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  1 Introduction 

The strength requirements of steels strongly increased dur-
ing the last 20 years. Due to the rising demand for steels 
having a high strength in combination with suffi cient duc-
tility, high-strength structural steels were developed with 
yield strengths up to 1 300 MPa. Especially in fabrication 
of crane structural steels with yield strength of 1 100 MPa 
are applied [1] in order to improve the economy.

Achieving the respective high strength, the microstruc-
ture of those fi ne grained steels is complexly adjusted by 
means of alloying elements and thermal treatments. Due 
to their low carbon content high-strength structural steels 
have a good weldability. Nevertheless, the use of these 
modern high-strength steels was associated with spec-
tacular failure cases [2]. Because, with increasing yield 
strength they show an enhanced sensitivity against deg-
radation due to hydrogen and the ductility and deforma-
tion capacities of these materials are reduced.

As can be seen in Figure 1 the specifi c hydrogen con-
centration at which the tensile strength coincides with the 

0.2 % proof stress decreases to lower values at higher 
strength classifi cation level. These hydrogen concen-
trations represent signifi cant values for the effects of 
hydrogen in limiting the ductility of a material to nearly 
zero. For all microstructures of the welded S1100, the 
limiting hydrogen concentration ranges at approximately 
1.8 ml/100 g.

Historically, the risk of hydrogen-assisted cracking has 
been the greatest in the heat-affected zone, due to the 
susceptible microstructure as a result of the rapid cooling 
during the welding thermal cycle. Modern high-strength 
steels with yield strengths up to 1 100 MPa tend to form 
hydrogen-assisted cracks in the weld metal [4, 5], because 
the strength ratio between base material and fi ller mate-
rial decreases and higher stress levels are reached in the 
matching or undermatching weld metal. Thus, lower levels 
of hydrogen will cause cracking in the weld metal rather 
than in the heat-affected zone.

High-strength structural steels possibly form hydrogen-
assisted cold cracking (HACC) during manufacturing or 
hydrogen-assisted stress corrosion cracking (HASCC) 
during service operation.
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High-strength structural steels with yield strengths up to 1 100 MPa are used in various industrial sectors 
such as for the construction of cranes, pipelines and offshore structures. However, with increasing strength 
the ductility and deformation capacities of these materials are reduced and thus, they show an enhanced 
sensitivity against degradation due to hydrogen with increasing yield strength. It means they become suscep-
tible to hydrogen-assisted cold cracking (HACC) during fabrication welding. In order to avoid such defects, 
the existing standards recommend preheating and/or interpass temperature, as well as post heat treatments. 
However, the standards relate only to steels with a maximum yield strength of Rp0.2 = 960 MPa. Hence, in 
welding these high-strength structural steels with yield strengths up to 1 100 MPa, it is very important to have 
practical guidelines for determining suitable heat treatment procedures to avoid HACC in welds, in particular 
in safety-relevant components. As a contribution to the further establishment of suffi cient Hydrogen-Removal 
Heat Treatments (HRHT), two dimensional numerical models of butt and lap joints of various thicknesses 
were developed. Hydrogen diffusion and the effect of different post heat treatments upon hydrogen reduc-
tion in high-strength structural steel were studied. It turned out that the hydrogen diffusion behaviour in the 
lap and the butt joints are quite different and that the hydrogen concentration in the lap joint can be reduced 
signifi cantly faster in comparison to the butt joint.
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Avoiding such damage, the existing standards recom-
mend heat treatment procedures in order to lower the 
amount of introduced hydrogen. Two of these standards 
are AWS D1.1 and EN 1011-1 [6, 7], where preheating, 
interpass temperatures and post heating, respectively, 
is recommended as dehydrogenation heat treatment 
(DHT). But, only steels with minimum yield strengths up 
to 960 MPa are standardized in these standards, based 
on fi ndings gained with materials of signifi cantly lower 
strengths.

Previous studies of the effect of heat treatment proce-
dures on the cold cracking behaviour of high-strength 
steels [8] showed that HACC can only be avoided if a 
dehydrogenation heat treatment procedure is applied that 
suffi ciently reduces the hydrogen concentration.

In welding of high-strength structural steels with yield 
strengths of up to 1 100 MPa, it is very important to have 
practical guidelines to determine suitable heat treatment 
procedures avoiding HACC in welds, in particular for 
safety-relevant components. As a fi rst step in this direc-
tion and contribution to further establishment of suffi -
cient heat treatment procedures, some two-dimensional 
numerical models of butt and lap joints of different plate 
thickness were developed. The results are represented 
in so-called hydrogen removal heat treatment (HRHT) 
diagrams. Using these diagrams it is easy to determine 
appropriate dehydrogenation heat treatment tempera-
tures and times avoiding hydrogen-assisted cold cracking 
in high-strength steels.

  2 Numerical procedure 

In the past, numerical methods were used in welding 
research and development. Today, the fi nite element 
method is increasingly applied in industry, since it can save 
time to perform parameter variations and the resulting 
effects can be extracted faster. Existing models can easily 
be transferred to other materials and structures and thus 
help saving time and effort. For simulating the hydrogen 
diffusion and the effect of DHT procedures on hydrogen 
reduction in butt and fi llet welds, the commercial fi nite 
element program “ANSYS” was used. This software allows 
the input of appropriate simulation parameters via user-
defi ned macros, written in the programming language 
“APDL” (ANSYS Parametric Design Language). The mac-
ros are saved as text fi le and can easily be modifi ed in 
order to adjust parameters or change the geometry.

The simulation of hydrogen diffusion and DHT proce-
dures is carried out in three indirect coupled stages [9], 
i.e. the result of the fi rst step serves as basis for further 
calculations. The temperature fi eld evaluated in the fi rst 
step is used to calculate the temperature and microstruc-
ture dependent diffusion coeffi cients in the second step. 
Those are used in the third step simulating the hydrogen 
distribution in the welded joint.

In order to perform the numerical simulation, a base 
material with a yield strength of 1 100 MPa and a fi ller 
material according to AWS A5.28 [10] were chosen. The 
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Figure 1 – Critical hydrogen concentration for which the tensile strength ranges at the level 
of the 0.2 % proof stress dependent on the strength classifi cation level of the structural steels S355, S690 and S1100 [3]
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Table 1 – Chemical compositions of materials used [max. wt. %]

Fe C Si Mn Cr Mo Ni

Base material
(Supplier - datasheet)

Bal. 0.18 0.50 1.30 1.50 0.70 2.50

Filler material
AWS A5.28: ER 120S-G

Bal. 0.12 0.80 1.90 0.45 0.55 2.35

Table 2 – Mechanical properties of materials used

Tensile strength
[MPa] (ksi)

Yield strength
[MPa] (ksi)

Minimum elongation
A5 (A2 in.) [%]

Base material
(Supplier - datasheet)

1 200–1 500
(174–218)

1 100
(160)

10
(11)

Filler material
AWS A5.28: ER 120S-G

830
(120)

n.s. n.s.

n.s. – not specifi ed.

corresponding chemical compositions and mechanical 
properties taken from the datasheets [11, 12] of the sup-
plier are listed in Table 1 and Table 2. The welded joint is 
an undermatching connection, because as yet there are 
no fi ller materials available for steels having yield strengths 
up to 1 100 MPa. In order to make a statement about the 
effect of DHT on hydrogen reduction in the welded joint, 
more precise material properties following Wongpanya 
[13] were used in the numerical simulation for all welded 
microstructures. Thus, the results are applicable for both 
the weld metal and the heat-affected zone.

Two-dimensional models of butt and fi lled welds (Figure 2), 
each of a thickness of 6 mm, 12 mm and 20 mm, were 
constructed and used to perform the numerical simula-
tion. All welded joints, except the 6 mm fi llet weld, were 
multi-layer welds. For example, the 12 mm fi llet weld in 
Figure 2 consists of three welding passes and the 12 mm 
butt weld of fi ve welding passes according to [14]. The 
models were fi nely meshed at regions with high gradi-
ents as they occur in the weld. However, the number of 
elements was limited to 8 000 in the 20 mm fi llet weld 

and to 5 200 in the 20 mm butt weld in order to minimize 
the computational effort. The numbers of elements is still 
adequate to achieve good results.

In the fi rst step, the transient temperature fi eld was cal-
culated using temperature dependent material properties 
according to the diagrams given by Richter [15] for steels 
with similar chemical composition. The applied process 
parameters of a GMAW process with an energy input of 
1.1 kJ/mm were adopted from previous studies [5, 14].

The simulation of the thermal cycle during welding was 
performed by setting the nodes of the respective layer 
to a homogeneous temperature above the melting point 
(≥ 1 540 °C) for three seconds [14, 16]. The welding time 
of three seconds includes an ascending time of one sec-
ond in order to account for the torch travel through the 
respective cross-section. The fi ller material deposition 
was simulated using the element birth and death method 
of the FE-program “ANSYS”. The DHT process was incor-
porated into the numerical simulation of multi-pass welds 
by assigning the respective temperature to those nodes 

Figure 2 – Schematic illustration of the numerical models

a) Fillet weld b) Butt weld
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on the surface where the heating pads were located for 
the specifi c time. After each layer and after DHT the 
model was allowed to cool down to room temperature at 
free heat convection and heat conduction by applying a 
surface fi lm coeffi cient to all free surfaces of the model. 
Cooling down to room temperature after each layer takes 
15 to 25 min depending on the joint confi guration and 
plate thickness.

The calculated temperature fi eld was used to determine 
the temperature, time and microstructure dependent dif-
fusion coeffi cient. This was accomplished by using the 
Arrhenius relationship which refl ects the strong tempera-
ture dependency of the diffusion coeffi cient:

H
RT

eff 0D D e
 

(1)

where

Deff is the effective diffusion coeffi cient,

D0 is the diffusion coeffi cient in normal state,

ΔH is the activation energy for hydrogen diffusion,

R is the universal gas constant and

T is the absolute temperature.

In determining the diffusion coeffi cients, it is important 
to use the same time step size as in the simulation of 

the temperature fi eld. The diffusion coeffi cients were cal-
culated for every time step and respective weld micro-
structure based on the equations of hydrogen diffusion 
coeffi cients in low alloyed carbon structural steels [17], 
as represented in Figure 3. These values cover the whole 
temperature range from room temperature to molten liq-
uid temperature, as required for numerical simulation of 
hydrogen diffusion and effusion of low alloyed structural 
steel welds. Moreover, these diffusion coeffi cients con-
sider the phase transformation during heating and cool-
ing. Boellinghaus [18] experimentally showed that the real 
diffusion coeffi cient rather follows the upper envelope 
curve. 

In order to obtain reliable DHT process values for HACC 
avoidance, all diffusion inhibiting effects have to be con-
sidered. A worst case assessment was simulated using 
the lower envelope.

In the third step, the determined diffusion coeffi cients 
were used to simulate the hydrogen diffusion based on 
the analogy of Fourier’s heat conduction differential equa-
tion, Equation (2), and Fick’s second law, Equation (3).

p Ec q
t x x y y  

(2)

eff eff

HD HD HD
D D

t x x y y
 

(3)
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Figure 3 – Scatterband for hydrogen diffusion coeffi cients in low alloyed carbon structural steels [17]
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Assuming that there is no heat source or sink ( 0)Eq
and replacing the temperature q with the hydrogen con-
centration HD, the thermal conductivity λ with the effec-
tive diffusion coeffi cient Deff, as well as equalizing the den-
sity ρ and the specifi c heat capacity cp to one, hydrogen 
diffusion can be simulated using the thermal module in 
the fi nite element program “ANSYS”. Therefore, the pre-
viously determined and externally saved diffusion coeffi -
cients were imported for every time step and applied to 
the corresponding element in the fi nite element model.

Hydrogen transfer in the weld metal was simulated via 
a Dirichlet boundary condition setting an initial hydrogen 
concentration of HD0 = 5 ml/100 g to the correspond-
ing nodes of the actual welded layer as long as the weld 
metal is molten. A homogeneous distribution of hydro-
gen was assumed. During cooling to room temperature, 
diffusion controlled hydrogen effusion was considered 
setting the hydrogen concentration at the surface to 
zero and removing the boundary condition from the 
weld. An initial hydrogen concentration of 5 ml/100 g 
was chosen to assure comparability to previous stud-
ies [13] according to the value for extra-low hydrogen 
consumables specifi ed in the standards AWS D1.1 and 
EN 1011-1 [6, 7]. The base material was assumed to be 
free from hydrogen. The infl uence of stresses and strains 

on the hydrogen diffusion and distribution was neglected 
for all simulations to reduce the effort of the numerical 
simulations. In order to avoid hydrogen-assisted crack-
ing, it is essential to consider the hydrogen distribution 
and the stresses and strains arising immediately after 
completion of the welding process at room temperature. 
Accumulation of hydrogen in highly-stressed areas of 
the weld takes a lot of time, as for example accumula-
tion in front of a crack tip takes more than 20 days as 
shown by Olden et al. [19].

For determining heat treatment procedures with suffi cient 
dehydrogenation, the temperatures were systematically 
varied from 50 °C to 250 °C in steps of 50 °C. The tem-
peratures were limited to 250 °C, because it is known that 
higher temperatures cause annealing effects reducing the 
strength of the material [20]. The criterion for a heat treat-
ment with suffi cient dehydrogenation was determined 
by specifying reduced hydrogen concentration values of 
less than 1.8 ml/100 g. Zimmer et al. [3] mentioned that 
high-strength steels with yield strengths up to 1 100 MPa 
have no ductility at hydrogen concentration levels below 
this specifi ed limit. The reduction of hydrogen below this 
limit does not provide a crack-free weld; even at lower 
hydrogen concentrations an overloading of the construc-
tion can occur.

 HEAT TREATMENT EFFECTS ON THE REDUCTION OF HYDROGEN IN MULTI-LAYER HIGH-STRENGTH WELD JOINTS

Figure 4 – Simulated hydrogen distribution in fi llet weld at different times

a) After completion of welding

c) 1 day after completion of welding

b) After cooling down to RT

d) 20 days after completion of welding
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For these reasons it should be noted that the determined 
Hydrogen-Removal Heat Treatment does not guarantee 
cold-crack-free welds of the steels used here. Those hydro-
gen removal heat treatments may be understood as a rec-
ommendation to exclude the hydrogen as a possible cause 
for cracking during manufacturing of those materials.

  3 Results of the numerical 

        simulation of hydrogen diffusion 

3.1  General hydrogen distribution 
in high-strength steel welds

In Figure 4 the simulated distribution of the maximum 
hydrogen concentration is shown for the 12 mm fi llet weld. 
In order to study the pure hydrogen diffusion and effusion 
in welded joints of such high-strength steels without the 
effects of heat treatments, effusion of 20 days at room 
temperature was modelled. As can be seen, most of the 
hydrogen remains in the weld metal for a very long time 
and most of the hydrogen effuses at room temperature.

Even in case of welding, only a low amount of hydrogen 
effuses from each weld bead during subsequent cool-
ing to room temperature, due to the worst case diffusion 
coeffi cient applied to the model. The hydrogen concentra-
tion of each layer is reduced by a maximum of fi ve percent 
during welding and subsequent cooling to room tempera-
ture, depending on the joint confi guration and plate thick-
ness, as well as on the amount of deposited metal.

The distribution of the hydrogen concentration over time 
at different points in the welded joint is shown in Figure 5. 
It is seen that the hydrogen concentration in the fi rst bead 
(point A, root weld) and in the second bead (point B) is 
slightly lower, due to reheating during manufacturing. By 
reheating the fi rst and the second beads, the hydrogen 
can effuse at higher temperatures and thus diffuse into 
the hydrogen-free material to reach the surface to effuse. 
The longer diffusion path to the surface of the fi rst bead, 
at which hydrogen can effuse, causes much more time 
to reduce hydrogen concentration than in the other weld 
beads.

The hydrogen concentration in the HAZ (points L, M and 
O) slightly increases to a maximum, due to a concentration 
gradient in the weld metal and in the heat-affected zone 
(HAZ). But, with increasing time, the gradient is reduced 
by the effusion of hydrogen and the hydrogen concentra-
tion in the HAZ decreases again. Nevertheless, crack criti-
cal values of hydrogen concentration are achieved.

The hydrogen diffusion in the butt weld is quite similar. 
The hydrogen concentration in the root weld is reduced 
much faster than in the root of the fi llet weld, because 
the ratio of deposited weld metal to the free weld layer 
surface is smaller in the butt weld. The reasons for the 
overall faster hydrogen reduction in the butt weld are a 
larger heat quantity and slower cooling times. Hydrogen 
can effuse much longer at high temperatures, thus the 
hydrogen concentration in the middle of the weld is slightly 
lower than in the fi llet weld after the weld is fi nished and 
less hydrogen has to be removed from the middle of the 
welded joint.

HEAT TREATMENT EFFECTS ON THE REDUCTION OF HYDROGEN IN MULTI-LAYER HIGH-STRENGTH WELD JOINTS

Figure 5 – Distribution of hydrogen concentration over time at different points in the weld



32

3.2  Hydrogen diffusion depending 
on manufacturing process

In addition to the effects of post heat treatments, manu-
facturing-related factors affecting the hydrogen diffusion 
were investigated. In this case, the impact of an increase 
in the number of weld beads at constant weld volume was 
studied. Therefore, the numerical model of the 12 mm fi llet 
weld was used and the number of weld beads increased 
from three to six beads. Increasing the number of weld 
beads involves an increase in heat quantity, so hydrogen 
effuses faster (Figure 6). Due to the fact that the weld vol-
ume is the same, also the amount of hydrogen is the same. 
But, the diffusion path to the free surface is shorter during 
welding. Hence, the hydrogen concentration in the middle 
of the weld is slightly lower after the weld is fi nished and 
lower overall amounts of hydrogen have to be reduced.

As can be seen in Figure 6, the reduction of hydrogen at 
point C is very fast in the fi llet weld made with six beads, 
because the point is closer to the surface than in the three 
bead fi llet weld. This allows the hydrogen to effuse much 
faster from this point. The hydrogen concentration in the 
HAZ is only slightly different, as can be seen from the light 
green curves. 

It can be said that an increase in the number of layers at 
constant weld volume has a favourable effect on the hydro-
gen reduction. But, the aspect of residual stresses has to 
be observed. As described in [21] residual stresses can be 
reduced in longitudinal direction by increasing the number 
of beads, which especially reduces the residual stresses 
in the root layer. But the transversal residual stresses 
increase, because at high restraint conditions, the hindering 

in shrinkage increases with the number of weld beads. The 
quantity of increased residual stresses and the infl uence of 
their interaction with lower hydrogen concentrations on the 
effect of cold cracking were not examined here.

However, even if the quantity of heat is higher in the six 
bead weld, the reduction of hydrogen after completion of 
welding is much faster in the butt weld, due to the slower 
cooling during welding.

3.3  Hydrogen diffusion depending 
on plate thickness

The plate thickness has a signifi cant infl uence on the 
hydrogen diffusion in welded joints. Increasing the plate 
thickness involves an increase in the weld volume and 
thus, in the amount of introduced hydrogen. In contrast, 
the weld surface increases only slightly compared to the 
weld volume. Greater thickness means a longer diffusion 
path on which hydrogen must be transported to effuse at 
the free surface. In addition, thicker plates cool down even 
faster during manufacturing and reduce less the hydro-
gen concentration in the already welded layers.

The restraint intensity also increases with increasing plate 
thickness [22] leading to higher residual stresses and 
strains in the welded joint. Thereby, the risk of hydrogen-
assisted cold cracking is increased.

Figure 7 shows the distribution of the maximum hydrogen 
concentration over time without any heat treatment in the 
butt (BW) and fi llet welds (FW) of various thicknesses. 
The maximum hydrogen observed is the highest hydrogen 
concentration present in the welded joint at the respective 
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Figure 6 – Hydrogen diffusion with different numbers of weld beads (12 mm lap joint)
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time. The location of the maximum hydrogen concentra-
tion within the welded joint varies regarding the different 
joint confi gurations and plate thicknesses. As can be seen 
from the diagram, the hydrogen concentration is reduced 
much faster in the butt weld than in the fi llet weld. The 
fi llet weld cools down much faster during manufacturing, 
due to the larger volume of material. Therefore, the hydro-
gen in the root and in the intermediate layers can effuse 
much longer at higher temperatures in the butt weld and 
a lower amount of hydrogen in the middle of the weld has 
to be reduced after fi nishing welding.

The fast decay of the hydrogen concentration at the 
beginning of the curves, results from the position of the 
maximum hydrogen in the weld directly after welding. The 
maximum hydrogen concentration is located in the last 
layer, at short distance to the surface. At fi rst, the maxi-
mum hydrogen concentration is reduced very fast and 
with increasing effusion time, the diffusion path grows 
longer and the gradient decreases.

The existing standards recommend at least 48 h waiting 
time before non-destructive testing [6] in order to detect 
delayed cracking. As can be seen in Figure 7, at this time 
there are still crack critical values of hydrogen concentra-
tion remaining in the welded joint. For example, the hydro-
gen concentration in the 12 mm fi llet weld is reduced to 
only about 9 % of the initial hydrogen concentration of 
5 ml/100 g. It takes more than ten days for the hydrogen 
concentration to drop to subcritical values without any 
heat treatments. As long as the hydrogen concentration 

is higher than HDkrit. = 1.8 ml/100 g there is a drastically 
increased risk of hydrogen-assisted cracking. Therefore, 
marginal additional loads during service can easily cause 
cracking. Due to the very slow hydrogen effusion, it is very 
important to reduce the amount of hydrogen to a mini-
mum. This can be achieved most effectively by applying 
an appropriate dehydrogenation heat treatment.

3.4  Effects of dehydrogenation heat 
treatments on hydrogen diffusion

Previous studies [8, 14, 23] relating to the effects of heat 
treatment procedures on the cold cracking behaviour of 
high-strength steels showed that only a suffi cient dehy-
drogenation heat treatment can reduce the hydrogen 
concentration to a minimum decreasing the risk of HACC. 
These investigations also show that preheating at higher 
temperatures causes higher residual stresses. In addition, 
preheating shifts a higher amount of hydrogen into the 
crack critical HAZ. These higher amounts of hydrogen 
remain very long in the HAZ, if no additional dehydroge-
nation heat treatment is applied. In order to avoid HACC 
in welds of high-strength steels, all infl uencing effects 
on HACC have to be considered, namely the mechanical 
load, the hydrogen concentration and the microstructure.

Applying suffi cient dehydrogenation heat treatment, hydro-
gen can quickly be reduced without increasing residual 
stresses. Indeed, the hydrogen concentration is also shifted 
into the crack critical HAZ, but decreases within minutes 
after reaching a maximum, as shown in Figure 8. For this 
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Figure 7 – Hydrogen diffusion in butt (BW) and fi llet (FW) weld depending on plate thickness
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case the post heating temperature was 250 °C. In addition, 
no higher hydrogen concentrations were observed apply-
ing a dehydrogenation heat treatment. If no heat treatment 
is applied, it needs more than a few days until the hydro-
gen concentration has reached subcritical values.

In order to deduce practical guidelines from the simulated 
dehydrogenation heat treatment, the results have to be pre-
pared and presented in Hydrogen-Removal Heat Treatment 
(HRHT) diagrams, as shown in Figure 9. These diagrams 
are normalized diagrams, determined from the results 
obtained by relating the actual hydrogen concentration 
present in the welded joint after DHT to the initial hydrogen 
concentration introduced during welding process. 

Those normalized diagrams allow determining a suffi cient 
DHT time and temperature for arbitrary initial concentra-
tions. This description is possible, because there is a lin-
ear relationship between actual hydrogen concentration 
and initial concentration at a specifi c point for a specifi c 
time [24]. The reason for this linear relationship can be 
explained regarding the diffusion in an infi nite half-space 
as the easiest solution of Fick’s second law introducing 
the Gauss error function erf(z):

0HD x
HD(x, t) 1 erf

2 2 Dt
 

(4)

If the time t, the location x and the diffusion coeffi cient 
D(x,y,z,t,q) are kept constant the term in the brackets 
will be a constant value and the hydrogen concentration 
HD(x,t) will depend linearly on the initial concentration 
HD0.

For example, a reduction of hydrogen to subcritical values 
below 1.8 ml/100 g regarding an initial concentration of 
HD0 = 5 ml/100 g means a reduction below 36 %. Thus, 
DHT of 240 min at 200 °C would be suffi cient for the 
12 mm butt weld and DHT of 240 min at 150 °C would be 
suffi cient for the 12 mm fi llet weld reducing the hydrogen 
concentration below the critical value of 1.8 ml/100 g.

For comparison of the hydrogen removal heat treatment 
behaviour in the butt and fi llet welds, the curves of the 
12 mm fi llet and butt welds are plotted in Figure 9. It can 
be seen that the curves overlap with increasing tempera-
ture and time. Remembering Figure 7, the hydrogen con-
centration in the butt weld reduces much faster than in 
the fi llet weld without any heat treatment. In the case of 
DHT these effects are reversed. Applying DHT a larger 
material volume is heated up to higher temperatures. 
Thus, the hydrogen can diffuse into the adjacent hydro-
gen-free material to reach the free surface. Furthermore, 
the ratio between the weld metal surface and the weld 
metal volume is much better in the fi llet weld, due to 
the larger included angle. Also, the diffusion distance is 
shorter. Hydrogen has to be transported over a shorter 
diffusion distance, thus hydrogen concentration can be 
reduced much faster at a precipitous gradient. After a 
few minutes at higher DHT-temperatures the hydrogen 
concentration in the fi llet weld is much lower than that in 
the butt weld.

Increasing the diffusion time at higher temperatures the 
concentration gradient decreases and the difference 
between the hydrogen concentration in the butt and fi llet 
weld gets smaller.
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Figure 8 – Comparison of hydrogen diffusion in coarse HAZ with and without dehydrogenation heat treatment (DHT)
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Also, HRHT-curves for 6 mm and 20 mm welds were 
investigated, but are not shown here. It should be men-
tioned that the diffusion and effusion behaviour is the 
same as for the 12 mm welds. With increasing time and 
temperature the curves for the butt and fi llet welds over-
lap. But, the hydrogen concentration in the 6 mm welds 
can be reduced much faster, while the reduction takes 
longer in the 20 mm welds, according to the diffusion 
behaviour shown in Figure 7. Thus, the HRHT diagram for 
a specifi c weld confi guration is not transferable to other 
weld geometries and materials, due to the different diffu-
sion behaviour.

  4 Conclusions 
1. It has been shown that a large amount of hydrogen pri-

marily effuses at room temperature if a worst case dif-
fusion coeffi cient is assumed and the risk of hydrogen-
assisted cracking increases for a long time. Therefore, 
it is recommended to apply a dehydrogenation heat 
treatment (DHT) in order to minimize the hydrogen 
concentration avoiding hydrogen-assisted cracking, 
even at lower plate thickness.

2. Increasing the plate thickness prolongs the effusion 
time, due to the longer diffusion path to the free sur-
face and to the higher amount of introduced hydrogen. 
In addition, the larger material volume causes faster 
cooling during the welding process, while less hydro-
gen can effuse at higher temperatures.

3. Without dehydrogenation heat treatment, hydrogen can 
be reduced much faster in butt welds compared to fi llet 
welds. This may be due to the larger heat quantity and 

the somewhat slower cooling in the butt weld. However, 
if a dehydrogenation heat treatment is applied, hydro-
gen can be reduced faster in fi llet welds, even at higher 
temperatures. The hydrogen can disperse into a larger 
hydrogen-free area to reach the surface where hydro-
gen can effuse. In addition, the hydrogen diffusion path 
is shorter in the fi llet weld.

4. This opposite effect shows clearly that the tempera-
ture-dependent diffusion effects outweigh the geome-
try-dependent effects.

5. In general, the amount of introduced hydrogen can be 
reduced very quickly by DHT, without increasing the 
hydrogen concentration in crack critical HAZ regions. 
Moreover, residual stresses are not increased by DHT, as 
shown for sole preheating at higher temperatures [8].

6. With the help of numerical investigations of dehy-
drogenation heat treatment procedures, appropriate 
Hydrogen-Removal Heat Treatment diagrams can be 
determined very quickly for different materials, weld 
confi gurations and plate thicknesses. HRHT diagrams 
are very useful tools in practice to avoid hydrogen-
assisted failure in high-strength steel welds.

7. In general, numerical simulations can help to formulate 
new standards for modern high-strength steel welding, 
also with a view to developing new fi ller metals.
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