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ABSTRACT: Different hydrogen-induced cracking patterns have been observed on two construction steels
belonging to the same strength grade for mooring offshore structures, when tested in a Slow Strain Rate
Tensile test (SSRT) condition. A scenario is hypothesized, in which this behaviour arises from differences in
hydrogen trapping capacity between the two steels. A novel finite difference modelling approach is proposed
to assess the plausibility of this hypothesis. The model is designed to resemble the effect of the diffusible and
the trapped hydrogen in the nucleation and growth of cracks during SSRT, and consequently in life service.
The effect of different hydrogen trapping capacities has been simulated employing the proposed stress-diffu-
sion-strength model. A higher content in traps led to fewer cracks; while the absence of traps led to a higher
number of cracks. These results fit with the hypothesis, as variations in trapping capacity lead to variations in
the number of cracks.
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RESUMEN: Modelizacion por diferencias finitas aplicada a la interpretacion del agrietamiento asistido por hi-
drégeno utilizando ensayos virtuales de traccion a baja velocidad de deformacion. Se han observado distintos pa-
trones de agrietamiento inducido por hidrégeno en dos aceros pertenecientes al mismo grado para el fondeo de
estructuras offshore, cuando son ensayados a traccion a baja velocidad de deformacion. Se plantea la hipotesis
de que este comportamiento se debe a diferencias en la capacidad de atrape de hidrogeno de ambos aceros. De
cara a evaluar la factibilidad de esta hipdtesis se propone utilizar una nueva estrategia de modelizacion mediante
diferencias finitas. El modelo esta disenado para emular el efecto del hidrogeno difusible y el hidrogeno atrapado
en la nucleacion y el crecimiento de grietas durante los ensayos referidos y, en consecuencia, durante la vida en
servicio. El efecto de las diferencias en la capacidad de atrape de hidrogeno se ha simulado utilizando el modelo
de tension-difusion-resistencia propuesto. En las simulaciones, un mayor contenido en trampas de hidrégeno ha
dado lugar a una menor densidad de grietas, mientras que la ausencia de trampas ha dado lugar a una menor
densidad de grietas. Estos resultados se alienan con la hipétesis de partida, dado que las variaciones en capaci-
dad de atrape han modificado el nimero de grietas nucleadas.
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1. INTRODUCTION

The use of high strength steels is constant-
ly increasing, specially powered by the automo-
tive industry (Necati and Koc, 2014), due to the
weight and cost advantages offered by these ma-
terials. In the oil and gas industry, high strength
steels are applied in pipelines (Mohtadi-Bonab,
2019) and in submerged structural elements for
offshore platforms (Krom et al, 1999a; Bill-
ingham et al., 2003). More specifically, they are
employed in jack-ups (Sharp et al, 2001) and
mooring chains (DNVGL-CP-0237, 2018). Con-
struction steels for mooring offshore structures
are classified in “strength grades” according to
their tensile properties and named from R3 to R6
(DNVGL-CP-0237, 2018), where R3 is the low-
est resistance grade. Two steels from the same
strength grade are considered equivalent for a giv-
en mechanical function.

As high strength steels present risk of Hy-
drogen Embrittlement (HE) when employed in
mooring applications, industry standards assess
the susceptibility to hydrogen embrittlement
by using tests in which a tensile specimen is im-
mersed in synthetic seawater and tensile tested at

very low deformation rates (10 s') in the pres-
ence of a hydrogenating cathodic potential (DN-
VGL-0OS-E302, 2018). These tests are known as
Slow Strain Rate Tensile tests (SSRT). Previous
work by the authors, comparing a set of environ-
mental conditions ranging from non-hydrogenat-
ing to strongly hydrogenating submerged scawa-
ter service, showed that SSRT can cause different
cracking patterns depending on the studied steel,
even for steels classified with the same strength
grade (Artola et al., 2018).

Table 1 shows an extract from their work in
which two mooring chain steels (Sample A and
Sample B) were extracted from full scale mooring
chain elements belonging to strength grade R4.
Both samples, whose microstructure was com-
posed by a quench and tempered matrix with a
minor differences between each other in terms of
their carbide dispersion (Artola, 2018), showed
similar tensile properties both during convention-
al testing and under strong hydrogen embrittling
SSRT conditions (cathodic overprotection of
-1200 mV with the steel immersed in synthetic sea-
water during the test). Nevertheless, the surface
cracking pattern they showed in the hydrogenat-
ing condition was different, as shown in Fig. 1.

TaBLE 1. Case study for two steels belonging to the same strength grade

Identification Condition? Rp 0.2*(MPa) Rm"(MPa) E" (%)
R4 Strength Grade Specification Conventional tensile testing >580 >860 >12
Conventional tensile testing 81019 8909 18.0+1.5
Tests on R4 Grade Steel. Sample A —
Strong hydrogen embrittling SSRT 80010 883%10 11.5+1.5
Conventional tensile testing 810%9 905%9 19.0£1.5
Tests on R4 Grade Steel. Sample B —
Strong hydrogen embrittling SSRT 797£65 894136 15.2+4.5

2Conventional and SSRT performed according ISO 6892-1:2017 and ASTM G129-00 (2013) respectively.
"Rp 0.2 stands for yield strength, Rm stands for ultimate tensile strength and E stands for elongation.

FiGurke 1. Close-up of the surface cracking pattern in the necking area of two specimens belonging to Sample A (left) and Sam-
ple B (right) tested by SSRT in synthetic seawater under a cathodic protection of -1200 mV.
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Sample A showed a significantly higher number
of surface cracks when hydrogen embrittlement
was involved in the fracture.

In HE, the hydrogen atoms that are dissolved
in the metal interact with its microstructure by
means of a set of mechanisms that modify its
mechanical behaviour. Thus, the evolution of the
distribution of the hydrogen dissolved in the mi-
crostructure determines the expected mechanical
response for given load and geometry scenario
(Toribio, 2011) and, therefore, affects the crack-
ing pattern.

The amount of dissolved hydrogen in steels
can be split in two components: a fraction in in-
terstitial solid solution within the iron matrix and
the rest trapped in microstructural elements such
as second phases, grain boundaries or dislocations,
which are known as “hydrogen traps” (Pound, 1998;
Park et al., 2002; Robertson et al., 2015). The for-
mer being known as “diffusible hydrogen”, which
can be hypothesized to be the main responsible for
the HE, and the latter being known as “trapped hy-
drogen”. A fraction of the hydrogen can shift from
“trapped” to “diffusible” and vice versa depending
on the boundary conditions and the energy of the
trap. Despite it must be kept in mind that there is
an open discussion regarding the generalization of
the hypotheses (Oudriss et al., 2014; Depover and
Verbeken, 2018; Djukic et al., 2019), increasing the
hydrogen trapping capacity of the steels has been
related to HE resistance improvements, in particu-
lar cases with the use of carbides (Yamasaki and
Bhadeshia, 2006). Introducing hydrogen diffusion
barriers in the steel has also led to HE behaviour
improvement (Fielding et al., 2014). Taking this
into account, there is a favourable scenario for
hypothesizing that the differences in the cracking
patterns observed in the SSRT could be related to
hydrogen trapping and diffusion behaviour varia-
tions between Sample A and Sample B. For this hy-
pothesis to be feasible, a model for HE considering
both total and diffusible hydrogen and its transport
through the material should be able to reproduce
these cracking patterns.

For practical purposes, the diffusive compo-
nent tends to be modelled using Finite Element
Methods (FEM) in a broad range of detail lev-
els, from stress driven diffusion (Oh et al., 2010),
including complex effects such as the presence of
traps (Yan et al., 2014), to coupled mechanical-dif-
fusion models (Di Leo and Anand, 2013; Barrera
et al., 2016; Diaz et al., 2019). Despite their com-
plexity, these FEM approaches are attractive to the
HE study and works whose results are applicable
to SSRT have been published (Krom et al., 1999b;
Miresmaeili et al., 2010).

Despite recent publications have solved tran-
sient diffusion-mechanical processes by FEM (Be-

nannoune et al., 2018), previous works coupled
Finite Difference Methods (FDM) with FEM
when modelling non-steady processes (Ohmi et
al., 2012; Sezgin et al., 2019); being the former
used for the assessment of hydrogen diffusion
and the later for the assessment of the stresses
and strains. FDM has been also used by itself to
model diffusion in hydrogen embrittlement relat-
ed studies (Turnbull ez al., 1997; Park et al., 2016),
for modelling stress-strain fields alone (Lin et al.,
2019). Analogous methods employing scalar ma-
trices have been used to model structural damage
(Palm et al., 2012). But no integrated stress-dif-
fusion-strength modelling approach by FDM has
been found in the literature.

Other works simulated successfully the dif-
fusion on interstitial atoms in bcc lattices using
random walk techniques (Aldazabal and Aldaza-
bal, 2013; San Sebastian et al., 2008) but the simu-
lated time and length scales were extremely small.
Fortunately, it is possible to benefit from existing
analogies, from the mathematical point of view, be-
tween mass diffusion and heat transfer processes.
Recent works (Takaishi, 2017; Martinez-Pafieda et
al., 2018; Fu and Fang, 2018; Hiiter et al., 2018;
Anand et al., 2019) have successfully applied math-
ematical formulations such as phase field model-
ling, molecular dynamics and ab initio calculations
to the nucleation and growth of cracks when HE is
in place.

The present work proposes an alternative to
the approaches above, which bets for simplicity
and implements an iterative calculation strategy
based on the FDM. The reason behind suggesting
a new modelling strategy among the already ex-
isting choices, which lead to successful results, is
the accessibility. The simulation proposed model
can be reproduced and transferred to other appli-
cations with very basic programming knowledge
and costless resources. In the case that several
fields are considered simultaneously, for example
stresses and diffusion, it will be necessary to cal-
culate them carefully to simulate its time evolu-
tion properly. This model has been applied to sim-
ulate SSRT in materials with different hydrogen
trapping capacities and to analyse qualitatively if
the differences in cracking patterns resemble the
previous experimental observations on R4 struc-
tural steel used submerged structures.

2. MATERIALS AND METHODS

The finite difference modelling methodology
for the SSRT under HE has been divided in three
components that have been superimposed to each
other at each step of the simulation, taking into
account that the main aim of this model is easy
implementation:
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—  The displacement model, where the boundary
displacement conditions of the SSRT are im-
plemented.

—  The diffusion model, where the hydrogen diffu-
sion and trapping processes are implemented.

—  The integrated embrittlement model, where ap-
plied strain, diffusible hydrogen and material
strength in each point of the material are com-
bined to determine the progress of hydrogen
assisted cracking.

—  All the modelling has been developed in two
dimensions, due to computing resources
available, but can be easily implemented in a
3D case. All simulated results shown in this
paper correspond to 2D approaches so there
are no stresses or strains perpendiculars to
the XY plane.

2.1. Displacement model

The mechanical component of the model has
been approached from the perspective of displace-
ments. First, the domain of interest has been dis-
cretized in a homogeneous and regular network of
MxN points, elements, cells, nodes or pixels. Next,
each node has been assigned a scalar called “equiv-
alent displacement” (ED), u,, This scalar represents
the total displacement condition of each element,
relative to its initial position.

This leads to a U,  matrix, whose elements

are initially u,, = 0. "o model the deformation
applied in the’SSRT, boundary conditions have
been imposed on the top (u, /) and bottom (u ,)
sides of the domain. A fixed pos1t1ve value of the
ED, corresponding to the macroscopic vertical
displacement to be simulated, has been imposed
on the upper face, while on the lower side, the
value has been set constant and equal to u,,
0. This resembles a test in which the specnnen is
fixed at the bottom and pulled from the top. To
simulate a tensile test, the value of the imposed
displacement, ED, was increased progressively as
the stresses were calculated. Depending on the
incremental values of ED, the test can be repro-
duced in a coarser or finer way. High deformation
rates will assume that the simulated times between
elongation stages will be short and vice versa.

Once the boundary conditions have been ap-
plied, the equilibrium of the system is deduced by
means of an algorithm that balances the distribu-
tion of ED throughout the domain. The resolu-
tion of this balance has been implemented using
the iterative algorithm of finite differences pre-
sented in Eq. (1). This equation calculates the ED
transmitted to each element u,; of the matrix in
the calculation step (s + 1), based on the values of
the ED for each point and their closest neighbours
in the previous step, s. If any of the neighbours

does not exist, as occurs in the nodes bordering
free surfaces or cracks, the amount of equivalent
displacement transferred to the considered neigh-
bour is zero. Thus, the equilibrium occurs when
the ED gradient is minimal at each point.

—4uiy) ()

The B parameter is the ED distribution coef-
ficient and determines the magnitude of the ED
transference in each calculation step. A value of
Bp=0.20 has been used. This value is the biggest
one that results on a stable behaviour of Eq. (1)
and results on the fastest reaching of the equilib-
rium condition of the whole domain. As a conver-
gence criterion, it is considered that equilibrium
is reached when the ED transfer between any of
the elements in the matrix is lower than a prede-
termined value of 10 that has been found to be
offer a proper trade-off between calculation time
and convergence (Artola, 2018). This type of crite-
rion is required for the method as the equilibrium
calculation is not deterministic but asymptotic.

During iterative calculations towards the equi-
librium, displacement gradients are generated in the
horizontal and vertical directions due to geometrical
features in the simulated specimen, whose horizon-
tal and vertical gradient matrices, H,,  and V
respectively, are calculated accordmg to the Eq. ’\f
and (3).

S+1

S S S S S
u; j u;; + ﬁ(uiu,j tu ;U U

_ Uipq,j —Uiqj

0 = 2 )

>

v = Upjer = Ujj—1
g 2 3)
From the horizontal and vertical gradient ma-
trices, H and V, operating term by term as indicated
in Eq. (4), a scalar that represents the strain state in
each point of the domain is calculated.

def; ; = ’viz-+hi2-
fJ 2] /] (4)

The DEF,, .. matrix, whose elements are def
is 1nterpretegl as the maximum deformation sup-
ported at each point, without cons1der1ng its di-
rection. From the DEF, ,, and assuming a line-
ar elastic material from ere on, an approximate
elastic stress existing at each point of the simulat-
ed system can be deduced. In the 2D case stud-
ied in this work it was assumed a linear relation
between stress and strain. The material Young
modulus used is 210 GN-m™'. As proposed model
is 2D, force/length was used instead of force/area
that would correspond to the full 3D real system.
In this case the strain is applied in the vertical di-
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rection. Due to the Poisson’s ratio it is expected
to have a horizontal deformation in our virtual
sample, but as this Poisson’s related deformation
does not produce any stress it was not considered.
To know the overall stress applied in a simulated
specimen, the stress of all the elements along the
top horizontal row of the matrix has been used.

In other words, all the displacement is initially
forced on the top row of material and the system
is left to find its own equilibrium by distributing
(balancing) the displacement among all the nodes
in the domain of interest and the gradient of dis-
placement at each point is used to deduce the strain
distribution. In the presence of geometrical fea-
tures that alter the ED distribution, such as in Fig.
2, strain concentrations arise. Assuming a linear
relation between strains and stresses it is possible
to deduce that the proposed algorithm is capable
of reproducing stress concentration values for Fig.
2 configuration, finite-width thin element with a
circular hole, that differ 10% with analytically cal-
culated solutions (Peterson, 1974).

A resistance value, r. , is assigned to each el-
ement of the domain to determine if a crack
grows. This resistance is written in terms of the
maximum strain value, def each point can stand
before breaking. At those points where the resist-
ance value is less than the calculated stress value
(always in the condition of a balanced standard
and assuming a linear elastic behaviour), the main
criterion for crack growth is met. However, the in-
corporation of some complementary criteria in
the algorithm is required, both for the cracking
nucleation process and for its growth. These cri-
teria are based on the consideration of a Moore-
type environment, i.e, considering the neighbour-
ing elements of face and vertex:

The extra requisites for crack nucleation have
been:

*+ Two contiguous elements (horizontal-vertical
or diagonal) must simultaneously overcome the
breaking stress.

*  Only one of these elements must be in contact
with a free surface, that is, the crack must be nu-
cleated in the surface of the material.

*  The number of solid neighbors of the one in
contact with the surface must be 4 or 5.

The extra requisites for crack growth after nu-
cleation are:

*  Cracks grow cell by cell and strain distribution
is reassessed in each growth to determine the
length the crack grows due to a given displace-
ment increment during SSRT.

*  The number of solid neighbors of the element
that has exceeded the critical stress condition
must be 7.

*  Crackscannot grow by turning 90 degrees or more.

2.2 Diffusion model

The diffusion algorithm chosen for the mod-
el, has been based on Fick’s law and in solving its
equation using a finite differences scheme, as shown
in Eq. (5) and (6). The calculation steps have been
modified to account for the distinction between dif-
fusible and trapped hydrogen.

t+1 _ .t t t t t t
Ci,j = Ci,j + a(Ci_'_l']' + Ci—l,j + Ci,j+1 + Ci,j—l - 4Ci,j) (5)

With:
D At
(Ax)? (6)

This equation is used to determine the hydro-
gen concentration in the matrix Cy, . in the time step
t+1, depending on the concentratlon in the previous
time step, 7. The element ¢} , ! corresponds to the dif-

1.8e-02
0.015

0.01
0.008

0.0e+00

Ficure 2. Example of the displacement model applied to a finite width specimen with a hole in the middle, showing the displace-

ment (left) and approximate strain (right) distributions
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fusible hydrogen concentration in the node position
(1)) in the time step t+1 and D represents the inter-
stitial macroscopic diffusion coefficient. This factor
has been kept constant independently of the 2D hy-
drostatic stress components of each pair of elements
{hl v yfromH andV

The modification to 1nci\1ude the effect of hydro-
gen trapping consists in operating on the elements
of C,,y after calculating the 7+1 iteration and sub-
tractlng from each element all the hydrogen that has
entered a trap, defined as a percentage of the total hy-
drogen solubility. Before diffusing hydrogen through
a cell, the hydrogen has been forced to completely fill
the traps in that cell. This assumption is only valid
provided the trapping kinetics much faster than diffu-
sion kinetics, what would be linked to thermodynam-
ic equilibrium condition (Oriani, 1970).

2.3 Integrated embrittlement model

The introduction of the HE into the model has
been carried out by modifying the resistance matrix
as a function of the concentration of diffusible
hyd(rogen The interaction effects of the hydrogen
with the structural features, such as grain bound-
aries and dislocations, have been put together in a
resistance matrix modification rule. The resistance
reduction of each cell is carried out linearly between
the following extreme conditions:

* The resistance of the material is considered to
fall linearly from 0% to 50% of its original re-
sistance depending on the percentage of the dif-
fusible hydrogen in solution, 0% and saturation
condition, respectively. The maximum percent-
age of reduction has been taken arbitrarily from

the maximum elongation reduction observed
in the experimental work used for comparison
(Artola et al., 2018).

*  When all the hydrogen in solid solution is
trapped hydrogen, the original strength of the
material is considered to remain intact.

The initial resistance has been defined at each
point by two components, one fixed and one ran-
dom. The 2D simulations presented in the Results
section of this work have been performed with an
average resistance base value of 1 GN-m™ (fixed
part) and an extra resistance distributed as ran-
dom uniform component of 10% of the base value.
The resulting resistance of cells is in average 1.05 *
0.05 GN'm’!. These values mean that base material
cells will crack when the calculated stress is around
1 GN'm'. As the aim of the model is to give qualita-
tive results for understanding the underlaying physi-
cal processes these values simple, but relatively close
to real material, were arbitrary chosen.

The correction of the resistance values, due to the
diffusible hydrogen, has been performed after each
diffusion calculation, so that each simulation step of
the cracking patterns for SSRT comprises the fol-
lowing steps:

1.Application of the ED increase in the upper
boundary of the domain.

2.Calculation of the ED equilibrium condition
and the corresponding approximate strain
matrix.

3.Application of the diffusion model on the
simulated domain.

4.Correction of the resistance matrix as a func-
tion of diffusible hydrogen.

5.Verification, element by element, of the crack

000 D200 0.4

Displacement, U

0.73 0.0

-

Strain, DEF

0.002
B T =

0.004

- —
- B
r:"‘ma :“""k
o g
e — 1 s
7 I~ 1
— L
s s
Diffusible H, C Trapped H, C Resistance, R
0 0.5 1 0 0.5 1 0.00050 0.0012
R _— _—

FiGgure 3. Maps calculated by the proposed model: Displacements (U), stresses (DEF), trapped H and diffusible H (C), resis-
tance (R). Domain size 100x400 cells (equivalent to 3.3x13.2 mm).
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growth conditions using the resistance matrix of the
previous stage. It is this stage where the cracks actu-
ally can grow if all the conditions for it to happen
are met.

This work sequence allows defining in each itera-
tion all the property maps that define the model, as
shown in Fig. 3.

In order to assess the feasibility of the hydrogen
trapping influencing the cracking pattern during
SSRT on specimens submitted to HE, the mod-
el described above has been used to perform four
simulation scenarios. Each of these scenarios cor-
responded to different capacities of hydrogen trap-
ping: 0%, 25%, 50% and 75% of the total hydrogen
solubility. This “hydrogen trapping” concept is an
instrumental parameter that stands for the percent-
age of the total hydrogen concentration that can be
trapped in an element. The aim of this parameter is
not mimicking the actual trapping mechanism but
resembling different trapping trends. As the strength
reduction rule due to diffusible hydrogen has been
the same for all the four scenarios, any difference in
cracking patterns between them is interpreted to be
due to apparent diffusion coefficient variations, not
to an intrinsic resistance increase of the matrix to
diffusible hydrogen. The simulated geometries cor-
responded to rectangular geometry of 250x800 ele-
ments, in which the diffusion of hydrogen from the
left and right edges has been allowed. For this case,
the cell size was fixed at 33 um. A fixed hydrogen
concentration of 1 has been imposed on both lateral
surfaces.

To simulate the increasing stress on the material
due to SSRT, a displacement increase has been ap-
plied on the top row of the U,, | matrix at a speed of
4x10* mm per simulation step, which is equivalent
to a deformation increase of 5X107 per step. Assum-
ing that the simulated time during loading steps is
25 ms, the simulated strain rate is 2.0x107 s™!

Hydrogen diffusion has been simulated using a
diffusion coefficient for H in pure recrystallized iron
of 1.09%10® m?s! and applying the diffusion algo-
rithm 5 times with a value of a = 0.05 for each step
of displacement increase. With all these parameters
fixed, it is possible to deduce, using Eq. (6), that the
simulated time after applying 5 times de diffusion
algorithm is 27.3 ms. To assess the repeatability of
the results, 4 different initial random resistance dis-
tributions have been simulated for each hydrogen
trapping condition. The hydrogen inflow has been
set to be continuous across the free surfaces, both
the original surface and new crack surfaces created
during the simulation. For simulating the hydrogen
diffusion through cracks, when a solid cell breaks it
is not part of the solid anymore. Its hydrogen con-
centration is changed to get the same constant value
as the rest of surface cells, i.e. to 1. The supplemen-
tary material of this paper includes an example of

evolution of all maps calculated with the proposed
model during the virtual text.

3. RESULTS

Figure 4 presents the results corresponding to
three simulated stages of crack growth for specimens
with hydrogen trapping capacities of 0%, 25%, 50%
and 75% of the total hydrogen solubility. These per-
centages were chosen as rough representatives of the
following conditions and are blind to more precise
trapping description approaches such as (McNabb
and Foster, 1963; Oriani, 1970), meaning they are
a parameter aimed to combine, at least, the added
effect of the density and energy of each trap type in
each material:

— No trapping capacity (0%).

— Low trapping capacity (25%).

— Average trapping capacity (50%).
— High trapping capacity (75%).

Each of these stages matches a stress level beyond
the onset of the crack initiation: 100%, 80% and
50% of the maximum stress measured in the top row
of the simulated volume during the simulation. It is
observed that in cases where low trapping capacity
is imposed, 0% and 25%, the nucleation of cracks is
higher from the beginning and the hydrogen readi-
ly diffuses through the walls of the growing cracks.
The other two cases, 50% and 75%, show a lower
crack density and as less pronounced diffusion of
hydrogen through the fresh fractured surfaces.

According to these results, the simulation sup-
ports the hypothesis of a higher trapping capacity
being a feasible explanation for the experimen-
tal observations of a lower number of cracks in
SSRT. This is supported by the fact that the results
on Sample B for medium mild cathodic protection
(-850 mV) showed a lower HE susceptibility than
Sample A specimens, what is known to be associated
to a higher hydrogen trapping capacity (Yamasaki
and Bhadeshia, 2006; Fielding et al., 2014).

The repetition of the simulation scenarios em-
ploying different random strength distributions
allowed to discard these observations to be caused
by a probabilistic coincidence. Figure 5 shows the
number of cracks that appeared for each trapped
hydrogen value, including the dispersion produced
by randomized strength. The points on the graph
correspond to the means of the 4 simulations per-
formed for each condition and the error bars corre-
spond to the dispersion of these values.

The normalized distance between cracks, that is,
the distance between the simulated cracks divided
by the width of the simulated geometry was shown
in Fig. 6. These numerical results are aligned with
the interpretation of the influence of diffusion con-
ditions and hydrogen solubility on the cracking pat-
tern. The patterns with high crack density respond
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to models with low hydrogen trapping capacity,
while the patterns with low crack density corre-
spond to models with very high hydrogen trapping
material. It must be noted that, being the instanta-
neous trapping criteria possibly underestimating the
hydrogen diffusion front (Charles et al., 2019), the
trends in the effect of trapping capacity should re-
main analogous.

In order to finish the discussion on the simulation
results, it is very illustrative to build the Stress-Strain

curve of each crack growth stage. For this purpose,
Fig. 7 has been plotted, showing this stress-strain
evolution for the four conditions indicated above.
This graph shows that the point corresponding to
the maximum strain shifts to the left and the maxi-
mum stress falls, as the number of traps is reduced.
It is worth underlining that these results are only
qualitatively in agreement with the working hypoth-
esis arising from the experimental observations in
(Artola et al., 2018), as no experimental trapping
capacity measurements were available for this work.

4. CONCLUSIONS

Regarding the feasibility of the hydrogen trap-
ping capacity to be a driver for cracking pattern var-
iations between two samples corresponding to the
same steel strength grade R4, the simulations agree
qualitatively with the experimental observations:

— Variations in trapping capacity produced a dif-
ferent number of cracks in the simulations that
were performed.

— The simulations with a lower number of surface
cracks corresponded to models with higher trap-
ping capacity, what fits with the observations of
lower HE susceptibility steels showing a lower
number of cracks.

— Regarding the proposed strategy to simulate the
hydrogen embrittlement process, the following
conclusions have been reached:

— Despite the major modelling simplifications in
shifting from 3D to 2D and omitting plastici-
ty, the approach based on finite differences to
simulate the transmission of displacements has
achieved variations in terms of amount of cracks
which are also observed experimentally.

— Finite differences have the advantage of allowing
extremely direct programming of the models in
a simple and affordable manner in terms of pro-
gramming knowledge and investment.
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