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Abstract: The symmetrical nature in the case of wall fabrication by wire arc additive manufacturing
(WAAM) has been observed in the literature, but it has not been studied as a source of knowledge.
This paper focuses on the comparative study of three drop transfer methods employing Gas Metal
Arc Welding (GMAW) technology, one of the most reported for the manufacture of aluminum alloys.
The transfer modes studied are the well-known pulsed GMAW, cold arc, and the newer pulsed AC.
The novelty of the last transfer mode is the reversal of the polarity during the preparation phase of the
substance for droplet deposition. This study compares the symmetry of zero beads to determine the
best parameters and transfer modes for wire arc additive manufacturing of 5 series aluminum. The
pulsed transfer modes show values of 0.6 for symmetry ratio, which makes them more interesting
strategies than cold arc with a symmetry ratio of 0.5. Furthermore, the methodology proposed in this
study can be extrapolated to other materials manufactured with this technology.

Keywords: direct energy deposition; wall geometry; additive manufacturing monitoring

1. Introduction

Additive manufacturing is one of the most rapidly growing topics in the manufac-
turing and engineering world today [1]. It consists of adding material layer by layer to
manufacture bodies in three dimensions, which allows reducing the amount of material
used [2].

WAAM technology uses a wire of metallic material as the material and arc welding as
the heat source. The head provides heat to the wire and melts it, depositing it on a base (if
it is the first layer) or on the previously deposited, already cooled layer. The use of WAAM
technologies has been progressively improving, especially in the last 10 years [3]. In the
past, it has had other designations, such as Solid Freeform Fabrication (SFF), Shape Metal
Deposition (SMD), and even 3D Welding [4].

The main advantages of WAAM technology over traditional manufacturing processes
have been listed by S. Williams et al. [5] and are presented in terms of open architecture,
part size, deposition rate, and material cost.

There are three different types of WAAM processes, depending on the heat source
used: GMAW (Gas Metal Arc Welding), GTAW (Gas Tungsten Arc Welding), and PAW
(Plasma Arc Welding). The use of one type or another directly influences the processing
conditions and the production rate [3]. So far, the GTAW and PAW processes have proven
to be the most reliable for WAAM with less distortion, excessive heating, and porosity
problems than GMAW. However, in these two technologies, the wire is not fed coaxially,
which leads to introducing variations in the process when the material feed direction is
changed, resulting in excessive sensitivity to arc length. Many robotic systems require a
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rotating axis to guide the wire, which limits their applicability [6]. However, in order to
establish GMAW as an interesting alternative for the above technologies, the necessary
initial objective is the detailed study of the strategies of torch movement [7] and the modes
of metal transfer [8], to identify the most interesting types in each application [9], including
the most recent modes, such as pulsed AC, which is discussed in this paper.

A correct selection of the deposition parameters to obtain a correct bead is critical.
Multiple process-monitoring techniques [10] have been presented. Along these lines, the
geometry of the melt pool has received great attention [11]. The monitoring of the bead
geometry by vision techniques [12,13] has also been studied.

The geometry of the bead is one of the aspects that have received the most attention
from the scientific community, since the first articles [14]. Its importance lies in the ability to
fill the joint in welding and is more relevant in its application to WAAM since it determines
the external geometry of the piece [15]. If this technology is to be an alternative to the Near
Net Shape (NNS), a correct shape and dimension of the bead are key. Most of the articles
focus on the statistical modeling of the width and height of the bead, either by statistical
models (regression [16], neural networks [17]), analytical models [18], or finite element
models [19], although zero-bead analysis can be considered suitable for processes such as
welding, cladding, or WAAM. In this paper, it is focused on the study of WAAM because
the material is deposited on the substrate directly, without a joint preparation. The analysis
of the first bead for the determination of the correct parameters of wall or part fabrication
by WAAM is widely spread [20–27].

In an attempt to provide a summary of the scientific community’s interest in bead
geometry analysis in wire arc additive manufacturing processes, Table 1 summarizes some
of the work carried out in recent years in this field. Bead analysis allows this technology to
be an alternative for the manufacture of near-net-shape (NNS) parts.

Table 1. Summary of recent contributions concerning the analysis of bead geometry.

Authors Measured Entity Measurement Methodology Geometric Determination Procedure

Ding et al. [20] Overlapping distance (OD) and
bead height (BH) 3D laser scanner

The raw data of weld bead profile was
processed to obtain the geometrical

features OD and BH. A data-processing
algorithm was proposed with the

following steps: (i) denoising filter of the
signal, (ii) extraction of the bead profile,

(iii) curve fitting of the profile, and (iv) OD
and BH calculation

Karmuhilan et al. [21] Bead height and width Coordinate measuring machine
(CMM)

Welding process parameters were
processed to control the bead geometry

through an artificial neural network
(ANN) model of bead parameters

Venkatarao [22]

Depth of weld bead (DWB), width
of weld bead (WWB), height of

the weld bead (HWB), and width
of molten pool (WWP)

Cut across the weld beads to
measure weld bead geometry

with a microscope

A teaching–learning-based optimization
technique was used for optimizing weld

bead geometry. Some insights of the work
presented suggest that bead profile has a
symmetrical lookalike and it is modeled as

a parabolic function:
y = ax2 + h

Additionally, finite element modeling was
used for the molten pool geometry

estimation

Dinovitzer et al. [23]
Weld bead height, width, wetting
angle, melt-through depth, and

bead roughness

SEM scanning electron
microscope (SEM) and

profilometer

The welding parameters: travel speed,
wire feed speed, current, and argon flow

rate, were used in the Taguchi method and
ANOVA to determine the effects on

geometry.
To determine the variability of the bead,

surface roughness was measured. If there
are no variations in height or undulations,
the bead is considered to have a relatively

constant geometrical accuracy



Symmetry 2021, 13, 1245 3 of 16

Table 1. Cont.

Authors Measured Entity Measurement Methodology Geometric Determination
Procedure

Tang et al. [24] Arc striking (AS) and arc
extinguishing (AE) area

Infrared camera and arial
topography

measurement sensor

This paper presents a detailed study
of the geometry in the initial and final

zone of the bead. To avoid
geometrical errors in the area AE, a

burning-back method was
investigated

Li et al. [25] Bead width (W) and bead
height (H) Laser displacement scanner

They introduce a geometric term to
calculate the ratio between width and
height (RWTH). This RWTH ratio is

indicative of the variation of the
chord geometry since theoretically

the cross-sectional area is a constant
value

Sarathchandra et al.
[26]

Bead width, bead height,
penetration and dilution

3D optical microscope and
treatment using open-source

software ImageJ

Input current (I), standoff distance
(D), and welding speed (S) are taken
as input parameters for the multiple
regression models to ensure the bead

quality

Wang et al. [27]

Track width (w), layer height
(h), penetration (p),

accumulated area (A2),
penetration area (A1), aspect
ratio (B = w/h), and dilution

ratio (D = A1/(A1 + A2))

Laser profile scanner and
microscope image

The Box–Behnken design response
surface optimization method was
adopted to predict the geometrical
parameters of the bead using the
process parameters in cold metal

transfer arc additive manufacturing
(CMT-WAAW) in aluminum

Although these analyses are widely used, no work to date has evaluated bead sym-
metry as a bead quality parameter. The objective of this work is to compare three of the
most widely used metal transfer modes, namely two sprayed pulsed GMAW and pulsed
AC and cold arc. To this end, the novelty presented by this paper is the comparison of the
symmetry of the bead produced using image processing.

2. Materials and Methods

This section describes on the one hand the material resources and the experimental
design used to compare the transfer modes. Lastly, the methods used for the analysis of
the images and the study of the symmetry are defined.

2.1. Experimental Set-Up

The material used in this paper is a magnesium–aluminum filler metal, the alloy Al
5356 that has levels of Mg 4.8, Ti 0.081, and Mn 0.16, together with the addition of chromium
Cr 0.12 and a slight reduction of silicon 0.05. These changes together serve to increase its
resistance to corrosion and make it the best aluminum for use in marine applications. It is a
widely used filler metal for its affinity with multiple other aluminum alloys, generally with
argon as a protective gas. Al5356 has a melting point of 570 to 635 ◦C. The wire used in this
work was a 1.2 mm diameter EN ISO 18273:S Al5356 commercial wire with aluminum 5356
plates of 15 mm thickness as the substrate. The GMAW–WAAM technology was used. The
machine used for the tests was an Addilan v0.1 (Durango, Spain) equipped with Alpha
Q 552 pulse-welding equipment from the EWM brand (Mündersbach, Germany). This
machine equips a turntable and a controllable environment.

The torch, with an inclination angle of 90◦ concerning the substrate, used a 20 mm
diameter nozzle to manufacture the bead. A mixture of 80% Ar and 20% CO2 was used
as shielding gas at a flow rate of 18 L/min. A 17 mm stick-out was used. Figure 1 shows
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the arrangement of the components in the additive manufacturing; the axes on which the
symmetry of the zero bead is analyzed are described.
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Figure 1. Experimental set-up: schematic diagram of the axes in the analysis of the symmetry of the zero bead.

The three modes of pulsed GMAW, cold arc, and pulsed AC transfer are compared
at 2 wire speeds, 4 and 8 m/min, with 3 ratios, which is considered as the relationship
between the travel speed and the wire feed; welding conditions are better described in [28].
Table 2 summarizes the chosen parameters.

Table 2. Design of experiments for comparison of metal transfer modes.

Test Run# Wire Feed
(m/min)

Traverse Speed
(cm/min)

Deposition Rate
(kg/h) Ratio

1 4 100 0.72 4
2 4 57 0.72 7
3 4 33 0.72 12
4 8 200 1.44 4
5 8 114 1.44 7
6 8 65 1.44 12

2.2. Metal Transfer Modes

The metal transfer method is critical when making parts by direct energy deposition.
This affects the metallographic characteristics of the wall and distortions of the final piece
due to the heat generated and the amount of material deposited instantaneously. Likewise,
it also affects the external geometry of the bead in each of the layers for which the part
is sliced. This section briefly describes the generating wave of the drop in each of these
three modes.

There are three main processes of metal transfer modes, as reported in the review [29]:
spray transfer, globular transfer, and short-circuit transfer. Over the past few decades,
welding sources with high-frequency control strategies have been used to control this
metal transfer. These control strategies imposed by each synergistic work mode define
the waveform of the current signal applied to the load at the welding source. The current
waveform can influence the dynamics of the weld pool and the heat input, which are key
factors in achieving specific microstructures and potential metallurgical defects.

These modes are limited to specific deposition ranges that the welding machine
manufacturer specifies as deposition rate limits for each mode. For example, the pulsed
GMAW mode can transfer one drop per pulse in a controlled manner with high deposition
rates, as described in [28]. The power transferred to the process in the pulsed GMAW mode
is lower than that of the non-pulsed GMAW mode and, therefore, the heat input is also
lower [30]. In a study of pulsed arc and non-pulsed arc WAAM processes, the authors
in [31] concluded that the manufacturing efficiency was higher and the process control was
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greater in the pulsed arc WAAM processes. On the other hand, the short-circuiting metal
transfer mode controlled by the cold arc mode achieves low deposition rates, and reduces
the overall heat input during deposition compared to the conventional GMAW working
modes [32,33]. Finally, the new pulsed AC mode, which uses the variable polarity of the
current signal, achieves high deposition rates. Variable polarity current signals are not new,
but the use of these types of signals in high-deposition-rate processes is a novelty [34,35].
Different deposition rates influence the parameters of the welding process and, ultimately,
the material properties and melt geometry. Therefore, it is important to choose the right
mode during the manufacturing process.

2.2.1. Pulsed GMAW

Pulsed GMAW is one of the transfer methods based on the spraying of metallic drops,
based on the modification of current, the voltage from the generation phase. This current
is supplied by the heat generator in the form of a wave train. The droplet occurs mainly
during the peak current phase and is shed in the phase where the current is lowered.
This valley current maintains the arc while maintaining minimal heat transfer to the
substrate. This wave train has a frequency between 30 and 200 Hz, depending on the
desired deposition ratio. Therefore, the wave frequency leads to the deposition of a greater
quantity of material, ensuring a drop of the same volume at different ratios. In Figure 2,
we can see the form of two waves, in which the peak and valley phase of the signal is
observed.
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Figure 2. The shape of the current in pulsed GMAW transfer mode for two complete waves.

A synergistic GMAW pulsed process was used in this paper. In this process, the
generator automatically adjusts the current and voltage parameters to the wire speed
necessary to produce material at the commanded deposition ratio. It is the most widespread
method today because it allows a faster adaptation and usability by the operator.

2.2.2. Cold Arc

The principle of metal deposition in cold arc is based on causing a controlled short-
circuit to deposit the drop. It is based on carrying out a short-circuit and re-ignition of
the arc in a controlled process with a short reaction time. During the material melting
process, the electrode (wire) is brought closer, keeping the current and voltage theoretically
constant. It is observed that the material deposition does not occur at a constant frequency,
being a somewhat more erratic deposition than in the case of the metal projection of the
processes (pulsed AC and pulsed GMAW) in which the deposition is at a more constant
frequency. In Figure 3, two complete waves are observed in which the different phases of
controlled current are observed.
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2.2.3. Pulsed AC

In pulsed AC mode, a current signal with variable polarity at a high deposition ratio
is used; this is the main novelty of the method, which derives from the previous cold metal
transfer (CMT) modes at low deposition with advanced pulse [35]. This process occurs at
a frequency between 40 and 200 Hz. In Figure 4, the phases of the current wave are seen
with an ascending ramp to a stretch of constant current, then there is a descent to a base
current. Finally, the polarity is reversed once the drop is detached, until the next cycle.
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Figure 4. The shape of the current in pulsed AC transfer mode for two complete waves.

2.3. Image Processing

The first treatment on the images obtained from the microscope was carried out
to determine the center line in which to compare the symmetry of the bead both in its
transverse and longitudinal section. The walls and zero-layer weld beads were first cross-
sectioned in the middle portion and mechanically polished with Barker’s electrolytic, and
etching was performed to reveal the grain, applying 14 V for 120 s. After preparation, each
sample was observed with an optical microscope (Eclipse MA200 Nikon). The inverse blur
filter on a low-noise image was applied in order to shape the image. Figure 5 shows the
sequence followed for image processing, similar to that shown by [36].
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Figure 5. Transverse plane image of the bead: (a) original macroscope image, (b) blurred image, (c) sharpened image, and
(d) edge–centerline determination.

The original bead image in the transverse plane is the starting point for the image
processing, Figure 5a; this image, processed by employing a Gaussian filter, allows us to
obtain both the blurred image in Figure 5b, and by applying the inverse filter, the sharpened
image in Figure 5c. This sharpened image allows us to determine the edges of the bead
and position the centerline that will serve as the zero line on the x-axis for the calculation
of symmetry in the transverse bead. Figure 5d shows how this solution provides a good
resolution of the centerline. The original image is the one that was used to study symmetry.

The sequence shows how the central line of the cross image is obtained. A filtering
was carried out based on the Gaussian filter and the edges of the bead were obtained
with the sharpest image. These edges define the center. Once the centerline was obtained,
the symmetry calculation was performed on the original image. The original image had
312 × 212 pixels, and the pixel size corresponded to 26 square microns of real area once
the scale was applied.

2.4. Symmetry Analysis

For the analysis of the symmetry in the bead image in layer 0, an approach similar
to that used by Zielke et al. [37] was applied to the non-industrial images. The function
y = f (x) was taken, where y is the intensity of the pixel in the gray color scale. The x
corresponds to the position for the center line. Therefore, y = f (x) gives the intensity to
the right of the central line, and y = f (−x) to the left. Figure 6 shows the intensity value
on the grayscale for a given height (z = 3).
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The bead image would be perfectly symmetrical when f (x) = f (−x). Therefore, for
the quantification, the symmetric and antisymmetric functions are defined through the z
axis in Figure 1 as:

fs(z) =
( f (x) + f (−x))

2
(1)

fas(z) =
( f (x)− f (−x))

2
(2)

Figure 7 shows the evolution along the z-axis of the bead symmetry at each height as
the mean of the difference of the intensities on the grayscale.
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From these two functions, a ratio is established that takes values continuous between
(0, 1). The symmetric ratio takes a maximum value of 1 when the symmetry is pure and 0
when it is pure asymmetric. The correlation coefficient is between (−1, 1). These ratios can
be expressed as:

S =
‖ fs(z) ‖2

‖ f (z) ‖2 =
‖ fs(z) ‖2

‖ fs(z) ‖2 + ‖ fas(z) ‖2 (3)

C =
‖ fs(z) ‖2 − ‖ fas(z) ‖2

‖ fs(z) ‖2 + ‖ fas(z) ‖2 (4)

C = 2·S− 1 (5)
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Figure 8 shows the evolution along the z-axis of the bead symmetry ratio at each
height of the z bead. It can be seen how in the initial section the symmetry is less than in
the area where the same bead is located, obtaining its highest values in the dilution zone
that shows symmetry results higher than 0.6. The total symmetry index of the bead image
is considered the mean of all these values, which in this case is 0.45, with a median value of
0.44, and a standard deviation of 0.12.
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Figure 8. Result of symmetric ratio (S) and correlation coefficient (C) evolution in the pulsed GMAW
test #5 along the z-axis.

3. Results

The results are divided between the analysis of the images in the zero bead in the
longitudinal direction and the transverse direction obtained from the three different modes.
The longitudinal analysis already discards some of the sets of parameters that do not
produce a continuous bead so they could not be used for the manufacture of walls with
GMAW technology.

3.1. Zero Bead Symmetry Evaluation on the Longitudinal Axis

The first analysis focuses on the longitudinal image of the beads. This analysis makes it
possible to rule out some depositional conditions. Table 3 shows the set of results obtained.
At a first glance cold-Arc for low deposition rates is not suitable.
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Table 3. Mono-layer weld beads’ surface appearance, manufactured under three different working modes in the longitudinal
view.

Working Mode
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Once the symmetry in each of the windows is calculated, the evolution of the symmetry
in the windows along the direction of advance of the torch can be observed in Figure 10.
It is observed that in this case, test 2, the symmetry in the pulsed AC working mode is
slightly higher than the symmetry in the pulsed GMAW bead. The beads produced with
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the pulsed strategies are better than those offered by the cold arc strategy. The projection of
drops produced by the current pulse guarantees better welding in this deposition ratio.
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Figure 10. Symmetry ratio in test 2 for the different transfer modes.

Table 4 summarizes the results obtained in the mean symmetry of the entire bead in
the y direction. Both pulsed AC and pulsed GMAW have better results than cold arc. It can
also be seen how the increase in the deposition rate does not lead to a loss of symmetry in
the bead. Even in the case of cold arc, low deposition rates are not recommended due to
discontinuities in the process [41].

Table 4. Mono-layer weld beads surface appearance manufactured under three different working modes.

Test Run#
Wire Feed

(m/min)

Traverse
Speed

(cm/min)

Symmetry Ratio

Pulsed
GMAW Cold Arc Pulsed AC

1 4 100 0.49 0.1 0.61
2 4 57 0.42 0.25 0.53
3 4 33 0.43 0.3 0.22
4 8 200 0.47 0.48 0.36
5 8 114 0.61 0.48 0.57
6 8 65 0.55 0.42 0.51

3.2. Zero Bead Symmetry Evaluation on the Transversal Axis

The deposition conditions not ruled out in the study of the symmetry of the bead in
the longitudinal direction were studied by analyzing the metallographic images under the
microscope. Table 5 shows the set of analyzed images, following the method described in
Sections 2.3 and 2.4.
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Table 5. Zero beads’ transversal view under three different working modes [28].
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The porosity of aluminum alloy deposits using WAAM technology and traditional
welding is mainly due to the presence of hydrogen in the process. A proportion of the
hydrogen is encapsulated during the solidification process, creating porosities due to the
difference between the solubility limits of hydrogen for aluminum in the solid or liquid
state. Impurities and moisture that can often be found on the wire surface cause hydrogen
to be present in the process. Other causes of porosity occurrence can be the angle of
inclination of the torch and the purity of the shielding gas. The pulsed AC mode reduced
the porosity levels of the deposited material, a key factor for the integrity and quality
of the material. In the pulsed AC mode, when the current signal is negative it heats the
previously deposited material, removing the oxide film created on the surface, and in this
way, the hydrogen gas trapped in the material comes out, and consequently the porosity
is reduced. This incidence substantially modifies the calculation of the symmetry of the
image, therefore being of relevance.

After analyzing the images in Figure 11, the results of the total symmetry ratio, STotal,
of the image for the center of the bead is calculated as:

STotal =
∑

npz
i=0 S[ f (z)]

npz
(6)

where npz is the number of pixels of the image.
The symmetry in cold arc is greatly diminished by the high incidence of micropores

which, being black dots in the grayscale image, are interpreted as a great source of anti-
symmetry. The results in pulsed transfer mode deposition images are higher in most cases.
Symmetry also improves at high deposition rates.
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4. Discussion: Applicability Analysis

This subsection analyzes the possible application of the methodology developed
in this article in another case of additive manufacturing by WAAM. Figure 12a shows
the longitudinal image of the beads for a case of WAAM in ER70 extracted from the
literature [15]. For these images, we applied the formula proposed in Section 3.1. It is
visually observed how in test 13 the bead presents an irregular outer surface despite being
a fairly homogeneous bead in width. Once the initial and final sections of the chord were
removed, the symmetry ratio along the forward direction y was obtained (Figure 12b).
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Table 6 shows the welding parameters and bead geometry measurements taken from
the paper [15]. The geometrical parameters average width (wavg) and average height of
the bead (havg) were extracted from the analysis of the laser signal that reproduces the
transverse geometry of the bead at different positions of the y-axis. In addition, this feature
was selected because it defines a value of homogeneity and continuity of the weld. This
geometrical feature (GF) value, calculated as the inverse, is the product of the inverse of
the standard deviations of the height and width, following Equation (7):

GF =

(
1
σw
∗ 1

σh

)
2

(7)
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where,

σw =

√
∑n

i=1(w1 − w)2

n
σh =

√
∑n

i=1

(
hi − h

)2

n

Table 6. Measurement results of the beads’ geometry and total symmetry.

Beads
Number

WFS
(m/min)

TS
(cm/min) wavg (mm) havg (mm) GF STotal

2 4 65 4.62 1.69 49.45 0.35
8 8 65 7.88 2.25 63.50 0.49

13 12 30 17.21 4.19 6.86 0.25

To the values presented in the literature and as an alternative to the GF, we have
added the calculation of the total symmetry ratio in the longitudinal direction following
the methodology defined in this paper. The values of the total symmetry ratio correlate
with those previously published, thus, allowing us to establish a metric of the continuity
and homogeneity of the zero bead. The main advantage of using the total symmetry ratio is
its usability and lower implementation cost. The methodology based on image pro-cessing
and the calculation of the total symmetry ratio requires only the integration of an industrial
camera in the machine environment.

5. Conclusions

Image-based bead symmetry analysis yields interesting results, and in this case, it
seems to be an interesting tool for comparing metal transfer modes. The conclusions
obtained in this paper can be summarized in the following points:

• A methodology was developed for the analysis of the symmetry of the deposited zero
beads through three transfer modes: pulsed GMAW, cold arc, and pulsed AC.

• Good quality beads were created with deposition ratios of 1.44 kg/h of aluminum
from the Al-5356 alloy.

• The symmetry analysis based on image processing indicates that the material de-
posited by pulsed methods has a better geometry than when cold arc is applied.

• In the longitudinal analysis of symmetry, it was observed that cold arc is not suitable
for low deposition ratios, producing discontinuities in the bead.

• The study of symmetry in the transversal plane allows us not only to determine the
goodness of the external form but also to be influenced by the existence of micropores.
This causes the pulsed AC deposition method show the best symmetry results, with a
value of 0.55 for a travel speed of 200 cm/min and 8 m/min of wire feed.

• The application of this methodology to other cases of both welding and additive
manufacturing would allow establishing the goodness of the welding conditions
based on the performance in image analysis of the zero beads. The application of
the methodology to another case of additive manufacturing with ER70 steel material
shows the usefulness of the work presented in this paper.

Regarding future lines derived from this paper, the following could be ruled out: (i)
the possibility of extrapolating this analysis to welding processes and (ii) using signals
from other non-destructive NDT sensors for online inspection of the deposition process.
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