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Abstract
Offshore wind turbines continuously increase in size and weight and demand adequate offshore foundations concepts like 
monopiles, tripods, or jackets. These components are typically constructed using submerged arc welding (SAW) with high-
strength thick steel plates like the S420ML. During welding, the occurrence of delayed hydrogen-assisted cracking (HAC) 
must be anticipated. HAC is a critical combination of the local hydrogen concentration within a susceptible microstructure 
under certain mechanical load, i.e., the occurring (welding) residual stresses. The welding sequence of the thick-walled plates 
complicates the residual stress distribution due to the necessary repeated thermal cycling, i.e., welding seam/layer deposition 
to fill the joint. For that purpose, SAW with two-wire-technique was used to weld a specially designed and prototype-like 
mock-up of a real component with a thickness of 50 mm, filled with over 20 passes and a seam length of 1000 mm. Additional 
welded stiffeners simulated the effect of a high restraint, to achieve critical HAC conditions. The necessity of a minimum 
waiting time (MWT) before the NDT can be conducted (to exclude HAC) was critically verified by the application of ultra-
sonic testing of the welded joint at different time-steps of the NDT of up to 48 h after the completion welding. The residual 
stresses were determined by a robot XRD goniometer. Tensile residual stresses up to the yield limit are found both in the 
weld metal and in the heat-affected zone. Numerical modeling allowed the qualitative estimation of the hydrogen diffusion 
in the weld. No noticeable HAC occurrence was identified and confirms the high cracking resistance of the investigated 
material. Finally, the applicability of the MWT concept should be critically discussed.
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1  Introduction

For the offshore wind turbine (OWT) foundations, mostly 
high-strength steels are used like the thermo-mechanically 
rolled steel S420ML. The predominant welding process 
used is the submerged arc welding (SAW) due to its high 
efficiency and suitability for thick plates in offshore environ-
ments. The underlying standards define a minimum wait-
ing time (MWT) of up to 24 h (ReH < 460 MPa) [1] before 
NDT is allowed [2], to exclude delayed hydrogen-assisted 

cracking (HAC). Possible sources of hydrogen are, e.g., 
moisture of welding flux or condensates on the welding plate 
surface. The time-delayed HAC is typically described as the 
result of a critical combination of a hydrogen concentration 
within a susceptible microstructure under sufficient mechan-
ical load [3]. In that connection, the residual stresses (RS) 
caused by welding fabrication are a major concern for HAC 
in combination with the absorbed hydrogen. Welded joints 
of thick steel plates imply a very stiff construction. That 
means the welds are subjected to a severe shrinkage and 
angular distortion restraint intensity during cooling, which 
generates additional high reaction forces and corresponding 
component-related RS.

The scientific background and challenge are the transfer-
ability of such real-world service mechanical load scenarios 
to laboratory conditions and vice versa [4, 5]. In most cases, 
tests on original components are too expensive or simply 
not feasible. For example, the widely applied monopiles can 
reach a diameter of 8 m and a length of 80 m encompassing 

Recommended for publication by Commission II - Arc Welding and 
Filler Metals

 *	 Michael Rhode 
	 michael.rhode@bam.de

1	 Bundesanstalt für Materialforschung und -prüfung (BAM), 
Berlin, Germany

2	 Otto-von-Guericke-University, Magdeburg, Germany

http://orcid.org/0000-0003-4490-4688
http://crossmark.crossref.org/dialog/?doi=10.1007/s40194-023-01658-5&domain=pdf


	 Welding in the World

1 3

a total weight of > 100 metric tons [6]. For that purpose, 
scaled weld mock-ups are used to simulate the high mechan-
ical stiffness found in real large components on a laboratory 
scale. Also, the comparison with numerical models requires 
a reduction in the size of the original component to minimize 
the modeling effort. For this purpose, the component-like 
models are designed, which usually only simulate the critical 
areas of a welded component.

Especially in the safety-critical area of nuclear reactors, 
mock-ups often serve to reproduce the RS that form in the 
thick plate welds causing weld joint cracking phenomena. In 
addition to austenitic steel [7], Zr alloys [8] and dissimilar 
joints were studied [5, 9, 10]. Francis et al. [4] used mock-
ups of several length scales to map different effects, such 
as RS or distortion and heat flow. Kim et al. [11] studied 
the effect of the size of a mock-up compared to the original 
component. A nozzle from a nuclear power plant joint was 
gradually reduced in size from the original scale to 25 % of 
its size. It was found that RS were significantly affected by 
the size of the mock-up. The influence of weld pass, i.e., the 
weld bead, size was also investigated. Using the original 
bead size resulted in the highest RS. Mock-ups are not only 
focused on RS. Kangas et al. [12] show that the degree of 
restraint can also influence the toughness of welded joints. 
Thus, the formation of certain precipitates can be accel-
erated by high reaction forces. Similar phenomena were 
observed by the authors during welding and heat treatment 
of a CrMoV steel [13]. Especially in the field of SAW of 
thick plates, an integrity evaluation based on mock-ups is 
useful due to the high stiffnesses and unique heat conduction 
of real components.

For that reason, a component-like test geometry (so-
called mock-up) was created to simulate rigid structures 
of realistic large-scale components. The occurring welding 
RS were determined by X-ray diffraction (XRD). Ultrasonic 
NDT was performed in accordance with the MWT up to 48 
h to identify points of interests (POI) in terms of possible 
welding defects, especially in terms of pronounced cracks. 
At the respective POIs, a metallographic inspection was 
conducted. Supporting numerical simulation of the hydro-
gen diffusion was conducted. Finally, the combination of 
the residual stresses and simulated hydrogen concentration 
allows the estimation of critical conditions for HAC.

2 � Materials and methods

2.1 � Investigated materials, welding, and geometry

The following sub-sections present details of the materials, 
the weld joint geometry, the SAW parameters and the initial 
hydrogen concentration.

2.1.1 � Materials

The investigated base material (BM) was a 50 mm thick 
plate of the offshore steel grade S420ML+Z35. The weld-
ing plates had a width of 250 mm and a length of 1000 mm. 
For the submerged arc welding (SAW), the welding wire 
OE-SD3 with 4 mm diameter and the fully basic agglomer-
ated welding flux (OP 121 TT, both from Oerlikon Welding) 
combination was used. The welding wire corresponds to an 
EH12K (in accordance with AWS A5.17 [14]) or S3Si (in 
accordance with DIN EN ISO 14171 [15]). The welding flux 
is also classified in DIN EN ISO 14171. Table 1 shows the 
chemical composition of the BM and the weld metal (WM) 
in the deposited condition; both materials were analyzed by 
optical emission spectroscopy (OES). The P+S content was 
< 0.01 wt% for both BM and WM. The chemical composi-
tion of the welding flux is shown in Table 2 (in accordance 
with the manufacturer specifications, shown in reference 
[16]).

2.1.2 � Welding parameters and mock‑up geometry

Two ARISTO 1000 AC/DC welding power sources (ESAB, 
Sweden) were used in combination with the welding head, 
mounted on a three-axis gantry. Fig. 1a shows the mock-
up dimensions (as well as the spots used for residual stress 
measurement as described in Section 2.2.2). The total weld 
seam length was 1000 mm, and the mock-up had a total 
weight of approximately 350 kg. Fig. 1b shows the weld 
joint geometry details (V-groove with 40° opening angle). 
As shown in Fig. 1c, more than 20 passes for each mock-
up were welded using a tandem welding head (with two 
independent welding wires, as shown in Fig. 1d). The effect 
of the stiffeners is shown in Fig. 1e. The corresponding 
restraint intensity of the selected mock-up geometry was 
numerically simulated with approximately 20 kN/mm*mm 
and represents a very stiff construction as shown in refer-
ence [17].

The applied SAW parameters (per wire) were 550 A 
welding current, 32 V arc voltage (both welding wires in 
AC-mode), and 610 mm/min welding speed. This resulted 
in a summarized welding heat input of 3.46 kJ/mm (effec-
tive voltage and current values used due to AC-mode). 

Table 1   Measured chemical composition of BM and deposited WM 
(in wt%, Fe-balance)

Grade C Mn Si Cr Ni
BM 0.03 1.49 0.35 0.20 0.05
WM 0.05 1.68 0.40 0.05 0.03
Grade Mo Al Cu Nb Ti+V
BM 0.01 0.04 0.03 0.019 0.003
WM 0.01 0.02 0.05 0.006 0.007
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Preheating was not applied in accordance with industrial 
practice. The interpass temperature was maintained at a 
maximum of 230 °C. In addition, the t8/5-cooling time was 
measured for each single welding pass by insertion of a type 
K thermocouple in the weld pool behind the welding torch. 
For that purpose, the thermocouple was inserted through the 
welding flux within the first 180 mm of the weld seam (con-
nection to measurement equipment and amplifier, visible as 
green cable in Fig. 1c). The data were used as calibration 
for the heat source of the numerical simulation (see Fig. 3 

and Section 2.3). The interpass temperature was measured 
in the respective welding pass using a tactile thermocouple.

Prior to the SAW of the mock-up, the three stiffeners (504 
mm width, 250 mm height and 40 mm thickness, see Fig. 1a) 
were attached to the bottom surface of the BM plates with 
cut-outs along the intended metallic backing. The stiffeners 
had been welded by gas metal arc welding (GMAW) beneath 
the welding plates to impede the transverse shrinkage of the 
joint during welding and the subsequent cooling. As men-
tioned, the transferability of realistic stiffness conditions 

Table 2   Nominal composition of weld flux (in wt%) in accordance with manufacturer’s specification

MnO TiO2 CaO CaF2 Fe2O3 SiO2 Al2O3 MgO

2.8 1.5 5.5 22.5 1.0 15.7 21.6 25.0

Fig. 1   Demonstrator for 
component-like testing of HAC: 
a mock-up dimensions, b weld 
joint geometry, c front-view 
of final welded component, d 
tandem welding head, and e 
effect of stiffeners on restraint 
of weld joint
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from the field to the lab is very important to ensure realistic 
testing conditions [4, 5].

2.1.3 � Variation of initial hydrogen concentration 
and verification by ISO 3690 samples

Two different initial hydrogen concentrations had been used 
for the component test. The first condition is the as-received 
condition of the welding wire and flux combination “HD5,” 
which means “low hydrogen content” with a hydrogen con-
centration < 5 ml/100 g deposited WM, in accordance with 
ISO 3690 [18]. For further implications, it is labeled “dry 
flux” in the following sections. To further provoke hydrogen-
assisted cold cracking, the second condition encompassed 
the use of moist welding flux and is further labeled “wet 
flux.” For this purpose, the agglomerated welding flux OP 
121 TT was exposed to an artificial climate in a climatic 
chamber for a period of 35 days. The applied exposure con-
ditions were temperature of 30 °C to 35 °C and a relative 
humidity of 85 % to 98 %. To ensure uniform moistening of 
the flux, two 25 kg batches were exposed one after the other 
in the climatic chamber. For each batch, the flux was divided 
into three tubs, and each tub was mixed at least twice a week. 
Gravimetric measurement (DIN ISO 11465 [19]) was used 
to determine the moisture content. After the 35 days “charg-
ing” interval, a total moisture content of 3 wt% in the weld-
ing flux was achieved. A subsequent 7-day storage at room 
temperature in laboratory air did not result in any noticeable 
loss of moisture. Until the intended use for welding, the flux 
was stored in air-tight containers and the moisture content 
was determined again before use. No change in the moisture 
content was measured. Hence, the welding flux was suitable 
to act as additional hydrogen source during welding.

For that reason, two mock-ups had been manufactured: 
one with the low hydrogen concentration < HD5 (industrial 
practice) and one with a high hydrogen concentration to pro-
voke delayed HAC (> HD5).

2.1.4 � Hydrogen measurement

To quantify the difference of the hydrogen concentration in 
the WM, additional ISO 3690 type B samples (in accordance 
with [18]) were welded (using single wire) with the respec-
tive welding parameters presented in the previous section 
for both dry and wet flux condition. The diffusible hydrogen 
concentration “HD” was measured by a G8 Galileo (Bruker 
AXS, Germany) and a coupled quadrupole mass spectrom-
eter (MS) ESD100 (InProcess Instruments, Germany). The 
analyzer uses the carrier gas hot extraction (CGHE) tech-
nique. For that reason, the specimen is heated in an infrared 
radiation emitting furnace (IR07, part of Galileo G8) placed 
in a glass tube. The hydrogen in the sample is activated and 
desorbs from the sample into the carrier gas flow (nitrogen 

5.0) and is transferred to the MS for quantitative analysis. 
The calibration procedure and further details on CGHE were 
presented elsewhere in the references [20, 21]. Before the 
hydrogen measurement, the sample was defrosted for 60 s in 
acetone to ambient temperature and dried in inert nitrogen 
gas flow for 30 s. The entire transfer procedure from liquid 
nitrogen to the CGHE analyzer results in a certain hydrogen 
loss. The authors’ experience shows that typically less than 
10 % of the total HD are lost. For comparison to industrial 
practice, the initial HD was not corrected.

2.2 � Applied destructive and NDT procedures

The following sub-sections present the experimental details 
of the applied testing procedures: metallography, residual 
stress measurement as well as NDT testing of potential cold 
cracking appearance during the MWT.

2.2.1 � Metallography, Vickers hardness testing, and SEM 
investigation

For the metallographic examinations, different cross-sec-
tions of the weld seam were extracted from the mock-up 
after the residual stress measurements. The cuts were made 
at a sufficient distance from the weld seam. The removal was 
necessary for the additional radiographic examination (not 
shown here), as the stiffeners would have hindered the exam-
ination. The cross-sections were cut at different positions 
(POIs) where indications were found during NDT performed 
beforehand. The cross-sections were manually ground and 
polished. The microstructure was revealed by etching with 
2 % Nital (2 ml nitric acid HNO3 dissolved in 100 ml ethanol 
C2H5OH) at room temperature for 10 s.

In addition, the macroscopic Vickers hardness HV5 (test 
load 49.03 N with diamond pyramid indenter) was meas-
ured, in accordance with ISO 9015-1 [22]. At representa-
tive cross-sections, three hardness measurements were made 
in (1) the root pass, (2) filler layer with several passes at 
approximately ½ of the plate thickness, and (3) at the top/
cover layer. For that purpose, a DuraScan 70G hardness 
tester (EMCO Test Prüfmaschinen GmbH, Germany) was 
used.

Selected cross-sections were further investigated by scan-
ning electron microscope to identify possible fracture sur-
face morphologies. For that purpose, the respective cross-
section was cut by electric discharge machining (EDM) close 
to the crack tip to avoid mechanical and thermal influence of 
the crack surrounding. The remaining area was quenched in 
liquid nitrogen and mechanically opened (broken). Subse-
quently, the fracture surface was investigated by SEM using 
a Phenom XL G2 (Thermo Fisher Scientific, Germany) 
with an acceleration voltage of 15 kV. The corresponding 
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secondary electrons were detected, and the obtained images 
interpreted.

2.2.2 � Residual stress measurement by X‑ray diffraction

X-ray diffraction (XRD) was used for residual stress deter-
mination. The use of a six-axis robot diffractometer (Xstress 
Robot from Stresstech Oy, Finland) allowed residual stress 
analysis without prior sectioning of the mock-up. This made 
no change or relaxation of the welding RS. The measure-
ment was conducted along the transverse center line in 50 
locations of the plate covering the BM, the HAZ, and the 
WM (red spots in Fig. 1a). Table 3 shows the main measure-
ment and evaluation parameters. The RS were determined by 
the sin²ψ equation [23–25]. This allows the stress tensor to 
be calculated assuming that the stress component normal to 
the surface (σ33) is zero. The determined RS can also be used 
to derive the principal normal stresses and their directions.

Due to the relatively time-consuming XRD measure-
ment of such full-scale demonstrators, it was decided to 

investigate the mock-up welded with “dry flux” in detail. 
Due to the nearly identical welding parameters (see Sec-
tion 2.1), heat input and sample dimensions, the occurring 
global RS distribution is assumed to be comparable between 
both mock-ups, although local differences are likely to occur 
(e.g., annealing of WM by the 2nd last pass by last welding 
pass).

2.2.3 � Nondestructive testing by phased‑array ultrasonic 
testing (PAUT)

The two component welds were each visually inspected 
for surface cracks after completion of welding and subse-
quent cooling to 35 °C and then monitored for a period of 
48 h with respect to cold crack initiation using phased array 
ultrasonic testing (PAUT). For that purpose, an in-house and 
custom-made PAUT equipment was used (BAM Division 
8.4 “Acoustic and Electromagnetic Methods”). Since for 
ultrasonic technique (UT), water-based solutions are used 
for coupling the sound of the probe into the specimen, and 
due to the sensitivity of the testing technique used to higher 
temperatures, testing was not started until the specimen was 
cooled to approximately 35 °C. For that reason, the first test 
was performed 5 h after welding and was set as reference 
condition. Additional tests were conducted after 6 h, 12 h, 
18 h, 24 h, and 48 h.

For that purpose, the testing was performed from the 
top surface on both sides of the weld (side A and side B, 
see Fig. 2a, c in the middle section of the welds excluding 
the first and last 200 mm of the weld (start and the end of 
the weld joint with possible SAW process related defects 
that must be excluded for the HAC assessment) as shown in 

Table 3   Measurement and evaluation parameters for residual stress 
determination

Radiation CrKα

Lattice plane {211}α
Exposure time 5 s
Collimator ø 2 mm
E211; ν211 (Kroener) 215,000 MPa; 0.242
φ-directions 0°; 45°; 90°
ψ-directions 0° ± 45°; (9 steps each)

Fig. 2   Setup for PAUT of the 
welded component: a gantry 
with mounted x, y-transducer, 
b detailed view, and c PAUT 
transducer position for measur-
ing of side A
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Fig. 2a. The PAUT-sensor was mounted to a x-y-manipulator 
allowing to move the sensor along equidistant paths per-
pendicular to the weld as shown in Fig. 2b. The distance 
between the paths was set to 2 mm for a certain overlap 
of the PAUT signals. On each path, the PAUT sensor was 
moved from the weld to the edge of the mock-up to get infor-
mation from the whole cross-section of the weld. The use 
of a phased array allows the acquisition of several single 
images per measuring point, because the sound angle was 
changed electronically controlled in the range of 30° to 65° 
in steps of 5° for each measuring point. The test was per-
formed with a longitudinal wave, as this had a better diffrac-
tion behavior at crack tips than the transverse wave.

Computational focusing using the Synthetic Aperture 
Focusing Technique (SAFT) allows an image with high 
spatial resolution to be reconstructed and thus more precise 
statements to be made about possible defects in the weld 
joint and their changes. Before performing the test, the sen-
sitivity was adjusted on a test wedge with a 2 mm transverse 
bore and 0.1 mm eroded notch. The depth position of the tip 
of the eroded notch could be determined to within 0.2 mm 
deviation after reconstruction using SAFT.

2.3 � Numerical simulation of hydrogen distribution

The finite element software ANSYS was used to simulate 
the hydrogen diffusion in the SAW joint. A two-dimensional 
model of the weld geometry (Fig. 1a) was created using 
APDL (ANSYS Parametric Design Language). Further 
details on this procedure and the implementation can be 
found in the references [26, 27]. The numerical analysis of 
the hydrogen diffusion dependent on weld thermal cycle 
should enable identification of crack critical regions in the 
weld joint by means of peak hydrogen concentration over 
time during welding and cooling of the sample. The welding 
process was simulated by moving the isotherm of the three-
dimensional molten weld pool through the two-dimensional 
model, where the temperature of the nodes within the iso-
thermal was above the melting temperature. The validation 
was carried out by comparing the calculated temperature 
with the temperature measured in the experiment, see Fig. 3. 
For that purpose, the individual t8/5-cooling time per layer 
was expressed by a mathematical fit (solid line).

The filling of each welding pass was realized via the ele-
ment birth and death technique in ANSYS. Free convec-
tion in air was assumed for all free surfaces of the mock-up. 
Thermophysical material properties were taken from refer-
ence [28] for a similar steel. In the 2nd step, the temperature 
dependent diffusion coefficients were calculated from the 
weld thermal cycle and applied to the diffusion analysis [27]. 
The calculation of the diffusion coefficients is based on the 
scatter band for diffusion coefficients in low-alloyed steels 
[29]. Investigations on hydrogen diffusion behavior in weld 

metal of a similar SAW steel joints showed that the diffusion 
coefficients of the weld metal lie in the range of the average 
curve in the scatter band [30]. Below a temperature of 50 
°C, there was a steep drop in the diffusion behavior visible 
which was also considered for the numerical analysis by 
applying approximately 10 times lower diffusion coefficients 
compared to the average diffusion. In the last step, the hydro-
gen diffusion was simulated by the analogy of Fourier’s heat 
equation and Fick’s 2nd law using the thermal module in 
ANSYS [31]. For each weld pass, the elements reaching 
the melting temperature were set to a normalized hydrogen 
concentration of “1” (i.e., 100 %), and free effusion was 
assumed for all free surfaces of the mock-up. The simulation 
of the H-diffusion was performed for at least 48-h duration 
after the weld was cooled down to room temperature. The 
reason was the simulation of the MWT effect on the hydro-
gen distribution and identification of areas with increased 
HAC susceptibility due to a high H-concentration.

3 � Results and discussion

3.1 � Initial hydrogen concentration

The measured hydrogen concentration “HD” was 4.6 
ml/100 g deposited WM for the “dry flux” and 27.3 ml/100 
g deposited WM in case of the “wet flux” (each HD is the 
mean value of three samples, the corresponding standard 
deviation was < 5 %). From the manufacturing point of 
view, the measured H-concentration represent a maxi-
mum possible hydrogen ingress during welding, which 
may not be necessarily achieved in the WM. The use of 
the “dry flux” ensured that the guaranteed HD5-condition 

Fig. 3   Calculated t8/5-time from simulation compared to measured 
(average) t8/5-time during welding of pass 1 to 22
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was fulfilled (see removed SAW slag in Fig. 4a). The high 
moisture content of the “wet flux” provided the source 
of hydrogen gas, which evaporated from the molten weld 
metal (WM) and was trapped as molecular hydrogen 
beneath the glassy slag on top of the deposited WM, as 
shown in Fig. 4b.

Of course, the “wet flux” represented an extreme sce-
nario, which is unlikely to occur in actual welding fabrica-
tion. Nonetheless, this scenario is extremely of interest for 
very harsh testing conditions, provoking delayed HAC in 
the welded joints.

3.2 � Cross‑sections and hardness

In Fig. 5a, the cross-section of the welded mock-up with 
HD of max. 4.6 ml/100 g deposited WM is shown, and in 
Fig. 5b, the cross-section for the HD of 27.3 ml/100 g depos-
ited WM. It is obvious that the hydrogen concentration did 
not generally influence the weld joint quality. Defect-free 
welds (visual inspection of each single pass) with full pen-
etration were achieved for both mock-ups with a total of 22 
welding passes (“dry flux”) and 21 respectively (“wet flux”). 
The ferritic-bainitic microstructure of the BM undergoes 

Fig. 4   Removed slag of SAW 
ISO 3690 bead-on-plate sam-
ples, welded with a “dry flux” 
(HD = 4.6 ml/100 g deposited 
WM) and b “wet flux” (HD = 
27.3 ml/100 g deposited WM) 
with pore formation

Fig. 5   Cross-sections of SAW 
joints: a welded with “dry flux” 
and b with “wet flux”; c, d cor-
responding HV5 distributions 
for root, filler, and top layer
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multiple reheating cycles with different peak temperatures, 
resulting in a complex HAZ subzones structure as well as the 
deposited WM. The combination of ferrite and bainite indi-
cates a relatively low hardness, for both “dry flux” (Fig. 5c) 
and “wet flux” (Fig. 5d).

The Vickers hardness ranges between 150 HV5 and 220 
HV5. The hardness of the top layer (encompassing two to 
three passes) is comparable for both mock-ups to the hard-
ness of the filler layers in the centerline region of the weld 
joint ranging from 180 HV5 to 200 HV5. In opposite, the 
HV5 in the root layer is slightly higher. This is due to the fast 
cooling of the first passes, which can be seen in terms of the 
short t8/5—cooling time of approximately 14 s (see Fig. 3). 
In the case of the root passes/layer, the mock-up was still 
somewhat “cold” due to the missing preheating but warmed 
up layer by layer (due to the maintained 230 °C interpass 
temperature) to > 30 s for the final passes. A small decrease/
drop of the hardness was regarded for the HAZ-area for both 
mock-ups. Generally, the relatively low hardness indicates 
a sufficient ductility of the respective welded HAZ or WM 
microstructure and vice versa an increased resistance against 
delayed HAC. From that point of view, the hardness, and the 
hydrogen ingress (with high or low H-concentration) did not 
show any obvious interdependency on each other.

3.3 � Residual stresses (XRD)

This section presents the determined residual stresses (RS) 
measured at the positions as indicated in Fig. 1a perpen-
dicular to the welding direction. At each position, both 
the transverse welding RS (perpendicular to the welding 

direction) and the longitudinal RS (in welding direction) 
were determined. As mentioned in Section 2.1, only the 
mock-up welded with “dry flux” was investigated in detail. 
Due to the nearly identical heat input and sample dimen-
sion of both mock-ups, the global RS distribution (RS in 
HAZ and BM) are assumed to be comparable, although 
local differences are like to occur, e.g., in the WM (due to 
the different annealing condition by the varying number 
of passes in the last welding layer).

Fig. 6 shows the obtained RS distribution in the mock-
up welded with the “dry flux.” The distribution was char-
acterized by three local maxima for both the longitudinal 
and transverse RS, as indicated in Fig. 6a. Two of the 
maxima were found in the respective HAZs close to the 
fusion line to the left and to the right of the weld center-
line. For both the longitudinal and transverse RS (black 
and orange line respectively), maximum values of + 370 
MPa as tensile RS were obtained, which are close to the 
BM’s experimentally determined yield strength (+ 470 
MPa, mean value of three samples, experiments can be 
found in reference [17]). That means the tensile RS reach 
nearly 80 % of the BM yield strength. Next to the corre-
sponding left and right HAZ, the transverse RS of the BM 
are higher (orange line) compared to the longitudinal RS 
(black line). In addition, the transverse RS (orange line) 
change to equilibrium compressive RS of about − 200 
MPa at a greater distance compared to the longitudinal 
RS (black line). The reason is to be found in the hindered 
angular distortion around the longitudinal axis of the weld 
due to the additional stiffeners at the bottom of the plate 
(as shown in Fig. 1). The third maximum of the tensile 

Fig. 6   Residual stresses: a in 
longitudinal and transverse 
direction to the weld, b cor-
responding FWHM
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RS was found in the 2nd last pass of the WM (pass width 
highlighted in Fig. 6a, b by the blue shaded region).

In the longitudinal direction of the weld, the RS here 
reach the yield strength of the WM of approx. + 460 MPa. 
In the transverse direction, the maximum level is just about 
+ 200 MPa. The last pass is characterized by a minimum in 
the residual stress profile. While there is a stress of about 0 
MPa in the longitudinal direction, in the transverse direc-
tion, the stresses are in compression of about − 250 MPa 
at the same point. This can have several causes. On the one 
hand, the high-strength WM exhibits a bainitic-martensitic 
microstructure, which causes a stress reduction through the 
occurrence of so-called transformation stresses due to the 
associated solid phase transformations. On the other hand, 
a temperature gradient in the thickness direction can lead to 
a delayed stress buildup (“quenching”) between the surface 
and the bulk, which also causes the occurrence of minima or 
maxima. A minimum also appears in the 2nd last pass, but it 
is less pronounced than that in the last pass. The full-width 
at half maximum (FWHM) listed in Fig. 6b proves that with 
the heat input of the last pass, an annealing to the 2nd last 
pass takes place, which does not lead to a stress reduction. 
In the transition from the WM to the HAZ, there is a slight 
decrease in the FWHM, which suggests a softening, also 
seen for the HV5 measurements (Fig. 5c, d).

The measurement in several directions φ allowed the cal-
culation of the principal stresses and their directions. Fig. 7 
shows the principal stresses. It is obvious that the highest 
principal stress in both the WM and HAZ corresponds to the 
longitudinal RS. In the adjacent BM, however, the highest 
stress is that of the transverse direction. The principal stress 

directions are thus dictated by the joint geometry and the 
associated heat flux, respectively. This is also clear from 
Fig. 7b, which shows the angle between the direction of 
the highest principal stress σI and the longitudinal direc-
tion of the weld. The angle is about 0° in the WM, which 
corresponds to the longitudinal direction. In the BM, the 
transverse direction dominates, i.e., the angle is about 90°. In 
the HAZ, the principal stress direction is between these two 
values. Due to the surface condition (as-rolled), the principal 
stress direction in the outer BM exhibits values that are no 
longer influenced by the thermal effect of welding.

3.4 � Phased‑array ultrasonic testing (PAUT) 
and metallographic inspection of root pass area

Figure 8a shows the PAUT results (C-scan projection) after 
the MWT of 48 h for welding condition with “dry flux.” In 
contrast, Fig. 8b shows the results using the “wet flux,” in 
other words with a very high hydrogen concentration of 27.3 
ml/100 g deposited WM. Both figure parts a and b show the 
PAUT results for the welding root for z = 50 mm to z = 52 
mm (using the coordinate system shown in Fig. 2a, c. Signif-
icant reflections (signal amplitude > 50 dB as potential indi-
cations for welding defects) were found in both mock-ups. 
A geometric correlation in the welding direction (y-axis) 
revealed that identified reflections were the result of (1) the 
tack welds between the backing and the BM plates and (2) 
the GMAW fillet welds of the stiffener in the center of the 
respective mock-up (as schematically shown for the mock-up 
geometry in Fig. 1e). Nonetheless, the formation of certain 
welding defects (in terms of pores in the root pass region) 

Fig. 7   Principal stresses: a σI 
and σII, b angle “α” between 
longitudinal direction (α = 0°) 
and max. principal stress (σI)
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was found for both mock-ups, independently of the initial 
hydrogen ingress. This can be seen either in Fig. 8c using 
“dry flux” resulting in HD = 4.6 ml/100 g (deposited WM) 
or in Fig. 8d using the “wet flux” with HD = 27.3 ml/100 
g (deposited WM). Nonetheless, the pores are tolerable in 
accordance with DIN EN ISO 5817 [32]. It is reasonable that 
the pore formation was a result of the air entering through 
the gap between the backing and the BM plates (backing 
was only tack-welded).

The hydrogen effect on the defect appearance was charac-
terized by an intensified formation of (aligned) pores along 
the welding joint was obtained for “wet flux” encompassing 
the high hydrogen concentration. These pores appeared were 
significantly smaller compared with those in the root passes. 
It is reasonable that these pores are hydrogen-induced. 
Two reasons must be considered for that: (1) the very high 

possible diffusible hydrogen concentration of 27.3 ml/100 g 
(deposited WM) and (2) the relatively short time for hydro-
gen diffusion during welding. The high hydrogen concentra-
tion tends to form pores due to recombination as molecular 
hydrogen, as indicated by the SAW slag in Fig. 4b. This is 
additionally supported by the limited diffusion as a conse-
quence of the relatively thick root pass and the subsequent 
filler passes. In other words, the dissolved hydrogen amount 
is too high to diffuse out of the root welding pass before the 
next pass is welded.

3.5 � Phased‑array ultrasonic testing (PAUT) 
and metallographic inspection of filler passes

Fig. 9 shows C-scan projections of the PAUT results (side 
A) for diverse filler passes within a depth from z = 23 mm 

Fig. 8   C-scan projection of 
PAUT results after maximum 
MWT of 48 h from a depth of 
z = 50 mm to 52 mm (root pass 
area): a mock-up welded with 
dry flux (4.6 ml/100 g deposited 
WM), b mock-up with “wet” 
flux (27.3 ml/100 g deposited 
WM) and corresponding cross-
sections in c and d 
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to z = 42 mm (filler passes) of the mock-up welded with 
“wet flux” (27.3 ml/100 deposited WM). The C-scans of 
side B are not presented. The sub-parts of Fig. 9 represent 
different waiting times after the PAUT was performed with 
a) after cooling to RT, b) after 6 h, c) after 12 h, d) after 18 
h, e) after 24 h, and f) with the maximum waiting time of 48 
h. It is noteworthy that no noticeable differences could be 
identified in the different C-scan projections. This suggests 
that no delayed hydrogen assisted cracking occurred within 
this area during the entire 48 h waiting time.

Nonetheless, POIs were identified for different depth 
positions as shown in Fig. 9. The light red dots at a position 
of y = 470 mm and y = 780 mm could represent indications 
for time-dependent occurrence of an imperfection. Espe-
cially at the position of y = 470 mm, a more or less con-
siderable indication occurred (as indicated in Fig. 9a). For 
that reason, a representative metallographic cross-section at 
this position (despite others along the entire weld seam) was 
prepared and further characterized. For that reason, Fig. 10 
presents the results of a representative cross-section at the 
position of y = 470 mm. The colored frames in Fig. 10a 
indicate the detailed analyzed areas for different depth posi-
tions in z-axis.

Fig. 10a shows the already mentioned pores in the weld 
root pass close to the backing (see Fig. 8). A residual slag 

part of the molten welding flux is shown Fig. 10b, c. The 
dimensions of both mentioned imperfections suggest a qual-
ity level B classification in accordance with DIN EN ISO 
5817 [32]. Two of the indications found in the WM at y = 
470 mm within a depth of z = 17 mm (see Fig. 10d) and at z 
= 42 mm (see Fig. 10g) turned out as horizontal cracks in the 
filling layer, surrounded by (micro-) pores. These areas were 
examined further. For that purpose, the position of interest 
(encompassing the observed cracking) was extracted from 
the weld joint. As mentioned in Section 2.2.1, EDM cuts 
were made before mechanically opening the cracks (after 
quenching in liquid nitrogen). However, only the crack at z = 
17 mm could be opened successfully and examined by SEM. 
The surface of the opened cracks are depicted in Fig. 10e, f, 
showing smooth surfaces within the fracture created by the 
opening process. The fracture morphology shows typical 
hot cracking features (solidification cracking like rounded 
and dendritic-like surfaces). For the first impression, it is 
uncommon to expect hot cracking instead of HAC. Indeed, 
hot crack formation in presence of high amounts of hydrogen 
in molten weld pool was reported in reference [33, 34].

At least, despite of the above discussed weld imperfec-
tions (small pores and localized hot cracking), no signs of 
cold crack formation was found even in the mock-up with 
the high hydrogen concentration of 27.3 ml/100 g deposited 

Fig. 9   C-scan projection of PAUT results of mock-up welded with “wet flux” (27.3 ml/100 g deposited WM); C-scan projection side A from 
depth of z = 23 mm to 42 mm for all test intervals: a reference after cooling to RT (5 h), b 6 h, c 12 h, d 18 h, e 24 h, and f 48 h
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WM (“wet flux”). Indeed, the mentioned (hot) cracking was 
only observed at high H-concentration. From that point of 
view, the investigated offshore steel grade and its weld joints 
should have a high resistance against delayed hydrogen-
assisted cracking. In addition, the MWT-concept (see Sec-
tion 1) should be critically assessed. This is consistent with 
the results on GMA-welded and self-restrained cold cracking 
tests presented earlier in reference [35].

3.6 � Numerical simulation

The calculated normalized diffusible hydrogen concentra-
tion (C/C0) is shown for welding of the last pass, shown in 
Fig. 11a and after cooling to RT shown in Fig. 11b. Fig-
ure 11c shows the normalized hydrogen concentration in the 
through thickness direction at this time increment. The metal 

weld backing (shown in Fig. 1a) was also considered. As 
seen from Fig. 11, the hydrogen concentration has reduced 
to approx. 40 % of the initial concentration after cooling to 
RT. This is due to the positive effect of the repeated ther-
mal cycles during multi-pass SAW. After cooling to RT, 
the highest normalized diffusible hydrogen concentration is 
found in the centerline of the WM at approx. 15 mm beneath 
the top surface of the weld seam. In the HAZ, a hydrogen 
concentration of about 36 % of the initial concentration 
(C/C0 = 0.36) is reached still during the welding process 
resulting in a maximum concentration of approx. 23 % (C/C0 
= 0.23) after cooling to RT. Thus, after welding of the last 
pass, there is no increase of H-concentration by diffusion 
in any area of the weld. The choice of adequate hydrogen 
diffusion coefficients significantly influences the results in 
terms of the calculated MWT. As we postulated in reference 

Fig. 10   Macro-section and 
details of POIs of the mock-up 
welded with “wet flux” (27.3 
ml/100 g deposited WM) at 
coordinates of y = 470 mm: a 
overview with areas of interest, 
b Area 1: detail of slag inclu-
sion, c SEM-figure, d Area 2: 
detail at depth of z = 17 mm 
with micropores and horizontal 
crack, e, f fracture surface of 
opened crack with typical hot 
cracking indications, and g Area 
3: detail at depth of z = 42 mm 
with micropores and single 
crack
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[30], the MWT effectiveness and necessity just based on a 
time range are (from that point of view) still questionable 
and need further clarification.

4 � Conclusions

Two component-like mock-ups with a weld seam length of 
1000 mm and 350 kg were manufactured by the SAW pro-
cess under consideration of stiffeners to simulate/transfer 

mechanical scenarios of practical engineering applica-
tions to a laboratory scale. Residual stress measurement 
was made by XRD as well as further PAUT at different 
times. Numerical simulations were carried out to assess 
the hydrogen distribution after welding. The following 
conclusions can be drawn:

•	 An experimental sample design was successfully estab-
lished to simulate very rigid structures as component-
like test for delayed hydrogen assisted cracking in off-
shore steel SAW joints. The reasons are the shrinkage 
restraint perpendicular to the welding direction and 
the hindered angular distortion around the longitudinal 
axis of the weld due to the stiffeners (see Fig. 1e).

•	 The RS are characterized by maxima in the HAZ (lon-
gitudinal and transverse direction) and reach a consid-
erable stress level of 370 MPa, which is approximately 
80 % of the (experimentally determined) BM yield 
strength. The highest, welding tensile RS of 460 MPa 
are reached in the WM. From that point of view, this 
area could be critical for a potential crack initiation, 
although any cold cracking was observed.

•	 Weld imperfections were successfully localized by 
PAUT technique. Metallographic cross-sections and the 
respective POIs revealed imperfections like (micro-) 
pores. The identified horizontal cracks in the high 
hydrogen > HD5 (27.3 ml/100 g deposited WM) mock-
up had typical hot cracking features, i.e., no delayed 
cracking by hydrogen.

•	 The numerical simulation showed that the maximum 
normalized hydrogen concentration is found in the WM 
at any time. The hydrogen concentration in the HAZ 
reaches a maximum of 36 % of the initial concentration 
still during welding. After cooling to RT, the hydrogen 
concentration is reduced to 40 % (WM) and 23 % (HAZ).

•	 Indeed, both mock-ups showed a comparable behavior 
independently of the hydrogen ingress during welding 
and the occurring relatively high residual stresses. This 
means S420ML thick-plate steel and the investigated 
SAW parameters should ensure a safe welding fabrica-
tion without an increased susceptibility for HAC. For 
that reason, the MWT concept and its necessity should 
be further assessed and critically discussed.
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