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Abstract: Wire and Arc Additive Manufacturing (WAAM) of Ti-6Al-4V is becoming increasingly
important in the aerospace industry for the production of large parts. Due to the high welding
requirements of the material, high quality demands are placed on the process. To meet these high
demands, quality assurance measures are applied to maintain mechanical and geometrical part
properties. First, the interlayer temperatures that are applied influence the final geometry. The part
must meet geometric accuracies in order to be machined after the WAAM process. Second, Ti-6Al-4V
materials have a high affinity to absorb oxygen from the environment at elevated temperatures. This
oxygen uptake results in a discoloration of the surface and an embrittlement of the material. Therefore,
a defined and monitored oxygen content in the build chamber is crucial. This work presents an
approach to determine limitations for the interlayer temperature of the part and the oxygen content
in the build chamber. The influence of a temperature deviating from the set interlayer temperature on
the layer width was analyzed. By varying the interlayer temperature, the layer width varied by up
to 3 mm. It was shown that different restrictions for the oxygen content in the build chamber apply
depending on the part size.

Keywords: WAAM; directed energy deposition; oxidation; thermal management; Ti-6Al-4V

1. Introduction

The increasing use of difficult-to-machine materials in the aerospace industry results in
challenges in the manufacturing of structural parts [1]. Currently, large-volume structural
parts are machined from solids, resulting in low material utilization rates and significant
tooling costs [2]. Additive Manufacturing (AM) processes are becoming increasingly im-
portant as they offer a great potential for reducing manufacturing costs by producing
near-net-shaped parts. Wire and Arc Additive Manufacturing (WAAM), one of the AM
processes standardized by the DIN EN ISO 52900, is characterized by high build-up rates,
a low-cost feedstock, and the scalability of the process to any size of the build cham-
ber [2]. Geometrical complex parts can be defined by the constructive solid geometry (CSG)
method [3]. The CSG method helps to reduce the complexity of parts by defining smaller
and different-sized volume primitives. These volume primitives must be manufactured
first to generate the fundamental process understanding and achieve high-quality parts [4].
However, the high quality requirements posed in aerospace have made the transition to
the industrial production process challenging [2].

The heat source in WAAM is an electric arc, making a temperature management during
the thermal-based process highly important. Weld seams are deposited layer-by-layer using
a solid wire as feedstock material, resulting in three-dimensional parts. The WAAM part
must reach geometrical accuracies in order to be properly machined consecutively to the
final shape [5].

Titanium alloys have a high affinity to absorb oxygen at high temperatures [6] resulting
in surface discolorations [7]. Thus, this grade of discoloration is an indicator of the degree
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of the oxygen contamination [7]. Discolorations of the titanium material resulting from the
welding process are inadmissible in the aerospace industry (DIN 29595).

In this work, the high demands placed on the process and the part are addressed by
applying and analyzing two quality assurance measures: monitoring and controlling the
interlayer temperature of the part and the oxygen content in the build chamber.

Martina et al. [8] observed that the heat input during the WAAM process influences
the wall width and the layer height using Ti-6Al-4V material. The correlation between
increasing part heights resulting in decreasing temperature gradients between the melt
pool and the part was shown by Zhao et al. [9]. Yang et al. [10] captured the interlayer
temperature in higher layers when welding steel walls. The temperature gradient increased
with higher dwell times between the welding of the individual layers. The authors stated
that the geometric part quality increased when holding the dwell time within a defined
range. Da Silva et al. [11] demonstrated an active cooling system to mitigate the heat
accumulation in the part during WAAM. Manufactured walls showed a more uniform
geometry by controlling the heat balance of parts made of aluminum. Wang et al. [12] used
Inconel 625 as feedstock material and observed that the size of the melt pool increased
in higher layers. The influence of the interlayer temperature on the width and height of
a single weld bead on the substrate plate was analyzed by Wang et al. [13] using steel
material. Baier et al. [14] investigated the correlation between different dwell times and
interlayer temperatures, influencing the geometric properties of the part made of Ti-6Al-4V.
Short dwell times resulted in increased interlayer temperatures, while deviating interlayer
temperatures led to geometric deviations of the part. A moderate and constant interlayer
temperature of 300 °C resulted in a stable process without severe spattering. Furthermore,
the part geometry was more uniform with an interlayer temperature of 300 °C.

Besides the negative effects of the interlayer temperatures on the part accuracy, dis-
coloration by oxidation can occur. The oxygen absorption of titanium alloys at higher
temperatures increases the hardness, but it significantly reduces the ductility of the mate-
rial [15]. Thus the oxygen uptake could lead to surface cracks [15]. The color sequences
of Ti-6Al-4V range from silver (no discoloration) to the following colors with an increas-
ing oxygen contamination: light straw, dark straw, purple, blue, gray, and white [7,16].
Caballero et al. [17] investigated the effect of oxidation of Ti-6Al-4V material during the
WAAM process. The temperature of the part and the time during which the temperature
of the part was held significantly influenced the oxidation. They found that an oxygen
content of 40 ppm in the build chamber in combination with a short dwell time between
the layers during manufacturing and a small part size led to a strong discoloration of the
part. The influence of varying interlayer temperatures on the discoloration was analyzed
by Wu et al. [18]. Artaza et al. [19] kept the oxygen content in the build chamber under
the value of 100 ppm. They showed that higher interlayer temperatures result in more
severe discolorations. When Elmer and Gibbs [20] manufactured parts without a sufficient
inert gas atmosphere, the formation of spatters increased. Bermingham et al. [21] and Ding
et al. [22] described that the quality of the wire as feedstock material has an additional
effect on the oxygen uptake of the part.

The presented state of research shows that the interlayer temperature is an important
process parameter in WAAM that needs further investigation. It is yet unknown how
varying interlayer temperatures within a part influence the geometry of individual layers.
Furthermore, it can be concluded that studies were conducted regarding the cause-effect
relationship between the process parameters and the discoloration of Ti-6Al-4V material in
WAAM. However, the influence of different oxygen contents in the build chamber on the
discoloration of different-sized parts has not yet been part of investigations.

To qualify and certify WAAM for aerospace applications, a comprehensive under-
standing of the process parameters, their limitations, and their effects on the part quality
is necessary. The implementation of a suitable quality assurance system is, therefore, cru-
cial. This work presents an approach for determining the influence of deviating interlayer
temperatures on the layer width of a wall. First, a sensitivity analysis of the interlayer
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temperature with its influence on the layer width of a wall is shown. An experimental
pre-study was performed, which helped to plan the sensitivity analysis and the statistically
designed experiment. Second, different wall sizes were manufactured with varying oxygen
contents in the build chamber. Finally, the dependencies between the oxygen content, the
part size and the resulting discoloration were determined and discussed.

2. Methodology
2.1. Sensitivity Analysis of the Interlayer Temperature

The following investigations served as an extension of previous studies found in the
literature. Interlayer temperatures influence the geometric properties of the part [8,13,14].
Therefore, deviating interlayer temperatures within a part result in varying widths of
individual layers. This correlation is crucial for the manufacturing process regarding
geometric part properties and production times, since unexpected pauses (e.g., caused by
maintenance and the exchange of worn-out parts in the WAAM machine) can cause the
interlayer temperatures to deviate.

In this work, two experimental investigations were conducted. The first investigation
was an experimental pre-study. This pre-study aimed to qualitatively determine the
influence of increasing interlayer temperatures on the geometrical accuracy. Therefore,
parts were manufactured with parameters leading to a short dwell time. The resulting walls
were compared to the shape of walls manufactured with a constant interlayer temperature.

The results from the experimental pre-study served as the input for the sensitivity
analysis. An experimental plan was elaborated to quantitatively analyze the influences of
decreasing and increasing interlayer temperatures on individual layer widths.

2.1.1. Experimental Pre-Study

Two different welding strategies were applied to manufacture the walls. The first
strategy was defined as a process triggered by the dwell time. A constant dwell time of
tawell = 50 s was set between each layer before welding the subsequent layer. This value of
fdwell Was chosen as it was shown in the literature that short dwell times lead to a deviating
overall part geometry [14]. The second strategy was defined as a process triggered by the
interlayer temperature. An interlayer temperature of Tipterlayer = 300 °C was set as the
trigger temperature. The value of Tinterlayer Was applied, as Baier et al. [14] showed that
this value leads to a uniform total part geometry. After depositing a layer, the interlayer
temperature of the part was measured. When the layer (layer 7) had cooled down to an
interlayer temperature of 300 °C, the next layer (layer n + 1) was welded subsequently (see
Figure 1).

Layer n+1
Layer n

< . T gubswmate

Figure 1. Schematic representation of a manufactured wall.

The manufactured walls were cut in half in the x-z plane, allowing the comparison of
the shape of the walls qualitatively. The results from the experimental pre-study helped to
define the interlayer temperatures in the experimental plan for performing the sensitivity
study.
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2.1.2. Experimental Plan

The influence of deviating interlayer temperatures Tinterlayer O the layer width wyaye;
within the wall can be determined by varying the interlayer temperature in individual
layers.

The first three layers were welded with an interlayer temperature of 300 °C. The fourth
layer (layer n+1) was deposited with the following interlayer temperatures: 25 °C, 75 °C,
150 °C, 225 °C, 300 °C, 375 °C, 450 °C, 525 °C, and 600 °C. The subsequent three layers
were welded with an interlayer temperature of 300 °C. In total, nine different walls were
manufactured with three executions each.

The manufactured walls were measured by a 3D digitizer (Comet L3D 2M from Stein-
bichler, Neubeuern, Germany) to analyze the influence of varying interlayer temperatures
on the measured layer widths wiayer,meas- The Standard Tessellation Language files were
imported in a Computer Aided Design software (Fusion 360 from Autodesk Inc., San Fran-
cisco, CA, USA). The digitized wall was cut in the x-z plane in the center of the wall along
the y direction (see Figure 2). The width of the fourth layer (layer n + 1) was determined at
the maximum distance between the outer contours of the layer (see Figure 2). The measured
layer widths were finally correlated with the systematically set interlayer temperatures
using a regression analysis.

)
[ Wiayer n+1

Layer n+1—{—@ |

Layer n——@__|

g

( \ Z
10mm ----{ x y

Figure 2. Example of a digitally cut wall with individual layers indicated by blue dashed lines.

2.2. Determining Limitations for the Oxygen Content

The influences of the oxygen content in the build chamber and of different part sizes
on the discoloration of the surface of the part were investigated.

In this work, three different wall sizes were manufactured with three executions each.
Different heights were generated by varying the number of layers: 4, 8, and 12 layers. A
constant interlayer temperature of 300 °C was applied to every layer, resulting in walls with
a width of approx. 15 mm. The welding enclosure was filled with an inert gas, reducing the
oxygen content in the process zone. The first layer was welded after the upper limit of the
oxygen content was reached. The three different oxygen limits were 25 ppm, 50 ppm, and
100 ppm. The process gas flow was controlled manually at the machine for the individual
parts to avoid an oxygen content exceeding the oxygen limits.

The discoloration is linked to the exposure time of the surface to the oxygen content at
elevated temperatures [17]. This exposure time was also determined by capturing the time
of manufacturing.

To analyze the discoloration, the wall surfaces were initially inspected visually. Pic-
tures were taken of all walls to compare the degrees of discoloration. Second, these pictures
were analyzed quantitatively by comparing the histograms of the red, green, and blue
(RGB) values of every picture using a numeric computing software (MATLAB from The
MathWorks, Inc., Natick, MA, USA). RGB values reflect the color metric of an image and
range from 0 to 255. The RGB values 0, 0, 0 describe the color black [23]. Vice versa, the RGB
values 255, 255, 255 describe the color white [23]. Figure 3 shows an exemplary histogram of
the RGB values of a WAAM-manufactured wall. Additionally, the median was determined
and plotted for each RGB value. The median indicates the 50th percentile [24]. Surface
plots of the medians were created subsequently to analyze all manufactured walls and
enable an interpretation of the correlation between the RGB values and the discolorations.
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Figure 3. Exemplary histogram of the normalized number of pixels over the RGB values for a
manufactured wall.

3. Materials and Experimental Setup

Figure 4 shows the experimental setup used in this study. The welding power source
(CMT Advanced 4000 R from Fronius International GmbH, Wels, Austria) was connected to
a welding torch. An industrial robot (KR15/2 from Kuka AG, Augsburg, Germany) moved
the welding torch. A thermographic camera (VarioCAM® hr head from InfraTec GmbH,
Dresden, Germany) was used for the measurement of the interlayer temperature. A welding
enclosure (from Huntingdon Fusion Techniques HFT, Burry Port, United Kingdom) was
filled with Argon 4.6 (from Linde AG, Pullach, Germany) as the shielding gas. The oxygen
concentration was measured in the center of the welding enclosure by an oxygen measuring
device (SGM7 oxygen sensor from ZIROX Sensoren und Elektronik GmbH, Greifswald,
Germany). A protective window (from Edmund Optics GmbH, Mainz, Germany) was
mounted in the welding enclosure to protect the thermographic camera. The solid metallic
welding wire (diameter of 1.2 mm) and the substrate plate were made of Ti-6Al-4V (from
EWG-E. Wagener GmbH, Heimsheim, Germany) certified by AMS 4954 and ASTM B265.
An overview of the welding parameters is shown in Table Al in the Appendix A.

An online quality assurance system (OQAS) was built up and implemented at the
WAAM machine. The OQAS was embedded with a programming language software (Lab-
VIEW from National Instruments Corp, Austin, TX, USA) and had five principal functions:
data acquisition, data transfer, data logging, data controlling, and data visualization. The
architecture of the system is depicted in Figure A1 in the Appendix A. The data from the
welding power source, the industrial robot, the thermographic camera, and the oxygen
sensor were collected, processed, and visualized for the operator. The OQAS enabled the
defining of threshold values, for instance, for the oxygen content in the build chamber and
the interlayer temperature. Therefore, the values for the interlayer temperature and the
oxygen content could be set and visualized for the operator for the experimental plans. The
operator could thereby intervene in the process in the case of deviated values. The data
sets were saved in a documentation file enabling the analysis presented in the chapter on
the methodology.
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Figure 4. Experimental setup (reproduced from [14], under CC BY 4.0).

4. Results
4.1. Sensitivity Analysis of the Interlayer Temperature
4.1.1. Experimental Pre-Study

A qualitative comparison was conducted between a process triggered by the dwell
time and a process triggered by the interlayer temperature. The cross-sections of the two
manufactured walls, which were cut in half in the x-z plane (see Figure 1), are shown in
Figure 5.

(@) (b)

tiwen =508 Tinterlayer = 300 °C

Figure 5. Cross-sections of walls manufactured with (a) a constant dwell time of 50 s and (b) a constant
interlayer temperature of 300 °C; the dashed lines in color indicate the outer contours of the wall.

A process triggered by the dwell time resulted in a V-shaped wall, while a process
triggered by the temperature resulted in an I-shaped wall. The process triggered by the
interlayer temperature showed no varying layer widths in the wall cross-sections (see
Figure 5b). An interlayer temperature of 300 °C resulted in a constant layer width of the
wall. The interlayer temperatures during the process triggered by the dwell time could not
be held constant until the fourth layer, resulting in a varying layer width in the cross-section
(see Figure 5a). The interlayer temperature rose due to the heat accumulation in the part,
which could be explained by the decreasing heat transfer from the part into the substrate
plate at increasing part heights. The interlayer temperature could only be held constant
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wlayer,meas

from the fifth layer on, resulting in an I-shaped wall profile. Wu et al. [25] also explained
the geometrical deviations between the first few layers and the higher layers with the
changing heat transfer. The heat is conducted mainly into the substrate plate in the first
few layers. For higher parts, the heat transfer increasingly takes place in the part itself and
from there to the ambient air. Baier et al. [14] showed that varying dwell times set during
the manufacturing of a wall led to different interlayer temperatures. This influence led
to varying effective total widths of the wall. The findings in this work refer to individual
layers and align with the findings on the effective total wall widths. Walls showing a
V-shape in the first few layers were also observed in studies dedicated to active cooling
applications by Kozamernik et al. [26] using steel and Vazquez et al. [27] using titanium
material. Da Silva et al. [11] and Yang et al. [10] controlled the temperature of the part
during the process and observed a more uniform geometry of the part. This finding aligned
with the presented results on a layer level.

4.1.2. Experimental Plan

The quantitative influence of the interlayer temperature on the layer width was con-
ducted with the help of an experimental plan. The model of the regression curve can be
described by

= —5.042-10"°- T oriayer +5:268-107°-T; — 0.008455- Tinterlayer + 14.32 1)

Interlayer
The regression analysis resulted in a value of 0.89 for the coefficient of determination
R2. Figure 6 shows the measured individual layer width as a function of the interlayer
temperature. The 95% confidence interval depicts the range in which 95% of the values
lie [28].

Scenario 3 Scenario 1  Scenario 2

[ . \*l . |

19
18
17

16

Wlayer,meas Inmm >

0 100 200 300 400 500 600

Tlnterlayer in°C

— Regression curve - = = Confidence interval (95 %)
x Measured data points

Figure 6. Correlation between measured layer widths and interlayer temperatures.

The lowest interlayer temperature of 25 °C resulted in smaller layer widths than the
highest interlayer temperature of 600 °C. These two temperature values led to a difference
in the layer width of approx. 3.00 mm. The polynomial regression curve showed that the
layer width converged to approx. 14.00 mm and 17.20 mm for interlayer temperatures
below 200 °C and above 500 °C, respectively. Between 200 °C and 450 °C, the regression
curve describes a nearly linear correlation for wiayer,meas from 14.30 mm to 16.60 mm by
0.01 mm/K. At an interlayer temperature of 300 °C, the layer width was approx. 15.10 mm.
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Scenario 1:

Higher temperatures significantly influenced the layer width more than lower temperatures.
At 25 °C, the layer width decreased from 15.10 mm (at Tinterlayer = 300 °C) to approx.
14.00 mm. This resulted in an offset of the layer widths of 1.10 mm. At an interlayer
temperature of 600 °C, the layer width increased from 15.10 mm (at Tinterlayer = 300 °C)
to approx. 17.20 mm, resulting in an offset of the layer widths of 2.10 mm. Furthermore,
the 95% confidence interval increased at higher temperature regions compared to lower
temperatures.

The influence of higher interlayer temperatures leading to wider parts was also ob-
served by Rios et al. [29]. The presented results indicate that this effect can be transferred
to single layers in a quantitative way. Wang et al. [12] observed larger weld pools when
welding in higher layers using Inconel 625 material. A heat accumulation resulted in
higher layers, leading to larger weld pools at increasing interlayer temperatures [14]. This
observation aligned with the findings of Zhao et al. [9], who stated that increasing heights
resulted from low temperature gradients during the process. In this work, the layer width
increased with increasing interlayer temperatures because the weld pool enlarged as soon
the interlayer temperature was higher than the interlayer temperature of the previously
deposited layer. The weld pool size decreased when the interlayer temperature was lower
than the interlayer temperature of the previously deposited layer. Lower interlayer tem-
peratures resulted in smaller weld pools. The surface tension of the weld pool restricts
the dimensions of the layer widths. Therefore, the lower and upper limitation values are
approx. 14.00 mm and 17.20 mm.

In conclusion, three separate scenarios result when different interlayer temperatures
are applied during the deposition of individual layers on top of each other. Figure 7 depicts
the three scenarios.

Tlnterlayer N+l = Tlnterlayer n > Wlayer N1 = Wlayer n 7 Layer n+1
x Layer n

Scenario 2:

T _ N S Layer n+1
W W, z
Interlayer n+1 Interlayer n layer n+1 layer n t N Layer n

Scenario 3:

—— Layer n+1

z
Tlnterlayer n+1 < Tlnterlayer n > Wlayer n+l < Wlayer n X b_ Layer n

Figure 7. Description of the three scenarios of the temperature deviation affecting the layer widths.

4.2. Determining Limitations for the Oxygen Content

The results from the visual inspection of the discoloration of the surfaces of the parts
are shown in Figure 8. The matrix consists of the manufactured parts with varying oxygen
contents in the horizontal direction (columns of the matrix) and the varying numbers of
layers in the vertical direction (rows of the matrix). It could be shown that the part size or
exposure time of the surface and the oxygen content in the build chamber influenced the
discoloration of the wall surface.
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O, content = 25 ppm

O, content = 50 ppm

O, content = 100 ppm

4 layers

10 mm

10 mm

10 mm

8 layers

12 layers

Figure 8. Matrix showing pictures of manufactured walls with different sizes (rows) and with
different oxygen contents in the build chamber (columns).

The results showed that different restrictions for the oxygen content in the build
chamber apply depending on the part size. No discolorations of the surfaces for different
part sizes were observed at an oxygen content of 25 ppm. An oxygen content of 100 ppm
led to a discoloration of all wall surfaces regardless of the part size. The part consisting
of 4 layers manufactured with 100 ppm showed a light straw-colored surface. The parts
with 8 and 12 layers manufactured at 100 ppm exhibited an intense discoloration from a
light straw color to dark blue. At an oxygen content of 50 ppm, the parts manufactured
with 4 and 8 layers had no discolored surfaces. The part with 12 layers and 100 ppm,
however, exhibited an intense surface discoloration. A stronger discoloration was found
in the center of the surfaces compared to the free ends of the part. This was attributed to
the low heat conductivity of the Ti-6Al-4V material. During the manufacturing process,
a heat accumulation occurred in the part. Due to the affinity of the material to absorb
more oxygen at elevated temperatures [30], the center of the surface discolored stronger
than the free ends of the part. This finding was consistent with the observations by Wu
et al. [18]. They stated that higher part temperatures result in stronger discolorations. The
total time of manufacturing increased with the increasing number of layers. Therefore,
the exposure time of the part to the atmosphere increased with a higher number of layers.
In combination with the heat accumulation, the part temperature increased, resulting in
longer exposure times to the atmosphere.

The results of the quantitative analysis of the discolorations are illustrated using
surface plots of the RGB values obtained by following the procedure described in Section 2.2.
The normalized medians of the RGB values are plotted separately over the number of layers
and the oxygen content (see Figure 9).
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Figure 9. Normalized medians of the (a) red, (b) green, and (c) blue values plotted over the number
of layers and the oxygen content of the manufactured walls.

All three figures (Figure 9a—c) show the same trend: The medians of all three RGB
values were higher at an oxygen content of 25 ppm compared to other oxygen contents.
Furthermore, all medians of the RGB values were higher at 25 ppm, independent of the
number of layers. For example, the normalized median of the red values was 0.98 for
12 layers and 25 ppm. Comparing this value of 0.98 to the normalized median values of
0.68 in Figure 9a for 8 layers and 100 ppm led to a difference of 0.3 for both median values.
The normalized median of the blue values was 0.32 for 4 layers and 100 ppm (Figure 9c).
The surface plots indicated that all discolored walls resulted in lower normalized median
RGB values. It is necessary to consider all three surface plots in order to decide whether
a surface discoloration is present. Considering only one of the surface plots would lead
to a misinterpretation since a colored picture consists of all three RGB values. The RGB
analysis revealed a good agreement with the visual inspection. This was demonstrated
by two examples: A nearly constant development of the median of the RGB values was
found by comparing an oxygen content of 25 ppm with a varying number of layers (see
Figure 9). This can be equated with no discoloration of the surface of the part and thus with
no oxidation. In contrast, when a number of 4 layers and an increasing oxygen content are
compared, decreasing median values of all RGB values were observed. This is equivalent
to an image getting darker (see Section 2.2). Hence, the presented RGB analysis was found
to be a suitable method to quantitatively compare the manufactured walls regarding their
oxidation. The medians of the RGB values are normalized and independent of the image
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size. Due to the normalization, it can be assumed that this analysis can be applied to smaller
and larger parts than the parts investigated in this work. The increasing values of the oxygen
content in the build chamber led to the discoloration of the surfaces. This observation is
consistent with Zhou et al. [31] and Martina et al. [8]. A longer exposure time at elevated
temperatures of Ti-6Al-4V material in the atmosphere was also investigated by Zabler [32].
They observed an increased discoloration with longer exposure times, which could also
be seen in the presented results. Caballero et al. [17] found that the correlation between
the part temperature and the exposure time influences the degree of the discoloration of
the surfaces. They changed the process parameters and dwell times to generate different
part temperatures (process triggered by the dwell time). In this work, the process was
triggered by the interlayer temperature, but the same assumption can be made that the
exposure time significantly influences the discoloration. A possible approach to reduce the
discoloration could be implementing a cooling system. The successful implementation of
such a cooling system was shown by Da Silva et al. [11] for the manufacturing of aluminum
parts. It can be assumed that the cooling of the parts made of Ti-6Al-4V material could
reduce the degree of the discoloration. Cooling the part during the process will be more
important when manufacturing larger parts.

5. Conclusions

High quality demands are placed on the WAAM process for application in the
aerospace sector. Using Ti-6Al-4V material in CMT-based WAAM requires a fundamen-
tal understanding of the process parameters. The interlayer temperature influences the
geometry of the deposited layer. The oxygen content in the build chamber influences the
oxidation and, therefore, the discoloration of the surface of the part. This paper presents an
approach to determine suitable limitations for the interlayer temperature and the oxygen
content in the build chamber. The main findings in this work can be concluded as follows:

e Different layer widths within a part can be achieved by varying the interlayer temper-
ature systematically. Walls with a width of approx. 15.10 mm, manufactured at an
interlayer temperature of 300 °C, could be varied by up to approx. 3 mm by applying
interlayer temperatures between 25 °C and 600 °C.

e  Layer widths are more strongly influenced by applying higher interlayer temperatures
compared to lower interlayer temperatures. The wall width manufactured at an
interlayer temperature of 300 °C was decreased by up to 1.10 mm when applying an
interlayer temperature of 25 °C. In comparison, an interlayer temperature of 600 °C
resulted in 2.10 mm wider walls.

e  When applying an interlayer temperature of 300 °C and varying the subsequent
interlayer temperature between 200 °C and 450 °C, the layer width can be modified
by 0.01 mm/K when using Ti-6Al-4V material in WAAM.

e  Different restrictions for the oxygen content in the build chamber apply depending
on the part size or the exposure time of the surface to the atmosphere. An oxygen
content of 25 ppm led to no surface discoloration of the different-sized parts. The
surface discolorations increased with higher oxygen contents and larger part sizes.

e  The presented method for analyzing the RGB values using surface plots of the median
values enables a first classification of whether a part surface is discolored.

The implementation of limitations for the interlayer temperature and oxygen content
was realized by the OQAS. The OQAS can be used in further investigations on the manufac-
tured part quality. Here, other sensors can be implemented to enlarge the field constrained
by the limitations. For instance, a humidity sensor could be connected and experiments on
the influence of the humidity in the welding enclosure on the part surface quality could be
conducted. A higher number of layers is needed to manufacture larger parts, meaning that
more pronounced temperature gradients appear within an individual layer. In addition to
the correlation between the oxygen contents, the part sizes and the mechanical properties
investigations on larger parts will also be part of future research activities.
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Appendix A

Table Al. Overview of the process parameters.

Parameter Symbol Value and Unit
Welding current I 148 A
Welding voltage u 16.1V
Wire feed speed of the electrode UWES 8 m/min
Travel speed of the welding torch UTS 800 mm/min
Arc length correction factor Ky —14%
Dynamic control factor kq 37
Displacement in the z direction between each layer z 6.1 mm
Distance of the contact tip to the substrate plate s 15 mm
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Figure A1. System architecture of the OQAS for computing the data.
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