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Abstract

This study investigates hydrogen-assisted fatigue crack growth (FCG) in vintage pipeline
steels to quantify grade-dependent degradation under hydrogen—natural gas blending
conditions. Fatigue behavior was evaluated using compact-tension specimens extracted
from API X52 and X70 pipeline steels and tested in natural gas-hydrogen mixtures at a total
pressure of 6.9 MPa and ambient temperature. Hydrogen concentration was systematically
varied from 0% to 100% H, to assess its influence on crack-length evolution, fatigue crack
growth rate, and fracture morphology. Crack propagation was characterized as a function
of the stress-intensity-factor range, and scanning electron microscopy was used to examine
hydrogen-induced changes in fracture mechanisms. The results demonstrate that FCG
accelerates as hydrogen concentration increases, with a strong dependence on steel grade.
X70 exhibited substantially greater hydrogen-induced FCG acceleration than X52, despite
showing better fatigue resistance under hydrogen-free conditions. Fatigue life reductions
approached 60% for X70 at 100% hydrogen, compared with approximately 30% for X52
under the same conditions. Significant early-life sensitivity was observed in X70 even at
low hydrogen concentrations, whereas X52 showed more pronounced acceleration during
later stages of crack growth. The influence of hydrogen was nonlinear and tended to
stabilize at elevated blend fractions, indicating a saturation-type response once hydrogen-
assisted crack growth became dominant. Fractographic analyses revealed a transition
from ductile tearing in natural gas environments to terrace- and facet-controlled crack
propagation in hydrogen-rich environments, accompanied by secondary cracking and
river-pattern features. These findings demonstrate that hydrogen—natural gas blending
can significantly alter fatigue crack growth behavior and relative material performance in
pipeline steels, highlighting the need for grade-specific integrity assessment of existing
pipeline infrastructure.

Keywords: hydrogen-embrittlement; fatigue crack growth; blended gas; fractography;
pipeline steels

1. Introduction

Interest in hydrogen as a low-carbon energy carrier has renewed attention to the
integrity of existing natural gas transmission infrastructure. One near-term deployment
strategy is blending hydrogen with natural gas in steel pipelines originally designed for
methane service. While hydrogen—natural gas (H,—-NG) blending can reduce greenhouse
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gas emissions without immediate system replacement, it also introduces material degrada-
tion mechanisms not encountered under conventional natural gas operation. Among these,
hydrogen-assisted fatigue crack growth (HA-FCQG) is a critical failure mode for pipelines
subjected to repeated pressure fluctuations during service [1-3].

Transmission pipelines experience repeated pressurization and depressurization dur-
ing routine operation, start-—stop events, and transient flow conditions. These loading cy-
cles can promote fatigue crack initiation and propagation from pre-existing flaws such as
manufacturing defects, weld discontinuities, corrosion pits, or service-induced damage. In
hydrogen-containing environments, the interplay between cyclic plastic deformation and hy-
drogen transport to the crack tip can significantly alter crack-growth behavior. Hydrogen may
reduce crack-tip ductility, suppress crack closure, and promote localized damage processes
that accelerate fatigue-driven failure [4,5]. Consequently, fatigue crack growth in hydrogen
environments is governed by coupled mechanical, metallurgical, and environmental effects,
making direct extrapolation from hydrogen-free fatigue behavior unreliable [6].

Previous studies have shown that hydrogen gas can accelerate fatigue crack growth in
pipeline steels, with sensitivity depending on material strength, microstructure, hydrogen
pressure, and loading conditions [7]. Higher-strength pipeline steels are often reported to
be more susceptible to hydrogen than lower-strength grades under comparable exposure
conditions. However, much of the available literature has focused on pure hydrogen envi-
ronments, limited hydrogen concentrations, or individual steel grades, which provides an
incomplete basis for evaluating pipelines operating under hydrogen—natural gas blending
scenarios [8,9]. In particular, systematic fatigue crack growth data across a wide range of
hydrogen blend ratios at fixed total pressure remain limited.

Another important limitation is the lack of direct comparison between service-aged
pipeline steels tested under identical environmental and loading conditions. Existing
pipeline infrastructure contains materials from different production eras, steel grades, and
service histories, and these differences can strongly influence hydrogen sensitivity [10-12].
Grade designation alone may not fully represent fatigue resistance because crack-growth
behavior is affected by microstructural features such as ferrite—pearlite banding, bainitic
constituents, inclusions, local hardness variations, and crack-path orientation [11,13-15].
Therefore, evaluating vintage pipeline steels under controlled H,—NG blend conditions
is essential for understanding how hydrogen affects real pipeline materials rather than
idealized laboratory heats.

From a failure-analysis perspective, measuring crack growth rates alone is not suffi-
cient to fully explain hydrogen-assisted fatigue behavior. Fractographic evidence provides
critical insight into how hydrogen changes the crack-growth mechanism at the crack tip. In
hydrogen-free environments, fatigue crack growth is generally associated with ductile tear-
ing, crack-tip blunting, and tortuous crack paths. In contrast, hydrogen-rich environments
can promote more localized crack advance, secondary cracking, terrace-like features, quasi-
cleavage-like facets, and river-pattern markings [16,17]. These fracture-surface features
help explain why crack growth accelerates and why different steel grades may respond
differently to the same hydrogen exposure.

The present study addresses these gaps by experimentally investigating hydrogen-
assisted fatigue crack growth in vintage API X52 and X70 pipeline steels under controlled
hydrogen—natural gas blending conditions. The novelty of this work lies in the direct compar-
ison of service-aged X52 and X70 steels under identical loading and environmental conditions
across six hydrogen concentrations ranging from 0% to 100% Hj. Unlike previous studies
that primarily examined pure hydrogen, limited blend ratios, or individual steel grades, this
study integrates crack-length evolution, da/dN-AK behavior, hydrogen sensitivity at fixed
AK, SEM fractography, and comparison with the ASME B31.12 design curve. This approach
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enables direct assessment of grade-dependent hydrogen sensitivity, performance reversal, and
nonlinear concentration effects under H,—NG blending conditions.

By focusing on experimental crack-growth behavior and fractographic evidence, this
study provides an integrity-relevant basis for assessing hydrogen compatibility of existing
pipeline steels under Hy—NG blended service. The findings clarify how hydrogen concen-
tration affects fatigue life, crack-growth rate, and fracture mechanism, and they highlight
the need for grade-specific assessment strategies when considering the reuse or continued
operation of natural gas pipelines for hydrogen-containing gas mixtures.

2. Literature Review

Hydrogen transport through steel pipeline infrastructure has been studied for decades,
but the rapid growth of hydrogen-driven decarbonization pathways has renewed attention
on fatigue-controlled integrity rather than solely on monotonic fracture resistance. In
transmission pipelines, cyclic pressure fluctuations, start—stop operations, and transient
events generate numerous load cycles that can be exacerbated by fabrication defects, weld
discontinuities, corrosion pits, and service-induced flaws. Under these conditions, the
governing failure process is often subcritical crack propagation rather than immediate
instability. A broad consensus has therefore emerged that HA-FCG is among the most
critical degradation mechanisms for assessing fitness-for-service in Hy-NG blended opera-
tion [18]. Compared with air or inert environments, gaseous hydrogen can increase crack
growth rates, modify crack-closure behavior, and alter fracture-surface morphology. These
effects depend on the coupled roles of hydrogen availability (pressure/partial pressure
and purity), loading history (R-ratio, frequency), and metallurgical state (microstructure,
inclusions, weld /HAZ heterogeneity) [10,19,20].

Large, coordinated experimental programs and code development efforts have built
an integrity-relevant database of pipeline steels tested under gaseous hydrogen. These
efforts include systematic CT-specimen measurements under controlled hydrogen pres-
sures, comparative testing across multiple grades and heats, and targeted studies of weld
regions and heat-affected zones. The resulting datasets have supported both mechanistic
understanding and code-oriented bounding curves for design and screening [10,21,22].
In this context, X52 and X70 are particularly important: X52 represents a large share of
legacy infrastructure and remains a candidate for repurposing, while X70 is widely used in
modern transmission systems and is central to any future expansion of hydrogen capacity.
The following review synthesizes the literature relevant to these grades, with emphasis on
hydrogen-assisted fatigue crack growth behavior, steel-grade dependence, microstructural
effects, and H,—NG blending conditions.

2.1. Hydrogen-Assisted Fatigue Crack Growth in X52 Pipeline

A substantial body of literature demonstrates that X52 pipeline steel exhibits measur-
able hydrogen-induced acceleration of fatigue crack growth under cyclic loading compared
with air or inert environments, confirming that cyclic loads can be a more limiting integrity
consideration than fixed loads [19,23,24]. Numerous experimental datasets further indi-
cate that the hydrogen effect is strongly AK-regime dependent. Hydrogen-assisted FCG
acceleration is most pronounced in the near-threshold to lower Paris regimes, where crack
advance is governed by crack-tip plasticity and hydrogen transport kinetics. But at higher
AK values, the crack-driving force becomes dominant, and the relative environmental
influence may diminish [25-27]. This regime dependence is particularly relevant from a
failure-analysis perspective because remaining pipeline life is often dominated by crack
propagation through intermediate AK ranges once an initial defect has exceeded the incu-
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bation stage; consequently, even modest hydrogen-induced acceleration within a specific
AK window can result in a disproportionate reduction in fatigue life.

Hydrogen pressure and loading frequency are repeatedly identified as primary control
variables in testing and interpreting hydrogen-assisted FCG. Comprehensive reviews
and experimental syntheses of pipeline steels report that increasing hydrogen pressure
generally increases crack growth rates, although the relationship is often nonlinear and
may approach saturation at higher pressures, consistent with transport-limited or crack-
tip kinetic constraints [23,28,29]. Time-dependent effects are also well documented, with
lower cyclic frequencies producing greater acceleration due to increased time for hydrogen
redistribution and accumulation within the crack-tip process zone during each loading
cycle [19,24]. This trade-off between enhanced hydrogen sensitivity at low frequencies
and prohibitive experimental duration has influenced the design of modern high-pressure
hydrogen fatigue facilities, in which frequencies on the order of 1 Hz are commonly used
to balance sensitivity and practicality [11,24,30].

A critical theme across X52 studies is that the API grade designation does not cor-
respond to a single metallurgical condition. Microstructural features, including ferrite—
pearlite fraction, banding severity, inclusion content, grain size, and precipitation state,
can vary widely between heats and across vintages, and these variations influence hy-
drogen trapping and crack-path behavior [11,13,14]. Comparative programs involving
vintage and modern line pipe show that steels of similar nominal grade may respond
differently to hydrogen exposure, particularly in the low-AK regime, where microstructural
barriers and crack-tip hydrogen activity strongly control propagation [29]. These obser-
vations underscore that integrity assessment for repurposed pipelines must be grounded
in material-specific characterization, including microstructure, hardness distribution, and
weld condition, rather than grade designation alone.

As near-term deployment scenarios increasingly consider blending hydrogen into
natural gas, an important development in the literature is the emergence of fatigue crack
growth datasets in Hy—CH4 mixed-gas environments. These studies provide two key
insights relevant to integrity. First, even relatively low hydrogen fractions can measurably
influence crack growth behavior compared with methane baselines, indicating that dilution
does not eliminate hydrogen-assisted fatigue risk. Second, the influence of hydrogen
blending is both AK-dependent and location-dependent. Recent work by Chandra, et al. [31]
assessed X52 seam weld regions under 1, 5, and 10 mol% H; in CHy and reported that
the lowest blend composition remained close to baseline behavior over portions of the AK
range, whereas higher hydrogen fractions produced consistently elevated crack growth
rates relative to methane across the investigated regime. These findings align with the
broader concept that hydrogen effects become more pronounced once crack-tip conditions
exceed a regime-dependent threshold and underscore that integrity assessments under
blended service should not assume a single, constant acceleration factor across all crack
sizes and driving forces.

Complementary vintage-pipeline investigations by Agnani, Ronevich, Parker, Gagliano,
Potts and San Marchi [12] likewise emphasize the critical role of weld-region heterogeneity
and local hardness variations in governing fatigue crack growth in hydrogen-containing
environments. Collectively, the X52 literature indicates that robust integrity assessment re-
quires both a realistic representation of the gas environment, including hydrogen blending
and purity control, and explicit consideration of the crack-path microstructure, particularly
for legacy pipeline systems.
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2.2. Hydrogen-Assisted Fatigue Crack Growth in X70 Pipeline

X70 steel is widely used in modern transmission pipelines for its favorable strength-
to-weight ratio and material efficiency. However, higher-strength pipeline steels are often
considered more susceptible to hydrogen-assisted degradation due to altered crack-tip
plasticity, refined or heterogeneous phase morphologies, and potentially higher densities
of hydrogen-trapping sites and stress concentrators. Under comparable crack-tip con-
straint, the peak hydrostatic tensile stress within the plastic zone scales approximately
with the yield strength of the steel. This higher stress increases the chemical-potential
driving force for hydrogen transport and accumulation near the crack tip, which may
contribute to the greater hydrogen sensitivity of higher-strength steels. However, the
resulting crack-tip hydrogen concentration also depends on microstructural trapping, dif-
fusivity, and environmental conditions. Consequently, the literature on X70 emphasizes
both comparative assessments relative to lower-strength grades and heat-to-heat variability
within X70 [15,32].

Experimental investigations consistently report that X70 exhibits hydrogen-accelerated
fatigue crack growth in hydrogen-containing environments compared with air or inert en-
vironments. Hydrogen exposure is also associated with distinct changes in fracture-surface
morphology, often described as a transition from ductile fatigue striations toward more
brittle-appearing morphologies characterized by increased secondary cracking and quasi-
cleavage-like features under higher hydrogen availability [32]. These fracture-mode transitions
are commonly interpreted as signatures of hydrogen-enhanced damage processes operating
at the crack tip and are central to failure analysis because they indicate reduced crack-tip
blunting and altered crack-propagation mechanisms in hydrogen-containing environments.

Modern X70 steels are typically produced via thermomechanical controlled process-
ing, yielding complex microstructures that may include polygonal ferrite, acicular ferrite,
bainitic constituents, and heterogeneous carbide distributions. Studies of microstructure-
dependent hydrogen embrittlement and fracture behavior in X70 show that susceptibility
cannot be inferred solely from strength. Instead, phase morphology, microstructural re-
finement, and hydrogen-trapping characteristics govern the extent to which hydrogen
accelerates fatigue crack propagation [15]. These observations align with comparative
program results showing that within-grade variability can be substantial and that the
relative ranking of crack-growth behavior between steels may change with environment
and AK regime [10].

Weld and heat-affected-zone (HAZ) behavior critically influences the integrity of X70
pipeline steels in hydrogen service, particularly because of pronounced local gradients
in hardness, residual stress, and transformation products. Although X70-specific weld
fatigue datasets vary with weld process, joint geometry, and notch placement, existing
studies consistently show that fatigue crack growth rate can differ markedly within a
single joint, depending on whether the crack propagates through parent pipe, weld metal,
or specific HAZ subregions. Residual stress and strength mismatch further modify the
effective crack driving force, thereby influencing observed crack growth behavior under
hydrogen exposure [33]. These findings underscore the need to treat weld microstructures
as primary contributors to hydrogen-assisted fatigue risk rather than secondary modifiers.

Blend-focused studies on X70 are particularly relevant to near-term hydrogen—natural
gas deployment strategies. In an investigation, Chandra, Thodla, Prewitt, Matthews and
Sosa [33] examined X70 with 1, 5, and 10 mol% Hj in methane and reported elevated fatigue
crack growth rates relative to methane-only conditions across all evaluated notch locations.
The magnitude of acceleration depended on both AK and microstructural location. An
important implication of this work is that microstructural distinctions are more pronounced
at lower hydrogen blend levels, whereas at higher hydrogen contents the response tends to
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converge toward a uniformly accelerated crack-growth regime, effectively compressing
the ranking among locations as hydrogen becomes the dominant factor. From an integrity
perspective, this behavior suggests that early-stage blending may preferentially expose
location-specific vulnerabilities, whereas higher hydrogen fractions may drive the entire
system toward an elevated crack-growth envelope.

Overall, the X70 literature indicates that robust fatigue integrity assessment in
hydrogen-containing environments requires simultaneous consideration of hydrogen avail-
ability (including blended gas composition), the AK regime, and location-specific metallurgy.
These findings motivate comparative experimental programs to evaluate X52 and X70 steels
under identical loading and environmental conditions, thereby isolating the effects of grade,
microstructure, and weld heterogeneity on hydrogen-assisted fatigue crack growth [10,22].
However, despite the widespread deployment of X70 in modern transmission pipelines,
fatigue crack growth data for this grade in gaseous hydrogen and hydrogen-natural gas
blends remain limited compared with those for lower-strength pipeline steels.

2.3. Integrity Assessment and Need for Controlled Blend Data

Reliable assessment of hydrogen-assisted fatigue crack growth in pipeline steels re-
quires engineering references that account for the combined effects of hydrogen exposure,
cyclic loading, and material variability. A prominent outcome of coordinated hydrogen
pipeline research programs is the development of conservative fatigue crack growth repre-
sentations for gaseous hydrogen intended for integrity screening and code application [27].
These approaches typically preserve a Paris-law form, or a piecewise equivalent, with
hydrogen effects incorporated through modified parameters or bounding curves. Such
curves are useful for screening because they provide conservative fatigue crack growth
inputs when detailed material-specific data are unavailable. However, generalized design
curves may mask heat-to-heat variability, grade dependence, weld-region effects, and
microstructural differences that are clearly observed in experimental studies.

The technical basis for hydrogen pipeline design guidance has been documented in
ASME contexts, including the development and rationale for fatigue crack growth rules
incorporated in ASME B31.12 [21,34]. These discussions emphasize the role of conservative
bounding approaches in supporting safe hydrogen pipeline design and early deployment.
However, code-based curves are not intended to replace material- and condition-specific
fatigue crack growth characterization when higher-fidelity assessment is required, particu-
larly for existing pipelines with different production histories, steel grades, weld conditions,
and service exposure.

For hydrogen-natural gas blending, the need for controlled experimental data is
especially important because crack growth behavior may depend on hydrogen partial
pressure, total pressure, blend ratio, loading frequency, load ratio, AK regime, and local
metallurgical condition. Existing datasets for X52 and X70 steels remain fragmented
across different test protocols, specimen orientations, gas compositions, and material states.
Therefore, direct experimental comparison of vintage X52 and X70 steels under identical
H,-NG blend conditions is necessary to clarify grade-dependent hydrogen sensitivity and
to evaluate whether generalized screening curves remain conservative across the relevant
crack-growth regimes.

3. Methodology
3.1. Specimen Preparation

Carbon-steel pipes commonly used for natural gas transmission were investigated
in this work, focusing on API X52 and X70. These grades were selected to represent two
practically important classes of existing pipeline infrastructure: X52 as a lower-strength
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legacy grade widely used in older transmission systems and X70 as a higher-strength grade
relevant to modern pipeline construction. Both materials were retrieved from field pipelines
that had remained in service for approximately 40-50 years, enabling evaluation of service-
aged steels rather than laboratory-produced materials. Original manufacturing records
were unavailable; therefore, the exact manufacturing routes could not be independently
confirmed. The materials were characterized using their measured chemical compositions,
tensile properties, and optical microstructures. The X52 material was obtained from a
36-in.-outer-diameter pipe with a wall thickness of 0.406 in., whereas the X70 material
originated from a 30-in.-outer-diameter pipe with a wall thickness of 0.460 in. For each
grade, a short nipple section was removed from the parent pipe and axially sectioned into
a 12-in.-long segment to serve as the stock material for subsequent specimen fabrication.

Compact-tension (CT) specimens were cut from axially sectioned pipe nipples and
machined per ASTM E647-24 for fatigue crack growth (FCG) testing [35]. For both X52
and X70, the CT specimens were machined so that the crack direction aligned with the
pipe’s longitudinal axis (Figure 1). In this configuration, cyclic tensile loading is applied
transversely, representing the hoop-stress direction, while the fatigue crack advances
parallel to the pipe axis. The CT test therefore represents the opening of a longitudinal crack
under hoop-dominated loading. However, an operating closed-end pipeline experiences
a biaxial stress state comprising both hoop and axial stresses, with the nominal hoop
stress being approximately twice the axial stress for a thin-walled pipe. This biaxial stress
condition is not reproduced by the present CT-specimen configuration.

Crack Propagation
Direction

Figure 1. Schematic illustration of CT specimen extraction from vintage pipeline segment, showing
the longitudinal (pipe-axis) crack propagation direction and the transverse loading direction used for
fatigue crack growth testing.

Figure 2 shows the CT specimen geometry and a representative test-ready sample
used in this study. CT specimens for X52 and X70 were fabricated in accordance with
ASTM E647-24 to ensure geometric consistency and validity for FCG measurements. The
primary dimensions were controlled per the standard CT configuration: the specimen
width was maintained at W = 32.0 mm (measured from the load line to the rear edge),
and the thickness was fixed at B = 8.0 mm. The final specimen thickness was obtained by
machining the parent pipe walls, approximately 10.31 mm for X52 and 11.68 mm for X70,
to a uniform out-of-plane thickness of B = 8.0 mm, leaving sufficient allowance to produce
flat, parallel side faces for crack-length monitoring and ASTM E647-24 FCG testing. This
thickness-to-width ratio falls within the recommended ASTM range for CT specimens and
provides adequate crack-tip constraint for stable, repeatable crack-growth testing. The
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overall height followed the standard 1.2 W (38.4 mm) layout, ensuring compatibility with
conventional fixtures and pin-loading arrangements.
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Figure 2. Schematic of the CT specimen geometry used for FCG testing in accordance with ASTM
E647-24, showing the principal dimensions (unit: mm).

Two loading holes with a nominal diameter of 8.0 mm were machined to the recom-
mended tolerances and positioned symmetrically about the crack plane to promote uniform
load transfer and minimize bending during cyclic loading. Notch and crack starter features
were introduced on the front face of each specimen, and the notch root was sharpened by
electrical discharge machining (EDM) to create a sharp crack-initiation site and improve
the repeatability of fatigue pre-cracking. After machining, specimens were inspected to
confirm key dimensions and the alignment of the load line, notch, and hole locations within
acceptable tolerances. The side faces were also finished to support consistent crack-length
monitoring during testing. Overall, adopting an ASTM-compliant CT geometry and a stan-
dardized notch-pre-cracking approach ensured comparable crack-growth behavior across
both grades, reducing scatter attributable to machining or geometric variability. Further
details on specimen preparation are available in the authors’ previous publication [36].

Before testing, the CT specimens were finished to a controlled surface condition to
minimize measurement scatter caused by machining marks or local surface defects. A metallo-
graphic polishing sequence produced a smooth, uniform finish, followed by acetone cleaning
to remove residual lubricants or grease. Maintaining a consistent surface state across all sam-
ples was essential to ensure repeatable hydrogen-assisted crack growth behavior and to isolate
material effects from preparation-related variability. The chemical composition and tensile
properties of the X52 and X70 steels evaluated in this study are reported in Tables 1 and 2, re-
spectively. Tensile characterization was conducted under in situ natural-gas conditions (25 °C,
6.9 MPa) at a strain rate of 1.12 x 10~% s 1. Three replicate tests were performed for each grade,
and the averages are presented. Strain was recorded using an in-house strain-gauge-based
system designed to meet ASTM E399-22 requirements, providing extensometer-equivalent
accuracy in the pressurized test configuration.

Table 1. Chemical composition of Grade X52 and X70 steel (wt.%).

Material Fe C Mn Cu S P Si Cr Ni Mo Al Ti Vv Nb
X52 Bal 0.30 1.11 0.08 0.019 0.013 0.02 003 005 002 <001 <001 <0.01 <0.01
X70 Bal 0.05 1.52 0.02 0.006 0016 023 018 0.01 0.02 0.04 0.01 <0.01 0.08
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Table 2. Tensile properties of X52 and X70 steel tested in NG.
Material oy (MPa) ours (MPa) RA (%) Elongation (%)
X52 357 577 67.9 31.7
X70 527 609 84.8 28.3

Microstructural characterization of X52 and X70 steels was performed on sectioned
CT specimens prepared to preserve the as-received microstructure and avoid thermal or
mechanical damage during extraction. Metallographic surfaces were prepared using a
sequential grinding—polishing—etching routine suitable for optical imaging. Specimens
were first ground on SiC papers in progressively finer steps (360, 600, 800, 1000, and
1200 grit) using an automated grinder operated at 120 rpm for 10 min per grit; the grinding
direction was alternated by 90° midway through each step to promote uniform material
removal and reduce preferential scratching. The ground surfaces were then polished
in three stages (10 min each) at 100 rpm using diamond suspensions in a glycol-based
medium with decreasing particle sizes (3 pm, 1 pm, and 0.05 pm) to achieve a scratch-free,
mirror-like finish. To reveal microstructural features, the polished specimens were briefly
etched with a nital-type methanol solution prepared by mixing 2 mL HNO3; with 98 mL
CH;30H, followed by immediate rinsing in methanol to arrest the reaction. After etching,
samples were cleaned in an ultrasonic bath containing methanol for 5-10 min to remove
residual etchant and surface debris. Throughout preparation, specimens were degreased
with acetone and dried with compressed air between major steps. Microstructures were
then examined using a Keyence VHX-7000 optical ultra-microscope (Keyence Corporation,
Osaka, Japan).

3.2. Experimental Setup and Procedure

In situ fatigue crack growth experiments were conducted in a custom high-pressure
autoclave configured for hydrogen service, as shown in Figure 3. The pressure vessel
and associated wetted components were fabricated from corrosion-resistant materials
to ensure compatibility with high-purity hydrogen and hydrogen—natural gas mixtures.
Test gases were supplied from high-pressure cylinders; hydrogen purity was >99.95%,
and the natural gas used for the baseline condition was a supplier-certified, dry Linde
NG 0.85-T mixture containing more than 85% CHy. Gas delivery, pressurization, and
regulation were controlled by an automated system that maintained a stable chamber
pressure of 6.9 MPa and reduced operator-dependent variability. This pressure, equivalent
to approximately 1000 psi, was selected as a practically relevant transmission-pressure
condition for evaluating hydrogen-natural gas blending [37]. Before introducing hydrogen-
containing environments, the autoclave was repeatedly evacuated and purged to remove
residual air, and outlet oxygen levels were monitored with an inline analyzer to confirm
near-zero oxygen before charging. The test temperature was maintained at 25 °C and
regulated using an insulated external aluminum jacket coupled to a glycol circulation loop
connected to both heating and chilling units, enabling stable control within the desired
operating range. This controlled near-ambient temperature was selected to isolate the effects
of hydrogen concentration and steel grade without introducing additional temperature-
dependent effects.

A dedicated mechanical loading arrangement enabled CT testing inside the pressur-
ized chamber by coupling the internal specimen to an external hydraulic actuator via a pull
rod passing through a high-pressure sealing gland. Load control was implemented with
a dual-unit configuration: a syringe pump maintained the mean (static) load component
(controlling Kmean), while a programmable piston pump imposed the cyclic component
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to set the amplitude and frequency (controlling AK), thereby stabilizing Kmax and Kmin.
Fatigue pre-cracking was conducted using a custom pre-crack step, as shown in Figure 4,
with a sinusoidal load waveform. An initial pre-crack length of 0-1.7 mm (from the load
line) was generated at a load ratio of R = 0.5 and a frequency of 7.8 Hz. The final pre-
cracking stage was performed at R = 0.2 and f = 7.8 Hz, with a final stress intensity factor
range of AK = 9.2 MPay/m, corresponding to Kmax = 11.5 MPa,/m. The maximum stress
intensity factor during pre-cracking was maintained at or below the initial Kmax used in the
subsequent FCG tests, in accordance with ASTM E647-24. Crack development was tracked
optically in real time, and each specimen was pre-cracked to a depth of 2.0 + 0.1 mm from
the notch tip, yielding an initial crack length of approximately gy ~ 8 mm from the load

line (ay/ W =~ 0.25).
Y1
Specimen
Holder

X Natural gas H,
Specimen Cylinder ~ Cylinder
Strain Gauge

Autoclave

v
A

Oxygen
Analyzer

Vent

Hydraulic X
cylinder

DAQ System

Air

Piston Pump

Syringe Pump

Figure 3. Schematic of the high-pressure in situ fatigue-crack growth testing setup.

J 1
‘l .‘.;A 2
i
we=

Digital
Microscope

Pre-Crack Measurement

Frequency Measurement

Figure 4. Experimental setup used to fatigue pre-crack CT specimens in air.
Fatigue crack growth tests were then conducted under sinusoidal loading per ASTM
E647-24 at a total pressure of 6.9 MPa and room temperature, using high-purity hydrogen

and selected hydrogen—natural gas mixtures. The loading ratio R = 0.60 &= 0.1 and a
frequency of 8.8 Hz were selected to represent controlled cyclic loading conditions while
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enabling practical test durations within facility operating constraints. A constant Kmax
with an incrementally increasing AK profile was used to span a broad driving-force range;
representative initial conditions were R ~ 0.7, AK ~ 5 MPa,/m, and Kmax ~ 18.4 MPa/m,
with one CT specimen per condition. Although pipeline pressure fluctuations may occur at
frequencies considerably lower than 8.8 Hz, the frequency dependence of hydrogen-assisted
fatigue crack growth in carbon and pipeline steels is material- and environment-dependent.
Studies on specific X52 and X70 steels reported no strong frequency sensitivity over the
investigated range of 1-0.01 Hz, whereas other carbon steels exhibited a non-monotonic
response in which crack-growth acceleration increased with decreasing frequency, reached
a maximum, and subsequently decreased at very low frequencies [7,24,38—40]. Therefore,
the present results are used for controlled comparison of hydrogen concentration and steel
grade, and direct quantitative extrapolation to service-frequency crack-growth rates is
not made.

Because the entire CT specimen was exposed to the pressurized H,-NG environment,
hydrogen had direct access to the crack surfaces. Therefore, the present configuration
represents fatigue crack growth of gas-contacting flaws, such as internal surface-connected
defects, and does not reproduce external cracking associated with coating degradation, soil
exposure, cathodic-protection conditions, or through-wall hydrogen transport.

After charging, specimens were exposed to hydrogen for approximately 2 h before
cycling began. Depending on the condition, active cycling to failure required approximately
4-12 h, including mounting, autoclave assembly, purging, and pressurization (and daytime-
only operation). Each experiment typically spanned 2-3 calendar days. For mixed-gas
environments, partial-pressure charging was used to achieve the target composition (e.g., a
25% H,—-75% NG condition was prepared by first charging Hj to 25% of the final pressure,
then adding NG to reach 6.9 MPa; the sequence was reversed for hydrogen-richer blends).
Overnight pauses in cycling were not expected to alter outcomes because hydrogen uptake
in low-carbon steels rapidly approaches near-saturation under high-pressure exposure; this
assumption is supported by prior studies [41-43].

Crack extension during testing was monitored by compliance using a clip gauge
mounted on the CT specimen (consistent with the measurement approach in ASTM
E399-22), with hydrogen-compatible sensors routed through a high-pressure, wire-sealed
feedthrough. Signals were amplified and logged via a data acquisition system. Loading
was applied in fixed 30 min blocks at each Kmax, and AK and Kmin were calculated from
specimen geometry and load as prescribed by ASTM E647-24. After testing, specimens
were fractured under monotonic loading to reveal the final crack front. The fatigue-growth
and final-overload regions were clearly distinguishable. Fracture surfaces were examined
without additional polishing or etching using a Thermo Quattro S field-emission environ-
mental SEM (FE-ESEM) operated in high-vacuum mode at 30 kV, with images collected at
multiple magnifications from regions associated with fatigue growth and final overload.
Pre-crack and final crack lengths were quantified by optical microscopy using seven mea-
surements along the crack front, and the calculated crack-length histories were linearly
corrected to match the physical measurements. Crack-growth rates (da/dN) were obtained
by fitting a four-parameter logistic function to the corrected crack-length—cycle data, while
stress-intensity factors were computed using standard ASTM E647-24 solutions based on
a/W and the applied AP. The Stage II fatigue crack growth data were fitted using the Paris
relationship, da/dN = C(AK)", by linear regression of log(da/dN) against log(AK), where
C and m are the Paris-law coefficient and exponent, respectively.
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3.3. Test Matrix and Gas Environment Conditions

A predefined test matrix was established to quantify the effect of hydrogen content
on fatigue crack growth, with the selected environments summarized in Table 3. The
same matrix was applied to both X52 and X70 materials. Testing was performed in high-
purity hydrogen and in hydrogen-natural gas blends ranging from 0 to 100 vol.% Hj.
All experiments were conducted at a fixed total pressure of 6.9 MPa using six target
compositions: 0%, 10%, 25%, 50%, 75%, and 100% Hj (balance natural gas). The desired
blend compositions were prepared using the partial-pressure method, in which each
constituent gas was introduced sequentially to its target partial pressure before the vessel
was brought to the final total pressure. The 0% H, condition (i.e., 100% natural gas)
served as the baseline at room temperature (25 °C) with no intentional hydrogen or oxygen
present, representing conventional pipeline service conditions. This reference enables
direct, consistent comparisons across the matrix, allowing changes in crack-growth rate
(da/dN) to be attributed to hydrogen concentration. This approach provides a clear basis
for evaluating hydrogen-assisted degradation as the environment transitions from natural
gas to increasingly hydrogen-rich mixtures.

Table 3. Gas-environment test matrix for FCG testing of X52 and X70 CT specimens (total pres-
sure = 6.9 MPa).

Gas Environment H, Partial Pressure
(vol.%) (MPa)
NG (100%) 0.00
H, (10%) + NG (90%) 0.69
H, (25%) + NG (75%) 1.72
H; (50%) + NG (50%) 3.45
H; (75%) + NG (25%) 5.17
H, (100%) 6.90

Note: NG = Natural Gas.

4. Results and Discussion
4.1. Microstructural Characteristics

The etched microstructures of X52 and X70 steels reveal distinct phase assemblages
and morphological features that reflect differences in alloy design and thermomechanical
processing routes, consistent with their targeted strength levels and service requirements.
Representative microstructures of the two grades are shown in Figure 5.

X52 steel exhibits a heterogeneous ferrite—pearlite microstructure (Figure 5a), which is
typical of low-carbon, thermo-mechanically processed pipeline steels [44]. The microstruc-
ture is dominated by a polygonal ferrite matrix, appearing as light regions, with darker
pearlite colonies unevenly distributed. Ferrite grains display a mixed morphology, ranging
from equiaxed and polygonal to moderately elongated grains aligned along a preferred
direction parallel to the pipe-rolling axis. Pearlite is present as both discrete colonies and
semi-continuous regions embedded within the ferritic matrix.

A pronounced banded structure is observed in X52, with alternating ferrite- and
pearlite-rich regions aligned parallel to the rolling direction. This banding reflects chemical
segregation during solidification, followed by elongation during hot rolling, and is a clear
source of microstructural anisotropy. Within pearlite colonies, fine ferrite—cementite lamel-
lae are clearly resolved, confirming the lamellar pearlitic morphology. Variations in lamellar
orientation among neighboring colonies indicate differences in local crystallographic align-
ment and transformation kinetics during cooling. The ferrite—pearlite interfaces are sharp
and well defined, indicating effective phase delineation after etching. Occasional elongated
nonmetallic inclusions or inclusion stringers aligned with the banding direction are also
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observed, likely originating from steelmaking impurities that were plastically elongated

during rolling.

Figure 5. Representative etched microstructures of pipeline steels: (a) X52 steel exhibiting a ferrite—
pearlite microstructure; (b) X70 steel exhibiting a ferrite-based microstructure with bainitic constituents.

In contrast, X70 steel exhibits a more refined, complex multiphase microstructure
dominated by a continuous polygonal-to-quasi-polygonal ferrite matrix (Figure 5b). Ferrite
grains are largely equiaxed with smooth, well-defined boundaries, indicating a predomi-
nantly recrystallized ferritic structure. However, localized grain elongation and aligned
boundaries suggest a residual deformation texture inherited from thermo-mechanically
controlled processing. Compared with X52, the ferritic matrix in X70 appears more uniform,
consistent with stricter compositional and thermal control.

Dispersed throughout the ferritic matrix of X70 is a substantial fraction of a darker
second-phase constituent with heterogeneous morphology and spatial distribution. This
constituent appears as semi-continuous regions decorating ferrite grain boundaries and
as irregular intragranular regions. The internal morphology of these regions is fine and
non-lamellar, lacking the parallel cementite lamellae characteristic of pearlite, indicating
that they correspond primarily to bainitic transformation products, commonly described
as bainitic ferrite or granular bainite in high-strength pipeline steels. In addition, small,
compact, high-contrast islands are observed within these regions and near ferrite-second-
phase interfaces, consistent with martensite-austenite (M—A) constituents formed in locally
carbon-enriched regions during transformation [45,46]. Their limited size and discontinu-
ous distribution suggest that they do not form an extensive continuous hard-phase network.

Both steels exhibit microstructural banding aligned with the rolling direction; however,
the nature and severity of banding differ substantially. In X52, banding is dominated by
high-contrast ferrite—pearlite alternation, whereas in X70 it is weaker and associated with
subtle variations in ferrite and bainite distribution. This contrast reflects the transition from
ferrite—pearlite strengthening in X52 to ferrite-bainite strengthening in X70, enabled by
lower carbon content and enhanced microalloying control.

From a mechanical perspective, the ferrite—pearlite microstructure of X52 introduces
pronounced microstructural heterogeneity and anisotropy, particularly along the rolling
direction, which aligns with the fatigue crack propagation direction in the present CT speci-
men orientation. Pearlite-rich bands, ferrite—pearlite interfaces, and elongated inclusions
can create localized hardness variations and stress-concentration sites that influence crack-
path tortuosity and cyclic crack-growth behavior in hydrogen-containing environments. In
contrast, the ferrite-bainite microstructure of X70 provides higher strength through refined
ferritic morphology, bainitic constituents, and microalloying effects. Although this mi-
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crostructure supports improved baseline fatigue resistance under hydrogen-free conditions,
its higher strength level and reduced crack-tip plastic accommodation may also increase
sensitivity to hydrogen-assisted crack propagation under H,—NG blended environments.

4.2. Hydrogen Concentration Dependent Fatigue Crack-Length Evolution

The fatigue crack-length evolution of X52 and X70 pipeline steels exhibits a strong,
quantifiable dependence on hydrogen concentration in hydrogen-natural gas blended
environments, as illustrated by the a—N responses in Figure 6. For both steels, increasing
hydrogen content systematically accelerates crack propagation, advancing the onset of
rapid crack growth to lower cycle counts and reducing the total number of cycles required
to reach comparable crack lengths. However, the magnitude, timing, and mode of this
acceleration differ markedly between the two grades.

20
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Figure 6. Fatigue crack length as a function of loading cycles for pipeline steels tested in hydrogen—
natural gas blended environments at 6.9 MPa and ambient temperature: (a) X52 steel and (b) X70 steel.

In X52 steel, the baseline condition (H;-0%) exhibits a prolonged regime of stable crack
growth (Figure 6a), with crack length increasing gradually from approximately 8.43 to
10.03 mm over nearly 281,000 cycles and reaching a final value of 11.43 mm at 312,717 cycles.
The addition of hydrogen progressively shifts the crack-length curves leftward, although
early-stage crack growth remains relatively insensitive to low hydrogen concentrations.
At 10% hydrogen, the crack reaches 10 mm at approximately 264,000 cycles, representing
a modest reduction relative to the baseline. As hydrogen concentration increases, this
reduction becomes more pronounced: the 10 mm threshold is reached at approximately
228,000 cycles for H,-25%, 207,000 cycles for Hy-75%, and about 202,000 cycles under pure
hydrogen. Correspondingly, the final recorded cycle count decreases from 312,717 cycles
in natural gas to 304,647 cycles (H-10%), 299,244 cycles (H,-25%), 265,866 cycles (Hp-
75%), and 217,809 cycles in pure hydrogen, amounting to an overall fatigue-life reduction
of approximately 30%. Notably, hydrogen in X52 primarily destabilizes the late stages
of fatigue life; the a-N curves remain closely clustered at low crack lengths but diverge
sharply once the crack exceeds approximately 9-10 mm, indicating that hydrogen-assisted
mechanisms become dominant only after a critical crack size and crack-tip condition
are established.

In contrast, X70 steel exhibits markedly different hydrogen sensitivity despite its supe-
rior baseline fatigue resistance. Under the Hy-0% condition, X70 sustains slow, stable crack
growth over a much longer duration, as shown in Figure 6b, with crack length increasing
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from approximately 7.89 to 15.76 mm over 370,656 cycles. However, even low hydrogen
concentrations significantly compress the crack-growth history. At 10% hydrogen, the crack
reaches 10 mm at approximately 199,000 cycles, nearly 95,000 cycles earlier than in the
baseline condition. This trend intensifies monotonically with increasing hydrogen content:
the 10 mm crack-length threshold is reached at approximately 178,000 cycles (H;-25%),
167,000 cycles (Hp-50%), 162,000 cycles (Hz-75%), and as early as 140,000 cycles under
pure hydrogen. The final recorded cycle count decreases accordingly from 370,656 cycles
in natural gas to 254,755 cycles (H-10%), 220,570 cycles (H,-25%), 200,000 cycles (Hp-
50%), 182,800 cycles (H,-75%), and only 152,434 cycles in pure hydrogen, corresponding
to an overall fatigue-life reduction approaching 60%. Unlike X52, hydrogen in X70 com-
presses the entire fatigue crack-growth trajectory, affecting early, intermediate, and late
stages alike, as reflected by the uniformly left-shifted and steepened a-N curves across all
hydrogen blends.

A direct comparison of the two steels shows that while X70 maintains a clear advantage
over X52 under hydrogen-free natural gas conditions, this advantage diminishes and
ultimately reverses in hydrogen-containing environments. At low hydrogen concentration
(H»-10%), X52 exhibits only a marginal reduction in fatigue life of approximately 3%,
whereas X70 experiences a reduction exceeding 30%. At high hydrogen concentrations,
both steels suffer severe fatigue degradation; however, the proportional reduction in
life remains substantially greater in X70. These results demonstrate that higher strength
does not necessarily confer greater resistance to hydrogen-assisted fatigue, as assessed
by crack length evolution. Once rapid propagation is triggered under hydrogen-rich
conditions, hydrogen-assisted damage dominates crack advance, and material-specific
resistance differences become secondary, as reflected in the steep, closely clustered late-life
crack-growth trajectories.

Additionally, the hydrogen effect in both steels is distinctly nonlinear. In X52, the
incremental reduction in fatigue life between 75% and 100% hydrogen is smaller than that
observed between the intermediate blend levels, indicating an apparent saturation-type
response once hydrogen-assisted crack growth becomes dominant. A similar trend is
observed in X70, where the reduction in cycle capacity between 75% and 100% hydrogen
is less pronounced than that between 25% and 50% hydrogen. At low-to-intermediate
hydrogen fractions, increasing hydrogen partial pressure increases hydrogen availability
and promotes stress-assisted transport and accumulation within the crack-tip process
zone. At higher concentrations, the damage-active region and available trapping sites may
approach a limiting hydrogen occupancy, while crack propagation becomes increasingly
controlled by the applied mechanical driving force and already activated hydrogen-assisted
damage mechanisms. Consequently, further increases in hydrogen concentration produce
diminishing incremental reductions in fatigue life rather than a proportional acceleration
of crack growth [47,48]. Overall, the quantitative a—-N responses show that hydrogen
concentration governs not only the rate but also the timing and mode of fatigue crack
propagation in pipeline steels.

4.3. Fatigue Crack Growth Rate Behavior Under Hydrogen—Natural Gas Blending

Figure 7 shows the fatigue crack growth rate (da/dN) as a function of the stress intensity
factor range (AK) for X52 and X70 pipeline steels tested at 6.9 MPa under hydrogen—natural
gas (H,—NG) blends from 0% to 100% hydrogen, with a loading frequency of 8.8 Hz and a load
ratio of R = 0.60 £ 0.1. The da/dN-AK responses can be broadly divided into three regimes:
a near-threshold regime at low AK (approximately A K < 6-8 MPa - \/m), a Paris regime
at intermediate AK (approximately 8-18 MPa - \/m), and an upper crack-growth regime at
high AK (AK > 18-20 MPa - y/m). In both steels, increasing the hydrogen fraction produced a
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clear upward shift in the crack growth curves relative to the natural gas baseline, indicating
accelerated fatigue crack propagation. The influence of hydrogen is modest at low blend levels
but intensifies progressively with hydrogen concentration, particularly in the Paris and upper
growth regimes, where environmental assistance increasingly governs crack advance [49].
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Figure 7. Fatigue crack growth rate (da/dN) versus stress intensity factor range (AK) for (a) X52 and
(b) X70 steels tested in hydrogen-natural gas blends at 6.9 MPa.

For X52 steel, the 100% natural gas condition exhibits the lowest crack growth rates
and a comparatively stable Paris regime. Introducing 10% hydrogen produces a measurable
but limited increase in da/dN, with the curve remaining close to the baseline over much of
the AK range. At 25% hydrogen, a clearer separation emerges, with higher crack growth
rates and an earlier transition into the Paris regime. At 50% hydrogen, a pronounced change
occurs, with the da/dN-AK curve shifting upward more sharply and the upper Paris regime
steepening, indicating a transition toward hydrogen-assisted crack growth dominance.
Further increases to 75% and 100% hydrogen substantially amplify crack growth rates,
particularly at higher AK, where the interval between moderate and high growth becomes
compressed. Representative comparisons show that while hydrogen increases crack growth
rates by only a few times at moderate AK, the amplification approaches an order of mag-
nitude at higher AK. These trends indicate that, in X52, hydrogen primarily accelerates
crack growth once the mechanical driving force is sufficient to sustain hydrogen-assisted
processes, leading to pronounced late-stage acceleration rather than a uniform shift across
the entire AK range.

In contrast, X70 steel exhibits greater and more widespread sensitivity to hydrogen
blending. While the 100% natural gas condition maintains very low crack growth rates
across a broad AK range, adding 10% hydrogen produces a pronounced upward shift
in the da/dN-AK curve, exceeding the corresponding increase observed in X52. At 25%
hydrogen, crack growth rates increase sharply across the entire AK range, and the distinction
between near-threshold and Paris behavior becomes less pronounced. Hydrogen contents
of 50% and higher place X70 firmly in a hydrogen-controlled crack growth regime, with
da/dN elevated by one to two orders of magnitude relative to the natural gas baseline at
comparable AK. The 75% and 100% hydrogen curves lie within a high-growth band with
steep slopes, indicating that further increases in hydrogen concentration primarily affect
the magnitude of the crack growth rate without substantially changing the general shape
and slope of the da/dN-AK response.

A direct comparison of the two steels reveals a grade-dependent reversal in crack-
growth resistance. Under 0% hydrogen, X70 exhibits a lower da/dN than X52 at equivalent
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AK, reflecting superior fatigue resistance in a hydrogen-free natural gas environment.
However, at hydrogen fractions of 25% and above, this advantage diminishes and ultimately
reverses, with X70 consistently exhibiting higher crack growth rates than X52 across the
measured AK range. At high hydrogen concentrations, the upper portions of the da/dN-
AK curves for both steels become steep and increasingly similar in slope, indicating that
hydrogen-assisted damage dominates crack advance to the point that material-specific
resistance differences become secondary once rapid propagation is triggered. The stronger
hydrogen sensitivity observed in X70 suggests that higher-strength pipeline steels may
offer less tolerance to hydrogen-assisted crack growth once hydrogen—metal interactions
become dominant, even when baseline fatigue resistance is superior.

The greater hydrogen-induced FCG of X70 is attributed to the combined effects of its
higher strength and refined ferrite-bainite microstructure containing M-A constituents. Its
higher yield strength increases the crack-tip hydrostatic tensile stress, thereby enhancing the
driving force for hydrogen transport and accumulation within the crack-tip process zone.
In addition, dislocations, grain and phase boundaries, inclusions, and other microstructural
heterogeneities may act as hydrogen-trapping and accumulation sites, promoting localized
hydrogen-assisted damage [50,51]. These effects, together with reduced crack-tip plastic
accommodation, can accelerate crack propagation in X70 [15,32]. In comparison, the lower
strength and greater plastic accommodation of the ferrite—pearlite X52 steel may delay the
localization of hydrogen-assisted damage. Because hydrogen trapping was not measured
directly, this explanation remains mechanistic rather than quantitative.

The dependence of crack growth rate on hydrogen concentration is distinctly nonlinear.
In both steels, the incremental increase in da/dN from 0% to 25% hydrogen exceeds that
from 75% to 100% hydrogen, particularly in X70. This behavior indicates a transition
from mechanically dominated fatigue to a hydrogen-controlled crack-growth regime at
intermediate blend levels (approximately 25-50% Hj), beyond which further increases in
hydrogen concentration yield diminishing incremental effects on the growth rate. From an
integrity perspective, these results indicate that hydrogen blending primarily reduces the
safety margin by accelerating crack growth once propagation is initiated, rather than by
uniformly lowering crack growth resistance across all loading levels.

Table 4 summarizes the Stage II Paris-law parameters obtained for X52 and X70 under
the investigated H,—ING environments. For X52, the Paris exponent m remains relatively
stable between 2.97 and 3.12 from 0% to 75% Hj, while the corresponding fitted C values
generally increase. When interpreted jointly, these changes indicate that hydrogen primar-
ily shifts the Stage II crack-growth response upward without substantially changing its
slope over this concentration range. Under 100% Hp, m increases to 4.20, while C decreases
to 8.02 x 10710, indicating a steeper dependence of da/dN on AK under pure hydrogen.
For X70, hydrogen produces a more pronounced change in the fitted parameters. The expo-
nent m decreases from 3.891 under the hydrogen-free condition to between 2.27 and 2.66
under hydrogen-containing conditions, while the corresponding C values increase. When
interpreted jointly over the fitted Stage Il range, these parameter combinations produce
higher da/dN values under hydrogen-containing conditions despite their comparatively
flatter slopes. Therefore, the reduction in m does not indicate improved fatigue resistance;
rather, the hydrogen-containing curves are elevated but less steep than the natural-gas
baseline. This behavior is consistent with previous studies reporting hydrogen-accelerated
fatigue crack growth in X52 and X70 pipeline steels [10,11,32]. All fitted relationships
produced R? values greater than 0.991, demonstrating strong agreement between the Stage
II data and the Paris-law representation. Because C and m are mathematically correlated
fitting parameters, they should be interpreted jointly over the fitted AK range rather than
independently [52]. Accordingly, the lower C obtained for X52 under 100% H; does not
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indicate reduced hydrogen sensitivity because the combined C—m relationship produces
elevated crack-growth rates over the investigated Stage Il range.

Table 4. Paris-law parameters for X52 and X70 steels under H,—NG blended environments.

X52 X70
H, Concentration (%) c (C';lcr{le ) m R2 c (gg” m R2
(MPa/m)™ (MPa/m)™

0 1.63 x 102 3.10 0.995 7.36 x 1011 3.89 0.997
10 291 x 10~° 3.02 0.993 2.16 x 1078 2.47 0.995
25 4.88 x 10~° 2.97 0.994 9.16 x 10~8 2.27 0.993
50 5.26 x 1077 3.06 0.992 1.11 x 1077 2.52 0.995
75 6.14 x 1077 3.12 0.991 1.14 x 1077 2.66 0.993
100 8.02 x 10710 4.20 0.994 2.89 x 107 2.55 0.993

For direct comparison, fatigue crack growth rate data from Chen, Liu, Wang, Slifka,
Drexler, Amaro, McColskey and Hayden [27] for X52 and X70 steels, together with the
ASME B31.12 design curve (R < 0.5, Py, ~ 21 MPa) for carbon steel in gaseous hydrogen,
were superimposed in Figure 7 [34]. Although the literature data were obtained at com-
parable hydrogen pressures, they employed lower loading frequencies and different load
ratios than those used in the present study. Across the overlapping AK ranges, the litera-
ture data generally show higher crack growth rates than those measured here. However,
this difference cannot be attributed solely to loading frequency because the studies also
involved differences in load ratio, material condition, and testing protocol. As discussed in
Section 3.2, the frequency dependence of hydrogen-assisted fatigue crack growth in carbon
and pipeline steels is material- and environment-dependent and may be non-monotonic.
Although decreasing frequency can provide additional time for hydrogen transport to
the crack-tip region [38,53,54], studies on X52 and X70 pipeline steels have reported only
limited frequency sensitivity over certain ranges [40]. Therefore, the present 8.8 Hz data
are best interpreted as comparative high-frequency laboratory results rather than as a strict
lower-bound response.

The inclusion of the ASME B31.12 design curve provides an additional code-based
reference for assessing the present results. For X52 steel, the measured crack-growth data
generally remain below the ASME B31.12 curve across the investigated AK range, indi-
cating that the X52 response falls within the conservative screening envelope represented
by the code curve under the present test conditions. However, for X70 steel, portions of
the hydrogen-containing data, particularly at higher hydrogen contents and higher AK
values, approach or locally exceed the ASME B31.12 design curve. This behavior is con-
sistent with previous observations that higher-strength pipeline steels can exhibit greater
hydrogen-assisted fatigue sensitivity than lower-strength grades under comparable hy-
drogen exposure [28,55,56]. The local exceedance of the ASME curve by X70 does not by
itself define field-level acceptability, because the curve is a generalized design/screening
relation and the present experiments were conducted under specific blended-gas, fre-
quency, load-ratio, and specimen-orientation conditions. However, it does indicate that
X70 requires more careful fracture-mechanics-based assessment under hydrogen-blending
scenarios, especially when defects operate in high-AK regimes, while the influence of slower
service-relevant pressure cycling requires separate evaluation.

Despite the kinetic constraint associated with 8.8 Hz loading, the present results show pro-
nounced crack-growth acceleration with increasing hydrogen content, especially in hydrogen-
rich blends and in X70 steel. Therefore, the measured da/dN values should be interpreted
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as high-frequency experimental responses obtained under the selected material, loading,
and environmental conditions, rather than as direct predictions of crack-growth rates under
service pressure histories. The combined comparison with literature data and the ASME
B31.12 design curve highlights three important implications: hydrogen effects are strongly
grade-dependent, the transition to hydrogen-controlled crack growth is nonlinear with respect
to blend ratio, and code-based screening curves should be applied cautiously when evaluating
higher-strength pipeline steels under blended hydrogen-natural gas service.

4.4. Repeatability of FCG Measurements

Figure 8 presents the replicate fatigue crack growth measurements obtained for X52
and X70 steels under the 100% H; condition. For each grade, two independently prepared
CT specimens were tested under identical environmental and nominal loading conditions
of 6.9 MPa, 298 K, f = 8.8 Hz, and R = 0.60 & 0.1.
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Figure 8. Replicate fatigue crack growth measurements for pipeline steels tested under 100% H at
6.9 MPa and 298 K, with f = 8.8 Hz and R = 0.60 £ 0.1: (a) X52 steel and (b) X70 steel.

For X52, the two da/dN-AK datasets show close agreement across most of the over-
lapping stress-intensity-factor range, as shown in Figure 8a. Both tests exhibit comparable
crack-growth-rate magnitudes and similar slopes as AK increases. Minor local differences
occur at the lower and upper ends of the measured range, but neither test shows a con-
sistent systematic offset from the other. The strong overlap, particularly through the
intermediate crack-growth regime, indicates good repeatability of the X52 response under
pure hydrogen.

The X70 replicate results also show good agreement in the low-to-intermediate AK
range, as shown in Figure 8b. The two datasets nearly overlap at the beginning of crack
growth and maintain similar slopes through most of the intermediate regime. At higher
AK, Test 2 exhibits somewhat higher da/dN values than Test 1, and the difference increases
as rapid crack propagation is approached. Nevertheless, both tests remain within the same
order of magnitude and reproduce the same increasing crack-growth trend. The greater
scatter in the upper-growth regime may result from the increased sensitivity of rapid crack
propagation to small differences in crack-front evolution, compliance-based crack-length
estimation, local microstructural heterogeneity, and loading conditions.

Overall, the replicate measurements confirm that the principal hydrogen-assisted
fatigue crack growth trends are reproducible for both steels. The X52 results exhibit
particularly close agreement, while the X70 results show comparable trends with somewhat
greater variability at high AK. Because crack growth evolved independently in each
specimen, repeatability was evaluated by comparing the complete da/dN-AK curves
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rather than pointwise error bars. The agreement between the replicate datasets supports
the reliability of the reported results.

4.5. Hydrogen Sensitivity of Fatigue Crack Growth at Fixed Stress Intensity Levels

Figure 9a and Figure 9b show the variation in fatigue crack growth rate (da/dN) with
hydrogen concentration at fixed stress-intensity-factor ranges of AK = 10 and 20 MPa-/m
for X52 and X70 steels, respectively. By holding the mechanical driving force constant, this
representation isolates the role of hydrogen concentration in amplifying fatigue damage
accumulation and enables a direct assessment of hydrogen sensitivity at stress-intensity
levels relevant to sustained pipeline operation. To facilitate comparison across steel grades
and loading conditions, crack growth rates at each fixed AK are normalized relative to their
corresponding hydrogen-free baselines. This normalization framework highlights how
incremental hydrogen additions accelerate crack propagation once AK is fixed, thereby
characterizing hydrogen concentration as a damage-amplification parameter rather than a
loading variable.
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Figure 9. Dependence of da/dN on H, concentration at constant AK levels (10 and 20 MPa-/m) for
(a) X52 and (b) X70 steels.

For X52 steel, hydrogen amplification remains relatively constrained across the inves-
tigated concentration range. At both AK levels, normalized da/dN increases steadily with
hydrogen content, indicating that hydrogen contributes incrementally to crack advance
without disproportionately magnifying damage within a specific concentration interval.
The close similarity between amplification trends at AK = 10 and 20 MPa-,/m further
indicates that hydrogen sensitivity in X52 is weakly dependent on driving force once crack
propagation is established. From a practical standpoint, this response implies a gradual
erosion of the fatigue safety margin as hydrogen concentration increases, rather than an
abrupt escalation in damage accumulation under fixed operating stresses.

In contrast, X70 steel exhibits markedly higher hydrogen-induced amplification, partic-
ularly at low-to-moderate hydrogen concentrations. When referenced to the hydrogen-free
condition, a substantial share of the total amplification in da/dN occurs during the initial
stages of hydrogen addition, even though the applied AK remains unchanged. This behav-
ior indicates that, in X70, hydrogen strongly activates crack-tip processes that accelerate
fatigue damage under constant mechanical loading. As hydrogen concentration increases
further, the incremental amplification per concentration step diminishes, suggesting a tran-
sition toward crack growth governed by hydrogen-saturated crack-tip conditions rather
than hydrogen availability alone.
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A key outcome of the fixed-AK analysis is the identification of a performance-inversion
window between X52 and X70. Although X70 maintains superior fatigue resistance under
hydrogen-free conditions, its higher hydrogen-amplification efficiency causes this advan-
tage to diminish rapidly as hydrogen is introduced. At moderate hydrogen blends, X70
exhibits greater normalized amplification of da/dN than X52 at the same AK, indicating
a disproportionate loss of fatigue resistance in the higher-strength grade once hydrogen-
assisted processes become active. This inversion is more clearly resolved in the fixed-AK
framework than in AK-sweep representations, because hydrogen sensitivity is decoupled
from changes in mechanical driving force.

From an integrity assessment perspective, the fixed-AK results provide a quantitative
basis for evaluating hydrogen-blending risk under operating stresses. Rather than serving
as an alternative description of crack growth behavior, the hydrogen amplification efficiency
indicates that even small increases in hydrogen concentration can significantly reduce
fatigue tolerance in higher-strength steels. This distinction is particularly relevant for
pipeline systems operating within narrow stress-intensity ranges, where hydrogen-induced
amplification, rather than changes in applied loading, may govern the transition from
stable crack growth to accelerated damage accumulation.

Taken together with the a-N results, these findings indicate that a single universal
hydrogen-blending limit may not be appropriate for existing pipelines. At 10% Hj, X52 ex-
hibited a fatigue-life reduction of approximately 2.6%, whereas X70 showed a reduction of
approximately 31.3%, demonstrating that the effect of a given blend level depends strongly
on steel grade and material condition. Operational blending levels should therefore be
evaluated on a pipeline-specific basis considering steel grade, service history, weld and de-
fect condition, operating pressure, pressure-cycling history, and required remaining life [1].
Hydrogen-adjusted fatigue crack growth data should also be incorporated into fracture-
mechanics assessments, defect acceptance criteria, inspection planning, and reassessment
intervals [34]. For the materials and conditions examined in this study, the results sug-
gest that X70 may require more conservative integrity-management measures than X52;
however, the present findings do not define a universal safe hydrogen-blend percentage.

4.6. SEM Fractographic Analysis of Fatigue Crack Surfaces in X52 and X70 Steels

Representative SEM micrographs of the fatigue crack growth surfaces of X52 and X70
CT specimens tested under hydrogen—natural gas (H,—ING) blends, shown in Figures 10a—f
and 11a—f, respectively, reveal a systematic, progressive evolution of fracture morphology
with increasing hydrogen content. All representative SEM images in Figures 10 and 11 were
obtained at 2000 x magnification, with scale bars and annotations identifying the principal
fracture features. Across both steels, the observed changes in surface topography, crack path
tortuosity, and local damage features provide direct microstructural evidence of hydrogen-
assisted modification of fatigue crack propagation under cyclic loading [42].

Under the hydrogen-free condition (100% NG), as shown in Figures 10a and 11a, both
X52 and X70 exhibit fracture surfaces dominated by pronounced ductile fatigue characteris-
tics. The crack surfaces are highly rough and tortuous, with substantial three-dimensional
relief formed by thick tearing ridges, folded lamellar features, and plastically deformed
shear lips. Crack advance proceeds through repeated crack-tip blunting and re-sharpening
cycles, producing irregular and deflected crack paths. Rounded cavities embedded within
heavily torn regions are present in both steels and are consistently surrounded by stretched
and necked ligaments, indicating ductile microvoid nucleation and coalescence within
a plastically deforming matrix. Secondary cracking is sparse and discontinuous, and no
persistent planar fracture bands are observed. Although both steels exhibit ductile fatigue
behavior, subtle differences are evident: X52 generally exhibits thicker, more irregular
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tearing ridges with higher surface relief, whereas X70 shows finer tearing features and
more segmented lamellar fragments, which may be attributed to its more refined grain
structure, higher strength, and comparatively reduced plastic accommodation.
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Figure 10. SEM fractographs of fatigue crack growth surfaces of X52 CT specimens exposed to
hydrogen—natural gas (H,—NG) mixtures with hydrogen contents of (a) 0%, (b) 10%, (c) 25%, (d) 50%,
(e) 75%, and (f) 100%.

With the introduction of a low hydrogen fraction (10% Hy-90% NG), as shown in
Figures 10b and 11b, the fracture surfaces of both steels begin to deviate from fully ductile
behavior, although plastic deformation remains active. In X52, this deviation is marked by
a distinct lamellar or delamination-like planar separation that extends across a significant
portion of the fracture surface. This feature is bounded by sharp edges and locally bridged
by thin ligaments, while the surrounding regions retain stepped and torn morphologies.
The emergence of this dominant planar feature indicates that hydrogen facilitates localized
separation along microstructurally weak planes, promoting straightening and localization
of the crack path without fully suppressing ductile tearing. In contrast, X70 does not exhibit
a single dominant delamination band at this hydrogen level; instead, its fracture surface
becomes segmented into plate-like regions separated by step boundaries. Inclusion-related
features, such as spherical pits or adhered pull-out particles, are more readily apparent and
appear to act as localized crack initiation or linkage sites. These observations suggest that, at
low hydrogen content, X52 tends to accommodate hydrogen effects through concentrated
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lamellar splitting, whereas X70 exhibits a more distributed response characterized by
step-controlled crack advance.
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Figure 11. SEM fractographs of fatigue crack growth surfaces of X70 CT specimens exposed to
hydrogen-natural gas (H,—-ING) mixtures with hydrogen contents of (a) 0%, (b) 10%, (c) 25%, (d) 50%,
(e) 75%, and (f) 100%.

At intermediate hydrogen contents (25-50% Hj), as shown in Figures 10c,d and 11c,d,
both steels exhibit mixed fracture morphologies that reflect a transition regime in fatigue
crack propagation. Ductile tearing features persist but increasingly coexist with semi-planar
and faceted regions bounded by sharp ridges, step edges, and terrace-like boundaries. In
X52, the fracture surface remains relatively rough, with blocky plate-like areas interspersed
in a matrix of tearing ridges. Local pits and void-like features become more sharply defined
than under NG-only conditions, suggesting that void growth and coalescence occur over
shorter deformation intervals as hydrogen content increases. Crack advance appears
increasingly segmented, with planar crack jumps connecting regions of limited ductile
tearing. In X70, this transition is more pronounced: larger quasi-planar terraces occupy a
greater fraction of the fracture surface, and the step boundaries separating these terraces are
sharper and more continuous. Voids and pits are embedded within this terraced framework
and appear to function as crack-linkage nodes rather than as energy-absorbing, ductile
features. Microcrack traces along step boundaries are more frequent in X70 than in X52 at
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equivalent hydrogen contents, indicating earlier localization of crack advance and reduced
crack-tip plastic stability in the higher-strength steel.

At 50% Hj, as shown in Figures 10d and 11d, the divergence between X52 and
X70 becomes more evident. X52 retains noticeable tearing ridges and a relatively high
degree of surface roughness, but its fracture surface is dominated by planar facets and
stepwise crack advance. The tearing ligaments are thinner and more discontinuous, serving
primarily as connectors between planar regions. In X70, the fracture surface at this hydrogen
level is characterized by well-developed, interconnected terrace networks with limited
ductile tearing. The crack path in X70 becomes increasingly planar and less tortuous,
and secondary cracking is more frequently observed near terrace intersections. Fine linear
surface markings are locally visible within some planar regions; at the present magnification,
these features are best interpreted as facet-parallel tearing or shear traces rather than
definitive fatigue striations. This distinction is important because the observed markings
support a transition toward localized planar crack advance but do not by themselves
establish fully developed crystallographic cleavage.

At high hydrogen contents (75-100% Hy), as shown in Figures 10e,f and 11e,f, both
steels exhibit fracture surfaces dominated by planar, faceted, or terrace-controlled mor-
phologies consistent with hydrogen-assisted fatigue embrittlement. Large, flat plates
separated by sharp angular boundaries occupy substantial portions of the fracture surfaces,
while thick ductile tearing ridges become less prominent. In X52, faceted regions dominate
at high hydrogen contents, but the surface retains moderate roughness and localized tearing
features, indicating that some plastic participation remains even under severe hydrogen
exposure. River-pattern-like markings are observed locally within quasi-planar facets and
appear to result from the convergence and coalescence of crack fronts propagating along
adjacent step terraces. Secondary cracks are also observed near facet edges and step bound-
aries, promoting local branching and coalescence. In contrast, X70 exhibits a more uniform,
continuous terrace network at high hydrogen contents, particularly at 100% Hj. Pull-out
cavities and voids are present but are embedded within a predominantly planar frame-
work and act primarily as nodes for crack coalescence rather than as energy-dissipating,
ductile dimples. The crack path in X70 is noticeably straighter and less deflected than in
X52, reflecting greater suppression of crack-tip plasticity and a stronger tendency toward
localized planar separation. Within these quasi-planar facets, river-pattern-like markings
are observed locally, formed by the convergence and coalescence of crack fronts propagat-
ing along adjacent step terraces. These markings represent the surface manifestation of
step-controlled crack advance under hydrogen-dominant conditions, rather than evidence
of fully developed crystallographic cleavage.

Taken together, the fractographic evidence demonstrates a gradual hydrogen-induced
transition in fatigue crack growth mechanisms for both steels, progressing from ductile
tearing-dominated crack propagation in natural gas to quasi-cleavage-like, faceted, and
terrace-controlled crack growth at high hydrogen contents. This transition is not abrupt
but occurs through a broad mixed-mode regime in which planar crack jumps increasingly
compete with and eventually dominate ductile tearing. The onset of terrace-dominated
fracture features occurs at lower hydrogen fractions and with greater continuity in X70 than
in X52, highlighting the role of strength level and reduced crack-tip plastic accommodation
in governing hydrogen-assisted fatigue degradation. The earlier onset and greater continu-
ity of terrace-controlled fracture in X70 provide a fractographic explanation for the higher
da/dN values observed at comparable AK levels relative to X52. The present fractographic
assessment is qualitative, and quantitative measurements of faceted-area fraction, terrace
size, and secondary-crack density were not performed.
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5. Conclusions

This study presents an experimental investigation of fatigue crack growth behavior
in vintage X52 and X70 pipeline steels exposed to hydrogen—natural gas (H,—NG) blends
at a constant total pressure of 6.9 MPa. Fatigue crack propagation was characterized over
hydrogen concentrations from 0% to 100% Hj, and SEM fractography was used to identify
hydrogen-induced changes in fracture morphology and crack-growth mechanisms. The
following key conclusions are drawn:

e Hydrogen sensitivity was strongly grade-dependent, with X70 showing greater fatigue
degradation than X52 under identical conditions. Fatigue life decreased with hydrogen
content, with X52 decreasing by approximately 30% and X70 by approximately 60%
when transitioning from natural gas to 100% hydrogen.

e  The baseline fatigue resistance advantage of X70 observed in hydrogen-free gas di-
minished and reversed in hydrogen-containing environments, with X70 showing
greater hydrogen amplification and a more severe reduction in fatigue life than X52 at
intermediate-to-high hydrogen fractions.

e At AK=10MPa-/m the addition of 10% H, increased da/dN by approximately 39%
in X52 and by nearly 11.8 times in X70. At AK = 20 MPa-y/m, the corresponding
increases were approximately 54% and 3.9 times, respectively.

e  Hydrogen effects were distinctly nonlinear, with a saturation-type response at high
hydrogen contents. For X52, the cycle reduction from 75% to 100% H; was smaller
than that between intermediate blends, and a similar reduced change was observed
for X70 between 75% and 100% H, relative to 25% to 50% Ho.

e  SEM fractography confirmed a systematic morphological transition with increasing
hydrogen content, from ductile fatigue features at 0% Hy to hydrogen-assisted, terrace-
and facet-controlled cracking with frequent secondary cracking at high hydrogen
fractions, including river-pattern markings under 100% H;. X70 exhibited a more
continuous terrace network than X52 at high hydrogen contents.

e  Comparison with literature data and the ASME B31.12 design curve showed that
X52 generally remained within the conservative screening envelope, whereas X70
approached or locally exceeded the design curve at higher hydrogen contents and AK
levels. This highlights the need for more careful fracture-mechanics-based assessment
of higher-strength steels under Hp-blending conditions.

These results demonstrate that hydrogen—natural gas blending can fundamentally
alter fatigue crack growth behavior and relative material performance in pipeline steels.
The stronger hydrogen sensitivity of X70 indicates that higher-strength grades may incur
disproportionately larger fatigue penalties under hydrogen-containing service, highlighting
the need for grade-specific integrity assessment strategies for blended-gas pipelines. The
magnitude of these effects may vary with loading frequency; therefore, the present results
should be interpreted within the selected 8.8 Hz laboratory conditions. Future work will
examine the frequency dependence of X52 and X70 steels under lower loading frequencies
representative of pipeline pressure cycling.
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Nomenclatures

Symbols

a Crack length (mm)

ap Initial crack length (mm)

a/W Normalized crack length

B Compact-tension specimen thickness
da/dN Fatigue crack growth rate (length/cycle)
El Elongation (%)

f Loading frequency (Hz)

Kiax Maximum stress intensity factor (MPa-/m)
Kin Minimum stress intensity factor (MPa-+/m)
Kmean Mean stress intensity factor (MPa-+/m)
N Number of fatigue cycles (cycles)

P Hydrogen partial pressure (MPa)

Piotal Total gas pressure (MPa)

R Load ratio, Kpjn / Kmax

RA Reduction of area (%)sn

T Temperature (°C)

W Compact-tension specimen width

Greek Letter

AK Stress intensity factor range (MPa-+/m)
AP Applied load range

oy Yield strength (MPa)

ours Ultimate tensile strength (MPa)
Acronyms

API American Petroleum Institute

ASTM ASTM International

CT Compact tension

DOT Department of Transportation (U.S.)
EDM Electrical discharge machining
FE-ESEM Field-emission environmental SEM

FCG Fatigue crack growth

FCGR Fatigue crack growth rate

H,-NG Hydrogen-natural gas blend

HA-FCG Hydrogen-assisted fatigue crack growth
HAZ Heat-affected zone

M-A Martensite—austenite constituent

NG Natural gas

PHMSA Pipeline and Hazardous Materials Safety Administration
SEM Scanning electron microscopy
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