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ARTICLE INFO ABSTRACT

Keywords: Wire Arc Additive Manufacturing is a near-net-shape processing technology which allows cost-effective
WAAM manufacturing of large and customized metal parts. Processing of aluminium in Wire Arc Additive
Robot-based Manufacturing is quite challenging, especially in terms of porosity. In the present work, pore behaviour in Wire
&ti?izlr}i]ng Arc Additive Manufacturing of AW4043/Al1Si5(wt%) was investigated and a post-process monitoring approach

was developed. It has been observed that as the shielding gas flow rate increases, the porosity in aluminium parts
also increases due to the rapid solidification of the melt pool by forced convection. The higher convection rate
seems to limit the escape of gas inclusions. Furthermore, gas inclusions escaping from the melt pool leave cavities
on the surface of each deposited layer. Process camera imaging is used to monitor these cavities to acquire in-
formation about the porosity in the part. The observations were supported by Computational Fluid Dynamics
simulations which show that the gas flow rate correlates with the porosity in aluminium parts manufactured by
Wire Arc Additive Manufacturing. Since a lower gas flow rate leads to reduced convective cooling, the melt pool
remains liquid for a longer period allowing pores to escape for a longer period and thus reducing porosity. Based
on these investigations, a monitoring approach is presented.

Computer vision

importance for WAAM, as Hauser et al. have already proved by detecting
geometric deviations in the part due to excessively high process tem-

1. Introduction

1.1. Wire Arc Additive Manufacturing

Wire Arc Additive Manufacturing (WAAM) is a near-net-shape pro-
cessing technology that is classified as one of the Direct Energy Depo-
sition (DED) processes [1,2]. The process is primarily intended for
cost-effective production of large components due to its high deposi-
tion rates compared to other Additive Manufacturing technologies e.g.
laser-based Additive Manufacturing processes [3]. The wire-based
techniques are 2-50 times more cost efficient than powder-based tech-
niques [1,2]. Currently, most WAAM processes are based on Gas Metal
Arc Welding (GMAW), which has a high energy input into the base
material due to the temperatures of the arc reaching up to 10 000 K [4].
Since the energy input is so high, a constant temperature range is of high

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

peratures [5]. One of the most promising GMAW avenues for a future
industrial use of WAAM is the Cold Metal Transfer (CMT) process which
enables a reduced energy input compared to other GMAW processes
[6-8]. In the CMT process, the wire is conveyed into the process zone
with a pushing and pulling movement [7,9,10]. In one CMT cycle, a
pulse of defined duration melts the wire tip, which is fed forward until it
touches the melt pool, produces a short-circuit and arc extinction [7].
Afterwards the wire is mechanically pulled back, separating the wire
from the melt pool [7]. Then the CMT cycle restarts.

1.2. Aluminium alloys in WAAM

WAAM has been recognized as one of the most efficient processing
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methods for cost-effective production of large structural parts [11-13].
However, the process is not widely used for aluminium alloys due to a
lack of process understanding. Aluminium alloys are widely used in
different industrial fields such as aerospace, ship building, train build-
ing, and automotive industries because of their light weight and high
corrosion resistance [13,14]. Besides ultra-pure aluminium (Al), various
aluminium alloys are used. The most important alloying elements are
copper, silicon, magnesium, zinc, and manganese [15,16]. Aluminium
alloys of the EN AW-4000 series are common for welding applications,
which makes them a promising alloy for Additive Manufacturing. Silicon
(Si) is the main alloy component in the 4000 Al-alloy series. Kohler et al.
performed WAAM for AlSi12(wt%) and studied process characteristics,
mechanical properties, and residual stresses [17]. They suggested that a
wide solidification range (temperature range between solidus and lig-
uidus temperature) of the alloy is likely to lead to a smooth track [17].
Furthermore, they found that the material properties are evenly
distributed over the manufactured geometry when the interpass tem-
perature (temperature of the part before a new layer is deposited) is kept
constant [17]. The big challenges in WAAM of aluminium are the
occurrence of anomalies such as cracks, surface oxidation, and porosity.

1.3. Porosity in WAAM of aluminium alloys

Porosity reduces the overall density of the parts and thus reduces the
mechanical properties (such as the tensile strength) of the manufactured
components [18]. Porosity is a general problem when processing most
aluminium alloys and should be avoided or kept as low as possible in
order to alter the mechanical properties as little as possible [18]. Pores
can be mainly classified into the small and homogenously distributed
hydrogen pores, with a diameter up to 100 ym, and into the big and
inhomogeneously distributed process pores [19]. Hydrogen pores are
distributed more homogenously than process related pores [18].
Hydrogen is one of the main drivers in pore formation during WAAM of
aluminium because of the difference in the solubility of hydrogen in
aluminium liquid (at 0.69 cm® per 100 g) and solid (at 0.036 cm® per
100 g) [19-21]. One of the major hydrogen sources is the wire with
moisture, grease, and hydrocarbon contaminants on its surface which
can vaporize in the arc and convert into atomic hydrogen [19]. Process
related pores are distributed more inhomogeneously and can be caused
by entrapment of shielding gas, air (oxygen and nitrogen), or other gases
which cannot escape due to the rapid solidification of aluminium [18].
Aluminium has a very low melting point and a very high thermal con-
ductivity compared to other materials e.g. steel, so the solidification rate
is relatively high and gas bubbles cannot easily escape. Argon and he-
lium are the main gases used as shielding gas for aluminium welding
[18]. Helium is much more expensive than argon and the gas flow rate of
helium must be about three times higher than argon due to the lower
density of helium [18]. Argon is therefore more commonly used in in-
dustrial manufacturing [22]. However, pure helium is not used as
shielding gas, but argon-helium mixtures are used, which produce a
lower amount of gas bubbles as weld porosity sources due to a more
stable arc by the helium content [23]. Furthermore, for welding with
argon-helium mixtures, the arc energy is higher as with pure argon gas,
resulting in a higher heat input into the process [18,23]. Compared to
conventional gas supply methods, the addition of helium in aluminium
welding therefore leads to a lower porosity and a deeper weld profile
[22].

Gu et al. showed for the aluminium alloys AlCu6MnZrTi and
AlMg4,5MnZr that, after heat treatment, Ostwald ripening and
hydrogen diffusion dominate pore growth [19]. Ostwald ripening causes
merging of small pores into larger ones [19]. In conclusion, the porosity
can be even higher after heat treatment [19]. Gu et al. also showed that
porosity can be reduced through inter-layer cold working [19]. Wang
et al. investigated the impact of arc current and arc pulse frequency on
the porosity and grain structure of WAAM based on Gas Tungsten Arc
Welding and found that with increasing pulse frequency, the grains
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became coarser and the porosity initially decreased and reached its
minimum at 50 Hz due to the decreased liquid viscosity, which lead to
an increased escape rate for pores [24]. However, porosity increased
again for frequencies higher than 50 Hz due to the relationship between
pore formation and nucleation caused by the higher pulse frequencies
[24]. Derekar et al. investigated the influence of the interpass temper-
ature on the porosity of aluminium parts manufactured by WAAM and
observed that a higher interpass temperature reduces porosity [20].
Cong et al. performed experiments for WAAM of Al-6.3%Cu with
different CMT modes and found that the porosity can be significantly
reduced by the CMT-Pulse Advanced mode [25]. In general, several
scientific studies have shown that the porosity decreases if the melt pool
remains in the molten state as long as possible, so that gas inclusions
have enough time to escape.

Generally, the porosity is examined after the component is manu-
factured, but there are also approaches which detect anomalies during
the process. Various research groups are working on non-destructive
monitoring systems for anomalies such as porosity to improve the pro-
cess reliability in WAAM [26-30]. Lopez et al. investigated different
non-destructive testing methods and demonstrated that existing tech-
niques such as radiography and ultrasound can be used for in-process
and off-line inspection of WAAM parts regarding defects such as pores
and cracks [29]. Bento et al. showed that it is possible to detect defects
during WAAM of aluminium by eddy current testing [27]. The disad-
vantage of this method is its rather complex set-up, which takes a lot of
time and increases the processing time [27]. Javadi et al. also showed
that ultrasonic phased arrays can be used to detect big pores and cracks
during WAAM by detecting changes in the ultrasonic signal [26].
However, detection of small pores was not possible with this method
[26]. Zhang et al. used process imaging in combination with convolu-
tional neural network models to monitor porosity during laser additive
manufacturing [31]. Since all monitoring approaches have their ad-
vantages and disadvantages, Reisch et al. presented a context-sensitive,
multivariate in-process monitoring system with different sensors to in-
crease the probability that an anomaly is detected [32].

WAAM of aluminium has great potential to be widely used in in-
dustry, but further research still needs to be done to increase the un-
derstanding of the process and to ensure high quality parts are produced.
In the present work, pore behaviour in Wire Arc Additive Manufacturing
of AW4043/AlSi5(wt%) was investigated and a post-process monitoring
approach was developed. The reduction of porosity in WAAM of
aluminium is a critical topic for a long time which was investigated by
different researchers. Several methods were developed to suppress the
formation of porosity but just a few methods for monitoring of porosity
in parts were introduced. In this work, process camera imaging and
Computer Vision methods were used to monitor the porosity within
parts. The findings were supported by microstructural analysis and
Computational Fluid Dynamics simulations.

2. Material and methods
2.1. Aluminium alloys

For investigation of the gas flow rate influence in WAAM, walls with
different gas flow rates from 6 to 10 litres per minute (I/min) were
manufactured. The experiments were carried out with AlSi5 (wt%) wire
with a wire diameter of 1.2 mm. Substrate plates of AIMg1SiCu (wt%)
with the dimensions 120 mm x 100 mm x 5 mm were used. The
chemical compositions of the two alloys are shown in Table 1.

2.2. Experimental set-up

In the robot-based WAAM set-up shown in Fig. 1, a 6-axis Comau
robot, a Comau tilting turn table, a Siemens motion control, and a
Fronius welding source with CMT functionality were used. For in-
process monitoring, a Cavitar welding camera C200 was employed.
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Table 1

Chemical composition of the aluminium alloys used, in wt% [33].
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

Iy ¢
Welding

camera = 7

[5] Arearecorded

Fig. 1. Set-up of the robot-based WAAM-system with in-process monitoring by
a welding camera (marked white) with the area recorded (marked blue).

All experiments were conducted with a vertical orientation of the
torch, through which the wire is fed perpendicular 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 layer height of 1.5-2.0 mm. The first
two layers were created with the CMT+P (Pulsed cold metal transfer)
mode because the energy input in that mode is higher than in the CMT
mode and therefore a better bonding of the wall with the substrate is
created. After the first two layers, the process was switched to CMT
mode. In order to create a smooth wall, the interpass temperature was
kept in a temperature range due to a changing wire feed speed, which
was reduced from 5 m/min in the first layer to 4 m/min in the second
layer and to a constant 3 m/min starting from the third layer. The build-
up was based on a zigzag strategy in which material was deposited in
one direction only and then the robot moved back, resulting in a cooling
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Fig. 2. Schematic torch set-up for Wire Arc Additive Manufacturing.

time of five seconds between layers. In the CMT process, each layer
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 shielding gas was fed
through the torch with an orifice diameter of 18 mm. The parameter
varied in these experiments was the shielding gas flow rate, which was
manually controlled by a flow meter from 6 1/min to 10 1/min. For lower
gas flow rates as 6 l/min, main oxidation effects were observed and
therefore lower gas flow rates were not investigated.

2.3. Welding camera

To monitor and analyse the melt pool during WAAM a C200 (Cav-
itar) process camera was used. The process was monitored from the front
at an angle of 30° to the horizontal with a frame rate of 30 frames per
second. The resolution of the welding camera was 1980 pixels x 1080
pixels and the actual size per pixel was 73.5 um. The camera has an
integrated laser unit with a wavelength of 640 nm which is used as an
illumination laser. For very bright processes such as WAAM, the laser
unit is used to illuminate the process at a specific wavelength, while all
other process-related radiations outside the wavelength of 640 nm are
filtered to obtain a non-saturated view on the melt pool. The process
images were captured during processing and during the cooling phase as
the robot moved back to the start position of the next layer. Correlations
between pore formation and process images, capturing the melt pool
behaviour and the solidified layer, were investigated. A monitoring so-
lution based on the results of the investigations was developed in the
programming language Python. The Python libraries OpenCV, argparse,
matplotlib, and numpy were used. As a first step the process videos were
inverted to increase the visibility of the cavities, as shown in Fig. 3.
Subsequently an appropriate threshold was set for the background
subtraction method which was used to filter cavities from the process
images. The threshold in this Background Subtraction Method is a
brightness limit which ensures that pixels with a brightness below this
limit are displayed black and pixels with a brightness above this limit are
displayed white. The cavities (white pixels) in the region of interest
(marked blue) were captured over time and visualized in the diagrams,

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%)
Ignition phase length 10 mm
Process phase length 60 mm
Shutdown phase length 10 mm
Wire feed speed 3-5 m/min
Current — CMT+P mode 113 A
Voltage — CMT+P mode 17.4V
Current - CMT mode 50 A
Voltage - CMT mode 11.2V
Robot travel speed 0.35 m/min
Shielding gas Argon 4.5 (99.995% purity)
Gas flow rate 6-10 1/min
Nozzle-to-work distance 14 mm

Torch angle Neutral (0°)
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Fig. 3. a) Process image after deposition of a layer which is b) inverted and c)
filtered by background subtraction, with the region of interest outlined in blue.

shown in Fig. 12 and 13. The area covered by cavities in Fig. 16 is the
average area covered by cavities in one layer.

2.4. Material analysis

For analyzing the pore formation in WAAM, longitudinal cross-
sections through the center of the walls were performed. In the cross-
sections the porosity was analysed by manually measuring the number
and size of pores, with a minimum size of 0.5 mm. The relative number
of pores in Fig. 16 is the average number of pores in one layer, counted
manually in the cross-section. In addition to the cross-sections, SEM
(scanning electron microscope), and EDX (energy dispersive X-ray
spectroscopy) scans were carried out. A Scios DualBeam system (Thermo
Fisher Scientific, USA) equipped with an EDX spectrometer (EDAX, USA)
was used. The microstructure and the elemental distribution of selected
elements of the alloy were analysed with SEM and EDX images respec-
tively. In the EDX scans the bright areas represent the presence of the
analysed element and different colours are used for differentiation be-
tween the elements. A wall and its cross-section with the area in which
the SEM/EDX images were taken is shown in Fig. 4.

2.5. Computational Fluid Dynamics simulation

In order to investigate the influence of gas flow on pore formation
Computational Fluid Dynamics (CFD) simulations in the Siemens STAR-
CCM+ software were carried out to visualise and analyse the inert gas
flow on a flat substrate for different gas flow rates. The gas flow simu-
lation was performed in the process zone with a polyhedral mesh as
shown in Fig. 5. The basic mesh size is about 1 mm in the coarse areas
and about 0.4 mm in the fine areas. In addition, six prism layers were
created along the contours of the volume section in order to capture the
near-wall effects. In the CFD simulations of different gas flow rates, the
axi-symmetric structure of the torch was used to generate the mesh. The
gas flow was considered as laminar flow and calculated with the
Reynolds-Averaged Navier-Stokes model. The gas flow was modelled as

Fig. 4. a) Side view and b) top view of the aluminium wall manufactured by
WAAM at a gas flow rate of 10 I/min with its ¢) cross-section A-A which is
embedded in a polymer.
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Fig. 5. Mesh of the WAAM torch in the CFD simulation (2D cross section of the
3D simulation domain of the WAAM torch).

Fig. 6. Resulting walls (side and top view) and corresponding process images
during the process in the fifth layer at a gas flow rate of a) 10 1/min, b) 8 1/min,
and ¢) 6 1/min.

an ideal multi-component gas with two different phases; argon and air. A
steady state simulation was carried out because the flow conditions in
WAAM do not change over time and the robot travel speed was
neglected. Isothermal conditions and a segregated flow solver were used
in the simulations.

3. Results

3.1. Porosity behaviour for different gas flow rates in WAAM of
aluminium

The aluminium walls manufactured at gas flow rates of 10 1/min, 8 1/
min, and 6 1/min and their corresponding process images from the
process camera are shown in Fig. 6. The geometrical structure of the
walls as well as the process images were similar for all gas flow rates and
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(a)

Fig. 7. Longitudinal cross-sections of the walls manufactured at gas flow rates
of a) 10 1/min, b) 8 I/min, ¢) 6 1/min with the first two layer manufactured in
CMT+P (marked yellow) and the following eight layer manufactured in CMT
(marked grey), and d) the cross-section of a wall manufactured completely by
CMT+P at a gas flow rate of 10 1/min.
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Fig. 8. Relative number of pores per layer in the CMT+P mode and CMT mode
for the walls manufactured at different gas flow rates.

all walls had adequate bonding to the substrate.

To obtain details about the porosity, cracks, or delamination effects
in the walls, cross-sections were made. In the cross-sections of the walls,
shown in Fig. 7, it was observed that the level of porosity increases for an
increasing gas flow rate. Furthermore, the pores in the first two layers,
which were manufactured with the CMT-+P mode, tend to be bigger than
the pores in the subsequent layers. The reason for the bigger pores was
the pulsed CMT+P mode, which was shown by an additional experiment

Additive Manufacturing 41 (2021) 101993

EDX-O 20 ym

Fig. 9. SEM and EDX scans of aluminium, oxygen, and silicon, analysed in the
marked region of Fig. 4. The bright areas indicate that the analysed element is
present. They show pure aluminium phases («), aluminium-silicon composite
phases (B), and small pores (5).

MM
0.6 1.0 1.3 1.6

2 4 (a) g

0 0.3

Velocity [m/s]

Fig. 10. Gas velocity profiles through the torch for gas flow rates of a) 101/
min, b) 8 1/min, and ¢) 6 1/min.

in which a wall was manufactured completely by CMT+P (Fig. 7d).
Cracks and delamination defects were not detected. The relative number
of pores per layer at different gas flow rates are shown in the graph of
Fig. 8. The relative number of pores in the CMT+P mode at 10 I/min is
approximately double the value at 8 1/min and more than five times the
value at 6 1/min. Pores bigger than 2 mm occurred only at a gas flow rate
of 10 I/min. In the CMT mode a similar trend is shown but the relative
number of pores is generally smaller. Nevertheless, the number of pores
in the wall produced at a gas flow rate of 10 1/min is twice as high as at
6 1/min.

The wall manufactured at a gas flow rate of 10 1/min was analysed by
SEM and EDX scans. The wall and its cross-section, with its area in which
the SEM/EDX images were performed, are shown in Fig. 4. The SEM and
EDX images, in which pure aluminium phases (o), aluminium-silicon
composite phases (), and small pores (§) were found, are shown in
Fig. 9. The EDX scans for aluminium (EDX-Al) and silicon (EDX-Si) show
that the walls manufactured by WAAM consist of pure aluminium phases
(o) and aluminium-silicon composite phases (B). No cracks or major
defects were detected in the SEM image. However, small pores (§) were
detected in the SEM image and these pores were also visible in the EDX
image for oxygen. Within the area of the pores the analysed oxygen level
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Fig. 11. Stream lines of the argon gas flow for gas flow rates of a) 10 1/min, b) 8 1/min, and ¢) 6 1/min with recirculation effects (marked orange).

Fig. 12. Inverted process images recorded with the coaxial process camera
after the first layer, the fifth layer, and the tenth layer of the walls manufac-
tured at a gas flow rate of a) 10 1/min, b) 8 1/min, and ¢) 6 1/min, in which the
cavities (black dots) on the layer are visible.

10

—— Cavities at 10 Ipm
—— Cavities at 8 Ipm
—— Cavities at 6 Ipm

6 1st layer 2nd layer

Area covered by cavities [%]

Normalized Iocaticl)n in the layer [-]

Fig. 13. Detection of the cavities in the solidified layers produced by CMT+P.

and thus the aluminium oxide content is substantially higher than in the
total area analysed.

The different gas flow rates of 6 1/min, 8 1/min, and 10 I/min, were
simulated in CFD to obtain a better understanding about the influence of
the gas flow on the process and the part manufactured. The velocity

10
CMT —— Cavities at 10 Ipm
8 —— Cavities at 8 Ipm
—— Cavities at 6 Ipm
5% layer 6t layer : 7t layer 1 8tlayer : 9t layer

Area covered by cavities [%]

|

0 Normalized location in the layer [-]

Fig. 14. Detection of the cavities in the solidified layers produced by CMT.

Fig. 15. Melt pool width in the first layer of the walls manufactured at a gas
flow rate of 10 1/min (a), 8 1/min (b), and 6 1/min (c).

20 4 -4 CMT - Pores [0.5 mm - 1 mm]

-8-CMT - Pores [1 mm - 2 mm]
<> CMT+P - Pores [0.5 mm - 1 mm]
) CMT+P - Pores [1 mm - 2 mm]
" -4-CMT+P - Pores > 2 mm

10 +

Relative number of pores| - ]

Area covered by cavities [%]

Fig. 16. Correlation of the relative number of pores, counted manually in the
cross-section, with the relative covered area by cavities in one layer.

profiles at gas flow rates of 6 1/min, 8 I/min, and 10 I/min were simu-
lated and are shown in Fig. 10. The simulations revealed that the ve-
locity profile and thus the dynamic gas pressure at a gas flow rate of 8 1/
min is about 25% lower and at a gas flow rate of 6 1/min even 40% lower
as at a gas flow rate of 10 1/min. This indicates that higher gas flow rates
result in a higher level of forced convective cooling of the material
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deposited. Furthermore, the stream lines of the different gas flow rates,
shown in Fig. 11, revealed recirculation effects, which increased at
higher gas flow rates. These recirculation effects were induced by the
relative movement of the gas flow and the wire to each other. These
recirculation effects decreased with a lower gas flow rate.

3.2. Process monitoring

The top view of the walls (Fig. 6) showed that the surface roughness
increases for lower gas flow rates. At a gas flow rate of 10 I/min the
surface on top of the wall was smooth, but at a gas flow rate of 6 1/min
the surface was rougher, due to the presence of cavities and spatter.
During WAAM no major differences were observed in the process images
because the melt pool was still liquid. However, on the way back to the
starting position, the previously deposited layer was already solidified,
and cavities were visible on its surface. In order to increase the visibility
of these cavities, the process images were inverted as shown in Fig. 11. It
was observed that, for all the layers, the number of cavities (black dots)
increased for a lower gas flow rate. Also, the number of cavities in the
first layer, which was processed by CMT+P, was higher due to the higher
number of pores which occur in that mode.

To investigate this phenomenon further, a computer vision algo-
rithm, following the procedure shown in Fig. 3 was developed. The al-
gorithm analyses the percentage area covered by cavities on the surface
over time. The percentage share of the region of interest covered by
cavities in the different layers is shown for the process modes CMT+P in
Fig. 12 and CMT in Fig. 13. In the first two layers of the walls manu-
factured at a gas flow rate of 6 l/min and 8 1/min the graphs show
almost the same values. Both walls show a significantly bigger area
covered by cavities than the wall manufactured at a gas flow rate of 10 1/
min, which correlates with the lower porosity at 6 1/min and 8 I/min
compared to 10 I/min. For the wall manufactured at 10 1/min almost no
cavities were detected because less pores were escaping from the melt
pool during solidification.

In the CMT mode the graphs from layers three to nine were plotted.
The diagrams show that the average number of cavities is generally
higher than for CMT+P in all layers and that higher gas flows result in
fewer ‘bursting bubble’ cavities. Similarly, to the CMT+P case, there is a
clear inverse correlation between the number of cavities and the
retained porosity.

4. Discussion
4.1. Porosity induced by ambient gas

The high proportion of large pores in the walls indicates that process
related pores occurred due to the incorporation of air (oxygen and ni-
trogen) which cannot escape from the melt pool [18]. This suggestion is
supported by the EDX images shown in Fig. 9, in which it is clear that the
content of aluminium oxide is substantially elevated in the areas around
the pores. This observation indicates that the pores were in contact with
oxygen, which reacted with aluminium to form aluminium oxide. The
oxygen most likely came from the ambient air, which entered the pro-
cess zone because of recirculation effects. The higher gas velocities
(Fig. 10) and the higher dynamic gas pressure at higher gas flow rates
lead to more process pores because of increased recirculation effects in
the gas flow (Fig. 11). Further reasons for oxygen entering the process
zone could be the dissociation of aluminium oxide from the wire and
from the substrate. The arc, reaching a temperature of up to 10,000 K,
splits the aluminium oxide into aluminium and oxygen. The resulting
oxygen could easily enter the melt pool since the aluminium is melted by
the arc at the same moment.

4.2. Shielding gas influence on the melt pool

It is important to note that a higher gas flow rate increases the
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convective cooling of the melt pool. If the melt pool is cooled more
effectively in this way it will have a higher viscosity and a smaller sur-
face area, both of which inhibit the ejection of pores from the melt. To
investigate this further, the melt pool width was measured, as shown in
Fig. 14. From these measurements it was noted that the melt pool width
increased by about 20% with a reduction of the gas flow rate from 10 1/
min to 81/min. Reducing the gas flow rate from 8 1/min to 6 1/min
increased the melt pool width by a further 11%. This observation sup-
ports the theory of higher forced convection with higher gas flow rates
and is consistent with the observations of higher porosity with higher
gas flow rates.

4.3. Mechanism of gas bubble escape

As noted above, in addition to the porosity, cavities were found on
the top of the walls that were produced. These cavities are probably
created at the moment that gas pores escape from the melt pool, leaving
an open pore on the surface of the layer. The number of cavities
increased at a lower gas flow rate and therefore, a correlation of these
cavities with the pore content was considered. In the process images of
each layer, for instance in layer one, five, and ten (Fig. 11), cavities were
found. It was observed that as the gas flow rate decreased, the number of
cavities increased. In addition, the pore content decreases with
decreasing gas flow rate (Fig. 7), which indicates that a higher number
of cavities correlates with lower porosity within the part. This was
examined further by correlating the relative number of pores with the
area covered by cavities, as shown in Fig. 15. In the figure the results for
small (0.5-1 mm), medium (1-2 mm) and big pores (>2 mm) for CMT
and CMT+P are presented. The correlation between the relative number
of pores and the area covered by cavities is linear descending for CMT
and non-linear descending for CMT+P in the chosen range of parame-
ters. The graphs also show a similar trend for all pore sizes in these
process modes. In CMT+P the energy input is higher and thus the melt
pool remains liquid for a longer period. Therefore, the number of gas
inclusions which escape before solidification is higher in the CMT+P
mode which could explain the limit of detectable cavities at 2%.

The creation of cavities by gas inclusions escaping from the melt pool
is illustrated in Fig. 16. The most likely reason for higher numbers of
pores escaping from the aluminium melt pool is reduced melt cooling
related to a lower shielding gas flow rate. The main factors of heat
dissipation from the melt pool are conduction (Q.q) and convection ef-
fects (Qcv). The convection effects are mainly related to the shielding
gas, as shown in Fig. 16. Since a lower gas flow rate leads to reduced
convection effects, the melt pool, and especially the surface of the melt
pool, remains liquid for a longer period. Thus, pores can escape for a
longer period as well. (Fig. 17).

In summary, a higher number of cavities on the surface correlates
with a smaller number of pores in the layer. In general, the proportion of
cavities on the solidified surface therefore suggests the relative number
of pores in an aluminium part manufactured by WAAM. It is worth
bearing in mind that the cavities and spatter, caused by escaping gas
pores, could act like small notches on the surface of the part, reducing
the mechanical properties by stress raising effects. However, in the body
of the wall, both in the cross-sections and in the image data of the
process camera, it was found that the area covered by cavities and
spatter is remelted by any subsequent layer and any internal ‘notches’
are thus neutralised.

5. Conclusions

In the present work, pore formation in Wire Arc Additive
Manufacturing of AW4043/Al1Si5(wt%) was investigated. Process im-
aging was used to capture image data and to monitor pore formation or
pore escape during WAAM. The observations were supported by CFD
simulations. The following conclusions could be drawn:
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Fig. 17. Sketch of the cross-section showing the influence of the gas flow rate
on solidification and pore behaviour of the layer for a) higher gas flow rates and
b) lower gas flow rates.

e Process-related pores were found in the parts manufactured by
WAAM. They were most likely caused by the shielding gas mixing
with the ambient air because the pores showed a substantially higher
content of aluminium oxide in these areas.

e Higher shielding gas flow rates with higher velocities and higher
dynamic gas pressure lead to more process related pores, probably
because of increased turbulent mixing.

e Further sources of oxygen could be the aluminium oxide of the wire
and the substrate, which dissociates in the arc-based process and
could enter the melt pool.

e The higher number of pores in aluminium parts is related to the
shielding gas flow rate, because at a higher gas flow rate, the melt
pool solidifies faster as a result of increased convective cooling, thus
preventing the process-related gas inclusions from escaping.

e The number of cavities on the surface of each deposited layer is
inversely related to the relative number of pores in an aluminium
part manufactured by WAAM. A higher number of cavities on the
surface correlates with a lower number of pores in the part because
cavities are gas inclusions that have escaped from the melt pool. The
relative number of pores decreases linearly in the CMT mode and
non-linearly in the CMT+P mode as the relative area covered by
cavities increases.

Some aluminium alloys such as AlSi5 are likely to suffer from process

related pores. That being the case, a monitoring approach of the

percentage area covered by cavities is a suitable method to monitor

pore formation in the part. Based on this, an in-situ monitoring with a

closed loop control system could be established.
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