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Abstract
Offshore wind turbines (OWT) are a major goal of the energy strategy of Germany encompassing the increase of the installed
wind power. OWT components are manufactured from welded steel plates with thicknesses up to 200 mm. The underlying
standards and technical recommendations for construction of OWTs encompass specifications of so-called minimum waiting
time (MWT) before non-destructive testing of the weld joints is allowed. Reason is the increased risk of time-delayed hydrogen-
assisted cold cracking as hydrogen diffusion is very slow due to the very thick plates. The strict consideration of those longMWT
up to 48 h during the construction of OWTs leads to significant financial burden (like disproportionately high costs for installer
ships as well as storage problems (onshore)). In this study, weld joints made of S355 ML were examined in comparison with the
offshore steel grade S460 G2+M. The aim was to optimize, i.e., reduce, the MWT before NDT considering varied heat input,
hydrogen concentration and using self-restraint weld tests. This would significantly reduce the manufacturing time and costs of
OWT construction. To quantify the necessary delay time until hydrogen-assisted cold cracks appear, acoustic emission analysis
was applied directly after welding for at least 48 h.
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1 Introduction

1.1 Welding and waiting time before NDT

For the aim of increasing the renewable energy generation,
many offshore wind turbines (OWT) will have to be installed
(20 GW wind power till the year 2030) [1, 2]. Foundation
concepts for OWTs are mostly monopiles (76%) or tripods
[3]. Nearly all OWT components demand excessive welding
fabrication of components of structural steels and especially

offshore steel grades with Rp0.2 of up to 500 MPa [4, 5]. The
underlying standards and technical recommendations for con-
struction of OWTs encompass specifications of minimum
waiting time (MWT) before non-destructive testing (NDT)
of the welded joints is allowed [6, 7]. The reason is the poten-
tial risk of time-delayed hydrogen-assisted cold cracking
(HACC) as hydrogen diffusion is very slow due to the plate
thickness up to 200 mm [8]. The necessary and recommended
MWT up to 24 h (e.g., for S460 in accordance with DIN EN
1090-2 [6]), during manufacturing leads to significant finan-
cial burdens (e.g., external companies and several more days
offshore work must be paid, or onshore storage of big com-
ponents is needed). The MWT affects moreover the complete
manufacturing process, because no continuous process flow
during MWT is possible.

In addition, the standards for construction of OWTs do not
differentiate sufficiently the available offshore steel grades
[5]. Advanced thermomechanical rolled offshore steel grades
like the S460 G2+M [9] offer an improved weldability due to
the reduced carbon equivalent combined with excellent me-
chanical properties [10]. These steels can be welded with re-
duced heat input, without preheating and have an increased
resistance against HACC [10, 12, 13]. Previous studies on

Recommended for publication by Commission IX - Behaviour of Metals
Subjected to Welding

* Eugen Wilhelm
tobias.mente@bam.de; michael.rhode@bam.de

1 Department 9—Component Safety, Bundesanstalt für
Materialforschung und -prüfung (BAM), Unter den Eichen 87,
12205 Berlin, Germany

2 Institute for Materials Science and Joining Technology,
Otto-von-Guericke University, Universitätsplatz 2,
39106 Magdeburg, Germany

https://doi.org/10.1007/s40194-020-01060-5

/ Published online: 28 January 2021

Welding in the World (2021) 65:947–959

http://crossmark.crossref.org/dialog/?doi=10.1007/s40194-020-01060-5&domain=pdf
http://orcid.org/0000-0002-6455-2774
mailto:tobias.mente@bam.de
mailto:michael.rhode@bam.de


delayed cracking in structural steels showed potential for re-
duction of MWT [14]. Just high-strength steels with Rp0.2 ≥
690 MPa showed an explicit time delay for crack initiation of
more than 48 h where first cracks appeared generally 3 to 8 h
after welding. This was explained by the slow hydrogen dif-
fusion of the steels due to the higher alloy content [14].
Investigations on HACC for high-strength steel grades with
Rp0.2 < 450 MPa already showed that MWT of 48 h is to
conservative [10] as HACC occurred within 5 h (maximum
time delay) after welding [14]. The reason for the time delay is
the slow hydrogen diffusion at low temperatures. Thicker
plates mean prolonged diffusion paths for hydrogen.
Hydrogen diffusion and accumulation into crack critical re-
gions (i.e., areas with high welding residual stresses or hard-
ened heat affected zone—HAZ) will take more time.

1.2 Purpose of the present study

In this study, welded joints made of two different
thermomechanical rolled steel plates having different yield
strength were examined and compared, aiming to obtain a
scientific basis for the reduction of MWT before NDT. For
that purpose, welding experiments using two different plate
thicknesses (15 and 40 mm), different weld head input, differ-
ent preheat an interpass temperatures as well as varying hy-
drogen content had been carried out. For determination of the
time until HACC appear after welding an acoustic emission
(AE) measurement device, with a piezoelectric sensor was
applied to the weld specimen for at least 48 h. The duration
of monitoring has been selected in accordance with common
standards (i.e., DNVGL-OS-C401 [7]). Acoustic events had
been determined by AE analysis depending on weld heat in-
put, restraint intensity, and hydrogen content. After 48 h mon-
itoring via AE, the specimens had been subjected to NDT
(visual testing, magnetic particle testing, X-ray testing, and
ultrasonic testing) before metallographic examination was
done, to validate the signals recorded by AE.

2 Materials and methods

2.1 Investigated materials

The steel grades investigated are the S355 ML [25] and the
S460 G2+M [9] each in two plate thicknesses (i.e., 15 mm and
40 mm). Welding was carried out using a matching filler wire
with a diameter of 1.2 mm (G 46 5 M21 4Si1) [15].
Furthermore, a flux cored filler wire (FCW) with a diameter
of 1.2 mm (T 46 6MM21 1H5)was used [16] for comparison
of hydrogen content of different filler materials. Table 1
shows the mechanical properties of the steel grades and
welding consumables used. Table 2 shows the corresponding
chemical composition according to the manufacture’s

certificates backed up by own measurements using atomic
emission spectroscopy (AES).

To reproduce a high-restraint intensity like it occurs in a
real thick plate of an OWTweld joints, a modified Tekken test
geometry [17] (Tekken test sample—modTTS) (see Fig. 2)
was used as a cold cracking test and compared to test samples
under free shrinkage condition (free shrinkage sample—FSS)
(Fig. 1a). The Tekken test is a self-restraint cold cracking test
using a slotted specimen (closed slot). It is designed to access
the cold cracking susceptibility of base materials (BM) and
filler materials (FM) during arc welding. The restraint inten-
sity (RFy) of the test can be varied by using different specimen
geometries (i.e., plate thickness) and weld shapes, described in
[17, 18].

2.2 Welding experiments

All welding experiments were performed using an automated
gas metal arc welding (GMAW) process with V-grooved
multi-pass butt joints (geometry see Fig. 1c). The weld seam
opening angle was 60°. All welding experiments were carried
out using a stick out of 18 mm. GMAW was selected specif-
ically enabling variation of hydrogen content in the weld joint
via shielding gas. The geometry of the free shrinking samples
(FSS) and modTTS are shown in Figs. 1 and 2.

Both materials, the S460 G2+M and the S355 ML were
investigated in two different plate thicknesses having different
restraint intensities (see Figs. 1b, c and 2) and varying
amounts of initial hydrogen concentrations labeled with low
HD and high HD. The restraint intensity for the modTTS was
calculated by FEM, according to [13], with 3 kN/(mm × mm)
and 7 kN/(mm × mm) for 15 mm- and 40 mm-thick plates,
respectively.

& Low HD represents a welding process using a standard
shielding gas under strict consideration of the rules and
standards for a clean processing of the materials.

& High HD represents a maximum hydrogen content (antic-
ipated with high risk for HACC), i.e., wet filler materials,
high humidity, or insufficient gas shielding and was
achieved using a shielding gas with addition of hydrogen.

For low HD, the shielding gas M21 (18% CO2 and 82%
Ar, in accordance with DIN EN ISO 14175: M21-ArC-18)
and for high HD, the shielding gas R1 (5% H2 in 95% Ar,
in accordance with DIN EN ISO 14175: R1-ArH-5) [19] was
used.

The corresponding hydrogen concentration that was intro-
duced to the weld joint by using different filler materials and
shielding gases was determined in accordance with ISO 3690
[11]. Three ISO samples per parameter set were investigated,
see Table 3.
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A test matrix was developed that included the variation of
weld heat input, hydrogen content, specific restraint intensity
of the samples (free shrinking sample: FSS vs. modTTS) and
preheat/interpass temperature [Tp/i]. The test matrix is shown
in Fig. 3, the points 1, 4, 5, and 8 represent the FSS welding
experiments and the green points 2, 3, 6, and 7 the modTTS
welding experiments using 40-mm-thick steel plates. Test
points “RP1” and “RP2” are modTTS having 15-mm plate
thickness. The bottom level of the matrix represents the ex-
periments with the shielding gas M21 (low HD). The welding
experiments in the top level of the matrix were examined
using the shielding gas R1 with addition of 5% hydrogen
(high HD).

The preheat [Tp] and interpass temperature [Ti] for the
points 1, 2, 5, and 6 was 50 °C. The temperature for the points
3, 4, 7, and 8 was 150 °C. The welding voltage (arc voltage)
for the low-HD and high-HD experiments was virtually iden-
tical (see Table 4). No remarkable difference of the arc voltage
could be observed between the shielding gas mixtures. For a
better overview, all parameters of the different welding exper-
iments are summarized in Table 4. The experiments for the
S460 are summarized in the bottom part of Table 4 (M-Point:
A to D). These are additional welding experiments that were
compared to the welding experiments using the S355 ML via

the reference points “RP1” and “RP2”. The preheat and
interpass temperature of the additional experiments as well
as reference points was 100 °C.

In accordance with EN ISO 3690 [11], twelve samples
were investigated, see Table 3. The ISO samples consist of
three parts with a thickness of 15 mm: a run-on, center, and
run-off piece, whereas only the center piece is used for hydro-
gen determination (samples were annealed before hydrogen
determination to ensure that specimens are free from hydrogen
before testing). The base material for the samples was the
S355ML. To determine the diffusible hydrogen concentration
of the filler materials used at normal conditions (without extra
HD), welding experiments with M21 shielding gas were per-
formed. For reproducing a non-perfect welding experiment
resulting in higher hydrogen concentrations, both filler mate-
rials were welded using the shielding gas with addition of 5%
hydrogen (“R1”) to quantify the diffusible hydrogen concen-
tration adsorbed during welding. Additional details regarding
the ISO 3690 welding procedure and test sequence can be
found in Ref. [11, 20, 21].

In addition to the ISO 3690 samples, multi-pass butt joints
(free shrinking sample geometry with 15 mm) were used,
welded, and analyzed to investigate the influence of multiple
welding thermal cycles, i.e., real welds on hydrogen content in

Table 1 Mechanical properties of base materials and welding consumables investigated (according to manufacturer specification)

Material (and thickness) Yield strength
[Rp0.2] in MPa

Tensile strength
[Rm] in MPa

Elongation
[A5] in %

Impact toughness
[AV] in J

BM S460 G2+M, h = 15 mm 553 625 26 108 (−40 °C)
S460 G2+M, h = 40 mm 453 563 27.5 204 (−40 °C)
S355 ML, h = 15 mm 447 539 33 157 (−50 °C)
BM: S355 ML, h = 40 mm 495 577 24 323 (−50 °C)

FM G 46 5 M 21 4Si1 460 530 20 -

T 46 6 M M 1 H5 460 > 550 26 -

BM base material, FM filler metal

Table 2 Chemical composition in wt.-% of base material (BM) and filler materials (FM): Fe-balance, in accordance with manufacturer specification
and own measurements (OM) by AES

Steel grade/thickness C Si Mn P+S Cr Mo Ni Cu N Al Nb Ti+V

BM S355 ML, h = 15 mm 0.14 0.49 1.55 0.02 0.03 0.01 0.04 0.02 - 0.03 0.02 0.003

OM-AES 0.15 0.49 1.48 0.01 0.04 0.01 0.02 0.02 - 0.04 0.01 0.004

S355 ML, h = 40 mm 0.07 0.37 1.62 0.02 0.04 0.01 0.03 0.02 0.005 0.03 0.02 0.003

OM-AES 0.03 0.37 1.59 0.02 0.04 0.01 0.03 0.02 - 0.04 0.03 0.006

S460 G2+M, h = 15 mm 0.11 0.50 1.59 0.02 0.03 0.01 0.02 0.07 0.004 0.03 0.03 0.002

OM-AES 0.10 0.51 1.53 0.01 0.04 0.01 0.03 0.08 - 0.04 0.03 0.004

FM G 46 5 M 21 4Si1 0.07 0.88 1.64 0.02 0.03 0.00 0.02 0.04 0.003 0.00 0.00 0.012

OM-AES 0.07 0.89 1.64 0.02 0.03 0.01 0.02 0.04 - 0.03 0.00 0.013

T 46 6 M M 1 H5 0.07 0.77 1.54 0.02 0.01 0.00 0.01 0.12 0.001 0.00 0.00 0.016

OM-AES 0.07 0.80 1.54 0.02 0.01 0.01 0.01 0.16 - 0.01 0.00 0.013
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weld joint (see Fig. 1b). The geometry of the specimens was
adopted to modTTS specimens in order to gain information on
the hydrogen concentration in the multi-pass welds and mul-
tiple heated modTTS samples compared to the ISO

specimens. Additionally, the relatively short weld length
should guarantee a nearly constant hydrogen concentration
over the whole length of the weld. This was proven by
extracting samples at different positions in the weld. After
welding, the weld joint was immediately placed in ice water
to remove the residual heat before storing in liquid nitrogen (−
196 °C) preventing hydrogen effusion. For analyzing the hy-
drogen concentration (HD—diffusible hydrogen concentra-
tion) in the weld, specimens were extracted from the weld
metal by water jet cutting (see Fig. 4).

Accordingly, higher hydrogen concentration appears more
over the thickness of the sample than over the length of the
weld seam and to keep the cutting process as short as possible
the extraction was started from the weld start. Nevertheless,
the starting point for extracting samples out of the weld was
varied. Extracted samples starting from middle of the weld to
the end of the weld showed mostly the same hydrogen con-
centration as samples that were extracted from the weld start.
Cutting process for each extracted block with five specimens
took 15 to 20 min. and the extracted specimens were labeled

Fig. 2 Dimension of the modTTS sample

Fig. 1 Geometry of a free shrinking sample (FSS), b free shrinking
sample with extracted specimen for hydrogen analysis, and c V-groove
dimension for all samples
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with ML1 to ML5 (see Fig. 4). The specimens for hydrogen
analysis in S460 multi-pass weld were labeled with G1 to G5,
respectively. The size of the specimens was 20 mm × 3 mm
(length × width), height correspond to the specific plate thick-
ness. After determination of the diffusible hydrogen concen-
tration in the specimens was done (see Section 2.3), multi-
layer weld tests with 15-mm and 40-mm-thick plates (FSS
and modTTS) according to Table 4 were performed. All
welding process parameters (e.g., welding current or wire feed
speed) for all experiments (see Table 4) were monitored and
the heat input E in kJ/mm was calculated. The t8/5-cooling
time was determined by dipping thermocouples into the liquid
weld metal.

2.3 Hydrogen analysis

The corresponding hydrogen concentration in the specimens
was measured in accordance with ISO 3690 [11] using a cal-
ibrated JUWE H-MAT 221 (Bruker G4). The instrument uses
carrier gas hot extraction (CGHE) method with a coupled
thermal conductivity detector (TCD). Before analysis was

started, specimens were removed from the liquid nitrogen
and de-iced for 60 to 120 s in acetone to reach ambient
temperature.

For detailed description of the measurement procedure, see
[20–22]. The total hydrogen concentration for both BM and
FM was determined in as received condition using a
BRUKER G8 Galileo system (described in [27]) as the
Phoenix G4 analyzer only allows solid-state hydrogen extrac-
tion. For that purpose, small samples of the materials were
melted at a temperature of 1600 °C in an impulse furnace
and hydrogen was detected by mass spectrometer. Before an-
alyzing the samples, they were cleaned with acetone and dried
in a gaseous nitrogen steam.

2.4 Acoustic emission analysis (AE) for FSS and
modTTS

For determination of the time until crack initiation occurs an
acoustic emission (AE) measurement device was applied, de-
tails can be found in [24]. The AE sensor (piezoelectric sen-
sor) was placed near the weld seam (see Fig. 2 for modTTS).
The AE sensor was placed at the samples when the tempera-
ture after welding was below 150 °C to avoid damage to the
sensor by thermal loads. The total measuring time was at least
48 h for each sample after finishing of welding (based on
recommendations in [6, 7]). AE signals were detected by their
energy level and passed a filter (adjusted in software) to re-
duce signals to events associated with cracks. These are char-
acterized by a specific shape of the detected signal with special
spectrums and certain amounts of energy; they were detected
and saved automatically. More details about AE analysis and
crack detection can be found in [23, 24].

3 Results and discussion

3.1 Hydrogen concentration in materials as received
and weldsusing different shielding gases

The total amount of hydrogen in the base material (BM) and
filler material (FM) was determined by melt extraction tech-
nique. The total hydrogen concentration for base material and
filler material was determined with 0.5 to 0.6 ml/100 g Fe
(BM) and 0.2 to 0.6 ml/100 g Fe (FM), respectively. Thus,
no critical hydrogen concentrations for the BM in as received
condition (including trapped hydrogen via melt extraction).

The results of the ISO 3690 experiments are summarized in
Fig. 5 (showing the mean values with corresponding devia-
tions). The test welds performed with M21 gas show a diffus-
ible hydrogen concentration of 1.8 to 3 ml/100 g Fe for both
filler materials (and match the HD3 classification [15, 16]),
i.e., reduced HD class to avoid HACC. The measured diffus-
ible hydrogen concentration using the shielding gas R1 with

Table 3 EN ISO 3690 [11] welding experiments for basic diffusible
hydrogen determination using different filler materials and shielding
gases used

Number of exp. Filler material Shielding gas E [kJ/mm]

3 x Solid wire M21 1.2

3 x Solid wire R1 1.2

3 x Flux cored wire M21 1.2

3 x Flux cored wire R1 1.2

Fig. 3 Test Matrix including all welding experiments for S355 ML in
15 mm and 40 mm plate thickness
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addition of 5% hydrogen is approximately 12 ml/100 g Fe for
both filler materials. The effect of the filler material on the
diffusible hydrogen concentration is more pronounced using
the shielding gas M21. The flux cored wire is more sensitive
towards moisture absorption than a solid wire [26] resulting in
higher absorbed hydrogen concentrations in the welds. By
using the shielding gas R1 with addition of 5% hydrogen the

diffusible hydrogen concentration for both FM is in the same
range. Thus, using the shielding gas R1 represents a worst-
case scenario with high hydrogen concentration (i.e., welding
with wet filler materials or contaminations at the weld seam)
and was used to achieve a high risk for HACC in the welding
experiments performed here [28].

3.2 Hydrogen concentration in multi-pass welds

Based on the ISO 3690 experiments, additional multi-pass
welds were examined using the different shielding gases to
gain information on the influence of multiple thermal cycles
on hydrogen concentration in multi-pass welds compared to
the standard ISO 3690 samples. Additionally, the weld length
and welding parameters were the same as for the later welded
modTTS samples. Only the solid wire was considered for
these experiments as the previous results (see Fig. 5) showed
that the influence of the flux cored filler wire on HD is low,
especially when using the shielding gas R1 with addition of
5% hydrogen. The extracted sample from the multi-pass weld
of the S355 ML (see Fig. 4) contained five small specimens
that were analyzed with the G4. The process parameters

Table 4 Process parameters and experimental boundary conditions for all welding experiments

M
point

Welding
current [A]

Welding
voltage [V]

Weld. speed
[mm/min]

Wire feed speed
[m/min]

Preheat/interpass
temp. [TP/i]

E [kJ/
mm]

Realization of restraint
intensity

HD
level

Material

RP1 233 29.0 380 10.5 100 °C 1.2 15 mm TTS: 3
kN/(mm × mm)

Low
HD

S355
ML

RP2 245 31.0 380 10.5 100 °C 1.2 15 mm TTS: 3
kN/(mm × mm)

High
HD

S355
ML

1 262 30.0 380 10.5 50 °C 1.2 15 mm FSS: 0
kN/(mm × mm)

Low
HD

S355
ML

2 255 30.0 380 10.5 50 °C 1.2 40 mm TTS: 7
kN/(mm × mm)

Low
HD

S355
ML

3 253 29.5 380 10.5 150 °C 1.2 40 mm TTS: 7
kN/(mm × mm)

Low
HD

S355
ML

4 262 30.0 380 10.5 150 °C 1.2 15 mm FSS: 0
kN/(mm × mm)

Low
HD

S355
ML

5 265 31.0 380 10.5 50 °C 1.2 15 mm FSS: 0
kN/(mm × mm)

High
HD

S355
ML

6 240 31.5 380 10.5 50 °C 1.2 40 mm TTS: 7
kN/(mm × mm)

High
HD

S355
ML

7 235 32.0 380 10.5 150 °C 1.2 40 mm TTS: 7
kN/(mm × mm)

High
HD

S355
ML

8 245 32.0 400 10.5 150 °C 1.2 15 mm FSS: 0
kN/(mm × mm)

High
HD

S355
ML

A 181 26.5 350 8.5 100 °C 0.8 15 mm TTS: 3
kN/(mm × mm)

Low
HD

S460

B 280 30.0 350 11.0 100 °C 1.6 15 mm TTS: 3
kN/(mm × mm)

High
HD

S460

C 182 26.5 350 8.5 100 °C 0.8 15 mm TTS: 3
kN/(mm × mm)

Low
HD

S460

D 280 30.0 350 10.5 100 °C 1.6 15 mm TTS: 3
kN/(mm × mm)

High
HD

S460

Fig. 4 Multi-pass butt joint (S355 ML) extracted sample consisting of
five specimens for hydrogen analysis
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correspond to the matrix points 4 and 8 (see Table 4). The
S460 was welded and analyzed with the same process param-
eters. The results are shown in Fig. 6 for the S355 ML and in
Fig. 7 for the S460 G2+M. For that purpose, each data column
represents one measured value for each position ML1 to ML5
(see Fig. 4). Based on Figs. 6 and 7, it can be derived that the
diffusible hydrogen concentration obviously did not show any
significant dependence on the position of extraction within the
weld length ML1 to ML5.

Nonetheless, using the shielding gas M21 resulted in a
hydrogen concentration below 0.5 ml/100 g Fe, i.e., very

low. For that reason, the hydrogen concentration of the
multi-pass weld is in between the two values measured for
the base material and the solid filler wire in as delivered
condition.

The influence of the shielding gas on diffusible hydrogen
concentration is clearly visible for multi-pass welding. For the
S355 ML, the diffusible concentration is between 3 and 3.5
ml/100 g Fe and for the S460 the HD is 3.4 to 3.7 ml/100 g Fe,
thus nearly the same hydrogen concentration for both base
materials. The slightly higher hydrogen concentration in case
of the S460 G2+M perhaps results from the slightly higher

Fig. 5 Diffusible Hydrogen
concentration for ISO 3690
samples and different shielding
gases (average value of three
samples)

Fig. 6 Diffusible hydrogen
concentration in the S355ML
multi-pass weld
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hydrogen concentration in the as delivered condition, but the
difference is negligible.

By comparing the multi-pass welding experiments to the
ISO 3690 samples (see Section 3.1), the hydrogen concentra-
tion is less high due to the longer process duration (by means
of repeating thermal cycles). Hydrogen diffusion during
multi-pass welding affects the hydrogen concentration [29,
30, 33]. This can be seen by the decreasing measured hydro-
gen concentration of approximately 3.5 ml/100 g Fe in the
multi-pass welds (see Figs. 6 and 7) compared to 12 ml/100
g Fe for the ISO 3690 specimens (see Fig. 5), which corre-
sponds to a percentage drop of 75%. Welds with low HD
show the same trend. Solid wire and welding with M21
shielding gas show a drop of 67%. Thus, the effect of the
prolonged welding time due to the manifold thermal cycles
was confirmed.

3.3 Acoustic emission (AE) analysis

The AE analysis was performed after welding for at least 48 h
(following [6]). By using free shrinking and modified Tekken
test samples in 15 mm and 40 mm thickness, the effect of
different restraint intensities, i.e., different hindered shrinkage
during cooling of the welded sample, was investigated
(sample geometry, see Fig. 2). The time of occurrence of crack
relevant AE signals depends on the restraint intensity, preheat,
and interpass temperature as well as hydrogen concentration
and heat input (in case of the S460 G2+M). The results are
shown in Fig. 8 for the S355 ML.

Figure 8 shows the time of occurrence of first crack specific
AE signals after welding was completed. These crack events
must however be validated by NDT and metallographic

analysis (including scanning electron microscopy (SEM)) be-
fore a statement on the MWT can be done, as shown in
Section 3.4.

The experiments no. 1 to 4 shown in Fig. 8 are welding
experiments with no additional hydrogen (shielding gas
M21), the experiments no. 5 to 8 had been carried out with
the addition of hydrogen in the shielding gas (R1 shielding
gas). Focusing on the reference points (RP1 and RP2), the
point RP2 (with additional hydrogen) shows first events that
are related to crack formation, a few minutes earlier than RP1

Fig. 7 Diffusible hydrogen
concentration in the S460 multi-
pass weld

Fig. 8 Occurrence of AE signals based on restraint intensity [kN/(mm ×
mm)] and Tp/i [°C]
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(without additional hydrogen). As expected, experiments with
higher hydrogen concentration (points 5 to 8) show AE sig-
nals earlier compared to low hydrogen concentration (points 1
to 4), see Fig. 8.

For the 40-mm modTTS samples, the effect of higher
hydrogen concentrations on faster detection of crack rel-
evant signals is more pronounced. The timeframe between
the experiments with shielding gas R1 (points, 6 and 7)
and shielding gas M21 is more than 8 h. The influence of
the preheat/interpass temperature on the occurrence of
crack relevant signals is negligible, but higher preheat/
interpass temperature shows a slight trend to delay the
occurrence of crack signals. Increasing preheat/interpass
temperature leads to longer cooling times and thus results
in extended time for hydrogen effusion, consequently
lower hydrogen concentration after welding, and lower
risk of brittle microstructures which are prone for
HACC. Nevertheless, the influence of higher temperature
and long cooling periods (i.e., high heat input and
interpass temperature) on hydrogen concentration was
shown in [26]. The amount of hydrogen that is introduced
during welding cannot be sufficiently reduced by the ap-
plied welding sequence or controlled preheat and
interpass temperatures (i.e., cooling time) as compared
to a so-called hydrogen removal heat treatment after
welding [29, 30, 33].

Comparing the FSS to the modTTS regarding the restraint
intensity shows contradictory results with respect to expecta-
tions. FSS (points, 1, 4, 5 and 8) show AE signals earlier than
modTTS. The fact that FSS with low restraint intensities (RFy

− 0 kN/(mm × mm)) show crack relevant AE signals and they
appear also for low-HD experiments. These results show in-
creasingly that NDT and metallographic analysis is important
for a validation of the AE results and to give a statement on the
MWT.

Based on the results shown in Table 4, the S460 G2+M
(points, A–D) was compared with the S355 ML (point, R1
and R2—both 15-mm modTTS). The preheat/interpass tem-
perature was set to 100 °C and the heat input E was varied
from 0.8 to 1.6 kJ/mm. A comparison of both materials is
possible by the fact that the measured diffusible hydrogen
concentration (ml/100 g Fe) for the materials was the same
(discussed in Section 3.2). Additionally, the restraint intensi-
ties are the same for both base materials. The AE signals for
the S460 appear in the same time interval as the reference
points of the S355 (points, RP1 and RP2; see Fig. 8).
Comparing the S460 to the S355 with a detailed look on the
measured time for AE signals, the S460 showed overall slight-
ly faster AE signals (approximately, 30–40 min.). This is due
to the higher yield strength resulting in a higher risk for HACC
in the S460 G2+M. Nevertheless, the effect of the higher yield
strength is not remarkable and time for occurrence of crack
relevant signals can be regarded as similar for both materials,

as well as the effect of heat input that is negligible with respect
to the occurrence of crack relevant signals.

3.4 NDT and metallographic analysis of the weld
joints

After AE analysis was done, excessive non-destructive testing
(NDT) was performed for all welding experiments, to validate
the measured AE events whether cracks appeared or other
defects that can perhaps be related to the AE events (release
of thermomechanical stresses by global deformation). Visual
testing (VT), magnetic article testing (MT), and X-ray testing
(RT) as well as ultrasonic testing (UT) was done. No relevant
defects regarding cracks were detected by VT and MT.
Relevant indications were detected using RT and UT especial-
ly for welding experiments with high HD concentration (ex-
periments with shielding gas R1). The main findings from
NDT are summarized in Table 5. For that reason, the “X”
marks relevant indications that were found with RT and UT
technique

The welding experiments having a high HD and higher-
restraint intensities were investigated first, as these experi-
ments were expected to have the highest risk for HACC.
Based on the findings from these investigations, not all the
other welding experiments were further investigated by UT.
Additionally, relevant indications need to be discussed with
respect to the geometry of the welding specimens and location
of detected indications by UT (see Fig. 1c). Small gaps in the
beginning and end remained by using GMAW to build up the
weld joint (see Fig. 9). In these regions, welding defects ap-
peared that were found by UT. By keeping the restraint inten-
sity low (FSS) and with high-HD level, some failures were

Table 5 Relevant indications detected by RT and UT

Test point Restraint intensity HD level RT UT

R1 Medium Low - -

R2 Medium High X X

1 Low Low - n.t.

2 High Low - X

3 High Low - X

4 Low Low - n.t.

5 Low High X n.t.

6 High High X X

7 High High X X

8 High High X n.t.

460_A Medium Low - -

460_B Medium High X X

460_C Medium Low - -

460_D Medium High X X

X relevant failure indications, n.t. not tested
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found with RT, but these were in general small pores. Critical
conditions for HACC were reached by test point 6 and 7 (see
Table 5). On the one hand, side NDT (first of all UT) was
useful to find failure indications in general, but on the other
side a further metallographic analysis was necessary to iden-
tify the failure indications and to validate weather the indica-
tions are cracks (cold cracks or hot cracks) or other defects in
the weld seam.

After NDT was done, smaller specimens were extracted
from the welded samples by saw cutting for metallographic
examination. Eight to ten metallographic specimens were pre-
pared for each weld joint according to the findings of NDT
(UT and RT) presented in Table 5. Detailed metallographic
analysis of the extracted weld seams showed small pores and
small micro cracks, like those seen in Fig. 10, mainly in the
start and end of the weld seam. However, none of these micro
cracks of or pores showed further crack propagation or forma-
tion of macroscopic cracks, even at higher hydrogen
concentrations.

Two markable indications found by NDT (RT and/or UT),
but only in the end of the weld seam, could be confirmed as
cracks bymetallographic analysis, see Fig. 11 (S355ML in 40
mm). Only for high-restraint intensities in combination with
high-HD (welding with shielding gas R1) defects like those
seen in Fig. 11 were found showing typical fracture surfaces
analyzed by SEM (Phenom XL) after opening them carefully.

Both cracks (see Fig. 11a, b) were investigated by SEM
and the fracture surface of the cracks is presented in Figs. 12
and 13. The fracture morphology in Fig. 12 shows typical
features of a hot crack, see in the lower part of the picture.
The dendrites have a regularly structure. In the upper part of
the picture, a trans-granular cleavage fracture surface is seen
which perhaps results from HACC originating from the for-
mally formed hot crack in the end crater of the first pass. The
hot crack acts as notch-inducing high stresses and strains at its

crack tips acting as initiation sites for further HACC propaga-
tion at higher hydrogen concentrations. The hot crack possibly
formed due to the high-restraint intensity of the modTTS sam-
ple [32]. The geometry of the modTTS samples does not allow
for putting the weld start and end to run-on and run-off plates
and directly influence the test results. Thus, these parts need to
be analyzed carefully with respect to statements on cracking,
as the start and end of a weld is normally put to a run-on or
run-off plate or specially treated to avoid occurrence of weld
defects, which predominantly occurs in the beginning or end
of a weld. Nonetheless, it is seen in Fig. 11a and b that in both
cases there are small cracks propagating from the upper and
lower tip of the hot crack, despite of preheat and interpass
temperature. In the case of the higher working temperature,
the hot crack as well as the HACC originating from the hot
crack is much smaller compared to the lower working temper-
ature. The shorter HACC possibly is due to the lower resulting
hydrogen concentration in the weld seem with increasing
working temperature.

The upper part of Fig. 13 also shows a brittle surface of a
trans-granular cleavage fracture. In the lower part of Fig. 13, a
smooth surface with dendrites having a regular shape is clear-
ly seen, which is identified as a hot crack [31, 32]. Thus, in
both cases, hot cracks formed in the end crater of the first pass
due to high-restraint weldability test (modTTS) [32] which act
as notch-inducing high stresses and strains. Thus, these hot
cracks initiate HACC during cooling due to locally increased
stresses and strains around the hot cracks and hydrogen diffu-
sion towards these areas. Nevertheless, the hot cracks would
have been detected by NDT directly after welding and cooling
down to ambient and must be removed from the weld.

By NDT testing, the AE signals were identified over the
entire weld seam and validated by NDT and metallographic
analysis. Welding defects and failure indications were found
mainly at the start and end of the weld seam. With respect to
the crack relevant AE signals compared to the results of NDT,

Fig. 9 Welded 40-mmmodTTSwith gaps in the start and end of the weld
seam

Fig. 10 Weld defects found with metallographic analysis of the 40-mm
modTTS with high HD
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metallographic analysis, and SEM, no remarkable HACC
were found in the middle part of the weld seam. The
microcracks and defects that are shown in Figs. 10 and 11
show characteristics of hot cracks like smooth surface and
clear oriented packages of dendrites with a round shape, in
accordance with [32] (see Figs. 12 and 13). Furthermore, the

upper part of Figs. 12 and 13 shows brittle fracture surfaces
having a characteristic fracture morphology of a HACC. The
hot cracks occurred during welding in the end crater of the
weld and initiated HACC during cooling. But these cracks did
not propagate through the whole weld seam reaching any

Fig. 11 Defects in the end of the
weld seam: a 40-mm modTTS
sample with Tp/i: 150 °C and high
HD and b 40-mm modTTS sam-
ple with Tp/i: 50 °C and high HD

Fig. 12 Fracture surface of a 40-mmmodTTS (welded with shielding gas
R1)

Fig. 13 Fracture surface of a 40-mm modTTS with brittle and ductile
surface (welded with shielding gas R1)
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surface. Nonetheless, the hot cracks would have been detected
by NDT directly after welding and thus also an emanated cold
crack would have been detected.

At least it is not clear if the cold cracks, emanated from the
hot cracks, occurred directly after welding and cooling to am-
bient or delayed after 2 to 3 h as indicated by AE signals of
points 6 and 7. However, these cold cracks have been trig-
gered by hot cracks and possibly would not have been oc-
curred in a hot crack free weld. Thus, these both HACC are
the only “delayed” cracks found in the tested specimens with-
in a waiting time of 48 h before NDT.

In large welding components, HACC typically occurs
transverse to welding direction, but this type of HACC cannot
be considered using the small modTTS specimens.
Nonetheless, larger test samples allowing for longer welds
and high longitudinal restraint intensities and thus
representing a higher risk for transverse HACC must be car-
ried out in the future and further statements as well as trans-
ferability of the results to real welded OWT components.

4 Conclusions and outlook

In the present study, weld joints made of structural steel S355
ML were investigated and compared to the offshore steel
grade S460 G2+M, aiming to create a scientific basis for a
reduction of MWT before NDT. Weld joints with a thickness
of 15 mm and 40 mm were examined. The samples were
joined by GMAW using a shielding gas with addition of hy-
drogen and the time until cracks appear which was detected
via AE for at least 48 h after welding. To consider a corre-
sponding restraint intensity of a real weld joint in an OWT a
modified Tekken test geometry (modTTS—cold cracking
test) was used. Depending on weld heat input, restraint inten-
sity, preheat/interpass temperature, and hydrogen content fol-
lowing conclusions can be drawn with respect to delayed
cracking:

& All measuredAE signals appear in a time range of 4 h after
welding was done. AE signals based on welding experi-
ments with the shielding gas R1 (high hydrogen concen-
tration) appear slightly faster for both steels, the S355 ML
as well as for the S460 G2+M.

& Cracks and other failure indications were determined in
the weld joint by NDT and compared to AE to validate the
detected signals. UT and RT do not fully support the re-
sults achieved with AE, by means of not all detected sig-
nals in AE analysis could be confirmed by NDT or metal-
lographic analysis. Some of the signals detected by AE are
possibly thermal relaxations during cooling of the sample.

& Welding defects mainly occurred in the start and end of the
welds. As these parts of the welds could not be excluded

from the test welds in the modTTS specimens, the results
have to be analyzed carefully and validated by NDT.

& SEMproved the cracks found byNDT andmetallographic
examination to be hot cracks. These hot cracks acted as
initiation sites for HACC, seen by a brittle trans-granular
fracture surface emanating from the hot crack. As these
HACCwere triggered by hot cracks in the end crater of the
first pass, they possibly would not have occurred in a hot
crack free weld.

& All relevant AE signals appeared within a timeframe of
maximum 14 h after welding. That means the MWT in the
standards is perhaps too conservative. Nonetheless, fur-
ther investigations are necessary to validate the experi-
mental results from this study. This encompasses the es-
tablishment between the restraint condition of large-scale
OWT components and the modified Tekken test geome-
try. This can be supported by FEM analyses.

& The small-scale tests used in this study is suitable for a fast
screening of different welding conditions, but its effectiv-
ity is currently limited to map real OWT welding condi-
tions. Thus, larger test samples must be investigated hav-
ing a longer weld seam length to also allow for transverse
HACC cracking in the weld seam and HAZ. Hence, fur-
ther investigations are needed for sustainable statements
on a reduction of MWT in this type of steels.
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