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Abstract: Underwater wet flux cored arc welding — FCAW —is an important process employed
to repair marine structures with the advantages of not handling the components off the water
and offers higher productivity in comparison to other conventional welding process. Under the
water, wet welding activities are performed with lower stability, due to the pressure of the
water surrounding the arc column and the presence of water in the gap between the contact
tip and the electrode, which promotes poor electrical contact. In the present work, to compare
the process stability of underwater wet FCAW with self-shielded electrode, welds were carried
out using a special torch, which keeps the contact tip dry under the water. A two-level factorial
design was used for experimentation and an Analysis of Variance was conducted to validate
the results. Current coefficient of variation was used as the stability index. Welds performed
with the torch have shown better-shaped beads and more stable arc in comparison to beads
deposited with no mechanical barrier between water and the contact tip.
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1. Introduction

Underwater welding is the most commonly used process to repair offshore
structures built to support undersea resources exploitation. Due to collision between
ships and platforms and age-related phenomena, such as fatigue cracks and corrosion in
structural components, and when it is not possible or viable to place the metal structure
or components into dry docs, welding operations are performed in water environment [1].

Underwater SMAW is the most used method of joining metal under water, due to
cost effectiveness and versatility. Simplicity of the process makes it possible to perform
the welds even in geometrically complex structures [2-4]. It is very well known that the
use of tubular electrodes (FCAW) offers higher productivity, however for underwater
welding, handling shielding gas in offshore application is a matter always addressed.
Thus, using a self-shielding tubular wire in underwater application lead to gains of time
and reduce costs [5].

In underwater FCAW with self-shielding tubular wire, the welding arc is surrounded
by water instead of air. The water environment compresses the arc column on weld pool.
The welding arc changes along with the changing bubbles, resulting in fluctuations of current
and voltage signals [6]. It has been reported that the presence of water on the electric
parts can also reduce stability of the process. As the wire passes through the contact tip,
water fills the gap between these two components and interferes negatively on electric
current transfer. Andrade et al. [7] studied the occurrence of micro-fusions between the
tubular wire and the contact tip as a cause of the poor stability and suggested addressing
this problem by changing the contact tip material and using a high-pressure airflow to
expel the water from the nozzle hole.

The objective of this paper is to perform an analysis of arc stability indexes calculated
from data registered from electrical signals on welds performed using a special torch
developed for underwater wet welding and on welds performed as in conventional
underwater wet FCAW.
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2. Materials and Methods
2.1. Welding torch

In order to reduce the problems related to the presence of water in the gap between the tubular wire and
the contact tip hole during welding, a torch for underwater wet FCAW was developed at Laboratério de Robdtica,
Soldagem e Simulagdo — LRSS — UFMG. The device is equipped with a sealing system that prevents water from
entering the contact tip surroundings, as the wire passes through it. With this solution, a fraction of the wire in the
Contact Tip to Work Distance (CTWD) is kept dry inside the torch while part remains on the water environment. It is
interesting because with this solution it is possible to weld in two configurations using the torch, as in conventional
underwater FCAW and keeping the electric parts isolated from water. By using a self-shielding tubular wire, it is
not necessary to employ shielding gas, which makes the process even more cost effective. Pictures of the welding
torch are shown in Figure 1 with and without the sealing system.

Figure 1. Welding torch for underwater FCAW. (a) With the sealing system that prevents water from entering the
contact tip surroundings and (b), with no sealing system assembled.

2.2, Experimental procedure

Welding experiments were carried out in a water tank at 400mm of water depth. The welding torch was
fixed on a one-axis mechanized horizontal system perpendicular to the working piece. This setting allowed control
of torch position, welding speed and CTWD, and resulted in a linear weld bead profile. Bead-on-plate welds were
deposited on A36 steel plates with dimensions of 100 mm x 220 mm x 19 mm using a 1.6 mm diameter commercial
rutile self-shielding tubular wire (ASME SFA 5.20 E71T-11) on electrode negative (DCEN). Welding current was
measured by a Hall effect sensor. Welding voltage channel was connected to the working piece and the welding
torch. Welding voltage, current and wire speed were monitored simultaneously at a frequency of 5 kHz by a data
acquisition system. The experimental setup is illustrated in Figure 2.

Data Acquisition | [ ! Linear
System ) Motion
Device

Welding Power
Source

Figure 2. Experimental setup.
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2.3. Identification of factors and responses

For the purpose of evaluating the effect of welding parameters on arc stability indexes, a two-level factorial
design was carried out. In a factorial design, in each complete trial or replication of the experiment, all possible
combinations of the levels of the factors are investigated [8]. The factors studied were “welding condition”, CTWD,
voltage and wire speed. The first factor, welding condition, is qualitative, the two levels are the contact tip wet, as
in conventional underwater FCAW, and the contact tip dry (inside the torch). The factors CTWD, voltage and wire
speed are quantitative and their respective levels were fixed after literature review and by conducting trial runs.
In Table 1 are presented the input variables with their respective levels and in Table 2 the experimental matrix for
the 24 = (16) factorial design. Welds were deposited randomly according to the levels of parameters in the design
matrix. For all runs, welding travel speed was set to 450 mm/min and the torch was positioned perpendicular to
the working piece.

Table 1. Factors levels for welding experiment.

Factor Name Units Low Level (-) High Level (+)
A Condition - ContactTip Dry Contact Tip Wet
B CTWD mm 15 20
C Voltage Vv 26 30
D Wire Speed m/min 4 5

Table 2. Matrix experimentation.

Contact Tip Dry Contact Tip in Water
Run CTWD [mm] Voltage [V] W[';f/:::]ed Run CTWD [mm] Voltage [V] W[':/Sm'::Td
1 15 26 4 1 15 26 4
2 15 26 5 2 15 26 5
3 15 30 4 3 15 30 4
4 15 30 5 4 15 30 5
5 20 26 4 5 20 26 4
6 20 26 5 6 20 26 5
7 20 30 4 7 20 30 4
8 20 30 5 8 20 30 5

After welding, the current coefficient of variation was the stability index analyzed from the design matrix,
because a constant voltage welding source was used. The responses were calculated between the tenth and the
twenty-fifth seconds of welding, for all runs. The effect of each factor is defined to be the change in response
produced by a change in the level of the factor. It can be calculated by averaging the highs and the lows to determine
the difference or contrast [8,9]. The effect of each factor, as well as interaction effects, were calculated from the
factorial design according to Equation 1.

Effect :Z_K_Z_K (1)
n

+ n_

Where the ‘Y’s refer to the responses at high (+) and low (-) levels, and the ‘n’s refer to the number of data points
collected at each level. With the view to validate the results, an Analysis of Variance was performed.
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3. Results and Discussion
3.1. Weld beads produced

The surfaces appearance of the weld beads produced in the two welding conditions are shown in Figure 3.
Qualitatively speaking it is possible to note that weld beads carried out with the contact tip isolated from water
(dry) show more regular shape than beads produced with the contact tip in water. On the other side, the presence
of water in the gap between the tubular wire and the contact tip promotes worse current transfer, resulting in
unstable arc and, thus, a worse shaped weld bead.

Contact Tip Dry Contact Tip in Water

1 2 3 4 5 6 7 8

Figure 3. Weld beads produced.

3.2. Average values of welding voltage and current

The average values of welding voltage and current, as well as their respective standard deviation values and
the current coefficient of variation, are shown in Table 3. It is noted that, although a constant voltage welding
power source was used, the voltage standard deviation increases as the levels of the parameters increases when
welding was carried out with the contact tip in water environment. The same behavior can be noted for the current
standard deviation. When welding is performed keeping the contact tip dry, both voltage and current standard
deviation keep close to the same value as the parameters levels increase.

Table 3. Average values of welding voltage and current.

Run Average Voltage Voltaqe §tandard Average Currel?t S.tandard CO;:;:;':‘: of

[V] Deviation [V] Current [A] Deviation [A] Variation [%]
1 25.550 2.285 265.391 41.835 15.764
> 2 24.439 1.959 321.677 38.959 12.111
% 3 30.869 2.678 260.430 46.531 17.867
= 30.189 2.462 309.729 43.665 14.098
E 5 25.595 2.393 249.429 41.908 16.801
§ 6 24.724 2.462 299.284 42.047 14.049
o 7 31.654 3.142 248.125 49.066 19.775
8 30.505 2.652 286.935 43.160 15.042
- 1 24.579 1.919 303.840 43.230 14.228
% 2 24.112 1.891 330.619 41.404 12.523
% 3 30.328 3.107 305.690 70.652 23.112
a 4 29.446 2.754 342.506 62.003 18.103
E 5 25.654 4.768 288.140 107.800 37412
g 6 24.429 3.468 322.830 87.647 27.149
é 7 30.079 4.159 316.783 104.929 33.123
8 30.196 4377 311.837 112.785 36.168
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Comparing the runs in which the factor A (Welding Condition) is on the high level (+) (Contact tip in water)
against the runs in which the factor A is on the low level (-) (Contact tip isolated from water) is observed an
average reduction of up to 13.2% on the average current value when the electric parts are dry inside the torch.
This reduction of current can be associated with changes on electrode temperature. As the tubular wire passes
through the contact tip and follows to the working piece, it is heated by Joule Effect. When the electrical parts are
immersed in water, all the contact tip and electrode external area are cooled by convection by the movement of
the surrounding water. So, higher current values are necessary to melt the electrode and form the welding pool.
However, when welding is performed using the torch sealing components, only a small area of the wire is cooled
by the water and it reaches the welding pool in a higher temperature, so, a lower current is necessary to melt the
electrode and the working piece.

Current coefficient of variation is a stability index defined as the ratio between current standard deviation
and average current value [10]. The welding current coefficients of variation are plotted in Figure 4. The graphic
was plotted according to the welding runs listed in Table 3. The runs in which the contact tip was kept dry were
plotted against their respective runs with the contact tip in water, keeping the levels for the remaining factors.

An increase in the level of the factors causes higher energy to be transferred through the tubular wire.
This energy is transferred to the tubular electrode through a sliding electrical contact. The presence of water
between the sliding surfaces promotes worse current transfer by reducing the contact area between the contact
tip and the wire. Keeping the electrical contact wet when increasing the amount of energy to be transferred
promotes even worse current transfer. This effect can be observed in Figure 4 by comparing the black and the red
lines. The difference in the angle of inclination of the straight lines, which are tendency lines to each condition,
shows how the welding current coefficient of variation remains steady when the contact tip is dry. It is noted
that as the factors levels increase, from run 1 to 8, the welding arc becomes more unstable when the contact tip
is wet. However, when the electric contact is kept dry, the current coefficient of variation shows a much smaller
fluctuation. The smaller the sample range is (Coefficient of Variation), the smaller the fluctuation is, which means
the welding arc is more stable [11]. This behavior lends support to the conclusion that the welding stability is
improved by keeping the sliding electrical contact isolated from water.

60
55

50 J —=— Contact Tip Dry
—s— Contact Tip in Water
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Current Coefficient of Variation [%]

Figure 4. Welding current coefficient of variation.

It is also notable in Figure 4 how the wire feeder speed affects current coefficient of variation in wet
underwater flux-cored arc welding. According to runs listed in Table 2, by changing the value of wire speed causes
higher variation around the tendency line when the contact tip is in water environment. The variation is smaller
when the sliding electrical contact is kept dry, this makes the process stability more sensible to the parameters
levels due to the presence of water in the electrical components. It can be observed that, in both configurations,
wire speed set to the low level, when considering this factor alone, increases the current coefficient of variation.
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3.3. Cyclograms and histograms - graphic analysis of welding arc stability

The welding arc stability can be associated with the power graphics (cyclograms). A cyclogram shows welding
voltage as function of the welding current intensity. These graphics are easy understanding when welding stability is
concerned. The smaller the area, the more stable the welding process [12,13]. In Figure 5 (a) is shown the cyclograms
for runs 3 and 7 for both high and low levels of factor A - Condition. It is noted that when welding is carried out
keeping the contact tip dry, the process is conducted with a more stable arc. This phenomenon can be justified
due to the fact that there is no water in the sliding electrical contact, so the current transfer occurs more steadily
and fewer arc interruptions occur. It is also notable a smaller number of short circuits (lower line created by dots,
showing drops on voltage and peaks on current).

Contact Tip Dry Contact Tip in Water Contact Tip Dry Contact Tip in Water
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Figure 5. (a) Welding current x voltage graphs; (b) Welding current cyclograms.

For the purpose of describing and improving accuracy on analysis of arc stability, arc voltage deviation and
current deviation histograms were plotted. These diagrams shows the signals deviation over the entire acquisition
period. The width and height of these diagrams are reliable indicators or arc stability. A welding process exhibiting
a tall and narrow peak shows a more stable arc [14].

Figure 5 (b) shows the current histograms for runs 3 and 7 for both high and low levels of factor A - Condition.
It can be stated that the runs carried out with the contact tip in water presents shorter and larger peak, leading
to conclusion that the welding arc was far more unstable than the runs showed on the left side (contact tip dry).
This analysis lend support to the conclusion that welds carried out keeping water away from the nozzle have more
stable welding arc.

When an interruption on welding arc occurs, the welding current value lows to zero and the voltage value
reaches the open circuit voltage of the power source. It can also be noted in Figure 5 (b) that welds performed
with the contact tip in water show high amount of points with current value equals to zero. This behavior labels
the process as unstable, once that the welding arc was interrupted for higher periods.

3.4. Main effects and interaction effects

The main effects, interaction effects and experimental results are shown in Table 4. The Y1 column is the
current coefficient of variation.

In comparison to the overall spread of results shown on the bottom line in Table 4, factors A and B, and the
interaction AB, have the biggest effects on current coefficient of variation. In Figure 6 is shown the normal probability
plot for the effects. The effects and interactions that fall in line near zero represent a normal scatter, which means
that these effects vary only due to normal causes, so they are probably insignificant on current coefficient of
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Figure 6. Normal probability plot of effects for current coefficient of variation.

variation. The three effects that fall out of the line are most significant on the response, so, the factors condition,
CTWD and their interaction are considered to affect current coefficient of variation.

The effects of factors A and B are shown in Figure 7 (a) and (b). Both increase the response in 9.539% and
8.964%, respectively, by changing to their higher levels. Considering only the main effects, factors A and B should
be set to their lower levels to minimize the response. However, it is necessary to analyze the important interactions.
When factors are involved in significant interactions, special attention must be given to analyze them [8]. The AB
interaction is shown in Figure 7 (c). It is noted that, when the contact tip is kept dry, a little change occur in the
response by increasing the CTWD from 15 to 20 mm. However, the welding arc becomes more unstable as the
distance from contact tip to working piece increases when the contact tip is in water environment. This can be
justified by the fact that an increase in contact tip to plate distance increases the circuit resistance, which reduces
welding current. The presence of water in the gap between the contact tip hole and the wire promotes worse
electric contact as the electrode passes through. Poor electric contact increases the frequency of micro fusions
between wire and contact tip, resulting in larger variations on current signal [7].
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Figure 7. (a) Effect of factor A; (b) Effect of factor B; (c) Interaction AB.

3.5. Analysis of variance - ANOVA

The ANOVA for Current Coefficient of Variation Response is shown in Table 5. The model is created from the
sum of squares of factors that have the largest effects on response. The three largest effects (A, B and AB) are the
vital few that stood out on the normal plot (Figure 6). The smaller effects, which fell in the near-zero line, were
pooled together as an estimate of error called “Residual”. The “Fo” for the model and each individual effect were
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compared to the reference distribution for F with the same degrees of freedom. It was noted that the probability
of getting an F as high as the observed, due to chance alone, is less than 0.1%. Therefore, it can be stated with
more than 99.9% of confidence that factors A, B and AB are the main effects on Current Coefficient of Variation.

Table 5. Analysis of variance for current coefficient of variation response.

Analysis of Variance - ANOVA

Source Sum of Squares Degrees of Freedom Mean Square Fo P-value

Model 910.85 3 303.62 21.94 <0.001
A 363.98 1 363.98 2630 <0.001
B 321.43 1 321.43 23.23  <0.001
AB 225.45 1 225.45 16.29 <0.001
Residual 166.07 12 13.84
Cor Total 1076.920648 15

3.6. Diagnosing residuals

In order to validate statistical assumptions made to this point, a mathematical equation was used to predict
the response for the model tested in the ANOVA. The model with coded factors is shown in Equation 2.

Y=20458+4.77*4+4.48*B+3.75* AB (2)

Where A, B and AB represents the factor level (+ or -) input values, according to Table 2.

The discrepancy between the predicted value and the actual observed value is called the residual error.
It is assumed that residuals are normally distributed and independent with constant variance [8]. The normal plot
for error is shown in Figure 8. It can be stated that all residuals are normally distributed, all points on this plot
lie reasonably close to a straight line, supporting the conclusion that factors A, B and AB are the only significant
effects and that the underlying assumptions of the analysis are satisfied.

Normal Plot for Error
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Figure 8. Normal plot of residuals.
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3.7. Macrographic analysis

Two macrographs were prepared for each of the sixteen operational conditions evaluated. The macrographic
preparation was carried out on two transverse test pieces from the same bead and mounted in thermo-fixing
resin (bakelite), sanded with granulometry of 80, 150, 240, 320, 400 and 600 and then attacked with Nital 10.
The geometric parameters of the weld beads (width, reinforcement and maximum penetration) were measured
using the free software ImagelJ. The mean values of the two samples of each bead are listed in Table 6.

Table 6. Geometric parameters of weld beads produced.

Run Width [mm] Reinforcement [mm] Penetration [mm]
Contact Tip Dry 1 12.57 3.56 401
2 12.22 5.06 5.54
3 13.49 2.62 4.02
4 14.20 3.51 5.03
5 12.27 3.38 2.99
6 13.26 3.53 3.84
7 13.02 2.80 3.18
8 14.68 2.98 3.93
Contact Tip in Water 1 11.62 3.68 3.90
2 10.77 4.79 5.82
3 13.15 2.86 5.64
4 14.07 3.73 5.45
5 8.71 4.20 4.86
6 8.88 5.73 6.25
7 12.92 4.66 5.63
8 11.13 4.28 6.10

When welding was carried out keeping the contact tip dry, the bead width increased as the parameters Voltage,
CTWD and Wire Speed increased, according to values listed on literature to FCAW performed in open air [15-18].

Figure 9 shows the macrographs of beads obtained in runs 3, 4, 7 and 8, in both configurations, contact tip
dry and in water. It can be observed that, in welds produced keeping the electric parts isolated from water, the
ratio width/penetration is more uniform, even increasing the levels of the welding parameters, and the beads have
a regular shape. When the contact tip is in water environment, the weld bead geometry is affected by changes in
the parameters. From runs 3 to 4 and 7 to 8 can be noted a reduction in the ratio width/penetration and changes
in the shape of the weld bead.

Contact Tip Dry Contact Tip in Water

Run 4

Run 7 Run 8

Figure 9. Macrographs of beads obtained.
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4, Conclusions

Weld beads obtained using the torch developed at LRSS-UFMG showed better shape in comparison to welds
produced with the contact tip in water environment. The current transfer to the tubular wire occurs more steadily
when the electric parts are kept dry, as in air welding. Higher values of welding current were measured in welds
carried out with the contact tip in water, due to the cooling effect of the water, higher current was necessary to
heat the wire and melt it in the welding arc.

When the contact tip is kept dry, a little change occur on Current Coefficient of Variation by increasing CTWD,
voltage and wire speed to their higher levels. However, the welding arc becomes more unstable as the parameters
levels increase when the contact tip is in water environment. It was also noted that smaller amount of short circuit
points and fewer arc interruptions occurred when weld was carried out keeping the contact tip dry.

Among the factors selected for the factorial design, welding Condition, CTWD and their interaction are the
most influent on current coefficient of variation. Keeping the contact tip dry inside the torch promotes a more
stable arc in comparison with welds carried out with the contact tip in water environment. The other factors vary
only due to normal causes, and are much less influent on the evaluated response.

The ratio width/penetration showed larger variation as the factors levels increased when welding was performed
as in conventional underwater wet FCAW, welding with the torch developed for this experiment promoted more
regular weld beads even increasing the parameters.

The results showed highlight the gain on stability of the underwater wet FCAW process when welding is
carried out keeping the electric sliding contact isolated from water.
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