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Abstract: To investigate influence of welding parameters on weld bead geometry in underwater wet flux cored arc welding (FCAW),
orthogonal experiments of underwater wet FCAW were conducted in the hyperbaric chamber at water depth from 0.2 m to 60 m and
mathematical models were developed by multiple curvilinear regression method from the experimental data. Sensitivity analysis was
then performed to predict the bead geometry and evaluate the influence of welding parameters. The results reveal that water depth
has a greater influence on bead geometry than other welding parameters when welding at a water depth less than 10 m. At a water
depth deeper than 10 m, a change in travel speed affects the bead geometry more strongly than other welding parameters.
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1 Introduction

The demand for underwater welding technology is
increasing because of the fast development of the
exploitation of marine resources and flux cored arc
welding (FCAW) has been applied underwater because
of its high efficiency. The bead geometry (including bead
width, penetration and reinforcement height) of an
underwater weld plays an important role in determining
the mechanical properties of a weld joint. Because of a
number of competing process parameters involved,
determining optimal welding conditions in a given
situation is complex. Actually, many trials are often
necessary to fix the process in most cases. Therefore, if
the bead geometry of an underwater FCAW joint can be
predicted based on the welding parameters (e.g., arc
current, voltage and travel speed) by a mathematical
model, the number of trial runs would be reduced and the
process of fixing schedules would be simplified [1].

Various statistical techniques such as regression
analysis, response surface methodology (RSM) and
Taguchi method have been applied to modeling and
optimization of weld bead geometry in gas metal arc
welding (GMAW) [2—5]. PALANI and MURUGAN [6]

developed mathematical model for prediction of weld
bead geometry in FCAW using a RSM method. Taguchi
method was also used to analyze the effect of each
welding process parameter on the weld bead geometry
[7,8]. Effect of pulse current on weld bead profiles of gas
tungsten arc welded aluminum alloy joints has been
studied [9].

Because the solution of a mathematical model to
predict bead geometry is complex and the parameters
involved are highly coupled, some researchers have
resorted to artificial neural network (ANN) and genetic
algorithm (GA) techniques based on large experimental
databases [1,10,11]. NAGESH and DATTA [12]
proposed an integrated method using neural network for
predicting the weld bead geometry and genetic algorithm
for optimization of process parameters.

However, the statistical and ANN techniques cannot
quantify the effects of process parameters on the bead
geometry. Sensitivity analysis is a method to identify
critical parameters and rank them by their order of
importance, and therefore it has been applied to the
prediction of bead geometry of various welding process
[13-16]. PALANI and MURUGAN [14] evaluated the
effect of welding parameters on the weld bead geometry
using sensitivity analysis in FCAW of stainless steel.
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KIM et al [13,15] investigated the sensitivity of welding
parameters on weld quality in robotic GMAW process.
KARAOGLU and SECGIN [16] studied the sensitivity
of submerged arc welding process parameters.

Research work on the influence of welding
parameters on the bead geometry of underwater wet
FCAW has not been reported. In this work, investigation
was carried out to study the relationship between the
process parameters and the bead geometry in underwater
wet FCAW. The quantitative effect of process parameters
on bead geometry was calculated using sensitivity
analysis, and thus critical parameters can be identified
and ranked by their order of importance.

2 Experimental

Experiments of underwater wet FCAW are
conducted in a hyperbaric chamber, in which there is an
automatic underwater welding system. Figure 1 shows
the experimental setup of underwater wet FCAW. The
system mainly comprises a high pressure underwater
welding chamber, a welding power source, a
three-dimensional motion platform and other auxiliary
equipments. Before welding, fresh water was poured into
the chamber until the water surface was about 0.1 m
higher than the work-piece surface. Compressed air was
then pressurized into the chamber to simulate the
pressure caused by the water depth. Every 10 m of water
depth will cause a pressure of 0.1 MPa. During welding,
the arc was burning in the water directly. Lincoln
SW-707 self-shielded flux cored wire of 2.0 mm
diameter was used to deposit bead-on-plate welds on
Q235B steel plates with dimensions of 200 mmx
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40 mmx 8 mm. The chemical compositions of the filler
material are shown in Table 1.

In underwater wet FCAW, the welding parameters,
which affect the bead geometry, are welding current |,
arc voltage U, travel speed v, contact tube-to-work
distance (CTWD) D and water depth H. Researches
showed that there is no interaction of the welding
parameters which affect the weld bead geometry
[14,16—18]. Therefore, no interaction among the factors
is considered during the design of experiments in this
study. To study the relationship between the bead
geometry and the welding parameters, the L,4(4°)
orthogonal array is used.

The previous studied the
relationships between the underwater wet FCAW
parameters and process stability [19,20]. In this study,

researches have

the levels of the welding parameters are carefully set to
make sure that the welding processes are stable and can
obtain good weld beads. The typical underwater wet
FCAW bead appearances obtained in this study are
shown in Fig. 2.

In order to accurately measure the bead width W,
penetration P and reinforcement height R shown in Fig. 3,
each weld was cross sectioned at the left side, middle and
right side respectively, and then the measured values
were averaged.

3 Results and discussion

3.1 Experimental results and mathematical modeling

Underwater wet FCAW process parameters and the
corresponding bead geometry of orthogonal array
experiments are presented in Table 2.
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Fig. 1 Schematic illustration of underwater wet FCAW system
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Table 1 Chemical composition of Lincoln SW-707 self-
shielded flux cored wire

wWC)Y% W(Mn)/% W(Si)% W(S)/%

W(P)/% W(AD/%

Table 2 Experimental layout using L,,(4°) orthogonal array and

measured welding geometry

026 30 10 00 Experiment Process parameter Bead geometry
26— 030-0.10- 0.005=  0.012=  1.31~ No. /U v D H W P R
0.29 0.38 0.14 0.006 0.013 1.64 A V mms')mm m mm mm mm

1 280 28 10 20 40 104 25 43

2 320 32 6 20 20 125 38 8

3 300 32 10 22 60 104 3.0 4

4 340 28 6 22 01 139 3.5 3.0

5 280 30 6 24 60 129 3.7 6.1

6 320 26 10 24 01 11.6 18 20

7 300 26 6 18 40 120 29 5

8 340 30 10 18 20 94 42 43

Fig. 2 Weld bead appearances of underwater wet FCAW: ? 280 26 12 22200 89 17 45
(a) Shallow water; (b) Depth of 40 m 10 320 30 8 22 40 11.8 33 438
11 300 30 12 20 0.1 128 1.7 1.9

12 340 26 8 20 60 95 34 48

13 280 32 8 18 0.1 125 20 20

14 320 28 12 18 60 79 27 49

15 300 28 8 24 20 10.1 3.1 49

16 340 32 12 24 40 100 3.0 4

(b)
Fig. 3 Bead geometry of underwater wet FCAW: (a) Cross-
section of weld; (b) Bead geometry

Mathematical model of wet FCAW can be

constructed using multiple curvilinear regression analysis.

The mathematical model simulating the relationship
between weld bead geometry (W, P and R) and process
parameters (I, U, v, D and H) is shown in Egs. (1)—(3).

W = f,, (1,U,v,D,H) =% 17U y» D 4> (1)
P=fo(l,U,v,D,H)=e%19U 2y D%H )
R=fr(1,U,v,D,H) =e® 11U %yb D4 H %S (3)

where fy(1,U,v,D,H), fp(1,U,v,D,H) and fxz(1,U,v,D,H) are
weld bead width, penetration and reinforcement function
at given weld condition, respectively; by, by, by, b3, by, bs,
Co, C1, Ca, C3, C4, Cs, dg, dy, dy, d3, ds and ds are curvilinear
coefficients to be estimated in the model.

Taking the natural logarithm of Egs. (1)-(3)
respectively, the above equations can be expressed by the
following linear mathematical form:

In fy, (1,U,v,D,H)=by+b/ Inl +b, InU +b; Inv+

b, In D +bs In H )
In fp (1,U,v,D,H)=c,+c Inl+c,InU +c;Inv+

c,InD+csInH ®)
In fe (1LU,v,D,H)=d;+d,Inl +d, InU +d; Inv+

d;,InD+dsInH (6)

The regression coefficients of the above empirical
formulae can be calculated using a Matlab program,
according to the experimental data shown in Table 2.
Substituting these coefficients into Egs. (1), (2) and (3),

the following empirical formulae can be obtained:
241545 0.5184 [50.2368
fw(I,U,V,D,H)z I

0.2776,,0.3822 H 0.0330 (7)

Vv

I 1.9068U 0.9776 H 0.0579

fP(I’U’v’D’H) = e11.9128 0‘6019D0'0345 (8)

\'
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0.3971; 1 0.2878 0.3721 4 0.1398
fH(I,U,v,D,H)zl u-— Db~ H

€))
e2.5169\/0.3458

3.2 Analysis of variance

The adequacy of the developed models and the
significance of coefficients were tested by the analysis of
variance (ANOVA) technique. Table 3 shows that
calculated F ratios of W, P and R are larger than the
tabulated values at a 95% confidence level. Therefore,
the models are considered to be adequate.

The coefficient of determination (R?) is defined as
the ratio of the sum of squares explained by a regression
model and the total sum of squares around the mean, as
shown in the following equation:

R2 —1_d=l (10)

where Yy; is the ith value of the variable to be predicted,
¥, is the predicted value of y;, and y; is the mean of the
observed data.

The correlation coefficients of the bead width,
penetration and reinforcement are 0.8442, 0.8844 and
0.9571 respectively (Table 3). A value of R* closer to 1
indicates a better fit. When the confidence level is 1%,
the R* critical value is 0.708. Therefore, R* of the bead
width, penetration, or reinforcement is much larger than
the R? critical value when the confidence level is 1%,
indicating that the effects of the regression models are
quite adequate.

Table 3 ANOVA for models developed

Bead 2 F- p- Error
SSE RMSE R . )
geometry ratio value variance
Width,
W 0.0581 0.0603 0.8442 10.8401 0.0009 0.0058
Penetration,
P 0.1492 0.0966 0.8844 15.3052 0.0002 0.0149
Reinforcement,
R 0.1014 0.0796 0.9571 44.595 0  0.0101

The sum of squares due to error (SSE) measures the
total deviation of the response values from the fit to the
original values. Root mean square error (RMSE) is also a
frequently used measure of the differences between
values predicted by a model and the values actually
observed. A SSE or RMSE value closer to zero indicates
a better fit. As shown in Table 3, the SSE and RMSE
values of width, penetration and reinforcement are small
and very close to zero, indicating that the fits of W, P and
R in this work are good.

In respect of the mathematical models, the results
are again plotted using scatter graphs of predicted values

vs observed data of bead geometry, as shown in
Figs. 4-6. The observed values and predicted values are
scattered close to the 45° line, indicating an accurate fit
of the developed empirical models.
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Fig. 6 Scatter diagram for bead reinforcement
4 Sensitivity analysis

4.1 Derivations of sensitivity equations
The sensitivity equations for various parameters on
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bead width, penetration, and reinforcement are obtained
by partially differentiating Eqs. (7)—(9) with respect to I,
U, v, D and H, respectively. According to Eq. (7), bead
width sensitivities with respect to various process
parameters are obtained as follows:

afW (| ,U WV, D, H) B _0.277662A4154U 0.5184 D0.2368 "
ol - I 1.2776V0.3822 H 0.0330 ( )

Ofy (1LU,V,D,H)  0.5184¢>#134p0268 .
ouU - | 02776 5 0.4816,,0.3822 4 0.0330 (12)

afW (I ,U ,V, D, H) B _0.382262.4154U 0.5184 D0.2368

ov | 0.2776V1.3822 H 0.0330 (1 3)
ofy (1LU,v,D,H)  0.2368e>*'3'y ' "

oD - | O.2776V0.3822 H 0.0330 D0.7632 ( )
afw (1,U,v,D,H) ~ —0.0330e24154 05184 02368 |

OH - I 0.2776V0.3822 H 1.0330 ( 5)

According to Eq. (8), the bead penetration
sensitivities with respect to various parameters are as
follows:

afp (I ’U ,V, D’ H ) B 19068' 0.9068U 0.9776 H 0.0579 16
ol N ell.9128v0.6019 D0.0345 ( )

ofo(1,U,v,D,H)  0.97761" 9080057 -
ou T ol1912850.0224,0.6019 [50.0345 (17)

ofp(1,Uv,D,H) _ ~0.6019 1.9068 5 0.9776 4 0.0579 s
ov - ol 1:9128,/1.6019 [0.0345 (18)

afp (l ,U WV, D, H ) B —0.03451 1.9068U 0.9776H 0.0579 19
oD - e11.9128\/0.6019 D1.0345 ( )

ofp(1LU,v,D,H)  0.05791"7%%%y 0977
oH - 61 1.9128V0A6019 D0A0345 H 0.9421

(20)

According to Eq. (9), the bead reinforcement
sensitivities with respect to various parameters are as
follows:

afR (l ,U WV, D, H) B 0.3971U 0.2878 DO.3721 H 0.1398

ol 025169 0.6029,,0.3458 21)
afR (1,U,v,D,H) ~ 0.2878] 03971037214 0.1398 -
ou - 251695 0.7122, 03458 (22)

afR (l ,U WV, D, H ) ~ —0.34581 0.3971U 0.2878 D0.3721 H 0.1398

ov e2.5169\/1.3458

(23)

afR (1,U,v,D,H) ~ 0.3721]1 03971 02878 14 0.1398
oD - 2-5169,,0.3458 0.6279

24)

6fR (I ’U ,V, D’ H ) 3 0.13981 0.3971U 0.2878 D0.3721
oH N e2.5169\/043458 H 0.8602

(25)

4.2 Evaluation of sensitivity analysis results

The purpose of this investigation is to show the
effect of process parameters by the direct sensitivity
analysis technique on these empirical equations. Through
the derivation of sensitivity equations, the sensitivities of
welding parameters on weld bead geometry can be
quantified. If the weld bead geometry sensitivities with
respect to a certain process parameter are positive, the
bead geometry will increase as this parameter increases,
whereas negative sensitivities state the opposite.

Substituting orthogonal experiment parameters into
Egs. (11)—(25), the sensitivity values for corresponding
process parameters are obtained. Figure 7 shows that the
sensitivities of water depth on weld bead geometry are
relatively large in the shallow water (depth is 0.1 m), and
the sensitivities of the other four process parameters
change very little in the shallow water. Therefore, it
indicates that water depth has the greatest influence on
bead geometry when welding at shallow water. Thus,
what follows in this work is the investigation of various
parameters’ impacts on weld geometry when water depth
is larger than 10 m, and the sensitivity values are shown
in Fig. 8.

2 L
Width
sensitivity I I I
0 ] Ae Bn 0@ = - - -

I IR B . Reinforcement
Penetration sensitivity
5 sensitivity

Sensitivity

Ml Current
Wl Voltage
N Speed
m CTWD
Bl Depth

Fig. 7 Bead width, penetration and reinforcement sensitivities
at shallow water

In the case of welding at a water depth greater than
10 m, it can be observed from Fig. 8 that changes in
sensitivity of bead width, penetration and reinforcement
are more pronounced for changes in travel speed. It is
also shown that arc voltage and CTWD have a large
influence on bead width in Fig. 8(a). Welding current and
water depth have comparatively less impact on bead
geometry. Whereas, it is shown in Fig. 8(b) that arc
voltage and welding current have effect on bead
penetration. In Fig. 8 (c), it is shown that the influence of
CTWD and arc voltage on reinforcement is notable.
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Fig. 8 Histogram of sensitivities of bead geometry on welding
parameters at water depth larger than 10 m: (a) Sensitivities on
bead width; (b) Sensitivities on penetration; (c) Sensitivities on
reinforcement height

According to the comparison of Figs. 8(a), (b) and
(c), the influence of welding current on penetration is
larger than on bead width or reinforcement. But the
sensitivity of welding current is very small compared
with those of other process parameters, which means that
welding current cannot be used to adjust bead geometry
in wet FCAW.

The sort of influence of arc voltage on weld
geometry, from large to small, is bead width, penetration
depth and reinforcement. Compared with bead width and
reinforcement, the influence of CTWD on penetration
depth is small. The influence of water depth on

reinforcement is larger than on bead width or
penetration.

Figure 9(a) shows the sensitivity of welding current
on bead geometry. Of all the bead geometries, bead
penetration is more sensitive to the welding current than
others. The sensitivity of welding current on bead
penetration also increases with the increase in welding
current, indicating that the influence of welding current
on bead penetration increases.

Figure 9(b) shows the sensitivity of arc voltage on
bead geometry. Bead width is more sensitive to arc
voltage than others. The sensitivities of arc voltage on
bead width, penetration and reinforcement are all
positive, which means that bead width, penetration and
reinforcement will increase with the increase in arc
voltage. The sensitivity of arc voltage on bead width has
a slowly declining trend with the increase in arc voltage,
indicating that the influence of arc voltage on bead width
slowly decreases. While the sensitivity of arc voltage on
the penetration and reinforcement essentially keeps
unchanged.

Since the sensitivity of travel speed on bead
geometry is much higher than other process parameters
(Fig. 8), the change of travel speed is more useful in
control of bead geometry. It is shown in Fig. 9(c) that the
sensitivities of travel speed on bead geometry are all
negative, indicating that bead width, penetration and
reinforcement will decrease with the increase in travel
speed. The sensitivity of travel speed on bead width rises
rapidly as the speed is less than 11 mm/s, and keeps
almost unchanged as the travel speed is faster than 11
mm/s, meaning that the influence of travel speed on bead
width is large when the travel speed is less than 11 mm/s.

Figure 9(d) shows bead width is more sensitive to
CTWD compared with reinforcement, meaning that the
variation in CTWD causes large change of bead width
and small change of reinforcement. Variation in CTWD
causes little change of bead penetration as the sensitivity
of CTWD on penetration is close to zero. The sensitivity
of CTWD on bead width shows a declining trend with
the increase in CTWD, indicating that the influence of
CTWD on bead width decreases with the increase in
CTWD. The sensitivities of CTWD on bead width and
reinforcement are positive, indicating that bead width
and reinforcement increase.

Figure 9(e) shows the sensitivity of water depth on
bead geometry as the water depth is larger than 10 m.
The sensitivity of water depth is large at lower water
depth and turns to be close to zero if the water depth is at
higher region (beyond 50 m). This implies that when the
water depth is from 10 m to 50 m, the influence of water
depth on bead width, penetration and reinforcement
gradually decreases with the increase in water depth.
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When water depth is greater than 50 m, the sensitivities
of water depth on bead width, penetration and
reinforcement are very small and remain unchanged. The
sensitivity of water depth on bead width is negative and
on the penetration or reinforcement is positive, which
means that bead width decreases and penetration and
reinforcement increase with the increase in water depth.

5 Conclusions

1) The influence of water depth on bead geometry is
much greater than other four welding parameters at low
water depth (less than 10 m), but they gradually decrease
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Fig. 9 Sensitivity of various welding parameters
on weld bead geometries: (a) Sensitivity of
welding current; (b) Sensitivity of welding
voltage; (c) Sensitivity of travel speed; (d)
Sensitivity of CTWD; (e) Sensitivity of water
depth

with the increase in water depth.

2) When water depth is larger than 10 m, the
sensitivities of travel speed on all three bead geometries
are relatively larger than other four process parameters.

3) All three bead geometries of underwater wet
FCAW are very sensitive to travel speed and arc voltage.
The sensitivities of welding current on all three bead
geometries are small.
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KT RIR AT IR L2 IR IR 48 B2 Tl Ry B S AR EY

AR, FERE, & &
Erg I TR MR RSB, TN 510640

1 OE: Wi T IERWRG I R AT T 0.2~60 m [RI/K FIERIA SR L2008, R £ o iR [RA O i AR K
Bl @ TR L E S EORRAE Y R 2 RIECE A . SR)5, AT BUBRE 7 B R P& 48 J LA R, IF i
VPG TESEURE . B PR . 3 rE & T BE 25 (CTWD) RIS S48 J LA ST s . 45 51
HH, MIRHEIKGERECNT 10 m)I, KGRHREE LA RF B b AR S E0r) R . FEBCKIZKIE T (KT 10 m),
ST T T A o o 4 RS TR R T e K
KA K NREE REERSE: BUREET, IR LR (FCAW)
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