shield gas flows were performed. Those allowed us to investigate the change in oxygen
concentration depending on the carrier and shield gas flows.

In addition to the nozzle characterization in ambient environment, the oxygen distri-
bution measurements were performed inside a shield gas chamber to measure the impact
of the chamber on the resulting oxygen concentration.

Therefore, the oxygen point grid experiments were repeated, as well as the carrier
and shield gas variations. The influence of the shield gas chamber on the spatial oxygen
concentration can thus be demonstrated.

Before the measurements could be carried out in the shielding gas chamber, the
shortcomings of the shielding gas chamber regarding ventilation still had to be eliminated.
Due to the lack of pressure equalization holes as well as the one-sided ventilation, a
homogeneous inflow in the shielding gas chamber is not possible. This results in too high
oxygen concentrations (2231 ppm) inside the chamber, as can be seen on the oxygen sensor
display (see Figure 2).

Figure 2. The unfavorable, original ventilation possibility of the shielding gas chamber leads to an
inhomogeneous flow profile as well as turbulence within the chamber. This can be seen from the
inflated gloves and the high oxygen concentration within the chamber.

To achieve a more homogeneous inflow, pressure equalization holes were fabricated
on the top of the chamber and a diffusor ring was 3D printed, which was flow optimized
using computational fluid dynamics simulations (see Figure 3).

The diffusor ring with the slit (bottom picture of Figure 3) allows a uniform, homo-
geneous inflow of argon from all directions at simultaneous low inflow velocities. This
avoids turbulence within the shielding gas chamber, which has a favorable effect on the
present oxygen concentration. After an influx of Ar for 10 min, the oxygen concentration
within the chamber was <150 ppm. After this time, the experiments were started with each
nozzle in the chamber.
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Figure 3. (Top left): Unfavorable inflow conditions due to fin (marked in red). This results in high
inflow velocities (top right). (Bottom): Favorable design with slit results in low inflow velocities
(bottom right).

2.1. Point Grid Measurements

For the stationary point grid measurement as shown in Figure 1, a measuring grid was
used that becomes finer towards the center. The point grid was refined at locations where a
high-oxygen gradient occurred. The exact global positions of measuring points are shown
in Tables A1 and A2 in the Appendix A. The two nozzles were each positioned at their
working distance (WD) above the hole plate. The WD of the three-jet nozzle is 12 mm and
itis 7 mm for the coaxial nozzle. The relative coordinate positions of the coaxial and the
three-jet nozzle differ due to the different behavior of the two nozzles with respect to the
present oxygen concentration. Ar was used as the shielding and carrier gas. The volume
flows have been set to V¢ = 4 L/min and Vg = 15 L/min.

The axial measurements served to delimit the area of interesting low oxygen concentra-
tion and to spatially specify where the high oxygen gradient is present. In the region of low
oxygen concentration, radial measurements were performed. Since there exist symmetries,
the 1st and 4th quadrants were measured for the three-jet nozzle, since it is symmetric
along the y-axis, as can be seen in Figure 4. Due to the rotational symmetry of the coaxial
nozzle, only the 1st quadrant was measured for this nozzle.

2.2. Measurements at Centrum (x =0,y = 0)

To determine the influence of the volume flow ratios of carrier gas to shielding gas,
measurements were carried out centrally above the bore of the hole plate at the working
distance (x = 0, y = 0, z = WD) of the respective nozzle for the three-jet and the coaxial
nozzle. The following volume flow variations were carried out:

° VC: 4 L/min to 12 L/min in steps of 4 L/min;
° VS: 7.5 L/min to 30 L/min in steps of 7.5 L /min.
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Figure 4. Illustration of the symmetry of the three-jet nozzle along the y-axis. For the three-jet nozzle,
the 1st and 4th quadrants were measured. For the coaxial nozzle, the measurement of the 1st quadrant
is sufficient.

3. Numerical Modeling

The geometry of the three-jet nozzle and the coaxial nozzle were modeled in COMSOL
Multiphysics 6.0 as displayed in Figure 5.

Carrier gas inlet : f
Shield gas inlet Carrier gas inlet

_—Shield gas inlet 10
| \

15

mm

Symmetrie

Symmetrie 5 ‘
plane

plane ‘
/ 6

0
T Workpiece surface 4
g 6 m

=4 ’
gy mm 00

Figure 5. Model domains for the CFD simulation. (Left): Three-jet nozzle. (Right): Coaxial nozzle.

The basic model for the flow simulation is the model of Wirth and Wegener. Due to
the symmetry of the problem, one-sixth of each nozzle is simulated. The fluid flow can
be described by the continuity equation [9] and the stationary Navier-Stokes equation
for incompressible fluids (Ma < 0.3 and therefore pressure changes associated with the
dynamic pressure can be neglected) [9].

eV-u=20 1

p(u-V)u:V-{—p-I+(]/t+]/lt)[V®u+(V®u)T]}+F )

where p is the density, u is the velocity vector, p is the pressure, I is the unit tensor, y is the

dynamic viscosity, y; is the eddy viscosity according to Wilcox [10] and F is the volume
force. The Nabla operator is coupled to the velocity vector via the tensor product (symbol:
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®). The values for the eddy viscosity and the wall functions as well as their calculation are
given by Wirth and Wegener [8].

The oxygen concentration is influenced by the mixing of the various gases involved.
The mixing of the gases occurs through diffusion and thermal effects. The model domain
contains Ar and air. Air has an oxygen concentration of about 20.9 vol.%. In the following,
the different gases are referred to as species.

The mixing due to diffusion can be described by the general mass transport equa-
tion [11].

d .
g(Pwi) + V-(pwiu) = =V-ji + R; 3)

Since this is a stationary problem, the first, the time-dependent term is omitted. Fur-
thermore, there are no chemical reactions of the species involved. Therefore, the term R;
is obsolete. This term is the rate expression describing the production or consumption of
species i. This simplifies Equation (3) to:

V-(pwiu) = =V-j; 4)

Equation (4) considers with the mass flow of species i [11] diffusive transport, convec-
tive transport and the turbulent mixing of the mass fraction wj of species i. The calculation
of the turbulent mixing coefficient D;, the mean molar mass M as well as the calculation
of the mixture-averaged diffusion coefficient D}" of species i can be found in Wirth and
Wegener [8]. The mixed gas is treated as an ideal gas.

ji = =p(D}' + D) (Vwi + w;VM/M) ©)

The basic model of Wirth and Wegener considers the mixing due to diffusion, which
is considered in Equations (4) and (5).

4. Results and Discussion
4.1. Simulation Results

In order to determine the influence of the nozzle geometry and the carrier gas flow on the
present oxygen concentration, a parameter sweep of the carrier gas volume flow and shield gas
volume flow were carried out for both nozzles. Results are shown in Figures 6 and 7.

Carrier gas 4 L/min Ar 6 L/min Ar 5 L/min Ar
Shield gas 15 L/min Ar 15 L/min Ar 10 L/min Ar

15 15 15

10/ 10 10 mm

5 5 S

10 0 10 0 10 0

8 8

4 9 > 6 ¢ mm5 4 5

2 Mmm o 2 4mm 2 mm

00 00 00

o N » (=)} ] = = — = (=
o N IS o e}

5
mm
z
N vol.%

o
Figure 6. Parametric sweep of the carrier gas volume flow and shield gas volume flow of the three-

jet nozzle. Top: Oxygen concentration in an isometric view. Bottom: Oxygen concentration on
workpiece surface.
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Figure 7. Parametric sweep of the carrier gas volume flow and shield gas volume flow of the
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coaxial nozzle. Top: Oxygen concentration in an isometric view. Bottom: Oxygen concentration on
workpiece surface.

As can be seen from Figures 6 and 7, the three-jet nozzle is more sensitive to a variation
in the carrier and shield gas volume flow in relation to the coaxial nozzle. From a carrier
gas flow to shield gas volume flow ratio of greater than 0.4, the three-jet nozzle exhibits
significantly higher oxygen concentrations. Furthermore, the oxygen concentration on the
substrate surface is more homogeneous for the coaxial nozzle.

4.2. Experimental Results
4.2.1. Experiments without Shield Gas Chamber

The result of the data analysis with Python of the oxygen point grid experiments of
the three-jet nozzle are depicted in Figure 8.

15

100,000
£ ]
£ 10
£ 80,000
g 5
= g
S 60,000 2
5 ° E
£ 2

x
v ] 40,000 X
fey
@©
0
B ~10 20,000
>—
-15 0

15 -10 -5 0 10 15
X distance from center in mm

Figure 8. Detailed view of the center with low oxygen concentrations for the three-jet nozzle.

Figure 8 shows a pronounced three-jet symmetry of the oxygen concentration distri-
bution, which results from the nozzle geometry. The openings of the powder channels of
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the three-jet nozzle are located at the extended points of the contour lines. The symmetry
results in a directional dependence of the three-jet nozzle in relation to the spatially present
oxygen concentration distribution.

The result of the data analysis of the oxygen point grid experiments of the coaxial
nozzle are shown in Figure 9.

15
140,000
10
£ 120,000
£
£
= 51 100,000
ol £
s 8
3 80,000 <
£ 0 - c
o 0]
9 60,000
o]
g
o 40,000
©
>
Bt 20,000
_15 T T T T T 0
-15 -10 -5 0 5 10 15

X distance from center in mm

Figure 9. Spatial oxygen distribution of the coaxial nozzle.

Figure 9 shows a sharp, defined center of low oxygen concentrations. Over a range of
approximately a 7 mm radius, an oxygen concentration smaller than 10,000 parts per million
(ppm) oxygen can be achieved. Furthermore, there is no directional dependence of the
coaxial nozzle. In general, in contrast to the three-jet nozzle, a more homogeneous picture
of low oxygen concentration is obtained. Since the carrier gas flow is spatially introduced
equally from all the spatial directions, a radial symmetry of the oxygen concentration
distribution results. Therefore, the carrier gas flow has less influence on the shield gas flow,
resulting in less turbulence disturbing the shield gas cap.

The influence of the volume flows is shown subsequently. Figure 10 shows the
influence of the carrier gas flow on the existing oxygen concentration at the working
distance of the respective nozzle centered above the hole plate.

The carrier gas flow has an influence on the existing oxygen concentration. The
standard deviation of the measuring points was determined based on three measurements.
It is not visible in the diagram because the standard deviation for all measurements is less
than 200 ppm and thus smaller than the marking of the points in the diagram. Thus, a
statistical significance of the carrier gas volume flow on the oxygen concentration is given.
Furthermore, the coaxial nozzle is less sensitive to carrier gas flow variation. In general, it
can be stated that the oxygen concentration increases with increasing carrier gas volume
flow (see trend line in Figure 10), and the coaxial nozzle is more robust to an increase in
carrier gas volume flow in comparison to the three-jet nozzle.

Figure 11 shows the influence of the shield gas flow on the existing oxygen concentra-
tion at the working distance of the respective nozzle centered above the hole plate.



Appl. Sci. 2023,13, 9470

10 of 16
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Figure 10. Influence of the carrier gas flow on the present oxygen concentration. Measurements were
carried out directly above the hole plate in the working distance of the respective nozzle.
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Figure 11. Influence of the shield gas flow on the present oxygen concentration. Measurements were
carried out directly above the hole plate in the working distance of the respective nozzle.

As the shield gas flow increases, the oxygen concentration decreases. The spread of
the oxygen concentrations (e.g., at a shield gas flow of 7.5 L/min) results from the fact that a
higher carrier gas volume flow was used at the higher oxygen concentrations—in contrast,
lower carrier gas volume flows were used at lower oxygen concentrations at a shield gas
flow of 7.5 L/min. It can also be seen that the coaxial nozzle tends to have lower oxygen
concentrations with the same shield gas flow. Looking at the gradients of the trend lines,
the carrier gas volume flow has a greater influence on the oxygen concentration present
than the shield gas flow. This proves that a suitable adjustment of the carrier gas volume
flow has a significant influence on the spatial oxygen distribution on the melt pool surface.
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To clarify whether the present oxygen concentration can be described by the ratio of
carrier gas volume flow to shield gas volume flow, the oxygen concentration was plotted
versus this ratio in Figure 12.

Oxygen concentration to gas ratio

40,000
] ® Coaxial [

35,000 O  Three-jet

30,000

25,000

20,000 +

15,000

10,000

Oxigen cooncentration (ppm)
o]
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] 5 o
0+ ee & 80 O L]

T
0.0 0.2 0.4

T T T T T

T T T T
06 08 1.0 1.2 14 16 1.8

Carrier to shielding gas flow ratio

Figure 12. Influence of the carrier gas flow to shield gas flow ratio on the present oxygen concentration.

Figure 12 illustrates the robustness of the coaxial nozzle to an increasing carrier gas
flow to shield gas volume flow ratio. For a ratio of the carrier gas volume flow to shield
gas volume flow of less than 0.4, the oxygen values of the two nozzles are in a similar
range. From this ratio, the three-jet nozzle has a significantly higher oxygen concentration
compared to the coaxial nozzle. Only for the highest ratio (1.6) does the coaxial nozzle
perform worse. But in practice, this ratio is of no relevance, because such a high carrier
gas flow is not used due to the high argon consumption and the induced turbulence in the
shielding gas bell. Furthermore, it can be seen that the three-jet nozzle at a gas ratio of 0.53
performs worse with higher shielding gas flows (15 L/min and 22.5 L/min) with regard to
a low oxygen concentration. This anamolism can be explained by the Venturi effect. Due to
the higher flow rate of the shielding gas fluid, the static pressure of the fluid is lower than
the pressure of the ambient air. This negative pressure allows oxygen to be sucked into the
shielding gas bell from the ambient air.

Summing up, Figures 8 and 9 show that the present spatial oxygen concentration
follows the nozzle geometry and is more sharply limited for the coaxial nozzle. Figure 10
illustrates the oxygen increase under the nozzle with increasing carrier gas flow; this is
more noticeable for the three-jet nozzle. This demonstrates the greater robustness of the
coaxial nozzle to carrier gas volume flow variations. Figure 11 shows the decrease in
oxygen concentration with increasing shielding gas flow. Figure 12 shows that from a
carrier gas volume flow to shielding gas volume ratio of equal to/greater than 0.4, the
coaxial nozzle performs significantly worse with respect to present oxygen concentration. It
can thus be concluded that for oxidation-critical materials such as titanium and aluminum,
the coaxial nozzle has significant advantages over a three-jet nozzle regarding oxidation.

4.2.2. Experiments with Shield Gas Chamber

Figure 13 shows the influence of the carrier gas volume flow to shielding gas volume
flow ratio on the oxygen concentration of the three-jet nozzle and the coaxial nozzle inside
the shield gas chamber.
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Oxygen concentration to gas ratio in shielding gas chamber (three-jet nozzle)

160

140—-
120—-
100:
80—-

60

Shieiding gas flow (L/min

40 ~-m-75
-@- 15
-A--225
20 --4-- 30

Oxygen concentration (ppm)

0 -7t r r rr r r T r T1_ r T T T T T T
0.0 0.2 04 06 08 1.0 1.2 14 16 18
Carrier to shield flow ratio
Oxygen concentration to gas ratio in shielding gas chamber (coaxial nozzle)

180
) o.
160 -
140 4 g
s 1 T —
E ] o
2 120 4 o._
s J T
=100 4 e
d A
- 4 AL
= A
2 80
8 4
© 60+
c O Psr————
@ ) O Shielding gas flow (L/min)
o O -
)><~. 40 4 -0--7.5
Fo) ] g 15
~A-225
204 L o0 |
0 —T 1

T LI T 1 T T T T
00 02 04 06 0.8 1.0 1.2 1.4 16 1.8
Carrier to shielding flow ratio

Figure 13. Influence of the shield gas chamber on the oxygen concentration for various carrier to
shield gas flow ratios. Top: Three-jet nozzle. Bottom: Coaxial nozzle.

Figure 13 shows that the shielding gas chamber practically eliminates the influence
of the carrier gas volume flow to shield gas volume flow ratio for both nozzles. Even for
the very large ratio of 6, no significant increase in oxygen concentration is found for the
three-jet nozzle. There is a tendency of improvement in oxygen concentration at the same
gas ratio with increasing shielding gas volume flow for both nozzles. Furthermore, the
coaxial nozzle exhibits a lower oxygen concentration at the same gas ratio for shielding gas
volume flows larger than 15 L/min.

5. Conclusions and Future Work

The present study describes an experimental procedure for determining the spatial
oxygen concentration of the direct metal deposition process. Furthermore, the influence
of the carrier gas volume flow on the shield gas volume flow is presented. Furthermore,
a numerical model is developed that considers thermal effects on the resulting oxygen
concentration. The results confirm that the nozzle type and gas settings have a noteworthy
influence on the oxygen concentration. This can be used to improve the quality of AM
parts made from oxidation-critical materials. The experimental results and the simulation
led to the following conclusions:

e  The simulation of the oxygen concentration is congruent with the results of the experi-
mental oxygen measurements.
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e  The spatial oxygen concentration of the three-jet nozzle is less pronounced in compari-
son to the coaxial nozzle. The center of low oxygen concentration follows the nozzle
geometry.

e  The carrier gas volume flow has a greater impact on the oxygen concentration com-
pared to the shield gas volume flow.

e  The coaxial nozzle is less sensitive to gas ratio variations than the three-jet nozzle.
From a carrier gas volume flow to shield gas volume flow ratio of 0.4, the three-jet
nozzle leads to high oxygen concentrations.

e A shield gas chamber practically eliminates the influence of the gas settings on the
present oxygen concentration.

In further studies, it is necessary to clarify which oxygen concentration in AM parts
with oxidation-critical materials can be achieved with the present nozzle types with and
without a shield gas chamber at different gas settings. In the case of TigAl4V, the microstruc-
ture must not contain an oxygen concentration greater than 2000 ppm. Furthermore, an
oxidation model should be developed that can be used to estimate whether the process is
oxidation-critical or not.
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Appendix A

Table Al. Relative coordinates in mm of the oxygen point grid measurements of the three-jet nozzle.
The center of the coordinate system (x =0, y = 0, z = 0) is in the hole of the hole plate.

x y z
30 0 WD
25 0 WD
20 0 WD
15 0 WD
10 0 WD
5 0 WD
7.5 0 WD
8 0 WD
7 0 WD
6 0 WD
6.5 0 WD
5.5 0 WD
4.5 0 WD
4 0 WD
3.5 0 WD
3 0 WD
2 0 WD
1 0 WD
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Table A2. Relative coordinates in mm of the oxygen point grid measurements of the coaxial nozzle.
The center of the coordinate system (x =0, y = 0, z = 0) is located in the hole of the hole plate.

x Y z
30 0 WD
25 0 WD
20 0 WD
15 0 WD
10 0 WD

5 0 WD
7.5 0 WD
8 0 WD
8.5 0 WD
7 0 WD
6.5 0 WD
6 0 WD
5.5 0 WD
4 0 WD
3 0 WD
2 0 WD
1 0 WD
0 0 WD
-1 0 WD
-2 0 WD
-3 0 WD
—4 0 WD
-5 0 WD

-5.5 0 WD
—6 0 WD

—6.5 0 WD
-7 0 WD

—-7.5 0 WD
-8 0 WD

—-8.5 0 WD

-10 0 WD

-15 0 WD

-20 0 WD

-25 0 WD

—-30 0 WD

0 30 WD
0 25 WD
0 20 WD
0 15 WD
0 10 WD
0 8.5 WD
0 8 WD
0 7.5 WD
0 7 WD
0 6.5 WD
0 6 WD
0 5.5 WD
0 5 WD
0 4 WD
0 3 WD
0 2 WD
0 1 WD
0 -1 WD
0 -2 WD
0 -3 WD
0 —4 WD
0 -7 WD
0 -5 WD
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Table A2. Cont.

X Y z
0 —5.5 WD
0 -6 WD
0 —6.5 WD
0 -7 WD
0 -75 WD
0 -8 WD
0 —8.5 WD
0 —10 WD
0 —-15 WD
0 —20 WD
0 —-25 WD
0 -30 WD
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