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RESUMO

O foco deste trabalho é analisar a dinamica das bolhas resultantes do processo de soldagem,
sobre o efeito de diferentes formulagdes de eletrodos revestidos, em ambas as polaridades e
variando a corrente de soldagem. As analises visuais da formacédo de bolhas tém sido aceitas
como uma ferramenta fundamental no estudo do processo de soldagem devido ao seu efeito de
correlacdo com a estabilidade do processo e, portanto, com o cordéo de solda final. Além disso,
0 processo de soldagem a arco de metal blindado ainda é a técnica dominante utilizada na
engenharia naval e submarina devido ao seu custo razoavel de implementacao e desempenho
adequado.

O trabalho proposto inclui o estudo de trés diferentes eletrodos em bastdo projetados
especificamente para soldagem subaquatica imida, incluindo, dois eletrodos desenvolvidos no
Laboratorio de Roboética, Soldagem e Simulacdo, e um comercial especifico para soldagem
subaquatica. As diferencas sob polaridade direta e inversa sdo destacadas pela evolucdo das
bolhas e analise de estabilidade do arco.

Este trabalho é desenvolvido através da utilizagdo de um sistema de imagem de qualidade, uma
fonte de alimentacdo, um sistema de aquisicdo de dados e um algoritmo de deteccdo e
rastreamento. O algoritmo de processamento de imagem identifica as bolhas geradas nos
experimentos de soldagem subaquética a arco de metal blindado. Além disso, o algoritmo
facilita o calculo da area projetada da bolha e seu didmetro equivalente. Em seguida, é capaz de
rastrear as bolhas para fins de monitoramento, bem como calcular sua frequéncia.

Como o sistema de imagem e o sinal sdo sincronizados, é possivel determinar a relacdo entre
as bolhas e as caracteristicas elétricas do arco. Identificou-se que a tensdo de soldagem
apresenta um comportamento semelhante a uma onda senoidal e dependendo da inclinagdo da
curva, seu sinal terd duas direcGes especificas, podendo ser uma inclinacao positiva durante o
crescimento da bolha ou uma inclinagdo negativa durante o crescimento da bolha. sua separagéo
da area do arco de soldagem.

Nos experimentos realizados verificou-se que nos momentos em que a tensdo diminui para
valores inferiores a 5 Volts, ndo significa explicitamente que haja um curto-circuito, é
simplesmente uma atenuag&o do arco.

Uma possivel relacdo inversamente proporcional entre a voltagem média do experimento e a
frequéncia (em bolhas por segundo (b/s)) também foi identificada. E, uma relacdo proporcional
entre esta tensdo e o diametro equivalente calculado. Além disso, é apresentada uma possivel
relacdo entre o coeficiente de variacdo da corrente e o do didmetro das bolhas, porém, isso s6
poderia ser valido para os consumiveis e parametros de soldagem apresentados neste estudo.
A observacdo dos videos do experimento sugere que, diferentemente dos outros experimentos,
durante a formacdo da bolha, o eletrodo basico, aglomerado com um aglomerante de polimero,
adota uma aparéncia semelhante a flocos e se expande e se contrai em volume oscilando antes
de se quebrar em varios pedacos menores. bolhas. Este fenbmeno de bolha também foi
observado mesmo sem a presenca de curtos-circuitos ou quedas de tensdo. Além disso, 0
aumento do didmetro das bolhas desse eletrodo pode estar relacionado a presenca de particulas
de polimero no material adicional.

Com relacdo ao fendmeno da formacdo de bolhas no eletrodo revestido com fluxo de rutilo,
percebeu-se um fendmeno mais suave de formacéo e desprendimento da bolha, o que pode estar
relacionado a sua maior estabilidade nos parametros elétricos do processo.

Palavras chave: Soldagem Submarina Molhada, SMAW, deteccéo visual em soldagem,
fendmeno da bolha.



ABSTRACT

The focus of this work is to analyze the dynamics of the bubbles resulting from the welding
process, on the effect of different formulations of coated electrodes, in both polarities and
varying the welding current. The visual analyses of the bubble formation have been accepted
as a fundamental tool in studying the welding process due to its correlation effect with the
process stability and so, the final weld bead. Also, the shielded metal arc welding process is
still the dominant technique used in marine and submarine engineering due to its reasonable
cost of implementation and suitable performance.

The proposed work includes the study of three different stick electrodes specifically designed
for Underwater wet welding, including, two electrodes developed in the Robotics, Welding,
and Simulation Laboratory, and a commercial one specific for underwater welding. The
differences under direct and inverse polarity are highlighted by bubble evolution and arc
stability analysis.

This work is developed through the use of a quality imaging system, a power supply, a data
acquisition system, and a detection and tracking algorithm. The image processing algorithm
identifies the bubbles generated in the shielded metal arc underwater welding experiments.
Also, the algorithm facilitates the calculation of the projected area of the bubble and its
equivalent diameter. Then, it is able to track the bubbles for monitoring purposes as well as to
calculate their frequency.

As the imaging system and the signal are synchronized, it is possible to determine the
relationship between the bubbles and the electrical characteristics of the arc. It was identified
that the welding voltage presents a behavior similar to a sine wave and depending on the slope
of the curve, its signal will have two specific directions, being able to be a positive slope during
the growth of the bubble or a negative slope during its separation from the welding arc area.

In the experiments carried out it was found that in the moments in which the voltage decreases
to values lower to 5 Volts, it does not explicitly mean that there is a short circuit, it is simply
an attenuation of the arc.

A possible inversely proportional relationship between the mean voltage of the experiment and
the frequency (in bubbles per second (b/s)) was also identified. And, a proportional relationship
between this voltage and the calculated equivalent diameter. Also, there is a possible
relationship is presented between the coefficient of variation of the current and that of the
diameter of the bubbles, however, this could only be valid for the consumables and welding
parameters presented in this study.

The observation of the experiment videos suggests that, unlike the other experiments, during
the formation of the bubble, the basic electrode, agglomerated with a polymer binder, adopts a
flakes-like appearance and it expands and contracts in volume oscillating before breaking into
several smaller bubbles. This bubble phenomenon was also observed even without the presence
of short circuits or voltage drops. Also, the increase in the diameter of the bubbles of this
electrode could be related to the presence of polymer particles in the additional material.

With regard to the phenomenon of the bubble formation in the rutile flux coated electrode, a
smoother phenomenon of formation and detachment of the bubble was perceived, which could
be related to its greater stability in the electrical parameters of the process.

Keywords: SMAW, UWW, visual sensing in welding, bubble phenomenon.
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1. INTRODUCTION

Underwater wet welding (UWW) has become a highly interesting topic of research in the last
few years. This is because more machinery for extracting, transporting and storing gas and oil
from marine resources have been generated with the increasing demand for these natural
deposits by the population (CHEN et al., 2018; JIA et al., 2019a; LABANOWSKI, 2011,
ROWE; LIU, 2001; YANG et al., 2019). Also, because its economical and procedure potential
in comparison with the other welding techniques (CHEN et al., 2019; L1 et al., 2018; WANG
et al., 2018b, 2019b). Nowadays, a vast quantity of the ultimate improvements reported for
underwater welding has been in the flux core arc welding process (FCAW) (MENDONCA,
BRACARENSE, 2019; WANG et al., 2018c, 2018a, 2019a, 2017; ZHANG et al., 2019).
However, given the variety of techniques develop with Flux Cored Arc — underwater welding,
shielded metal arc welding (SMAW) is still the dominant technique used in marine and
submarine engineering (AMARAL; MORENO-URIBE; BRACARENSE, 2021; BERNARDI;
GONCALVES SILVA; SCHWEDERSKY, 2018; KLETT et al., 2020; RIBES VIVO, 2020;
URIBE et al., 2017).

In the seek to enhance the performance and joining quality, the visual analyses of the bubble
formation has been accepted as a fundamental tool in studying the welding process due to its
correlation effect with the process stability and so, the final weld bead (DE ROSA OLIVEIRA,
2012; DE ROSA OLIVEIRA; SOARES; BRACARENSE, 2015; FENG et al., 2017; GUO et
al., 2015; LIU et al., 2000; WANG et al., 2019b). That is why in recent years this tool has been
incorporated to help researchers analyze the interaction of the bubble with the arc, the droplets
and the surrounding water aiming to maintain the bubble protecting the weld pool and
understand how else the weld join could be improved (FENG et al., 2017; JIA et al., 2016,
2019b; Ll etal., 2020; WU et al., 2020; YANG et al., 2020). However, despite the technological
advances of computer science in images analysis and data processing, only few researchers
have relied on these resources to better calculate and process the data generated (CHEN; FENG,
2014; CHEN; JIA; FENG, 2013a, 2013b; ORTIZ et al., 2021; WANG et al., 2019b).

Nonetheless, the visual sensing analysis has helped to identify how new proposed variances in
the manufacturing underwater welding process could achieve better quality for the joint. Chen
et al. (2019) used images (X-ray) to study droplet transfer and the bubble behaviors using gas-
shield cover. As the bubble stayed for a longer period of time, the weld reinforcement showed
better and smoother appearance than that of traditional wet weld. They also mentioned that the
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water dissociation when shielding gas is not provided induced to hydrogen pore defects. Later,
CHEN et al. (2020) mentioned a significant decrease in volume of the protecting bubble with
the incorporation of an ultrasonic wave, however, this methodology allows the gas releasing
and escaping from the melt pool. They reported porosity and hydrogen diffusible content
decreases of 0.5% and 18.6 ml/100 g, respectively, with an ultrasonic power of 720 W. Lastly,
CHEN et al. (2020a) used X-ray imaging to detect variances in the molten drop while applying
hydrostatic pressure. Their study showed that the diffusible hydrogen content and the porosity

in the weld metal, tend to increase when increasing the water deep.

In this way, the focus of this work is to analyze the dynamics of the bubbles resulting from the
welding process, and the effect of different formulations of coated electrodes, in both polarities
and varying the welding current. This work is developed through the use of a quality imaging
system, a power supply and a data acquisition system. This document focuses on the use of an
image processing algorithm to identify the bubbles generated in the shielded metal arc
underwater welding (SMA-UW) experiments. The algorithm facilitates the calculation of the
projected area of the bubble and its equivalent diameter. Then, it is able to track the bubbles for

monitoring purposes as well as to calculate the frequency of them.

The extracted data from the images is used for a better understanding of the behavior of the
SMAW-UW process. That is why, the possible correlation of these variables with the variables
that represent the characteristics of the electric arc, like the welding voltage and the welding
current, is discussed. to report the findings about the phenomena observed in welding in an

agueous environment.

The proposed work includes the study of three different stick electrodes specifically design for
UWW, including, two electrodes developed in the Robotics, Welding, and Simulation
Laboratory (LRSS), and a commercial one specific for underwater welding. The differences

under direct and inverse polarity are highlighted by bubble evolution and arc stability analysis.

1.1 Research objective

Develop an algorithm for the detection of bubbles in underwater wet welding.

1.1.1 Specific objectives
e Detect a reasonable approach for the detection of images in SMA-UW
e Analyze the new visual variables with the conventional for SMA-UW
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2. BACKGROUND

2.1 Underwater Wet Welding

2.1.1 General approach

Underwater wet welding has its application in offshore structures for extraction and distribution
of oil and gas and for green energy generators such as wind turbines or those submerged in the
sea. This technology is also being used in the construction and maintenance of nuclear plants.

This work focuses on wet underwater welding, since it is the category that is being used the

most at the moment, due to its ease of execution, especially for preventive maintenance.

Although the main process used in practice is the SMAW, worldwide efforts have been focusing
on improving the FCAW process due to the benefits it brings in terms of time, quality and
procedures cost, this last one is significant in large projects. FCAW uses power sources of
constant voltage in which the welding parameters used are different, for example, the diameter
of the wire. However, some of the principles that govern SMAW are maintained in FCAW
because the technology of the electric arc is the same. What it changes is the characteristics of
the process. This allows findings in either of the two processes to contribute to the improvement

in the quality of the underwater wet welding.

One of the greatest discoveries in the field in the last decade was the complex connection that
the bubbles generated in this welding process share with the electrical parameters and how a
better understanding of this phenomenon can lead to an improvement in the quality of the weld
bead.

2.1.2 Study of the bubble formation phenomenon.

2.1.2.1 International

Since MASUBUCHI AND TSAI (1977) with their mathematical model to predict bubble
growth as an ideal gas, attempts have been made to discover how bubble interaction can
decrease welding collateral effects in an aqueous environment. However, JIA et al. (2016), in
their experiment with the FCAW process, presented images of a quality that allowed a better
visualization of the bubble phenomenon. In their work it is concluded that the bubbles grow in

a pulsed manner with variable speed instead of continuously and smoothly. Also, they
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mentioned how the visual study of the process allows to see that the bubble also affects the
drops of molten material, the welding arc and the high-temperature welding pool.

Another outstanding work on the analysis of the bubble phenomenon was presented by FENG
et al. (2017) where they reported that performing tests with a higher feed rate (and,
consequently, higher welding current) for the tubular wire process in a humid environment, the
bubbles increase in size and decrease in frequency. In their document, they conclude that the
occurrence of bursts or collapses of the bubble occurs erratically, which affects the stability of
the process. Finally, they also discover four different modes of bubble evolution that can be
divided according to the behavior of the bubble during its evolution along with the characteristic
of the arc in the welding process. In the first and fourth modes, the generated bubbles do not
have enough volume to protect the arc and their volume is so large that the bubble bursts,
leaving the arc unprotected given its low and high current, respectively. In the second mode,
arc extinction does not occur, however, the oscillation of the signal is considerable and, as
described by the authors, in the third mode of evolution, the bubble floats smoothly and arc

extinction cannot be observed, which reflects the ideal stability of the welding arc.

2.1.2.2 National

The Laboratory of Robotics Welding and Simulation (LRSS) of the Federal University of Minas
Gerais, even with its strong lines in fatigue analysis and the development of consumables for
welding, has developed important contributions in terms of the visual analysis of the bubbles
generated in the underwater welding process. In the investigations of DE ROSA OLIVEIRA
(2012) and DE ROSA OLIVEIRA et al. (2015) found a correlation between the bubble
formation and separation and the electrical signals using coated electrodes. With the limitations
of the visual sensors by that time (high speed camera resolution), they found that the intensity
of the arc decreased at the moment that the bubble was absent from the area of the electric arc
(detachment). Then, this intensity increased automatically with the beginning of the formation
of a new bubble. In this publication, the frequency of the bubbles was calculated for different
electrodes and a possible relationship between this magnitude and the number of events in

which the current signal decreased to values 5% lower than the average current was highlighted.

In 2019, MENDOZA AND BRACARENSE (2019) carried out a study of the phenomenon for
self-protected tubular wire. Their main results were how variables such as a proposed dry

contact tube and increased feed rate increased bubble diameter and process stability. The
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document highlights the vital importance of understanding the dynamics of bubble formation
to improve the stability of the electric arc.

A paper on applications of computer vision techniques for contour detection in underwater
welding was recently published (ORTIZ et al., 2021). The advances documented in this
disclosure are the basis for the results obtained in this document.

Other outstanding studies in Brazil are presented at the Institute of Mechatronics Welding -
LABSOLDA of the Federal University of Santa Catarina. BERNARDI et al. (2018) in his
studies of an arc voltage control for coated electrodes states that the higher the welding current,
the greater the arc stability and the greater the average diameter of the bubbles. He mentions
that this is related to a higher rate of fusion of the consumable and greater repeatability of the

experiments. This tendency remains undifferentiated with the polarity of the welding current.

2.2  Computer vision algorithms for image processing

Among the researchers who have implemented image processing techniques in the welding
process, GOMES et al. (2002) developed a computer program to quantitatively analyze the
acquired images of droplet transfer modes in MIG/MAG welding. In addition to the possibility
of analyzing a large number of samples, the Video-analisador (Video Analyzer in English), as
it is called by the authors, presents time savings of 60 times with greater accuracy of the results
when compared with manual measurement on the same images. Also, the methodology use in
this study (digital image processing) did not make approximations in the geometry of the droplet
as the projected area was used to calculate the diameter.

The study demonstrated that measurements that depend on the user's experience and visual
acuity are more prone to errors and the repeatability of the results becomes difficult. This
corresponds with other studies which mention that methods by hand use approximations in
metrology (BERNARDI; GONGCALVES SILVA; SCHWEDERSKY, 2018; MENDONCA;
BRACARENSE, 2019).

RESENDE (2013) conducted a study of operational characteristics of the PLASMA-MIG
process, where it states that knowing the diameter of the droplet (consequently the mass) and
its speed when it collides with the weld pool, it is possible to determine the amount of effective
movement applied on the base material. He attributes this term as the main dynamic feature of
the droplet that can influence the formation of the weld bead. The author calculates the mean
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diameter, the output speed of the electrode and the speed when reaching the weld pool, the
mean acceleration, the arc length, and the position of each droplet using digital image
processing (DE ARAUJO; VILARINHO; ALVES DE RESENDE, 2011). Among the main
conclusions, he emphasized that the increase in current in the arc tends to increase the rate of

arrival of the drops in the weld pool.

Also, GIRON CRUZ (2019) developed a methodology for monitoring metal transfer using
image processing techniques algorithms developed with MATLAB 12a software tools. The
author mentions that the variable manipulated to determine the size of the droplet was the
largest horizontal row (in pixels) of the projected area, for which it was necessary to assume

the geometric volume of each drop as a sphere.

These investigations had been made with a technique image called shadowgraphy. However,
the while (DE ARAUJO et al. (2011) used the projected area to calculate the equivalent
diameter of the object of interest, GIRON CRUZ (2019) selected the largest horizontal row of

the projected area as the diameter of the drop.

After detecting the size of the object, it could be estimating their centroid. And, and with a
record of the position of each object (centroid), the developer could track different objects as
the same time. To determine the detachment frequency and diameter of the droplets, the
algorithms proposed by DE ARAUJO et al. (2011) was used. And, to track and monitor the
different objects from frame-to-frame STURDEVANT; HOLLINGER; CHITIVELI (2020)
provide a code pattern for processing the frames of a video using a Jupyter Notebook, OpenCV,

and IBM Maximo Visual Inspection.

Until now, the computer vision methodologies presented have application in a dry environment.
However, WANG et al. (2019b) used image processing techniques to calculated and
determinate the geometries of the bubble. Also, they presented three distinct stages as a function
of the heat input. The authors emphasize that detecting bubble growth provides a new direction
for the development of underwater wet welding technology. And, they conclude that a larger

heat input provides a large possibility for a better protective effect and a larger weld penetration.

Present day, among the best-known tools for computer vision are OpenCV (Open-Source
Computer Vision Library) and the MathWorks Computer Vision Toolbox (MATLAB, 2010)
They basically differ in that OpenCV is used within the libraries used by MATLAB and in
addition the Computer Vision Toolbox has algorithms that are not found in OpenCV in its own
code (M code). On the other hand, the MathWorks software is not free. The MATLAB license
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Is 275 USD and the Computer Vision Toolbox license is 110 USD, both values are for one year
(values for students).

Another difference between the two tools is that OpenCV allows different programming
languages in the use of its library, such as python, java, C/C++, .Net and others, while
MATLAB has only been extended to C/C++ so far. However, since both libraries are widely
used, interfaces have been developed that allow the interaction of both tools and facilitate their
use without the obligation to learn a new programming language. These interfaces continue to
be actively developed at this time (BRADISKI, 2000).
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3. EQUIPMENT AND METHODOLOGY

3.1 Experiment and Materials

The proposed work includes the study of three different stick electrodes specifically design for
UWW. The electrodes developed in the Robotics, Welding, and Simulation Laboratory (LRSS)
are, a silicate oxidizer based on Fe,05/Ti0O, and the other electrode is CaF,/CaC0O5 (basic)
agglomerated with a polymer binder. The third included electrode is a commercial one and

specific for underwater welding composed with a rutile base.

For the experiments, a gravity welding system was used, as shown in the Fig. 1, where the drag
welding technique was applied. The angles configured for the mechanized process were a=60°
and B=100° according to values reported in the literature (ANDRADE et al., 2010; ARIAS;
BRACARENSE, 2017; BRACARENSE et al., 2010; DE ROSA OLIVEIRA, 2012; DE ROSA
OLIVEIRA; SOARES; BRACARENSE, 2015; MENEZES; PESSOA; BRACARENSE, 2019;
MORENO-URIBE, 2018; URIBE et al., 2017). For each of the eight experiments, a
combination of different welding parameters was established (Table 1). For the silicate oxidizer,
basic with polymer and Rutile based electrodes a welding current of 150A were set. However,
with the silicate oxidizer electrode a second current level of 180A was added for comparative
purposes. Each combination of parameters was executed on both polarities (DCEP & DCEN).
All experiments were carried out in tap water, in an aquarium intended for underwater welding
operations. Visual and electrical signals were collected simultaneously. During the welding
process, due to the fact that the high-speed camera remained stationary in relation to the welding
zone, the videos were filmed 10 seconds after the start of the process ensuring an almost stable

regimen.

The voltage and the welding current data for each condition were acquired at a frequency of
5kHz. The data referring to average welding current, the average welding voltage and their
respective standard deviations were calculated using the Sinal software (AMARAL,;
MORENO-URIBE; BRACARENSE, 2021; ROSAS; MODENESI; ORTIZ, 2020;
SANTANA; MODENESI, 2011; URIBE et al., 2017; VAZ; BRACARENSE, 2015). Electric
arc power, resistance, short circuit percentage and number of short circuits were also calculated

in a 7-second period and in the video period (2 sec).
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Figure 1 - Diagram of the welding setup equipment used in all experiments (Adapted from the work in (URIBE et
al., 2017).

Front view Top view
Data acquisition system Computer 1 Electrode
Gravity welding device = e '
| | 3]
IMCSOLDAGEM Gravity welding device 4
) I—: Tank
Electrode Power supply MSERﬁ D e
—/ —
‘ / - :10:g —
 — Hall . =
- — T'ank - sensor (" HipER-l
“
7 J
Table 1 - Welding parameters.
Welding current (A) Polarity
Consumable
150 180 DCEN DCEP
silicate oxidizer * * * *
Basic with
* * *
polymer
Rutile based * * *

*The welding current values are presently used in the LRSS-UFMG and reflect the best behavior of these
consumables under the conditions of this study (A. Q. BRACARENSER. LACERDA DE SOUZAM. C. M. DE
SOUZA COSTAP. E. FARIAS. LIU, 2002; BRACARENSE; LIU, 1993; MENEZES; PESSOA; BRACARENSE,
2019; PESSOA et al., 2006; QUINN; BRACARENSE; LIU, 1997).

3.2 Welding system

For the welding process, the simulated depth was 0.4 m, and was used an IMC Hip-ER 1 DC
power source for welding operations in sub-marine environment with coated electrode. In
addition, it was used a SapV4 data acquisition equipment from IMC company, with current
measurement ranges of up to +600A with a resolution of 0.8A and a voltage measurement of
up to £100V with a resolution of 1V and a maximum error of 1% (SOLDAGEM BMI, 2022).
Bead-on-plate welds were manufactured using ASTM A-36 carbon steel with 1/4 inch of

thickness. The different coated electrodes used have a nominal diameter of 3.25 mm.
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3.3 Image capture system

The imaging system was developed based on a high-speed camera (Motion Pro Y4-S2 of the
company IDT) and a LASER system (CAVILUX HF of CAVITAR) with a filter 640 nm
(visible), with a frequency of 1000 fps and a resolution of 1016 x 1304.

3.3.1 Image preprocessing

Each video was split into images (frames) to be later processed. As shown in the Fig. 2, after
the filtering, the images were processed with the adaptive threshold (mean) to detect the
contours of the bubbles. Step followed by a dilation to close some contours not properly
detected by the variation of light in different parts of the image. Subsequently, we proceeded to
perform the imfill function that consists of filling these contours (KALAKUNTLA,;
ANDRIAMANALIMANANA, 2021). Then, objects considered as noise in the image were
removed through erosion. Finally, depending on the section of the video, both the shadow cast
by the electrode on the background of the screen and the electrode itself were removed. The
above methodology is justified in facilitating the correct detection of the contours of the

bubbles, especially when there are shadows behind these bubbles.

3.3.2 Edge Contour Extraction.

Consequently, the contour detection was performed with the findContours tool, available in the
OpenCV library, and the detected areas smaller than 45000 pixels were disregarded. With the
remaining contours, the area and the centroid of the detected contour were calculated. After the
geometric measurements, the contours were listed and monitored as they appeared within the
video and, for each contour, the number of the frame, the centroid and the area of each bubble
were recorded (Fig. 3).

3.3.3 Calculation of the variables

To identify whether the registered object is in a new image (tracking), an identification
algorithm was defined (Fig. 5). The follow-up variables were simplified to hyper-parameters
such as the size and distance as used by (ORTIZ et al., 2021). For the algorithm, a maximum
allowable distance between one frame and another was defined (Fig. 4). In this way, the distance
between each of the centroids of the monitored objects with the objects in the new image is

calculated. If the distance between the monitored object and the nearest detected new object
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was less than the predefined distance, it was considered which was the same object. If this
condition was not met, it was perceived as an undefined object and registered in a new
temporary matrix (No_defined) where it is related which of the registered objects is closest to
it, in what position within the list of objects of the new image it is located, the distance between

these two objects, the position and its area.

Figure 2. Image pre-processing path to find the object of interest.
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Figure 3 - A simplified scheme on the different bubble dynamic stages of a rutile-based electrode — 150A. a)
Protective bubble. b) Detachment of the bubble.
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Once the previous process for all new objects was completed and the No_defined matrix was
demarcated, a decision was made on the classification of those objects depending on the number
of elements in the array. That is, if this temporary matrix only had one element, the following
logic will be taken into account, if the number of objects detected in frame n is less than the
amount in frame n — 1, the label will be assigned to the nearest object of the previous frame,
but if the number of objects in the two frames are the same or the number of objects of frame n
is greater, it is identified as a new object and the algorithm proceeds to create a new label for

later monitoring.

If there is more than one object within No_defined, the first thing that is identified is whether
more than one new object relates to the same registered object. Objects that meet this condition
are registered in another temporary array named Solitaires, and for each of the remaining
objects a new tag is created.

Finally, for the objects registered in the Solitaires array which relate to the same registered
object, the object with the largest projected area is assigned as an update of the position and
area of the monitored object (to which it came closer) and for each of the remaining ones a new
label is created. It is important to clarify that, although this last condition worked for most of
the videos in this experiment, it was observed that the condition that states that, in a separation
of the bubble, the bubble with the largest projected area will retain the label varied to the one
with the smaller area doing so (it will retain the label) to monitor the bubbles according to
reality. That is, in most cases while the detachment bubble stage, the bubble that stood out from
the welding pool was greater than the one kept there, however, it was also presented, although
rarely, that the bubble that stood out was smaller than the one that was kept protecting the

welding arc and the molten material.

Figure 4. Distance measure between frames.

1 =71 n
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Figure 5 - Monitoring proposed algorithm.
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The data taken from the monitored elements was saved in a python dictionary and later
converted into a DataFrame to facilitate the generation of graphs. With the frame number of
each bubble and the frequency of the camera, the frequency of bubbles per second was
calculated. With the values of the areas, the equivalent diameter was calculated by assuming
the bubbles as circular. As a comparison measure, the average diameter and maximum diameter

of each bubble were determined.
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4. RESULTS AND DISCUSSION

4.1  Visual output from the algorithm

The results generated by the algorithm allowed the detection and tracking of the droplets (video
1, video 2, as well as they could support to an understanding of the interaction between them.
The study by calculating the projected area and the centroid of this area facilitated their tracking

and the study of motion in more than one dimension.

The video 1 is a silicate oxidizer electrode DCEP with a current od 150A and for the video 2
used the same parameter except for a current of 180A. Both videos have the contours of the
bubbles shown in green, their tag or number identification in Yellow, where the number is in
the same position where the centroid of each contour is. Also, as the algorithm is tracking the
objects, it displays the number of objects detected in red. All colors were chosen to be
distinguishable from the other information between the images. For a better appreciation of the

bubble phenomenon, the videos are in 5 fps.

4.2 Correlation between the bubble phenomenon and the welding voltage and current
signals

In the visual inspection to the videos of the welding process, it was observed that the
phenomenon of generation and detachment of the bubble is continuous, but, a defined frequency
(random) is not perceived as revealed in the literature (DE ROSA OLIVEIRA; SOARES;
BRACARENSE, 2015; JIA et al., 2016; MENDONCA; BRACARENSE, 2019; WANG et al.,
2018c, 2018a). However, it has been identified that the phenomenon of bubble formation and
the voltage values are correlated and they can therefore affect each other (DE ROSA
OLIVEIRA; SOARES; BRACARENSE, 2015; WANG et al., 2018b; YANG et al., 2020;
ZHANG et al., 2019). Similarly, the phenomenon of formation and detachment of bubbles
depends on other variables such as gas reactions (WANG et al., 2018a), the pressure within it
(JIA et al., 2016), and the thrust force (buoyancy) (WANG et al., 2019b).

As the imaging system and the signal are synchronized, it is possible to determine the
relationship between the bubbles and the electrical characteristics of the arc. It was identified
that the welding voltage presents a behavior similar to a sine wave and depending on the slope
of the curve will have two specific directions, being able to be a positive slope during the growth

of the bubble (Fig. 6 frame 312-375) or a negative slope during its separation from the welding
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arc area (Fig. 6 frame 391-471). The voltage drops are related to the slowdown in the growth
of the bubble or to the beginning of the detachment of it. Similarly, the increase in the voltage
is related to the presence or growth of the protective bubble around the arc. In Fig. 6, the growth
of the protective bubble of the electric arc and the increase in voltage from frame 312 to 375
can be seen. In frame 391, it can be perceived how the bubble has begun to detach at the sides
and how that is related to a decrease in tension. This trend continues until frame 471, where,
the bubble has completely detached from the welding surface and as a consequence there is a

drop in the voltage. Then, the continuous phenomenon will form a new bubble.

Due to the oscillations of voltage during the bubble phenomenon, either in the stage of growth
or detachment, the separation of it does not always occur at the end of the period identified in
the form of the signal (i.e., Fig. 6 frame 471). In addition to the major sine wave seen (maxima
and minima in the voltage signal), there are times when, within the slopes of these peaks and
valleys, detachments of the bubble occurred (Fig. 7), when this happens the detached volume
is partial and the arc is kept protected, that is, the arc is not extinguished.

Figure 7, illustrates an example of this phenomena. In the experiment 180A DCEP (silicate
oxidizer), the detachment noticed in frame 515 is related with a volage of around 31 V, when

this behavior is expected in values around 28V for this welding conditions.

Another fact identified is that the behavior of the operating voltage (maximum and minimum)
is related to the average operating voltage of the consumables. In the case of the Basic with
polymer electrode (150 A) the valley and peak values for direct polarity are 33.7V and 45.6V
respectively, which are higher compared to the same polarity in the silicate oxidizer electrode
at a current of 150 A, in which its values are for the valley and the peak are 22.3V and 27V
(Fig. 6). The results for the positive electrode with polymer addition and the negative of the
Rutile flux coated electrode are practically the same with an operating voltage of 31V (peak)
and attenuations less than 10V (valley) (Fig. 8). Since the nominal diameters of the electrodes
are the same, the variations in the working voltage values on the different electrodes used in the
experiment are due to the type of electrode (the nature of the elements constituting the coating).



Figure 6 - Relationship between bubble formation and welding voltage in a silicate oxidizer electrode with DCEN and 150A (section taken from a 2s video).
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Figure 7 - Detachment of the bubble in a high voltage value (no arc quenching).
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Table 2 - Calculated average voltage and current values, their respective standard deviations and coefficient of
variation. A, B and C correspond to the silicate oxidizer, basic with polymer and rutile-based electrodes

respectively.

Data Video* cv (%)

electrode polarity voltage Std voltage Std current Std Current Voltage*

A_150 - 225 31 2245 3.01 1502 3.7 24.43 13.38
A_150 + 238 24 2330 242 1495 36 24.30 10.39
A_180 - 274 26 2698 218 1796 3.8 21.33 8.073
A_180 + 259 24 2/00 25 1782 38 21.08 9.26
B_150 - 352 6.6 3453 653 1494 51 34.12 18.89
B_150 + 28.7 55 2793 539 1514 40 26.24 19.30
C_150 - 325 34 3081 279 1495 38 25.60 9.06
C_150 + 358 31 3493 288 1509 338 2491 8.23

*The column “Data” (7s) is the result of the analysis of the data thrown by the SapV4 equipment. Whereas, the

Video columns (*) show the average and the standard deviation for the video time. And, the cv (%).

4.3 Attenuation in arc intensity at values less than 5V

For the underwater welding research community is common to consider voltage values equal
to or less than that 5V as short-circuit (ESMERIO MAZZAFERRO, 1998; LIU et al., 2010;
MORENO-URIBE, 2018). However, in the experiments carried out it was found that in the
moments in which the voltage decreases to values lower to 5 Volts, it does not explicitly mean
that there is a short circuit (Fig. 9), it is simply an attenuation of the arc (starting from which
short circuit means that there is no arc). Due to the correlation of filming, signal acquisition and
computer vision techniques, it can be seen that the voltage drops and works together with the

detachment of the bubble, but there is not an effective short circuit, the arc does not go off.

4.4 Visual

Relating to the calculated data with the images of the different tests, it was observed that in the
experiment with the silicate oxidizer electrode, at 150 A in DCEP, the voltage values in the
valleys are higher than in the direct polarity and these are lower than 16V (Fig. 10). So, it can
be assumed that the transfer of material is not by short-circuit, but the behavior of the arc

(oscillating in a sinusoidal form) reflects the dynamics of the bubbles.
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With regard to the phenomenon of the bubble formation in the Rutile flux coated electrode, a
smoother phenomenon of formation and detachment of the bubble was perceived, which it

could be related to its greater stability in the electrical parameters of the process (Video 3).

Figure 8 - Welding voltage oscillograms obtained from the Rutile based and the Basic with polymer electrodes
during a single welding trial. (a) Rutile based electrode — 150 A — DCEN, (b) Rutile based electrode — 150 A —
DCEP, (c) Basic with polymer electrode — 150 A — DCEN, (d) Basic with polymer electrode — 150 A — DCEP.
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By correlating all the results, it was identified that the video time (2 s) data and the 7-second
have a very similar behavior in the average voltage and the number of short circuits (Table 2;
Fig. 15). A possible inversely proportional relationship between the mean voltage and the
frequency (in bubbles per second (b/s)) was also identified, as shown in Fig. 11. However, Fig.
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12 shows a proportional relationship between the voltage and the calculated equivalent

diameter.

In order to compare the experiment with the analyses carried out in the literature, the coefficient
of variation of according to (DE ROSA OLIVEIRA; SOARES; BRACARENSE, 2015) was
calculated (Table 2). In Fig. 13, a possible relationship is presented between the coefficient of
variation of the current and that of the diameter of the bubbles, however, this could only be

valid for the consumables and welding parameters presented in this study.

Figure 9 - No arc extinction in voltage values lower than 5V.
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Figure 10 - Welding voltage values (considered normal condition values) without visual presence of the electric

arc.

Voltage = 16V




Figure 11 - Relationship between voltage and frequency in bubbles per second (inversely proportional).
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Figure 12 - Relationship between the average voltage and the average and maximum diameter of the bubble
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Figure 13- Relationship between the coefficient of variation of the process current and that of the diameter of the

bubbles.
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4.5 Generation of a bubble adjacent to the melting pool.

It was identified that the bubble is not always protecting the electric arc and is sometimes
generated in the tail of the welding pool (Fig. 14). This is related to a continuous variation of
the electrical parameters of the process (current welding and voltage welding). The generation
of a bubble in the tail of the welding puddle pool was mentioned earlier by (WANG et al.,
2019a) in his research with FCAW, where it is mentioned that a protective bubble at this
location and at the melting pool is beneficial to the weld bead by decreasing the cooling rate of
the metal compared to being fully exposed to the aqueous environment. Although nowadays a
considerable amount of UWW research is focused in FCAW, many phenomena described in

the literature are similar between both welding processes.

4.6 Comparison of all consumables at 150 A.

Comparing the computed results (Table 2) of the experiments of the three electrodes in a
welding current of 150 A, it was identified that for the same welding conditions the relationship
between the voltage values in the inverse and direct polarity were different and depending on
the electrode. The average welding voltage in the inverse polarity for the silicate oxidizer and

Rutile based electrodes were higher than the direct polarity. In the other hand, for the electrode
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that contains polymer (basic) the result was the opposite. It was also appreciated that the
commercial electrode with Rutile is the one with the highest average voltage for reverse polarity
compared to the other electrodes, and, for a direct polarity the highest voltage was obtained
with the basic with polymer electrode (The reasons will be discussed later when this electrode
is explicitly mentioned). In addition, it was found that the Rutile-based (commercial) electrode
had a lower coefficient of voltage variation (Table 2, cv (%) - voltage (video)) and a lower

number of short circuits than in the other experiments (Fig. 15).

Figure 14 - Bubble generation the tail of the welding puddle.
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Figure 15 - The number of short circuits on each experiment.
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4.7 150 A vs 180A on silicate oxidizer electrode.

Making a comparison of the increased of the welding current from 150A to 180A for the silicate
oxidizer electrode, it was identified that when increasing the welding current, the bubbles
presented a larger diameter (Fig. 12) and their frequency (b/s) decreased for both polarities (Fig.
11). This, as already analyzed, it generates greater arc stiffness and it is related to greater
stability (BERNARDI; GONCALVES SILVA; SCHWEDERSKY, 2018; GUO et al., 2015;
WANG etal., 2019b; YANG et al., 2019). In the visual analysis of the process, it was identified
that with a greater diameter of the bubble it was possible to protect the arc for longer and, with
a lower frequency of separation from the bubble, the time of direct exposure of the arc to the
aqueous environment was shorter; which leads to a decrease in the number of the short circuits.
Also, it is important to note that there were no short circuits in any of the polarities with a
current of 180 A.

With regard to variations in welding current, in the calculation of the standard deviation of the

voltage signals (Table 2, cv (%) - voltage (video)) for the silicate oxidizer electrode, with a
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welding current of 150 A there is a greater dispersion of the voltage values than when the current
is increased (180 A) for both polarities. This means that the current of the welding process is

easier controlled by the welding source when 180 A.

4.8 Basic electrode with addition of PTFE.

With regard to the visual analysis of the electrode with the addition of PTFE in the direct
polarity at 150 A, the observation suggests that, unlike the other experiments, during the
formation of the bubble, the one adopts a flakes-like (video 4) appearance (Fig. 16) and it
expands and contracts in volume oscillating before breaking into several smaller bubbles. The
phenomenon of the bubble formation that this electrode presents when subjected to these
welding parameters has not been previously discussed in the literature, however, ZHANG et al.
(2019) relate the extinction of the welding arc with the subsequent collapse of the bubble in
smaller objects. Even though, experiments with this electrode generated the highest number of
short circuits compared to the other electrodes (Fig. 15), this bubble phenomenon was also
observed in regions of relative stability (without the presence of short circuits nor voltage
drops). With regard to this phenomenon, the literature mentions that the arc bubble is composed
of a complex mixture of gases and that the formation of bubbles without significant collapses
is essential for the stability of the electric arc, and consequently, essential for the improvement
in the stability of the process (WANG et al., 2018c; YANG et al., 2020).
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Figure 16 - Appearance of the electrode bubble (flakes) with addition of PTFE in direct polarity.

It was also observed that, for this experiment, the bubble diameter of this basic electrode was
higher than that of the other two electrodes of the experiment (Fig. 13). Amaral et al. mention
that PTFE particles provoke complex electrochemical and thermochemical reactions in the
electric arc, resulting in the demand for a considerable amount of heat (AMARAL; MORENO-
URIBE; BRACARENSE, 2021). In addition, Lancaster mentions that elements such as fluorine
increase the electrical resistance of the plasma column and, in effect, this have a tendency to
cause higher operating arc voltages for a given arc length, this is due to greater difficulties in
the passageway of the electric current (RESENDE, 2013). According to Yang et al., with the
increase in the arc voltage, the maximum diameter of the bubbles tends to increase (YANG et
al., 2019). Therefore, taking into account the referenced literature, the increase in the diameter

of the bubbles could be related to the presence of polymer particles in the addition material.

Another relevant aspect is, the coefficient of variation of the current for this electrode (with
polymer) is greater than the other electrodes in both polarities (Fig. 13). The literature reports
that this fact may be related to the fluoride content in the electrode, which tends to cause a more
agitated, violent arc with higher rates of disturbances, causing greater instabilities of the arc
(BANG; JUNG; HAN, 2010; MENEZES; PESSOA; BRACARENSE, 2019).
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4.9  Arc Stability Analysis.

According to Amaral (2021), the study of the electric arc through electrical signals (welding
current and voltage values) is a method that identifies various phenomena that occur during
welding (AMARAL; MORENO-URIBE; BRACARENSE, 2021).

Thus, as mentioned above, a data acquisition system was used in order to obtain voltage and
current values and then characterize the welding processes for each of the proposed conditions.
In each analysis, data was used after 10 seconds of the process and at the moment that the

process occurred within the visible field of the camera.

In Table 2 it was identified that the reverse polarity (DCEP) presents higher average voltage
values for all experiments except for the basic electrode + polymer.

The results show that the commercial rutile-based electrode is the one with the highest average
voltage for reverse polarity compared to the other electrodes and for direct polarity the highest
voltage was obtained with the basic electrode. The rutile-based electrode also presented a
lower voltage coefficient of variation and number of short circuits than the other experiments
with 150A.

This stability trend presented in the calculation of the voltage variation coefficient can be
reinforced with the forms of the histograms (figure 18). In the same way and the number of
short circuits can be seen in the oscillograms of voltage and current in each of the experiments
(figure 19 - 22).

Due to the magnitude of the signals over time, it can be seen that the metallic transfer, in most
of the experiments, was not only due to a short circuit but also due to an electric arc, especially

in the direct polarity.

For the welding carried out with the electrodes, in the histograms it can be observed that there
is a greater concentration of points in a smaller area for the reverse polarity than the direct one
in the experiments with the silicate oxidizer and rutile-based electrodes and what is presented
is opposite for the basic electrode, confirming the result found in the calculation of the
coefficient of variation of the current; with the exception of the rutile-based electrode, where
the histogram shows a graph with less width and greater height for the forward polarity instead

of the reverse, which would lead to a more stable process for the former.
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In the case of the silicate oxidizer electrode, the histogram illustrates an increase in the stability
of the process when the value of the current is increased to 180A. This trend holds for both

polarities.

Another method proposed for measuring the stability through the study of the images is the
time that the bubble is remining in the welding area (Fig. 17). The thesis is, the more time the
bubble keeps on the welding area, the more time it will be protecting the weld. This permits to
resume the information presented in a histogram to only one variable that is easier to analyze.
However, it can be seen that, saying that this is an approximation variable that is related to
stability, still could be influenced by interaction with other variables. An example of this, is
shown in Fig. 17, where the basic electrode present high remaining values while having also a

high of number of short circuits.

Figure 17 The time that the bubble is remining in the welding area (blue) and the diameter of the bubble (green).
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Figure 18 - Histograms (Voltage x Current) of the different experiments. On the left the DCEN experiments and

on the right the DCEP (same order as in figure 8).
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Figure 19 - Oscillograms Voltage (left) and Current (right) of WW70 180A. In the upper part the data taken in
DCEN polarity and in the lower part the data obtained in DCEP polarity.
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Figure 20 - Oscillograms Voltage (left) and Current (right) of WW?70 150A. In the upper part, the data taken in
DCEN polarity and in the lower part, the data obtained in DCEN polarity.
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Figure 21 - Oscillograms Voltage (left) and Current (right) of Basic + PTFE 150A. In the upper part the data
taken in DCEN polarity and in the lower part the data obtained in DCEP polarity.
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Figure 22 - Oscillograms Voltage (left) and Current (right) of Hydroweld FS 150A. In the upper part the data
taken in DCEN polarity and in the lower part the data obtained in DCEP polarity.
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5. CONCLUSIONS

It was identified that the welding voltage presents a behavior similar to a sine wave and
depending on the slope of the curve, its signal will have two specific directions, being able to
be a positive slope during the growth of the bubble or a negative slope during its separation

from the welding arc area.

In the experiments carried out it was found that in the moments in which the voltage decreases
to values lower to 5 Volts, it does not explicitly mean that there is a short circuit, it is simply

an attenuation of the arc.

It was observed that in the experiment with the silicate oxidizer electrode, at 150 A in DCEP,
the voltage values in the valleys are higher than in the direct polarity and these are lower than
16V. So, it could be assumed that the transfer of material is not by short-circuit, but the behavior
of the arc (oscillating in a sinusoidal form) reflects the dynamics of the bubbles.

A possible inversely proportional relationship between the mean voltage of the experiment and
the frequency (in bubbles per second (b/s)) was also identified. And, a proportional relationship
between this voltage and the calculated equivalent diameter. Also, there is a possible
relationship between the coefficient of variation of the current and that of the diameter of the
bubbles, however, this could only be valid for the consumables and welding parameters

presented in this study.

For the silicate oxidizer electrode there were no short circuits in any of the polarities with a
current of 180 A (DCEP & DCEN).

The observation of the experiment videos suggests that, unlike the other experiments, during
the formation of the bubble, the basic electrode, agglomerated with a polymer, adopts a flakes-
like appearance and it expands and contracts in volume oscillating before breaking into several
smaller bubbles. Even though, experiments with this electrode generated the highest number of
short circuits compared to the other electrodes, this bubble phenomenon was also observed in
regions of relative stability (without the presence of short circuits nor voltage drops). Also, the
increase in the diameter of the bubbles of this electrode could be related to the presence of

polymer particles in the addition material.
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With regard to the phenomenon of the bubble formation in the Rutile flux coated electrode, a
smoother phenomenon of formation and detachment of the bubble was perceived, which it
could be related to its greater stability in the electrical parameters of the process. This

smoothness could also be observed in the histograms of the experiment belonging this electrode.

The study by calculating the projected area and the centroid of this area facilitated the results
generated by the algorithm, allowing the detection and monitoring of the bubbles, as well as a
possible improvement in the understanding of the interaction between them in order to improve

the quality of the welding seam.
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6. Appendix A

In this section, the characteristics of the electrodes, plot before together, are illustrated
individually. This, for a better understanding of the impact of each factor on the sensed

parameters.

1. Silicate Oxidizer electrode.
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Figure A.1.1 Voltage vs Frequency.
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Figure A.1.2 Voltage vs Diameter.
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CV % vs Diameter (Silicate Oxidizer)
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Figure A.1.4 Number of short circuits (NCC) vs Diameter.
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Figure A.1.5 Time remaining in the welding zone vs Diameter.




2. Basic with polymer electrode.
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Figure A.2.1 Voltage vs Frequency.
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CV % vs Diameter (Basic with Polymer)
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Figure A.2.4 Number of short circuits (NCC) vs Diameter.
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Figure A.2.5 Time remaining in the welding zone vs Diameter.



3. Rutile electrode.
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CV % vs Diameter (Rutile based)
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Figure A.3.5 Time remaining in the welding zone vs Diameter.

Videos Link:

https://drive.google.com/drive/folders/1hB269X71VNjwlIRVvaVOIZyz6\WO0iV7Loh?usp=

sharing



https://drive.google.com/drive/folders/1hB269X71VNjwlRVvqVQlZyz6W0iV7Loh?usp=sharing
https://drive.google.com/drive/folders/1hB269X71VNjwlRVvqVQlZyz6W0iV7Loh?usp=sharing

