Pre prints.org

Article Not peer-reviewed version

Experimental and Numerical Analysis of
Hydrogen-Induced Effects in ASTM A131
and A36 Steels for Naval Fuel Systems

Jorge I. Mendoza , Roger I. Carranza , Maria D. Santos , Luis Carral , Maria Isabel Lamas i

Posted Date: 29 September 2025
doi: 10.20944/preprints202509.2401.v1

Keywords: hydrogen embrittlement; naval steels; tensile tests; microscopic damage detection; FEM
plasticity model

Preprints.org is a free multidisciplinary platform providing preprint service
that is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author
and preprint are cited in any reuse.



https://sciprofiles.com/profile/4774122
https://sciprofiles.com/profile/4803455
https://sciprofiles.com/profile/4824679
https://sciprofiles.com/profile/559750
https://sciprofiles.com/profile/838457

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 September 2025 d0i:10.20944/preprints202509.2401.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article

Experimental and Numerical Analysis of
Hydrogen-Induced Effects in ASTM A131
and A36 Steels for Naval Fuel Systems

Jorge I. Mendoza 12, Roger I. Carranza !, Maria D. Santos ?, Luis Carral 2
and Maria Isabel Lamas 2*

! ESPOL Polytechnic University, Escuela Superior Politécnica del Litoral, ESPOL, Campus Gustavo Galindo
Km. 30.5 Via Perimetral, Guayaquil, Ecuador
2 Escola Politécnica de Enxefaria de Ferrol, Universidade da Corufia, Campus Esteiro, 15403 Ferrol, Spain

* Correspondence: isabel.lamas.galdo@udc.es

Abstract

Hydrogen embrittlement (HE) can degrade the mechanical integrity of steel pipes, increasing failure
risks in naval fuel systems. This study assesses HE effects on ASTM A131 and A36 steels through
tensile testing and numerical modeling. Tests at different hydrogen exposure times showed that A131
outperformed A36 in mechanical strength. However, both materials experienced property
degradation after 6 hours. At 9 hours, a transient increase in strength occurred, due to temporary
microstructural hardening, though the overall trend remained a decline. A131 and A36 exhibited
maximum reductions in ultimate tensile strength of 19% and 47%, and in toughness of 39% and 61%,
respectively. Additionally, microstructural analysis revealed the presence of inclusions, intergranular
decohesion and micro-crack, in specimens exposed for longer periods. Finally, a combined GTN-
PLNIH numerical model was implemented, demonstrating its effectiveness in predicting the
mechanical behavior of structures exposed to hydrogen.

Keywords: hydrogen embrittlement; naval steels; tensile tests; microscopic damage detection; FEM
plasticity model

1. Introduction

The transition to renewable and sustainable energy has become a global priority to mitigate
climate change and reduce dependence on fossil fuels. Green hydrogen has emerged as a key element
in global energy sustainability strategies [1]. Although its production is still more expensive than that
of grey hydrogen, the progressive reduction in renewable energy costs has opened up new
opportunities for its competitiveness. However, to achieve the effective integration of hydrogen into
a renewable energy matrix, challenges must be overcome in hydrogen production, transportation,
and storage. Specifically, in the context of infrastructures intended for hydrogen transport and
storage in maritime sector [2], which is the focus of this research, one of the main challenges is to
ensure safe and reliable operation, avoiding any failure that could compromise structural integrity
[3].

The high solubility of hydrogen in metals and alloys, such as ferritic steels used in pipelines,
tubes, and pressure vessels, can cause severe degradation of the material’s mechanical properties, a
phenomenon known as hydrogen embrittlement (HE) [4]. The hydrogen interacts with material
defects, such as dislocations and grain boundaries, promoting the formation of microcracks that can
lead to fracture [5]. Specifically, structural steels used in transmission pipelines and pressure vessels
experience sudden and catastrophic failures after prolonged exposure to hydrogen, leading to serious
implications in terms of safety, environmental impact, and economic repercussions. Therefore,
hydrogen embrittlement has become a critical issue, intensely studied by the scientific community
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with the aim of developing effective solutions that ensure operational safety and reduce the costs
associated with the development and maintenance of hydrogen transportation and storage
infrastructure [6-13].

Given that theoretical methods are not sufficient to accurately predict the effects of hydrogen on
these materials under real operational conditions, the need arises to conduct experimental studies
and numerical simulations that directly assess the impact of hydrogen embrittlement on steel pipes
[14] . In this context, this study aims to analyze the effects of HE on steel specimens through
experimental and numerical methods to prevent potential structural collapse in steel pipes used in
fuel systems in the naval sector. The findings of this work will enable researchers to evaluate new
alloys and materials that promote the development of safe and sustainable renewable energy
solutions.

2. Materials and Methods

This study analyzed hydrogen embrittlement in ASTM A131 and A36 steel specimens both
experimentally and numerically. The experimental analysis was conducted through tensile tests
performed on samples exposed to hydrogen for different time intervals. Based on these tests, the
elastic and plastic mechanical properties of the steels were determined, allowing a quantitative
evaluation of the effect of hydrogen on their structural behavior. Additionally, a metallographic
analysis was carried out to visualize and microscopically characterize the hydrogen-induced
embrittlement mechanisms. Finally, the results obtained experimentally were used to validate the
developed numerical models, which accurately simulated the mechanical response of the materials
until the ultimate load was reached.

2.1. Experimental Test

2.1.1. Specimen Construction

To reflect the real conditions of the steel pipes used in the fuel systems of the naval sector, ASTM
A131 and A36 steel specimens were fabricated following the ASTM E8/E8M-08 standard [15]. Fifteen
specimens of 4 mm thickness were made from the first steel type, which were used in the tensile tests
with hydrogen exposure times of 0, 3, 6, 9, and 12 hours (3 specimens for each exposure time). The
same procedure was followed for the second steel type, but with a thickness of 2 mm. The specimen
dimensions, such as gauge length (G), width of effective length (w), radius of fillet (R), length of grip
section (B), and width of grip section (C), are shown in Figure 1. The established design facilitated
the hydrogenation of the material and proper execution of the tensile tests, allowing the analysis to
focus on the area of interest, i.e., the effective length of each specimen.
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Figure 1. Specimen cutting plane for the experimental test.

2.1.2. Experimental Setting

Hydrogenation of steels
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To achieve hydrogen insertion into the steel specimens, the constant current cathodic charging
model [16] was applied. The specimens were immersed in a hydrochloric acid (HCI) solution with a
concentration of 38%. A copper rod was used as the anode, and the steel specimens served as
cathodes. A 220V-4A power supply was used to provide a current of 3.2 amperes, with the positive
pole connected to wires arranged in series on the steel specimens and the negative pole connected to
the copper electrode, as shown in Figure 2. The proper functioning of the electrolysis process was
verified by the appearance of hydrogen bubbles in the solution. The atomic hydrogen generated by
the reduction at the copper electrode penetrated the steel's metallic structure, promoting hydrogen
embrittlement.

Power Supply =

Steel Specimens , Copper Rod

Figure 2. Settings of the cathodic charge on the specimens.

Tensile tests

After the steel specimens completed their hydrogen exposure time, extensometers were installed
along the effective gauge length to record the strain and determine the Young's modulus of the
materials. For this purpose, a National Instruments strain gauge register was used, connected to a
computer running LabView software (see Figure 3). Additionally, the force and displacement during
the tensile tests were recorded up to fracture using a Shimadzu universal testing machine, with a
constant loading speed of 3 MPa/s for all specimens. These results allowed for the determination of
both elastic and plastic mechanical properties of the steels.

Uni\kersal testing machine

e T T T
¥ !

Strain Acquisition Equipment

Figure 3. Settings of the tensile test.

Metallography method
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After the steels were subjected to cathodic hydrogenation and tensile testing, metallographic
specimens were prepared according to ASTM E3-95[17], which provides a systematic procedure for
revealing, identifying, and analyzing the microstructure of metals. Initially, each specimen was
selected and sectioned at a distance no greater than two centimeters from the necking zone, to ensure
observation of the areas most affected by stress. Subsequently, the specimens were mounted in resin
and meticulously polished to obtain a smooth surface that would not alter the internal
microstructure. For phase revelation, a solution of nitric acid in alcohol was applied for five seconds,
highlighting microstructural features. Finally, the specimens were examined under an optical
microscope to identify phases, inclusions, and potential defects [18], with the information obtained
correlated with the mechanical properties derived from the tensile tests.

2.2. Numerical Calculations

In this section, the computational package Ansys Workbench (version 2024 R2) was used. The
Static Structural module was employed to simulate hydrogen embrittlement during tensile tests up
to the ultimate load of the material. The models used for the plastic characterization of the material
were the Power Law Nonlinear Isotropic Hardening (PLNIH) and the Gurson-Tvergaard-Needleman (GTN)
Method [19]. The displacement approach was used, which iteratively applies the Newton-Raphson
method until convergence is achieved [20]. The steps for the ultimate load analysis in Ansys
Workbench include: definition of the elastic and plastic mechanical properties of the material,
meshing, application of boundary conditions and loads, and ultimate load calculation [21].

2.2.1. Description of the Model

The geometry shown in Figure 1 was modeled using solid hexahedral elements. A mesh size of
10 mm was used for the length of the grip section, and a refined mesh of 1 mm was applied to the
reduced parallel section, which is the region of interest. This meshing strategy was applied to both
steels, as illustrated in Figure 4. Additionally, the applied boundary conditions can be observed: a
fixed support at the lower end of the grip section and a controlled displacement at the upper end.
These boundary conditions replicate the behavior of the experimental tensile test.

Element Size 10mm Refinement 1mm ]
- <—I

—_— —

u=0, v=free, w=0 u=0, v=0 , w=0

Figure 4. Mesh, boundary condition and load of the models.

2.2.2. Description of Plastic Behavior of the Materials

The GTN model is combined with the PLNIH model to characterize the plastic behavior and
damage evolution in ductile metals with porosity. In such cases, the material experiences void
growth, nucleation, and coalescence. As porosity increases, material degradation intensifies, resulting
in areduced load-carrying capacity. The governing expressions of this combined model are presented

below:
2
f(o,0)) = (:—;) + 2f*q,cosh (quTz:) —(1+qsf?)=0 )
@)= zoy g
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The GTN model is presented in Eq.(1), where oe, oy and p, denote the von Mises equivalent
stress, yield stress, and hydrostatic pressure, respectively. The Tvergaard-Needleman constants were
setas ql=1.5,q2=1.0, q3 =2.5 for ductile steels [22],[23][24]. The modified void volume fraction f* is
employed to represent the degradation in load-carrying capacity due to void coalescence. However,
in this analysis, void coalescence was not considered, as the numerical simulations were carried out
only up to the material's ultimate tensile strength.

Equation (2) presents PLNIH model, where oo, N represent the initial yield stress and the strain
hardening exponent, respectively. These parameters were derived from the experimental tensile tests
conducted as part of this study. The mechanical properties of ASTM A131 and A36 steels, as obtained
from these tests, are summarized in Tables 1 and 2. Additionally, the initial porosity fo, included in
the GTN model, accounts for hydrogen-induced voids, which have a significant effect on the
mechanical behavior of the material.

Table 1. Mechanical Properties of A131 Steel.

Exp. time 0H 3H 6H 9H 12H

E [Mpa] 181776.7 188973.8 171075.2 172392.7 176830.2

0o [Mpal] 352.6 329.4 314.1 335.78 284.6
n 0.10 0.11 0.10 0.11 0.11

ou [Mpal] 592.5 565.1 518.0 598.4 479.2
fo 0.000 0.004 0.008 0.006 0.03

Table 2. Mechanical Properties of A36 Steel.

Exp. time 0H 3H 6H 9H

E [Mpa] 135695.0 147320.8 114118.4 138629.9

oo [Mpa] 90.1 59.9 49.6 74.52
n 0.12 0.11 0.11 0.11

ou [Mpa] 205.2 121.0 94.9 162.3
fo 0.000 0.024 0.0021 0.0011

The rate of change of void volume fraction is governed by two mechanisms: void growth and
void nucleation, as described in Eq. (3). The first mechanism occurs when the solid matrix is subjected
to a hydrostatic tensile state. Under such conditions, the increase in void volume fraction due to
growth is proportional to the rate of volumetric plastic strain, as shown in Eq. (4). The second
mechanism, void nucleation, takes place during plastic deformation when new voids are generated.
In this study, void nucleation is modeled as a strain-controlled process, represented by Eq. (5). The
nucleation parameters, mean strain ey =0.3 and standard deviation Sy =0.1, were taken from
experimental results [22], [25].

f = fgrowth + fnucleation 3)
fgrowth =1- f)épl 4)
spl_g 2
. . —0.5( N
frucieation = %e < SN ) @)

3. Results and Discussion

To evidence HE in the steels, the dimensions of the specimens were recorded before hydrogen
exposure and after the tensile tests. From these measurements, along with the force-displacement
curves of each test, the elastic and plastic mechanical properties of the materials were obtained. The
parameters considered included: Young’s modulus (E), yiel stress (oy), ultimate stress (ou), tenacidad
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(Uy) and ductility in terms of final elongation (L¢). This section presents the variation of mechanical
properties due to HE in ASTM A131 and A36 steels. Tensile test results for A36 steel after 12 hours
of hydrogen exposure are not shown, since one specimen exposed for 9 hours fractured prematurely
during the cathodic charging process, before the tensile test could be performed, see Figure 5.

Exposure of specimen to HCL solution

Ui

Hyd rogen emb rittlement A36

[P Loss of toughness -

Figure 5. Hydrogen embrittlement in Steel A36 at 9 hours.

3.1. Experimental Analysis

The stress-strain curves for ASTM A131 and A36 steels subjected to different hydrogen exposure
times of 0, 3, 6, 9, and 12 hours are shown in Figure 6. The strength of the steels decreases
progressively with increasing hydrogen exposure time. As the hydrogen concentration in the
specimens increases, the fracture stress is reached more quickly, indicating a degradation of their
mechanical properties. Additionally, a loss of ductility is observed in both steels, with a more
pronounced effect in A131 due to its higher strength. This behavior confirms the theory that high-
strength steels are more susceptible to HE [26].

Engineering Stress-Strain Comparison
600

500 | Steel A131

400 -

9H

Steel A36
OH

100

N 3H 9H
6H

0 0.1 0.2 0.3 0.4 0.5 0.6
€[mm/mm]

Figure 6. Stress - Strain, Steel ASTM A131-A36.

The yield stress and ultimate stress for each test are shown in Figure 7. For steel A131, a reduction
of 4%, 12%, 7%, and 19% in ultimate strength and a reduction of 13%, 17%, 11%, and 25% in yield
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stress were observed after 3, 6, 9, and 12 hours of hydrogen exposure. For steel A36, a reduction of
30%, 47%, and 20% in ultimate strength and a reduction of 32%, 44%, and 19% in yield stress were
observed after 3, 6, and 9 hours of hydrogen exposure. In the tests with 9 hours of hydrogen exposure,
a temporary hardening was observed, attributed to the interaction between the hydrogen and the
material’s microstructure. This behavior could be due to a temporary saturation effect, a transient
hardening caused by hydrogen trapping in defects or dislocations, or a microstructural
rearrangement, as suggested by researchers[7].

Limit and Ultimate Strength

500 § Steel A31
¥ x
x
r; 400 x ou
-3
2
a 300 oy
& 200 |
Steel A36 ou
100 3
w oy
0

0 3 6 9 12 15
Hydrogen Exposure [h]

Figure 7. Yield and Ultimate Stress of Steel A131-A36.

From the elastic region of the Stress-Strain curves in the tests, the slope data (Young's modulus)
was extracted and are presented in Figure 8. The results show an increase in the elastic modulus of
4% and 9% for Steel A131 and A36, respectively, when the specimens were exposed to 3 hours in the
aggressive environment. For the 6-hour exposure, a marked reduction in the Young's modulus was
noted in comparison to the unhydrogenated specimens, with decreases of 6% and 16%, respectively.
Subsequently, a decrease of 5% and 3% was observed for 9 and 12 hours of hydrogen exposure in
Steel A131, and a 2% increase was seen for 9 hours of exposure in Steel A36. These variations in the
Young's modulus can be attributed to the interaction between the hydrogen and the material’s
microstructure, as previously mentioned.

Young's Modulus
200000

190000
Steel A31
180000 4
170000
160000

150000 +

E [MPa]

140000 +

4
130000 4 Steel A36
120000 A

110000 -

100000 T T T T
0 3 6 9 12 15

Hydrogen Exposure [h]

Figure 8. Elasticity Modulus of steels A131-A36.

The toughness of each specimen was obtained from the area under the Stress-Strain curve in
Figure 6 and is presented in Figure 9. Although Steel A131 exhibits greater toughness compared to
Steel A36, in both materials, this property gradually decreases after 6 hours of hydrogen exposure,
with reductions of 14% and 61%, respectively. However, an increase in toughness is observed after 9
hours of hydrogen exposure. Despite this temporary variation, the long-term trend is decreasing, as
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evidenced in Steel A131 after 12 hours of hydrogen exposure, where the toughness is reduced by
30%.

Toughness
200

180 4
160 4

140 ] Steel A31

[y

o]

(=]
1

Ut [Mpa]

80 +

60 4

40 j
20 ] Steel A36

0 T T T T T T T T T T T T T T
0 3 6 9 12 15

Hydrogen Exposure [h]

Figure 9. Toughness of steels A131-A36.

The ductility of the steels, evaluated in terms of elongation, is shown in Figure 10. The greatest
reduction was recorded in Steel A131 after 3 hours of hydrogen exposure, with a decrease of 28%,
and in Steel A36 after 6 hours of hydrogen exposure, with a reduction of 26%. Overall, both materials
show a progressive decrease in their plastic deformation capacity over time. However, Steel A36
maintains superior ductility, making it more suitable for structural applications subjected to
prolonged exposure in hydrogen environments.

Ductility
60
+ 50
1 40
X
130 &
]
120
110
0
0 3 6 9 12
[=1f 9] A131 30 28 32 12 a4
[m L[] A36 55 34 26 44
Time [h]

Figure 10. Elongation of steels A131-A36.

3.2. Metallographic Analysis

Microscopy images of the A131 steel specimens at 200x and 400x magnifications are presented
in Figure 11. For the specimens without hydrogen exposure, the microstructure was predominantly
composed of ferrite and pearlite, with a possible presence of bainite in higher-strength grades, as well
as a non-uniform distribution of manganese sulfide (MnS) and complex oxide inclusions. In the
specimens subjected to 3 hours of hydrogen charging, grain boundaries were not clearly
distinguishable; however, two deep scratches were observed on the material surface, along with some
visible inclusions. For the specimens exposed to hydrogen for 6 hours, the average grain size was 6.72
pum. Dark spots were observed, attributed to interactions between hydrogen and existing compounds
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or inclusions in the steel, such as oxides or carbides. In the specimens hydrogen-charged for 12 hours,
elongated irregular grains were identified, likely due to plastic deformation, along with inclusions,
intergranular decohesion, and micro-pitting. The presence of these defects provides clear evidence of
hydrogen embrittlement in the material.

Optical microscopy 200x Optical microscopy 400x
= ::| Pearlite Grain i af
Mixture of Phases Agglomeration
(Pearlite + Bainite)
2
o = —interg
i -‘-‘::___llnelnlionp "o ~| Fine Grain
Point - Defect ——
Agglomeration
Point-Defect Pearlite
o
=)
Inclusion [ Pearlite — >
Point-Defect —
E Agglomerates
L]

Figure 11. Microscopy of A131 steel specimens.

Microscopy images of the A36 steel specimens at 200x and 400x magnifications are presented in
Figure 12. In the specimens without hydrogen exposure, a bimodal microstructure was observed,
consisting of ferrite (light grains) and pearlite colonies (dark grains) heterogeneously distributed,
with an average grain size of 9.93 um. After 3 hours of hydrogen charging, the grain size increased
to 16.89 um, suggesting that hydrogen enhances grain boundary mobility by lowering the energy
barriers that limit their movement, thus promoting the growth of larger grains at the expense of
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smaller ones. For the specimens subjected to 6 hours of hydrogen charging, the average grain size

was 13.85 um, and a more pronounced intergranular decohesion was observed, along with a

brownish stain surrounding an inclusion, indicating possible metallurgical phenomena or localized

chemical reactions. In the specimens exposed for 9 hours, the average grain size was 13.83 um, with

irregular grain morphology and elongated boundaries. Hydrogen diffusion into the material reduced

atomic cohesion at grain boundaries, promoting the formation of coalescent micro-voids that

facilitate intergranular fracture, thereby compromising the mechanical strength of steels used in

naval applications.
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Figure 12. Microscopy of A36 steel specimens.

3.3. Numerical analysis

To develop a model that accurately simulates the load and deformation behavior observed in

the tensile tests, a comparison was made between the experimental and numerical results, as shown
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in Figure 13. In this analysis, the numerical model validation was performed using the stress-strain
curves of ASTM A131 and A36 steels, exposed to hydrogen for 12 and 9 hours, respectively. By
adjusting the parameters of the combined GTN-PLNIH model, a good match was achieved in the
overall trend and behavior of the curves. However, a small gap was observed between the
experimental and numerical curves in the region adjacent to the yield limit, which can be attributed
to the strain hardening exponent, whose influence was not considered in this phase of the analysis.

True Stress-True Strain Validation
600

500

400

200 Steel A36_9H

10 : -----------------

0.00 0.05 0.10 0.15 0.20 0.25
e[lmm/mm]

Figure 13. Stress vs Strain numerical-experimental comparison.

Once the numerical model was validated, it was applied to the remaining numerical models, as
shown in Figure 14. The stress vs. strain curves obtained up to the ultimate stress exhibit behavior
similar to the experimental results. It is noteworthy that as the hydrogen concentration increases, the
ultimate strength of the steels decreases proportionally. In the case of the models with a 9-hour
exposure time, there is a deviation from this pattern, which could be due to the interaction between
hydrogen and the grains of the material, according to researchers.

True Stress-True Strain Numerical Comparison
700

OH
600 Steel A131 ’/3H oH
500
= 400
o
£
© 300

200 Steel A36 OH

3H 9H

6H

100

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

g[mm/mm)]
Figure 14. Influence of hydrogen in steel.

The initial porosity selected for each model, both with and without hydrogen exposure, plays a
crucial role in determining the material's strength and ductility. When the initial porosity is higher,
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nucleation and coalescence of the voids occur more rapidly. As a result, the area under the curve in
the plastic zone decreases, as shown in Figure 14. This is typical behavior for the loss of ductility and
the onset of hydrogen embrittlement in the material.

The normal stresses in the "y" direction for the models A131_0H, A131_12H, A36_0H, and
A36_9H are shown in Figures 15 and 16. The results are displayed, when the ultimate stress of each
model is reached. In all models, the onset of necking in the material is observed. This effect is more
pronounced in the models without hydrogen exposure (zero initial porosity). Therefore, for the
models with hydrogen exposure, the necking is less pronounced, highlighting the material's
brittleness.
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Global Coordinate System
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26/3/2025 10:33
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Figure 15. Normal Stress in “y” direction of Steel A131.
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Figure 16. Normal Stress in “y” direction of Steel A36.

4. Conclusions

In this study, the effects of hydrogen on the naval steels ASTM A131 and A36 were investigated,
with exposure to different hydrogenation times. Steel A131 exhibited superior mechanical properties
compared to A36. However, both materials experienced a progressive decrease in their properties
after 6 hours of hydrogen exposure. Notably, a transient increase in these properties was observed
after 9 hours of exposure, attributed to a temporary hardening effect caused by the interaction
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between hydrogen and the material’s microstructure. Despite this isolated phenomenon, the long-
term trend was generally decreasing. The maximum reduction in ultimate tensile strength was 19%
for A131 steel and 47% for A36 steel. In terms of toughness, it decreased by 39% and 61%, respectively.
These results demonstrate the detrimental effect of hydrogen on the structural integrity of these
materials, particularly in industrial and maritime applications.

Microstructural analysis revealed defects in the material due to hydrogen embrittlement. Under
magnification, the presence of inclusions, intergranular decohesion, cracks, micro-pitting, and
fissures was observed, with a higher density in specimens exposed for longer times. These results
emphasize the importance of developing mitigation strategies, such as protective coatings and
optimized designs, to preserve structural integrity in industrial and marine applications exposed to
corrosive conditions and hydrogen loading.

A combined GTN-PLNIH numerical model was implemented, which simulated the loading and
deformation behavior in tensile tests of specimens with and without hydrogen exposure. The initial
porosity induced by hydrogen was a critical parameter, as its increase accelerated void nucleation
and coalescence, significantly reducing the material’s toughness and highlighting its brittleness. The
model proved reliable for predicting the mechanical behavior up to ultimate load, making it a
valuable tool for analyzing structures subjected to hydrogen-rich environments.
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