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As onshore installation capacity is limited, the increase in the number of offshore wind turbines (OWT) is a
major goal. In that connection, the OWTs continuously increase in size and weight and demand adequate
foundations concepts like monopiles or tripods. These components are typically manufactured from welded
mild steel plates with thickness up to 200 mm. The predominant welding technique is submerged arc
welding (SAW). In accordance with the standards, the occurrence of hydrogen-assisted cracking is antic-
ipated by either a minimum waiting time (MWT, before non-destructive testing of the welded joint is
allowed) at ambient or a hydrogen removal heat treatment (HRHT) at elevated temperatures. The effec-
tiveness of both can be estimated by calculation of the diffusion time, i.e., diffusion coefficients. In this study,
these coefficients are obtained for the first time for a thick-walled S420G2+M offshore steel grade and its
multi-layer SAW joint. The electrochemical permeation technique at ambient temperature is used for the
determination of diffusion coefficients for both the base material and the weld metal. The coefficients are
within a range of 1025 to 1024 mm2/s (whereas the weld metal had the lowest) and are used for an analytical
and numerical calculation of the hydrogen diffusion and the related MWT. The results showed that long
MWT can occur, which would be necessary to significantly decrease the hydrogen concentration. Weld
metal diffusion coefficients at elevated temperatures were calculated from hydrogen desorption experiments
by carrier gas hot extraction. They are within a range of 1023 mm2/s and used for the characterization of a
HRHT dwell-time. The analytical calculation shows the same tendency of long necessary times also at
elevated temperatures. That means the necessary time is strongly influenced by the considered plate
thickness and the estimation of any MWT/HRHT via diffusion coefficients should be critically discussed.

Keywords energy, hydrogen diffusion, modeling and simulation,
steel, welding

1. Introduction

As part of the energy transition and future hydrogen-based
economy, the further expansion of power generation by
offshore wind turbines (OWT) must be accelerated by number
and size. For example, Germany plans to install an additional
power 20 GW by 2030 (Ref 1, 2). Currently, the foundations
are mostly monopiles (2018: 76% of installed OWT) (Ref 3).

Abbreviations

BM Base material

CGHE Carrier gas hot extraction

HAC Hydrogen-assisted cracking

HAZ Heat-affected zone

HRHT Hydrogen removal heat treatment

MWT Minimum waiting time

SAW Submerged arc welding

WM Weld metal

Latin character

ai Slope at inflection point, [A/(mm2*s)]

A Charging surface area of permeation sample, [mm]

C (Normalized) Hydrogen concentration, [–] or [%]

D Temperature dependent diffusion coefficient,

[mm2/s]

D0 Material dependent diffusion constant, [mm2/s]

DCGHE Diffusion coefficient at elevated temperatures,

determined by CGHE, [mm2/s]

DLag Time-lag diffusion coefficient, [mm2/s]

DIP Inflection point diffusion coefficient, [mm2/s]

Dmin, BM Minimum base material diffusion coefficient,

[mm2/s]

Dmin, WM Minimum weld metal diffusion coefficient, [mm2/

s]

Dmax,BM Maximum base material diffusion coefficient,

[mm2/s]
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These large structures are erected from submerged arc welded
(SAW) components that are made from high-strength offshore
steels. In this context, modern thermomechanical-rolled steels,
such as S420G2+M, offer improved weldability (e.g., through a
lowered carbon equivalent) with simultaneously excellent
mechanical properties. The improved weldability enables the
welding of these steels without preheating. The underlying
standards for the construction include so-called minimum
waiting time (MWT) before the necessary non-destructive
testing can be performed (Ref 4) to safely exclude hydrogen-
assisted cracking (HAC) of the welded joints (Ref 5). The
MWT results in long time intervals in which the components
must ‘‘rest’’ and thus influence the manufacturing costs. A
MWT reaches from 24 h (yield strength of less than 460 MPa)
(Ref 5) up to 48 h (Ref 6). The time-delayed HAC is the result
of a critical combination of: (1) hydrogen concentration, (2)
mechanical stresses in (3) a susceptible microstructure (Ref 7).
In that connection, thick steel plate welded joints imply some
special issues that can increase the susceptibility for HAC and
have to be considered: substantially extended diffusion paths
for the hydrogen, regions with high weld residual stresses, high
local strains, and hardened regions in the HAZ. Possible
sources of hydrogen are, for example, moisture welding flux or
condensates on the plate surface. However, such known
hydrogen sources can be largely eliminated before and during
welding, e.g., by ‘‘soaking’’ or ‘‘bake-out’’ of the welding
consumables and keeping the material surface clean (removal
of grease, scale, avoidance of condensates) (Ref 8, 9). In
addition, it is possible to reduce any critical hydrogen
concentrations that may be present in the welds, by heat
treatment after welding. This process is called hydrogen
removal heat treatment—HRHT (also referred as Dehydro-
genation Heat Treatment-DHT) (Ref 10-12). As a beneficial
effect, this would also eliminate the need for MWT.

However, the procedures must still be economically viable.
The necessary HRHT dwell time and temperature depend,

among other things, on the sheet thickness and can be estimated
using diffusion coefficients by analytical or numerical calcu-
lations. However, a problem must be considered, namely that
for high-strength steels with similar chemical compositions,
deviations in the diffusion coefficients of up to three orders of
magnitude are found for ambient temperature (Ref 13).
Chemically similar base materials (BM), such as low-alloy
pipeline steels, are in the range of 10�4 mm2/s (Ref 14, 15) and
thus up to one order of magnitude higher. Thus, mere base
material considerations are not suitable for estimating a MWT
or even the dwell time for a HRHT. However, the literature
contains hardly any statements on pure weld metal (WM) for
the relatively new offshore steel grade S420G2+M and
suitable SAW consumables. Gas metal arc welding (GMAW)
tests resulted in a typical initial hydrogen concentration of
maximum 5 ml/100 g Fe, i.e., H5 classification (Ref 16). It is
believed that this would be a realistic concentration also for
SAW joints. In that connection, available diffusion coefficients
of the WM lie within the range of 10�5 mm2/s (Ref 17).

Therefore, the focus of this study is the determination of the
hydrogen diffusion in a SAW multi-layer joint of the offshore
steel grade S420G2+M. Its good weldability and related
welding parameter sets are well known (Ref 16, 18). With
the scope on HAC, the microstructure-dependent hydrogen
diffusion coefficients (BM and WM) had been determined the
first time for this steel grade. For that purpose, two experi-
mental methods were used: (1) permeation experiments at
ambient temperature and (2)—for the first time—for the WM in
the range of 120 to 400 �C via carrier gas hot extraction
(CGHE). Based on the analytical calculations, case studies
show the importance of diffusion coefficients for MWT and
HRHT. In addition, a numerical calculation was conducted to
simulate the combined hydrogen diffusion in the welded joint
using the microstructure-dependent diffusion coefficients of
WM and BM.

2. Materials and Methods

2.1 Welding Experiments and Sample Extraction

A multi-layer SAW joint has been delivered by a project
partner for the machining of samples or the characterization of
the diffusion, within the BM and WM. For that purpose, the
BM was a 60 mm thick plate of S420G2+M (Ref 19). The joint
was welded by means of a multi-wire process. The SAW
welding wire and flux combination consisted of the 4-mm-
diameter OE-SD3 solid wire (Ref 20) and agglomerated
alkaline welding flux OP121TT (Ref 21). The BM and the
filler metal/flux combination are optimized for offshore appli-
cations. The chemical composition is shown in Table 1 (BM
and WM after deposition and analyzed by optical emission
spectroscopy, welding flux in accordance with manufacturer’s
specification).

The joint was welded in PA position, and the welded joint
geometry is shown in Fig. 1(a). For a proper weld heat input, a
preheating temperature of ‡ 15 �C and an interpass temper-
ature of £ 250 �C was maintained. The welding edge prepa-
ration consisted of a Y-groove preparation with 60� opening
angle (starting at ¼ of the plate thickness, referred to side B).
For this purpose, the welding sequence encompassed: first and
second step: welding of five filler layers and three cover layers,

Dmax, WM Maximum weld metal diffusion coefficient, [mm2/

s]

EA Activation energy, [kJ/mol]

F Faraday constant (96,485.3 As/mol)

imax Maximum permeation current density, [A/mm2]

i(t) Time-dependent permeation current density, [A/

mm2]

I Permeation current, [A]

J(t) Time-dependent hydrogen flux, [mol/(mm2*s)]

Jmax Maximum hydrogen flux, [mol/(mm2*s)]

L Sample thickness/diffusion length, [mm]

LC1 Characteristic diffusion length 1, [mm]

LC2 Characteristic diffusion length 2, [mm]

R Universal gas constant (8.31 J/(K*mol))]

t Time

T Temperature, [K] or [�C]
t0.5 Time after 50% of hydrogen desorbed /effused, [s]

tlag Time-lag time, [s]

z Number of transferred electrons, [–]

Greek characters

U Permeability (in steady-state condition), [mol/(mm*s)]

s Dimensionless time, [–]
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then side A was counter-milled starting with a flank angle of
10� and then side Awas welded with twelve filler layers as third
step and final welding of four cover layers as fourth step. The
filler layers were welded with 5-wire technology and the cover
layers with 3-wire technology (530 to 640 A, 31 to 34 V, 1500
to 2000 mm/min). This resulted in a weld heat input of about
25 to 30 kJ/cm. Pure BM and WM blocks with 120 mm length
and 10 mm width were extracted (see Fig. 1b). Subsequently,
the samples were machined from the blocks with the sample
geometries shown in Fig. 1(c) (permeation) and Fig. 1(d)
(carrier gas hot extraction - GGHE).

2.2 Determination of Diffusion Coefficients Via
Electrochemical Permeation and Carrier Gas Hot
Extraction

2.2.1 Electrochemical Permeation/Base Material
and Weld Metal Diffusion Coefficients at Ambient Temper-
ature. The method is widely used to determine hydrogen
diffusion in metals (Ref 22). More detailed information on the
experimental method is shown, for example, in (Ref 23). The
basic setup consists of an electrochemical double cell with the
cathode and anode half-cell separated by the sample under
investigation, see Fig. 2(a). Figure b and c shows two
evaluation methods for the calculation of the diffusion coeffi-
cients. All investigations were performed at ambient temper-
ature (21 �C). Sample thicknesses of 0.50 mm and 1.00 mm
were used for the experiments to evaluate a thickness effect.

The cathodic side (�) was filled with an acidic solution of
0.1 M H2SO4 and 0.05 M NaAsO2 (as recombination inhibitor)
and a galvanic current density of 1.25 mA/cm2 was applied.
The anodic (+) side for hydrogen detection was filled with a 0.1
M NaOH solution and potentiostatically polarized at +200 mV
against Ag/AgCl reference electrode (Xylem SI Analytics). The
desorbing H+ protons reduce the OH� hydroxide ions to H2O.
This oxidation current ‘‘I’’ (in A) resulting from the electron
transfer is recorded with a digital multimeter with a step size of
1 s. It is additionally converted into the permeation current
density ‘‘i’’ (in A/mm2, Eq 1) by division of the current trough
the permeation area (circle, ‘‘A’’ = 200 mm2). By Faraday’s law
(with F = 96,485.3 As/mol (Ref 24)), this can be converted into
a hydrogen flux ‘‘J’’ (in mol/(mm2*s), Eq 2). The constant ‘‘z’’
in Eq 2 corresponds to the number of transferred electrons (=1).
The permeability ‘‘/’’ (in mol/(mm*s), Eq 3) is the maximum
achieved current density along the sample thickness ‘‘L’’ and is
a measure for the hydrogen permeability. The diffusion
coefficient was calculated using two different methods: (1)
The time-lag method (Ref 22) (Fig. 2b) determines the time
‘‘tLag’’ (in s) after which 63% of the maximum permeation
current density has been reached to calculate the ‘‘DLag’’
(in mm2/s, Eq 4) and (2) the inflection point method according
to (Ref 23) (Fig. 2c) interprets the slope of the rising

permeation transient. For this purpose, the inflection point
‘‘ai’’ (Eq 5) and the ‘‘DIP’’ (in mm2/s, see Eq 6) are calculated.

iðtÞ ¼ I=A ðEq 1Þ

Time-dependent permeation current density

JðtÞ ¼ iðtÞ= z � Fð Þ ðEq 2Þ

Time-dependent hydrogen flux

U ¼ Jmax � L ðEq 3Þ

Permeability (in steady-state condition)

DLag ¼ L2= 6 � tLag
� �

ðEq 4Þ

Timelag diffusion coefficient

ai ¼ di=dt ðEq 5Þ

Slope at inflection point

DIP ¼ 0:04124 � L2 � ai
� �

= 0:2442 � imaxð Þ ðEq 6Þ

Inflection point diffusion coefficient
2.2.2 Carrier Gas Hot Extraction/Weld Metal Diffusion

Coefficients in the Range From 120 to 400 �C. The
determination of the diffusion coefficients at higher tempera-
tures was carried out by using the carrier gas hot extraction
(CGHE). For this purpose, an infrared oven IR07 and
connected analyzer G8 Galileo (both Bruker AXS) with an
additional mass spectrometer ESD100 (InProcess Instruments)
were used. The samples (2.7 mm edge length, square base,
20 mm length, see Fig. 2d) were electrochemical hydrogen-
charged analogous to the permeation. However, the charging
time of 48 h was significantly longer here, since the effective
length of the diffusion path corresponds to one half the sample
thickness b = L/2 (of 1.35 mm). This ensures that the hydrogen
distribution in the sample is as homogeneous as possible, which
is important for the evaluation of the bulk diffusion. For the
determination of the diffusion coefficients, the samples were
heated to the desired temperature by specially developed rapid
heating procedures and kept isothermal. Further information
can be found in (Ref 23). The recorded desorption curve was
then used to determine the time ‘‘t0.5’’ after which 50% of the
initial hydrogen has effused from the sample, see Fig. 3. The
DCGHE was calculated using Eq 7 according to (Ref 26) or the
simplified Eq 8 for a constant b = 1.35 mm (maximum length
of diffusion path). For the temperature levels 120, 200, 315 and
400 �C, the mean value was calculated from three measure-
ments. Hydrogen sources during SAW is typically a humid
welding flux, for example by insufficient storage conditions and
missing redrying before welding. That means the weld seam
would be the hydrogen source for HAC. The determination of

Table 1 Chemical composition of base material, welding consumable and flux in wt.%

Material C Mn Si Cr Ni Mo P+S

Base material (BM) 0.10 1.53 0.51 0.04 0.03 0.01 0.01
Deposited Weld metal (WM) 0.09 1.58 0.31 0.04 0.02 0.01 0.01

Material SiO2+TiO2 CaO + MgO Al2O3 CaF2 . . .

Welding flux 15 40 20 25 . . .
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high-temperature diffusion coefficients for HRHT is more
important for the WM. For that reason, only the WM was
regarded.

DCGHE ¼ 0:0492 � L2=t0:5 ðEq 7Þ

Temperature dependent diffusion coefficient via CGHE

DCGHE ¼ 0:090 mm2=t0:5 ðEq 8Þ

Simplified diffusion coefficient for L = 1.35 mm

2.3 Numerical Simulation of MWT/Hydrogen Diffusion
at Ambient Temperature

Permeation experiments were used to determine hydrogen
diffusion characteristics and to calculate the corresponding
coefficients. The finite element software ANSYS was used to
simulate the microstructure-dependent diffusion in the SAW
joint by using the previously determined coefficients. The aim
was to identify the need for the MWT after welding by
analyzing the local AND time-dependent decrease in the
hydrogen concentration in the cross-section of the welded joint.
The reason is that these specific values determine a certain
HAC susceptibility (Ref 7, 8). For that purpose, a two-
dimensional model of the weld geometry in Fig. 1(a) was
created. The model was generated and meshed using APDL
(ANSYS Parametric Design Language) as shown in Fig. 4. In
this process, a two-dimensional model is generated via so-

called key points and then meshed. For that purpose, the
Plane55 element was used (two-dimensional thermal solid
element with four knots and one degree of freedom per knot).
For the simulation of the hydrogen diffusion and distribution,
the analogy of Fourier’s heat conduction differential equation
and Fick’s second law (Ref 27), the temperature field simula-
tion module in ANSYS was used. This can be performed as
neither further hydrogen sources nor sinks are anticipated. That

Fig. 1 Specimen geometry: (a) cross section of weld joint, (b) specimen locations of extraction of (c) permeation and (d) carrier gas hot
extraction specimens (Color figure online)

Fig. 2 Electrochemical permeation: (a) experimental setup, (b) time-lag and (c) inflection point method (Color figure online)

Fig. 3 Determination of DC at elevated temperatures via CGHE
(Color figure online)
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means the heat flux ( _q) can be neglected in the heat conduction
differential equation. For that reason, the temperature (T) equals
the hydrogen concentration (C) and the thermal conductivity
(k) equals the diffusion coefficient (D). In addition, the material
density (q) and specific heat capacity (cp) are set to 1. Further
details on this modeling procedure and the implementation of
the simulation can be found in (Ref 11, 28). The welding
process or HRHT was not simulated, as the focus was here to
identify possible MWTs as the critical time-limitation of the
component production.

For the simulation of the hydrogen diffusion at ambient
temperature after welding was finished it was assumed that
hydrogen is homogeneously distributed in the WM. Thus, a
normalized initial hydrogen concentration of C = 1 (corre-
sponds to 100 %) was set to all the nodes in the WM.
Furthermore, free hydrogen effusion was assumed, setting a
hydrogen concentration of zero to the corresponding nodes on
all free surfaces in the model. For realistic diffusion simulation,
the microstructure-dependent diffusion coefficients of both BM
and WM had been combined in the model (see Fig. 4). To
assess the minimum and maximum calculated MWT, the
corresponding Dmin and Dmax of the BM and WM (section 3.1)
had been applied. Due to the estimated time of several hours to
days, the time-step resolution was set to 600 s.

3. Results and Discussion

3.1 Diffusion Coefficients

3.1.1 Electrochemical Permeation, Diffusion at Ambient
Temperature. The results of the electrochemical permeation
experiments are shown in Fig. 5 for both BM and WM. Parts a
and b show the absolute data, and parts c and d show the
corresponding normalized experimental data. The characteristic
permeation values and calculated diffusion coefficients are
shown in Table 2.

Figure 5 shows that all permeation experiments follow a
similar time course. The so-called permeation transients show a

certain time until the first hydrogen is detected, then increase
exponentially and reach a plateau value (steady-state condi-
tion). Here, the effect of the sample thickness can be seen from
the maximum permeation current density or from the time
course of reaching the plateau value. With increasing specimen
thickness, the maximum permeation current density or perme-
ability generally decreases. The calculated diffusion coeffi-
cients (DLag and DIP, see Table 2) show a small deviation for the
respective examined thickness-microstructure combination.
Some points had been observed for the calculated diffusion
coefficients:

Generally, the 0.50 mm thickness resulted in decreased
diffusion coefficients compared to 1.00 mm. The change of
diffusion coefficients with the sample thickness was previously
reported in (Ref 23, 29) but should be actually independent of it
according to Fick’s diffusion laws. However, this is only an
apparent contradiction since experimental boundary conditions
(adsorption reactions) have to be considered. If the sample is
relatively thin, the adsorption kinetics for the hydrogen from
any electrochemical charging media may outweigh the actual
permeation/diffusion measurement and result in unrealistic
small values for the diffusion coefficients. This means that
relatively thick samples (1.00 mm) should be used for the
permeation experiments. Accordingly, the higher diffusion
coefficients of the 1.00 mm thickness are better suited to
describe the hydrogen diffusion and should indicate a relatively
rapid hydrogen concentration decay in a S420 SAW joint.

If the different microstructure is considered, the BM showed
the higher calculated diffusion coefficients compared the WM
(approximately by factor 2). The explanation is the different
annealing condition and texture of the microstructure. The BM
represents a very homogenous annealed microstructure due to
the hot-rolling, in contrast to the multi-layer welding process of
the WM. The repeated thermal cycling causes complex
recrystallization, grain growth, dissolution, and re-precipitation
of carbides and in the WM, which increases the number of
hydrogen traps significantly, i.e., decreases the diffusivity by
binding hydrogen. Compared to pure iron, any low-alloyed
steel is already a complex microstructure in terms of hydrogen
traps. Possible trapping effects are already covered by the
calculated diffusion coefficients. These are commonly referred
as ‘‘effective’’ diffusion coefficients (Ref 15, 22, 23), although
this term is not used in the present study. It is very complex to
distinguish already between lattice diffusion and the specific
share of the traps, which delay the hydrogen concentration.

In addition, the so-called apparent diffusion coefficient must
be distinguished in case of permeation experiments. The reason
is that the adsorption is necessary boundary condition for the
permeation. That means the time-lag and inflection point
method should result insignificantly different diffusion coeffi-
cients, despite the same sample geometry (Ref 23, 29). But the
typical advantage of the inflection point method to neglect
hydrogen adsorption reactions does not account in our case and
both methods resulted in similar coefficients for a respective
thickness-microstructure-combination. From our point of view,
this is due to the relatively fast hydrogen diffusion in both the
BM and WM, i.e., the short time to the first hydrogen detection
of maximum 200 s (BM) or 400 s (WM), i.e., negligible in
contrast to the total permeation experiment time. In the overall
consideration, the diffusion coefficients are up to one order of
magnitude apart: minimum with 4.31*10�5 mm2/s (Dmin;
0.50 mm) and maximum 17.4*10�5 mm2/s (Dmax; 1.00 mm).
For 0.50 mm, they are thus comparable to literature values

Fig. 4 Real weld seam (left) and numerical two-dimensional model
with areas for application of different DCs for WM and BM, red
line represents assumed (simplified) solidification line (Color
figure online)
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(10�5 mm2/s, according to (Ref 17)) of SAW submerged arc
multi-layer WM but are also above them for the 1.00 mm thick
specimens. The experimental permeation measurements pro-
vide, for the first time, microstructure-dependent diffusion
coefficients for hydrogen diffusion in a submerged arc multi-
layer WM and BM of an S420G2+M grade and allow analytical
calculation of diffusion times at ambient temperature. The
correlating practical application is the estimation of necessary
MWT for the time-delayed HAC, as shown in section 3.2.

3.1.2 Carrier Gas Hot Extraction: Weld Metal Diffusion
Coefficients from 120 �C to 400 �C. In case of the CGHE
measurement, an ‘‘apparent’’ diffusion coefficient is derived as
no adsorption reactions (from the electrochemical hydrogen

charging) have to be considered. Nonetheless, it is also labeled
as ‘‘effective’’ diffusion coefficient (due to the combined
regarding of lattice diffusion and delay by traps). In addition, a
possible concentration dependence of the diffusion coefficient
is not anticipated in the case of CGHE as the electrochemical
charging conditions ensured a mostly uniform hydrogen
distribution in the sample. The results for the WM are shown
in Fig. 6 for 120 and 315 �C (for clarity) and are evaluated
according to Fig. 3 and Eq 8, respectively. The t0.5-times and
DCGHE for the WM are shown in Table 3.

From Fig. 6, it can be seen that the effusion curves are
subjected to a temperature dependence. The calculated coeffi-
cients (Table 3) increase by a factor of 1.2 to 1.3 per 100 �C
temperature increment. The coefficient at 400 �C is similar to

Fig. 5 Diffusion at room temperature: (a) BM and (b) WM, corresponding normalized data is shown in (c) BM and (d) WM (Color
figure online)

Table 2 Measured permeation values and calculated diffusion coefficients at ambient temperature for BM and WM

Material
L in
mm

imax in 1027 A/
mm2

/ in 10212 mol/
mm*s tlag in s

ai in 10210 A/
(mm2*s)

Dlag in 1025 mm2/
s

DIP in 1025 mm2/
s

BM 0.50 2.37 ± 1.18 1.23 ± 0.61 410 ± 79 9.70 ± 4.39 9.47 ± 2.15 17.60 ± 2.82
1.00 4.22 ± 1.57 4.37 ± 1.63 657± 98 8.51 ± 0.75 25.80 ± 4.05 34.60 ± 2.67

WM 0.50 5.41 ± 0.96 5.61 ± 0.97 882 ± 154 5.56 ± 1.52 4.83 ± 0.94 4.31 ± 0.77
1.00 3.05 ± 0.74 3.16 ± 0.78 1.030 ± 192 3.04 ± 1.95 16.60 ± 3.11 17.40 ± 3.34
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the temperature step of 315 �C. The reason is based on the very
fast diffusion and the thus limited application of the fast-heating
procedure according to (Ref 23). Compared to the permeation
experiments at ambient temperature, the diffusion coefficient at
120 �C (depending on the comparative permeation value) are
already one to two orders of magnitude higher, i.e., the
hydrogen diffuses much faster than at ambient temperature.
However, it must be mentioned here as a restriction that
desorption (i.e., already occupied traps) is considered for
CGHE and adsorption (i.e., the traps are occupied) is primarily
considered for permeation. Due to the different experimental
methodology, the coefficients are therefore only comparable to
a limited extent. When classified in the known scatterband for
diffusion coefficients (Ref 13), they are situated in the upper
region of the scatterband. This also indicates that the hydrogen
in the multi-layer WM diffuses faster than expected. This can
also be seen from the activation energy ‘‘EA’’ in kJ/mol of the
diffusion, which can be used, for example, to characterize the
prevailing hydrogen traps (Ref 30, 31). For this purpose, the
mean values of the diffusion coefficients are plotted above the
inverse absolute temperature in a semilogarithmic Arrhenius-
plot, see Fig. 7 and in accordance with Eq 9, and EA can be
determined from the slope of the regression function. Here,
‘‘D0’’ is a specific constant (in mm2/s) and ‘‘R’’ is the universal
gas constant (8.31 J/K * mol) and ‘‘T’’ is the absolute temper-
ature (in K).

D ¼ D0 � e�ðE=ðR�TÞÞ
A ðEq 9Þ

Temperature dependent D within 120 to 315 �C
Figure 7 shows the regression line between the diffusion

coefficients of the temperature from 120 to 315 �C. The
temperature of 400 �C was not included in the Arrhenius-plot,
since this diffusion coefficients is almost identical to the
temperature step of 315 �C. The calculated activation energy
EA of about 4.6 kJ/mol in the temperature range from 120 to
315 �C supports the hypothesis of very rapid diffusion and
corresponds to very weakly trapped hydrogen (Ref 10, 30, 31).
Strong hydrogen traps (such as grain boundaries, carbides, etc.)
in the WM thus play only a minor role in this tempera-
ture range. Analogous to the permeation experiments, the
diffusion coefficients at higher temperatures allow the calcu-

lation of corresponding time for hydrogen diffusion. The
practical application here is the subsequent HRHT of the
welded joint by the estimation of dwell times and the possible
MWT avoidance (Ref 5).

3.2 Analytical Description of Diffusion at Ambient
Temperature and from 120 to 400 �C

The temperature dependence of the diffusion can be used to
model the decrease in a virtual hydrogen concentration in a
welded joint. For this purpose, the weld seam is assumed to be
an infinite plate and one-dimensional diffusion through this
plate is considered. The analytical approach according to (Ref
8) is used to model the concentration curves. Figure 8(a) shows
the underlying assumption that the remaining concentration
follows an exponential course, which can be described by the
relationship between the diffusion coefficient, hereafter referred
as ‘‘D,’’ the characteristic length ‘‘LC’’ (half weld width or
thickness) and diffusion time ‘‘t,’’ via the so-called dimension-
less time ‘‘s’’ (see Eq 10). This is then used to calculate the
decrease in initial concentration after this finite time.

s ¼ D � tð Þ=L2C ðEq 10Þ

Dimensionless time ‘‘s’’
From the representation in Fig. 8(a), the values for ‘‘s’’ are

determined for a respective remaining hydrogen concentration.
From the ‘‘s’’ value, the corresponding diffusion time ‘‘t’’ is
determined by converting Eq 10. This time can then be

Fig. 6. Examples for effusion curves at 120 �C and 315 �C (Color
figure online)

Table 3 Measured t0.5-time and calculated diffusion
coefficients (DCGHE) for the WM

Temperature in �C t0.5-time in s DCGHE in 1023 mm2/s

120 33.4 ± 1.8 2.69 ± 0.14
200 25.4 ± 2.0 3.55 ± 0.28
315 20.9 ± 1.4 4.31 ± 0.30
400 21.1 ± 1.7 4.27 ± 0.34

Fig. 7 Arrhenius-Plot for calculation of the activation energy EA
(Color figure online)
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assigned to the originally specified hydrogen concentration.
The course of the concentration over the diffusion time can be
represented by an exponential regression function between the
data points, see Fig. 8(b). Normally, assuming a uniform
hydrogen introduction per bead, the concentration is highest in
the last layer of a multi-layer weld. Due to the short diffusion
paths to the free surface, the concentration in these areas
initially reduces rapidly and the range of maximum H
concentration shifts to the center of the weld with increasing
time. For this purpose, two characteristic lengths LC for a plate
are considered. In each case, LC is half the plate thickness. LC1
is 10 mm, based on the average weld width of approx. 20 mm,
and LC2 is 30 mm, based on the plate or weld thickness of
60 mm. The values represent maximum possible diffusion
paths, i.e., maximum values in terms of time for the required
diffusion time. As described in section 1, there is hardly any
literature available on the hydrogen diffusion behavior of the
WM of offshore steel grades. The values for the BM can only
be transferred to a limited extent due to the differences in the
microstructure (Ref 13). As a result of our experiments,
validated diffusion coefficients for BM and WM of a
S420G2+M are now available. The significance of these data
and the analytical approach presented is illustrated by two
application cases in the following: (1) MWT and (2) HRHT. For
this purpose, the diffusion for LC1 and LC2 is considered.

3.2.1 Case 1: Estimation of MWT Based on Diffusion
at Ambient Temperature. Figure 9(a) and 10(a) shows the
normalized curves of hydrogen concentration (100% initial
concentration = 1, at time t = 0, and 0% after finite time) for LC1
= 10 mm and LC2 = 30 mm for the respective Dmin and Dmax at
ambient temperature. Assuming that the initial concentration is
maximum at the center of the WM, LC1 and LC2 can then be
applied, respectively. As a further assumption, it is assumed
here that due to the shorter path length LC1, diffusion would
preferentially occur into the HAZ, see Fig. 9(b) and 10(b).
Table 4 shows the derived time ‘‘t50%,’’ after which the initial
concentration in the center of the seam has dropped to 50% due
to diffusion.

As shown in Fig. 9(a) and 10(a), the concentration curves
follow a time dependence expressed via the combined effect of
the diffusion coefficient and the characteristic length (see Eq
10). For a length/thickness of LC1 = 10 mm, theoretically after a
time of 23 h (BM) and 47 h (WM) using the highest diffusion

coefficients, the virtual concentration has dropped to 50 % or at
about 85 h (BM) and 188 h (WM) in the case of the lowest
diffusion coefficient. These values increase up to times in the
months range at LC2 = 30 mm independently of the considered
microstructure. Nonetheless, the BM was obvious faster than
the WM. For the HAC avoidance, the lower diffusion
coefficients should be considered in terms of conservative
assessing of HAC susceptibility.

The diffusion times may appear to be very high. The reason
is simply the length of the diffusion path. According to the
current state of SAW processes as well as appropriate welding
consumable and flux combination, a maximum hydrogen
amount of 5 ml/100 g Fe hydrogen concentration can be
expected in the weld (in accordance with the mostly used H5
classification) (Ref 16, 20). This means that in the ideal case,
this concentration would have decreased to 2.5 ml/100 g Fe
after 48 h (as recommended MWT). In addition, a noticeable
degradation of the mechanical weld properties of a higher-
strength S690QL starts from a hydrogen concentration of ‡
2.6 ml/100g and a S355 steel needs already 8 ml/100 g Fe in
the welded joint for significant reduction (Ref 32). For steels of
lower strength, the necessary hydrogen concentration for a
SAW increases. Assuming the same initial concentration in the
welded joint of S420G2+M, there is a lower risk for the SAW
compared to S690QL. This means that the MWT could possibly
be omitted. However, this statement only refers to the purely
qualitative consideration of hydrogen diffusion. Additional
effects such as the level of residual stresses in the welds must
also be considered. However, even under tightened clamping
conditions, i.e., high stiffness, there was no detectable formation
of HAC, apart from end crater cracks, which were due to the
specimen geometry (Ref 33). The application of the permeation
methodology is thus helpful for estimating the necessary
diffusion time. But it can lead to significantly prolonged time
intervals if very high thicknesses are assumed. HAC can be
more or less be excluded if the maximum introduced hydrogen
concentration is below the critical hydrogen concentration for
the material and the associated weld microstructure. Appar-
ently, this is the case under the industrial conditions of SAW
production of components. This means that MWT should at
least be critically discussed. Based on the proposed method-
ology, a relatively simple estimation of a diffusion time is

Fig. 8 Decrease in hydrogen concentration: (a) dependency on dimensionless time (Ref 8), (b) examples of derived functions for a plate-like
geometry with LC1= 10 mm and LC2 = 30 mm under consideration of D = 3.55*10�3 mm2/s at 200 �C, see Table 3 (Color figure online)
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possible (if the diffusion coefficient is known, and the length of
the diffusion path).

3.2.2 Case 2: Estimation of Dwell Time for HRHT
at Elevated Temperatures. Figure 11(a) shows, analogous to
Fig. 9(a) and 10(a), normalized progressions of hydrogen
concentration curves determined from the CGHE experiments,
for LC1 = 10 mm and LC2 = 30 mm and diffusion coefficient in
the range from 120 to 400 �C. As shown, the diffusion

coefficient of 400 �C is very similar to 315 �C. This is likely
due to the experimental methodology (limited effectiveness of
the rapid heating procedure of the CGHE to allow the hydrogen
to desorb from the sample in a defined manner, see (Ref 23)). In
addition, this HRHT temperature of 400 �C is not of practical
importance for high-strength structural steels since tempering
effects (and influences on the mechanical properties) may
already be expected. In contrast to the MWT at ambient
temperature, higher temperatures are present for/HRHT. Indus-
trial standards for HRHT are, for example, resistance heating
mats or burners applied in the weld area. It can be assumed here
that hydrogen diffusion occurs preferentially in the direction of
the larger temperature gradient, i.e., in the direction of the weld
seam/sheet surface. Therefore, in this case, the (half) weld
thickness, i.e., LC2 = 30 mm is the decisive length for the
diffusion path, as indicated in Fig. 9(b) and 10(b). The decrease
to 75% of the initial concentration occurs quite rapidly with the
calculated diffusion coefficients but increases continuously for
a further decrease to 50 % and 25 %, respectively. Table 5
shows the HRHT times for LC1 = 10 mm and LC2 = 30 mm

Fig. 9 Estimation of MWT in BM based on DCs at RT: (a) normalized concentration curves for LC1 = 10 mm and LC2 = 30 mm by
consideration of Dmin or Dmax, and (b) graphical representation of assumed diffusion direction (Color figure online)

Fig. 10 Estimation of MWT in WM based on DCs at RT: (a) normalized concentration curves for LC1 = 10 mm and LC2 = 30 mm by
consideration of Dmin or Dmax, and (b) graphical representation of assumed diffusion direction (Color figure online)

Table 4 Comparison of t50% times as measure for MWT
based on diffusion coefficients for BM and WM

Specific DC and LC combination

t50% [h]

BM WM

Dmax, LC1 = 10 mm 23 47
Dmin, LC1 = 10 mm 85 188
Dmax, LC2 = 30 mm 211 419
Dmax, LC2 = 30 mm 769 1.691
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after the hydrogen concentration decreased to 50%.
As shown in Fig. 11, at higher temperatures, the calculated

diffusion time is much shorter than at ambient temperature. The
reason lies in the temperature dependence of hydrogen
diffusion, but changes with the length of the diffusion path
that is anticipated. A higher temperature is therefore generally
helpful for faster, i.e., more effective, reduction of the initial
hydrogen concentration. However, a corresponding plate or
weld thickness leads to sometimes unrealistically high dwell
times. This can be seen, e.g., for LC2 = 30 mm as diffusion path
length (i.e., 60 mm plate thickness) would require 27.1 h
(approximately one day) at 120 �C. The diffusion length
LC1 = 10 mm (20 mm plate thickness) would require approx-
imately 3.0 h as necessary dwell time. For thin welded joints or
seam thickness, the differences in dwell time in the range of
200 to 315 �C (i.e., the typical HRHT recommendation for
steels with comparable strength (Ref 11, 12)) are negligible.
The temperature of 400 �C cannot be conclusively evaluated
based on the presented data but would be more effective
(expressed by the shortest dwell time required).

However, it is not recommended from a metallurgical point
of view, as local material properties changes (softening due to
tempering effects) may already occur in the weld. This is
particularly significant for high-strength steels such as S690QL.
It remains an open question whether a HRHT is necessary when
using adequate filler metals (e.g., H5 classification), even
though the use of HRHT is in any case useful for reducing the
HAC risk of welded thick plates. Nonetheless, microstructure-
dependent diffusion coefficients can be used for simulation of
hydrogen diffusion in multi-layer SAW welds and allow a more
detailed local modeling in accordance with (Ref 10–12) and is
shown in the following section.

3.3 Numerical Analysis of Hydrogen Diffusion in the Welded
Joint at Ambient Temperature

The simulation can be used to model the decrease in the
hydrogen concentration depending on the diffusion coefficients.
In contrast to the analytical calculation in section 3.2., it can
show the local hydrogen distribution in the welded joint after
certain time using microstructure-dependent diffusion coeffi-
cients for BM and WM. For that purpose, the described model
(in section 2.3 and Fig. 4) was applied and the hydrogen
diffusion with an incremental time of 600 s simulated. Fig. 12
shows selected results for the hydrogen distribution for the
fastest diffusion using Dmax in parts (b–d) and for the slowest
diffusion using Dmin (e–g). In that connection, the part (a)
shows the initial concentration in both WM (100%, C = 1) and
BM (0%, C = 0). Parts (b) and (e) show the hydrogen
distribution after 50% of the initial concentration is reached in
the WM, parts (c) and (f) for 25 % and finally (d) and (g)
illustrate the situation after 10% is reached. In addition, Table 6
shows the corresponding and necessary diffusion time to reach
these values in seconds (s) and days (d).

From Fig. 12, it can be derived that different hydrogen
diffusion coefficients mean different diffusion time. Due to the
large plate thickness, long diffusion times have to be antici-
pated independently of the used diffusion coefficients.
Nonetheless, the obtained differences in the diffusion coeffi-
cients (see Table 2) lead to significant differences in the
simulated diffusion time. If the lowest diffusion coefficients are
applied (Dmin, BM = 9.47*10�5 mm2/s, Dmin,

WM = 4.83*10�5 mm2/s) the necessary decay time to reach
50% of the initial hydrogen concentration is already approx-
imately 16 days or in case of the highest applied diffusion
coefficients (Dmax, BM = 34.60*10�5 mm2/s, Dmax,

Fig. 11 Estimation of DHT/HRHT dwell time based on elevated temperature DCs for the WM: (a) normalized concentration curves for LC1 =
10 and LC2 = 30 mm from 120 to 400 �C, (b) of assumed diffusion direction (Color figure online)

Table 5 Estimation of t50% as measure for dwell time for HRHT

Temperature [�C] t50% [h] (LC1=10 mm) t50% [h] (LC2=30 mm)

120 3.0 27.1
200 2.3 20.5
315 1.9 16.9
400 1.9 17.1
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WM = 17.40*10�5 mm2/s) 5 days. These decay times are
apparently long but have been also numerically validated in
(Ref 34). From the viewpoint of any HAC concern, it has to
anticipated that our simulation shows the normalized hydrogen
concentration, i.e., it can be multiplied with any value as initial

concentration. Furthermore, the simulation performed here is a
simple approach and represents a worst-case assessment, as the
hydrogen concentration in a real welded joint is heteroge-
neously distributed and already reduced after the weld is

Fig. 12 Simulated diffusion and corresponding hydrogen concentration ‘‘C’’: (a) initial concentration 100% (C = 1.00) and remaining ‘‘C’’
using Dmax and Dmin: (b, e) decreased to 50% (C = 0.50), (c, f) decreased to 25% (C = 0.25) and (d, g) decreased to 10% of initial value (C =
0.1) (Color figure online)
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finished and cooled to ambient temperature due to the thermal
cycles during welding (Ref 28).

As mentioned in section 3.2, the current state of the art of
SAW typically results in a maximum hydrogen amount of 5 ml/
100 g Fe in the weld (H5 classification, see (Ref 16, 20)). In
contrast to the suggested fast calculation in section 3.2, case 1,
it can be assumed that the highest hydrogen concentration
remains in the weld center region (2.5 ml/100g Fe after 16 d or,
respectively, 5 d). As mentioned, the mechanical properties of a
S690QL steel degrade above ‡ 2.6 ml/100 g (Ref 32). Hence,
for the S420G2+M the HAC susceptibility should be signif-
icantly decreased at this concentration compared to high-
strength steels. The MWT concept should be critically evalu-
ated and confirmed by cold cracking tests of thick-plate welded
joints, ensuring realistic mechanical restraints (i.e., residual
stresses for cracking).

In addition, in real welds, the introduced hydrogen concen-
tration is neither homogenous nor concentrated at one point.
Generally, it assumed that the hydrogen concentration is
already significantly reduced compared to the initial value
directly after final cooling of the welded joint. The reason is,
e.g., the high interpass temperature that is maintained during
multi-layer welding of thick-walled components and allows
faster hydrogen diffusion (see for example section 3.2, case 2).
Our simplified diffusion model resulted in qualitatively similar
diffusion times compared to the analytical model but showed
that significant differences can also occur. For that reason,
numerical modeling is a useful tool for the assessment of HAC
(like in accordance with Ref 10–12). But for the simulation of
the local time-dependent hydrogen distribution, microstructure-
dependent diffusion coefficients like for BM and WM are
necessary. More detailed modeling of the different single passes
and layers would be beneficial but requires an additional
simulation of the welding process with realistic time-temper-
ature curves and especially the cooling time of the single passes
(occurring microstructure).

4. Conclusions

In the present study, the hydrogen diffusion in a SAW joint
of an offshore grade S420G2+M was investigated for both the
base material and weld metal. For this purpose, electrochemical
permeation and CGHE experiments had been performed on
hydrogen-charged samples. Hydrogen diffusion coefficients
were calculated from the obtained experimental data and
applied to analytical calculations of the MWT and HRHT dwell
time. In addition, a numerical simulation of the time-dependent
hydrogen concentration decay was conducted. The following
conclusions can be drawn from the results:

• The S420G2+M was investigated the first time in terms of
hydrogen diffusion coefficients for BM and multi-layer
WM. The coefficients are within the range of 10�5 mm2/s
to 10�4 mm2/s at ambient temperature (BM and WM) and
10�3 mm2/s at elevated temperatures (WM).

• In that connection, permeation experiments are a suit-
able tool to evaluate a MWT via the use of diffusion coef-
ficients. However, the diffusion coefficients changes with
sample thickness by up to an order of magnitude. This
means that MWT derived from vary accordingly. That
means a diffusion coefficient-based MWT does not ade-
quately account for a time-delayed HAC and should be
critically discussed.

• The CGHE methodology represents a valuable tool for the
determination of high-temperature diffusion coefficients
and, e.g., for estimating the dwell times for HRHT. How-
ever, for the considered thickness up to 30 mm, very con-
servative dwell times (longer than one day) result. That
means especially for large plate thicknesses, the diffusion
path plays a crucial role and can result in long calculated
diffusion time.

• A robust analytical calculation of the hydrogen concentra-
tion profiles is possible, and only the diffusion coefficient
and the initial hydrogen concentration must be known.
However, it is disadvantageous as it only represents an
approximate solution (assumption: hydrogen concentrated
at one point). Further simulations allowed the determina-
tion of the local, microstructure and time-dependent
hydrogen concentration. Both models clearly showed that
reliable diffusion coefficients are necessary for the calcula-
tion of the diffusion time.
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