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ARTICLE INFO ABSTRACT

Keywords: Wire Arc Additive Manufacturing is a near-net-shape machining technology that enables low-cost production of
Direct energy deposition large and customised metal parts. In the present work, oxidation effects in Wire Arc Additive Manufacturing of
WAAM the aluminium alloy AW4043/A1Si5(wt%) were investigated. Two main oxidation effects, the surface oxidation
Surface oxidation . S Lo .

Anomalies on aluminium parts and the oxidation anomalies in aluminium parts were observed and analysed. The surface

oxidation on aluminium parts changed its colour during Wire Arc Additive Manufacturing from transparent to
white. In the present work, it was shown by high-speed imaging that this change in the surface oxidation took
place in the process zone, which was covered by inert gas. Since the white surface oxidation formed in an inert
gas atmosphere, it was found that the arc interacts with the existing amorphous oxide layer of the previously
deposited layer and turns it into a white duplex (crystalline and amorphous) oxide layer. In addition to the
analysis of the white surface oxidation, oxidation anomalies, which occur at low shielding from the environment,
were investigated. It was shown by physical experiments and Computational Fluid Dynamics simulations, that
these oxidation anomalies occur at inadequate gas flow rates, too big nozzle-to-work distances, process modes
with too high heat input, or too high wire feed rates. Finally, a monitoring method based on light emission
spectroscopy was used to detect oxidation anomalies as they create peaks in the spectral emission when they
occur.

In-situ monitoring

1. Introduction
1.1. Wire arc additive manufacturing of aluminium alloys

Aluminium alloys are widely used in different industrial fields such
as aerospace, ship building, and automotive industries because of their
light weight and high corrosion resistance [1,2]. Besides ultra-pure
aluminium, various aluminium alloys with the alloying elements cop-
per, silicon, magnesium, zinc, and manganese are used [3,4].
Aluminium - silicon (Si) alloys are commonly used for welding appli-
cations, which makes them promising alloys for Wire Arc Additive
Manufacturing (WAAM). WAAM is a Direct Energy Deposition process,
which is focused on cost-effective production of large components due to
its high deposition rates compared to other Additive Manufacturing
technologies e.g. laser-based Additive Manufacturing processes [5].

* Correspondence to: Luled Tekniska Universitet, 971 87 Luled, Sweden.

WAAM processes are mainly based on Gas Metal Arc Welding (GMAW),
which has a high energy input into the base material due to the high
temperatures of the arc reaching up to 10,000 K [6]. As the energy input
is that high, the temperature balance is of high importance, especially
for WAAM of aluminium alloys, as Hauser et al. have proven by the
detection of geometric deviations due to excessive process temperatures
[7]. One of the most promising GMAW processes in terms of temperature
balance is the Cold Metal Transfer (CMT) process, which allows a
reduced energy input compared to other GMAW processes [8-10].
During the CMT process, the wire is fed into the process zone by a push
and pull movement [9,11,12]. In a CMT cycle, a pulse of defined
duration melts the end of the wire and feeds the wire until the wire tip
touches the melt pool, creating a short circuit and arc extinction [9].
Thereupon, the wire is mechanically pulled back, separating the wire
from the melt pool, and the CMT cycle restarts [9].
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1.2. Surface oxidation in WAAM of aluminium alloys

Oxidation is one of the main problems faced in WAAM of aluminium
alloys, but it has received less attention than pores and crack defects.
However, oxidation also affects defects such as pores and cracks due to
the remelting processes in Additive Manufacturing, whereby the oxides
of the surface oxidation enter the melt pool and act as impurities.
Oxidation is thus an important defect that must be addressed.
Aluminium is a highly reactive element and has a strong binding affinity
for oxygen. When aluminium reacts with oxygen, mainly Al;Os is
formed which has a high hardness and a whitish surface [13].
Aluminium oxides have a melting temperature at 2050 °C, which is
1390 K higher than the melting temperature of aluminium (660 °C), and
a thermal conductivity of 12 W/mK to 38.5 W/mK, which is about ten
times lower than that of aluminium (237 W/mK). In the WAAM process,
based on GMAW, aluminium oxides form by plasma induced thermal
chemical reactions [24]. The aluminium oxides consist mainly of
a-Al,O3 and y-AlyO3 [14]. At relatively low temperatures (below 300 °C)
the surface oxidation is a continuous amorphous film that thickens due
to diffusion effects [15]. At high temperatures, the diffusion effects in-
crease, and duplex oxide layers containing both crystalline and amor-
phous oxides develop [15]. If reactive alloying elements such as
magnesium and lithium are present, selective oxidation occurs, which
leads to the formation of thick, friable, crystalline oxide layers [15]. At
ambient temperatures, the surface oxidation film immediately grows to
a thickness of a few micrometres and increases to twice or triple this
thickness over a few days [15]. At a temperature of 400-650°C a
different growth is visible, because the aluminium oxides change from
an amorphous structure to a compact crystalline structure, which slows
down the growth [15,16]. Due to the different oxidation phenomena at
different temperatures showing different characteristics, it is an
important issue for WAAM as the temperatures can vary greatly
depending on the process mode, wire feed rate, voltage and current.
Therefore, in this work, the impact of oxidation in WAAM was further
investigated to explain in more detail how the formation of the oxides
happens.

1.3. Oxidation anomalies in WAAM of aluminium alloys

One of the big challenges in WAAM using aluminium is the occur-
rence of anomalies such as pores, cracks, and oxidation. Process pa-
rameters such as voltage, current, wire feed speed, interpass
temperature, shielding gas flow and many others can influence oxida-
tion effects. In particular, the influence of the gas flow from the nozzle
into the processing zone is much more complex than is often assumed,
since an increase of the gas flow rate does not necessarily lead to a better
shielding effect [17]. On the contrary, an increase of gas velocity can
increase the mixing of the shielding gas flow with the atmosphere [18].
As heated aluminium comes into contact with the ambient air and the
oxygen it contains, strong aluminium oxidation occurs as an exothermic
redox reaction [19]. If a high proportion of ambient air gets in contact
with molten aluminium, uneven accumulations of material with a rough
and whitish surface occur, which are defined as oxidation anomalies in
this paper. These oxidation anomalies change the characteristics of the
material, such as the mechanical properties, which affects the part
quality. Therefore, the occurrence of these oxidation anomalies must be
avoided. In this work, physical experiments and Computational Fluid
Dynamics simulations were used to investigate how these oxidation
anomalies are affected by the gas flow rate, the nozzle-to-work distance,
the process mode, and the wire feed rate.

1.4. In-situ light emission spectroscopy in WAAM
Different researchers have worked on non-destructive monitoring

systems for process anomalies to improve the process reliability in
WAAM. Anomalies are indicated by irregular behaviour compared to the
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stable system and are, by definition, rare [20]. Spectroscopy can be used
to obtain more information about the process, e.g. regarding element
distribution or process stability, by analysing the entire spectrum of
emitted wavelengths [21-23]. Ma et al. have proven that laser
opto-ultrasonic dual detection can be used for simultaneous composi-
tional, structural, and stress analyses of parts manufactured by WAAM
[21]. Huang et al. used a spectrometer for monitoring the dynamic
behaviour during WAAM of aluminium and found that when the current
in the process increased, the intensity in the spectral wavelengths
increased accordingly [22]. Zhao et al. observed additional peaks in the
light emission spectrum during WAAM of steel without shielding gas
compared to WAAM of steel with shielding gas and were the first ones to
show that a spectrometer can be used as a monitoring system in WAAM
[23]. Zhao et al. investigated, among other spectral emissions, in
particular the oxygen spectrum with a wavelength of 777.19nm to
detect rust (FeyO) [23]. Reisch et al. proposed a context-sensitive,
multivariate monitoring system to ensure the required quality of the
parts produced by WAAM using different sensors such as current and
voltage sensor to detect oxidation anomalies [24,25]. In-situ monitoring
systems for oxidation anomalies are of high interest for an autonomous
manufacturing system, which should detect the occurrence of oxidation
anomalies in order to initiate countermeasures to prevent further
oxidation anomalies or to stop the process due to insufficient part
quality. Such a monitoring system would increase process stability and
would be a further step towards one-piece production. In the present
work, a monitoring system based on Light Emission Spectroscopy was
investigated to observe the occurrence of such oxidation anomalies.

WAAM of aluminium has great potential to be widely used in in-
dustry, but it is still a process that needs further research to understand
all phenomena and to ensure high quality parts. In the present work,
oxidation effects in WAAM parts (mainly related to the gas flow rate)
were analysed. Two main effects were analysed; the surface oxidation on
aluminium parts and the oxidation anomalies within aluminium parts,
to increase the understanding and the potential control of these effects.
A monitoring system based on spectral analysis was introduced, to
detect oxidation anomalies during WAAM. Computational Fluid Dy-
namics (CFD) simulation for different gas flow rates, nozzle-to-work
distances, and robot travel speeds were performed, to support and
extend the experimental results.

2. Material and methods
2.1. Materials and experimental set-up

Four walls were manufactured by WAAM with decreasing gas flow
rates, from 10 to 4 1/min. The experiments were carried out with a wire
of AlSi5(wt%) and a wire diameter of 1.2 mm. AlSi5(wt%) was used
because it is one of the most commonly and successfully used alloys for
welding applications, making it a promising alloy for WAAM. Substrate
plates of AIMg1SiCu(wt%) with the dimensions 120 x 100 x 5 mm were
used as this aluminium alloy is one of the most common alloys for such
extruded profiles and is found in many applications. The chemical
compositions of the two alloys are shown in Table 1.

The equipment used for the experiments is shown in Fig. 1. For the
robot-based WAAM, a 6-axis robot (Comau, ITL), a motion control
(Siemens, GER), and a welding source with CMT functionality (Fronius,
AT) were used. For monitoring of the WAAM process, a welding camera
(Cavitar, FIN), a spectrometer (Oceanoptics, UK, Measurement range:
190-1020 nm), a pyrometer (Optris, GER, Measurement range: —50 to
900 °C), and two NiCr-Ni thermocouples (Measurement range: —220 to
1150 °C) with a data logger (Almemo, GER) were used. In addition to the
process imaging with the welding camera, high-speed videos in the first
and second layer were recorded with 2000 frames per second.

The experiments were conducted by WAAM with a torch perpen-
dicular to the substrate, as shown in Fig. 2. In the experiments, a wall
was built by processing ten layers on top of each other with a track
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Table 1
Chemical composition of the aluminium alloys used, in wt% [26].
Alloy Al Si Fe Cu Mn Mg Zn Cr Ti
AlSi5 Bal. 4.5-6 0.8 0.3 0.05 0.05 0.1 - 0.2
AlMg1SiCu Bal. 0.4-0.8 0.7 0.15-0.4 0.15 0.8-1.2 0.25 0.04-0.35 0.15
Table 2
Process parameters used for WAAM of AlSi5(wt%).
Parameter Value
Wire material AlSi5(wt%)
Wire diameter 1.2 mm
Substrate material AlSi1MgMn(wt%)
CMT+P mode Mode 881
CMT mode Mode 1658
Ignition phase 10 mm
Process phase 60 mm
’ e Shutdown phase 10 mm
Welding oY Wire feed speed 3-5 m/min
camer: Robot travel speed 0.35 m/min
’ Shielding gas Argon
Gas flow rate 4-10 1/min
Nozzle-to-work distance 14 mm
Contact tube-to-work distance 16 mm

Fig. 1. Set-up of the robot based WAAM cell.

Oscillating wire —> II
Processing direction
of the torch/robot
Drive back/
Cool down phase

- e e

Contact tube

Gas flow

; 1
Following 1 : Contact
layer : # [Nozzle-to- | | tube-to-work
i work distancei distance
1

Layer

Ignition phase: Process phase

: Shutdown phase

Fig. 2. Schematic torch set-up for layer-by-layer part production.

height of 1.5-2.0 mm and a length of 80 mm. The first two layers were
produced in the Pulsed Cold Metal Transfer (CMT+P) mode to achieve a
better bonding to the substrate due to the higher energy input in this
process mode. After the first two layers, the process mode was switched
to the CMT mode. In order to create a smooth wall in terms of temper-
ature balance, the wire feed speed was reduced from 5 m/min in the first
layer to 4 m/min in the second layer to 3 m/min in the third layer and
was kept stable from that layer on. The build strategy involved material
being deposited in one direction only. After each track the torch was
moved back, resulting in a cooling time of five seconds between the
layers. In the CMT and CMT+P processes, each layer in the experiments
consists of an ignition phase, a process phase, and a shutdown phase. In
the ignition phase, the energy input is higher to initiate the arc-based
process. In the process phase the set parameters are used, and in the
shutdown phase the robot stops its movement but continues the depo-
sition to fill the end zone using a lower power level. The parameters used
for the experiments are listed in Table 2. The main parameter, modified
in the physical experiments, was the gas flow rate, which was manually

Torch angle

Neutral (0°)

controlled by a flow metre. In the validation experiments for the per-
formed simulations and the monitoring approach of oxidation anoma-
lies, further parameters such as nozzle-to-work distance, process mode,
and robot travel speed were changed.

2.2. In-situ monitoring sensors

In order to monitor and analyse the melt pool during WAAM,
regarding oxidation effects, a Cavitar C200 was employed. The welding
camera was used to monitor the melt pool at an angle of 30° to the
horizontal from the front with a frame rate of 30 images per second. For
very bright processes such as WAAM, a laser is used to illuminate the
process at a specific wavelength, while all other process-related radia-
tion outside the wavelength of 640 nm are blocked by a band pass filter
to obtain a non-saturated view on the melt pool as shown in Fig. 3a.
Oxidation anomalies can also be detected in the process images as shown
in Fig. 3b.

An Oceanoptics USB2000-+ spectrometer from Ocean Insight, which
can detect the intensity of wavelengths from 200 nm to 1000 nm, was
used to monitor process-related emissions. The energy released from the
redox reaction of aluminium with oxygen should be detectable in the
intensity of the spectral wavelengths, and thus correlate with oxidation
anomalies. For the experiments, specific wavelength ranges of 20 nm
were used to average the values over a defined range to avoid a noisy

i Oxidationl-'
anomaly |

Fig. 3. Process images (a) in the regular WAAM process and (b) once an
oxidation anomaly occurs.
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sensor signal. Before the experiments were conducted, the environ-
mental spectrum was recorded to compare it with the spectrum during a
stable WAAM process to identify the significant wavelengths induced by
WAAM, as shown in Fig. 4. The comparison of the spectra revealed
significant peaks in the ultraviolet (UV) wavelength range of
300-320 nm, in the visual (VIS) wavelength range of 380-400 nm, and
in the infrared (IR) wavelength range of 800-820 nm, which are high-
lighted in Fig. 4. In addition to these significant wavelengths, charac-
teristic oxygen wavelengths such as 460-480 nm (value from the
spectrometer), 620-640 nm (value from the spectrometer), and
770-790 nm (value from [23]) were used. In the UV spectrum one
further wavelength range of 220-240 nm was monitored to get at least
two wavelength ranges from each spectrum (UV, VIS, and IR). The
timeseries data of all these wavelength ranges, highlighted in Fig. 4,
during the processing were measured, analysed and compared for all the
experiments with different gas flow rates, especially regarding oxidation
anomalies. The timeseries data were captured with a frequency of
100 Hz.

For collecting temperature data during WAAM, a pyrometer with a
measurement range from —50 to 900 °C, and two NiCr-Ni thermocou-
ples with a measurement range from —220 to 1150 °C, were used. The
pyrometer was mounted on the robot and moved with the torch. The
thermocouples were attached to the substrate, as shown in Fig. 1. The
three sensors together provide reliable information about the process
temperature.

2.3. Material analysis

A Scios DualBeam system (Thermo Fisher Scientific, USA) was used
for scanning electron microscope (SEM) images and Energy-dispersive
X-ray spectroscopy (EDX) to analyse the material composition of the
test sample shown in Fig. 5. EDX line scans were used to analyse the
element distribution in the material transition from the surface oxida-
tion film to the inner aluminium alloy in the regions shown in Fig. 5c.
Hauser et al. have determined that EDX is suitable for analysing the
material transitions of multi-material parts [27]. The EDX line scans
were used to analyse the thickness of the surface oxidation in different
regions of the wall. For that reason the main elements aluminium, sili-
con, and oxygen were analysed. The thickness of the surface oxidation
was defined by measuring the range in which the detected oxygen and
aluminium elements rise in the EDX line scans until the element distri-
bution of aluminium and silicon reaches over 95%.

2.4. Computational fluid dynamics model

In order to understand the influence of the gas flow rate on the gas

100 - —Environment —WAAM-+Environment
. 1 UV: 220-240 nm
X 80 - UV: 300-320 nm
2 1 VIS: 380-400 nm
% 60 - VIS: 460-480 nm
= 1 VIS: 620-640 nm
'é 40 - IR: 770-790 nm
g E } \ f‘ I IR: 800-820 nm
D 20 -

227 L J“’M il
0 /‘LI‘ U T T T l T T T T I‘w T LI LI‘ T h T I’\ T T T

190 280 370 460 540 630 710 790 870 950 1020
Wavelength [nm]

Fig. 4. Relative intensity of the emitted spectrum without WAAM (blue course)
and during WAAM at a gas flow rate of 10 1/min (orange course) with the
highlighted ultraviolet (UV), visual (VIS), and infrared (IR) wavelength ranges
which were investigated for monitoring of oxidation anomalies. (For interpre-
tation 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. 5. (a) Side view and (b) top view of the aluminium wall manufactured by
WAAM at a gas flow rate of 101/min with its (c) cross-section A-A with
different regions of interest on the substrate (I), on the sidewall (II), and on the
top of the wall (III) analysed by EDX line scans.

flow behaviour and its consequences in WAAM, CFD simulations were
used to visualise and analyse the shielding gas flow on a flat substrate for
different operating scenarios. Siemens STAR-CCM+ was used to simu-
late different cases. The CFD simulation of the gas flow was performed in
the process zone with a polyhedral mesh as shown in Fig. 6. The base
mesh size in the coarse areas is around 1 mm and in the fine areas
around 0.4 mm. Furthermore, along the solid part contours six prism
layers were generated to capture the near wall effects. In the CFD sim-
ulations of different gas flow rates, the WAAM torch was approximated
to an axi-symmetrical domain in which the two-dimensional axi-sym-
metrical mesh is generated that is assumed to be swept at an angle of 1
radian. In addition to the gas flow rate, the influence of the robot travel
speed on the residual oxygen concentration was simulated. For the CFD
simulation investigating different robot travel speeds a three-
dimensional model was used to investigate the behaviour of the gas
flow for different travel speeds. For all simulation cases, the gas flow was
considered to be a laminar flow and was computed by the Reynolds-
Averaged Navier-Stokes model. The gas flow was modelled as a multi-
component ideal gas with two miscible phases of argon and air. Since
the flow conditions in WAAM do not change over time, a steady state
simulation was performed. Furthermore, a segregated flow solver and
iso-thermal condition were applied in the simulation.

The CFD simulation was validated by experimentally measuring the
concentrations of residual oxygen in the gas flow with a residual oxygen
metre from Orbitalum. In the residual oxygen measurements, a pump
beneath the substrate sucks the gas mixture from the process zone
through a small hole in the substrate, marked in Fig. 6, and provides a
real-time measurement of the oxygen concentration in parts per million
(ppm). Measurements were carried out in the centre of the process zone
as well as in the outer regions, especially in the cross over from the argon
atmosphere to the oxygen-rich environment. Oxygen concentrations

Gas flow Gas Iow
i [] Process zone

Nozze

Contact tube

Em e =
————— ]
o

Wire
Nozzle -
to-work

distance

Contact tube-
to-work
distance

Fig. 6. Mesh of the WAAM torch in the CFD simulation (Section through the
nozzle centre).
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from O ppm to 999 ppm could be measured with the residual oxygen
metre and the measurements showed a maximum deviation of 40 ppm
from the simulation.

3. Results
3.1. Surface oxidation on aluminium parts manufactured by WAAM

On the aluminium walls manufactured by WAAM, a white film on the
surface was observed, as shown in the test sample of Fig. 5. It was found
that this white surface was bonded to the wall and could not simply be
washed off, indicating that the white surface was surface oxidation. The
high-speed images in Fig. 7 revealed, that the arc formed the white
surface oxidation during the deposition process in the ignition phase of
every CMT cycle when the short-circuit and arc extinction took place. In
the first layer, the arc influenced the whole area around the wire and led
to a white surface oxidation on the substrate along the whole wall,
which was about 20 mm wide and 100 mm long. In the subsequent
layers, the procedure was similar as shown in the second layer (Fig. 7b).
The arc influenced the previously deposited layer and formed a white
oxidation layer on the sides of the layers as well as on the top of the layer
(in processing direction). However, the white surface oxidation on the
top of the layer remelted by the subsequent CMT cycles and disappeared
again. Therefore, on the sidewall the white oxidation layer remained
and on the top of the wall it did not but instead a transparent surface
oxidation appeared after deposition.

SEM images and EDX line scans were performed on the edges of the
substrate (I), the sidewall (II), and on the top of the wall (III), shown in
the cross-section of Fig. 5, to analyse the elemental composition and
thickness of the surface oxidation in these regions. The areas in which
the EDX line scans were carried out are shown in the SEM images of
Fig. 8. The EDX line scans and the determined thickness of the surface
oxidation is visualised by yellow dotted lines in Fig. 9. The surface
oxidation on the substrate (5 um) was significantly thicker than on the
sidewall (3 um) or on the top of the wall (2.5 ym). In addition, the
proportion of oxygen significantly differed. On the substrate, the oxygen
content was up to one half as the aluminium content. On the sidewall
and on the top of the wall, the content was less than one eighth of the
aluminium content. In the oxide layer on the substrate, aluminium and
oxygen peaks were observed.

Processing direction

%+ iWhite sUffice

oxidation

’

Time

Fig. 7. High-speed images of the processing zone in the (a) first and (b) second
layer which show the white surface oxidation (marked orange), the arc (marked
yellow), and the wire (marked blue). (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. 8. SEM images on (a) the substrate (I), on (b) the sidewall of the first layer
(II), and on (c) the top of the wall in the tenth layer (III).

3.2. Oxidation anomalies in WAAM of aluminium alloys

The walls manufactured at gas flow rates of 10 1/min, 8 1/min, 6 1/
min, and 4 1/min with their corresponding process images of the process
camera are shown in Fig. 10. In the wall manufactured at a gas flow rate
of 4 1/min, significant disruptions in the wall geometry and in the pro-
cess images were detected. In the first two layers of the wall manufac-
tured at a gas flowrate of 4 1/min, oxidation anomalies appeared along
the whole track as shown in the process image of Fig. 10d. In the sub-
sequent eight layers, the oxidation anomalies occurred randomly in
some layers but mainly in the centre of the track, without recognisable
trends, as shown in the side view of the wall (Fig. 10d). The oxidation
anomalies showed a whitish surface and were the same as those which
occurred in WAAM of aluminium without any inert gas. Furthermore, in
all experiments black soot appeared in the first layer (visible in the top
views of the walls). The black soot consist mainly of alumnium, mag-
nesium, and oxygen [28]. The black soot only formed in the first layer,
as the substrate alloy contained magnesium and the wire alloy did not.
The amount of black soot increased as the gas flow rate decreased due to
less shielding from the environment. In all walls except the wall man-
ufactured at a gas flow rate of 4 1/min, the black soot appeared only in
the beginning of the first layer (left side of the wall). Furthermore, in the
process images of all experiments a trend in the white surface oxidation
was visible because the white surface oxidation became smaller and less
intense for a decreasing gas flow rate before it completely disappeared at
a gas flow rate of 4 1/min.

In order to investigate the influence of the gas flow rate on oxidation
effects during WAAM, the argon gas flow was simulated in its interaction
with the ambient air. Fig. 11 shows the scalar plots of the oxygen con-
centration at gas flow rates from 10 I/min to 4 1/min. The simulation
results in Fig. 11 revealed that at a gas flow rate of 4 1/min, the residual
oxygen concentration in the process zone increases at lower gas flow
rates. The oxygen concentration in the process zone at a gas flow rate of
4 1/min is three times higher as at a gas flow rate of 6 1/min and five
times higher as at a gas flow rate of 8 1/min or 10 I/min.

Besides these four main experiments, simulations and validation
experiments for different gas flow rates and nozzle-to-work distances
were performed. Fig. 12 shows the influence of different nozzle-to-work
distances and gas flow rates on the residual oxygen concentration in the
centre of the process zone (Fig. 6). It was observed that the argon gas
flow rate can be reduced for closer nozzle-to-work distances to achieve a
similar level of residual oxygen concentration. According to these ex-
periments, the process was stable at a nozzle-to-work distance of 14 mm
and a gas flow rate of 6 1/min. At a gas flow rate of 4 1/min oxidation
anomalies occurred at the same nozzle-to-work distance. However ac-
cording to the simulations (Fig. 12) no oxidation anomalies occur at a
nozzle-to-work distance of 10 mm and a gas flow rate of 3 1/min, but
oxidation anomalies occur at a nozzle-to-work distance of 14 mm and a
gas flow rate of 4 1/min. In validation experiments this behaviour was
confirmed. According to the simulations and the validation experiments,
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Fig. 9. EDX line scans of the element distribution of aluminium (Al), silicon
(Si), and oxygen (O) on the edges of a cross-section of the aluminium wall
(Fig. 5) on (a) the substrate (I), on (b) the sidewall of the first layer (II), and on
(c) the top of the wall in the tenth layer(IIl). (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article.)

oxidation anomalies occur at an oxygen concentration above 100 ppm.
Therefore, the maximum residual oxygen concentration should be below
100 ppm, as shown in Fig. 12, to avoid oxidation anomalies.

In addition to the gas flow rate, the influence of different robot travel
speeds on the residual oxygen concentration were simulated for a gas
flow rate of 10 1/min. The simulation results in Fig. 13 revealed a shift of
the area covered by the argon gas flow against the processing direction
as the robot travel speed increases. The simulation results revealed that
the residual oxygen concentration in the processing zone is twice as high
at a robot travel speed of 600 mm/min and four times as high at a robot
travel speed of 1500 mm/min as at a robot travel speed of 300 mm/min.
However, in the validation experiments, no oxidation anomalies
occurred.
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3.3. Monitoring of oxidation anomalies by light emission spectroscopy

A wall, shown in Fig. 14, was manufactured at changing parameters
such as process mode, gas flow rate, and robot travel speed to investigate
these parameters regarding the occurrence of oxidation anomalies.
Furthermore, the monitoring of these oxidation anomalies by light
emission spectroscopy was investigated. In the experiment, the general
process parameters, listed in Table 2, were used and kept constant apart
from the changing parameters shown in Fig. 15. In the time series data of
the observed wavelength ranges (Fig. 4) significant variations in the
data, shown in Fig. 15, were observed when oxidation anomalies in the
process occurred.

In general, the intensities in the ignition phase of the arc in a new
layer are always very high even if no oxidation anomalies occur.
Particularly in the CMT+P mode, the ignition phase caused significant
peaks in all wavelength ranges. The overall intensity of the process
emissions in CMT+P mode was twice as high as in the CMT mode. In the
second layer an oxidation anomaly was created by temporarily reducing
the shielding gas flow rate to zero. In Fig. 15 these oxidation anomalies
are highlighted red. In the UV wavelength range 300 nm to 320 nm, and
in the VIS wavelength range 380 nm to 400 nm, significant peaks were
detected when oxidation anomalies occurred. In the UV wavelength
range 220-240 nm and VIS wavelength ranges 460 nm to 480 nm and
620 nm to 640 nm peaks were also detected, but much less significant.
In the IR wavelength range 770 nm to 790 nm, no peaks were detected.
In the wavelength range 800 nm to 820 nm, the emissions even
decreased when the oxidation anomalies occurred. In the third layer
(switched to CMT mode), no subsequent oxidation anomalies were
found but still small peaks were detected at the location where oxidation
anomalies occurred in the second layer. In the fourth layer no further
influence of the oxidation anomalies from the second layer was detected
in the data.

In the fifth layer, oxidation anomalies were created in the CMT mode
as for the CMT+P mode in the second layer. All wavelength ranges
showed the same behaviour as in the second layer when oxidation
anomalies occurred. In the following sixth layer the behaviour was the
same as for the third layer and in the seventh layer the behaviour was
again the same as in the second and fifth layer even for a, in general,
lower gas flow rate of 6 1/min. From the eighth layer on, the robot travel
speed was increased. Despite the increase in robot travel speed, no
oxidation anomalies occurred, but still small peaks were detected at the
location where oxidation anomalies occurred in the previous deposited
layer. In the ninth layer no oxidation anomalies were found, and no
peaks were detected. From the tenth layer on, the robot travel speed was
increased again to 1500 mm/min but still no oxidation anomalies were
found. Although the robot travel speed was four times as high as in the
first layers no oxidation anomalies occurred in the tenth and eleventh
layer and no peaks were detected. In the last layer, the process mode was
switched to CMT+P with a robot travel speed of 1500 mm/min and a gas
flow rate of 6 1/min but still no oxidation anomalies occurred. Although
no peaks but only a generally higher intensity due to the CMT+P mode
was found in the data.

4. Discussion
4.1. White surface oxidation of parts manufactured by WAAM

It was observed that on the substrate and on the sidewalls a white
surface oxidation formed. Only on the top of the wall no white but a
transparent surface oxidation formed. It is indicated by the experiments
with different gas flow rates that the observed white surface oxidation
on the part formed in the area around the melt pool where the plasma of
the arc acts. The white surface oxidation does not form directly after the
deposition, but when the next layer is deposited on top of or next to this
layer. Therefore, it turns white after the next layer has been deposited.
Since this area is covered by inert gas and thus a very low amount of
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Fig. 10. Resulting walls (side and top view) and process images in the first layer for WAAM with gas flow rates of (a) 10 I/min, (b) 8 I/min, (c) 6 1/min, and (d)

4 1/min.
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Fig. 11. Argon gas flow in a cross-sectional view in interaction with the
oxygen-rich atmosphere for (a) 10 1/min, (b) 8 1/min, (c¢) 6 1/min, and (d)
4 1/min.

oxygen/ambient air is available to react with the aluminium, it was
assumed that the thickness and element composition of the oxide layer
does not significantly change. The thickness and element composition of
the surface oxidation was analysed by EDX scans on the substrate, on the
sidewall and the top of the wall. The results revealed a decrease in
thickness and oxygen content of the surface oxide layer between the
substrate and the layers, manufactured by WAAM. The reason for the
reduced oxide layer thickness at higher wall position can be related to
the nature of the oxide skin creation and its dependence on time and
temperature, while longer time and higher temperatures increase
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Fig. 12. Progression of the relative oxygen concentration in the centre of the
process zone for different gas flow rates and nozzle-to-work distances from
simulation results (lines) and experimental validation experiments (square
points) with the maximum oxygen limit for oxidation anomalies (green marked
area). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

diffusion effects. The diffusion effect continues over a relatively long
time period due to the permanent heat input of the arc and the high
conductivity of the aluminium, which keeps the entire part heated. In
addition, the substrate already had a surface oxidation layer before
processing, which has grown over time and explains the thicker surface
oxidation. Aluminium and oxygen peaks were also observed in the EDX
line scans of the substrate, which most likely occurred during the
deposition of the first layer when the arc acted on the existing oxidation
layer of the substrate. Since neither on the side wall nor on the top of the
wall such a thick oxide layer could form, such peaks were not observed
in those areas. However, the EDX line scans showed that the content and
thickness of the surface oxidation between the sidewall and the top of
the wall did not significantly differ.

Therefore, it can be assumed that the white colour of the surface
oxidation is not caused by the thicker oxide layer or a different element
composition. Furthermore, the interpass temperature during processing,
recorded with the pyrometer and the thermocouples, showed for the
whole part, except the melt pool, wherein the process is above the
melting temperature of aluminium (>660 °C), a maximum temperature
of 250 °C. During WAAM the deposited material solidifies and adapts to
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Fig. 13. Argon gas flow through the nozzle at 10 1/min in interaction with the
oxygen-rich atmosphere for different robot travel speeds of (a) 350 mm/min,
(b) 600 mm/min, and (c) 1500 mm/min in side and top views.

Fig. 14. Twelve-layer wall with local forced oxidation anomalies in the second,
fifth, and seventh layer (white dashed lines).

this interpass temperature. This heat balance occurs due to the high
conductivity of aluminium (237 W/mK), within the inert gas
atmosphere.

Therefore, no duplex oxide layer but a transparent amorphous oxide
layer forms right after deposition, just at the moment when the heated
layer comes into contact with the ambient air, as shown in Fig. 16. At
high temperatures above 300 °C, a duplex oxide layer containing both
crystalline and amorphous oxides is formed instead of a pure amorphous
oxide layer which is formed at ambient temperature [15]. The
high-speed videos revealed that the observed white surface oxidation on
the part formed in the area around the melt pool where the plasma of the
arc acted. This indicates that the high temperatures of the arc, reaching
up to 10,000 K in the shielding gas [6], transfers enough energy into the
existing amorphous oxide layer of the previously deposited layer, that a
duplex oxide layer forms.

In all layers, an amorphous surface oxidation formed on the depos-
ited layer and a white surface oxidation formed on the previous
deposited layer, as shown in Fig. 16. The crystalline oxides in the duplex
oxide layer caused the white colour which can be recognised in the high-
speed images and on the walls manufactured. For that reason, the sur-
face oxidation in the last layer was not white but transparent because
only an amorphous oxide layer (which is mainly transparent) formed.
Consequently, it can be stated that the effect of the high temperatures of
the arc on the material surface turns the existing, amorphous, and
transparent surface oxidation of the previously deposited aluminium
layer into the white, duplex oxide layer. On the substrate, the white
surface oxidation was along the whole wall about 20 mm wide, which
indicates that the arc acted with a radius of about 10 mm. In the same
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way as the arc affected the sides, it also affected the previous deposited
layers below, as shown in Fig. 16. Furthermore, the process images and
the manufactured walls showed, that the area affected by the arc
increased with a higher gas flow rate, as the area with white surface
oxidation on the substrate also increased.

4.2. Parameters influencing oxidation anomalies in WAAM parts

The reason for the oxidation anomalies in the wall manufactured at a
gas flow rate of 4 1/min, was the inadequate shielding, which was also
shown in the simulation results (Fig. 11). In addition to the oxidation
anomalies, black soot occurred over the entire first layer for the wall
manufactured at 4 1/min, which is also a sign of inadequate shielding (at
least for aluminium alloys without a high content of magnesium). The
experimental results were validated by CFD simulations, which matched
with the appearance of the oxidation anomalies and the higher amount
of black soot in the experiments. The simulations results revelead that
the oxygen concentration in the process zone at a gas flow rate of 4 1/
min was three times higher than at a gas flow rate of 6 1/min. Further
simulations on the influence of different nozzle-to-work distances and
changing gas flow rates revealed an increase of residual oxygen con-
centration with an increase in the nozzle-to-work distance or a reduction
of the gas flow rate. This correlation can be explained since with a lower
gas flow rate and a bigger nozzle-to-work distance, the interaction with
the oxygen-rich atmosphere also increases, as shown in the simulation
results (Figs. 11 and 12). WAAM is based on the deposition of individual
melt droplets, that melt from the end of the wire, and form together a
layer. The high amount of oxygen reacts with these melt droplets and
forms an aluminium surface oxide (Al,03) around. Due to this
aluminium surface oxide the melt droplet does not join with the so far
deposited layer, causing the oxidation anomaly. As with the white sur-
face oxidation, the oxidation anomalies show a whitish surface, which is
caused by the oxidation in the moment of melting the wire. The oxida-
tion therefore takes place at a very high temperature of about 660 °C,
which is the reason that a duplex oxide layer forms around the melt
drop, causing the whitish oxidation anomaly.

In addition to the parameters of gas flow rate and nozzle-to-work
distance, the process mode (CMT or CMT+P) and the robot travel
speed were also investigated. The oxidation anomalies in the wall
manufactured at 4 1/min occur randomly, except for the first two layers.
In these two layers the energy input was much higher due to a higher
wire feed rate and the CMT+P mode. All experiments showed more
oxidation anomalies for the CMT+P mode as for the CMT mode and for a
higher wire feed rate as for a lower wire feed rate. Thus, the oxidation
anomalies are likely caused by higher disturbances of the shielding gas
with the oxygen-rich atmosphere although the gas flow rate and the
nozzle-to-work distance do not change. These disturbances are likely
related to the higher heat input and the pulses in the CMT+P mode,
which lead to a more dynamic process and cause turbulence in the
shielding gas and thus a mixing with the ambient air. Consequently,
oxidation anomalies are more likely to appear in the CMT+P mode and
thus a higher shielding gas flow rate is necessary to avoid oxidation
anomalies. The increase of oxidation anomalies with a higher wire feed
rate was caused by the higher amount of material deposited, which
implies that a larger area must be shielded with the same gas flow rate.

Furthermore, the influence of the robot travel speed on the shielding
gas was simulated and it was shown that with a higher robot travel
speed, the residual oxygen concentration in the process zone increases
linearly. However, validation experiments showed no increase in
oxidation anomalies for a higher robot travel speed. This fact is probably
caused due to the less deposited material with a higher robot travel
speed, which implies that a smaller area must be shielded with the same
gas flow rate. Additionally, the shielded area shifts to positions behind
the processing zone in which the previous deposited material cools
down and solidifies. Therefore, the crucial area for oxidation anomalies
was still shielded.
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Fig. 15. Relative intensity for the (a) UV wavelength ranges, (b) VIS wavelength ranges, and (c) IR wavelength ranges during WAAM of the manufactured twelve-
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Fig. 16. Schematic in the formation of the white surface oxidation in WAAM.

In summary, a minimum gas flow is necessary to protect the pro-
cessing zone from oxidation anomalies. Oxidation anomalies are influ-
enced by different process parameters such as the gas flow rate, the
nozzle-to-work distance, the process mode, the wire feed rate and the
robot travel speed with an impact summarised in Table 3. The impact of
the specific parameters was classified into three categories (high, me-
dium, and low) based on the visual inspection of the appearance and size

Table 3
Impact of different process parameters on shielding from oxidation anomalies.

Parameter Impact on oxidation anomalies
Gas flow rate High

Nozzle-to-work distance High

Process mode (Heat input) Medium

Wire feed rate Medium

Robot travel speed Low

of oxidation anomalies. The maximum residual oxygen concentration in
the centre of the process zone should be kept below 100 ppm.

4.3. Light emission spectroscopy of oxidation anomalies

In the UV wavelength range from 300-320 nm and in the VIS
wavelength range from 380-400 nm, low intensities during regular
processing and significant peaks when oxidation anomalies occurred
were observed. In the UV wavelength range from 220 nm to 240 nm the
intensities of the peaks were less significant as for the UV wavelength
range from 300 nm to 320 nm. However, the intensities in the UV
wavelength range, from 220 nm to 240 nm, were also lower in the stable
WAAM process and thus the relative significance is the same as for the
UV wavelength range from 300 nm to 320 nm. In the remaining VIS
wavelength ranges, from 460-480 nm and from 620-640 nm, the
oxidation anomalies were also detected but the total and relative peaks
were not as significant. In the IR wavelength range from 770 nm to
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790 nm no peaks were detected. In the IR wavelength range from
800 nm to 820 nm the intensities were even lower when oxidation
anomalies occurred. Therefore, the most significant anomaly-related
peaks were detected in the wavelength ranges from 220 nm to
240 nm, from 300 nm to 320 nm, and from 380 nm to 400 nm. These
peaks were caused by the released energy of the exothermic reaction
when the oxidation takes place. This released energy is detected in the
light emission spectroscopy.

The reduction in IR emission could be explained by the change in the
emission coefficient or the lower reflectance due to the change in surface
colour (whitish surface oxidation instead of transparent surface oxida-
tion). However, the fact that only the IR emissions in the wavelength
range from 800 nm to 820 nm decreased makes another effect seem
more likely. Since for an exothermic reaction, activation energy is
needed, this activation energy is extracted from the process and reduced
the IR emissions. Thus, the consistent intensities in the IR wavelength
range from 770-790 nm and even lower intensities in the IR wavelength
range from 800-820 nm were observed.

5. Conclusions

In the present work, surface oxidation and oxidation anomalies in
Wire Arc Additive Manufacturing of AW4043/A1Si5(wt%) were inves-
tigated and the experimental observations were supported by CFD
simulations. Furthermore, light emission spectroscopy was used to
capture process emission data for a monitoring approach of oxidation
anomalies. The following conclusions can be drawn:

m The experiments with different gas flow rates, the corre-
sponding process images, the high-speed videos, and the EDX
line scans, showed that the observed white oxidation layer
formed in the area around the melt pool where the plasma of
the arc acted. Since this area is covered by inert gas and thus a
very low amount of oxygen/ambient air is available to react
with the aluminium, it can be stated that the high temperatures
of the arc turn the existing amorphous surface oxidation, of the
previously deposited aluminium layer, into a white duplex
oxide layer.

m The decreasing thickness of the surface oxidation from the
substrate to the layers manufactured by WAAM can be mainly
explained by the existing surface oxidation of the substrate
before processing. In addition, the repeated heat input of the
arc and the high conductivity of the aluminium, keep the entire
part heated and increase diffusion effects during processing.

n If the shielding during WAAM is too low a threshold of oxygen
contamination (in the current case: 100 ppm) is exceeded in the
processing zone and oxidation anomalies can occur in the part
and trigger uneven material accumulations which can be
detected by process imaging. These oxidation anomalies also
show a whitish surface, indicating a duplex oxide layer.
Different from the white surface oxidation, this duplex oxide
layer forms immediately when the material is deposited.

m The experiments and simulations showed that shielding de-
creases with a lower gas flow rate, a process mode with higher
heat input (CMT+P), a bigger nozzle-to-work distance, and a
higher wire feed rate, while the robot travel speed does not
have a measurable impact.

m Light emission spectroscopy can be used to detect changes in
the intensity of the emitted spectral wavelengths which were
found to correlate with the occurrence of oxidation anomalies
due to the exothermic reaction, which takes place when the
material oxidises.

m The most significant peaks in the time series data of the spec-
trometric measurements when oxidation anomalies occurred,
were detected in the ultraviolet wavelength ranges, from

Additive Manufacturing 41 (2021) 101958

220 nm to 240 nm and from 300 nm to 320 nm, and in the
visual wavelength range from 380 nm to 400 nm.
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