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Abstract

Due to the rising number of offshore structures all over the world, underwater

wet welding has become increasingly relevant, mainly as a repair method.

Welding in direct contact with water involves numerous challenges. A topic

focused by many studies is the risk of hydrogen‐induced cracking in wet

weldments due to hardness values of up to 500 HV 0.2 in the heat‐affected
zone (HAZ) and high levels of diffusible hydrogen in the weld metal. The risk

of cracking increases as the equivalent carbon content rises, because the

potential to form martensitic structures within the HAZ rises too. Thus,

high‐strength steels are especially prone to hydrogen‐induced cracking and are

considered unsafe for underwater wet repair weldments.
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1 | INTRODUCTION

The greatest challenges of the underwater wet welding
process arise from the direct contact of the arc and the
workpiece with the water. In the arc column, water is
dissociated into hydrogen and oxygen due to tempera-
tures of up to 5000°C. The oxygen reacts with alloying
elements and partly removes them from the steel. Man-
ganese and silicon, in particular, are affected by this
oxidation. The effect is intensified with the increasing
water depth.[1] In contrast, hydrogen can be absorbed by
the melted weld pool and dissolved in the metal lattice.
The diffusible atomic hydrogen is of particular im-
portance. Due to the high thermal conductivity of water,
the entire welding area cools down much faster in

underwater wet welding, compared with a dry welding
process.[2,3] Thus, hydrogen has significantly less time to
leave the weld area by diffusion. The contents of diffu-
sible hydrogen, which are measured after wet welding,
range roughly from 26 to 100ml/100‐g weld metal. These
values are significantly higher than those reported for dry
onshore welding.[1,4–9] In addition, the rapid cooling
leads to a quenching of the heat‐affected zone (HAZ),
and thus to the formation of martensite and/or bainite.
Areas of high hardness are created. The impeded
shrinkage causes additional stress in the workpiece. To-
gether with the residual stresses resulting from the
welding process, all risk factors that can lead to
hydrogen‐induced cold cracks are present.[10–12] This
type of cracking is considered to be particularly
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dangerous, because the damage is usually delayed, and
sometimes even appears weeks after the actual
welding.[11–13]

The risk of cold cracking is estimated by calculation
of the carbon equivalent according to the formula[14]:

CEV(%) =
Mn(%)

6
+
Cu(%) + Ni(%)

15

+
Cr(%) + Mo(%) + V(%)

5
. (1)

Steel with a CEV above 0.4% is not considered to be
wet‐weldable, because the hardness in the HAZ increases
too much.[14] In the case of normalized rolled mild steels,
the critical CEV value will usually be exceeded by steel
with yield strengths above 350MPa. Currently, high‐
strength steels are, therefore, considered as not suitable
for underwater wet welding. The CEV is also included in
the calculation of the heat treatment for dry welding
tasks, but so far no heat treatment processes have been
established under water. Current studies focusing on
ultrasonic‐assisted flux‐cored arc welding show high
potential.[15–17] However, the practical use of flux‐cored
arc welding is currently still limited by the commercially
available equipment (e.g., underwater wire feeding). The
only routinely employed way to weld high‐strength steels
is the application of the temper bead technique.[18–21]

The principle here is the addition of a second weld seam
with a little penetration depth on top of every necessary
weld seam. This second, so‐called "temper bead" is sub-
sequently removed by grinding. It works like a postweld
heat treatment for the first weld seam and provides a
tempering effect in the HAZ.[20] However, the applica-
tion of a weld seam with a little penetration depth and

the subsequent grinding of the temper seam lead to a
significantly increased effort for the diver, increased costs
due to the additional electrodes, and longer diving times.
Thus, the search for alternatives is the focus of many
research works. Besides the strategy to use induction
technology to provide a heat treatment,[22–24] and al-
teration of the stick electrode's cover,[7,25,26] the use
of austenite‐forming welding consumables was
examined.[27–31] The solubility of hydrogen is significantly
greater in the face‐centered cubic austenitic phase than
in the body‐centered cubic lattice of the ferritic
phase.[32] At the same time, the diffusion rate of hy-
drogen in austenitic iron is significantly reduced as
compared with ferritic iron[32] (Figure 1). Hence, after
underwater wet welding, the austenitic weld metal can
trap more hydrogen. At room temperature, its diffusi-
bility is strongly inhibited and diffusion from the aus-
tenitic lattice into the martensitic areas of the HAZ is
very unlikely. Consequently, the risk of hydrogen‐
induced cracking can be reduced.[27]

Due to the different material properties of joints
combining austenitic and ferritic steel, complex corro-
sion processes can occur. Specifically, galvanic corrosion,
which is defined in ISO 8044,[33] is a crucial problem for
these weld seams.[34] This form of corrosion occurs when
two metals with different electrochemical potential are
electrically connected, while they are immersed in an
electrolyte. The electrolyte can be saline water, for ex-
ample. In the case of an austenitic filler material used for
welding ferritic/perlitic base materials, the corrosive at-
tack will occur in the base metal or the HAZ, due to the
less noble properties of these regions (compared with the
austenitic weld metal). The expected weld corrosion is
shown in Figure 2.

FIGURE 1 Solubility and diffusion
coefficient of hydrogen in ferritic and
austenitic steel depending on the
temperature[32]
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To inhibit this type of corrosion, layers of ferritic weld
metal can be used as covering layers above the austenitic
root weld metal. This way, the areas of different elec-
trochemical potentials are separated from the electrolyte,
and the galvanic corrosion process should be stopped.
The risk of hydrogen‐induced cracking (HIC) for such
covered austenitic weld roots has not been described yet.

The objective of this study was to investigate the
content of diffusible hydrogen in ferritic, austenitic,
and mixed austenitic−ferritic weldments. Ferritic weld
seams were used to cover austenitic root welds to
suppress galvanic corrosion. The influence of these
covering layers of ferritic weld metal above the auste-
nitic weld metal on the diffusible hydrogen content
was of special interest.

For the present study, the weld metal of six different
types of stick electrodes was analyzed regarding the dif-
fusible hydrogen content. Suitable microstructures were
first identified using calculations from the Schaeffler
diagram. These calculations were then locally verified
using Vickers hardness tests.

2 | METHODS

The automated welding machine used in the experi-
ments had three separately controllable axes. Axes x
and y are used for positioning and controlling the
welding speed (vs). Axis z controls the electrode's
vertical position above the workpiece, and thus the
arc‐length during the welding process. For a constant

arc‐length, an arc voltage control system to adjust the
electrode's feed rate was used. The experiments were
performed in a water tank measuring 2.1 × 3 × 1 m.
The workpieces were fixed to a clamping device on the
basis of the regulations of ISO 3690:2018.[35] All
weldments were made at a water depth of 0.5 m. The
electrodes were held at an angle of 90° to the work-
piece in all tests. The welding polarity was DC‐ (as
proposed by the stick electrodes' manufacturers). Two
kinds of samples for diffusible hydrogen measurements
were used. Both are composed of a run‐on piece to
ignite the arc, a run‐off piece to finish the welding, and
three sample pieces for diffusible hydrogen measure-
ments placed in between the end pieces. Their di-
mensions are based on ISO 3690:2018 sample size C
(width: 30 mm, length: 15 mm, and height: 10 mm),[35]

and they are customized for multilayer fillet weld-
ments (width: 30 mm, length: 15 mm, and height:
20 mm). The simultaneous usage of three samples is
not recommended in the standard ISO 3690, but it
was not found to interfere with the results.[36,37]

Whereas the samples used for one and two weld seams
strictly had the dimensions specified by the standard
ISO 3690 size C, the samples used for triple‐seam welds
had a V‐groove (45° inclination), as illustrated in
Figure 3. The base material used for all samples was
S235J2+N (CEV = 0.31%).

For the present study, six different grades of electro-
des were used to compare the influences of different
phases on the diffusible hydrogen content. Two of them
were low‐carbon ferritic, which are abbreviated as F1
and F2. Two stick electrodes created an iron‐based
chromium−nickel−austenitic weld metal, which are ab-
breviated as A1 and A2. One electrode had a stainless
duplex steel wire (referenced to as D). The last electrode
featured a nickel‐base wire and is abbreviated as N. The
welding parameters used are listed in Table 1. Using
different parameters for each type of electrode improved
the welding quality. This approach avoided low‐quality
weldments (e.g., excessive pores and inconsistent or un-
even weld bead structure) in the data, which would have
biased the analysis. The target arc voltage was optimized

weld 
seam

HAZ

corrosion

FIGURE 2 Galvanic corrosion on dissimilar welds (after
Wahid et al.[34]). HAZ, heat‐affected zone

FIGURE 3 Sample dimensions: (a,b) 30 × 15 × 10mm (single and double seam); (c) 30 × 15 × 20mm (triple‐seam) in a 45° V‐groove
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in preliminary tests to gain a stable arc during the whole
welding process. The actual chemical compositions, as
determined by optical emission spectrometry of the pure
weld metal, are given in Table 2.

The welding speed vs was held constant at 0.2 m/
min for all experiments. The current and target voltage
were adjusted separately for each individual electrode,
as excessive defects in the weldments (e.g., pores)
due to inappropriate process parameters might influ-
ence the results of the hydrogen analysis. Samples
containing any kind of visible defects were sorted out
and not measured. The double and triple weld seam
samples were welded with a 60‐s time gap between
each seam. Within this time, the slag was removed
entirely. The electrode combinations welded and ana-
lyzed are shown in Table 3.

After welding, the samples were stored in liquid
nitrogen (lN2), within 20 s after the arc extinguished, to
prevent the hydrogen diffusion out of the sample. The
cleaning and breaking of the samples were performed
30 min after the storage in lN2, within 60 s. After 60 s,
the samples were again put into lN2 for at least 120 s,
before the cleaning and breaking continued in ac-
cordance with ISO 3690:2018.[35] The clean samples
were warmed to room temperature in water and

washed in acetone. After cleaning with dry air, the
samples were weighed (as before welding, a Mettler
Toledo NewClassic MF scale was used; d = 0.1 mg) and
analyzed in a Bruker G4 Phoenix diffusible hydrogen
analyzer using the carrier gas hot extraction method.
The samples were heated for 30 min at 400°C, to pro-
mote the diffusion of hydrogen out of the weld metal.
After the analysis, the measured hydrogen volume was
then referenced to the mass of the deposited weld
metal (i.e., the difference of the mass of a sample be-
fore and after welding). This diffusible hydrogen con-
tent is referred to as HD and is given in ml per 100‐g
weld metal. All times, sizes, temperatures, and meth-
ods are based on ISO 3690:2018.[35]

3 | RESULTS

The mean diffusible hydrogen contents in the differ-
ently welded samples are shown in Table 4 and in
Figures 3–7. The values of the diffusible hydrogen
content show a considerable variance (Table 4). Still,
the difference in average hydrogen contents between
different sample groups is substantial and large enough
for interpretation.

TABLE 1 Covered stick electrodes and parameters used

Electrodes'
abbreviation

Developed for
wet welding Wire material

Commercially
available

Welding
current (A)

Target arc
voltage (V)

F1 Yes Ferritic steel Yes 150 30

F2 Yes Ferritic steel Yes 150 30

D Yes Duplex steel Noa 150 27

A1 Yes Austenitic Cr−Ni
steel

Noa 160 27

N Yes Nickel‐base Yes 130 26

A2 Nob Austenitic Cr−Ni
steel

Yes 140 27

aElectrodes were provided by voestalpine Böhler for this project.
bStandard electrodes were coated with an alkyd resin sealing to be able to use them in a wet environment.

TABLE 2 Optical emission spectrometry results of the pure weld metal (wt%)

Electrodes' abbreviation C Si Mn Cr Ni Mo

F1 0.06 0.31 0.39 0.03 0.03 0.61

F2 0.08 0.30 0.05 0.04 0.04 0.50

D 0.06 0.67 0.54 17.27 7.07 2.61

A1 0.06 0.58 0.63 16.08 25.70 3.05

A2 0.09 0.82 0.85 18.04 22.40 4.47

N 0.07 0.30 2.40 12.01 64.02 6.50
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3.1 | Weld samples produced with
ferritic stick electrodes

The results of the samples welded solely with ferritic
stick electrodes (F1 and F2) are illustrated in Figure 4.

A reduction of the mean diffusible hydrogen content
by 13% (F1) and 16% (F2) is achieved by adding a
second ferritic weld seam over the first one. The ad-
dition of a third seam reduces the mean diffusible
hydrogen content by another 24% (F1) and 5% (F2). To
determine if the means of two sets of data are
significantly different from each other, the t test

TABLE 3 Electrode combinations welded underwater at a
water depth of 0.5 m (the individual welding parameters are given
in Table 1)

First
seam

Second
seam

Third
seam

Sample
geometry (as
shown in
Figure 3)

Number of
samples
analyzed (n)

F1 a 15

F1 F1 b 9

F1 F1 F1 c 12

F2 a 12

F2 F2 b 14

F2 F2 F2 c 12

D a 12

D D b 9

D D D c 18

D F1 b 12

D F2 b 12

D F1 F1 c 12

D F2 F2 c 12

N a 11

N N b 9

N F1 b 15

N F2 b 9

N F1 F1 c 9

N F2 F2 c 8

A1 a 6

A1 A1 b 6

A1 F1 b 6

A1 F1 F1 c 9

A2 a 9

A2 A2 b 9

A2 F1 b 9

A2 F2 b 9

A2 F1 F1 c 9

A2 F2 F2 c 9

TABLE 4 Diffusible hydrogen contents (HD) and the
corresponding standard deviations

Samples'
abbreviation

HD in ml/100‐g
weld metal
(average)

Standard
deviation

F1 61.02 6.92

F1−F1 52.94 6.85

F1−F1−F1 40.12 3.09

F2 62.65 6.28

F2−F2 52.46 8.85

F2−F2−F2 49.66 7.02

D 38.50 7.84

D−D 44.83 10.68

D−D−D 11.20 2.51

D−F1 38.97 7.46

D−F2 50.11 8.37

D−F1−F1 39.07 5.13

D−F2−F2 37.28 3.90

N 10.00 1.14

N−N 8.55 2.13

N−F1 29.35 7.24

N−F2 26.79 7.50

N−F1−F1 25.37 1.74

N−F2−F2 24.12 2.97

A1 7.89 1.69

A1−A1 8.14 1.30

A1−F1 53.53 5.11

A1−F1−F1 27.98 10.96

A2 5.05 0.69

A2−A2 4.24 1.01

A2−F1 25.17 3.45

A2−F2 26.01 3.45

A2−F1−F1 30.03 4.88

A2−F2−F2 27.49 4.94
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(α level .05) was used. Only the 5% reduction from
F2−F2 to F2−F2−F2 is not significant.

3.2 | Weld samples produced with the
duplex electrode

The results of all samples where the duplex stick elec-
trode D was used as a root weld are shown in Figure 5.
The mean hydrogen content does not significantly differ
in most of these samples. The only significant differences

appear in the samples composed of three duplex weld
seams (D−D−D) and the samples featuring a duplex root
weld covered with a single seam of the ferritic electrode
F2 (D−F2).

3.3 | Weld samples produced with the
austenitic stick electrodes

Figure 6 shows the results of the diffusible hydrogen
measurement performed on samples welded with one or

FIGURE 4 The boxplot of the diffusible
hydrogen content in samples welded with
ferritic root welds (see Table 1 for
parameters); details of the boxplot: the
horizontal line within the boxes represents
the median, the boxes represent the
interquartile range; the whiskers show the
maximum or minimum of each distribution;
outliners are marked with “o”

FIGURE 5 The boxplot of the diffusible
hydrogen content in samples welded with
duplex stick electrode root welds combined
with duplex or ferritic covering (see Table 1
for parameters)
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two austenitic weld seams, without ferritic additions to
cover the root weld seams. This includes the root weld-
ments performed with the Fe‐based Cr−Ni−steel elec-
trodes A1 and A2, as well as the weldments done with
the Ni‐based stick electrode N as a root weld, as these
electrodes form austenitic weld metal too (when welded
on mild steel). A comparison with the results of weld-
ments without austenitic weld metal shows a reduction
of the diffusible hydrogen content between 83% (com-
paring N with F1) and 92% (comparing A2−A2 with
F1−F1). All 50 samples welded without ferritic stick

electrodes showed diffusible hydrogen contents below
20ml/100‐g weld metal.

3.4 | Weld samples produced with
ferritic electrodes as covering layers for
root welds performed with the austenitic
or nickel‐base electrodes

Figures 7 and 8 show the austenitic root welds covered
with one (Figure 7) or two (Figure 8) ferritic weld seams.

FIGURE 6 The boxplot of the diffusible
hydrogen content in samples welded solely
with austenitic stick electrodes (see Table 1
for parameters)

FIGURE 7 The boxplot of the diffusible
hydrogen content in samples welded with
one weld seam of the austenitic stick
electrodes A1 and A2, or the
Ni‐based electrode N, covered with one
ferritic weld seam (electrode F1 or F2)
(see Table 1 for parameters)
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The double weld seam samples combining the aus-
tenitic electrode A2 or the nickel‐base electrode N with a
ferritic electrode (N−F1, N−F2, A2−F1, A2−F2) show a
significant reduction in the average diffusible hydrogen
content, when compared with the respective samples in
which both weld seams are made with ferritic electrodes
(F1−F1 and F2−F2) (Figure 7 compared with Figure 4).
The samples combining the nickel‐base electrode with
the ferritic electrodes F1 or F2 display a reduction of 46%
and 42%, respectively. The samples combining the aus-
tenitic electrode A2 with the ferritic electrodes F1 or F2
show a reduction of 54% and 50%. Only the combination

of A1−F1 does not show any reduction in comparison
to F1−F1.

Similar results were found in the V‐groove samples,
where three seams were applied (Figure 8). The results
obtained by the welding combination N−F1−F1 show a
reduction of 37% in HD as compared with F1−F1−F1.
The difference of N−F2−F2 and F2−F2−F2 is 54%.
A2−F1−F1 presents a reduction of 25% as compared
with the results of F1−F1−F1, and 45% reduction is
achieved by using A2−F2−F2 instead of F2−F2−F2. The
difference in means between A1−F1−F1 and F1−F1−F1
amounts to 30%.

FIGURE 8 The boxplot of the diffusible
hydrogen content in samples welded with
one weld seam of the austenitic stick
electrodes A1 and A2, or the
Ni‐based electrode N, covered with two
ferritic weld seams (electrode F1 or F2)
(see Table 1 for parameters)

FIGURE 9 The Schaeffler diagram for the
used materials: The base material is marked
“B,” the two Fe‐based Cr−Ni−austenitic
electrodes are marked “A1” and “A2,” the
Ni‐based electrode is out of scale and marked by
the arrow “N,” and the duplex filler metal is
marked “D”; “F” marks the ferritic steel stick
electrodes F1 and F2
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4 | DISCUSSION

Several different effects can be seen in these results. For
the ferritic electrodes (Figure 4), the temper effect is
visible. With the addition of more layers, more hydrogen
from the lower layers can diffuse out of the material due
to the reheating of the previous weld seam. This is si-
milar to the effect of a short post‐heating process, as
described by Padhy et al.[38] The reduction of HD is 13%
from F1 to F1−F1 and 16% from F2 to F2−F2. The mean
HD value of F1 is 34% higher than the mean value of
F1−F1−F1. For electrode F2, the difference between one
and three layers is 21%. The temper effect should also
affect the weldments performed with other electrodes as
the root weld, but in these cases, the influence of the
resulting microstructure is assumed to overshadow the
effect of the reheating.

The results obtained for the duplex steel electrode D,
the nickel‐base electrode N, and the austenitic steel
electrodes A1 and A2 are different and can be explained
by analyzing the Schaeffler diagram (Figure 9). The mi-
crostructure of a welded combination can (under ideal
circumstances) be found by drawing a line between the
filler material and the base material, depending on the
degree of dilution (e.g., a mixture of base material and
filler material with a ratio of 1 to 1 would correspond to a
point on the line in the middle of the two welded

materials). The degree of dilution was estimated by
measuring the areas in etched cross‐section (2% nital
etching performed on three samples of each type of hy-
drogen sample analyzed).

Point 1 marks the theoretical microstructure for the
first layer of the duplex electrode welded on the ferritic
base material. By welding a duplex electrode on ferritic
base material, the weld becomes martensitic. This can be
validated by looking at the hardness values (Figure 10).
The hardness of the weld metal exceeds the hardness of
the HAZ and reaches values above 500 HV 0.2. The
sudden drop in hardness was investigated as well. These
are cases where the Vickers indenter did hit cracks in
the weld metal. These cracks could be found throughout
the weld metal in samples welded with the duplex
electrode.

Martensite is a tetragonally distorted form of ferrite
that is supersaturated with carbon. The diffusible hy-
drogen content is lower here than in the microstructures
solely welded with the ferritic stick electrodes F1 and F2.
However, it shows higher diffusible hydrogen contents
than the austenitic microstructures (e.g., A1 and A2; see
Table 4). Applying the second weld seam of the duplex
electrode (D−D) leads to Point 2 in Figure 9. There
should be some ferritic and fewer austenitic parts in the
microstructure now, but it remains mostly martensitic.
When the third duplex weld seam is added (D−D−D),

FIGURE 10 Hardness of the duplex root weld, measured in two directions (horizontal: top; vertical: right)
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Point 3 in Figure 9 should be reached. Thus, the duplex
electrode finally adds a noteworthy amount of austenite,
while the lower layers are simultaneously tempered. The
diffusible hydrogen content is drastically lowered
(Figure 5).

When covering the duplex electrode with ferritic
electrodes (D−F1, D−F2, D−F1−F1, and D−F2−F2), the
whole weldment stays in the martensitic area (Area DF
in Figure 9). The diffusible hydrogen remains (within the
variance) the same for D, D−D, D−F1/D−F2, and
D−F1−F1/D−F2−F2 combinations (see Figure 5). These
consumable combinations form a mainly martensitic
microstructure.

The point “A−B” in Figure 9 marks the root weld of
the austenitic electrodes “A1” and “A2,” welded on the
ferritic base material “B.” Point “N−B” marks the root
weld of the nickel‐base electrode “N,” welded on the
ferritic base material “B.” In these cases, the root weld
forms austenite, which is verified by the hardness mea-
surements. Figure 11 shows the hardness measured in a
weld seam cross‐cut of the austenitic weld metal, welded
with the Ni‐based electrode. The hardness of the auste-
nitic weld metal is less than the hardness of the ferritic/
perlitic base metal. The addition of more layers of the
same electrode will create more austenite (Figure 9).

The hydrogen values are accordingly low (Figure 6).
These findings are in accord with the results obtained by
Gooch[39] and Ozaki et al.[11]

FIGURE 11 Hardness of the Ni‐based austenitic root weld, measured in two directions (horizontal: top; vertical: right)

FIGURE 12 Hardness measured horizontally in the covering
layer over an austenitic root weld, where the root was welded with
the Ni‐based austenitic electrode and covered with two ferritic weld
seams; the second seam shows martensitic and tempered
martensitic areas (tempered by the third seam), and the third seam
is harder than the HAZ
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However, the addition of one or multiple ferritic
layers will create a mostly martensitic structure in the
diluted parts with only small austenitic shares (see
Figure 9). Hardness measurements showed that some
small areas of the root seam remained austenitic,
whereas the other seams became martensitic with shares
of tempered martensite in the second seam, when three
seams were welded (Figure 12). This resulted in lower
diffusible hydrogen values than in the austenite‐free
martensitic microstructure of D, D−D, D−F1, D−F2,
D−F1−F1, and D−F2−F2 (Figure 5), but higher values
than N and A1/A2 single‐ and double‐layer welds
(Figure 6). This tendency can be seen in all the hydrogen
boxplots of the Ni‐based and the Fe−Cr−Ni−austenite
electrodes, covered with ferritic electrodes. The only ex-
ception is A1−F1 (Figure 7). These weldments and
measurements were, thus, repeated, but no significant
changes were found.

All samples besides A1−F1 (excluded due to the yet
unexplained behavior) were grouped on the basis of the
formed microstructure (the HAZs are not considered, as
the volume of the diluted weld metal and molten base
metal is much larger):

• F: Ferritic (F1, F2: without temper effect)
• M: Mainly martensitic (M=D, D−D, D−F1, D−F2,
D−F1−F1, D−F2−F2)

• MA: Martensitic−austenitic (with tempered martensi-
tic shares) (MA=A1−F1−F1, N−F1, N−F2,
N−F1−F1, N−F2−F2, A2−F1, A2−F2, A2−F1−F1,
A2−F2−F2)

• A: Mainly austenitic (A =A1, A1−A1, A2, A2−A2, N,
N−N, D−D−D)

Within the groups M and MA, no significant differ-
ence between the individual results were found. For
group A, the values involving A2 are significantly lower
than the others, but are included, as the value range is
quite low, compared with the variance. Group F, con-
taining the nontempered ferritic microstructures of F1
and F2 single‐layer welds, is also homogenous. A boxplot
comparing these groups is shown in Figure 13. These
groups show significant differences (test: analysis of
variance: p< .05).

This study was carried out with the objective of re-
ducing the diffusible hydrogen content in wet weldments
by adding austenitic weld metal. The austenite should
work as a hydrogen trap, and thus should decrease the
risk of hydrogen‐induced cold cracking.

The results show that there is a significant difference
in diffusible hydrogen contents for samples welded with
different grades of electrodes. The resulting micro-
structures are divided in four groups: Mainly ferritic,
mainly martensitic, martensitic−austenitic, and mainly
austenitic. These four groups show significantly
different diffusible hydrogen contents, regardless of the
electrode combinations that were used to form the
microstructures.

The difference in diffusible hydrogen is achieved by
trapping hydrogen, which is not diffusible at room tem-
perature. It can be concluded that martensite can trap
more hydrogen than ferrite and austenite can trap more
hydrogen than martensite. Martensite with austenitic
shares traps more hydrogen than pure martensite, but
less than austenite.

All samples welded in this study, which were not
tempered by a second or third weld seam, showed high

FIGURE 13 The boxplot of diffusible
hydrogen content for the different
microstructures formed in the welding
process. A, mainly austenitic; F, ferritic;
M, mainly martensitic; MA,
martensitic−austenitic
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hardness in the HAZ. The reduction of the diffusible
hydrogen content can still reduce the HIC risk, as shown
in a previous study that used a novel test.[27] Thus,
changing the microstructure of a weldment can reduce
the HIC risk by reducing the diffusible hydrogen content.
However, not all variants are applicable for underwater
wet welding. The formation of extended amounts of
martensite will lead to very hard and brittle weldments;
thus, the combinations welded with both ferritic and
austenitic electrodes are not useful for actual applica-
tions. The same applies for weldments done with the
duplex electrode. Using austenitic electrodes without a
ferritic covering layer is the only reasonable method to
obtain low diffusible hydrogen contents. There are some
limiting factors to be considered: The different solidifi-
cation points of the base metal and the filler material
favor solidification cracks and cavities. Further research
is necessary to explore these factors more deeply.
Additionally, the water depth might be limiting to the
application of some electrodes. Nickel electrodes tend to
generate more pores in wet weldments than ferritic
electrodes.[39,40] Another challenge lies in the materials
used: The ferritic/perlitic base material and the austenitic
weldment will form a local cell with the increased risk of
galvanic corrosion. Whereas the open circuit potential
difference between the weld metal welded with ferritic
stick electrodes and the ferritic/perlitic base material was
below 100mV, the difference between the austenitic
weld metal of the Ni‐based stick electrode and the fer-
ritic/perlitic base material amounted to 436mV, which
appear critical with respect to galvanic corrosion. Forms
of protection, other than ferritic covering layers, are
needed, and work is underway to address this issue.

5 | CONCLUSIONS

In the present study, austenitic weld deposits were
employed to reduce the amount of diffusible hydrogen
present in underwater wet weldments. They were
either covered with additional austenitic layers or with
ferritic layers. The main results can be summarized as
follows:

1. Whereas ferritic covering layers can seal the austenitic
root weld and prevent galvanic corrosion, the dilution
of ferritic and austenitic weld metal leads to brittle
martensitic weldments.

2. Austenitic weld metal can trap more hydrogen than
ferritic or martensitic weld metal. This leads to a re-
duction of diffusible hydrogen content of up to
91.72%, comparing a ferritic weld seam with an aus-
tenitic weld seam.

3. Martensitic weld metal can trap more hydrogen than
ferritic weld metal, but less than austenitic weld metal.
The diffusible hydrogen content is lower than that in
ferritic weld metal but higher than that in the austenitic
weld metal. It is reduced when more austenite is added.

4. If more than one weld seam is applied, the tempering
effect lowers the diffusible hydrogen content. A re-
duction of 34.25% was achieved by covering a ferritic
weld seam with two additional ferritic weld seams of
the same grade.

5. The diffusible hydrogen content can get below 5ml/
100‐g weld metal when two layers of austenitic
welding consumables are applied.
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