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Abstract. To evaluate the feasibility of the safe use of existing gas grids for the transport and
storage of hydrogen gas, the phenomenon of hydrogen assisted degradation of steel used in the
pipeline grid has to be examined. A finite element based framework developed for describing this
phenomenon at the continuum scale is used to assist in the design and analysis of experimental
characterisation of the tearing resistance. The framework is based on the complete Gurson
model for ductile damage and takes into account damage acceleration due to the local hydrogen
concentration, and the diffusion of hydrogen. Simulations representing single edge notched
tension (SENT) fracture toughness tests of an API 5L X70 grade steel are performed and
results are discussed in terms of crack growth resistance curves. Side grooves are included in the
geometry of the SENT model to promote uniform crack growth. Different boundary conditions
are employed, simulating ex-situ and in-situ hydrogen charging of specimens. Moreover, the
effect of the applied deformation rate on the dynamics of hydrogen diffusion and the resulting
toughness values is investigated. Accordingly, guidance regarding experimental SENT testing
for the hydrogen assisted tearing resistance degradation is provided, in terms of test conditions
(in-situ/ex-situ) and deformation rate.

1 INTRODUCTION

Hydrogen will play a key role in the future low-carbon society. One of the challenges in trans-
porting hydrogen gas through steel pipelines is the well-acknowledged reduction in the mechan-
ical properties of steel, also known as hydrogen embrittlement (HE). As for now, qualification of
the pipeline steel for hydrogen use requires significant safety factors on the maximum allowable
operating pressure, or expensive mechanical testing, as e.g. prescribed by ASME B31.12 [1].
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Furthermore, the specific mechanisms governing HE are still debated [2], and multiple theories
have been proposed [3].

The development of numerical models describing HE can aid in the analysis of the mechanical
tests, increase the understanding of HE and thus allow to predict the effect of certain influencing
parameters on the mechanical properties. Accurate numerical modelling of HE requires a multi-
physics approach coupling the reduction in mechanical properties to the hydrogen diffusion [4].
The diffusion of hydrogen atoms is derived by Krom et al. [5], and includes the stress-assisted
diffusion towards regions of high hydrostatic stress. The mechanistic effect of the hydrogen
atoms is debated, since it depends on the assumed theory. On the one hand, Hydrogen Enhanced
DEcohesion (HEDE) assumes that the interatomic binding strength in the lattice is reduced due
to hydrogen. On the other hand, theories exist that start from the dominance of plasticity
such as Hydrogen Enhanced Localized Plasticity (HELP) describing the accelerated plasticity
due to hydrogen atoms, and Hydrogen Enhanced Strain-Induced Vacancy (HESIV) where the
hydrogen promotes the formation of vacancies upon straining [3]. Whereas continuum-scale
models describing HEDE are well employed, numerical models assuming HELP and/or HESIV
are lacking [6]. Recently, there have been advances in the numerical modelling of HELP and
HESIV by starting from a Gurson type damage model, and rationalizing that the parameters
describing the damage processes such as void nucleation, void growth and void coalescence
should be adapted to account for the accelerated development of damage due to hydrogen
[6, 7, 8]. It is important to stress that an accurate numerical model should make the accelerated
degradation dependent on the local hydrogen concentration that varies in time and space, rather
than prescribing the amount of degradation as a constant, as was carried out in previous studies
[9, 10].

Regarding the transport of hydrogen through pipeline steel, the reduction in fracture tough-
ness is of particular concern, since this may result in reduced tolerable defect sizes. The SENT
fracture toughness test is relevant for thin-walled applications such as pipelines due to its com-
parable constraint at the crack tip [11]. In mechanical testing of hydrogenated specimens, two
hydrogen charging conditions are possible: ex-situ and in-situ. Ex-situ refers to the precharging
of the specimen, after which the specimen is mechanically loaded in air. On the contrary, during
in-situ testing, the loading of the specimen also occurs in a hydrogen containing environment.
In-situ testing is clearly more representative of the actual scenario, however it is more complex
with respect to the instrumentation of the experiment.

In the present work, SENT fracture toughness tests on hydrogen-charged specimens are
simulated, and the resulting crack growth resistance curves are evaluated. Both ex-situ and
in-situ hydrogen charging is simulated by employing different boundary conditions. Since the
response of the experiment is time-dependent due to the diffusion kinetics of hydrogen, different
displacement speeds are simulated as well.

2 NUMERICAL MODELLING OF HYDROGEN-ASSISTED DEGRADATION

2.1 Hydrogen diffusion

Since the accelerated development of damage is dependent on the local hydrogen concentra-
tion, the diffusion of hydrogen atoms is an important aspect of a numerical model describing
HE. The derivation by Krom et al. [5] is commonly employed:
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This equation takes into account the division of the hydrogen atoms into lattice sites (CL

in wppm) and trapping sites (CT in wppm). The speed of the hydrogen diffusion is governed
by the diffusion coefficient DL, and the equation includes diffusion towards regions of higher
hydrostatic stress σh. A finite element implementation for three-dimensional hydrogen diffusion
using Abaqus subroutines is given in Depraetere et al. [7]. For the other parameters, reference
is made to the original work by Krom et al. [5].

2.2 Damage model

The numerical framework is based on the Complete Gurson Model (CGM) [12], describing
the three stages of ductile damage: void nucleation, growth and coalescence. Upon plastic
deformation, the void volume fraction f increases, leading to softening and eventually failure of
the element. The yield criterion is given by:

ϕ(σ, σ̄, f∗) =
(σe
σ̄

)2
+ 2q1f

∗ cosh

(
3q2σh
2σ̄

)
− 1− q21f

∗2 = 0 (2)

with σ the stress tensor, σ̄ the flow stress, f∗ the effective void volume fraction, σe the von
Mises stress, σh the hydrostatic stress, and q1, q2 empirical constants. The effective void volume
fraction f∗ is related to the real void volume fraction f but is accelerated upon coalescence.
Upon reaching the final void volume fraction ff , complete failure of the element is assumed and
all load-carrying capacity is lost. An initial void volume fraction f0 is assumed.

Void nucleation and void growth cause the evolution of the void volume fraction f :

ḟ = ḟgrowth + ḟnucleation (3)

Void nucleation is typically described by the strain-controlled approach by Chu and Needle-
man [13]:

ḟnucleation =
fN

sN
√
2π

exp

{
− 1

2

[
ϵp − ϵN

sN

]2}
ϵ̇p (4)

with fN the volume fraction of void nucleating particles, and sN and ϵN the standard de-
viation and the mean of nucleating strain respectively. This approach assumes that the void
nucleation process is described by a Gaussian distribution, centered around ϵN . The void growth
rate can be derived from volume conservation:

ḟgrowth = (1− f)ϵ̇pkk (5)

with ϵ̇pkk the trace of the plastic strain rate tensor.
To model HE, the equations above should be adapted to take into account the detrimental

effect of the local hydrogen concentration on the macromechanical behavior. In the context of
the HELP mechanism, Yu et al. proposed to accelerate the void growth process as a function
of the local hydrogen concentration [6]. By accelerating the void growth process, accelerated
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Figure 1: (a) The rate of void nucleation per strain increment, for mean nucleation strains
close to zero, with (b) the total void volume fraction resulting from nucleation, which is obtained
by integrating (a).

failure is obtained. An alternative to model the HELP mechanism is to adapt the void nucleation
equation. Since experiments showed that the presence of hydrogen reduces the local strain at
which voids can be observed [14, 15], a reduction of the mean nucleating strain ϵN due to a
local hydrogen concentration seems an obvious choice. This approach is considered to be more
suitable for a metallography-based calibration compared to the approach of Yu et al., since the
void nucleating strain can be directly derived from metallographic investigations [14, 16].

Adopting a reduction in the mean nucleating strain ϵN in Eq. 4 would lead to bizarre results,
since for a very small ϵN compared to sN , a large part of the normal distribution would be
negative. Since negative strains are irrelevant, the total amount of voids nucleated at complete
failure would not reach fN . Figure 1 illustrates this concept, indicating the issue when the mean
nucleating strain ϵN,1 approaches zero.

Therefore, this work adopts a Weibull distribution for void nucleation since this distribution
features only positive values. Consequently, Eq. 4 is modified to:

ḟnucleation = fN
k

λ

(ϵp
λ

)k−1
exp

{
−
(ϵp
λ

)k
}
ϵ̇p (6)

where k > 0 is the shape parameter and λ > 0 is the scale parameter. The scale parameter
λ will approximate the median value of the distribution for large values of k. As such, it has a
similar role as the mean parameter ϵN in Eq. 4. A Weibull distribution with small λ is shown in
Figure 1. To simulate voids nucleating at lower strains due to the local hydrogen concentration
CL, following equation is employed in the current work:

λ =
λCL=0

1 + ξ ∗ CL
(7)

with λCL=0 the scale parameter of the Weibull distribution for the material without any lattice
hydrogen, and ξ representing the degradation sensitivity (1/wppm). The equations above are
implemented in an Abaqus user material subroutine (UMAT), as described in Depraetere et al.
[7].
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3 SINGLE EDGE NOTCHED TENSION MODEL

3.1 Geometry and mechanical boundary conditions

The mesh, dimensions and boundary conditions of the SENT specimen employed in this work
are presented in Figure 2. Side-grooves are modeled resulting in a 10% total thickness reduction
(5% at each side), for the sake of promoting uniform crack growth.

An initial notch is modeled by deleting a single row of elements up to an initial length a0 =
3mm. One end surface is held fixed while the other surface is given a certain displacement rate q̇
[mm/s]. The mesh near the notch consists of cubic three-dimensional linear elements (C3D8T),
with a fixed element length of 0.2mm. Only one half of the specimen is modeled because of
symmetry.

Figure 2: Mesh, dimensions and boundary conditions employed in the SENT toughness test
simulations.

3.2 Hydrogen-charging boundary conditions

An accurate implementation of the hydrogen-related boundary conditions is essential to model
laboratory toughness tests. In case of an ex-situ test, the surface during mechanical loading is
exposed to the atmosphere. This phenomenon is idealized in the model by setting the lattice
hydrogen concentration at the surface equal to zero, allowing the hydrogen to effuse out of
the specimen. On the other hand, during an in-situ test, the surface is exposed to an active
hydrogen environment. To model this, a certain non-zero lattice hydrogen concentration is set
at the surface.

It has to be noted that these boundary conditions are idealizations where stress states and
surface kinetics are neglected. First of all, the local hydrostatic stress at the edge will affect
the boundary condition [17]. Furthermore, the surface will not immediately have the specified
hydrogen concentration in reality. Tadashi et al. [18] proposed to implement the equivalent of
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Newton’s law of cooling as a boundary condition, for a more accurate representation of the sur-
face reactions. This equation however introduces new parameters, requiring more experimental
data.

Since the goal of the present work is to model toughness tests featuring an extending crack,
newly exposed surface will be created during the simulation. Consequently, the boundary condi-
tion has to be updated upon crack extension. This is implemented in Abaqus by transferring the
nodes of the failed elements to a multi-point constraint (MPC) subroutine that is responsible for
activating the boundary condition on the newly exposed surface, similar to the implementation
by Del Busto et al. [19].

Figure 2 displays the hydrogen-charging boundary conditions. The specimen is given a con-
stant initial lattice hydrogen concentration CL,0 = 0.36 wppm. The boundary condition at
the free surface is given as CL = CL,0 for the in-situ simulations, and CL = 0 for the ex-situ
simulations.

3.3 Material properties

The flow curve of the considered API 5L X70 steel grade is presented in Figure 3, and was
derived from experimental tensile test results. Post-necking characteristics were obtained by
recording the diameter contraction during the test, from which the true strain can be determined.
Table 1 presents the mechanical and hydrogen-diffusion related parameters employed in the
simulations. All material parameters were either determined from experiments, or adopted from
literature. In particular, parameters f0 and fN were determined by numerical calibration using
(notched) round bar tensile experiments on specimens free of hydrogen. The Weibull distribution
parameters k and λCL=0 were chosen such that the distribution approximates a Gaussian void
nucleation (Eq. 4) with the commonly employed parameters ϵN = 0.3 and sN = 0.1.
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Figure 3: Flow stress σ̄ versus true plastic strain ϵp adopted for the simulations for the API
5L X70 steel. The experimentally obtained data is also shown.
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Table 1: Material properties employed. The “exp” stands for experimentally determined.

Gurson Hydrogen diffusion
Property Value Source Property Value Source

k 3.767 * DL 4.5× 10−4mm2/s exp
λCL=0 0.332 * EB −30 kJ/mol [20]
fN 0.0167 exp NL 8.47× 1028m−3 [20]

f0 0.00012 exp NT 1023.26−2.33 exp(−5.5ϵp) [21]
ff 0.31 exp α 1 [20]
q1 1.42 [22] β 6 [20]
q2 0.96 [22] T 300K
*Chosen to approximate the Gaussian distribution in [7]

3.4 Determination of tearing resistance curve

In this study, SENT tearing resistance curves are characterized by means of the Crack Tip
Opening Displacement (CTOD) versus the stable crack extension (∆a). CTOD is determined
using the relative displacement between the nodes at either side of the crack front, and summing
the elastic and plastic component following BS8571 [23]. The crack growth ∆a is determined
based on the projected area of the failed elements at mid-thickness. Prior to tearing initiation,
an additional blunting term estimated as CTOD/2 is added to the crack growth [11]. The
initiation toughness can be obtained at the intersection between the tearing resistance curve,
and a 0.2mm offset line [24].

4 SINGLE EDGE NOTCHED TENSION (SENT) RESULTS

4.1 Effect of hydrogen degradation sensitivity

By varying the hydrogen degradation sensitivity parameter ξ (Eq. 7), different degrees of
embrittlement have been simulated. Figure 4a presents the smoothed crack growth resistance
curves for ξ = 0, 0.5, 2 and 10 where ξ = 0 represents zero degradation, serving as a reference.
Of all considered values, the degradation ξ = 2 was found to correspond best to the degradation
observed in hydrogen-charged (notched) tensile tests of the considered X70 steel, corresponding
to a comparable initial hydrogen concentration CL,0 = 0.36 wppm. In-situ charging boundary
conditions together with a displacement rate of q̇ = 0.002mm/s are applied.

It is clear that by decreasing the mean nucleating strain, increasing toughness reductions can
be simulated. The local void volume fraction due to nucleation, fnucleation, is extracted for the
center element in front of the crack tip (Figure 4b). This corresponds to the integration of Eq.
6.

Figure 5 shows the crack extension for a constant CTOD = 1.5mm and different hydrogen
degradation sensitivities. Note that because of symmetry reasons, only one half of the specimen
is displayed. The sidegrooves are at the left of each image, while the symmetry plane is at the
right. It can be seen that for a constant CTOD, adding hydrogen degradation leads to more crack
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Figure 4: Simulation results of in-situ hydrogen-charged SENT toughness tests with different
hydrogen degradation sensitivities ξ, in terms of (a) global resistance curves and (b) the local
void volume fraction fnucleation of the center element in front of the crack tip.

propagation. Also, even though side-grooves were modeled, there is still crack non-uniformity,
commonly referred to as ’crack tunneling’.

Figure 5: Contour plot showing the void volume fraction f for a fixed CTOD = 1.5mm for
various hydrogen degradation sensitivities ξ.

4.2 Effect of hydrogen charging method

To illustrate the effect of in-situ versus ex-situ hydrogen charging, simulations have been
performed for ξ = 2 with a displacement rate of q̇ = 0.002mm/s. The resulting crack growth
resistance curves are reported in Figure 6a.

As expected, the employed charging method influences the fracture toughness of a hydrogen-
charged SENT specimen. Since during ex-situ charging, the freshly created crack surface is
immediately assigned a hydrogen concentration of zero, the hydrogen content in the fracture
process zone is reduced, leading to a reduction in degradation. Figure 6b shows the hydrogen
content along the center path for the ex-situ and in-situ simulations, for three different levels of
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CTOD. The growing crack results in a rightward shift of the curve. Just in front of the crack
tip, an increased hydrogen concentration as a result of the stress-assisted diffusion is apparent.
It is also clear that the in-situ tests result in a higher hydrogen concentration near the crack tip.
The difference between ex-situ and in-situ hydrogen charging is the direct effect of the trade-off
between the process of hydrogen diffusion that is characterized by the diffusion coefficient DL,
and the crack propagation speed, which is an output of the displacement rate q̇. The next
section will explore the effect of displacement rate on tearing resistance behaviour.
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Figure 6: Simulation results of ex-situ and in-situ hydrogen-charged SENT toughness tests
with ξ = 2, in terms of (a) global resistance curves and (b) the lattice hydrogen concentration
CL along a path starting from the original crack tip, for three different levels of CTOD.

4.3 Effect of displacement rate

Since the displacement rate is an important parameter in the dynamics between hydro-
gen diffusion and crack propagation, various displacement rates have been simulated: q̇ =
2 ∗ 10−5, 0.002 and 0.2mm/s. A degradation factor ξ = 2 is employed. Figure 7 presents the
smoothed resistance curves for (a) ex-situ charging and (b) in-situ charging.

When the displacement rate is large compared to the process of hydrogen diffusion, there
is no effect of hydrogen diffusion. Both the ex-situ and in-situ simulation are equivalent and
show the toughness reduction with a constant hydrogen concentration CL = CL,0. By applying
a slower displacement rate, however, different trends develop for ex-situ and in-situ charging.
A slow displacement rate during ex-situ charging leads to all hydrogen effusing, resulting in a
crack growth resistance curve similar to the reference one (ξ = 0). On the contrary, for in-
situ charging, a slower displacement rate allows the hydrogen concentration near the crack tip
to approach a steady-state, resulting in an increased fracture toughness degradation. Further
analysis shows that a displacement speed q̇ = 2∗10−5mm/s leads to steady-state results, for the
employed parameters (Table 1).
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Figure 7: Resistance curves for various displacement speeds for ex-situ and in-situ toughness
tests

5 CONCLUSIONS

Hydrogen embrittlement has been modeled using a Gurson damage model, by reducing the
mean void nucleating strain, depending on the local hydrogen concentration CL. Hereby, void nu-
cleation is described by a Weibull distribution, instead of the conventional Gaussian distribution
since the former applies to strictly positive values of applied strain. Finite element simulations
of Single Edge Notched Tension (SENT) tests were employed to investigate the influences of two
test parameters on tearing resistance behaviour: (a) ex-situ versus in-situ charging conditions,
and (b) deformation rate.

By decreasing the mean void nucleating strain, toughness reductions can be obtained. This
is in agreement with experimental observations that the presence of hydrogen in steel can lead
to accelerated void nucleation [14], and leads to a decrease in toughness [2]. The effect of
in-situ charging versus ex-situ charging on the tearing resistance is strongly dependent on the
displacement speed. If the process of crack propagation would be too slow compared to the
mechanism of diffusion, no toughness reductions are observed in the case of ex-situ charging due
to hydrogen effusion. In the case of in-situ charging conditions, however, a slower displacement
rate will yield a larger reduction in toughness.

In order to evaluate conservative and trustworthy toughness reductions due to hydrogen, in-
situ experimental testing is advised. Before the test, it should be assessed whether the chosen
displacement rate is slow enough to ensure that the hydrogen concentration in front of the
crack tip is near steady-state, resulting in conservative results. In future work, the numerically
observed effects will be compared to test results.
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