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Abstract: With hydrogen being a promising candidate for many future and current energy
applications, there is a need for material-testing solutions, which can represent hydrogen
charging under superimposed mechanical loading. Usage of high purity gaseous hydrogen
under high pressure in commercial solutions entails huge costs and also potential safety
concerns. Therefore, a setup was developed utilizing a customized electrochemical charg-
ing cell built into a dynamic testing system. With this setup, two heat treatment states of
AISI 4140 (DIN 1.7225, 42CrMo4) with varying yield and ultimate tensile strength were
characterized in constant amplitude tests. S-N (Woehler) curves differ between heat-treated
states, and when comparing testing in air with in situ cathodic hydrogen-charged speci-
mens, hydrogen proves to be detrimental to the material properties. For both states consid-
ered, the presence of hydrogen leads to a reduction in fatigue life. Fractographic analyses by
scanning electron microscopy reveals that for in situ cathodic hydrogen-charged specimens,
the crack initiation mechanisms change for the higher strength heat treatment state.

Keywords: fatigue engineering; AISI 4140; in situ cathodic hydrogen charging; electrochemical
hydrogen charging; hydrogen embrittlement; fractography

1. Introduction
With the increasing role of hydrogen in various industries, particularly in the context

of clean energy and environmental sustainability [1], there is an emerging and significant
need for testing structural materials under the presence of hydrogen [2]. With this trend to-
wards a hydrogen economy, the infrastructure for production, storage and distribution will
expand significantly. Hence follows, that many structural materials will be used in applica-
tions where mechanical loading and hydrogen charging are superimposed [3]. However,
hydrogen is detrimental to the mechanical properties of many metallic materials [4]. Steels,
in general, but especially medium- and high-strength quenched and tempered martensitic
steels are endangered [5,6]. An uptake of hydrogen is known to reduce ductility up to
the possibility of brittle fractures even at concentrations of around only 1 mass ppm [7,8].
Also, under tensile stress the hydrogen desorption is increased [9]. Especially, the uptake
of dislocation-trapped hydrogen is increased according to diffusion-coupled finite element
analysis [10]. Hydrogen also leads to reduced fatigue performance [11–15]. In general,
uniaxial fatigue data are recorded by constant amplitude testing in servohydraulic, elec-
trodynamic, or resonance testing systems, whereby resonance testing systems are used
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in the very high cycle-fatigue regime since they can reach much higher testing frequen-
cies. Though many test methods have been developed to measure decreasing mechanical
properties under hydrogen [16], currently available standards (ASTM G129, ASTM F1624
and ISO 16573 [17–19]) merely cover incremental step test [20], constant load test and slow
strain rate test [21]. In all tests, the mechanical load is applied as quasi-static or static, but
not cyclic, which is often present under service in relevant applications. Fracture surfaces
on tempered martensitic steel caused by hydrogen embrittlement can exhibit transgranular
quasi-cleavage (QC) features but also intergranular (IG) features [22–25]. The underlying
mechanisms are still discussed and can occur simultaneously [22,26–28], but brittle mecha-
nisms of IG fractures such as the lowering of cohesive energies [29] and ductile mechanisms
of QC fractures like hydrogen-enhanced localized plasticity [30] have been proposed. QC
fractures can show river-like patterns on the facets of transgranular fracture portions [31].
IG fractures occur along prior austenite grain boundaries (PAGB) and are commonly accom-
panied by secondary cracks [32,33]. The influence of PAGB has been researched extensively.
For martensitic steels, it has been reported that more hydrogen will be accumulated around
PAGB with increasing initial dislocation density [34]. Mechanical testing can be performed
using specimens pre-charged electrochemically in a liquid electrolyte or under a high-purity
high-pressure gaseous hydrogen atmosphere [35]. Pre-charged specimens do not fully
represent service conditions, since mechanical loading and hydrogen charging happen
simultaneously during service. There are already existing testing setups to apply me-
chanical loading during hydrogen charging under gaseous hydrogen atmospheres, but
these are very cost-intensive, hardly available and developed for specific-use cases, which
is due to the properties and dangers of pressurized hydrogen [36,37]. If specimens are
pre-charged, hydrogen concentration in lattice decreases greatly with increasing testing
frequency. This effect is much less pronounced in an open system, where hydrogen is
provided constantly [38]. Therefore, in situ testing methodologies enabling broad frequency
ranges and testing conditions similar to servohydraulic testing systems would be desirable.
With an increase in the hydrogen economy as it is currently occurring, a need for efficient
testing setups for the determination of material properties during simultaneous hydrogen
charging and mechanical loading arises. Electrochemical hydrogen charging is commonly
applied followed by mechanical testing, but due to its relatively easy experimental setup,
it has also been applied during quasi-static mechanical testing [39,40]. In this work, an
efficient setup is presented allowing electrochemical hydrogen charging inside a universal
fatigue testing system under dynamic loading conditions realizing testing frequencies
of 10 Hz. However, the limitation in terms of testing frequencies depends only on the
servohydraulic testing system and is not decreased due to the charging cell. Due to the very
low hydrogen volume in comparison to testing under high-pressure gaseous hydrogen,
no additional safety equipment was necessary. The components are also widely available
without high costs. Therefore, the method can significantly improve the accessibility of
dynamic mechanical testing under the influence of hydrogen.

2. Materials and Methods
2.1. Material and Heat Treatment

Steel AISI 4140 (DIN 1.7225, 42CrMo4), manufactured from RIVA Stahl GmbH, Hen-
ningsdorf, Germany was chosen as a model material. Chemical composition determined
by optical emission spectroscopy of the material was in accordance with DIN EN ISO 683-2
and is given in Table 1 [41].

To investigate the influence of strength on hydrogen susceptibility under fatigue
loading, two different material states obtained by means of heat treatment were studied.
The austenitizing temperature was 840 ◦C under a nitrogen atmosphere and kept for 30 min,
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followed by quenching in water for both conditions. Two different tempering temperatures
of 650 ◦C and 400 ◦C were used for 30 min in air. These temperatures are subsequently
referred to as medium strength (MS) and high strength (HS). Optical microscopy and
analysis by electron backscatter diffraction (EBSD) in horizontal cross-sections are provided
in Figure 1. Specimens for EBSD underwent metallographic preparation including cutting,
embedding, grinding, and polishing up to a 0.05 µm colloidal silica suspension. For optical
microscopy, alcoholic nitric acid was used as an etchant. EBSD images were acquired in a
field emission gun scanning electron microscope Tescan Mira III (Tescan, Brno, Brno, Czech
Republic) equipped with APEX EDAX Velocity Pro detector (AMETEK Inc., Berwyn, PA,
USA) at 25 kV acceleration voltage and a step size of 50 nm.

Table 1. Chemical composition of AISI 4140 (DIN 1.7225, 42CrMo4) batch measured by optical
emission spectroscopy.

C Si Mn P S Cr Mo Cu

Measured

[wt.%]

0.41 0.28 0.79 0.010 0.020 1.06 0.20 0.16

Standard
min 0.38 0.10 0.60 - - 0.90 0.15 -

max 0.45 0.40 0.90 0.025 0.035 1.20 0.30 0.40
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Figure 1. Optical microscopy images and orientation mappings by electron backscatter diffraction of
(a,b) medium strength (MS) and (c,d) high strength (HS) heat treatment states.

Both material states exhibit a tempered martensitic microstructure with fine needle-
like grains and prior austenite grains being recognizable by orientation contrast. The
quasi-static properties in air were determined by tensile testing and are summarized as a
reference for further fatigue testing in Table 2. Also, the Vickers hardness is given.

After heat treatment, material states differed greatly in quasi-static strength and
hardness with values of HS being approximately 60% higher than for MS.
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Table 2. Hardness and quasi-static material properties from testing in air at room temperature as
a reference.

Heat Treatment State Hardness
HV10

Yield Strength
Re [MPa]

Ultimate
Strength Rm [MPa]

Medium strength (MS), 650 ◦C 320 877 969

High strength (HS), 400 ◦C 496 1455 1619

2.2. Fatigue Specimens and Preparation

Fatigue tests were carried out using unnotched specimens with a diameter of 10 mm
and a length of 12 mm in the gauge section. The specimen geometry is shown in Figure 2.
After turning, specimens were polished mechanically. To define a constant area for electro-
chemical charging, specimens were then coated with the polyurethane varnish Urethan 71
by CRC Industries (CRC Industries Inc., Horsham, PA, USA). However, the gauge length
was masked during coating in order to ensure a metallic surface in the smallest cross-section
for hydrogen entry.
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Figure 2. Unnotched fatigue testing specimen geometry.

2.3. Experimental Procedure

All fatigue tests were performed with the servohydraulic fatigue testing system Instron
8802 (Instron, Darmstadt, Germany) with a maximum load capacity of 250 kN. R = 0.1
was chosen as the stress ratio, to ensure that the material is constantly under tensile
stress because of the already-investigated stress dependence of hydrogen diffusion. The
testing frequency f was constant at 10 Hz and runouts were defined at 3 × 106 cycles,
because fracture occurred beyond the common limit of 2 × 106 cycles. A two-electrode
electrochemical system in a custom build polymethyl methacrylate (PMMA) cell connected
to galvanostat Gamry 1000 A (Gamry Instruments, Warminster, PA, USA) was mounted
around the fatigue specimen, as shown in Figure 3.

The electrolyte, which is a 3.5 wt.% NaCl solution, was prepared using deionized
water and analytical grade NaCl. Usage of solutions of NaCl are in accordance with
ISO 16573 and have been applied by various authors before [42–45]. Due to the cathodic
corrosion protection, no corrosive effects such as pitting were observed macroscopically
or fractographically in this work. The electrolyte was circulated and tempered to 20 ◦C
by a thermostat. The susceptibility to hydrogen-assisted fatigue was evaluated by in
situ cathodic hydrogen charging with a constant current density of 0.075 A/mm2 with
a platinum mesh electrode surrounding the gauge length as the counter and the fatigue
specimen as the working electrode. The charging time is dependent on the time until the
specimen fracture, since hydrogen charging was only applied during mechanical loading.
The charging process during the fatigue loading is schematically depicted in more detail
across length scales in Figure 4.
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Figure 4. Scale-bridging schematic representation of in situ electrochemical hydrogen charging:
(a) Macroscopic scale with specimen under cyclic tension stress and molecular hydrogen in form
of gas bubbles; (b) detail of polycrystalline specimen surface with adsorbed atomic hydrogen and
diffusion into the metallic lattice with trapped hydrogen at typical defects; and (c) 3D representation
of an iron bcc unit cell with hydrogen in interstitial tetrahedral and octahedral sites.

Most of the hydrogen provided by the electrochemical charging recombines into
molecular hydrogen and escapes in the form of gas bubbles, Figure 4a. However, some
of the hydrogen is adsorbed on the specimen surface as atomic hydrogen, which can
diffuse into the polycrystalline metal lattice. However, it can be trapped at metallic defects
such as pores, grain boundaries, triple grain boundaries, dislocations, stacking faults and
precipitates, as shown in Figure 4b. Integration into the body-centered cubic (bcc) metal
lattice as mobile hydrogen can occur interstitially in tetrahedral (TIS) or octahedral (OIS)
form, as shown in Figure 4c.

3. Results and Discussion
3.1. Constant Amplitude Testing

Figure 5 illustrates the results of constant amplitude tests in S-N curves representing
stress amplitude σa over the number of cycles to failure Nf. For both heat treatment states,
testing in air leads to higher Nf than testing with in situ cathodic hydrogen charging. On
average, comparing power law fits, the S-N curve of HS state in air is 15% higher compared



Materials 2025, 18, 339 6 of 13

to the in situ cathodic hydrogen charging in the region where experimental data were
recorded. On the other side, the fit for the MS state in air is only 7.2% higher, meaning that
the hydrogen-assisted fatigue was more severe for the higher strength material. However, it
has to be stated that fit curves for the HS state show a similar slope, thus, being independent
on the number of cycles to failure. In the MS state, the distance between curves increases
slightly with a higher number of cycles to failure, which indicates an increasing effect of
hydrogen in higher cycle fatigue regimes. This can be interpreted as a higher hydrogen
concentration being needed to negatively influence the lower strength heat treatment.
This is in accordance with the known correlation between strength and susceptibility to
hydrogen. Also, there is no decline of the S-N curve with an increasing number of cycles to
failure, as would be expected, if anodic corrosion processes decreased the fatigue life. The
constant slope supports the fact that material degradation, due to presence of hydrogen, is
the reason for the reduction in fatigue life.
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Figure 5. S-N data of heat-treated steel AISI 4140 (DIN 1.7225, 42CrMo4) in medium strength (MS)
and high strength (HS) states, tested in air and in situ cathodic hydrogen charging conditions.

For the HS state, the S-N curve is much steeper in general. However, even atσmax = 0.62·Re

no runouts were achieved, whereas at the MS state, a runout occurred at maximum stress
σmax = 0.935·Re. All crack initiations in air for both states and in situ cathodic hydrogen
charging for MS were detected to occur at inclusions. For the HS state, crack initiation
happened at specimen surfaces and at inclusions close to the surface under hydrogen
charging. Due to the nature of cathodic charging, this corresponds to the highest local
hydrogen concentrations and also underlines the increasing susceptibility with increasing
strength. Since most cracks were initiated at inclusions, the scatter of data can be explained
by the varying size of those. Interestingly, fracture occurred at 2.96 × 106 at σa = 340 MPa
for the MS state under cathodic hydrogen charging beyond the commonly used runout
limit of 2 × 106. In contrast, two runouts were recorded at higher stress levels for testing
in air. This implies that even in a very high cycle-fatigue regime, fracture will occur, if
hydrogen is offered.

3.2. Fractographic Investigations

In order to obtain information about the failure mechanisms involved, the specimens
were fractographically examined in the scanning electron microscope Tescan Mira III
(Tescan, Brno, Brno, Czech Republic). Figure 6 shows typical fracture surfaces for the
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medium strength heat treatment. Fracture initiation always occurred at inclusions, which
can be identified as aluminum oxide or magnesium oxide and can be found either as
shown inside the specimen bulk or close to the surface. When comparing the fracture
surfaces for MS, no systematic differences between testing in air and testing under in situ
cathodic hydrogen charging regarding crack initiation at inclusions could be observed.
Nevertheless, the morphology of fracture surfaces around the inclusions changed. Both
show transgranular QC morphologies, but under hydrogen charging, the surface is more
faceted and shows river-like patterns. The most likely mechanism for the change in
morphology of the transgranular fracture surfaces is hydrogen-enhanced localized plasticity.
If crack initiation takes place at an inclusion in bulk, a corrosive influence can be ruled out.
Therefore, material degradation due to hydrogen diffusion towards the stress concentration
at the inclusion is the explanation for the observed reduction in fatigue lifetime, even for
steel with an ultimate tensile strength below 1000 MPa.
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Figure 6. Comparison of fracture surfaces of two representative specimens of heat-treated steel
AISI 4140 (DIN 1.7225, 42CrMo4) in medium strength (MS) state, tested in air (on the left) at
σa = 380 MPa and in situ cathodic hydrogen charging condition (on the right) at σa = 360 MPa.
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Figure 7 shows typical fracture surfaces for the HS state, where significant differences
to medium strength and also between testing in air and testing under in situ cathodic
hydrogen charging are observable. Fracture initiation in air again always occurred at
inclusions. The fatigue fracture surfaces show a comparable fracture surface to Figure 6
for testing in air with transgranular fracture initiated at an inclusion. When hydrogen is
provided, electrochemically fractured surfaces change and show IG fracture portions along
PAGB, together with QC transgranular regions. Since for the HS state an increased uptake
of hydrogen around PAGB can be expected because of higher initial dislocation density [34],
brittle IG fracture portions only for this state are a coherent result. Crack initiation for the
specimen in Figure 7 occurred in bulk at an inclusion even though it occurred close to the
surface. Since a crack initiation due to corrosion would have to start at the surface, it can be
concluded that the local stress concentration of the inclusion, together with the presence of
hydrogen, led to hydrogen-assisted failure.
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Figure 7. Comparison of fracture surfaces of two representative specimens of heat-treated steel
AISI 4140 (DIN 1.7225, 42CrMo4) in a high strength (HS) state, tested in air (on the left), at
σa = 450 MPa, and in situ cathodic hydrogen charging condition (on the right) at σa = 450 MPa.
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These transgranular QC fracture portions also change in morphology, as it is typical for
hydrogen-induced fracture due to hydrogen-enhanced localized plasticity [23,24]. This is
very visible at higher magnifications. Moreover, secondary cracks along grain boundaries
become visible, which is, together with brittle intergranular fracture surfaces, another
characteristic feature for hydrogen-induced fracture by a hydrogen-enhanced decohesion
mechanism, as shown in Figure 8. Therefore, both mechanisms seem to be active at the same
time for the HS state. Synergistic activity of both mechanisms has been reported before [46].
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Figure 8. Representative fracture surface of the heat-treated steel AISI 4140 (DIN 1.7225, 42CrMo4) in
high-strength state subjected to in situ cathodic hydrogen charging at σa = 540 MPa: (a) Overview of
the crack initiation area close to the specimen surface; (b) crack initiation area showing intergranular
and transgranular portions; (c) evidence of hydrogen-induced cracks by facets (orange arrows) and
secondary cracks along grain boundaries (blue arrows); and (d) detail of an intergranular crack.

In summary, regardless of the location of crack initiation (surface or inclusion), for the
HS treatment, the fracture initiation mechanism changes from transgranular to a mixture
of transgranular QC, with high IG portions. As with the MS specimens, the transgranular
portions change to a more faceted morphology. Figure 9 shows insights about the remaining
fracture. There is a transient area, where intergranular features are not present anymore,
but secondary cracks remain, and facets become less present. Figure 9b shows a partly
ductile dimple fracture surface in the specimen center. Since hydrogen concentration is
expected to be the lowest in the specimen center, it is consistent that the most ductile
fracture portion could be detected there. Quite prominent secondary cracks were found
again towards the specimen surface.
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Figure 9. Representative fracture surface of the heat-treated steel AISI 4140 (DIN 1.7225, 42CrMo4) in
high-strength state subjected to in situ cathodic hydrogen charging at σa = 540 MPa: (a) transient area
with secondary cracks (blue arrows) and quasi cleavage fracture surface; (b) partly ductile dimple
fracture in the center of the specimen; and (c) secondary cracks on the opposite side of the crack
initiation area near the specimen surface (blue arrows).

4. Discussion, Conclusions and Outlook
This work presents a methodology for hydrogen-assisted fatigue testing using in

situ cathodic charging. Results agree with the expected behavior, showing a more severe
degradation for the high-strength heat treatment compared to the lower strength one,
when specimens are charged with hydrogen under simultaneous fatigue loading. The
fractographic analysis revealed a significant change in fracture morphology. Only for
specimens with high-strength heat treatment, intergranular fractures are dominant, due to
the hydrogen-enhanced decohesion mechanism, while no intergranular fracture occurred
for specimens tested in air. Crack initiation happened mostly at inclusions, ruling out an
influence of corrosion, but a reduction in fatigue lifetime was still observed even at a testing
frequency of 10 Hz for a material with an ultimate tensile strength below 1000 MPa. This
means that even comparatively low strength steel grades should be investigated in detail,
if they are exposed to a possible hydrogen uptake. If the results are to be transferred to
another grade, a comparable chemical composition should be present, but most importantly,
yield and ultimate strength should not differ, since a clear influence was shown.

The developed setup is highly versatile, allowing easy implementation into other
testing systems without the necessity to fulfill additional conditions, aside from those
inherent to the fatigue testing system itself. This flexibility underscores the potential for
broad application across various materials and testing conditions. In comparison to testing
with gaseous hydrogen under high pressure, the setup is easier to handle, safer, cheaper,
and therefore more accessible.
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Future work should expand the current S-N and fractographic data, allowing a more
statistically robust quantitative assessment. More fractographic data could allow quantita-
tive separation of intergranular and transgranular features by image segmentation. The
method should be applied to a wider array of electrolytes and materials to further validate
the methodology. Steels with a face-centered cubic crystal structure like AISI 316, which
is used in hydrogen storage and transport applications, would be interesting candidates.
Implementation into a resonance fatigue testing system would allow insights into very
high cycle-fatigue regime under hydrogen loading. The influence of low loading levels at a
very high number of cycles to failure and, therefore, comparatively long in situ charging
times, could be studied in resonance testing systems. Additionally, a comprehensive com-
parison of data from tests with gaseous hydrogen would provide valuable insights and
a deeper understanding of hydrogen embrittlement mechanisms across different testing
environments. By conducting finite element predictions of lattice hydrogen concentration,
the influence of hydrostatic stress could be investigated to better compare the experimental
results between different material strengths.

Author Contributions: Conceptualization, K.D.; data curation, K.D. and M.v.P.; formal analysis,
M.v.P., L.G., L.A.L., J.R.V. and A.K.; investigation, K.D., T.N. and M.v.P.; methodology, K.D., J.L.O.,
L.G., L.A.L. and A.K.; project administration, F.W.; validation, K.D.; visualization, K.D., T.N., M.v.P.
and J.L.O.; writing—original draft, K.D. and M.v.P.; writing—review and editing, J.R.V., A.K. and F.W.
All authors have read and agreed to the published version of the manuscript.

Funding: The authors gratefully acknowledge the funding by Germany’s Federal Ministry for
Economic Affairs and Climate Action (BMWK), managed by AiF Projekt GmbH within the Central
Innovation Program for SMEs (ZIM, project no. KK5120203SY2 and KK5072229JP2) of the projects
“HµMag—Development of a method for the non-destructive analysis of steel components for the
prediction of hydrogen-induced failure by local hydrogen analysis and micromagnetic measurements”
and “H2Life—Development of a cryogenic test chamber system for testing and qualifying materials
and components for the hydrogen economy at high and very high fatigue lifetimes of up to 500 million
cycles in contact with liquid hydrogen at −253 ◦C”.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors on request due to an ongoing study.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Noyan, O.F.; Hasan, M.M.; Pala, N. A global review of the hydrogen energy eco-system. Energies 2023, 16, 1484. [CrossRef]
2. Ahad, M.T.; Bhuiyan, M.M.H.; Sakib, A.N.; Becerril Corral, A.; Siddique, Z. An overview of challenges for the future of hydrogen.

Materials 2023, 16, 6680. [CrossRef]
3. Laureys, A.; Depraetere, R.; Cauwels, M.; Depover, T.; Hertelé, S.; Verbeken, K. Use of existing steel pipeline infrastructure for

gaseous hydrogen storage and transport: A review of factors affecting hydrogen induced degradation. J. Nat. Gas Sci. Eng. 2022,
101, 104534. [CrossRef]

4. Gavriljuk, V.G.; Shyvaniuk, V.M.; Teus, S.M. Hydrogen in metallic alloys—Embrittlement and enhanced plasticity: A review.
Corros. Rev. 2024, 42, 267–301. [CrossRef]

5. Liu, Q.; Atrens, A. A critical review of the influence of hydrogen on the mechanical properties of medium-strength steels. Corros.
Rev. 2013, 31, 85–103. [CrossRef]

6. Oriani, R.A. Whitney award lecture—1987: Hydrogen—The versatile embrittler. Corrosion 1987, 43, 390–397. [CrossRef]
7. Koyama, M.; Tasan, C.C.; Akiyama, E.; Tsuzaki, K.; Raabe, D. Hydrogen-assisted decohesion and localized plasticity in dual-phase

steel. Acta Mater. 2014, 70, 174–187. [CrossRef]
8. Han, J.; Nam, J.-H.; Lee, Y.-K. The mechanism of hydrogen embrittlement in intercritically annealed medium Mn TRIP steel. Acta

Mater. 2016, 113, 1–10. [CrossRef]

https://doi.org/10.3390/en16031484
https://doi.org/10.3390/ma16206680
https://doi.org/10.1016/j.jngse.2022.104534
https://doi.org/10.1515/corrrev-2022-0060
https://doi.org/10.1515/corrrev-2013-0023
https://doi.org/10.5006/1.3583875
https://doi.org/10.1016/j.actamat.2014.01.048
https://doi.org/10.1016/j.actamat.2016.04.038


Materials 2025, 18, 339 12 of 13

9. Matsumoto, Y.; Miyashita, T.; Takai, K. Hydrogen behavior in high strength steels during various stress applica-tions correspond-
ing to different hydrogen embrittlement testing methods. Mater. Sci. Eng. A 2018, 735, 61–72. [CrossRef]

10. Hussein, A.; Krom, A.H.; Dey, P.; Sunnardianto, G.K.; Moultos, O.A.; Walters, C.L. The effect of hydrogen content and yield
strength on the distribution of hydrogen in steel: A diffusion coupled micromechanical FEM study. Acta Mater. 2021, 209, 116799.
[CrossRef]

11. Wu, X.; Teng, M.; Jia, W.; Cai, J. Study on the mechanical properties of X80 pipeline steel under pre-charged high-pressure gaseous
hydrogen. Int. J. Hydrogen Energy 2024, 84, 39–52. [CrossRef]

12. Dwivedi, S.K.; Vishwakarma, M. Hydrogen embrittlement in different materials: A review. Int. J. Hydrogen Energy 2018, 43,
21603–21616. [CrossRef]

13. Kanezaki, T.; Narazaki, C.; Mine, Y.; Matsuoka, S.; Murakami, Y. Effects of hydrogen on fatigue crack growth behavior of
austenitic stainless steels. Int. J. Hydrogen Energy 2008, 33, 2604–2619. [CrossRef]

14. Stalheim, D.; Boggess, T.; San Marchi, C.; Jansto, S.; Somerday, B.; Muralidharan, G.; Sofronis, P. Microstructure and mechanical
property performance of commercial grade API pipeline steels in high pressure gaseous hydrogen. In Proceedings of the 2010
8th International Pipeline Conference, Calgary, AB, Canada, 27 September–1 October 2010; ASME: New York, NY, USA, 2010;
Volume 2, pp. 529–537; ISBN 978-0-7918-4421-2.

15. Nguyen, T.T.; Park, J.; Nahm, S.H.; Tak, N.; Baek, U.B. Ductility and fatigue properties of low nickel content type 316L austenitic
stainless steel after gaseous thermal pre-charging with hydrogen. Int. J. Hydrogen Energy 2019, 44, 28031–28043. [CrossRef]

16. Correa Marques, S.; Lima Molter, D.; Almeida, L.d.S.; dos Santos, D.S. The influence of the experimental methodology on
evaluating the hydrogen embrittlement susceptibility of AISI 4340 steel manufactured by different routes. Eng. Fail. Anal. 2024,
162, 108361. [CrossRef]

17. ASTM G129; Standard Practice for Slow Strain Rate Testing to Evaluate the Susceptibility of Metallic Materials to Environmentally
Assisted Cracking. ASTM: New York, NY, USA, 2021.

18. ASTM F1624; Standard Test Method for Measurement of Hydrogen Embrittlement Threshold in Steel by the Incremental Step
Loading Technique. ASTM: New York, NY, USA, 2024.

19. ISO 16573; Measurement Method for the Evaluation of Hydrogen Embrittlement Resistance of High Strength Steels. ISO: Vernier,
Switzerland, 2022.

20. Das, T.; Rajagopalan, S.K.; Brahimi, S.V.; Wang, X.; Yue, S. A study on the susceptibility of high strength tem-pered martensite
steels to hydrogen embrittlement (HE) based on incremental step load (ISL) testing methodology. Mater. Sci. Eng. A 2018, 716,
189–207. [CrossRef]

21. Martínez-Pañeda, E.; Harris, Z.D.; Fuentes-Alonso, S.; Scully, J.R.; Burns, J.T. On the suitability of slow strain rate tensile testing
for assessing hydrogen embrittlement susceptibility. Corros. Sci. 2020, 163, 108291. [CrossRef]

22. Lynch, S. Hydrogen embrittlement phenomena and mechanisms. Corros. Rev. 2012, 30, 105–123. [CrossRef]
23. Djukic, M.B.; Sijacki Zeravcic, V.; Bakic, G.M.; Sedmak, A.; Rajicic, B. Hydrogen damage of steels: A case study and hydrogen

embrittlement model. Eng. Fail. Anal. 2015, 58, 485–498. [CrossRef]
24. Ogawa, K.; Matsumoto, Y.; Suzuki, H.; Takai, K. Hydrogen embrittlement susceptibility evaluation of tempered martensitic steels

showing different fracture surface morphologies. ISIJ Int. 2019, 59, 1705–1714. [CrossRef]
25. Nagao, A.; Smith, C.D.; Dadfarnia, M.; Sofronis, P.; Robertson, I.M. Interpretation of hydrogen-induced fracture surface

morphologies for lath martensitic steel. Procedia Mater. Sci. 2014, 3, 1700–1705. [CrossRef]
26. Djukic, M.B.; Bakic, G.M.; Sijacki Zeravcic, V.; Sedmak, A.; Rajicic, B. The synergistic action and interplay of hydrogen embrittle-

ment mechanisms in steels and iron: Localized plasticity and decohesion. Eng. Fract. Mech. 2019, 216, 106528. [CrossRef]
27. Gangloff, R.P. Hydrogen assisted cracking of high strength alloys. In Comprehensive Structural Inteqrity; Milne, I., Ritchie, R.O.,

Karihaloo, B., Petit, J., Scott, P., Eds.; Elsevier Science: New York, NY, USA, 2003; Volume 6, pp. 31–101.
28. Nagumo, M. Advances in physical metallurgy and processing of steels. Function of hydrogen in embrittlement of high-strength

steels. ISIJ Int. 2001, 41, 590–598. [CrossRef]
29. Troiano, A.R. The role of hydrogen and other interstitials in the mechanical behavior of metals. Trans. ASM 1960, 52, 54–80.

[CrossRef]
30. Birnbaum, H.K.; Sofronis, P. Hydrogen-enhanced localized plasticity—A mechanism for hydrogen-related fracture. Mater. Sci.

Eng. A 1994, 176, 191–202. [CrossRef]
31. Chen, T.; Chiba, T.; Koyama, M.; Shibata, A.; Akiyama, E.; Takai, K. Hierarchical characteristics of hydro-gen-assisted crack

growth and microstructural strain evolution in tempered martensitic steels: Case of qua-si-cleavage fracture. Met. Mater. Trans. A
2021, 52, 4703–4713. [CrossRef]

32. Latypova, R.; Seppälä, O.; Tun Nyo, T.; Kauppi, T.; Mehtonen, S.; Hänninen, H.; Kömi, J.; Pallaspuro, S. Influence of prior austenite
grain structure on hydrogen-induced fracture in as-quenched martensitic steels. Eng. Fract. Mech. 2023, 281, 109090. [CrossRef]

33. Nie, Y.; Kimura, Y.; Inoue, T.; Yin, F.; Akiyama, E.; Tsuzaki, K. Hydrogen embrittlement of a 1500-MPa tensile strength level steel
with an ultrafine elongated grain structure. Met. Mater. Trans. A 2012, 43, 1670–1687. [CrossRef]

https://doi.org/10.1016/j.msea.2018.08.002
https://doi.org/10.1016/j.actamat.2021.116799
https://doi.org/10.1016/j.ijhydene.2024.08.219
https://doi.org/10.1016/j.ijhydene.2018.09.201
https://doi.org/10.1016/j.ijhydene.2008.02.067
https://doi.org/10.1016/j.ijhydene.2019.08.233
https://doi.org/10.1016/j.engfailanal.2024.108361
https://doi.org/10.1016/j.msea.2018.01.032
https://doi.org/10.1016/j.corsci.2019.108291
https://doi.org/10.1515/corrrev-2012-0502
https://doi.org/10.1016/j.engfailanal.2015.05.017
https://doi.org/10.2355/isijinternational.ISIJINT-2019-130
https://doi.org/10.1016/j.mspro.2014.06.274
https://doi.org/10.1016/j.engfracmech.2019.106528
https://doi.org/10.2355/isijinternational.41.590
https://doi.org/10.1007/s13632-016-0319-4
https://doi.org/10.1016/0921-5093(94)90975-X
https://doi.org/10.1007/s11661-021-06423-1
https://doi.org/10.1016/j.engfracmech.2023.109090
https://doi.org/10.1007/s11661-011-0974-7


Materials 2025, 18, 339 13 of 13

34. Momotani, Y.; Shibata, A.; Yonemura, T.; Bai, Y.; Tsuji, N. Effect of initial dislocation density on hydrogen ac-cumulation behavior
in martensitic steel. Scr. Mater. 2020, 178, 318–323. [CrossRef]

35. Koren, E.; Hagen, C.M.H.; Wang, D.; Lu, X.; Johnsen, R.; Yamabe, J. Experimental comparison of gaseous and electrochemical
hydrogen charging in X65 pipeline steel using the permeation technique. Corros. Sci. 2023, 215, 111025. [CrossRef]

36. Zafra, A.; Álvarez, G.; Benoit, G.; Henaff, G.; Martinez-Pañeda, E.; Rodríguez, C.; Belzunce, J. Hydrogen-assisted fatigue crack
growth: Pre-charging vs in-situ testing in gaseous environments. Mater. Sci. Eng. A 2023, 871, 144885. [CrossRef]

37. Briottet, L.; Moro, I.; Escot, M.; Furtado, J.; Bortot, P.; Tamponi, G.M.; Solin, J.; Odemer, G.; Blanc, C.; Andrieu, E. Fatigue crack
initiation and growth in a CrMo steel under hydrogen pressure. Int. J. Hydrogen Energy 2015, 40, 17021–17030. [CrossRef]

38. Fernández-Sousa, R.; Betegón, C.; Martínez-Pañeda, E. Analysis of the influence of microstructural traps on hydrogen assisted
fatigue. Acta Mater. 2020, 199, 253–263. [CrossRef]

39. Imdad, A.; Arniella, V.; Zafra, A.; Belzunce, J. Tensile behaviour of 42CrMo4 steel submitted to annealed, nor-malized, and
quench and tempering heat treatments with in-situ hydrogen charging. Int. J. Hydrogen Energy 2024, 50, 270–280. [CrossRef]

40. Arniella, V.; Zafra, A.; Álvarez, G.; Belzunce, J.; Rodríguez, C. Comparative study of embrittlement of quenched and tempered
steels in hydrogen environments. Int. J. Hydrog. Energy 2022, 47, 17056–17068. [CrossRef]

41. DIN EN ISO 683-2; Heat-Treatable Steels, Alloy Steels and Free-Cutting Steels—Part 2: Alloy Steels for Quenching and Tempering.
DIN EN ISO: Berlin, Germany, 2018.

42. Tavares, S.S.; Bastos, I.N.; Pardal, J.M.; Montenegro, T.R.; Da Silva, M.R. Slow strain rate tensile test results of new multiphase
17%Cr stainless steel under hydrogen cathodic charging. Int. J. Hydrogen Energy 2015, 40, 16992–16999. [CrossRef]

43. Thomas, S.; Ott, N.; Schaller, R.F.; Yuwono, J.A.; Volovitch, P.; Sundararajan, G.; Medhekar, N.V.; Ogle, K.; Scully, J.R.; Birbilis, N.
The effect of absorbed hydrogen on the dissolution of steel. Heliyon 2016, 2, e00209. [CrossRef] [PubMed]

44. Venezuela, J.; Gray, E.; Liu, Q.; Zhou, Q.; Tapia-Bastidas, C.; Zhang, M.; Atrens, A. Equivalent hydrogen fugacity during
electrochemical charging of some martensitic advanced high-strength steels. Corros. Sci. 2017, 127, 45–58. [CrossRef]

45. Venezuela, J.; Lim, F.Y.; Liu, L.; James, S.; Zhou, Q.; Knibbe, R.; Zhang, M.; Li, H.; Dong, F.; Dargusch, M.S.; et al. Hydrogen
embrittlement of an automotive 1700 MPa martensitic advanced high-strength steel. Corros. Sci. 2020, 171, 108726. [CrossRef]

46. Wasim, M.; Djukic, M.B.; Ngo, T.D. Influence of hydrogen-enhanced plasticity and decohesion mechanisms of hydrogen
embrittlement on the fracture resistance of steel. Eng. Fail. Anal. 2021, 123, 105312. [CrossRef]

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.

https://doi.org/10.1016/j.scriptamat.2019.11.051
https://doi.org/10.1016/j.corsci.2023.111025
https://doi.org/10.1016/j.msea.2023.144885
https://doi.org/10.1016/j.ijhydene.2015.05.080
https://doi.org/10.1016/j.actamat.2020.08.030
https://doi.org/10.1016/j.ijhydene.2023.10.082
https://doi.org/10.1016/j.ijhydene.2022.03.203
https://doi.org/10.1016/j.ijhydene.2015.05.148
https://doi.org/10.1016/j.heliyon.2016.e00209
https://www.ncbi.nlm.nih.gov/pubmed/27981250
https://doi.org/10.1016/j.corsci.2017.08.011
https://doi.org/10.1016/j.corsci.2020.108726
https://doi.org/10.1016/j.engfailanal.2021.105312

	Introduction 
	Materials and Methods 
	Material and Heat Treatment 
	Fatigue Specimens and Preparation 
	Experimental Procedure 

	Results and Discussion 
	Constant Amplitude Testing 
	Fractographic Investigations 

	Discussion, Conclusions and Outlook 
	References

