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ABSTRACT

This study investigates the impact of hydrogen soaking on the medium-cycle fatigue behavior of various metallic materials

commonly used in gas transmission pipelines. The tested materials include ex-service gray cast iron, ex-service X52 carbon

steel, brass, and welded X52 carbon steel. A comprehensive fatigue testing program was conducted on both as-received and

hydrogen-soaked specimens. Rigorous statistical analysis of the results revealed minimal impact of hydrogen on fatigue life for

the materials and hydrogen charging conditions studied. The experimental data for hydrogen-soaked specimens aligned closely

with baseline scatter bands from as-received specimens. This work suggests that, for the specific hydrogen-charging procedure

and fatigue testing conditions employed, additional considerations for hydrogen effects in fatigue design may not be necessary

for the materials examined.

1 | Introduction

Hydrogen, as a versatile and clean-burning energy carrier, is
increasingly recognized as a vital solution for reducing green-
house gas emissions and facilitating the transition to a more sus-
tainable energy future. With its ability to power a diverse range
of applications across multiple sectors, such as transportation,
industry, and residential heating, hydrogen presents a compel-
ling and eco-friendly alternative to traditional fossil fuels [1].
As the world seeks cleaner energy sources, hydrogen offers a
scalable and adaptable solution that could play a pivotal role in
achieving net-zero emissions goals.

One particularly promising application of hydrogen is its inte-
gration into the existing natural gas infrastructure [2]. In the re-
cent past, hydrogen blending was widely regarded as a practical

and economically attractive pathway for decarbonizing the gas
network. By introducing relatively low concentrations of hy-
drogen into the existing natural gas infrastructure, it was be-
lieved that significant reductions in carbon emissions could
be achieved without the need for extensive or costly modifica-
tions to pipelines, appliances, or distribution systems. Blending
was therefore presented as a cost-effective and operationally
straightforward means to support the transition toward a low-
carbon energy system, while preserving the functionality of
the established gas network and enabling a gradual increase in
hydrogen concentrations over time. However, more recent de-
velopments have reshaped this narrative. International policies
and industry assessments increasingly indicate that hydrogen is
unlikely to play a major role in decarbonizing domestic space
heating, where heat pump technologies are now viewed as the
preferred long-term solution. As a result, the perceived value
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Summary

» Hydrogen presoaking had a negligible effect on
medium-cycle fatigue of pipeline metals.

» Fatigue performance of soaked specimens stayed
within as-received scatter bands.

« Variations in fatigue parameters depend on soaking
time and sample size differences.

« No additional design allowances for hydrogen are
needed under studied conditions.

of hydrogen blending as a transitional measure for household
heating has diminished. Instead, the primary strategic driver
for hydrogen production has shifted toward industrial decar-
bonization, particularly in conjunction with carbon capture and
storage infrastructure. Within this context, hydrogen blending
remains important mainly as a mechanism to provide a sta-
ble offtake for early large-scale hydrogen production facilities,
thereby supporting their commercial viability. Consequently,
the role of blending is evolving from an enabler of domestic
heating decarbonization to an instrument that underpins the
broader industrial hydrogen economy.

Nevertheless, the successful implementation of hydrogen blending
depends on a comprehensive understanding of how hydrogen in-
teracts with existing infrastructure components [3]. Hydrogen pos-
sesses distinct physical and chemical properties that differ from
natural gas, which necessitates careful consideration of its effects
on pipeline materials, fittings, valves, and end-use appliances.
Issues such as hydrogen embrittlement, material degradation, and
seal compatibility must be thoroughly assessed to maintain the in-
tegrity, safety, and reliability of the gas network [4, 5].

Conducting rigorous testing and evaluation of these factors
will be critical to ensuring that the gas infrastructure can han-
dle hydrogen blending without compromising performance or
safety. By addressing these challenges, we can confidently move
forward with the integration of hydrogen as a clean energy
source, safeguarding the functionality of existing infrastructure
while making significant progress in reducing greenhouse gas
emissions.

Since the late 19th century [6], extensive research has been de-
voted to examining the impact of hydrogen on metals. These
studies have highlighted significant challenges to structural
integrity, including hydrogen embrittlement, reduced fracture
toughness, and diminished fatigue resistance. In this context,
a detailed review and analysis of the state-of-the-art literature
[7-35] have been conducted, and the most significant findings
can be summarized as follows:

+ The presence of hydrogen gas has only a minimal effect on
yield stress, ultimate tensile strength, and fatigue endur-
ance limit [10, 36-39].

« In contrast, elongation at failure, fracture toughness, and
resistance to fatigue crack propagation are significantly re-
duced in hydrogen-rich environments [40-42].

With specific reference to fatigue, the available technical litera-
ture appears to converge on a number of widely accepted conclu-
sions [7-42], which can be summarized as follows:

« Crack growth rates increase in the presence of pure hydro-
gen gas [21, 22].

« The detrimental effect of hydrogen gas on fatigue crack
behavior is influenced by several factors that include the
microstructural characteristics of the metallic material, ex-
posure temperature and pressure conditions, and the fre-
quency of the applied load [11, 19, 22, 30].

« Regarding crack initiation, hydrogen appears to have a
slight impact on medium-cycle fatigue performance [10, 14].
However, a review of existing studies reveals that no com-
prehensive statistical investigation has yet been conducted
to quantify the effect of hydrogen in the medium-cycle fa-
tigue regime rigorously.

« In high-cycle fatigue, the influence of hydrogen on the
crack initiation process is so minor that it can generally be
neglected without compromising accuracy [25, 35].

» The above observations regarding crack initiation also seem
to apply to metallic materials with stress concentrators [24].

« Fretting fatigue strength is notably reduced in the presence
of hydrogen, which could pose significant challenges in ap-
plications involving mechanical joints [9, 12].

While the above considerations aim to reflect the current state
of knowledge, it must be acknowledged that drawing definitive
conclusions is challenging. This difficulty arises because the
outcomes of experimental studies investigating the effects of hy-
drogen can also depend on the specific hydrogen exposure tech-
niques employed [34, 43].

In metal pipelines conveying hydrogen-blended gas, hydrogen
atoms are generated at the gas/metal interface and diffuse into
the metal lattice, creating a through-thickness concentration
gradient rather than an immediately uniform bulk concentra-
tion. The process begins when molecular hydrogen dissociates at
the internal surface; the resulting atomic hydrogen first adsorbs
onto the metal surface and is then absorbed into interstitial lat-
tice sites, from where it diffuses inward with a flux proportional
to the concentration gradient and the material's diffusivity. At the
same time, microstructural traps (such as dislocations, carbides,
and grain boundaries) capture hydrogen and modify both the ef-
fective diffusible fraction and the spatial profile. For pipeline ge-
ometries and service times of practical interest, this results in a
depth-dependent hydrogen chemical potential and a nonuniform
distribution strongly influenced by pressure, temperature, surface
condition, and trap density.

In laboratory studies, various charging methods can be used to
introduce hydrogen into a specimen. Once hydrogen is absorbed
into the metal lattice, its effect on mechanical behavior does not
depend on the entry route [44]. However, the charging technique
strongly influences the amount of hydrogen uptake, its spatial
distribution, and the presence of traps, which in turn affects ex-
perimental outcomes. For example, electrochemical (cathodic)
charging introduces hydrogen by reduction at the specimen
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surface in an aqueous electrolyte, creating a high surface ac-
tivity that drives inward diffusion. Under typical conditions for
small specimens and sufficiently long charging times, this can
lead to a nearly uniform diffusible hydrogen concentration, es-
pecially if postcharging equilibration is allowed. In contrast,
service exposure often involves ingress from one side of a thick
wall, producing persistent gradients.

In situ mechanical testing in gaseous hydrogen environ-
ments provides a different experimental boundary condition
by maintaining an external hydrogen partial pressure during
loading. Methods such as hollow-specimen tensile rigs, small
high-pressure chambers, or purpose-designed fixtures allow
tests at controlled hydrogen pressures and temperatures
while the mechanical load is applied; the specimen therefore
experiences an ongoing external source of hydrogen during
deformation. For thin or purposely hollowed specimens, the
continuous supply of hydrogen can lead to relatively rapid
equilibration and a near-steady hydrogen concentration during
the test, but for more representative section thicknesses, the
through-thickness profile will still reflect the interplay of gas
pressure, diffusivity, loading duration, and trapping kinetics.
Importantly, in situ testing reproduces the simultaneous pres-
ence of an external hydrogen fugacity and applied stress, so
that phenomena dependent on concurrent adsorption/diffu-
sion and stress (e.g., hydrogen flux to a propagating crack tip)
can be observed directly [45-47].

Precharging to steady state in gaseous hydrogen followed by
immediate ex situ testing represents a further, distinct exper-
imental condition that isolates the influence of hydrogen re-
tained in the bulk from the influence of a continuing external
source. When specimens are exposed to hydrogen at elevated
pressure for long enough to approach local equilibrium (or to
fill available traps), the hydrogen distribution within the mate-
rial may reach a steady state governed by the test conditions;
removing the specimen from the pressure vessel and testing it ex
situ examine mechanical response when the external fugacity
is withdrawn but the internal, trapped and/or dissolved hydro-
gen remains. The mechanical consequences of hydrogen present
prior to loading (pre-charged, ex situ) can differ markedly from
those observed when hydrogen is supplied continuously during
loading (in situ): effects on yield behavior, ductility, crack initia-
tion, and fatigue crack growth rates may be sensitive to whether
hydrogen is being delivered during deformation versus being al-
ready resident in traps or lattice sites [48]. Thus, an experimen-
tal program that deliberately saturates specimens with gaseous
hydrogen and then conducts ex situ fatigue tests probes the dam-
age mechanisms and kinetics relevant to materials containing
retained hydrogen (e.g., after pressurized service or rapid de-
compression) rather than the coupled diffusion-during-loading
phenomena that in situ gas tests reveal [49]. This is the rationale
behind the present investigation.

Hydrogen retained in metals—even in the absence of ongo-
ing charging while cyclic loading is applied—can reduce
fatigue life in the medium-cycle fatigue regime [35] and ac-
celerate fatigue crack growth [3]. The severity of these ef-
fects depends on material class, hydrogen concentration,
microstructure, and loading conditions. Most studies report
detrimental outcomes [50-52], although some mitigating

factors (e.g., hydrogen-trapping precipitates) have been docu-
mented [53, 54]. The proposed mechanisms include hydrogen-
enhanced localized plasticity, hydride formation, and
alterations in both crack initiation and propagation modes, all
of which influence fatigue performance.

Taken together, these considerations explain why different
laboratory hydrogenation methods are not interchangeable:
through-thickness gradients arising from one-sided perme-
ation in service, the degree of homogenization achievable with
cathodic charging, the continuous-supply conditions of in situ
gaseous tests, and the retained-hydrogen state produced by
saturation-then-ex situ testing each establish distinct initial and
boundary conditions that control hydrogen availability at micro-
structural traps and crack tips. Consequently, interpreting fa-
tigue and fracture data requires careful attention to the charging
history, specimen geometry, and trap structure; comparing re-
sults across methods without accounting for these differences
can obscure our understanding.

While the interplay between cracks or defects and fatigue in
metals is well established, a clear gap remains in both data
and comprehensive models describing fatigue behavior in the
absence of cracks/defects—particularly within continuum-
mechanics frameworks [35].

In light of these considerations, this study aims to provide
a systematic and statistically robust assessment of how hy-
drogen exposure influences the medium-cycle fatigue be-
havior of materials commonly used in gas transmission
pipelines. The investigation focuses on ex-service gray cast
iron, ex-service X52 carbon steel, brass, and welded X52 steel,
comparing their fatigue performance in the as-received con-
dition and after controlled hydrogen presoaking designed
to reproduce through-thickness hydrogen-gradient condi-
tions relevant to hydrogen-blended natural-gas pipelines. By
combining long-duration hydrogen exposure with rigorous
fatigue testing and statistical analysis, this work aims to de-
termine whether hydrogen retention and its gradual release
under practical conditions significantly affect fatigue life,
thereby addressing the current gap in quantitative data for
this scenario. Finally, given the specific requirements of this
project, the problem is addressed from a fatigue design per-
spective rather than through microstructural analyses aimed
at elucidating changes in crack initiation and propagation
mechanisms.

2 | Materials and Metallurgy

Atotal of three different metallic materials and one welded steel
were tested under two conditions: without hydrogen exposure
(baseline) and after hydrogen presoaking. The materials in-
cluded ex-service gray cast iron (spun cast), ex-service X52 car-
bon steel, brass, and welded X52 carbon steel. The specimens
were manufactured with their axis parallel to the circumfer-
ential direction of the pipe, since fatigue cracks in pressurized
pipelines generally develop in the longitudinal direction. The
welded samples were fabricated in strict accordance with the
recommendations of BS 4515-1:2009 and were subsequently
ground to create polished, butt-welded dog-bone specimens. No
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postweld heat treatment was applied to relieve residual stresses
induced by the welding process.

For hydrogen exposure testing and hardness measurements, all
sample surfaces were manually ground to a 600-grit SiC finish
to remove scale and surface contamination. For microstructural
characterization, the cast iron specimens were further ground
to 1200-grit and polished using 1-um diamond paste, whereas
the brass and X52 steel specimens were ground to 1200-grit,
polished using 0.25-um diamond paste, and subsequently fin-
ished with an oxide polishing suspension (OPS). On the basis
of typical roughness levels associated with these preparation
routes, the arithmetic mean roughness values were of the order
of Ra~0.1um for the 600-grit ground surfaces, Rax0.02um
after 1200-grit grinding, Ra~0.01-0.02 um after 1-um diamond
polishing, and Rax0.005-0.01 um after 0.25-um diamond pol-
ishing followed by OPS finishing.

All samples were hardness tested using either a Buehler
Micromet micro-hardness tester with an applied load of HV  , or
a Struers Durascan 80 with an applied load of HV, ..

Etched microstructural analysis of the ex-service cast iron re-
vealed elongated, winding graphite flakes embedded within a
heterogeneous metallic matrix (Figure 1a). The morphology and
distribution of these graphite flakes are characteristic of gray
cast iron. Energy-dispersive X-ray spectroscopy (EDX) map-
ping further revealed a complex, multiphase microstructure
consisting of ferrite, pearlite (Fe/Fe,C), graphite flakes, and a
phosphorus-containing eutectic phase (steadite). In addition,
small, bright particles enriched in manganese and sulfur were
detected, indicating the presence of MnS inclusions. The strong
microstructural heterogeneity was reflected in a wide scatter of
hardness values, ranging from approximately 270-430 HV, with
a mean value of about 348 HV, which is fully consistent with the
coexistence of soft ferritic regions, harder pearlitic areas, and
brittle eutectic constituents.

Optical microscopy of the o-/@-brass revealed a two-phase,
zinc-rich alloy microstructure with a mean hardness of 111HV
(Figure 1b). The darker a-phase grains were richer in copper,
whereas the lighter 8-phase grains contained higher zinc con-
tents, consistent with a duplex brass alloy. Scanning electron
microscopy (SEM) coupled with EDX analysis confirmed this
phase partitioning and further revealed the presence of small
lead-rich particles, which were preferentially located at the
a/B phase boundaries. These Pb-rich particles are typical of
free-machining brasses and are known to influence local duc-
tility and damage initiation mechanisms, although no macro-
scopic differences in fracture behavior were observed between
hydrogen-exposed and unexposed specimens in this study.

Optical microscopy of the ex-service X52 steel indicated a fer-
ritic—pearlitic microstructure with a mean hardness of 184 HV.
Nital etching revealed a pronounced banded microstructure
containing pearlite, interphase regions, and grain boundaries,
indicative of process-induced orientations associated with the
manufacturing route of the material. Larger equiaxed grains
were interspersed with regions of finer, elongated grains ar-
ranged in parallel bands, suggesting a warm-forming pro-
cess during pipe production. This processing route resulted in

X52 Carbon Steel (c)
FIGURE 1 | Etched microstructure of the three metallic materials

used in the present investigation. [Colour figure can be viewed at wi-
leyonlinelibrary.com]

flattened ferrite grains and planar pearlite colonies aligned with
the forming direction, as shown in Figure Ic, and is typical of
thermo-mechanically processed pipeline steels.

4
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Microstructural analysis of the welded X52 carbon steel re-
vealed the presence of three distinct regions: the base metal, the
heat-affected zone (HAZ), and the weld metal. The base mate-
rial retained a ferritic-pearlitic microstructure similar to that of
the parent X52 steel, while the HAZ exhibited microstructural
gradients associated with the welding thermal cycle. The weld
region itself was characterized by relatively coarse pearlitic
grains, with a generally uniform distribution of pearlite across
the substrate. EDX mapping indicated locally elevated concen-
trations of manganese (Mn) and sulfur (S), consistent with the
presence of MnS inclusions, and in some cases also revealed
increased aluminum (Al) contents, suggesting the presence
of additional inclusion types. Such MnS inclusions are widely
recognized as potential initiation sites for hydrogen-assisted
cracking and can play a significant role in hydrogen trapping
and damage localization. Hardness measurements across the
welded joint showed no marked differences between the base
metal and the weld region, with a mean hardness of approxi-
mately 175HYV, although slightly higher local values (up to about
200HV) were occasionally observed in the HAZ.

3 | Hydrogen-Soaking and Fatigue Testing

Flanged circular pressure tubes, made from Type 316L stain-
less steel, were commissioned for hydrogen exposure testing
(Figure 2a). These tubes had a length of 1000 mm with a 52-mm
internal diameter, providing space to expose several test sam-
ples to a pure hydrogen gas environment. The tubes were loaded
with test samples, then pressurized with nitrogen gas, emptied,
and then thoroughly flushed with nitrogen gas to remove mois-
ture and any potential gas impurities.

Test specimens were placed inside the tubes (Figure 2b) and
then exposed to high-purity hydrogen gas at a specified pressure
of 8-10bar and ambient temperature.

A rough estimate of the time required to reach a saturated
hydrogen condition was obtained using a simple 1D through-
thickness Fickian diffusion model for a flat plate. The speci-
mens were exposed to hydrogen on the two large faces, so the
characteristic diffusion length was taken as the half-thickness
(i.e., 1mm). Full saturation was defined as 99% of the through-
thickness average concentration. Using representative room-
temperature effective diffusion coefficients, D, the resulting
diffusion-limited saturation times were about 2h for ex-service
X52 steel (D=2.37x10""m?/s [55]), up to 21days for gray
cast iron (D=1x10""2m?/s [56]), and up to 25days for brass
(D=8.2x10"3m?/s [57]). For the flush-ground welded X52
steel, the same diffusion-only model would predict saturation on
hour-to-day timescales if its effective diffusivity is comparable
to that of the base metal (of the order of 1071°-10~°m?/s); how-
ever, the weld metal/HAZ and the grinding process can intro-
duce microstructural heterogeneity, residual stresses, and strong
hydrogen trapping, so the relevant effective D can be orders of
magnitude lower and the apparent saturation time correspond-
ingly much longer—meaning that, for welded specimens, these
estimates are inherently more uncertain and should be treated
as order-of-magnitude only [58]. According to the above theoret-
ical considerations, exposures were carried out for 3-9 months.

After completing the exposure interval, the tubes were purged
again with nitrogen gas, and samples retrieved and stored in liquid
nitrogen to minimize any potential hydrogen loss via outgassing.
To further prevent hydrogen loss during transportation before fa-
tigue testing, the samples were transferred in containers filled with
dry ice and subsequently stored in a scientific freezer at —80°C.

Accurate quantification of hydrogen content, particularly at
low concentrations or near surfaces, required specialized tech-
niques. At the time of this study, these capabilities were not avail-
able in-house, and outsourcing posed a risk of unreliable results
due to delays between exposure and measurement. Although

FIGURE 2 | Pressure tubes and gas flow rack for gaseous hydrogen exposure (a); specimens placed inside a pressure tube prior to exposure to

hydrogen (b). [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE3 | Technical drawing of the fatigue specimen with nominal dimensions in millimeters (a), fatigue testing machine (b), mechanical grips
(c), and example of a brass specimen broken under fatigue loading (d). [Colour figure can be viewed at wileyonlinelibrary.com]

preliminary hydrogen concentration data were obtained, they
were deemed unreliable and therefore excluded from this anal-
ysis. Consequently, hydrogen concentration measurements are
not reported here.

To assess the fatigue behavior of the materials of interest, in-
cluding the welded steel under consideration, fatigue speci-
mens were manufactured as per the technical drawing shown
in Figure 3a. The specimen design [59] was optimized to ensure
compact dimensions, facilitating effective soaking and easy
transport. The dog-bone specimens seen in Figure 3 were de-
signed with a net stress concentration factor, K, of 1.01 [60]. For
the transversely butt-welded specimens, the welds were ground
flush to the plate surface to eliminate any potential effects as-
sociated with localized stress concentration phenomena at the
weld toes.

Fatigue tests were conducted using a 25-kN servo-hydraulic
Walter+Bai fatigue testing machine (Model LFV-25-ME),
controlled via the Walter+Bai PCS8000 Digital Controller
(Figure 3b). The fatigue tests were performed by clamping the
samples using 25-kN fatigue-rated mechanical grips (Figure 3c).

Axial loading fatigue tests were carried out in load control mode
at a frequency of 10 Hz. Lower fatigue loading frequencies in the
presence of hydrogen promote accelerated crack growth and in-
creased embrittlement, owing to enhanced hydrogen diffusion
and accumulation at the crack tip [3, 61]. A testing frequency
of 10 Hz represents a practical compromise [47, 61-63]: it is suf-
ficiently high to minimize the duration of fatigue testing while
still allowing hydrogen-assisted degradation to be observed in
susceptible materials, and it remains representative of pipeline
loading conditions [61]. Nevertheless, caution is required when

Fatigue & Fracture of Engineering Materials & Structures, 2026

858017 SUOWWOD BAIR.D 8(cedljdde 8y} Aq peusenob a.e s9joile VO ‘88N JO S8|nJ 0} AkeiqiTauljuO AB[IA UO (SUOTIIPUOO-PUE-SWIBIALO0D" AB | 1M AJeiq U [Uo//Sdny) SUDIIPUOD pue SWe 1 8y} 89S *[9202/£0/92] Uo Akeiq)aulluo A8|IM ‘AseAluN We|eH PRIRYS AQ 29202 91/TTTT OT/I0p/W00 A3 | 1M ARIq Ul |UO//SdNy W1} pepeojumod ‘0 ‘S69209%T


https://onlinelibrary.wiley.com/

extrapolating these results to real-world conditions, particularly The failure criterion was defined as the complete fracture of
for components operating at very low frequencies in hydrogen- the samples, as illustrated in Figure 3d. Owing to the very lim-
containing environments [47]. ited net width of the specimens (5mm), direct observations by

TABLE1 | Summary of the generated experimental results in terms of Ag, ;.. k, and T_ for different hydrogen-soaking periods.

Material Soaking time (months) Number of specimens Agc 5o, (MPa) k T,
Steel 0 18 449.8 53.3 1.057
3/4 15 445.2 55.7 1.032
5 15 435.6 36.1 1.097
9 9 431.6 35.0 1.194
Welded steel 0 15 446.4 46.6 1.139
3/4 10 364.1 14.7 1.671
9 7 376.5 14.9 1.417
Cast iron 0 15 61.1 8.2 1.437
3/4 9 73.5 9.9 1.433
9 9 85.7 17.3 1.182
Brass 0 10 186.1 6.1 1.468
9 8 229.1 12.4 1.210
Steel - Baseline Data Steel - 3/4 Month Soaking
600 600
# Run Out # Run Out
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[MPa] MPa] = == | peto%
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FIGURE 4 | Fatigue results generated by testing un-soaked (a) and hydrogen-soaked specimens (b-d) of X52 carbon steel.
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optical microscopy showed that, for these geometries, crack ini-
tiation accounted for at least 95%-98% of the total fatigue life,
and this behavior was consistently observed for all the materials
investigated. Accordingly, the adopted failure criterion can be
considered representative of the crack initiation life, with crack
propagation contributing only marginally and therefore not
significantly affecting the measured fatigue life. Run-out tests
were stopped when the number of cycles reached 2x10°. For
the welded specimens, fatigue cracks were observed to initiate
and propagate in the HAZ, both in the unsoaked and hydrogen-
soaked conditions.

Given that the structural components of gas networks are typi-
cally pretensioned, fatigue specimens were tested under a load
ratio(R=o_, /o,.) of 0.1. This experimental approach allowed
to simulate realistic in-service loading conditions, enabling the
investigation of the combined effects of hydrogen and nonzero
mean stress. As hydrogen primarily affects the fatigue behav-
ior of metallic materials in the low-to-medium cycle fatigue
regime [35], fatigue data were generated within the range of
103-2x 10°cycles to failure.

Since, according to the JSME S 002-81 Standard Method of
Statistical Fatigue Testing developed by the Japan Society
of Mechanical Engineers, the recommended approach to
determining an S-N curve is based on tests of eight specimens,

the experimental program was conducted using at least eight
samples for each material and condition investigated (see
Table 1).

To assess the impact of hydrogen on the fatigue behavior of the
investigated materials, including the welded steel, a series of fa-
tigue curves were determined experimentally. Reference (base-
line) fatigue curves were generated from unsoaked specimens
tested in their as-received condition. Additional curves were
generated for specimens soaked in hydrogen for durations rang-
ing from 3 to 9 months.

4 | Fatigue Results: Statistical Reanalyses and S-N
Curves

Figures 4-7 present the S-N curves determined by postpro-
cessing the experimental results obtained using the procedure
outlined in Section 3. Using the standard approach recom-
mended by ASTM [64], the experimental data were statisti-
cally reanalyzed assuming a log-normal distribution of cycles
to failure at each stress level, with a 95% confidence level.
The results of these analyses are summarized in Figures 4-7
in terms of negative inverse slope, k, endurance limit range,
AT 5oq AL 2X 10°cycles to failure for a probability of survival,
Py, equal to 50%, and scatter ratio of the endurance limit range
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FIGURE 5 | Fatigue results generated by testing unsoaked (a) and hydrogen-soaked specimens (b, c) of welded X52 carbon steel.
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(at 2x10%cycles to failure) for 90% and 10% survival proba-
bilities, T [65, 66]. These statistical analysis results are also
reported in Table 1.

The results from testing as-received and 3/9 months hydrogen
soaked X52 specimens reveal several key findings. First, the
S-N curves generated for both types of specimens (see Figure 4
and Table 1) exhibit exceptionally high negative inverse slope
values, ranging from 35.0 to 55.7. These values are signifi-
cantly larger than those typically observed in conventional

Cast Iron - Baseline Data
300

metallic materials, which usually display k values between 8
and 12 [67]. Second, the level of scatter in the data tends to
increase slightly with longer soaking times. Third, according
to Table 1, both Ag, 5, and k decrease with increasing soak-
ing time, with the reduction in endurance limit for a 9-month
soaking period being approximately 4.2%. Having observed
these relevant aspects, it is important to conclude by noting
that the trends observed in Table 1 for steel are influenced not
only by the hydrogen-soaking process but also by the varying
sizes of the statistical samples.
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FIGURE 6 | Fatigue results generated by testing unsoaked (a) and hydrogen-soaked specimens (b, ¢) of cast iron.
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FIGURE 7 | Fatigue results generated by testing unsoaked (a) and hydrogen-soaked specimens (b) of brass.
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Based on the results generated by testing as-received and the recommended value of 5 for fatigue assessment, as out-
soaked X52 steel welds, the most relevant considerations/out- lined in both Eurocode 3 [68] and the International Institute
comes are summarized as follows. The S-N curves for both of Welding [69]. A notable increase in scatter was observed
as-received and hydrogen-soaked specimens (see Figure 5 and with longer soaking times, with the T values being close
Table 1) exhibited exceptionally large negative inverse slopes, to the commonly observed unifying value of 1.5 for fatigue
ranging from 14.7 to 46.6. These values significantly exceed curves of steel welded joints [70, 71].
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FIGURE 8 | Experimental results generated by testing soaked specimens versus baseline scatter band determined from specimens tested in the
as-received condition for unwelded (a) and welded (b) X52 carbon steel.
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The values reported in Table 1 reveal a decreasing trend in both
Ao 54, and k with increasing soaking time. This trend is partic-
ularly pronounced for the endurance limit, Ao 5, which de-
creased by 18.6% after 9months of soaking. The trends observed
in Table 1 are influenced not only by the hydrogen soaking pro-
cess but also by variations in sample size.

As far as cast iron is concerned (see Figure 6 and Table 1),
the S-N curve for as-received specimens exhibited a negative
inverse slope value typical of conventional metallic materi-
als, falling within the range of 8-12 [67]. A slight decrease in
scatter was observed with increasing soaking time, though
this trend appears random and unrelated to any specific

physical process. Table 1 reveals an increasing trend in both
Ao 50 and k with increasing soaking time, influenced by
both the hydrogen soaking process and variations in sam-
ple size.

Similarly, for brass specimens (see Figure 7 and Table 1), the
S-N curve for as-received specimens exhibited a negative in-
verse slope value typical of conventional metallic materials [67].
A slight decrease in scatter was also observed with increasing
soaking time. The values reported in Table 1 indicate an increas-
ing trend in both Ao, 5, and k with increasing soaking time,
influenced by both the hydrogen soaking process and variations
in sample size.
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FIGURE 9 | Experimental results generated by testing soaked specimens versus baseline scatter band determined from specimens tested in the

as-received condition for cast iron (a) and brass (b).
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5 | Unsoaked Versus Hydrogen-Soaked Fatigue
Behavior

In situ fatigue testing under hydrogen pressure better captures
mechanisms such as oxide film fracture at the crack tip and
stress-assisted hydrogen transport ahead of the crack, en-
abling continuous hydrogen absorption during propagation.
Our ex situ approach, while not reproducing these dynamic
effects, remains relevant for components that absorb hydrogen
in service and are later fatigued without an external hydrogen
source. Specifically, regarding crack initiation under fatigue
loading, the detrimental effect of hydrogen is influenced by
microstructural features, temperature, pressure, and loading
frequency. While hydrogen appears to slightly affect medium-
cycle fatigue behavior, its impact on high-cycle fatigue is
negligible.

Based on these experimental findings, the fatigue testing
protocol was designed with the following considerations. As
structural elements in gas networks are pretensioned, both
as-received and hydrogen soaked specimens were tested
under a load ratio of 0.1. This load ratio allowed for the ef-
fective investigation of the combined effects of hydrogen and
non-zero mean stresses. To focus on the low/medium cycle
fatigue regime where hydrogen exhibits a more significant
influence [35], fatigue tests were conducted in the range of
103-2x 108 cycles to failure.

The rigorous statistical procedure recommended by the ASTM
[64] was implemented to post-process the experimental results
being generated. By assuming a log-normal distribution of the
number of cycles to failure for each stress level and a 95% con-
fidence level, the results were summarized in terms of negative
inverse slope (k), endurance limit range (AGO’SO%), and scatter
ratio (T,).

The correlation between experimental results from soaked spec-
imens and the corresponding baseline scatter bands, derived
from as-received specimens, is illustrated in the S-N diagrams
presented in Figures 8 and 9. These S-N diagrams demonstrate
that the experimental results obtained from hydrogen-soaked
specimens all fall within the baseline scatter band determined
by postprocessing the results from as-received specimens. The
only exception is the experimental point that falls outside the
reference scatter band in Figure 8b. Further microstructure
investigations showed that this point corresponds to a speci-
men containing a weld defect, which significantly reduced its
fatigue life. However, as the aim of this investigation was to
assess the fatigue behavior of metallic materials in the presence
of hydrogen from a continuum mechanics perspective rather
than a fracture mechanics approach, the effect of internal de-
fects was not explored further. Nevertheless, since defects are a
common issue in welded joints, the interplay between fatigue,
hydrogen, and defects in weldments warrants further struc-
tured investigation.

The considerations discussed above suggest that, for the mate-
rials investigated, the hydrogen absorbed and trapped through
the proposed experimental procedure had a negligible impact.
This is confirmed by the fact that all experimental results for

hydrogen-soaked specimens fall within the corresponding base-
line scatter bands as seen in the S-N charts of Figures 8 and 9.

In terms of fatigue design, the implications of the last conclu-
sion can be understood by recalling that, according to best
practices for fatigue design and assessment [72-74], fatigue
life is recommended to be estimated by referring to a fatigue
curve determined experimentally for a probability of survival
of at least 97.7%. Furthermore, the strength associated with
this fatigue curve should be further penalized by adopting
suitable safety factors, with the characteristics and values
of these safety factors depending on the specific application.
Accordingly, the design curve derived according to this proce-
dure is characterized by an adequate level of safety. Recalling
this common approach to fatigue assessment, it can be pointed
out that the results generated by testing the hydrogen-soaked
specimens are seen to fall within the corresponding 90%-10%
scatter bands determined from as-received specimens. These
findings suggest that, under the specific hydrogen-charging
procedure and fatigue testing conditions adopted, safe fa-
tigue life estimates can be obtained for the hydrogen-soaked
specimens by adopting design curves determined by post-
processing the results generated by testing the specimens in
the as-received condition.

6 | Conclusions

In this work, the effect of hydrogen presoaking on the medium-
cycle fatigue behavior of selected pipeline materials was system-
atically investigated using controlled exposure and statistical
analysis. Based on the experimental findings, the following con-
clusions can be drawn for the specific hydrogen-charging proce-
dure and fatigue testing conditions considered.

« Under the hydrogen presoaking conditions employed, ab-
sorbed hydrogen had only a negligible influence on the
medium-cycle fatigue behavior of the tested materials.

« Both Ac and k vary with increasing soaking time.

0,50%

+ The variation of Ac, ..., k, and T_with soaking time is in-
fluenced by both the hydrogen soaking process and differ-
ences in sample size.

« The fatigue performance of hydrogen-soaked specimens re-
mained within the scatter bands established for as-received
specimens, suggesting that additional design allowances for
hydrogen may not be necessary under similar pre-soaking
conditions.

» These findings apply to ex situ testing after hydrogen expo-
sure and do not capture mechanisms active during in situ
fatigue under hydrogen pressure, where crack-tip oxide
fracture and stress-assisted hydrogen transport can signifi-
cantly influence crack propagation.

Nomenclature
k negative inverse slope

N;  number of cycles to failure
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N, numberofcycles to failure used to extrapolate the endurance limit
Py probability of survival

R load ratio R=o_, /o, )

T,  scatter ratio of the endurance limit range for 90% and 10% proba-

bilities of survival
Ao stressrange

Ao, range of the endurance limit extrapolated at N,
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Appendix A
Statistical Derivation of Fatigue Curves

In a log-log representation (Figure A1), fatigue curves are commonly
approximated by straight lines and can therefore be expressed using the
following classical Wohler-type relationship:

Ac®-N;= Ack N, (A1)

where Ag,, denotes the endurance limit extrapolated at N, cycles to
failure.

In practice, fatigue curves are typically obtained by means of a linear
least squares regression, carried out under the assumption that the
number of cycles to failure follows a log-normal distribution at any
given stress range (Figure Al) [65]. On this basis, for a given experi-
mental dataset, the median (50% probability of survival) fatigue curve is
identified by estimating the constants C, and C, in the following linear
regression model:

logN;=C, +C, -log Ac (A2)

in which Ao is treated as the independent variable and N, as the depen-
dent variable.

Let the number of experimental points used to fit Equation (A2) be n.
For the i-th specimen (i=1, 2, ..., n), the applied stress range is Ao, and
the corresponding measured number of cycles to failure is N, Usmg
the least squares criterion, the regression coefficients C; and C can be
computed as follows [75]:

Y (log Ac; —x) - (logNg; — yin)
C, = i=1 . (A3)
; (log Ac; XnJ
Co=¥m—Cy X (A4)
with
l; log AG :ZlOngl (AS)
Xm = ;Ym =
n n
A
50%~, ?:\
90% O\O\ 0 NN S \ |
97.7%> ~ 0|
1 \ m ~ ~ [ :\!
— =1
~>Q Q-
k NSN3~ YAcos0%
1ACA 97.7%
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log N¢

FIGURE Al | Log-log S-N diagram and S-N curves constructed
for different probabilities of survival. [Colour figure can be viewed at
wileyonlinelibrary.com]
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Once C, and C, are determined, the negative inverse slope k and the
endurance limit Ao, extrapolated at N, cycles to failure for a 50%
probability of survival can be obtained by rewriting Equation (Al) in
the form of Equation (A2), which yields the following:

10%
k= —Cy; Aoy soy = N (A6)
0

To characterize the scatter of the experimental results, the correspond-
ing standard deviation is first evaluated using the following conven-
tional expression:

2
S Ac,s0% 2
X [log N —logNo (232 ) ] (A7)

n—1

S =

The standard deviation s can then be used to estimate the endurance
limit at N, cycles to failure for probabilities of survival equal to P% and
(1—-P)%, respectively (Figure Al), namely,

1

Ny k
AGypy = Ao, R [P (A8)
0.P% 0,50% [1olog(No) +q's]
N 1
k
Acyq-_pg = AGgsoz - [—0 ] (A9)
lolog(NO)—qzs

In Equations (A8) and (A9), q is a statistical factor that depends on the
selected confidence level, the target probability of survival, and the sam-
ple size [72, 76].

Finally, it is important to note that the curves corresponding to proba-
bilities of survival P% and (1 — P)% share the same negative inverse slope
k as the median (50%) Wohler curve, as given by Equation (A6).
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