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ARTICLE INFO ABSTRACT

Wire Arc Additive Manufacturing is a near-net-shape processing technology which allows the cost-effective
manufacturing of big and customized metal parts. In the present work the Wire Arc Additive Manufacturing of
AW4043/A1Si5(wt.%) with different lead angles of the welding torch was investigated. It has been shown that
for some lead angles fluctuation effects occur in the structures produced if the interlayer temperature is either
too low or too high. All experiments were analysed by high-speed imaging whereby the welding phenomena
could be observed. In the case of Wire Arc Additive Manufacturing with a lead angle above 10° at lower in-
terlayer temperatures, the deposited track consists out of several, seperated WAAM globules and is no longer in a
uniform track. In the case of the dragging and neutral Wire Arc Additive Manufacturing processes at higher
interlayer temperatures, fluctuation effects occur. In addition, by evaluating the high-speed videos with com-
puter vision, it was found that such fluctuation effects can be detected at the arc frequency of the process. To
avoid fluctuation effects caused by too low or too high interlayer temperatures, a pushing Wire Arc Additive
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Manufacturing process with a slightly tilted lead angle should be used.

Introduction
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 Deposition
(DED) processes [1,2]. In WAAM, complex metal parts are produced layer
by layer. The process is primarily intended for large and cost-effective
components due to its high deposition rate compared to laserbased Ad-
ditive Manufacturing processes [3]. The wire-based techniques are 2 to 50
times more cost efficient than powder-based techniques [1,2]. Currently
most WAAM processes are based on Gas Metal Arc Welding, in particular
the welding process Cold Metal Transfer (CMT) [4,5]. In the CMT process
the wire is conveyed into the process zone via a pushing and pulling
movement [4,6,7]. In one CMT cycle the wire is fed forward till the wire
drops into the melt pool and an arc extinction occurs [4]. Afterwards the
wire is mechanically pulled backward to split the wire from the melt pool
and the CMT cycle starts again [4]. The CMT process enables a reduced
thermal input and an improved stability of the arc which allows an

accurate control of the deposited material [8]. The thermal state of the
part directly influences the process stability and the resulting material
properties [6,9,10]. Especially in WAAM any generated defects are closely
related to the material and process parameters used [11]. The CMT process
is affected by many different parameters such as voltage, current and wire
feed speed [6]. Further parameters are the processing speed, the arc length
correction, the dynamic correction, the type of shielding gas and many
others [12-15]. For instance, an increase of the arc length correction re-
sults in a longer arc with increased arc energy which leads to a wider melt
pool [16]. One parameter that affects the process stability, is the lead angle
of the welding torch to the process zone which has previously been in-
vestigated for Gas Tungsten Arc Welding (GTAW) [17,18]. In GTAW the
lead angle influences the width and the height of the deposited track [17].
With a larger angle to the vertical, the deposition width decreases and the
deposition height increases [17]. Deep penetration of the deposited track
can be achieved in laser welding [19]. Huang et al. found out that in
hybrid welding, that combines the advantages of Gas Metal Arc Welding
(GMAW) and laser welding, the laser should be in front of the wire to get a
stable process [20].
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Materials in Wire Arc Additive Manufacturing

WAAM is possible with many different materials, but aluminium is of
particular interest for large and customized lightweight components.
Aluminium is widely used in different areas such as aerospace, ship
building, train building and automotive industries because of its high-
strength, light weight and high corrosion resistance [21-23]. WAAM has
been recognized as one of the most efficient processing methods for in-
dividual, big and cost-effective structural parts [23-25]. As well as the
ultra-pure aluminium, various alloyed aluminium materials are generally
used. The most important alloying elements are copper, silicon, magne-
sium, zinc and manganese [12,26]. 4000 series aluminium alloys are ty-
pical for welding applications, making them suitable for Additive Manu-
facturing. Silicon (Si) is the main alloy component in the 4000 series [22].
Silicon reduces the melting point and improves the metal flow which leads
to excellent weldability [22,27]. Kohler et al. performed WAAM for Al-
Sil2(wt.%) and studied process characteristics, mechanical properties, and
residual stresses [28]. Kohler et al. figured out that the solidification range
and the WAAM settings such as arc length and pulse energy have sig-
nificant effects on surface waviness [28]. They also suggested that a wide
solidification range is more suitable for a smooth track [28]. Ortega et al.
investigated WAAM of AlSi5(wt.%), a widely used welding alloy, and
properties such as the microstructure of the resulting parts [4]. Ortega
et al. found out that the width of the tracks increases layer by layer when
building a wall due to heat accumulation if there is no break time between
the layers [4]. Hackenhaar et al. investigated active cooling by an air jet in
WAAM to prevent heat accumulation and concluded that this does not
prevent an increase in substrate temperature, which shows that heat
management is a major issue [29]. Wang et al. investigated the impact of
arc current and arc pulse frequency on the porosity and grain structure for
WAAM of AlSi5(wt.%) [30]. They found out that with increasing pulse
frequency of the pulsed GTAW the grains become coarser and the porosity
initially decreases and reaches its minimum at 50 Hz, but increases for
higher frequencies due to the relationship between pore formation and gas
escape [30]. Miao et al. investigated the microstructure and the mechan-
ical properties of AlSi5(wt.%) manufactured by laser modified WAAM
[31]. They found out that the additional energy input from the laser beam
leads to a microstructure with finer grains and thus to increased me-
chanical properties [31].

Marangoni force

The humping phenomenon sometimes found in welding has also been
studied in the context of WAAM [32,33]. One of the main driving forces of
metal convection in the weld pool is the Marangoni force [34,35]. The
Marangoni force is a surface tension force that is responsible for driving
the flow of molten metal from the areas of low surface tension to the areas
of high surface tension [33-35]. Mendez et al. created an arc force model
using the static force balance theory [36]. The model assumes that
humping occurs when the arc pressure exceeds the surface tension of the
melt pool [36]. They concluded that the arc pressure model can describe
the humping phenomenon [33]. However, what is not fully understood yet
is the periodic behaviour of humping [33]. Li et al. and Huang et al.
showed that high-speed imaging (HSI) is a suitable method to get a better
insight into the process effects [37,38].

WAAM has great potential to be widely used in industry, but a lot of
research still needs to be done to increase our understanding of the pro-
cess, such as the influence of different lead angles in multi-layer proces-
sing. The object of the present work is multilayer processing using WAAM,
considering the increasing interlayer temperatures and the related effects.

Material and Methods
Aluminium

The experiments were carried out with AW4043/AISi5(wt.%) wire.
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Table 1

Chemical composition of the aluminium alloys used in wt.% [31]
Alloy Al Si Fe Cu Mn Mg Zn Cr Ti
AW4043 Bal. 4.5-6 0.8 0.3 0.05 0.05 0.1 0.2
AW6061 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

Substrate plates of AW6061 with the dimensions 120 mm x 100 mm x
10 mm were used. The chemical compositions of the two alloys are
shown in Table 1.

Experimental set-up

The process set-up for WAAM consists of a motion control, a
welding source, an industrial 6-axis robot, a worktable with substrate
and an HSI system including a high-speed camera and an illumination
laser. In order to measure the temperature during the process, ther-
mocouples were attached to the substrate. Furthermore, a laser source
is included in the WAAM cell for modifying the process by adding laser
energy. The schematic set-up is shown in Fig. 1.

The equipment used for the experiments is shown in Fig. 2. In the
experiments, a wall was built by processing 10 tracks on top of each
other with a step height of 1.5 mm to 2.0 mm. The robot and the motion
control used for WAAM are from ABB and the welding source with CMT
functionality is from Fronius International. The fibre laser with a wa-
velength of 1064 nm and a maximum laser power of 8 kW is from IPG.
High-speed videos of all experiments were made with the high-speed
camera IDT NR4-S2 and the illumination laser CAVILUX HF.

Torch set-up of WAAM for different lead angles

For the first experiments, the lead angle was modified to investigate
its influence on the melt pool and arc behaviour as well as on the
geometry and porosity of the resulting WAAM parts. The schematic
procedure is shown in Fig. 3.

The parameters used for WAAM with different lead angles are listed
in Table 2. The lead angle was changed in a range of -10° to 40° in steps
of 10°. All angles a are related to the vertical (Fig. 3). For positive lead
angles a it is referred to as a pushing WAAM process, for negative lead
angles it is a dragging WAAM process and for a vertical torch it is a
neutral WAAM process. L.e. in the pushing WAAM processes, the wire is
fed in the direction of travel and in the dragging WAAM processes, the
wire is fed against the direction of travel. CMT mode 876 was used for
processing, which is a specific mode of cold metal transfer and can be
set in the Fronius welding source. The ROI (Region of Interest) is for all
experiments in the middle part of the tracks and walls, since the igni-
tion phase and shutdown phase of each single track differ regarding to
the process parameters used.

Torch set-up of WAAM influenced by laser

Further experiments regarding the melt pool behaviour and the
wetting of the substrate through higher preheating were made by
adding laser energy to the WAAM process. The laser was used to si-
mulate the increasing interlayer temperature during multi-layer pro-
cessing. In the experimental set-up it was possible to influence the
WAAM process by a fibre laser with a wavelength of 1064 nm and a
laser power up to 8 kW. Aluminium has an absorption of 5% to 7% at a
wavelength of 1064 nm. The laser is focused on the surface at a distance
dw. of 1.5 mm from the wire tip. The schematic procedure is shown in
Fig. 4.

The parameters used for WAAM with added laser energy are listed
in Table 3. The laser power was changed in a range of 0 W to 4500 W in
steps of 1500 W. Due to the structure of the equipment used, the laser is
inclined by 28° to the vertical.
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Fig. 1. Schematic experimental set-up of the robot based WAAM cell (Figure is for printing full size and in colour).

High-speed imaging system

For HSI of the process, the IDT NR4-S2 high-speed camera with a
frame rate of 2000 frames per second and an exposure time of 3 pus was
used. For HSI of such bright processes as WAAM, an illumination laser
is used to illuminate the process at a specific wavelength, while all
other process-related radiations outside the laser wavelength used are
filtered to obtain a non-saturated view on the melt pool. In this case the
illumination laser CAVILUX HF with a wavelength of 810 nm was used
in combination with a band pass filter with a CWL (Central
Wavelength) of 808 nm and FWHM (Full Width at Half Maximum) of 10
nm.

Analysis methods

All dimensions of the walls were measured with a caliper. The
heights of the first and second track and the length of the melt pool
were measured digitally in the high-speed videos. All high-speed videos
of the walls manufactured with different lead angles were made in the
second layer in the ROL The high-speed videos of WAAM modified by
adding laser energy were made in the first layer in the ROI. For mea-
suring the temperature during WAAM of AlSi5(at.%) two thermo-
couples placed on the substrate as shown in Fig. 5 were used. In this

Laser optics ——>%

Q4
lllumination laser |——>.

| High-speed
camera

Oscillating _

wire . N
Processing direction

of the torch/robot

Nozzle —

Contact tube

| -
1 1 | Contact

: Nozzle-to- : tube-to-work
F work distance; | distance

I )

Tracks

: Shutdown phase

Ignition phase : Region of Interest

Fig. 3. Sketch of the modification of lead angles (Figure is for printing two-
column format and in colour).

thesis the interlayer temperature is one of the decisive factors. The
temperature measurement by thermocouples will always differ from the
actual interlayer temperature because the temperature was measured

Fig. 2. Equipment for the robot-based Wire Arc Additive Manufacturing with HSI and the possibility of modifying the process by laser energy (Figure is for printing

full size and in colour).
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Lead angle to vertical

Table 2

Process parameters used for WAAM of AlSi5(wt.%) with modified lead angles
Parameter Value
Material wire AlSi5(wt.%)
Wire diameter 1.2 mm
Material substrate AlSi1MgMn(wt.%)
Process mode CMT mode 876
Ignition phase 10 mm
Region of Interest 80 mm
Shutdown phase 10 mm
Wire feed speed 4 m/min
Robot travel speed 0.6 m/min
Inert gas 18 I/min of Argon
Nozzle-to-work distance 10 mm
Contact tube-to-work distance 12 mm

-10°, 0°, 10°, 20°, 30°, 40°

Oscillating

wire
Nozzle
Processing direction
of the torch/laser
Contact tube
Contact
Nozzle-to- tube-to-work
Track—» work distance] distance

Ignition phase) Region of Interest : Shutdown phase

Fig. 4. Schematic set-up for preheating of the WAAM by adding laser energy
(Figure is for printing two-column format and in colour).

Table 3

Parameters used for WAAM of AlSi5(wt.%) modified by a laser beam
Parameter Value
Material wire AlSi5(wt.%)
Wire diameter 1.2 mm
Material substrate AlSi1MgMn(wt.%)
Process mode CMT mode 876
Ignition phase 10 mm
Region of Interest 80 mm
Shutdown phase 10 mm
Wire feed speed 4 m/min
Robot travel speed 0.3 m/min
Inert gas 18 I/min of Argon
Nozzle-to-work distance 10 mm
Contact tube-to-work distance 12 mm
Lead angle 10°
Laser beam diameter 0.6 mm
Laser inclination —28°
Focal length 250 mm
Laser irradiation-to-wire tip distance dy.1, 1.5 mm
Laser power 0 W to 4500 W

on the substrate and not directly on the surface of the last created layer.
For this reason, the actual interlayer temperature will always be higher
than the measured temperature, since the process-related energy input
needs a certain time to be distributed over the entire component.
Nevertheless, the measurements with thermocouples on the substrate
should show reliable temperature values due to the high thermal con-
ductivity of aluminium.

1091

Journal of Manufacturing Processes 56 (2020) 1088-1098

Data logger
ALMEMO Control

NiCr-Ni NiCr-Ni

o
3
©
=
173
Qo
=
5]

100 mm

Fig. 5. Positioning of the thermocouples on the substrate during WAAM (Figure
is for printing two-column format and in colour).

Computer vision

Computer vision algorithms in the programming environment
‘Python’ were used to analyse the high-speed videos of the experiments.
The libraries cv2, argparse, matplotlib and numpy were imported for
the algorithms. As a first step the high-speed videos were filtered
through a Background Subtraction Method. The brightness threshold in
the Background Subtraction Method is set to 800, which ensures that
pixels with a brightness below this limit are displayed black and pixels
with a brightness above this limit are displayed white. Afterwards the
white pixels were counted, a time series of these white pixels was
created and a Fast Fourier Transformation of this time series was per-
formed. The diagram resulting from the Fast Fourier Transformation
shows the normalized energy of the signal from the filtered high-speed
video over the frequency. The absolute values of the diagrams from
different high-speed videos cannot be compared with each other as the
signal is highly influenced by the algorithms used. Only the relative
values within a diagram can be compared with each other.

Results and Discussion
Melt pool behaviour at varied lead angles

Different lead angles in WAAM of AlSi5(wt.%) were analysed. 10
tracks of AlSi5(wt.%) were deposited in the z-direction for manu-
facturing a wall. The first tracks were produced with an Arc Length
Correction of 20%, resulting in a wider melt pool and thus better
wetting of the track on the substrate than without Arc Length
Correction. All experiments regarding the varied lead angles were made
without laser power. The resulting walls are shown in Fig. 6.

The high-speed images which represent one frame of the high-speed
videos are shown in Fig. 7. In these high-speed images the wire feed
direction is outlined through black dashed lines and the melt pool front
is outlined through orange dashed lines. The processing direction is for
all high-speed images the same.

The wall height, wall width and track height of the first and second
layer as well as the melt pool length in the second layer are illustrated
in Fig. 8. The deviations in the geometric dimensions and the fluctua-
tion of the melt pool during processing are represented by error bars.
Smaller error bars indicate more homogeneous geometrical dimensions
or less fluctuation in the melt pool.

The most consistent behaviour for the height of the first track was
achieved for WAAM with lead angles of -10° and 10°. After the first two
layers, WAAM with lead angles of 20°, 30° and 40° showed at least twice
as high deviation in the geometrical dimensions as WAAM with lead
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Processing direction

Fig. 6. Resulting walls with side view and top view for WAAM with lead angles of a) -10°, b) 0°, ¢) 10°, d) 20°, e) 30° and f) 40° (Figure is for printing full size and in

colour).

angles of -10°, 0° or 10°. These deviations in the geometrical dimensions
correlate with the melt pool fluctuations. For WAAM with a lead angle
of 40° the deviations in the geometrical dimensions were even three
times as high as for WAAM with lead angles of -10°, 0° or 10°. The melt
pool length in the second layer decreases significantly with increasing
lead angle from 10 mm for a lead angle of -10° to 7 mm for a lead angle
of 30°. For WAAM with a lead angle of 40°, no stable melt pool was
achieved in the first layers, as the high-speed images in Fig. 7 show. In
addition, the melt pool fluctuations in z-direciton are higher for WAAM
with lead angles of 20° and 40° what correlates with the high deviations
in the geometrical dimensions of the first layers. For WAAM with a lead
angle of 30°, the deviations of the geometrical dimensions appeared in
the beginning of the track and then disappeared by the middle of the
track. In the first layers a larger melt pool length correlates with a
smaller fluctuation of the track height and smaller deviations in the
geometrical dimensions, as shown in Fig. 8.

During the creation of the subsequent nine layers the behaviour of
the melt pool changed for most of the experiments. In the walls man-
ufactured at a lead angle of -10° and 0° the wall widths turned into a
periodic pattern (Fig. 6a,b). In the pushing WAAM processes
(Fig. 6¢,d,e,f) such patterns did not occur in the final geometry. Even in
WAAM with a lead angle of 40° the initial inhomogeneous track height
in the first layers transformed over several layers into a wall without a
fluctuating pattern. The reason for this shift is the rising temperature
during manufacturing of the wall. For the whole process one parameter
set with one specific wire feed speed and robot travel speed is set. So,

during the whole process the deposited material and the energy input is
the same. As the energy input through WAAM is higher than the energy
output by convection and conduction, the whole sample including the
substrate is heating up. At the beginning of the process the measured
temperature is 22 °C (ambient temperature) and during the process the
temperature rises from 60 °C after the first layer to 160 °C after the fifth
layer and to 240 °C after the tenth layer as measurements with the
thermcouples in Figure 9 show.

Due to the higher temperature in the upper layers, solidification of
the melt pool takes longer, as the temperature gradient to the melting
temperature of aluminium is lower compared to the first layers.
Consequently the melt pool length increases and this leads to a uniform
and smooth track in the pushing WAAM processes. For WAAM with
pulling (lead angle of -10°) and vertical (0°) wire the increased melt
pool length results in a wave pattern over the whole length of the wall,
as shown in the wall height and wall width in Fig. 8.

WAAM effects at low temperatures

The WAAM effects which occur at room temperature without pre-
heating are investigated in this chapter. Therefore the fluctuation of the
track height in the first layer of WAAM with a lead angle of 40° was
analysed in more detail in the high-speed images of Fig. 10. If the angle
of the wire is too steep, the wire will form partial welding beads which
will be called WAAM globules. These WAAM globules arise in WAAM
for a lead angle of 20° and are clearly visible in WAAM for a lead angle

Processing direction of the torch

Wire feed direction
Melt pool front

Fig. 7. High-speed images of WAAM with different lead angles of a) -10°, b) 0°, ¢) 10°, d) 20°, e) 30° and f) 40° (Figure is for printing full size).
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Fig. 8. Dimensions of the walls manufactured in WAAM for different lead angles without laser power (Figure is for printing full size and in colour).

of 40°. The formation of these WAAM globules is shown in Fig. 10.

The high-speed images in Fig. 10a show the progression of WAAM
in the second layer of an aluminium wall over several CMT cycles. A lot
of small WAAM globules were produced in the first layer of the wall, as
shown in Fig. 10a. In the second layer these WAAM globules enlarge
due to the dropping of the wire into the WAAM globules of the first
layer, which is shown in CMT cycle N of Fig. 10a. The increasing
temperature and enlarging WAAM globule lead to a merging of ad-
jacent WAAM globules (I&II), which is shown in CMT cycle N + 11 of
Fig. 10a. After the smaller WAAM globules have merged the marangoni
force leads to a bulge of the resulting bigger WAAM globule (I&ID),
which is shown in the change between CMT cycle N + 11 and N + 12
of Fig. 10a. After the bulging of the WAAM globule (I&II) the wire can
drop into the next WAAM globule (III), which is shown in CMT cycle N
+ 12 of Fig. 10a. For WAAM with a lead angle of 10° the material was
deposited uniformly along the entire track as shown in Fig. 10b. The
emerging effects for WAAM processes in the first layers with lead angles
up to 10° and above 10° are illustrated in Fig. 11.

300 1

- N N
g 8 8

-

Temperature in °C
8

1.Layer 2.Layer 3.Layer4.Layer5.Layer6.Layer7.Layer8.Layer,9.Layer/10.Layer

At the beginning of each experiment the substrate had a low tem-
perature of 25 °C compared to the melting point of aluminium at 660
°C. In addition, aluminium has a high heat conductivity of 220 W/m*K
which means that the heat is distributed very quickly throughout the
entire component. This means that the deposited aluminium solidifies
very quickly as shown in Fig. 10. At lead angles of less than 10° a
uniform track is created but with lead angles above 10° the track is
divided into several separated WAAM globules resulting in a nonuni-
form track as illustrated in Fig. 10. The fluctuation is more pronounced
with a larger lead angle, as the wire is fed through the steeper angle
over a longer period into the separated WAAM globules. As more layers
are deposited the temperature increases throughout the component
which leads to the disappearance of this effect over the layers, which is
shown in the parts of Fig. 6d,e,f.

Arc behaviour at varied lead angles

The arc has a great influence on the resulting track geometries such

Cooling phase

T T T T T T T T T T T T T T T T T T

OO0 Frrrrrmrrrrr e ANANNNNNNNNNNOOM

Time in min

Fig. 9. Temperature curve during WAAM without laser power.
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CMT cycle N+11 CMT cycle N+12

CMT cycle
N+11

CMT cycle
N+12

Processing direction

Fig. 10. High-speed images a) for WAAM with a lead angle of 40° in the second layer and b) for WAAM with a lead angle of 10° in the first layer (Figure is for printing

full size).
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Fig. 11. WAAM effects occurring at low temperatures for the a) dragging and
pushing WAAM processes with lead angles up to 10° and for the b) pushing
WAAM processes with lead angles above 10° (Figure is for printing two-column
format and in colour).

Processing direction of the robot

as the humping phenomenon described in the introduction and there-
fore the behaviour of the arc was analysed for all experiments.
Computer vision algorithms were used to create binary filtered videos
based on the high-speed videos. The moment the arc is ignited is shown

1094

in the high-speed images in Fig. 12 with the corresponding binary fil-
tered images and the Area of Interest (AOI).

Through the binary filtered videos the time series of the arc can be
analysed. Fast Fourier Transformations of these time series were gen-
erated in order to obtain the normalized energy of the signal for dif-
ferent frequencies of the arc. For stable processes maxima for 70 Hz to
80 Hz and their multiples should be visible because the CMT process
works at this frequency and therefore the arc should also have this
frequency. Computer vision was used to extract the current arc emis-
sions in every image of the video. Based on that image preprocessing
the normalized energy for frequencies up to 1000 Hz according to the
Nyquist-Shannon sampling theorem can be calculated. The arc char-
acteristics are shown in Fig. 13.

In Fig. 13 the arc characteristics for WAAM with lead angles of -10°,
0°, 10° and 30° are similar because they all have peaks in the green
marked frequency intervals 75 Hz to 80 Hz, 150 Hz to 160 Hz, 225 Hz
to 240 Hz, 300 Hz to 320 Hz and 375 Hz to 400 Hz. The peaks in these
freqency modes are caused by the CMT process. For lead angles of 20°
and 40° the signal is noisy because more oscillations occur. In the high-
speed images of WAAM with different lead angles in Fig. 7 the fluc-
tuation of the track height was detected only at lead angles of 20° and
40°, which also fits to the observation of the arc frequency. The noisy
arc frequency signals of Fig. 13d,f result through the effect discussed
earlier with reference to Fig. 10a. In the CMT cycle (N) of Fig. 10a, the
wire drops into the track later than in CMT cycle (N + 12) of Fig. 8a
resulting in a bigger stick-out of the wire and consequently in a time
delay between the CMT cycles. This time delay is also shown in the
noisy arc frequency signal of Fig. 13d,f.

WAAM effects at high temperatures

The WAAM effects which occur at higher interlayer temperatures
caused by previous tracks are investigated in this chapter. For the
pushing WAAM processes smooth tracks in the upper layers of the wall
were created and no wave pattern did occur as shown in Fig. 6¢,d,e,f.
Even the cases in which no smooth tracks were initially created in the
first layers due to the effect mentioned in Fig. 11b, smooth tracks were
created in the upper layers.

For WAAM at a lead angle of 10°, experiments with additional
preheating by different laser powers from 0 W to 4500 W were carried
out to investigate the behaviour of pushing WAAM processes with in-
creasing interlayer temperature. The experiments were carried out on
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Fig. 12. High-speed images and corresponding binary filtered images for WAAM of AlSi5(wt.%) with different lead angles of a) -10°, b) 0°, ¢) 10°, d) 20°, e) 30° and f)

40° (Figure is for printing full size).

the substrate in order to avoid the influence of the unevenness of pre-
vious tracks. The laser was used because selective preheating is possible
with the laser in order to simulate multi-layer processing on a pre-
heated track. Through an increase in the laser power an increase in the
interlayer temperature was simulated, as it would be the case in WAAM
of a wall. The laser beam is marked orange and the melt pool front is
drawn in white dashed lines in the high-speed images. The resulting
tracks and high-speed images are shown in Fig. 14. The measured track
height, track width and melt pool length are illustrated in Fig. 15.
The height decreases and the width increases with additional pre-
heating, as the melt solidifies later for a higher preheating. The tracks
with additional preheating trough a laser power of 3000 W or higher
show a better wetting on the substrate than the tracks with a laser
power below 3000 W. Based on an additional laser energy input, it can
be determined that the melt pool length increases steadily with in-
creasing laser power. The high-speed images also show how the melt
pool front changes due to higher preheating. In the track without pre-
heating the melt pool front is vertical to the substrate. With a pre-
heating by a laser beam of 1500 W the melt pool flows slightly forward
due to the higher interlayer temperature and the pushing WAAM pro-
cess with a lead angle of 10°, which pushes the melt pool through the
force transmitted by the oscillating wire and arc pressure pushes the
melt in the processing direction as shown in Fig. 16a. For a laser power
of 3000 W and 4500 W this effect is intensified. The same effect occurs
when the component heats up over several layers as was the case in the
experiments discussed in relation to Fig. 6 and illustrated in Fig. 16a.
For the dragging and neutral WAAM processes a wave pattern oc-
curred at higher inerlayer temperatures as shown in Fig. 6a,b. These
components show a wave pattern over the whole length of the geo-
metry. The fluctuation of the geometries in the dragging and vertical
WAAM processes started from the third layer with an interlayer tem-
perature above 120 °C and intensified over the several layers. These
wave patterns occurred due to the effect shown in Fig. 16b. As a result
of the increasing interlayer temperature the melt pool stays molten for a
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longer period before it solidifies completely. In the neutral and drag-
ging WAAM processes the melt pool is pushed against the processing
direction by the oscillating wire and arc pressure which is shown in
Fig. 16b. This results in an accumulation of material behind the process
zone and increases until the force transmitted by the oscillating wire
and the arc pressure is no longer sufficient to push the melt behind the
process zone. As soon as this is the case a new material accumulation
starts which finally ends in a wave pattern, as shown in Fig. 6a,b and
illustrated in Fig. 16b.

The fluctuation effects in WAAM are therefore dependent on the
lead angle and the interlayer temperature. In order to summarize the
findings the interrelationships are shown graphically in Fig. 17. The
graph clearly shows that the lead angle of 10° is most independent of
the interlayer temperature, since no anomalies formed in this case.

Conclusions

o For WAAM with CMT mode at a lead angle above 10° the track
results in separated WAAM globules and not in a uniform track. This
effect is due to the low interlayer temperature, the low heat input in
CMT mode and the high thermal conductivity of aluminium which
causes the applied material to solidify very quickly. For a lead angle
above 10° this leads to a bulging of the WAAM globules. The fluc-
tuation is more pronounced with a larger lead angle, as the wire is
fed through the steeper angle over a longer period into these bulging
WAAM globules.

The anomalies of the low temperature fluctuation of the track
through bulging of WAAM globules can also be detected in the arc
frequency. The noisy arc frequency signal in this case results from a
time delay between the CMT cycles which is related to the fluc-
tuation in the track as shown in the high-speed videos.

Fluctuation effects also occur in the dragging and neutral WAAM
processes at higher interlayer temperatures because the melt pool
stays molten for a longer period and both the dragging and neutral
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WAAM processes push the melt pool against the processing direction
by the oscillating wire and arc pressure, resulting in an accumula-
tion of material after the process zone. This results in an accumu-
lation of material behind the process zone which results in a wave
pattern for a ten-layer wall. In the pushing WAAM processes no
fluctuation effects occur at higher interlayer temperatures because
the oscillating wire and arc pressure push the melt in the processing
direction.
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