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Abstract

Hydrogen-induced cold cracking is a huge challenge in underwater wet welding. In the present study, the influence
of water depth on the diffusible and residually stored hydrogen content is investigated for the case of underwater wet
shielded metal arc welding. The welding is carried out in a simulated water depth of 5, 20, 40, and 60 m with four stick
electrodes specifically developed for underwater wet welding. The influence of the welding current, the arc voltage and
the electrode’s composition on the diffusible hydrogen content are considered. To obtain reproducible welding condi-
tions, a fully automated multi-axis welding system is used inside a pressure chamber. The water depth is simulated by
setting the internal pressure up to 6 bar, equivalent to 60 m water depth. A large amount of samples are analysed and
statistical method are used to evaluate the results. The results show a significant reduction of the diffusible hydrogen

and an increase of residual hydrogen in the joining zone with increasing water depth.

Keywords Wet welding - Diffusible hydrogen - Residual hydrogen - Shielded metal arc welding (SMAW) - Hydrogen
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1 Introduction

Hydrogen induced cracks are the main risks in underwater
wet welding since they may occur delayed, up to weeks
after welding. Their cause is a complex interaction of three
factors [1-3], i.e.

¢ the diffusible hydrogen content
e theloading condition (including residual stresses)
e the materials microstructure.

In wet welding (i.e. direct contact of electrode and
workpiece with the surrounding water), all these risk
factors can be found collectively. The high energy of the
electric arc leads to dissociation of water into molecular
hydrogen and oxygen. In the arc column the hydrogen
is dissociated and ionized. It returns to the atomic state

in the colder arc areas and on the surface of the liquid
metal. These conditions promote hydrogen diffusing into
the weld metal. The gas bubble surrounding the arc can
contain up to 92% hydrogen [4]. The materials commonly
used in the offshore industry are ferritic-perlitic steels. In
these steels atomic hydrogen is able to diffuse rapidly
even below room temperature [3]. The high cooling rates
in the wet welding process promote high hardness in
the heat affected zone (HAZ). This hardness usually rises
with increasing yield strength, making higher strength
steel prone to failure [5]. In addition, constrained welding
shrinkage results in residual stresses. Thus, even without
external load, the weld seam presents a risk of failure.

In dry welding preheating methods are used to lower
the HICrisk in higher strength steel by prolonging the criti-
cal cooling time of the weldment (t5/5) [6]. In wet welding,
no preheating method could be established yet. The only
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practically used method to weld higher strength steel in
wet conditions is the temper bead technique, where every
weld bead is covered by a second temper bead [7-10].
This bead tempers the HAZ of the first weld bead and
should later be removed by grinding. Other methods to
deal with the risk of HIC have been investigated in mul-
tiple studies, but are so far not widely used by divers. A
possible ways to address the challenge of high hydrogen
content in wet weldments is the alteration of the stick
electrode’s cover [11, 12]. The alteration of the core wire
was tried, too. An addition of austenitic filler material to
trap the diffusible hydrogen was investigated by different
researchers and shows high potential [13-16]. Another
promising approach is the usage of induction technology
as an underwater pre-, simultaneous- and/or post-heating
method [17-19].

Additionally to lowering the HIC risk, many studies
focus on gaining a more detailed understanding of the
influences on the hydrogen content in wet welding.
Recent research has focused on describing the effects of
hydrogen on the behavior of underwater welded seams.
Influences investigated are the arc length (welding volt-
age), the welding current, the welding speed and the salin-
ity of the water [20]. According to Swierczynska, Fydrych,
and Rogalski, an increase in the arc length, welding cur-
rent, and salinity of water lead to lower diffusible hydrogen
contents, while a faster welding speed increases the diffus-
ible hydrogen content in the weld metal. It is not expected
that the hydrogen content of ferritic structural steel can
be reduced below 21 ml/100 g in the case of underwater
FCAW wet welding [20].

The influence of water depth was first described in 1983
by Ando and Asahina [21] and more recently by da Silva,
Ribeiro, Bracarense and Pessoa in 2012 [22]. Ando et al.
showed a decreasing diffusible hydrogen content from
0.3 to 100 m of water depth for 4 different electrodes. Da
Silva et al. also showed a negative correlation between dif-
fusible hydrogen contents and water depth. They further-
more analysed the residual hydrogen contents and found
no difference in the results for water depths varying from
0.3 to 30 m. The diffusible hydrogen content seemed to
reach a plateau at 30 m water depths. This difference to
the work of Ando et al. could be caused by the usage of
different hydrogen measuring methods. Ando et al. used
the glycerin method while da Silva et al. used gas chroma-
tography [21, 22]. Both works used the mechanized gravity
welding method inside of pressurized chambers. Neither
work states the time span between welding and cooling/
analysis. This is an important factor, as the diffusion of
hydrogen will continue after welding, until the sample is
cooled down to stop diffusion processes. Without imme-
diate cooling, part of the hydrogen can leave the material
and will not be measured as diffusible hydrogen [23]. The
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usage of gravity welding adds the risk of misjudging influ-
ences, since the arc voltage cannot be controlled during
the welding process, and might thus be influenced by the
water depth.

Until flux cored wires and the necessary equipment (e.g.
wire feeding) for wet welding are commercially available,
the wet shielded metal arc welding process will probably
stay the most relevant underwater welding process. The
advantages are huge and the possibilities to advance the
weld quality might be huge as well, as the understanding
of the process grows. In the present study, the influence
of the water depth, arc voltage, welding current and stick
electrode composition on the hydrogen content of under-
water wet welded samples were analysed. An arc voltage
controlled welding machine and a newly developed sys-
tem for hydrogen analyses were used. The experimental
setup can meet the time specifications of the standard ISO
3690, regardless of the investigated water depth. Since
large variances in the diffusible hydrogen contents were
expected, a large number of samples was investigated and
analysed using statistical methods. In Sect. 2 the experi-
mental setup and the procedures are explained. Section 3
shows the results and Sect. 4 discusses them in detail.

2 Materials and methods
2.1 Experimental set up

Experiments were performed in a hyperbaric chamber
with 10 m? inner volume, customized for underwater wet
welding (Fig. 1).

The chamber can be filled with fresh- or saltwater and
is approved for up to 30 bar internal pressure, resulting in
simulated water depths ranging from 0.5 to 300 m. Inside
the chamber, there is a unique multi-axis welding machine
consisting of a 3-axes portal (x, y and z linear axis) as well
as a rotation and tilt manipulator holding the welding- and
cleaning unit. Wet weldments are carried out by control-
ling the arc length through the arc voltage, using a PID-
controller. A revolving magazine, storing up to 100 stick
electrodes, was implemented into the chamber to provide
dry electrodes for a fully automated welding process. A
system to measure the actual arc voltage and welding cur-
rent during the welding process is also included.

In order to determine the diffusible hydrogen content
in wet weldments, a manipulator system was developed,
build and installed within the chamber (Fig. 1a, b). The
system consist of five levers holding each up to three
welding-samples. Since this is not in accordance with 1ISO
3690 [23], which does not recommend three samples, a
correlations test between the position of the samples (first,
second, or third to be welded) and their hydrogen content
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Fig. 1 Inside view of the 10 m3
welding chamber used for wet
welding. Included is a system
for the weldment of hydrogen
samples based on ISO 3690. a
Insulated tank containing 0.2
m? of liquid nitrogen, b clamp-
ing system for five samples
according to ISO 3690—sam-
ple geometry C, ¢ welding axis
with the electrode holder

was performed. No significant correlation was found
(p>0.05). To meet the strict requirements of the standard,
an insulated tank containing 0.2 m? of liquid nitrogen was
installed (Fig. 1a). The height of the tank is designed to
ensure 500 mm of water above the welding samples in the
clamping device (Fig. 1b). This way the stick electrode and
the electrode holder are fully submerged during the whole
welding process. The pneumatic levers are able to convey
the welded samples into the liquid nitrogen within 20 s
after the welding process. The pneumatic system allows
carrying out wet weldments in different water depths,
while meeting the time limits required in I1SO 3690, thus
ensuring the entrapment of the diffusible hydrogen within
the weldments until the measurement is carried out.
Cleaning and separating of the samples was performed
within 60 s. If this was not enough time, the samples were
stored in liquid nitrogen again for at least 120 s. After
that, the work continued for another 60 s before cooling

Fig.2 The Hydrogen analys-
ers used: a Bruker G4 Phoenix
analyser for diffusible Hydro-
gen, b LECO TCH 600 analyser
for hydrogen, nitrogen and
oxygen

again. All samples were marked individually and weighed
before welding and after cleaning to determine the mass
of deposited weld metal. The samples were analysed using
a Bruker G4 Phoenix analyser for diffusible Hydrogen
(Fig. 2a). This analyser uses the carrier gas hot extraction
method, and measures the hydrogen content with a sensi-
tive and long-term stable thermal conductivity detector.
The residual hydrogen was determined using a LECO TCH
600 analyser (Fig. 2b). This measures the extracted hydro-
gen in a carrier gas (helium) by infrared absorption after
melting the sample in the inert gas atmosphere.

2.2 Experimental procedure

Weldments were carried out in simulated water-depths
of 5, 20, 40, and 60 m. The base material was S235 JR
structural steel with a carbon equivalent (CE) of 0.35.
Four different types of stick electrodes were used,

SN Applied Sciences

A SPRINGERNATURE journal



Research Article

SN Applied Sciences (2020) 2:1269 | https://doi.org/10.1007/542452-020-3066-8

1S mm ;15 mm; 15 mm

—

Fig.3 Wet welded samples based on ISO 3690—sample geometry
C

Table 1 Composition of the electrodes’ coatings (in wt.-%)

Electrode designation HK-3 HK-6 HK-9 HK-25
CaCo, 20 20 20 20
FeMn 10 10 10 12

Fe 1 1 1 1

TiO, 53 55 51 51
Al,(OH)g[Si,04,] 2 2 2 2
CgHi005 2 0 4 2
Sio, 12 12 12 12
Total 100 100 100 100

resulting in n=390 evaluable weldment samples accord-
ing to I1ISO 3690—sample geometry C (3 samples per
weldment, each one T0 mm x 15 mm x 30 mm, Fig. 3).
The electrodes used were rutile based flux coated
stick ones with @ 3.25 mm. The ferritic steel wire (0.05%
C,0.25% Si, 0.5% Mn, 0.5% Mo) had a @ 5.5 mm flux coat-
ing and an additional waterproof coating. They were
produced and provided for this project by Kjellberg Fin-
sterwalde Elektroden und Zusatzwerkstoffe GmbH. The
compositions of the electrodes coating are given in
Table 1. The main difference is the content of cellulose
(CgH;005) to vary the development of shielding gas with-
out affecting the slag formation. The electrodes HK3 and
HK25 contain the same amount of cellulose, but differ in

Table 2 Targeted welding parameters

their FeMn-content to investigate the influence of the
alloying element manganese.

In a first step, preliminary welding parameters for each
electrode and the selected water depth were identified.
It turned out that using different parameters for each
type of test noticeably improved the welding quality. This
approach avoided inclusion of low quality weldments
(e.g. excessive pores, inconsistent or uneven weld bead
structure) in the data, which would have biased the analy-
sis. The electrode HK25 allowed a wide range in welding
target voltage without degrading welding quality. Thus,
this electrode was used with two different target voltages
at all depths to evaluate the influence of the arc length
(=arc voltage) on the diffusible hydrogen content. For the
5 m water depth case, the welding current was varied as
well. For this electrode the actual voltage between the arc
and the work piece and the actual welding current were
measured. This was done using the ANALYSATOR HANNO-
VER system, which enables the measurement, recording,
and statistical evaluation of the actual welding current /
and the actual arc voltage U. The measurement time was
10 s and the sampling rate 10 kHz. After welding the tran-
sient signals recorded within 10 s of the stable process
were separated into classes and the most frequent class
was treated as the mean value for the whole process. The
parameters used for the welding processes are listed in
Table 2. The welding results for the selected parameters
can be found in the Appendix, Figs. 10, 11, 12 and 13. For
the electrode HK25 the results of the weldments with the
lower respective voltages are displayed.

Within 20 s after weldment all samples were stored in
liquid nitrogen for further analysis. All conditions regard-
ing the time limits were maintained according to ISO 3690
(e.g. 20+ 2 s between the end of the welding process and
the storage in liquid nitrogen, less than 60 s out of cooling
for cleaning of the samples). The hot extraction analysis for
diffusible hydrogen was performed by heating the sam-
ples at a temperature of 400 °C for 30 min.

After cooling, small samples were taken from the weld
metal (Fig. 4), using abrasive waterjet cutting. No time limi-
tation was necessary for this preparation, since diffusion of
the residual hydrogen is negligible. These samples were then
melted inside the LECO TCH 600 in order to measure the

Water depth HK3, 6,9 All electrodes HK3 HK6 HK9 HK25
Target current (A) Welding speed Target voltage (V) Target current (A) Target voltage (V)
5m 200 0.18 m/min (3 mm/s) 22 21.8 21.2 160/200 22/23
20m 200 0.18 m/min 22 21.8 22.2 200 22/24
40m 200 0.18 m/min 22 20.8 21.2 200 21/235
60 m 200 0.18 m/min 22 20.8 21.2 200 21/23.5
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| Water jet cut
Weld metal =

Base metal

Fig.4 Macrograph of a weld sample with a schematic representa-
tion of the elliptical samples taken from the weld metal; the dotted
line represents the border between the molten base metal (below),
and the deposited weld metal (above)

residual hydrogen trapped in the samples. A total of n=83
samples were analysed regarding their residual hydrogen
content. For the diffusible hydrogen n=390 samples were
analysed.

2.3 Statistical methods

The welded samples were examined as a whole for outli-
ers regarding the diffusible hydrogen content (Hp). Outli-
ers were defined as values above 1.5 interquartile range in
accordance to Tukey’s boxplot-method. The remaining val-
ues (n=373) were tested for normal distribution of mass of
weld deposit (ms) and Hp using the Shapiro-Wilk test [24].
Pearson’s product moment correlation test was used on
Hp and mg and Kendall’s Tau (1) was used for correlations
regarding not normally distributed variables like the water
depth (d), the welding current (/) and the arc voltage (U). Not
normal distributed sets of data were compared using the
Mann-Whitney U-test. Regression models were fitted using
the least squares linear regression method. For nonlinear
terms orthogonal variables were used to prevent collineari-
ties. In order to identify variables significantly influencing Hp,
and reduce non-influential variables, stepwise bi-directional
selection of variables in multivariate linear regression analy-
ses was performed based on the exact Akaike information
criterion (AIC), for each Electrode separately. In case the
AlC-selected model did include non-significant variables,
an analysis of variance (ANOVA) for multiple model fits was
calculated and the final model was eventually chosen com-
paring homoscedasticity, distribution of residuals, influential
cases, and the adjusted R%s.

3 Results
3.1 Diffusible hydrogen

The statistical evaluations showed that the diffusible
hydrogen content Hy and the mass of weld deposit mg
are normally distributed for all electrodes at every water
depth. The individual results of the diffusible hydrogen
content for each electrode and depth are shown in Fig. 5.
A significant correlation was noticed between mg and H
(r=-0.58, p«K0.001, Fig. 6) for the whole record as well
as every single electrode (p <<0.001). The depth d and Hp,
showed a statistical significant negative correlation for
the electrodes HK6 (HK6: T=-0.43, p < 0.001) and HK9
(t=-0.63, pK0.001). The electrode HK3 showed no sig-
nificant correlation between d and Hy (1=-0.18, p=0.15),
while electrode HK25 showed only minimal positive cor-
relation (r=0.15, p << 0.001).

Since the correlation between mg and Hp, could influ-
ence the correlation between d and Hp, linear regression
models for Hp including mg as well as d were fitted for all
electrodes. For the electrode HK25, the measured values of
the arc voltage U and the welding current / were included.

The general regression model is:

Hp(ms,d, U, 1) = by + by s mg+ by s d+byx U+b, xI
(M
The regression models selected for each electrode,
using stepwise model selection by the Akaike informa-
tion criterion, are:

For HK 3 (n = 35) : Hp_ys(ms) = by + by % mg )

For HK6 (n = 41) : Hp_ye(ms, d) = by + by = mg + b,  d
3)

For HK9 (n = 33) @ Hp_yo(ms, d) = by + by 5 ms + b, + d
(4)

For HK25 (n = 264) : Hp_yas(ms, U, 1)
=by+b;xmg+byxU+b, x| (5)

The regressions coefficients for each model are listed
inTable 3.

For the electrode HK3 and HK25 no significant influence
of water depth d could be found. The linear model of HK25
shows a significant influence of the arc voltage and weld-
ing current. The models explain 51% (HK3) and 44% (HK25)
of the variance in Hp,

The electrodes HK6 and HK9 showed a significant influ-
ence of d and mg (p <0.001).

The models explain 85% (HK6) and 77% (HK9) of the
variance in Hp,
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Fig.5 Boxplots of the diffus-
ible hydrogen contents in the HK3 HK6
deposited weld metal at the o | —_—
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Since Hp was only dependent on d for HK6 and HK9, a
general model for the two electrodes was calculated in the
same way as before but with an additional variable (cellulose
content=c¢):

water depth, m

3.2 Residual hydrogen

The results of the analysis of the residual hydrogen con-
tent showed the same tendencies with all electrodes.

For HK6 and HK9 (n = 74) : Hp_yeao(Ms, d, ) = by + by % mg+ b,  d + by * ¢ (6)

The model was adjusted by adding the mean mass of
deposited weld metal of each test into the regression model
(6). The calculated correlations between d and H, for the
electrodes HK6 and HK9 are shown in Fig. 7.

The cellulose content ¢ had a significant but relatively
small effect on the diffusible hydrogen content, regardless
of the water depth. In this model the influence of ¢ could be
interpreted as a shift to a higher diffusible hydrogen content
Hp with an increased content of cellulose ¢, regardless of the
depth.
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Figure 8 displays the results for the electrode HK25. It
can be seen that the residually stored hydrogen content
(Hg) tendentially rises with increasing water depth. How-
ever, the boxplot shows that the variance rises, too. The
boxes are overlapping significantly. The Mann-Whitney-
U-Test for unpaired nonparametric samples revealed that
a significant difference between the residual hydrogen
contents at the consequent depths was not present. The
difference between the contents in 5 m and 60 m was
significant though (p <0.01). The correlation between
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Fig.6 Correlation between diffusible Hydrogen Hy and mass of
deposited weld material mg (all samples)

Table 3 Regression coefficients for each model: mg is the mass of
deposited weld material, d is the water depth, U is the arc voltage, /
is the welding current, c is the cellulose content of the electrode; SE
stands for standard error

Electrode or variable R%/adj.R?* b, SEb;, f p

HK3 0.51/0.49

Constant 86.99 5.88 <0.001
mg (9) -2279 391 -071 <0.001
HK6 0.85/0.84

Constant 99.15 3.50 <0.001
mg (9) -2532 218 -0.74 <0.001
d(m) -039 0.04 -0.63 <0.001
HK9 0.77/0.76

Constant 110.16 6.67 <0.001
ms (9) -2552 417 -053 <0.001
d(m) -0.51 0.06 -0.67 <0.001
HK25 0.44/0.43

Constant 27.98 8.52 <0.001
ms (g) —-2357 1.80 -0.63 <0.001
u(w) 0.21 0.03 0.40 <0.001
1(A) 0.58 0.19 0.16 <0.01
HK68&9 0.79/0.77

Constant 97.86 3.47 <0.001
ms (g) -2342 215 -06 <0.001
d(m) -043 0.04 -062 <0.001
c (%) 1.73 041 0.23 <0.001
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Fig.7 Adjusted correlation between d and Hy for the electrodes
HK6 and HK9 showing a significant influence of depth. The fits are
calculated using regression model (6), with the individual mean
masses of deposited weld metal and cellulose contents of each
electrode
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Fig.8 Correlation between the water depth and the residual
hydrogen in the weld metal for electrode HK25

the water depth d and the residual hydrogen H was
tested using Kendall’s correlation tests. The correlations
coefficient T (Kendall’s Tau) was above 0.4, with a p value
below 0.05, for all electrodes (see Table 4).
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Table 4 Results of the correlation tests of the residual hydrogen
content Hg and the water depth d

Electrode Kendall’s Tau (1) p-value Number
of samples
(n)

HK3 0.48 <0.05 14

HK6 0.52 <0.05 18

HK9 0.41 <0.05 21

HK25 0.47 <0.05 30

4 Discussion

4.1 Influence of the mass of weld deposit
as possible source for error in the measurement
of diffusible hydrogen

A correlation between m¢ and Hp is to be expected, con-
sidering that the unit of Hy is “ml/100 g (deposited) weld
metal’, meaning that the difference in weight before and
after welding (m) is used as the reference to standardize
the diffusible hydrogen content. In ISO 3690 this stand-
ardization is used to get comparable information from
different welding processes and sample sizes. During the
welding process all molten material, i.e. the droplet as
well as the molten base material, will uptake hydrogen,
though. However, H, only considers the deposited mate-
rial (i.e. the transferred metal droplet). Larger amounts of
weld deposit solve more diffusible hydrogen than smaller
ones (the correlation of the mass of weld deposit of each
sample and the total amount of diffusible hydrogen diffus-
ing out of each sample is significant: 7=0.37, p<0.001). If
the welding process produces consistent weld beads, the
deposited mass will not differ much and the standardi-
zation enables a comparison of different stick electrodes,
sample sizes or welding methods.

A potential for error lies within the exclusion of the
molten base material from the standardizations refer-
ence mass. This area (see Fig. 4) does not add any weight,
but it is in the liquid phase during the welding process. It
will therefore solve diffusible hydrogen during solidifica-
tion without having influence on the considered mass for
standardization. If only little weld metal is deposited, the
reference mass for Hy (mg) is small. If the volume of molten
base metal is bigger, it solves more hydrogen. However,
this is not considered in m, Thus, the diffusible hydrogen
solved in the molten base metal has a high impact on the
results, if the mass of deposited weld metal is not constant.

In consistent weld seams, the influence of a variance in
deposited weld metal will be insignificant and the pen-
etration will not differ considerable. However, in under-
water wet welding the conditions are different. Especially
at greater depths the weld bead will hardly be constant
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enough to obtain equal masses of deposited weld metal
in all samples. The reason can be found in the dynamics of
the gas bubble surrounding the process zone. It expands
and collapses multiple times during the weldment, due
to the constant generation of gas caused by the arc [25].
This aspect disturbs the arc and the metal transfer is less
constant compared to the dry welding processes [25].

Considering that the deposited mass could differ for
different depths, arc voltages, welding currents, and elec-
trodes, and influences Hy as well as the total volume of
hydrogen solved in the sample, the mass m¢ should be
included as a variable when fitting models for linear (or
polynomial) regression. This way the influence of m¢ will
not be mistaken for another influence. This is especially
important, if the variable of interest is correlated to mq.

A more advantageous way to maintain meaningful
results would be to measure the real volume of molten
material for every sample and then use this volume for
standardization. This would imply etching, photographing
and measuring (ideally cross sections from both sides of
the sample, separately) for every sample. Integrating the
influence of the weight into the regression model seems
to be the least costly method to obtain feasible results.

4.2 Influence of depth on the diffusible hydrogen
content

The combined data of the electrodes HK6 and HK9 show
a significant negative correlation (r=-0.62, p<0.001)
between water depth and diffusible hydrogen (adjusted
for the influence of the deposited weld mass). This fits the
results of Ando et al. as well as those of da Silva et al. [21,
22]. Since there are only 3 different proportions of cellu-
lose contents in the flux in this record, the cellulose con-
tent should be treated as an ordinal variable rather than
aninterval scaled variable (a prediction of the influence of
higher cellulose contents might not be valid). Regarding
only 0% and 4% of cellulose, the influence can be inter-
preted as a parallel shift of the regression line to higher
hydrogen values for electrode HK9 (4% cellulose) (Fig. 7).
This is understandable as cellulose contains hydrogen.
However, the electrodes HK3 and HK25 (2% cellulose,
each) did not show any difference in the diffusible hydro-
gen content regarding water depth. It seems that there
is no general correlation that is accurate for all types of
electrodes. It seems, that the diffusible and residual hydro-
gen content generated by 0-4% cellulose content in the
electrodes flux is rather low compared to the influence of
the surrounding water.

The influence of the waters depth could be dependent
on the arc characteristics and the general performance of
an electrode at a certain depth, rather than on the pressure
at the depth itself. In other words: disturbances (variables
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which could not be controlled yet) may have had influ-
ence on the diffusible hydrogen, and may themselves have
been influenced by the depth of the water.

For all linear models, statistical tests were conducted
in order to improve the fits. One method used was a
“residuals vs. fits” plot. In the case of the linear model of
HK9, this comparison between the residuals (the differ-
ence between the observed and the predicted value) and
the fitted values (estimated responses) indicated that the
model could be improved by the addition of polynomial
terms. The full model included mq, d, their interaction,
and polynomial terms up to the third power. It was subse-
quently reduced to its significant variables using stepwise
bi-directional selection of variables based on the exact
Akaike information criterion (AIC) (see Table 5):

HD—HK9—poIinomiaI(mS'd) = by + by % mg + b, x d + by x d?
(7)
This model explains 92% of the variance in H, for elec-
trode HK9 and shows a plateau at a depth of 45 m after
which the hydrogen content does not decrease any fur-
ther. The boxplot in Fig. 5 (bottom left) illustrates this. The
outcome coincides with the observations of da Silva et al.
[22], except for a shift to slightly higher depths.

4.3 Influence of the arc voltage on the diffusible
hydrogen content

The evaluation of the arc voltage recorded during the
welding process match the observations of Gao et al. [26]
and are contrary to the ones of Swierczynska et al. [20].
The multivariate linear model over all samples containing
information on the arc voltage (n=264) shows a significant
(p<0.01) positive effect of the measured arc voltage on Hp,
A longer arc (higher arc voltage) leads to higher hydrogen
contents. This reasonable as a larger arc column leads to
more ionization, which in turn should result in more solv-
able hydrogen.

The correlation of arc voltage and diffusible hydrogen
content can easily be misjudged, because a correlation
between arc voltage and the mass of deposited weld

Table 5 Coefficients of the polynomial regression model for the
electrode HK9. mg is the mass of deposited weld material and d is
the water depth: the f; values are not stated, because the inclusion
of d? leads to collinearities, SE stands for standard error

R%/adj. R? b; SEb; p
HK9 0.92/0.91
Constant 126.62 4.62 <0.001
ms (g) —-28.98 2.56 <0.001
d(m) -1.79 0.18 <0.001
d* (m) 0.02 0 <0.001

metal can be assumed. If the correlation of arc voltage and
diffusible hydrogen content is evaluated, without consid-
ering the alteration of the mass of deposited weld metal
caused by the change of arc voltage, a misinterpretation
of effects is likely (see paragraph 4.1). This is why the mul-
tivariate linear regression is recommended.

In the case of the electrode HK25, the correlation
between U and Hp was tested with small to negative
results (t=—0.12; p<0.05). However, there is also a correla-
tion between U and mg (T=0.18; p < 0.05). The correlation
between mg and Hp, is even more pronounced (t=-0.56;
p < 0.05). This could mean that the longer arc led to more
deposited weld metal, which itself led to lower diffusible
hydrogen contents (Hp). The possible correlations between
water depth, welding current, arc voltage, and deposited
weld mass make the bi-directional correlations with the
diffusible hydrogen content even more prone to misin-
terpretation. If all the influencing variables are used to
calculate a multivariate model, the variables that do not
significantly influence the result can be neglected, while
still focusing on the variables that might interact with each
other and thus lead to misjudged effects in bi-variate cor-
relation analyses.

The final multivariate linear model for the electrode
HK25 (Eq. 5) demonstrates a positive correlation between
U and Hp,. The fact that this is contrary to the result of the
two-dimensional bi-variate correlation test highlights the
importance of the multivariate regression.

4.4 Results of the residual hydrogen measurement

Residual hydrogen was analysed for 83 samples. For all
electrodes a positive correlation between water depth and
residual hydrogen Hg can be found. This is different to the
results of da Silva et al. [22], where the residually stored
hydrogen content remained the same from 0.3 to 20 m
water depth. It has to be stated that only 2 samples were
analysed by da Silva et al., which may explain the differ-
ence, because the variance in the residual hydrogen con-
tents might be rather large at higher water depth (Fig. 8).

Considering that the correlation test of d and Hg
showed positive results for all electrodes while d and Hp
are negatively correlated for HK6 and HK9, for these two
electrodes both variables were summed up to Hy, the total
amount of hydrogen:

Hr_tikego = Hr-rkego + Ho_rkess (8)

H; was tested negative for correlation with water depth
(1=0.02, p=0.9). The linear model H_ygg0 (Ms, d) showed
similar results. A one-way analysis of variance was calcu-
lated, showing that there was no significant difference in
the means of H; regarding the different depths (p=0.48).
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This allows to conclude that the total amount of hydrogen
stored within the sample did not change significantly with
the depth. However, this correlation is only applicable for
the electrodes HK6 and HK9.

4.5 Comparison of the influencing variables

In an attempt to compare the influences, which the ana-
lysed variables have on the diffusible hydrogen content,
relative effect sizes were calculated using the multivariate
regression models. The results are shown in Fig. 9. The rela-
tive effect sizes are suitable for comparing the influence of
variables relative to each other, for the respective regres-
sion model only.

In all cases the variance in the mass of the deposited
weld metal mg has a huge influence on the diffusible
hydrogen content Hp. Only in the results of electrode HK9
(and thus in the combined model for HK6 and HK9), the
influence of the water depth d has a larger effect on the
resulting diffusible hydrogen content than the mass of
the deposited weld metal mg. The results of the electrode
HK25 show, that the influence of the arc voltage is bigger
than the influence of the welding current.

4.6 Discussion of the experimental method
and the statistics

The present study is the first one using an arc voltage
controlled welding machine for automated stick elec-
trode welding in different water depths. The constructed
equipment can adhere to the strict time specifications of
ISO 3690. The number of samples welded for this study is
sufficient to safely use statistical methods to evaluate the
results [24].

The results of this study show that the variance in Hy is
large in the wet welding process. Even in an automated,
arc voltage controlled process, where the timespans can
be held according to the limits specified in ISO 3690,
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Fig. 9 Relative effect sizes of the different variables for each regres-
sion model (only significant effects)
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many samples are needed to obtain useful, statistically
validated results. In 2001 Miles and Shevlin investigated
the number of samples needed to gain statistical valid
results considering the estimated effect size of the indi-
vidual predictors [27]. Their results suggest that even
more samples might be needed, considering the rela-
tively small estimated effect the predictor variables have
on the diffusible hydrogen content in wet welding. The
time and effort this would take is enormous.

Not all the correlations and interactions found in this
study are understood yet. Some parameters cannot be
held constant for different tests. For example: In case
of different electrodes and different water depths the
electrical settings should be the same to obtain optimal
comparability. But if these settings lead to non-optimal
welds, the comparability is not given. Thus, the targeted
electrical settings must be adjusted, sacrificing equal
parameters for quality reasons. Only if enough samples
are welded, these small adjustments can be fit into mul-
tivariate regression models. These models can be a solid
tool to respond to the different electrical settings and
account for irregularities like varying masses of depos-
ited weld metal.

5 Conclusions

There is no limit of diffusible hydrogen for wet welding
defined yet. To assess the risk, which arises from the meas-
ured hydrogen contents, is a challenge. The values stated
in standards (e.g. AWS D1.1-2000) as maximum hydro-
gen contents for dry welding were exceeded by every
single sample in this study. The study gives an overview
of the value range to be expected for the different vari-
ables. It can be used as a foundation for further systematic
research.

The main findings can be summarized as:

A significant negative correlation between the mass of
deposited weld metal and the diffusible hydrogen con-
tent was found. The deposited metal and the molten base
metal can both solve hydrogen during the welding pro-
cess. The mass of molten base metal is not considered in
the standardization of Hp, though. If the mass of deposited
weld metal is small for one sample, the hydrogen solved
in the base metal has a high impact on the results of Hp,
because it is measured as it diffuses out of the sample, but
the mass it was solved in is not considered. Instead this
volume of diffusible hydrogen is referenced on the mass
of the deposited weld metal in the case of Hp In order not
to misjudge influences due to this, the mass of deposited
weld metal was included as a disturbance variable in all
regression models.
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Increasing the water depth leads to higher amounts of
residually stored hydrogen (Hg) for all the four tested stick
electrodes.

The diffusible hydrogen content (Hp) decreases in two
of the four cases and stays constant for the others two
electrodes. In the case of the two electrodes with decreas-
ing diffusible hydrogen content, the total amount of
hydrogen within a welded sample H; = Hy 4+ Hp does not
change significantly while varying the water depth.

The arc voltage (arc length) and welding current
showed positive correlation with the diffusible hydrogen
content. Higher currents lead to more energy input and
thus result in a higher amount of dissociated water. Longer
arcs lead to larger arc columns, and higher arc tempera-
tures. Hence, more water is in contact to the arc, and can
be dissociated. Both lead to an increase of diffusible hydro-
gen in the weld metal.

The alteration of the cellulose content of the stick elec-
trode coating led to slightly higher diffusible hydrogen
contents, regardless of the water depth. This is explained
by the hydrogen contained in cellulose.

The study also showed the inconsistency of the wet
welding process. A large amount of samples was neces-
sary to gain statistically valid results, even in an automated
process. Only high effort and a huge sample size lead to
valid reproducible results that can be transferred into the
manual application.
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Appendix

See Figs. 10, 11,12, 13.
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—

Fig. 10 Bead on plate weld seams welded with the stick electrode
HK3 in the water depth 5 m, 20 m, 40 m, and 60 m. The parameters
used are listed in Table 2
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Fig. 12 Bead on plate weld seams welded with the stick electrode
Fig. 11 Bead on plate weld seams welded with the stick electrode HK9 in the water depth 5 m, 20 m, 40 m, and 60 m. The parameters
HK6 in the water depth 5 m, 20 m, 40 m, and 60 m. The parameters used are listed in Table 2
used are listed in Table 2
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5m 20m 40 m 60 m

10 mm
—

Fig. 13 Bead on plate weld seams welded with the stick electrode
HK25 in the water depth 5 m, 20 m, 40 m, and 60 m. The param-
eters used are listed in Table 2 (lower value of each parameter)
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