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Abstract

Wire-and-arc-additive manufacturing (WAAM) is an additive manufacturing technology with a high deposition rate. WAAM
usually employs a layer wise build-up strategy. This makes it necessary to know the height of each deposited layer to deter-
mine the height the z-axis has to travel after each layer. Current bead geometry models (BGM) lead to variations, which can
gradually accumulate over the layers. The present study focuses on the development of a closed-loop control system capable
of keeping the contact tube working distance (CTWD) constant during short-circuit gas metal arc welding (GMAW) based
WAAM. The algorithm calculates the CTWD based on the resistance during the short circuit. The closed-loop strategy is
compared to an open-loop control strategy, which moves along a predefined height step after each layer. Using the proposed
control strategy, WAAM becomes a fully automated process without the need for preliminary experiments to determine the
height step. Only a short calibration slope is necessary for a complete closed-loop additive build-up. To study the influence
of the control strategy on the workpiece the energy input, mechanical strength, microhardness, porosity, and microstructure
were analyzed. It is shown that the CTWD of the open-loop deposited component increases slowly. Due to the novel control
approach, this is prevented by the closed-loop control, while the mechanical strength and microhardness remain.

Keywords Height step - Wire-and-arc-additive manufacturing - Gas-metal-arc welding - Process control - Closed-loop
control

1 Introduction

Wire-and-arc-additive-manufacturing (WAAM) is an addi-
tive manufacturing technology, well suited for medium- to
large-scale parts with medium or low complexity [1]. A wide
variety of materials can be used for WAAM while maintain-
ing the properties of conventionally manufactured compo-
nents [2]. With steel, WAAM can achieve deposition rates
usually ranging from 4 to 9 kg/h [3]. To ensure high depo-
sition rates, interlayer cooling can be employed [4]. Most
WAAM workpieces are built with gas-metal-arc-welding
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(GMAW) [5]. WAAM mostly employs layer-wise build-up
strategies. This means that the workpieces are cut into dif-
ferent layers. Between the layers, the torch must be lifted by
the layer height. The layer height has to be determined by
empirical studies, before building the workpiece [6]. The
determined layer height is always only valid for one com-
bination of process parameters such as wire feed, gas flow,
travel speed, voltage, and interlayer dwell time.

Nowadays, process parameters for WAAM are planned
using bead geometry models (BGM). Since the workpiece
shape changes over the process, the heat conduction through
the workpiece changes too. Consequently, the interlayer tem-
perature through the build-up deviates. This usually leads
to changing layer shapes and deeper penetration within the
process. The bead height can be influenced by the inclination
of overhanging structures within the workpiece [7]. Further-
more, the bead height is sensitive to arc current and voltage
as well as shape distortion of the base plate [8]. It is reported
that BGMs operate with an error rate of 5-10% [6]. Since
WAAM works by overlapping the layers, this error accumu-
lates through the build direction. Two possible problems can

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-023-12012-w&domain=pdf
http://orcid.org/0000-0002-8200-5942
https://orcid.org/0000-0002-2690-5620
https://orcid.org/0000-0003-2119-824X

1726 The International Journal of Advanced Manufacturing Technology (2023) 128:1725-1739

be caused by this error. If the layer height is determined too
big, the nozzle to top surface distance (NTSD) will become
too large, resulting in insufficient shielding gas coverage. If
the layer height is determined too small, the welding process
will produce a lot of spatters. In the worst case, the torch and
the workpiece will collide [8, 9].

To ensure that a workpiece collision or insufficient shield-
ing gas coverage does not occur, a closed-loop control is
beneficial. Moreover, closed-loop control of the contact tube
working distance (CTWD) can eliminate the need for BGMs,
saving time and resources otherwise spent on preliminary
studies. Closed-loop control can be accomplished by using
external sensors, as it is done with charge-coupled device
(CCD) cameras in [8, 10]. However, since external sensors
increase the required space, increase the moving mass of the
torch system, increase the costs, and may increase the build
time, using the process signal as a sensor is a cheaper, faster,
and lighter solution. In addition, external sensors limit the
build directions by pointing to a specific point that is not
coaxial with the wire. A 90° turn would result in the sensing
point no longer pointing at the workpiece. Previous work
has shown a significant correlation between the short-circuit
resistance and the CTWD [11]. Therefore, the short-circuit
resistance is used for the first time to control the CTWD in
GMAW-WAAM.

The influence of the control strategy on the mechanical
strength is studied. The porosity in workpieces also affect
the mechanical properties as well [12]. It can dramatically
increase, when the CTWD is too high. Microhardness is
another factor influenced by the CTWD. The work of Henck-
ell et al. shows a relationship between CTWD and hardness
[13]. It is shown that higher CTWDs lead to a higher hard-
ness [13].

2 Process control in WAAM

Several attempts to control WAAM have been described
in literature. In [14], the authors control the layer width by
varying the travel speed of the Cartesian moveable work-
piece. The layer width is measured with a CCD camera
using computer image processing. The authors consider
that the process is nonlinear with multiple variables,
which interfere. Therefore, a PID algorithm is not appli-
cable. Instead, they use a single-neuron controller. The
single-neuron controller adjusts its output according to an
S-shaped function. The function adapts its shape using a
learning algorithm. The system responded to a step change
in layer width within 5 s. Most target weld bead widths
could be achieved with a maximum absolute error of less
than 0.5 mm [14]. In order to keep the camera pointed at
the right spot, the camera must be reoriented each time
the direction of travel is changed. This makes the system
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vulnerable to changes in the torch’s direction of travel. A
system, which works coaxial with the process wire, could
solve this issue.

Xu et al. use a digital light processing system to measure
the three-dimensional geometry of the workpiece in robotic
WAAM. The acquired data is used to adjust the speed of the
torch. The evaluated workpiece consists of a thin wall with
two slopes. The movement speed is adjusted in such a way
that the height difference of 10 mm is even after 18 layers
[15]. The digital light processing scans the workpiece after
the deposition of one layer. This means that an adaption of
the travel speed can only be achieved in the upcoming layer.
A sensor system which detects the workpiece geometry on-
line during welding can be beneficial.

Scetinec et al. chose to use the arc current to calculate
the CTWD. The CTWD is corrected after each layer on a
computer numerical control (CNC) based WAAM machine.
If the expected workpiece height deviates from the actual
height by more than 3.5 mm, the following layers are
replanned. By correcting the CTWD after each layer and
replanning the process, the accuracy of the workpiece can be
improved from a total height deviation of 6.8 to 0.1% [9]. By
using the process current, the torch position can be sensed
coaxially. However, using the short-circuit resistance is a
more accurate method of sensing the CTWD.

A control of the deposition height on a stepper-motor
driven WAAM machine is achieved in [8]. Therefore, Xiong
et al. use a CCD camera with a narrow band filter and image
processing techniques to acquire the NTSD. The NTSD is
used to control the wire feed rate via an adaptive control-
ler. The controller adjusts its parameters based on system
identifications. This leads to a smoother NTSD distribution.
The system is able to control the NTSD within a range of
+ 0.5 mm [8]. Even though the system works in the given
case, using this method on a different workpiece geometry
can lead to collisions between the camera and the workpiece.

Reisgen et al. also use a CCD camera for controlling the
deposition process on a CNC-based WAAM machine. The
camera detects the wire stickout and processes an elevation
map of the workpiece. Two different control strategies are
tested, one controls the CTWD and the other control strat-
egy controls the wire feed rate. The total height error can
be reduced from 25 to 7%, when using both control strate-
gies [10]. The control of the wire feed shows advantages
to achieve a smaller height error, but the CCD camera is
an easily disturbed measuring device and dependent on the
build direction.

Another attempt in controlling the skeleton robotic
WAAM process with a CCD camera is shown by Radel
et al. The authors use a blur filter and a canny filter to form
the contour of the last weld bead. The camera can sense the
NTSD in a window of 10 mm X 15 mm [16]. This system
can work well for skeletal workpieces, but will run into the
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same problems as other camera-based systems when build-
ing multi-bead workpieces.

A fuzzy-logic control system is implemented into a
robotic WAAM system in [6]. The authors use a triangulated
light sensor to measure the height of the workpiece after
each layer. The aim is to adjust the travel speed according
to the bead height of the underlying bead in the previous
layer. This control strategy is applied to a workpiece of 15
layers and 4 beads per layer. It achieves a total height error
of 0.14 mm [6]. The triangulated light sensor requires a scan
duration after each deposited layer, which may increase the
build time.

Mu et al. also use a triangulated light sensor to detect the
geometric features of the previous weld bead. Based on these
measurements, the parameters for wire feed rate and travel
speed of the robot are determined. The geometry of the fol-
lowing weld bead is predicted using a self-trained model.
The height difference in each layer decreases from 2 mm in
the uncontrolled case to 0.5 mm in the controlled case [17].
The triangulated light sensor works in this case after the
deposition of a layer, which may increase the build duration.

Most other works use external sensors, which work non-
coaxial to the process wire. This makes them dependent on
the travel direction of the torch. Moreover, these sensors are
susceptible to failure due to shading. Therefore, it is ben-
eficial to use a sensor, which works coaxially to the deposi-
tion. Additionally, sensors which can only work when the
welding is stopped may increase the build duration. Dur-
ing the deposition, only the electrical process signal can be
detected coaxially. Based on previous work, shown in [11],
the contact-tube-to-working-distance (CTWD) can be inter-
preted based on the process signal. In [11], slopes have been
welded and characteristic features were extracted out of the
process signal. It was observed, that the resistance during
short circuit has the highest correlation with the CTWD.
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In this work, the short-circuit resistance is used as an input
for a control scheme. A closed-loop controlled workpiece
is fabricated and compared to a workpiece fabricated with
the traditional build-up strategy. The energy per unit length,
mechanical strength, porosity, microhardness, and micro-
structure are compared.

3 Material and methods
3.1 Experimental setup

The electric power was delivered by an EWM Titan XQ 400
pulse (EWM AG, Miindersbach, Germany) welding power
source. The wire feed speed was set to 5.5 m/min. The power
source adapts its current and voltage delivery appropriate to
the wire feed speed. To lower the heat input, the power source
job coldArc was selected. The voltage and current cycle of
this job are described as shown in Fig. 1. The wire had a
diameter of 0.8 mm and met the specifications of EN ISO
14341-A (2011) G42 4M21 3Sil. As the welding torch, the
Abicor Binzel ROBO WH W 500 (Alexander Binzel Schweis-
stechnik GmbH & Co. KG, Buseck, Germany) was used. The
voltage was measured between the torch and the workpiece. It
was brought into the measurement range of the I/O-controller
(NI USB-6361 (NI, Austin, USA)) using a voltage divider
with a resistance ratio of 1:5. The current was measured using
a Chauvin Arnoux PAC22 (Chauvin Arnoux, Paris, France)
current measurement clamp. The experimental setup is shown
in Fig. 2. All welding related parameters are listed in Table 1.

The drive system featured four stepper motors. Two
motors drove the x-axis, one drove the y-axis, and
another one drove the z-axis. The motors were controlled
by a CNC system.

time, s
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Fig.2 Experimental setup with
workpiece clamping
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Two components were built on S355 steel substrate with ~ Table 1 Welding parameters
the dimensions 300 mm X 80 mm X 10 mm. The substrates
k ) . X Parameter Value
were clamped in a vise, as shown in Fig. 2. The samples
were manufactured by moving the torch back and forth over ~ Power source EWM Titan XQ 400 puls
a length of 280 mm. This resulted in a wall-shaped compo- ~ Welding voltage 168V
nent. The target height was 90 mm. The layers are depos- ~ Welding torch Abicor Binzel ROBO WH W 500

ited bidirectional, as the arc starting and stopping points are
switch after each layer. After the deposition of one layer,
an inter-layer idle time of 60 s was kept. To mitigate start
effects, the torch remains stationary at the starting point for
0.5 s after the process initiates. Similarly, when reaching the
end point of each layer, the torch is held stationary for 0.5 s
before turning off the arc.

The open-loop controlled component was manufactured
by raising the z-axis along a predetermined distance after
every layer. In the closed-loop control, the external control-
ler drove the z-axis. In the open-loop control, the shape was
sliced with the predefined height step into a given number
of layers. In the closed-loop control, the controller was pro-
grammed to stop the welding process once the target height
is achieved.

After the components were built, the resulting width and
height were measured using a caliper gauge. To study the influ-
ence of the control loop on the quality of the manufactured
workpieces, the components were cut using waterjet cutting
and diamond wet cutting, as shown in Fig. 3. Microstructure
test specimens were embedded, ground longitudinally, pol-
ished, and etched with nitric acid. The microstructure was
captured using the light microscope Olympus BX53 (Olympus
K.K., Tokyo, Japan). The grain sizes were then determined
using digital image analysis. The microhardness test specimens
were cut out using diamond wet cutting. The microhardness
was tested according to DIN EN ISO 6507-1 along build-up
direction with HV1 using a hardness tester type QATM Qness
Q10 A+ (ATM Qness GmbH, Mammelzen, Germany). The

@ Springer

Wire material

ENISO 14341-A (2011) G42 4M21
3Sil

Wire diameter 0.8 mm
Wire feed rate 5.5 m/min
Contact-Tube-Work-Distance 17.5 mm

Shielding gas

ISO 14175 M21 (Ar-CO, 82-18)

Shielding gas flow 12 I/min
Substrate material Mild steel (S355)
Welding speed 0.3 m/min

tensile test specimens were water jet cut and milled so that
they had a thickness of 3 mm. The geometry of the tensile test
specimens is based on DIN 50125 type E. The upper parts of
the micro-hardness test specimens were X-ray scanned using a
Zeiss Xradia 520 Versa (Carl Zeiss Microscopy GmbH, Jena,
Germany). The specimens were cut at different heights to study
if the height affected the tensile strength. The specimens were
then tested using a Zwick Roell Z100 (ZwickRoell GmbH &
Co. KG, Ulm, Germany) uniaxial tensile testing machine.

3.2 Open-loop control

The open-loop control strategy necessitates taking a constant
height step after each layer to move forward. The height step was
determined by welding five consecutive layers with a height step
of 1.2 mm and a 60-s inter-layer idle time. The height of the 5
layers was 10 mm. This means that the average layer height of
these layers is 2 mm. Hence, the height step is set to 2 mm. A
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Fig.3 Wall-shaped component
with sample preparation
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workpiece with a height of 90 mm was planned. This led to 40
additional layers, which were then manufactured on top of the
existing 5 layers.

3.3 Closed-loop control

Initially, a value which is correlated with the CTWD had to
be acquired. The work presented in [11] demonstrates that
the CTWD in short-circuit gas-metal-arc welding (GMAW-
S) is correlated with the resistance during short-circuiting.
To apply this detection method to the energy-reduced col-
dArc process, a threshold voltage, which divides the signal
in short-circuit and arc phase, needs to be identified. This
was done by raising the CTWD from 5 to 30 mm during
welding over a length of 60 mm. The voltage and current
were recorded simultaneously at a measurement frequency
of 50,000 Hz. The voltage value with the least occurrences
between the arc voltage and the short-circuit voltage was
chosen to be the threshold value. In the present case, a
threshold voltage value of 11 V defined the short circuit.
The density of the voltage occurrences together with the
threshold voltage is illustrated in Fig. 4.

Since the short-circuit duration of a coldArc process is
shorter than it is with GMAW-S, the minimum duration for
the short-circuit detection had to be adapted. The minimum
short-circuit duration was determined to be at least 0.75 ms.

Fig.4 Kernel density estimation
of the welding voltage used for
the definition of the threshold
voltage

density

The values were then fed into a proportional element,
which calculated the distance to raise the torch based on the
measured resistance required to keep the CTWD constant.
To reduce variation, the resistance values were smoothed
by applying a moving average filter with a sliding window
length of 30 values. The resulting values were then fitted to
a linear function, where R, is the short-circuit resistance
(Eq. 1), using the method of least squares. A comparison
of the calculated short circuit resistance with the measured
short-circuit resistance (R,,) against the CTWD is shown
in Fig 5.

CTWD(R,,) = 590.6 % % R, —2.2 mm (Bq. 1)

This strategy provides a CTWD determination with a
standard deviation of + 0.62 mm. Subsequently, the distance
was converted into a number of steps that the stepper motor
needed to travel in order to compensate for the deviation. To
prevent the controller from raising the torch too high due to
disturbances, the maximum number of steps per cycle was
set to 800 steps.

The sample rate of the I/O-controller was set to 50,000
Hz. To average multiple short-circuit events, the voltage
and current data were recorded for 850 ms while the z-axis
correction steps were performed. Following that, the
recorded data were analyzed and processed to determine

short-circuit
threshold voltage
1MV

voltage, V
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Fig.5 Comparison between the 60

expected short-circuit resistance

L 55 H
and the measured short-circuit

—linear fit of short-circuit resistance
- - -measured short-circuit resistance

resistance

short-circuit resistance in mQ

the average short-circuit resistance. The known short-cir-
cuit resistance for a CTWD of 17.5 mm is compared to the
measured resistances. A proportional controller (labeled
with “P” in Fig 6) uses the resulting difference and the
coefficient 590.6 %of Eq. 1 as gain value to calculate the
necessary number of steps to compensate. To prevent the
axis from overshooting due to misdetection of the short-
circuit resistance, a saturation element was programmed to
allow a maximum axis movement of 3 mm per cycle. Once
the number of steps was calculated, the square wave signal
was generated at a frequency of 2667 Hz. This resulted in
a travel speed of 10 mm/s. During the output of the square
wave signal, the voltage and current data were recorded
again. Since the processing took some time, the resulting
refresh rate of the control loop was 0.8 Hz. The control
loop is shown in Fig. 6.

The entire control loop, except for the axis drives, runs
on a computer in a MATLAB environment. The square
wave signal for the stepper motors is generated and
passed via the analog output of the I/O-controller to the
step amplifier (Fig. 7). Moreover, a directional signal is
passed through a digital output towards the step amplifier.
The step amplifier generates an electrical signal powerful
enough to move the stepper motors. This signal flow is
visualized in Fig. 7.

Fig.6 Control loop for the
Z-axis

desired

short-circuit resistance
- number of

10 15 20 25 30
CTWD in mm

4 Results
4.1 Build process

Both components showed slight distortion due to the heat
input. The width of both walls was 5.8 mm. The cross sections
of the open-loop component showed a slightly narrower layer
width in the upper layers, while the closed-loop controlled
wall showed a more uniform cross section. The walls and their
cross sections are shown in Fig. 8. Total build duration of the
closed-loop control component was 99 min and 27 s, while
the open-loop control took only 87 min 45 s. The pure weld-
ing time was 42 min 45 s for the open-loop component and
48 min 27 s for the closed-loop component. The open-loop
control component featured 45 layers, while the closed-loop
controlled component had 51 layers. Using the open-loop con-
trol strategy, a height in the middle of the component of 84.1
mm was achieved. As the component consists of 45 layers,
the average layer height was 1.87 mm. The determined layer
height was 2 mm (see section 3.2). The closed-loop control
strategy resulted in a height at the middle of the component of
86.3 mm. These measurements are listed in Table 2.

The movement of the z-axis showed an overall increase.
However, it did not show a linear or stepwise increase. The
z-axis movement began with an alternating fall and rise

desired

velocity
WAAM
step N N process
] axis drive
. generator
steps saturation
resistance
resistance .
during
short-circuit
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Fig.7 Schematic drawing of
electrical connections
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followed by a continuously rising U-shaped function, as
shown in Fig. 9.

The first layers show a clear decreasing axis position fol-
lowed by a clear increasing axis position. It is noticeable that
especially the first layers show an alternating trend behavior
of the axis position. Later, during the manufacturing process,
these increasing and decreasing trends resulted in a U-shape.

4.2 Energy input

The welding voltage and current data were also acquired and
evaluated. To evaluate the energy input into the material,
the energy per unit length was calculated for each layer. It is
calculated as shown in Eq. 2, with U as voltage, I as current,
and v as travel speed. The energy per unit length for each
layer and control strategy is shown in Fig. 10.

_ U=l
v

E

(Eq.2)

Since the ignition and the end of the arc can cause mis-
leading electrical measurements, the first and the last 5 s of
the measurement were not considered. The energy per unit
length during open-loop manufacturing increases in the first
five layers, which were welded with a height step of 1.2 mm
to determine the correct height step. The energy per unit
length continued to decrease slowly in the remaining layers.
The energy per unit length during the manufacturing of the
closed-loop controlled component is higher in each layer. It
varied between 272 and 282 J/mm.

Furthermore, the electrical signal was divided into arc
and short circuit using the threshold voltage of 11 V and the
minimum short-circuit duration of 0.75 ms. In Fig. 11, an
increase in energy input is observed in the first five consecu-
tive layers, followed by a steady decrease. An observation
that can be made in Fig. 12 is that in the case of the open-
loop controlled component, the energy per unit length during
short-circuit decreases in the first five layers and increases
in the remaining layers.

4.3 X-ray observations

The top of the microhardness test specimens was analyzed
with an X-ray microscope. The pores in the top 45 mm are
shown in Fig. 13. The observed porosity in the hardness
specimen shows that there are pores with an average size of
300.61 um® in the open-loop controlled case. The specimen,
which was built in a closed-loop manner, does not show any
pores bigger than 0.48 pm?.

4.4 Mechanical strength

The yield strengths of the specimens were in a range
between 390 and 417 MPa (see Fig. 14). A dependence of
the yield strength on the position in the workpiece cannot be
identified. The highest specimen of the open-loop controlled
component showed the lowest tensile strength. This is due to
the high amount of pores in the specimen. The high amount
of pores lowers the cross section in which the load is applied
and thereby leads to earlier failure. The tensile strengths of
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Fig.8 Manufactured walls with
slightly different distortions
visible: a open-loop control,

b closed-loop control, ¢ cross
section of open-loop controlled
component, d cross section of
closed-loop controlled compo-
nent

Table 2 Process times and geometries of the different components

Open-loop Closed-loop
Build duration 87 min 45 s 99 min 27 s
Welding duration 42 min45s 48 min 27 s
Height 84.1 mm 86.3 mm
Width 5.8 mm 5.8 mm
Layers 45 51

the pore-free samples are between 488 and 520 MPa, while
elongation at break is between 17.5 and 19.7%.

4.5 Micro-hardness

In the first few layers and in the heat-affected zone of the
substrate, a higher hardness than in the rest of the component

@ Springer

is observed. The hardness becomes constant in the middle of
the component. At the end of the component, the hardness
increases again due to the lack of annealing effects and a
faster cooling rate. The average hardness of the closed-loop
controlled component is 11 HV lower than the hardness of
the open-loop controlled component. The microhardness
evolution of the component along build-up direction is
shown in Fig. 15.

4.6 Microstructure

The microstructure of all longitudinally ground samples con-
sists mostly of ferrite with little perlite. Lack of fusion or
pores are not visible in any of these images. Representative
images of the microstructures are shown in Fig 16.

The grain size was analyzed using a 100 pm X 5500 pm micro-
scope image of the specimen, as shown in Fig. 3. The microscope
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Fig.9 z-Axis position during closed-loop manufacturing, layers 1-5 show an alternating z-axis position, while layers 46-51 show U-shaped
z-axis motion

Fig. 10 Energy per unit length
of both control loops; open-loop
controlled component shows
decreasing energy per unit 2001
length starting from layer 5
100 1
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layer
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o
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images included several manufactured layers; by using such a ~ which may result in a different number of layers captured in the
large area in z-direction, it can be ruled out that the grain size was ~ optical microscopy images. The grain size was analyzed using
measured within a welding typical coarse-grained zone. Neverthe-  a morphological image filter. The grain size on the closed-loop
less, measurement bias may occur due to different layer heights, ~ manufactured workpiece is between 80.5 and 91.5 um?. The
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Fig. 11 Energy per unit length
during arc; open-loop energy

per unit length shows decreas-
ing trend starting from layer 5

Fig. 12 Energy per unit length
during short-circuit; open-loop
energy per unit length shows
increasing trend starting from
layer 5

Fig. 13 a X-ray image of the
open-loop workpiece shows
pores; b X-ray image of the
closed-loop workpiece shows
no pores
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open-loop controlled specimen showed a trend in the grain sizes.
The grain size decreased towards the top of the component.

5 Discussion

The layer height of the open-loop component differed from
the actual height step by 0.13 mm. This deviation was caused
by the different heat fluxes in the first layers, which were
used to determine the height step. The heat in the first layers
can be easily conducted into the substrate plate. Thus, the
first layers became higher. This effect biased the height step
determination [18]. The difference between the actual layer

hardness evolution

20.0 400 60.0 80.0 100.0
position in mm

——open-loop ——closed-loop

height and the traveled height step might result in higher
CTWDs and less effective shielding gas conditions [8].
During each layer, the axis motion shows a characteristic
trend of rising and falling. This cannot be caused by the chang-
ing distance to the voltage measurement clamp. Assuming that
the current density is uniformly distributed over the entire cross
section of the workpiece and that the resistivity of the work-
piece and the wire are equal, the U-shape cannot be caused by
the workpiece resistance because the area of the workpiece is
12,800 times larger than the conductive area of the wire. This
means that a distance of 12,800 mm from the measuring clamp
would cause a deviation of 1 mm in the misinterpreted CTWD.
To further investigate this discrepancy, 50-mm-long tracks
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Fig. 16 Microstructure cutouts

open-loop control

closed-loop control

age grain area: 46.8 m2

__middle sample

were welded to a new steel plate with the dimensions given in
section 3.1. Both tracks were welded with a distance between
the tracks of 255 mm. The measured CTWD of both beads is
within + 1 mm of the measurement accuracy. This was also the
case when the workpiece was preheated to 75 °C. Therefore,
it is clear that the workpiece resistance does not have a major
influence on the CTWD detection. Even when the workpiece
temperature was increased and the resistance increased, there
was no deviation in the interpreted CTWD value.

@ Springer

The alternating behavior of rising and falling, how-
ever, suggests that the workpiece was not completely
aligned straight to the torch. From Fig. 9, a difference
of 2-3 mm can be seen between the start and end points.
This could be explained by a tilt of 0.5°. The later change
to U-shaped axis movements is due to thermal distor-
tions the edges raise causing the start and stop points
to be higher as the middle part. This can be observed
in Fig. 8b. Another reason for the U-shape is the lower
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wire resistance during the arc start. The conducting part
of the wire is colder at the start of the process, since it
was able to cool down during the inter-layer idle time.
Moreover, the arc start sequence of the power source
delivers a lower energy per unit length. A cold wire has
a lower resistivity than a hotter one [19]. Lower wire
resistances lead to CTWD misinterpreted too low, which
let the z-axis move upwards.

In closed-loop controlled manufacturing, the controller
was programmed to stop the manufacturing when the axis
had moved by 90 mm and the layer was finished. Because
the workpiece had geometric elevations at the start and
stop points, and a height of 88.6 mm at these points, the
previously discussed measurement variations resulted in
axis movements that stopped manufacturing. Nevertheless,
the closed-loop control strategy can improve the height
accuracy.

Moreover, the energy input decreases during the
manufacturing of the open-loop component. The energy
input should be as low as possible since it leads to distor-
tions, residual stresses, and coarse columnar grains [20,
21]. The decrease was caused by an increasing CTWD,
which resulted in a longer wire extension. The wire acts
as a resistance and limits the current flow, especially
during the arc period. Lower energy per unit length at
higher CTWDs is also observed in [22] and in [13]. In
the first five layers the energy per unit length increases,
during the first five layers the height step was determined
with a height step of 1.2 mm. In the first five layers, the
CTWD decreases with each layer. Moreover, the increase
in energy per unit length during the short circuit is fur-
ther proved for an increasing CTWD. To reignite the arc
and form a droplet at the tip of the electrode, the EWM
coldArc process needs to deliver an adequate amount of
current to the wire tip. Since the wire acts as a resistance,
a longer electrode extension requires a higher current to
melt the wire tip.

Pores in the welded component may be caused by a
lack of shielding gas [23]. It might be a result of the
height step. While the torch gradually moved 2 mm in
the height direction, the workpiece rose on average only
1.87 mm. This led to an average increase in CTWD of
0.13 mm per layer. Since every layer height can be differ-
ent the exact CTWD increase per layer cannot be stated.
The error accumulated over the 45 layers to 5.9 mm.
Since the porosity starts at a height of 53.6 mm and the
average layer height is 1.87 mm, the first layer, which
is porous, is layer number 28. In layer number 28, the
CTWD should be approximately 21.1 mm. Since it is
unlikely that these CTWD already resulted in gas shield-
ing issues, a partially clogged gas nozzle must also be
part of the problem.

The hardness evolution of both components is typical for
WAAM components and has also been shown by Henckell
et al. [13]. This could be caused by the higher energy input
into the workpiece caused by the lower CTWDs. This leads
to lower cooling rates and bigger grain sizes (compare sec-
tion 4.6). According to the Hall-Petch relationship, larger
grains result in lower hardness.

The higher divergence in grain size for open-loop com-
ponents is caused by the lower heat input due to the lower
energy per unit length. This resulted in faster cooling rates,
allowing smaller grains. The smaller grain size for samples
with lower energy input and higher CTWDs is also observed
in [13].

The measured tensile strength values are within the range
as reported by [24, 25]. The samples demonstrate that the
closed-loop control strategy is capable of producing work-
pieces with the same mechanical performance as with con-
ventional methods.

Unlike the works of Radel, Reisgen, or Li have shown,
WAAM process control can work without optical sensors
[6, 10, 16], optical sensors are vulnerable to failure due to
welding sparks and fumes. Moreover, they limit the build
direction or torch movements, or extend the build duration.

Scetinec et al. use the current during the arc existence as
the parameter to determine the NTSD. This signal is highly
distorted by a slope or a step in the workpiece. A slope or
a step would lead in the first moment to an increased arc
length and thereby a higher voltage. According to the con-
stant voltage characteristic of the power sources, the current
flow will increase, which leads to a wrong detection of the
NTSDs. The authors encounter this problem by using an
exponential moving average filter algorithms. The work by
Scetinec et al. shows a control loop which includes reslic-
ing, which may be beneficial for workpieces with a more
complex shape, for example, workpieces with overhanging
parts [9].

The short-circuit resistance is well suited for the con-
trolling of the CTWD. Based on the acquired data, it
can be seen that the CTWD was constant throughout the
whole manufacturing process. The control loop moreover
is robust towards changes in workpiece temperature or
workpiece height. Furthermore, the control loop is able
to keep the energy per unit length constant.

6 Summary and outlook

The experiment shows that the build-up of a component
by continuously monitoring and correcting the CTWD
based on the measured short-circuit resistance is possi-
ble. While other sensors may limit the build directions,
using the process signal as feedback to the controller
does not limit the build directions. The workpiece height
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accuracy can be improved with the proposed strategy.
Moreover, a closed-loop CTWD control strategy can pre-
vent collisions between the torch and the workpiece and
will allow to identify geometric disturbances in case of
overlap. The mechanical properties of the workpieces are
not significantly affected by the control loop.

Another advantage of the CTWD monitoring is the
allowance of repair welding even on convex surfaces. This
was especially visible due to a lack of straightness in the
base plate. The control loop was able to compensate for
these height differences. Moreover, the control loop man-
aged to keep the CTWD constant even through distortions
in the workpiece.

The closed-loop control strategy lead towards a slightly
higher energy input. This was caused by the overall lower
CTWDs. However, the energy input across all layers can be
kept constant with a closed-loop build strategy. The con-
stant energy input results in a homogenous grain size. The
increasing CTWDs in the open-loop component lead to a
trend in smaller grain sizes toward the top of the component.
Using the presented control strategy, new build strategies
become possible, such as building workpieces in a continu-
ous motion rather than layer-by-layer. For a tube-shaped
component, this would result in a spiral motion. Today’s
slicing methods can be replaced by new adaptive slicing
methods, which react to the actual workpiece shape.
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