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INTRODUCTION
In underwater conditions diagnostic tests, repairs and 
maintenance are difficult, what can prevent the use of 
underwater installations and entail significant costs associated 
with expensive raising them to the surface [1-3]. The hypothetic 
underwater mining, transmission, energy infrastructure (for 
example offshore platforms, pipelines) accidents can create a real 
danger for transporting crude petroleum and refined petroleum 
product including oil, natural gas, biofuels and thus a danger 
for energetic and ecological safety. Hydrotechnical, marine 
and offshore structures like offshore platforms, harbor devices 
and systems and other underwater constructions which were 
damaged as the result of corrosive defects, ship crashes, material 
fatigue, accidents during assembly, design errors, excessive 

loads, exceeded exploitation time limit and other random factors 
often require repair using underwater welding processes [3-5]. 
The most economic and immediate solutions are wet welding 
methods [1-3,6-8].
During welding under water in wet conditions, directly in the 
water, the weldability of steel is limited by the tendency of 
hydrogen induced cracking (cold cracking) and porosity [1,2,6-
9]. Water as a welding environment constitutes an additional 
source of potential hydrogen and increases cooling rate of 
joint [7-11]. Under such conditions, the possibility of limiting 
diffusible hydrogen amount in joints is of particular importance. 
This can be achieved by metallurgical or technological methods 
[12-17]. The application of the former requires determination 
of the influence of welding conditions and parameters on the 
content of diffusible hydrogen in deposited metal [16-21]. 
Analysis of publications concerning the weldability of steel 
in underwater wet welding shows that an increase of arc 
voltage causes an increase of diffusible hydrogen amount, 
and increasing welding current and salinity of water has the 
opposite effect [22]. The diffusible hydrogen amount also 
depends on water pressure, and thus, on the depth of welding 
[23], however it is not dependent on the type of protective 
layer or lack thereof or on the level of moisture of the covering 
[24], and in the case of an increase of heat input, hydrogen 
content is reduced [25]. During welding with positive polarity 
on the surface of the cathode (welded material), intensive 
penetration of hydrogen takes place, and the intensity of the 
reaction depends on current density [26].

In the study mercury displacement method was used for determination of diffusible hydrogen amount in deposited metal 
obtained during underwater wet welding with covered electrodes in laboratory conditions according to a two-level full 
factorial design for three factors. The factors and their levels were chosen among conditions and parameters of welding 

in accordance with the results of own preliminary studies. A statistical analysis succeeded in establishing an equations to 
correlate conditions of wet welding with diffusible hydrogen content in deposited metal. A comparison of the influence 
of studied variables with the results of preliminary studies was also made. In order to minimize diffusible hydrogen level, 

underwater wet welding with covered electrodes is to be carried out with negative polarity as well as the minimum 
value of welding current. Results of measurements of the diffusible hydrogen amount in deposited metal were in the 
range from 39.54 to 61.86 ml/100g. These results imply that it is possible to obtain in wet welding conditions level of 

diffusible hydrogen content characteristic for welding in the air.
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previous studies with the aim of determining the significance 
of the influence of selected welding conditions on diffusible 
hydrogen content show that water salinity has the greatest 
influence on diffusible hydrogen content in deposited metal, 
and the contamination of the electrode has a slightly lesser 
influence [16]. The transfer of welding from air to underwater 
environment causes a 54% increase of diffusible hydrogen 
content in deposited metal in the case of welding in salt water 
and over 87% during welding in freshwater. The influence of 
the change of polarity and welding current intensity is about 
five times smaller, and the influence of the thickness covering, 
moisture and application of waterproofing is relatively small [16]. 
Diffusible hydrogen content in deposited metal can be calculated 
according to previous study as follows [16]:

HD = 55.63 + 0.08 x I + 8.25 x c - 2.12 x s - 2.28 x p (1)

where:
HD  -  diffusible hydrogen content in deposited metal determined 

by mercury displacement method [ml/100g],
I  -  welding current [A],
c  -  contamination of the electrode,
s  -  water salinity [‰],
p  -  welding polarity.

The aim of this work was to quantitatively determine the 
influence of welding conditions distinguished during preliminary 
studies on the content of diffusible hydrogen in deposited metal 
during underwater wet welding with covered electrodes.

EXPERIMENTAL PROCEDURES
studies were conducted in accordance with the principles 
of design of experiment theory [27]. based on the results of 
preliminary studies, a two-level full factorial design for three 
factors (namely the 23) design was established [27]. 
In order to prevent the occurrence of systematic errors, the order 
of experimental runs was randomized in the statistica software 
package [27]. Weld deposit beads were made using commercial 
rutile electrodes eR 2.46 (e 38 2 Rb 12) with a diameter of 4 
mm (Table 1) on s235JRg2 steel samples (Table 2). electrodes 
covering was not additionally waterproofed. electrodes eR 2.46 
are widely used in industry and generate in air environment 30-
40 ml/100g of diffusible hydrogen amount in deposited metal 
[16]. Weld deposit beads were made at a depth of 200 mm at 
an underwater welding test stand (fig. 1). The test stand for 
underwater welding on low depths consists of a water container 
with a capacity of 400 liters with welding table inside, welding 
power source ARIsTo 400 and welding fume extractor.

Fig. 1 - Test stand for underwater welding on low depths. 1 - welding power source, 2 - control panel, 3 - welding table, 4 - base 
material, 5 -electrode holder, 6 - water container, 7 - welding fume extractor.

Tab. 1 - Chemical composition and mechanical properties of eR 2.46 electrodes deposit

C mn si Re [mpa] Rm [mpa] A5 [%] KV [J]

0.08 0.6 0.15 >410 490-560 >24 >50 (-20°C)

Tab. 2 - Chemical composition of s235JRg2 steel

C max mn max si max p max s max

0.17 1.40 0.07 0.050 0.050
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Independent variables were accepted to be: welding current (I), 
water salinity (s) and welding polarity (p). The maximum range 
of welding current ensuring process stability was accepted (from 
192 to 250 A). Welding in a sea water environment was simulated 
by using artificial sea water grade A in accordance with standard 
guidelines [28]. The concentration of ingredients in the artificial 
water was equal to the average salinity of the world ocean: 35‰.
Determination of the diffusible hydrogen amount in deposited 
metal by mercury displacement method was performed 
according to standard procedures consisting in [29-32]: making 
weld deposit bead, placing a specimen in eudiometer (y-tube), 
collection of diffusible hydrogen at 45°C, reading the volume 
of collected hydrogen after 72h and calculation of results to 
normal conditions (standard temperature and pressure). Test 
results (average of three measurements) are shown in Table 3. 
fig. 2 shows apparatus for collecting hydrogen over mercury 
(eudiometer). fig. 3 shows the dimensions of specimens and 
view of the test part of specimen with weld deposit bead.

Fig. 3 - specimen for determination of diffusible hydrogen content by mercury method. a) dimensions of specimen. 
A - run-on piece, b - test part, C - run-off piece; b) view of the test part of specimen after welding. 

Tab. 3 - Conditions and results of the experiment

experiment run Welding current
I [A]

Water salinity
s [‰]

Welding polarity
p

Diffusible hydrogen content 
in deposited metal HD [ml/100g]

1 192 0 negative 40.08

2 192 35 negative 39.54

3 192 0 positive 45.15

4 192 35 positive 52.32

5 250 0 negative 45.60

6 250 35 negative 56.58

7 250 0 positive 56.16

8 250 35 positive 61.86

STATISTICAL ANALYSIS
statistical analysis of the results presented in Table 3 was carried 
out with acceptance of a significance level of α=0.05. In the 
first step, statistical analysis was conducted for model I (linear 
with interactions) of dependency HD=f(I,s,p). fig. 4 shows a 
standardized pareto chart of effects for model I. The standardized 
pareto chart provides information on the qualitative nature and 
significance of the effect of the studied variables. A vertical line 
representing the critical significance level (p=0.05) is marked 
on the chart. Variables effects which exceed this value are 

considered to be statistically relevant [27]. fig. 4 shows that 
none of the studied variables are statistically significant in terms 
of their influence. In accordance with the principles of procedure 
applied for design of experiment, effects of interactions between 
independent variables were successive removed, and model II 
was finally obtained (fig. 5), which is only made up of statistically 
significant variable influences. Table 4 contains the results 
of analysis of variance (AnoVA). Table 5 presents equation 
coefficients for actual independent variables (model II).

Fig. 2 - Apparatus for determination of diffusible hydrogen 
content by mercury method

 a) b)

Saldatura



La Metallurgia Italiana - n. 11/12  201550

Memorie

Tab. 4 - Analysis of variance results (model II)

Independent values effect standard error Degree of 
freedom t(4) p-value Confidence 

limit -95%
Confidence 
limit +95%

Constant 49.661 1.045 47.511 0.000 46.759 52.563

Welding current [A] 10.778 2.090 5.155 0.006 4.973 16.581

Water salinity [‰] 5.827 2.090 2.787 0.049 0.023 11.631

Welding polarity 8.422 2.090 4.028 0.015 2.618 14.226

Tab. 5 - equation coefficients for actual independent variables (model II)

Independent values equation 
coefficients standard error Degree of 

freedom t(4) p-value Confidence 
limit -95%

Confidenace 
limit +95%

Constant -849.202 212.338 -3.999 0.016 -1438.750 -259.656

Welding current [A] 0.186 0.036 5.155 0.006 0.090 0.286

Water salinity [‰] 0.166 0.059 2.787 0.049 0.000 0.332

Welding polarity 8.422 2.090 4.028 0.015 2.620 14.227

Fig. 4 - standardized pareto chart of effects (model I) Fig. 5 - standardized pareto chart of effects after removing of 
statistically insignificant values effects (model II)

After accounting for the coefficients from Table 5, the following 
equation was obtained: 

HD = − 849.202 + 0.186 x I + 0.166 x s + 8.422 x p (2)

where:
HD  -  diffusible hydrogen content in deposited metal [ml/100g],
I  -  welding current [A],
s  -  water salinity [‰],
p  -  welding polarity.

The pareto chart of effects shown in fig. 6 shows that welding 
current has the greatest influence on diffusible hydrogen content 

in deposited metal during wet welding with covered electrodes, 
and welding polarity and water salinity are next in order in terms 
of influence. 
Within the accepted variability range of the studied variables: 
welding current and water salinity, their influence on the diffusible 
hydrogen amount in deposited metal is directly proportional 
and amounts to 10.778 and 5.827 ml/100g, however a change 
of polarity from negative to positive causes an increase of the 
diffusible hydrogen content in sample by 8.422 ml/100g. 
The adjusted R-squared for diffusible hydrogen values obtained 
experimentally and values calculated using the equation is equal 
to R2

adj=0.87. The estimated model (fig. 7) explains 93% of the 
variability of experimental results (R2=0.93).
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Fig. 6 - pareto chart of effects (model II) Fig. 7 - The relation between the measured and the calculated 
diffusible hydrogen amount

The model is correct when distribution of raw residuals generated 
by the model is compatible with normal distribution [27]. The 
observed values, predicted values and raw residuals generated 
from the model II are shown in Table 6. To assess normality 
assumption the shapiro-Wilk test was used. In the considered 
case, the value of the shapiro-Wilk statistic is equal to sW-
W=0.937 for a critical significance level of p=0.58. because the 
p-value is greater than the accepted significance level α=0.05, 
the assumption of normality has not been rejected.

Tab. 6 - The observed values, predicted values and raw 
residuals (model II)

experiment 
run

observed 
values

 predicted 
values

Raw
 residuals

1 40.08 37.15 2.93

2 39.54 42.98 -3.44

3 45.15 45.57 -0.42

4 52.32 51.40 0.92

5 45.60 47.93 -2.33

6 56.58 53.75 2.83

7 56.16 56.35 -0.19

8 61.86 62.17 -0.31

RESULTS
studies conducted with the application of design of experiment 
made it possible to determine the significance of the influence 
of three variables on diffusible hydrogen content in deposited 
metal obtained during underwater wet welding: welding current, 
water salinity and welding polarity. The independent variables 
were selected among the welding conditions and technological 
parameters for the considered process on the basis of the results 
of previous preliminary studies [16]. statistical analysis shows that 
an increase in the diffusible hydrogen content in deposited metal 
is caused by an increase of water salinity and welding current. It 
was also stated that welding with a negative polarity can reduce 
the diffusible hydrogen amount in joints made underwater. A 

comparison of the influence of considered variables with the 
results of preliminary studies is shown in Table 7. The study 
presented in this paper indicates a proportional increase of the 
influence of the level of water salinity on the diffusible hydrogen 
amount in the weld metal, and is thus contrary to the influence 
determined during preliminary studies. substantive analysis of 
the conditions of performance of both experiments indicates that 
the probable causes of incorrect establishment of the direction 
of influence of water salinity may be the fact that preliminary 
studies were conducted with consideration of oil contamination 
of the electrode as an independent variable. The hypothesis that 
an increase of water salinity caused more intensive removal of 
the oil layer from the electrode, which caused a reduction of the 
diffusible hydrogen amount in deposited metal, can be posed. 
During preliminary studies conducted according to the plackett-
burman saturated factorial design, the influence of interactions 
between independent variables on the diffusible hydrogen 
amount was not studied, and thus, verification of this hypothesis 
requires additional study.

Tab. 7 - Comparison of the effect of considered variables on 
diffusible hydrogen amount

Independent 
variables

preliminary 
studies [16]

Actual 
studies

I - welding current 4.439 10.778

p - welding polarity -4.569 8.422

s - water salinity -21.291 5.827

There is also a difference between the results of evaluation of 
the influence of the welding polarity factor. because reports in 
the literature indicate that wet welding with negative polarity 
generates lower of diffusible hydrogen amounts [26], and 
preliminary studies were conducted using a plan accounting for 
the influence of a greater number of variables, it was accepted 
that the results obtained within the scope of this paper are 
correct. All independent variables have an influence on the 
volume of the weld pool, and thus, on the intensity of gas 
exchange, and these may be the causes of their strong influence 
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on the diffusible hydrogen amount in deposited metal [16,17].
because the polarity of the welding current is a categorical 
variable, the proposed equation (model II) can be presented in 
the following variations:

for negative polarity:

HD = 1.420 + 0.186 x I + 0.166 x s  (3)

for positive polarity:

HD = 9.842 + 0.186 x I + 0.166 x s  (4)

The lowest average contents of diffusible hydrogen in deposited 
metal (about 40 ml/100g) were obtained in the case of welding 
with negative polarity at a low value of welding current (192 A).

CONCLUSIONS
The application of experiment design made it possible to 
determine the influence of experimental welding conditions 
during underwater wet welding with covered electrodes (the 
welding current, the water salinity and the welding polarity) 
on the diffusible hydrogen amount in deposited metal. Design 
of experiment has been applied to obtain relations between 
welding current, welding polarity, water salinity and diffusible 
hydrogen amount in deposited metal.
• The linear influences of all studied variables: welding current 

intensity, water salinity and welding polarity are statistically 
significant at the accepted level of significance (α=0.05), 
and interactions between them proved to be statistically 
insignificant.

• Wet underwater welding in the accepted range of welding 
conditions generates the diffusible hydrogen amount in 
deposited metal ranging from 39 to 62 ml/100g.

• The growth of the welding current, the salinity of water and 
the change of welding polarity from negative to positive 
causes an increase of diffusible hydrogen content in 
deposited metal.

• In the case of the test weld deposit beads made underwater 
using eR 2.46 electrodes, there is a possibility of reduction 
of diffusible hydrogen amount in deposited metal (using 
technological methods) to a level that is obtained during 
welding in an air environment.
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