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Abstract: This study employs a custom hollow specimen setup to investigate the HE in API 5L X60
pipeline base and welded materials exposed to pure hydrogen and a 20% hydrogen—natural gas
blend at 2.07 MPa. Results indicate embrittlement with increasing hydrogen concentration. The base
material showed a hydrogen embrittlement index (HEI) of 11.6% at 20% hydrogen and 12.4% at 100%
hydrogen. For the welded material, the HEI was 14.6% at 20% hydrogen and 18.0% at 100% hydrogen.
Fractography analysis revealed that the base and welded materials exhibited typical ductile fracture
features in the absence of hydrogen, transitioning to a mixture of quasi-cleavage and micro-void
coalescence (MVC) features in hydrogen environments. Additionally, with hydrogen, increased
formation of secondary cracks was observed. Notably, the study identified the Hydrogen-Enhanced
Localized Plasticity (HELP) mechanism as a probable contributor to hydrogen-assisted fracture.

Keywords: hydrogen embrittlement; X60 pipeline steel; weld; in situ mechanical testing

1. Introduction

Hydrogen has been proposed as a promising form of renewable energy to decarbonize
the energy sector. To initiate the large-scale distribution of hydrogen gas, it is both time- and
resource-efficient to utilize the existing natural gas pipeline networks. At first, hydrogen
will be blended at lower concentrations with natural gas before eventually increasing up to
100% hydrogen. Transporting hydrogen through the existing pipeline network presents
an inherent challenge due to hydrogen’s small molecular size, which allows it to diffuse
easily into metallic materials. Once hydrogen diffuses into a material, it can reduce the
material’s ductility and/or strength, a phenomenon known as hydrogen embrittlement
(HE). The extent to which a material is susceptible to HE is mainly dependent on material
composition and microstructure. Pipelines, typically manufactured using ferritic steels, are
particularly vulnerable to this effect. Given the importance of this issue, existing natural
gas pipelines must undergo rigorous testing prior to use in hydrogen applications. This
necessity has created numerous research initiatives aimed at understanding and mitigating
the effects of HE on pipeline materials.

The hydrogen embrittlement process can broadly be categorized into three steps: first,
hydrogen is adsorbed onto and absorbed into the material; second, hydrogen diffuses and
becomes trapped at specific sites within the material; and finally, this leads to cracking or
hydrogen-induced damage with sufficient hydrogen accumulation and/or stress conditions.
The research article by Li et al. [1] provides a detailed overview of this process. To explain the
cracking or hydrogen damage process, researchers have proposed several HE mechanisms,
including the Hydrogen Pressure Theory (HPT) [2], Hydrogen-Induced Phase Transformation
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(HIP), Hydrogen-Enhanced Decohesion (HEDE) [3], Hydrogen-Enhanced Localized Plasticity
(HELP) [4] and Adsorption-Induced Dislocation Emission (AIDE). However, the objective of
this paper is not to delve into these mechanisms in detail. For comprehensive discussions on
these mechanisms, please refer to the research articles cited here [1,5-9].

A slow-strain-rate tensile test often serves as a pre-screening method for evaluating HE
in different materials [10]. Several test setups are available for conducting slow-strain-rate
tensile tests. Among them, in situ autoclave testing stands out as a standard method, as
outlined in ASTM G142 [11] and ISO 11114-4 [12]. However, developing or acquiring an
autoclave test setup requires substantial investment in time, resources, and adherence to
strict safety protocols, therefore posing significant challenges. To address these challenges,
researchers have adopted safer and more efficient testing methods. One increasingly
popular approach involves using hollow specimens. This setup employs a cylindrical
specimen that features a blind or through-hole centered along the tensile axis, which can be
pressurized with a gas of interest. While differences exist in the degree of embrittlement
measured between the hollow and autoclave testing setups [13], the authors argue that
the hollow specimen setup offers a more accessible approach for conducting in situ HE
testing and research. The broader adoption of such test setups could pave the way for
standardizing the use of hollow specimens.

Boot et al. incorporated the hollow specimen setup [14], citing Chandler and Walter,
who first reported this testing approach in 1974 [15]. Rahimi et al. utilized this method
to perform slow-strain-rate tests on API 5L X65 pipeline steel with acoustic emission
monitoring at 1 MPa and 10 MPa pressures, identifying three fracture event clusters [16].

Konert et al. employed micro-computed tomography (CT) imaging on API 5L X65
pipeline steel subjected to slow-strain-rate tensile tests [17]. The researchers concluded that
exposure to hydrogen significantly increased the number of secondary cracks and altered
crack orientation, with the primary crack propagating orthogonally to the tensile load and
asymmetrically around the inner hole. In a related study, the same researchers found that a
drilled surface, which generated higher roughness, led to greater susceptibility to hydrogen
embrittlement [18]. Campari et al. used the same setup to compare vintage and modern
X65 pipeline steel.

Michler et al. compared in situ hollow specimen and autoclave testing setups, report-
ing higher embrittlement indices with the autoclave setup. They recommended further
optimization of specimen geometry to align the results of both methods [13]. In another
study, Michler et al. investigated in situ and thermally pre-charged ex situ testing of stain-
less steel samples [19]. They found that both yield strength and ultimate tensile strength
were comparable across test conditions, and the thermally pre-charged specimens had a
similar reduction in the area. The hollow specimens showed a lower reduction in area
compared to the conventional autoclave specimens in an inert atmosphere. However,
while exposed to hydrogen gas, the hollow specimens exhibited a greater reduction in
area compared to conventional specimens. Additionally, Ogata et al. extensively charac-
terized various stainless steels in hydrogen, examining the impacts of temperature and
hole surface roughness across multiple studies [20-25]. The studies were conducted at
low (20 K) and high (800 K) temperatures and were more efficient and economical than
a conventional autoclave setup. Wire-cut machining was cost-effective for machining the
internal hole and provided a sufficient surface finish. The 304 stainless steel showed the
highest embrittlement, and 316L was the most resistant based on slow-strain-rate and
fatigue tests. Embrittlement increased with decreasing temperature, particularly around
190 K, but diminished significantly at temperatures below 120 K.

This study focuses on adapting a “hollow specimen setup” to investigate the effects of
pure hydrogen and blended hydrogen (20%) with natural gas at a total pressure of 2.07 MPa
(300 psi) on commercially available API 5L X60 pipeline base and welded materials. This
pressure was chosen to reflect the lower natural gas transmission pressures used in British
Columbia, Canada.
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2. Experimental Procedure
2.1. Material and Sample Preparation

Materials from the base metal and seam weld of a commercial API 5L X60 pipe section,
which had not been in service, were utilized for this study. The pipe dimensions included
an outer diameter of 762 mm (30 inches) and a wall thickness of 19.1 mm. The chemical
compositions of the base metal and the welded material were analyzed using Bruker
Q4 Tasman Spark OES, with a summary of results provided in Table 1. The mechanical
properties of the base metal and welded material extracted from the supplier’s material
test report are listed in Table 2.

Table 1. Chemical composition (wt.%) of the materials.

Material C Mn Si Nb Cr Cu
Base 0.087 1.476 0.219 0.021 0.018 0.011
Weld 0.107 1.326 0.291 0.014 0.017 0.012

Table 2. Mechanical properties of the base metal and the welded material.
Material Direction Yield Strength Tensile Strength
Base Longitudinal 477.5 £+ 62.5 MPa 560.0 £ 40.0 MPa
Weld Circumferential Not present 520.0 MPa

Optical microscopy was employed for microstructural characterization. The polished
samples from both the base and welded regions were etched with a 5% Nital solution to
reveal their microstructure. The micrographs presented in Figure 1 depict the base metal,
oriented perpendicular to the pipe’s longitudinal (L), radial (R), and circumferential (C)
directions. The base metal microstructure consists of a mixture of ferrite, pearlite, and
cementite. As reported by Michler et al., for API 5L X60 pipeline steel, cementite particles
were observed within the ferrite grains [13]. The microstructure exhibits banding induced
during the manufacturing process, with elongated layers of ferrite and pearlite aligned
with the rolling direction. For thicker-walled pipelines, a similar layered microstructure
is typically observed [26]. The microstructure of the weld fusion zone (WFZ) consists of
secondary Widmanstétten ferrite and acicular ferrite microstructure (Figure 2b). In the
heat-affected zone (HAZ), bainite, pearlite, and cementite were observed (Figure 2c).

Figure 1. Optical micrographs of the X60 base metal tested.
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Figure 2. (a) Macroscopic image of the X60 weld, indicating weld fusion zone (WFZ), heat-affected
zone (HAZ) and base metal (BM). (b) Microstructure of the WFZ. (¢) Microstructure of the HAZ.
(d) The measured Vickers hardness values of the welded region.

Vickers hardness measurements were conducted along the weld and base material,
following the ASTM E92 standard [27], using a 10 kg load applied for 10 s. Indentations
were spaced 1.175 mm apart. The Vickers hardness of the base metal and welded material
was measured as 202.6 &+ 0.4 and 214.2 £ 2.8 HV, respectively. Additionally, hardness was
measured across the cross-section of the weld (Figure 2d). The base metal surrounding the
weld (~170-180 Hv) exhibited lower hardness compared to the base metal, likely due to an
unintended annealing effect induced by the welding process.

The base and welded material specimens were extracted, as illustrated in Figure 3a,b.
The specimen from the base metal (Figure 3a) was oriented with the gauge section along the
longitudinal axis. For the welded material (Figure 3b), the specimens were extracted in such a
way that the weld was in the middle of the gauge section along the circumferential direction.

The dimensions of the hollow specimens are shown in Figure 3c. A 3.175 mm (1/8 inch)
extended drill bit was used to create the internal hole, with the depth set to extend through
the gauge section of the specimen. Deep drilling was performed using an HAAS UMC 750
5-axis milling machine (Haas Automation Inc., Oxnard, CA, USA) to ensure concentricity
and repeatable surface roughness. First, an uncoated high-speed steel (HSS) drill bit,
similar to the final hole diameter, was used for pre-drilling. Afterwards, deep drilling
was performed using an extended high-speed steel (HSS) drill bit. Both uncoated and
titanium nitride (TiN)-coated extended high-speed steel (HSS) drill bits were tested for
deep drilling. The TiN-coated drill bit was selected due to its improved surface finish and
better chip evacuation. The pre-drill and deep drilling depths were selected to ensure that
the inner surface was consistent within the gauge section of the specimen. Prior to testing,
the specimens were cleaned in an ultrasonic bath with 99% isopropyl alcohol to remove
coolant traces and other impurities. They were then stored in a low-humidity environment.
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Figure 3. The approximate location of the extraction of tensile specimens. (a) Welded material.
(b) Base material. (c) Hollow specimen dimensions (in mm) used for the study.

After each drilling operation, the drill bit tips were examined for wear and replaced
as needed. Before machining the outer profiles of the cylindrical tensile specimens, the
roughness of the deep-drilled surface was assessed using a cross-section from a drilled
cylinder taken from the pipe section. The surface roughness was measured as an average of
five line roughness measurements using a Keyence VR-6000 optical profilometer (Keyence
Corporation, Osaka, Japan). Figure 4 below shows the obtained roughness profiles, with an
average roughness (Ra) of 5.8 um. Notably, the region pre-drilled using an uncoated drill
bit exhibited a higher surface roughness than the region that was deep-drilled using the
TiN-coated drill bit.

0 20 40
Distance (mm)

Figure 4. The measured roughness profile of the internal hole of the specimen. The black outline
represents the cross-section of the hollow specimen.

2.2. Test Setup and Environment

The hollow specimen setup was inspired by a design developed by Boot et al. [14]
and adapted for easier integration with the gripping system of an existing load frame.
A hydrogen-compatible Viton O-ring was used to establish the seal between the hollow
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specimen and the grip system. The shank section of the hollow specimen was designed to
restrict movement through the “bottom grip nut”, ensuring secure sealing of the specimen.
The sealing surface of the specimen was faced and ground to create a flat, smooth finish,
ensuring optimal mating with the O-ring and minimizing the risk of gas leaks during
testing. Figure 5 illustrates the hollow specimen setup used in this study.

4———Top grip bolt

4—— Top grip nut

Pressure gauge

Hollow tensile
specimen

Outlet ball
valve B

Viton O-ring

Bottom grip nut

Bottom grip
adapter

Inlet ball
valve

Figure 5. Schematic diagram of the hollow specimen setup.

A custom-designed Gas Management System (GMS) was employed to pressurize the
testing setups used for HE studies. The GMS facilitated the purging, vacuum evacuation,
and charging of the test setup, ensuring the purity of the test environment. Prior to
testing, the test setup underwent three purging cycles with nitrogen (purity grade 5.0),
with each cycle followed by vacuum evacuation. For tests conducted with pure hydrogen,
after three nitrogen purge cycles, the GMS was purged with hydrogen (purity grade 5.0),
vacuum evacuated, and then filled to the final test pressure. In the tests involving a 20%
hydrogen mixture, the desired ratio was achieved using Dalton’s law of partial pressures
(Equation (1)). Deviations from ideal gas behaviour were considered negligible, given
that the mixing was performed at room temperature and a total pressure of 2.07 MPa
(300 psi). After completing the nitrogen purge cycles, hydrogen was first introduced
at 0.41 MPa (60 psi), followed by the addition of methane (purity grade 3.7) at a higher
pressure (above 0.41 MPa) to achieve a total pressure of 2.07 MPa. The gas volume remained
constant during mixing, and pressure was monitored using a high-precision digital gauge
for accuracy. Reference tests were conducted using methane. For the base and welded
materials, three specimens were tested with different hydrogen concentrations. However,
only two specimens were tested for the welded material with 20% hydrogen concentration.

Py, + Pch, = Protal 1)

2.3. Test Procedure

After pressurizing with the gas of interest, the ball valves surrounding the hollow
specimen setup were closed to isolate the gas volume. This setup was then inspected for
leaks using an Inficon GAS-Mate Combustible Gas Leak detector (718-202-G1, INFICON,
Bad Ragaz, Switzerland). Once verified, the hollow specimen setup was detached from the
GMS and securely mounted within the hydraulic grips of an MTS 100 kN servo-hydraulic
load frame. To ensure there were no leaks, the setup was kept undisturbed for one hour
before testing commenced. Each test was conducted at a constant displacement rate of 3 x
10~% mm-s~!, which corresponds to a theoretical strain rate of 1.2 x 107> s~ 1. Throughout
each test, both the force output and crosshead displacement were continuously recorded.
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The HEI serves as a quantifiable metric to evaluate the degree of HE in a material
based on the observed reduction in its ductility. Changes in ductility can be quantified by
measuring the Elongation at Fracture (EF) and the Relative Reduction in Area (RRA) of
samples’ gauge sections, both with and without hydrogen exposure. In this study, RRA
measurements were used to calculate the HEI index, as shown in Equations (3) and (4). Ad-
ditionally, EF was calculated using Equation (2). The fracture surface area of each specimen
was measured using a Keyence VR 6000 3D optical profilometer (Keyence Corporation,
Osaka, Japan). Fractography was conducted using a Tescan Mira 3 XMU scanning electron
microscope (TESCAN, Brno, Czech Republic) while optical microscopy was completed
using a Zeiss Axio Observer optical microscope (Carl Zeiss AG, Jena, Germany).

_ Final gauge length (Lo) — Initial gauge length (L;)
B Initial gauge length(L;)

EF x 100 )

_ Cross section before testing (Ai) — Cross section after testing (Ay)

RRA
Cross section before testing(A;)

x100  (3)

RAqirch, — RRAHENG H,
RRAair,CH4

R
HEI% = x 100 @)

3. Results and Discussion
3.1. Slow-Strain-Rate Test Results

Figure 6 compares stress vs. displacement curves for specimens tested in 0, 20,
and 100% hydrogen. For clarity, each test condition is represented by a single stress—
displacement curve. A wide variation in displacement was observed across the tests.

As reported by many researchers [28-31], hydrogen exposure did not significantly
affect the yield and tensile strength of the base and welded materials. While some deviation
in the tensile strength was observed, all samples fell within the strength range specified
in the material test report. All the stress-displacement curves show similar behaviour up
to the ultimate tensile strength threshold. However, after necking began, the influence of
hydrogen became evident, highlighting the impact of stress-induced hydrogen diffusion.

’—e—CH4 20% H, —e—100% H2| ’—e—CH4 20% H, —e—100% H2|

0 1 2 3 4 5 6 0 1 2 3 4 5 6
Displacement (mm) Displacement (mm)

Figure 6. Selected stress vs. displacement curves for the base (a) and welded material (b). The arrow

indicates the “knee point”.

Konert et al. utilized a hollow specimen setup to conduct slow-strain tests and noted
a distinctive “knee point” in the force vs. displacement output when testing samples were
exposed to hydrogen [17]. This “knee point” divides the force-displacement curve into
two distinct regions: (1) before the “knee point”, where more brittle behaviour is observed,
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and (2) after it, where there is a noticeable shift towards more ductile behaviour. They
hypothesized that the “knee point” represents when a crack first reaches the outer surface
of the specimen, releasing the pressurized gas. To confirm this hypothesis, the pressure
within the hollow specimen setup was monitored alongside the force and displacement
outputs. Tests conducted with hydrogen exhibited a similar “knee point”, as described
by Konert et al. Upon reaching the “knee point”, the system’s pressure dropped to zero,
which indicated that an internal crack had indeed reached the outer surface of the specimen.
This initiated a shift towards more ductile behaviour in the force-displacement curve. A
Supplementary Video (Video S1) is attached to this work, indicating the pressure drop at
the “knee point”.

Moreover, at the knee point, hydrogen is released from the test environment, and these
stress vs. displacement curves indicate the behaviour switching from brittle to ductile. This
phenomenon can be argued to be the degree of reversibility of pipeline steel after hydrogen
escapes from the test environment. This signifies the importance of conducting gaseous
in situ testing for pipeline steels. Figure 7 summarizes the results from slow-strain-rate
tensile tests for the base and welded materials. The results reveal that the base material
(Figure 7a) maintains relatively stable ductility above 20% hydrogen concentration after
some reduction in EF and RRA when the hydrogen concentration is increased above 0%.
Specifically, the base material’s EF decreased from 24.2% at 0% hydrogen to about 21% in
both cases of 20% and 100% hydrogen. At the same time, its RRA decreased from 74.9% at
0% hydrogen to about 66% with the presence of hydrogen (both for 20% and 100% hydrogen
concentrations). Comparing the relative difference between EF and RRA changes with
hydrogen concentration from 20% to 100%, even 20% hydrogen can significantly impact
ductility. Reflecting the changes in the RRA, the HEI index for 20 and 100% percentage
hydrogen exposure were 11.6 and 12.4%.

The EF for the welded material (Figure 7b) decreased from 17.0% at 0% hydrogen to
about 13% at 20% and 100% hydrogen. Similar to the base metal, the welded material’s EF
had a similar pattern moving from 0, 20 to 100% hydrogen. Unlike the base metal, the RRA
for the welded material decreased more significantly from 71.9% at 0% hydrogen to 58.9%
at 100% hydrogen. However, the RRA for the welded material had a higher error than the
base material. The HEI for the welded material increased from 14.6% at 20% hydrogen
to 18.0% at 100% hydrogen, indicating greater susceptibility to hydrogen embrittlement
compared to the base material.

Compared to the base material, the welded material’s HAZ and the surrounding base
metal have a lower hardness. This soft microstructure will result in relatively high localized
plastic strain compared to the base metal, resulting in relatively high hydrogen diffusion.
Therefore, the welded material showed higher HEI than the base metal.

(a) o eF | (b) o EF
1001 RRA| 100 RRA
o HEI o HEI
80 - 74.9 80.. 71 .9
. 66.2 666/
S S 61.4 58.9
o 601 o 60
(o)) (@]
8 8
c c
g 40 g 401
g 242] 21,0 214 @ - 180
201° o ° 201 o 0 .
5 @ 50 g o
0 11.6 12.4 0 =1 113.6 134
0 20 40 60 80 100 0 20 40 60 80 100
Hydrogen percentage (%) Hydrogen percentage (%)

Figure 7. Variation in the Elongation at Fracture (EF), Relative Reduction in Area (RRA) and hydrogen
embrittlement index (HEI) for (a) base material and (b) welded material.
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3.2. Fractography Analysis

The base metal exposed to methane (Figure 8a) exhibited a typical ductile fracture
characterized by micro-void coalescence (MVC) [32]. Upon closer examination, equiaxed
dimples (Figure 8b) were observed predominantly along the center of the cross-section. In
contrast, parabolic dimples (Figure 8c) were observed near the inner and outer surfaces.
Additionally, the fracture surface exhibited an elliptical shape, attributed to the anisotropy
caused by the banded microstructure along the rolling direction, similar to the results
reported in [13].

Secondary
crack

ey
20pm

Figure 8. SEM images displaying the fracture surface of the base specimens. (a) Specimen exposed to
methane. (b) Equiaxed dimples. (c,k) Parabolic dimples. (d) The fracture surface of the specimen
exposed to 20% hydrogen. (e) HAF and MVC boundary. (f,j) QC and MVC in the transition zone.
(g) The fracture surface of the specimen exposed to 100% hydrogen. (h,i) QC fracture.
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When exposed to blended or pure hydrogen (Figure 8d,g), hydrogen-assisted fracture
(HAF) regions can spread outwards from the inner surface. These regions typically consist
of quasi-cleavage (QC)-like features closer to the inner surface (Figure 8e h). Further moving
outwards, a transition region can be observed with a mixture of QC and equiaxed dimples
(Figure 8f)j). The remainder of the cross-section displayed parabolic dimples, indicative of
MVC (Figure 8k). In contrast to the base metal exposed to methane, the hydrogen-exposed
samples showed more pronounced cracks forming at the inner surface near the fracture
zone, identified as secondary cracks. The drilling process can introduce micro-scratches on
the inner surface, creating local stress concentrations when necking occurs. These stress
concentrations facilitate localized hydrogen diffusion, leading to the formation of both
primary and secondary cracks. The presence of QC fracture features on the secondary
cracks further supported this observation (Figure 8i).

Boot et al. also noted similar secondary cracks forming and cited several other in-
stances of these cracks occurring [14]. To mitigate this, they proposed that careful surface
preparation could limit the impact of machining defects. Similar to the approach with a
notched specimen outlined in ASTM G142 [11], employing a hollow specimen with an
internal sharp notch introduces a single point of stress concentration. This concentrated
stress point could reduce the formation of secondary cracks by focusing stress in one area.

The welded material showed fracture characteristics similar to those of the base metal.
When exposed to methane, MVC can be observed in the equiaxed and parabolic dimple
regions (Figure 9a—c). However, compared to the base metal, the equiaxed dimple region
occupies a larger fracture surface area.

When exposed to hydrogen, regions of HAF and MVC can be observed (Figure 9d).
Similar to the base metal, the majority of the HAF region consists of the QC fracture region
(Figure 9e) and a transition region, with QC and MVC similar to the base metal exposed
to hydrogen. The secondary cracks also exhibited QC fracture (Figure 9f), indicating
hydrogen-induced crack growth.

< ——

20um

Figure 9. SEM images displaying the fracture surface of the welded specimens. (a) Specimen exposed
to methane. (b) Equiaxed dimples. (c) Parabolic dimples. (d) The fracture surface of the specimen
exposed to 100% hydrogen. (e,f) QC fracture.
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To identify the fracture location along the gauge section of a welded material sample,
a cross-section perpendicular to the fracture surface was examined using an optical micro-
scope (Figure 10a,d). The fracture locations of both the methane and hydrogen-exposed
samples were found between the heat-affected zone (HAZ) and the base metal. This area ex-
hibited the lowest hardness, indicating lower yield and tensile strength. Consequently, this
region is more likely to undergo plastic deformation before the other regions of the material,
leading to localized necking, stress-induced hydrogen diffusion, and, ultimately, failure.

A closer examination of the microstructure (Figure 10b,e) below the fracture surface
revealed distinct differences in the grain flow between the samples exposed to methane and
hydrogen. In the methane-exposed sample (Figure 10b), the grains flowed perpendicular
to the fracture surface. In contrast, the hydrogen-exposed sample (Figure 10) exhibited
localized plastic flow, indicating slipping. Additionally, secondary cracks originating from
the inner surface were observed in both specimens. Upon closer inspection of the hydrogen-
exposed sample (Figure 10f), its microstructure revealed a similar plastic flow directed
towards the stress concentration. Notably, the plastic flow was observed moving beyond
the crack tip, which indicates the distance at which the hydrogen has induced plasticity. In
contrast, the methane-exposed sample did not show localized plasticity (Figure 10c).

Two critical observations highlight the mechanisms involved in hydrogen-assisted
fracture (HAF). Firstly, the HAF regions on both the primary and secondary crack faces
consisted predominantly of quasi-cleavage fractures. Secondly, highly plastically deformed
grain flow could be seen in the fracture surfaces. Martin et al. state that researchers have
observed similar highly developed plastic deformation patterns found underneath and
away from the transgranular fracture features (quasi-cleavage fractures), characteristic of
the HELP mechanism [5]. Therefore, considering the specific hydrogen concentrations,
displacement/strain rate, and temperature conditions, it seems likely that the HELP mech-
anism is at play.

Figure 10. Optical micrographs of perpendicular cross-section surface to the fracture surface.
(a,d) Weld specimen exposed to methane and hydrogen. The overlay indicates the WFZ, HAZ
and BM. (b,e) Closeup of the fracture surfaces exposed to methane and hydrogen, respectively.
(c,f) Closeup of the secondary crack exposed to hydrogen and methane, respectively. The white
dotted lines in (b,c,e,f) represent the general grain flow.

4. Conclusions

A hollow specimen setup of a slow-strain-rate tensile test was used to evaluate the
effect of hydrogen embrittlement with 20 and 100% hydrogen concentrations at a total
pressure of 2.07 MPa. The following conclusions can be drawn from this research:
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1.  The yield and tensile strength of both the base and welded materials were not in-
fluenced significantly by exposure to hydrogen at the two tested concentrations.
However, the ductility of both materials was notably reduced.

2. The hydrogen embrittlement index (HEI) used to represent ductility for both the base
and welded materials showed limited change across both hydrogen concentrations
(20% and 100%). This indicates that even at low hydrogen concentrations, there can
be significant susceptibility to embrittlement.

3. The region between the heat-affected and the surrounding base metal in the weld
region exhibited the highest embrittlement with hydrogen. The reduced hardness near
the heat-affected zone causes localized deformation, facilitating increased hydrogen
diffusion and ultimately leading to hydrogen-assisted fractures compared to the
base metal.

4.  Fractography revealed that quasi-cleavage fractures are predominant in the hydrogen-
assisted fracture region. Furthermore, highly localized plasticity was observed below
the fracture surface. These findings explain the probable effect of the Hydrogen-
Enhanced Localized Plasticity (HELP) mechanism.

Supplementary Materials: The following supporting information can be downloaded at: https:
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