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Abstract: Additive Manufacturing is a manufacturing process that consists of obtaining a three-
dimensional object from the deposition of material layer by layer, unlike conventional subtractive
manufacturing methods. Wire Arc Additive Manufacturing stands out for its high productivity
among the Additive Manufacturing technologies for manufacturing metal parts. On the other hand,
the excessive heat input promotes increased residual stress levels and the occurrence of defects, such
as pores, voids, a lack of fusion, and delamination. These defects result in abnormalities during
the process, such as disturbances in electrical responses. Therefore, process monitoring and the
detection of defects and failures in manufactured items are of fundamental importance to ensure
product quality and certify the high productivity characteristic of this process. Thus, this work aimed
to characterize the effects of different contaminations on the electric arc behavior of the Wire Arc
Additive Manufacturing process and the occurrence of microscopic defects in thin walls manufactured
by this process. To investigate the presence of defects in the metal preforms, experimental conditions
were used to promote the appearance of defects, such as the insertion of contaminants. To accomplish
the electric arc behavior analysis, voltage and current temporal data were represented through
histograms and cyclograms, and the arc stability was assessed based on the Vilarinho index for a
short circuit. Effectively, the introduction of contaminants caused electric arc disturbances that led
to the appearance of manufacturing defects, such as inclusions and porosities, observed through
metallographic characterization. The results confirm that the introduction of contaminations could
be identified early in the Wire Arc Additive Manufacturing process through electric arc data analysis.

Keywords: wire arc additive manufacturing; defects; contamination; electric arc behavior; arc
stability; Vilarinho index

1. Introduction

Additive Manufacturing (AM) refers to a layered deposition process where metallic
parts are produced incrementally [1,2]. This technique facilitates the creation of intricate
and bespoke components without necessitating tools like punches, dies, or foundry molds,
thereby often streamlining post-processing requirements [3]. Wire Arc Additive Manufac-
turing (WA AM) presents numerous advantages over alternative metal AM methodologies,
offering versatility in consumables, including titanium, aluminum, and nickel-based alloys,
catering specifically to the automotive and aerospace sectors [4,5]. Beyond its capacity
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for geometric intricacy and diverse material selection, WAAM'’s heightened productivity
renders it particularly appealing for commercial utilization [6,7].

Nonetheless, defects associated with the deposition process, including voids, spatter-
ing, and arc instability, have constrained the widespread commercial adoption of WAAM
to date, especially in critical applications within the marine and aerospace sectors. During
the deposition process of products manufactured by WAAM, the weld quality can be com-
promised due to complex heat and mass transfers, leading to considerable fluctuations on
the surface and, consequently, inferior quality. Even after mechanical finishing, microscopic
defects may be present on the surface and subsurface of the products. Neglecting these
defects can result in more severe problems, affecting the performance and lifespan of the
products and, in extreme situations, causing grave safety accidents [8].

In this context, factors such as material heterogeneity, contamination (wire and sub-
strate) [9,10], process configuration misalignment, inadequate programming strategies,
unstable weld pool dynamics stemming from suboptimal parameter configurations, along
with thermal deformation attributed to heat accumulation [11], environmental influences,
e.g., gas contamination, and additional machine-related faults may contribute to the occur-
rence of discontinuities [11]. Process parameters potentially inducing defects encompass
the interplay between the wire feed rate and torch speed, heat input, Contact Tip to Work
Distance (CTWD), and gas flow rate [2]. These causative factors may lead to the occurrence
of defects, including porosity, voids, fissures, deformations, a lack of fusion, oxidation,
and delamination [12-14], which demand avoidance, particularly in components subjected
to extreme environments, where such defects may precipitate failure mechanisms, such
as elevated-temperature fatigue [15]. Given that in the GMAW-based WAAM process
the electric current directly influences the material deposition [16], there exists a height-
ened susceptibility to issues such as spattering, porosity, and excessive heating, relative to
WAAM processes employing GTAW and PAW techniques [17]. Thus, it becomes necessary
to develop reliable and sustainable digital systems to monitor these processes and predict
the existence of defects [14].

The reliable production of parts according to the required quality standards is paramount
for accepting WAAM in modern manufacturing [18]. Traditionally, quality assurance
for the WAAM process involves Non-Destructive Evaluation (NDE) conducted after the
complete fabrication of the parts [19], which is utilized to identify defects through numerous
sensor-based or other methodologies. NDE technologies can inspect the quality of the
tested specimens without causing damage or alterations to their performance or internal
structure [8]. Due to the large dimensions and complex shapes of real WAAM-produced
parts, conducting post-processing NDE testing to detect flaws based on scanning becomes
challenging and often impractical.

Recent investigations have established associations between the data obtained from
the manufacturing process and the quality of the fabricated layers, employing methodolo-
gies for monitoring control parameters [20]. Additionally, the implementation of intelligent
sensing systems has been central in monitoring various process responses [8,21-29]. More-
over, efforts have been made to assess the stability of the electric arc by analyzing metallic
transfer modes during the Wire Arc Additive Manufacturing (WAAM) process [22,23].
Li et al. [25] introduced a novel defect detection system for WAAM, leveraging incremen-
tal learning techniques. This method entails the collection of electrical signal data and
subsequent application of a defect detection algorithm. Furthermore, Zhang et al. [30]
proposed a technique for monitoring the quality of weld beads in WAAM utilizing electrical
signals, employing a Swin transformer model to construct a classification model capable
of accurately distinguishing between regular weld beads and those exhibiting surface
oxidation defects. Shin et al. [12] detailed a machine learning framework for identifying
and categorizing welder porosity defects using welding voltage signals and X-ray imagery.
The proposed approach involved training neural network models on X-ray images with
and without porosity defects to facilitate detecting and classifying such defects.
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Authors have studied the stability of the electric arc for arc deposition processes and,
in this perspective, have applied numerical indicators to quantify it. In the context of
short-circuit deposition processes, the Vilarinho index (IVsc) has been applied to study
the mechanism of this transfer mode in GMAW [31-34], in stability analyses of the cold
metal transfer (CMT) in brazing processes [35], and in the optimization of its parameters in
the WAAM process [36]. However, the use of the IVsc to verify the stability of the arc as a
function of introducing defects in the arc deposition processes has not yet been explored.

Based on the above, this work aimed to characterize the effects of different contamina-
tions on the electric arc behavior of the WAAM process and the occurrence of microscopic
defects in thin walls. In particular, the effect of contaminants was evaluated based on the
visual aspects of the thin walls relative to a sample manufactured with no contaminant and
keeping the process parameters constant. Subsequently, this effect was further evaluated
to understand better how the voltage and electric current data are distributed along the
deposits and, in general, how the electric arc behaves with the inclusion of contaminants.
Then, the influence of contaminants on the WAAM stability was investigated based on the
coefficient of variation of the electrical arc data. Finally, the metallographic characterization
allowed for the identification of microscopic defects in the contamination zones of the
manufactured preforms.

2. Materials and Methods

In this work, an AISI 1015 steel substrate was employed alongside an austenitic
stainless steel wire (ABNT 316L-Si), with a diameter of 1.2 mm, serving as the deposi-
tion material. The nominal chemical composition of both materials is given in Table 1
for reference.

Table 1. Nominal chemical composition (% by weight) of the substrate and deposit metals.

Steel C Ni Cr Mn Si Mo Cu P S Fe
AISI 1015

(AISL, USA) 0.148 - 0.043 0.419 - - - - - Bal.

ABNT 316L-5i 0.030 12.5 19.0 1.75 0.83 25 0.75 0.03 0.03 Bal.

(ABNT, Brazil)

Preformed walls, each comprising a single cord per layer and consisting of 5 layers,
were systematically deposited. Employing a zig-zag deposition strategy along the z-axis,
as outlined in prior works by Zhang et al. [37,38] and Rodideal et al. [39], facilitated the
attainment of uniform height at both ends of the preform. To ensure consistent heat transfer
conditions across all samples, 316L-Si stainless steel preforms were fabricated atop low
carbon steel substrates measuring 120 mmx 50 mm x 19.54 mm. The torch speed was set
at 300 mm/min, the wire feed speed was maintained at 5 m/min, and a peak current of
250 A and a background current of 50 A were applied. The distance from the contact tip to
the workpiece (CTTW) was fixed at 10 mm, and commercial argon (99.98%) served as the
shielding gas for the molten pool, delivered at a flow rate of 18 L/min. Interlayer cooling
was achieved via natural air-cooling, while the interpass temperature was held constant at
80 °C. The process parameters selected for the production of the stainless steel parts were
meticulously determined to ensure the structural integrity of the preformed walls.

The electric arc data, specifically the welding current and voltage, generated from a
Gas Metal Arc Welding (GMAW) process employing controlled short-circuit (CCC) transfer,
constituted the primary datasets utilized for the detection of the presented defects. These
datasets were acquired using the SAP V4 data acquisition system from IMC Soldagem
(Brazil) at a sampling rate of 5 kHz for voltage and current signal processing. The system
components encompassed the Digiplus A7 multiprocess welding power supply from
IMC Soldagem (Palhoga, Brazil), a commercially available argon shielding apparatus, a
CNC cartesian structure, the STA-20 wire feeder from IMC Soldagem, and the previously
specified electrical signal acquisition system.
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The fundamental parameters determining the CCC waveform shape included the peak
current (1), peak current time (2), current drop rate (3), current rise rate (4), short-circuit
wait current (5), and background current (6), as depicted in Figure 1.
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Figure 1. Fundamental parameters to determine the CCC waveform: (a) characteristic waveform,
and (b) single CCC current waveform.

An output parameter utilized for assessing the stability of the electric arc during metal
deposition is the Vilarinho index for short-circuit transfer (IVsc). Specifically, [Vsc serves as
a criterion predicated on the notion that metal transfer correlates with arc burning and the
consistency of short-circuit durations [33,34], calculated as:

Otsc Otarcin
IVsc = — + g

tse tureing

’ (1)

where 0y is the standard deviation of the average short-circuit time, 0tgcing is the standard
deviation of the average arc burning time, ts is the average short-circuit time, and #;,¢jng
is the average arc burning time [23,35]. Furthermore, the IVsc regularity index takes into
account both average and standard deviation values so that a lower IVsc value indicates a
more regular transition, that is, a more stable metal transfer [40-42].

In the present work, the IVsc values were calculated from the data obtained using
the described acquisition system for an average acquisition time of 20 s, considering
the length of the layers and the TS value. The acquired data were processed using a
MATLARB (9.12 version) script developed to calculate the [Vsc value for each layer deposited.
Considering that the numerical format of the electric arc data acquisition files was originally
not in accordance with the requirement of the script algorithm, some file manipulation
operations were necessary, such as separating the data columns by tabulation, converting
the data format to the standard numerical format, and increasing the number of significant
decimal places so that the numerical values would not be prematurely rounded.
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To evaluate the effect of defects on the electrical arc responses, the contaminants were
inserted at predefined heights during the preform manufacturing process. Thus, two
chamfers of 3 mm x 45°, 30 mm apart from each other, were machined in layers 1 and 3 to
evaluate the interruption of the arc, as schematically illustrated in Figure 2.

Torch z l

X

Consumable wire

3

Deposition direction

New layer

™~

Substrate

/

Figure 2. Schematic diagram of the insertion of contaminants during the layer deposition WAAM process.

Afterward, the chamfers were infused with extraneous substances, such as oil, sand,
and chalk, to replicate contamination scenarios commonly encountered in the manufactur-
ing process [10,26]. Considering the inherent nature of WAAM when occurring within an
exposed environment or during service, oil represents a prevalent contaminant in electric
arc melting processes, whereas other particulates, notably dust or sand, may inadvertently
accumulate within the weld pool during production. Despite chalk contamination be-
ing unanticipated in WAAM operations, it is frequently employed to induce a marked
perturbation in the electrical arc [10,26].

The preprocessing of data for analyzing the impact of contaminants on the electric arc
behavior entailed data cleansing to eliminate rows containing null values. Furthermore,
in tandem with this preprocessing step, all visual elements integral to this analysis were
developed and plotted using the PyCharm Community Edition software (version 2023.2.3).

The specimens utilized throughout this manuscript have been meticulously labeled
to distinguish each 316L-5i stainless steel WAAM component manufactured, considering
the specific contaminant employed to induce arc perturbations. Consequently, the samples
were denoted as follows: S; denoting chalk as the contaminant material, S, representing
oil, S3 indicating no contaminant, and S4 designating sand. Subsequently, all the specimens
were transversely sectioned at the contamination region of the preformed walls, subjected
to cold embedding, sanded to 2400 granulometry, and polished using an alumina and
silica solution. Additionally, electrolytic etching was performed with a 10% oxalic acid
solution (1.5 V and 50 s). A metallographic analysis was conducted employing an optical
microscope (Olympus, SC30, Tokyo, Japan).

3. Results

According to the manufacturing parameters of the WAAM process and the contami-
nants indicated above, the preforms were manufactured. The visual characteristics of the
manufactured preforms are depicted in Figure 3.

After a preliminary visual inspection, distinct conditions were verified in the super-
ficial aspects of the WAAM walls of the S3 sample, Figure 3c, relative to the ones of the
samples with contaminants, Figure 3a,b,d. It was possible to observe notable differences
in the walls’ arc stability and layer deposit precision from the side views presented in
Figure 3. Visually, it can be inferred that the sample contaminated with oil (Figure 3b) was
the most geometrically inconsistent, with a pattern of lateral deformity like that presented
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by the sample contaminated with chalk, but to a lesser extent (Figure 3a), as well as the
presence of spatter laterally in the direction of deposition of the preform. This (S;) sample
presents reductions in the width of the preform at the end of its length, as also observed
in [42], while studying the detection of defect formation in Direct Energy Deposition (DED)
processes through in situ sensing data. Unlike these, the sample contaminated by sand
(Figure 3d) showed excessive spattering at the layer interfaces into which the contaminant
was inserted, which significantly compromises the arch’s stability when evaluated layer by
layer, as also described in [42-44].

Figure 3. WAAM walls with different contaminants according to the (a) S, (b) Sy, (¢) S3, and (d) S4 samples.

The effect of the studied contaminants on the samples was further evaluated and is
discussed in the following sections, which cover the steps of determining the arc stabil-
ity index and its behavior through graphic and statistical methods and metallographic
characterization, with the identification of microstructural defects.

3.1. Effects of Contaminants on Electric Arc

During the Gas Metal Arc Welding process, the introduction of contaminants precipi-
tated disruptions or discontinuities in the arc, as evidenced by the temporal signal analysis
of the layers and locations in contact with the contaminating agents. This phenomenon led
to fluctuations in the electric arc voltage and current.

The stability of the welding arc is often analyzed using power graphs, commonly
referred to as cyclograms, which depict the voltage against the electric current intensity [45].
These graphs offer straightforward insights into deposition stability, facilitating a rapid
assessment of process outcomes [31]. A smaller area under the curve indicates a more
stable metal transfer process [46]. Figure 4 illustrates the cyclograms for layers 2 and 4,
immediately following the introduction of the contaminants in the samples.

It is observed that during metallic deposition under the absence of contaminants,
the process exhibits a more consistent arc behavior. This phenomenon can be elucidated
by the absence of impediments to electrical conductivity, resulting in a more consistent
metallic transfer and fewer interruptions in the arc. Across all the samples, instances of arc
instability were evident at both the initiation and termination of electrical contact during
the metal transfer, attributed to the initial instability of the power source and the provision
of shielding gas. Additionally, discernible fluctuations were observed in the region of stable
arc behavior in Figure 4c,d, corresponding to contamination by oil, as revealed by the S,
sample in both cyclograms.
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Figure 4. Voltage and current cyclograms of the electric arc in layers 2 (on the (left)) and 4 (on the
(right)) of the (a,b) Sy, (c,d) Sy, (e f) Sz, and (g,h) S4 samples.

To describe and improve the accuracy of the arc stability analysis, the arc current
deviation histograms were built, as they show the deviation of the signals during the entire
acquisition period. The width and height of these diagrams are reliable indicators of arc sta-
bility [31,47]. An arc deposition process exhibiting a tall, narrow peak demonstrates a more
stable arc [30]. Figure 5 illustrates the current and voltage histograms for layers 2 and 4,
respectively, in all the studied samples, with respect to the electric current and voltage
values and the maximum peak number of occurrences in each case.

Based on the results, few comparative inferences can be established, taking into
account the low dispersion of the data when considering the general distribution of the
histograms and their respective peak maxima for the number of occurrences. From the
histograms of the electrical current in Figure 5, it is possible to perceive the deposition
parameters for manufacturing preforms in WAAM. This occurs by observing the peak
occurrences around 250 A, which corresponds to the established peak current for the
process, and a lower plateau of occurrence numbers associated to 50 A that was established
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as the reference base current for the transfer mode. Specifically, the highest occurrences
for the base and peak current values were obtained for sample S3, since it is understood
that the inclusion of contaminants disperses the pre-configured values for these parameters
and, consequently, reduces the level of occurrences for these, as similarly discussed in [48],
when evaluating different experimental conditions on CMT-WAAM transfer and deposit
geometrical characteristics. This observation implies a notable stability of the welding
arc, contrasting with sections in other samples where the contaminants were introduced.
Conversely, the layer depositions with the lowest peaks in the histograms presented in
Figure 5a,b correspond to the presence of chalk contamination, as characterized by the 5;
sample. This analysis aligns with previous findings by other researchers, indicating that
the WAAM depositions maintain the weld pool free from contaminating particles, thereby

promoting a more stable metal transfer process.
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Figure 5. Histograms of electric arc voltage and current in layers 2 (on the (left)) and 4 (on the (right))

of the (a,b) Sy, (c,d) Sy, (e,f) S3, and (g,h) Sy samples.
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According to the combined results for the histograms of the electrical voltage in
Figure 5, it is evident that the layers corresponding to the sample manufactured without a
contaminant (Figure 5e) showed the highest number of occurrences within the range of
values in the acquired data. For the histograms of layer 4, it is observed that sample S;
(Figure 5b) showed lower occurrence values across the entire range of electrical voltage
values, as the chalk implies a reduction in the activity of the electric arc, as discussed
in [42,43], when studying the effect of different contaminants on the acoustic spectrum of
the WAAM process and developing an in situ sensing system to detect defect formation in
DED processes. Although no comparable reports were found in the literature, it was also
noted that, for the voltage histograms of sample S3, the data were distributed approximately
like a staircase up to 10 V. Similarly, in the same perspective regarding the histograms
of the electrical voltage, local voltage spikes were observed for null values, due to the
waiting times between the initial data acquisition time and the start of arc initiation, as also
similarly observed in [47], when evaluating the effect of the experimental conditions on the
arc stability and deposit geometry in FCAW.

3.2. Effects of Contaminants on Arc Stability

The impact of contaminants, namely, chalk (sample S;), oil (sample S;), and sand
(sample Sy), on the morphology of WAAM thin walls, as illustrated in Figure 3, is read-
ily apparent. These contaminants significantly altered the surface characteristics of the
deposited layers, thereby influencing the process stability and the electric arc signature
in terms of the voltage and current. This effect is notably exacerbated when contrast-
ing these contaminated walls with the reference wall (sample S3), produced without any
contaminants. These results are depicted in Figure 6.

2.00

1.75

0.50

0.25

0.00

Sample 1 Sample 2 Sample 3 Sample 4
Samples

Figure 6. IVsc values for different contaminants and layer locations throughout the WAAM walls.

From Figure 6, it can be inferred that the reference sample (S3) presents the lowest IVsc
value (1.31) and, therefore, the best result in terms of arch stability. Consecutively, one has
the results obtained by samples contaminated by chalk (sample S;), whose IVsc was equal
to 1.59. Therefore, the samples with the worst results in terms of arch stability were the ones
contaminated by sand (S4), presenting an overall IVsc of 1.68, and by oil (S;), with an IVsc
equal to 1.69. It should also be noted that the standard deviation was lower for the reference
sample, as all the layers were deposited under the same experimental conditions. Therefore,
the low value may be related to the inherent instability of the GMAW process, considering
that there were no preheating steps for the substrate or consumable wire. This could allow
for a more stable metal transfer by requiring less energy to melt the metal material [49],
or by reducing the temperature gradient and cooling rate [10,14]. Additionally, it was
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evident that the higher levels of the standard deviation observed for the other samples are
justified by the high IVsc values obtained for layers 2 and 4, which were deposited with the
introduction of contaminants. Although the contamination and its effects on the electric
arc were momentary, this event was sufficient not only to significantly modify the overall
panorama, i.e., the mean value, of the arc stability for the contaminated samples, compared
to the reference sample, but also to indicate that the IVsc values presented by these layers
diverged notably compared to the deposition of layers 1, 3, and 5, which did not have the
presence of contaminants.

The numerical outcomes corroborated the preliminary observations made during
the visual inspection of the WAAM-based thin walls. As elucidated in the discussion
concerning the visual attributes of the preforms, the presence of spattering adhered to the
wall’s surface in the case of the S; and S4 samples was noted to potentially compromise
the stability of the arcs in these regions. This conjecture finds further support through the
assessment of the IVsc values in this sample across the contaminated layers, specifically
layers 2 and 4.

3.3. Metallographic Characterization of Thin Walls

As previously explained, contaminants were deliberately applied to the surface of
a deposition layer to instigate the generation of flaws and defects. The findings of the
metallographic examination conducted on the specimens extracted from the interpass
regions featuring contaminant insertion between layers 1 and 2, and layers 3 and 4, are
depicted in Figure 7.

Based on the metallographic findings depicted in Figure 7, it is evident that pores,
which are indicated with arrows in the figure, exhibit an irregular morphology within
the interpass region of the samples that were manufactured with the introduction of
contaminants, as also concluded in [50], when developing a porosity detection strategy
in WAAM, and in [51], when justifying the development of an internal defect monitoring
system for the CMT-WAAM process. Furthermore, inclusions, as depicted in Figure 7b,h,
were found in locations corresponding to the presence of contaminating particles, like chalk
and sand.

D

inclusion

(b)

(d)

Figure 7. Cont.
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Figure 7. Micrograph of the central interface region of contaminants between layers 1 and 2 (on the
(left)), and layers 3 and 4 (on the (right)), of the (a,b) Sy, (c,d) S, (e,f) S3, and (g,h) S samples.

It is also noteworthy that the identification of pores in samples linked to oil contami-
nation (Figure 7c,d) can be justified by the mechanism of evaporation of this contaminant,
absorbed by the melt pool, and which originate the pores after solidification, as discussed
in [43], when characterizing the effect of different contaminations on the acoustic spectrum
of the WAAM process, and in [51], when summarizing the current research status and
challenges of the WAAM process, and by showing the methods of quality enhancement for
this process, all the details of the state of the art regarding its typical defects are presented.

4. Conclusions

This study aimed to comprehensively characterize the effects of various contami-
nations on the behavior of the electric arc within the Wire Arc Additive Manufacturing
process and to evaluate their influence on the occurrence of microscopic defects in thin-
walled structures. The following conclusions could be drawn based on the arc behavior,
arc stability from the metal transfer, thin-wall macroscopical aspects, and metallographic
cross-section of the thin walls:

(1) The visual inspection of the WAAM-based thin walls preliminarily showed the nega-
tive effect of contaminants on the visual appearance of the preforms, showing discon-
tinuities related to geometric variation and excessive spatter.

(2) The electric voltage and current data analysis showed dissimilar electric arc behavior
when comparing the contaminating preforms with the reference one (S3). For the
analyses involving electrical current values, it was noticed that contaminants tended
to present a reduced number of occurrences throughout the observed range of values,
taking into account the peaks related to the predefined peak and base current values.

(3) In all cases, the insertion of contaminants significantly harmed the stability of the
electric arc, so the IVsc values for all the contaminants were higher compared to the
reference sample (S3), and the sample with the insertion of sand (S4) presented the
worst index for arc stability, followed by the samples contaminated with chalk (S1)
and oil (S;).
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(4) Through the metallographic characterization, the anomalous behavior of the electric
arc and its instability were confirmed, in addition to visual indications of discon-
tinuities confirmed by visual inspection, by identifying microscopic defects in the
interpass regions of the preforms, related to the contamination zones.

The electric voltage and current data acquired during the deposition indicated that the
location and identification of process instabilities can be achieved via a temporal analysis
of the electric arc signals. This indicates that it is essential to emphasize the need for the
careful monitoring and control of the manufacturing process to ensure the production of
high-quality MAM-based parts.

Despite identifying variations in the arc behavior and stability using the employed
methods, numerous fluctuations were observed even under broadly consistent experi-
mental conditions. This underscores the necessity of employing alternative digital signal
analysis techniques to handle signals characterized by sharp peaks effectively. Therefore,
future investigations can consider defect detection through a machine learning frame-
work, particularly leveraging supervised learning approaches to facilitate the integration
of electric arc monitoring within the CCC-WAAM process.
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