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Abstract

This study investigates hydrogen embrittlement in welded joints of X52 (L360) pipeline
steel obtained from an operating natural gas transmission network after 31 years of service,
with particular emphasis on production (longitudinal) and girth (circumferential) welds.
The aim is to elucidate the influence of microstructural heterogeneity across the pipe wall
and within different welded joint types on hydrogen transport, trapping behavior, and
fracture mechanisms. The investigation combines X-ray diffraction, electrochemical hy-
drogen permeation testing, fractographic analysis, and transmission electron microscopy.
X-ray diffraction results show that the base metal and girth weld consist predominantly of
body-centered cubic ferrite, whereas the production weld additionally contains retained
austenite associated with an elevated manganese content. These phase-related differences
are consistent with transmission electron microscopy observations of martensite–austenite
constituents within the weld microstructure. Electrochemical hydrogen permeation mea-
surements reveal pronounced microstructure-dependent hydrogen transport behavior.
The production weld exhibits a significantly lower apparent diffusion coefficient and a
markedly higher hydrogen trap density, approximately five times greater than those of the
base metal and girth weld, providing a mechanistic explanation for the observed differ-
ences in hydrogen uptake behavior. Fractographic analysis demonstrates a transition from
ductile microvoid coalescence in the uncharged condition to predominantly brittle fracture
following hydrogen charging. This transition is accompanied by a substantial increase in
the fraction of brittle fracture zones, reaching approximately 53% in hydrogen-charged
specimens. A pronounced gradient in hydrogen embrittlement susceptibility is observed
across the pipe wall thickness, with outer-wall specimens consistently exhibiting greater
susceptibility than inner-wall specimens. This behavior reflects the combined influence
of long-term soil corrosion and hydrogen-assisted degradation. Transmission electron
microscopy reveals that plastic deformation governs dislocation generation, while hydro-
gen significantly modifies dislocation behavior by promoting dislocation pile-ups near
martensite–austenite constituents and non-metallic inclusions. These observations indicate
strong interactions between hydrogen, dislocations, and microstructural heterogeneities. A
clear size-dependent role of non-metallic inclusions is identified. Sub-micron inclusions
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act primarily as irreversible hydrogen trapping sites that contribute to hydrogen redis-
tribution within the microstructure, whereas larger inclusions serve as preferential crack
initiation sites under hydrogen charging conditions. Overall, the results demonstrate that
hydrogen embrittlement behavior is governed by the combined effects of microstructural
state, welded joint type, and long-term service-induced degradation, resulting in distinct
hydrogen transport characteristics and fracture responses across the pipe wall.

Keywords: hydrogen embrittlement; pipeline steels; ferrite–pearlite steel; failure analysis;
welds; hydrogen trap density

1. Introduction
The transition toward hydrogen-based energy systems is placing increasing demands

on the structural integrity of infrastructure originally designed for natural gas service.
The repurposing of existing pipelines for hydrogen transport is economically attractive;
however, it requires rigorous assessment of hydrogen-related degradation phenomena,
particularly in structurally heterogeneous regions such as welded joints [1–4].

Carbon and low-alloy steels, which constitute the majority of existing transmission
pipeline networks, exhibit varying susceptibility to hydrogen embrittlement (HE) depend-
ing on their chemical composition, phase constitution, manufacturing history, and service
conditions [5]. Welded joints represent the most complex and mechanically critical re-
gions of a pipeline because they combine zones with distinct microstructures—namely the
base metal (BM), heat-affected zone (HAZ), and weld zone (WZ)—each characterized by
different hydrogen trapping capacities, diffusivities, and fracture resistances [2,6–8].

In the BM, hydrogen trapping is governed primarily by three classes of microstruc-
tural features. High-density dislocations introduced by cold working act as reversible
hydrogen traps in X52 steel [9], while grain boundaries and ferrite–pearlite interfaces
promote hydrogen-assisted degradation, with a particularly pronounced effect in banded
ferrite–pearlite microstructures [10]. Non-metallic inclusions, including oxide and sulfide
particles and their complexes, constitute the dominant population of irreversible hydrogen
traps [11]. Khalili Tabas et al. [11] demonstrated that the type, morphology, distribution,
and chemical composition of inclusions strongly influence hydrogen-induced cracking
(HIC) resistance in electric-resistance-welded X52 pipeline steel, identifying aluminosilicate
compounds and MnS inclusions as the most critical crack initiation sites.

Production weld (PW) metal typically exhibits a complex as-cast microstructure com-
prising acicular ferrite [12], bainite with elevated dislocation density, and martensite–
austenite (M/A) constituents [13]. The relative fractions of these phases depend strongly on
the welding process and cooling conditions. Despite this microstructural complexity, weld
metal generally exhibits lower hydrogen permeation than the BM because of its higher
effective hydrogen trap density [13]. Within PW joints, the HAZ represents the most critical
region with respect to hydrogen trapping and embrittlement. Regions near the fusion
line experience high peak temperatures during welding, resulting in grain coarsening and
promoting the formation of M/A constituents in low-carbon steels [13]. The resulting
heterogeneous microstructure—consisting of coarse-grained ferrite, acicular ferrite, discon-
tinuous pearlite colonies, bainitic regions, and M/A islands [13]—provides a high density
of trapping sites and renders the HAZ the most susceptible region to hydrogen-induced
cracking [12,14]. Accordingly, hydrogen susceptibility in PW joints generally decreases in
the order: HAZ > BM > weld metal [12]. Khalili Tabas et al. [11] further demonstrated
that post-weld heat treatment by normalizing refines the grain structure and homogenizes
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the distribution of trapping sites, thereby reducing the density of irreversible traps and
improving HIC resistance.

Girth welds (GW), produced by multi-pass circumferential welding of adjacent pipe
sections, develop particularly complex microstructures as a result of repeated thermal cy-
cling. Four distinct sub-zones are typically identified: the weld metal, coarse-grained HAZ
(CGHAZ), fine-grained HAZ, and intercritical HAZ (ICHAZ), each exhibiting different
hydrogen trapping characteristics [15,16]. The base material adjacent to the GW consists
mainly of ferrite and pearlite, whereas the weld metal is composed predominantly of acicu-
lar ferrite and grain-boundary ferrite [16]. Vega et al. [15] demonstrated through slow strain
rate testing that the ICHAZ is the most susceptible sub-zone to sulphide stress corrosion
cracking in API X52 GWs. This behavior was attributed to heating between the Ac1 and Ac3

transformation temperatures during successive weld passes, which promotes the formation
of M/A microconstituents acting as strong irreversible hydrogen traps. Among the mi-
crostructures encountered in GWs, ferrite–pearlite and ferrite containing M/A constituents
exhibit the highest susceptibility to hydrogen embrittlement and sulphide stress cracking,
whereas acicular ferrite, ferrite–bainite, ultrafine grain-boundary ferrite, and lower bainite
exhibit the lowest susceptibility [16]. The comparatively low hydrogen trapping capacity
of acicular ferrite and bainite is attributed to the fine carbide distribution within these
microstructures, which reduces the ferrite–carbide interfacial area available for hydrogen
accumulation [16].

The dominant hydrogen trap types in each region of a welded pipeline joint can
therefore be summarized as follows: in the BM, dislocations, grain boundaries, ferrite–
pearlite interfaces, and non-metallic inclusions; in the PW, acicular ferrite boundaries,
dislocations, bainitic laths, and M/A constituents; and in the GW, M/A constituents
within the ICHAZ, prior-austenite grain boundaries in the CGHAZ, and complex inclusion
networks distributed throughout the weld metal. The principal irreversible traps are MnS
and oxide inclusions in the BM, inclusion strings and M/A islands in the PW, and M/A
constituents together with complex oxide–sulfide inclusions in the GW. Consequently, the
highest hydrogen diffusivity is generally expected in the BM [13], the highest hydrogen
absorption capacity in the HAZ [12], and the greatest overall hydrogen susceptibility in the
ICHAZ [15].

The studies reviewed above address important individual aspects of hydrogen be-
havior in pipeline welds, including the influence of welding procedures on mechanical
properties, the role of cold working and multi-pass thermal cycling on microstructure
evolution, and the susceptibility of individual weld sub-zones to hydrogen embrittlement
and stress corrosion cracking. However, a gap remains between these isolated observations
and a unified mechanistic understanding of hydrogen-assisted embrittlement and cracking,
particularly regarding the variation of hydrogen trapping behavior through the pipe wall
thickness and the interplay among structural heterogeneity, non-metallic inclusions, and
local stress state in controlling the zone-specific response. The present work is directed
toward addressing this gap.

2. Methodology
2.1. Materials

The investigated material was obtained from X52 pipeline steel taken from an existing
natural gas transmission system in Bulgaria after 31 years of service. The chemical compo-
sitions of the BM, PW, and GW were determined using an optical emission spectrometer
(Q4 TASMAN Q101750-C130, Bruker AXS, Berlin, Germany). The measured compositions
are summarized in Table 1 [5].
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Table 1. Chemical composition (wt.%) of the investigated pipeline steel in the BM, PW, and
GW Reprinted from Ref. [5].

Material C Si Mn S P Cr Cu Ni

BM 0.133 0.48 1.30 0.016 0.014 0.02 0.07 0.03
PW 0.111 0.66 1.46 0.016 0.017 0.26 0.08 0.075
GW 0.092 0.43 1.03 0.011 0.019 0.04 0.06 0.04

The PW is approximately 35 mm wide and 16.5 mm thick, whereas the GW is approx-
imately 13.5 mm wide and 12.7 mm thick. Minor dimensional variations were observed
along the weld length (or circumference in the case of the GW).

2.2. Test Methods
2.2.1. Electrochemical Hydrogen Charging and Tensile Testing

Detailed descriptions of the pipeline geometry, specimen geometry, electrochemical hy-
drogen charging procedure, and in situ tensile testing under hydrogen charging conditions
are provided in Ref. [5].

2.2.2. Hydrogen Permeation Testing

Electrochemical hydrogen permeation measurements were performed to evaluate the
hydrogen diffusion characteristics of the investigated pipeline steel. The experimental
procedure followed ISO 17081:2014 [17].

Disc specimens with a diameter of 28 mm, thickness L = 1.05 mm, and exposed
area A = 3.14 cm2 were used for the permeation measurements. Prior to testing, all
specimen surfaces were ground using SiC 600 abrasive paper with randomly oriented
scratches. The same surface preparation procedure was applied to all specimens to ensure
experimental consistency.

Hydrogen permeation measurements were carried out using a Devanathan–Stachurski-
type electrochemical cell [18], in which the metallic specimen acts as a hydrogen-permeable
membrane separating two electrochemical half-cells. Electrochemical measurements were
performed using a Corrtest CS2350M bipotentiostat (Corrtest Instruments, Wuhan, China),
which enabled independent potential control of the anodic and cathodic half-cells.

After mounting and sealing the specimen between the two cells, the exit (anodic)
side was filled with deaerated 0.1 M NaOH solution. A passive surface film was then
formed by applying a potential of +0.454 V versus the Hg/HgO (1 M KOH) reference
electrode. Passivation was considered complete when the anodic current density in the exit
cell decreased below 100 nA/cm2. All permeation transients were recorded at 25 °C under
galvanostatic hydrogen charging at a current density of 3 mA/cm2.

2.3. Characterization Methods
2.3.1. X-Ray Diffraction Analysis (XRD)

XRD analysis was performed using a TDM-10 diffractometer (Dandong Tongda Sci-
ence and Technology Co., Ltd., Dandong, China) equipped with Cu-Kα radiation and a
Ni Kβ filter. The X-ray tube was operated at 40 kV and 35 mA. Diffraction patterns were
collected using a step size of 0.02◦ and a scanning speed of 0.4◦/min. Phase identification
was carried out using Match! 4 software.

Specimens for XRD analysis were extracted from the BM, PW, and GW regions. Peak
broadening analysis was conducted using the modified Williamson–Hall method [19]. The
analysis assumed an average dislocation contrast factor (C = 0.30) corresponding to mixed
dislocations containing both edge and screw components [20]. Instrumental broadening
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was corrected using a silicon standard reference material, and linear fitting was performed
by least-squares regression.

2.3.2. Microstructural and Fractographic Analyses

To evaluate the through-thickness gradient of hydrogen embrittlement susceptibility,
six tensile specimens were extracted from two positions across the pipe wall thickness
(three from each position): position 1 (outer wall, furthest from the gas flow path) and
position 2 (inner wall, closest to the pipe bore exposed to the transported gas). Specimens
were designated as follows: PW-1 and PW-2 (PW, uncharged), PW-1H and PW-2H (PW,
hydrogen charged), GW-1 and GW-2 (GW, uncharged), and GW-1H and GW-2H (GW,
hydrogen charged).

A schematic representation of the sampling locations through the pipe wall thickness
is shown in Figure 1, while the orientations of the PW and GW tensile specimens with
respect to the rolling direction (RD) and loading direction (LD) are presented in Figure 2.

Figure 1. Schematic representation of the sampling locations and orientations of the PW and GW spec-
imens relative to the gas pipeline (a) and through the pipe wall thickness (b). Position 1 corresponds
to the outer wall, whereas position 2 corresponds to the inner wall (bore side).

Figure 2. Geometry and orientation of the tensile test specimens extracted from the PW (a) and GW
(b), showing the rolling direction (RD), loading direction (LD), and transverse direction (TD).

Fractographic and microstructural analyses were performed on all fractured tensile
specimens using a HIROX 5500 scanning electron microscope (HIROX Europe, Limonest,
France) equipped with a Bruker EDXS system (Bruker Co., Berlin, Germany). Composite
images of the complete fracture surfaces were obtained by sequential stitching of individual
SEM micrographs acquired along the loading direction.

The relative fraction of the brittle fracture zone (BFZ), expressed as a percentage of the
total fracture surface area, was determined by image analysis.

Microstructural characterization of the area beneath the fracture surface (ABFS) was
carried out on polished and etched cross-sections of fractured specimens. The specimens
were prepared by grinding, polishing, and etching with 2% nital. The investigated region
extended to a depth of approximately 400 µm below the fracture surface, following the
methodology described in Part I [5].
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2.3.3. TEM Analysis

TEM analysis was performed using a JEM 1011 transmission electron microscope
(JEOL Ltd., Tokyo, Japan) operated at an accelerating voltage of 100 kV. Thin foils were pre-
pared using a TENUPOL 5 electropolishing system (STRUERS Ltd., Copenhagen, Denmark)
at 45 V and 5 °C, with a flow rate setting of 20 and STRUERS-A2 electrolyte.

3. Results and Discussion
3.1. Microstructural Analysis of the ABFS of Specimens at Position 1 (Figure 1)
3.1.1. Uncharged Specimen Containing GW

Figure 3a–c show the microstructure in the ABFS of an uncharged specimen containing
a GW. Fracture occurred within the HAZ, whose microstructure is characterized by a
higher fraction of non-equiaxed ferrite grains and pearlite colonies compared with the
BM, together with a small amount of structurally free cementite inclusions. These features
indicate non-equilibrium solidification in this region (Figure 3a).

Figure 3. ABFS of an uncharged specimen containing a GW: (a) cracks and microvoids; (b) crack
propagation perpendicular to the cementite lamellae; (c) crack propagation parallel to the cementite
lamellae. The fracture surface is on the right side of each picture. Cracks and microvoids are indicated
by white arrows.

Damage is manifested by the formation of cracks and microvoids (Figure 3b,c). Crack
propagation occurs both within the ferritic phase, where it proceeds transgranularly and
along pearlite colonies (Figure 3b), and inside pearlite colonies, where cracks propagate
both perpendicular (Figure 3b) and parallel (Figure 3c) to the cementite lamellae.

These observations indicate that the fracture mechanisms in specimens extracted
near the pipe surface, which had been exposed to soil for more than 31 years, differ
from those observed in corresponding mid-thickness specimens, where fracture occurred
predominantly within the ferritic phase (see Figure 5a,b in Part I [5]). This difference is
likely associated with long-term corrosion processes affecting the surface layers of the pipe.

3.1.2. Uncharged Specimen Containing PW

Figure 4a–c present the microstructure in the ABFS of an uncharged specimen contain-
ing a PW. Fracture during tensile testing also occurred within the HAZ.

Certain microstructural defects appear to be pre-existing, such as the depressions with
smooth and rounded walls shown in Figure 4a. These defects are unlikely to have formed
due to hydrogen or corrosion effects, particularly considering the relatively low initial
hydrogen concentration (1.57 ppm; see Table 2 in Part I [5]).

Additional damage features include cracks within ferrite grains, as well as microvoids
located both inside the ferritic phase and along ferrite–pearlite interfaces (Figure 4b).
Smooth and continuous intergranular cracks suggest a decohesion mechanism, whereas
cracks containing chains of pores are indicative of pore coalescence (Figure 4c).
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Figure 4. ABFS of an uncharged specimen containing a PW: (a) depressions with relatively smooth
and rounded walls (pre-existing defects)—highlighted by red circles; (b) cracks within ferrite grains
and microvoids in the ferrite phase and along ferrite–pearlite interfaces ; (c) intergranular cracks. The
fracture surface is on the right side of each picture. Cracks and microvoids are indicated by white
arrows.

3.1.3. Hydrogen-Charged Specimen Containing GW

Figure 5a–c show the microstructure in the ABFS of a hydrogen-charged specimen
containing a GW. The observed non-equiaxed grain morphology confirms that fracture
occurred within the HAZ (Figure 5a,b). In Figure 5b, a transition in microstructural
orientation from horizontal to vertical is visible, indicating proximity to the weld seam.

Figure 5. ABFS of a hydrogen-charged specimen containing a GW: (a) non-equiaxed grain structure in
the HAZ; (b) densely distributed microvoids and cracks; (c) intergranular crack along a ferrite grain
boundary, indicating decohesion. The fracture surface is on the right side of each picture. Cracks and
microvoids are indicated by white arrows.

The ABFS is characterized by a dense population of closely spaced microvoids and
cracks. Crack propagation occurs predominantly within the ferritic phase, but also inside
pearlite colonies (Figure 5b), which may reflect hydrogen-assisted damage [21]. Since
hydrogen-enhanced localized plasticity (HELP) operates preferentially within ferrite [22],
where hydrogen increases dislocation mobility and lowers the activation barrier for slip, the
observed secondary cracks are likely associated with HELP-controlled localized deformation.

Figure 5c shows a crack propagating along a ferrite grain boundary, indicating deco-
hesion arising from the combined influence of hydrogen and, potentially, intergranular
corrosion. Such features are absent in analogous mid-thickness specimens reported in
Part I [5]. Hydrogen accumulation at ferrite–cementite interfaces, ferrite grain boundaries,
and inclusion–matrix interfaces reduces local cohesive strength below a critical threshold,
indicating the operation of the hydrogen-enhanced decohesion (HEDE) mechanism [23].

3.1.4. Hydrogen-Charged Specimen Containing PW

Figure 6a,b present the microstructure in the ABFS of a hydrogen-charged specimen
containing a PW. Figure 6a reveals an elongated microstructure associated primarily with
directional solidification during welding rather than with plastic deformation during tensile
testing. This indicates that fracture occurred near the interface between the weld metal and
the HAZ.
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Figure 6. ABFS of a hydrogen-charged specimen containing a PW: (a) elongated microstructure
associated with directional solidification during welding; (b) region with a low density of defects,
characterized by small and sparsely distributed microvoids. The fracture surface is on the right side
of each picture. Microvoids are indicated by white arrows.

Figure 6b shows a comparatively low density of damage features, characterized by
small and sparsely distributed microvoids. This behavior may also reflect the influence of
corrosion processes affecting the surface layers of the pipe.

3.2. Fractographic Analysis
3.2.1. Fractographic Analysis of Tensile-Tested Specimens Before Hydrogen Charging

Fracture in all uncharged specimens (PW-1, PW-2, GW-1, and GW-2) proceeded
predominantly through a ductile mechanism. Well-defined necking is observed in all
specimen types, confirming substantial plastic deformation prior to failure.

Following tensile testing, fracture of PW-1 and PW-2 occurred in the BM immediately
adjacent to the HAZ (Figure 7a,b). Fracture is predominantly ductile, with isolated BFZs.
Ductile fracture proceeds through microvoid coalescence (MVC) (Figure 7c,d).

Figure 7. Fractured surfaces of tensile-tested specimens with PW: (a) General view of the fractured
surface of PW-1; (b) General view of the fractured surface of PW-2 (c) MVC ductile region and isolated
QC zones in PW-1; (d) MVC ductile region and isolated QC zones in PW-2.
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Two types of dimples are observed in the ductile regions: (i) small and shallow
dimples up to 5–10 µm in size and (ii) larger dimples exceeding 15–20 µm in diameter, with
smooth walls characteristic of quasi-cleavage (QC) fracture (Figure 7d). The BFZ fraction is
approximately 8% in PW-1 and 11% in PW-2.

Fracture of GW-1 and GW-2 occurred within the HAZ (Figure 8a,b). Cracks are visible
on the smooth walls of larger voids (Figure 8d). The BFZ fraction in both GW specimens is
approximately 5%, with negligible variation across the pipe wall thickness.

Figure 8. Fractured surfaces of tensile-tested specimens with GW. (a) General view of the fractured
surface of GW-1; (b) General view of the fractured surface of GW-2; (c) MVC and QC zones in GW-1;
(d) MVC and QC zones in GW-2, fracture showing cracks on the smooth void walls.

The presence of isolated BFZs in all uncharged specimens is attributed to a combination
of manufacturing-related microstructural heterogeneity, long-term service degradation,
and possible corrosion-related effects at the pipe–soil interface, particularly in outer-wall
specimens.

3.2.2. Fractographic Analysis of Tensile-Tested Specimens After Hydrogen Charging

Electrochemical hydrogen charging substantially increases the brittleness of all spec-
imens. The disappearance of macroscopic necking, present in all uncharged specimens,
provides immediate evidence of hydrogen-assisted embrittlement.

Fracture of the hydrogen-charged PW specimens occurred in the BM adjacent to the
HAZ (Figure 9a,b). The BFZ fraction in PW-1H increased more than sixfold relative to
PW-1, reaching approximately 53%, whereas PW-2H exhibited a fourfold increase, reaching
approximately 43%.

The fracture mechanism is consistent with and extends observations reported previ-
ously [5,24]. Fracture initiates through the formation of intergranular (IC) and transgranular
(TG) cracks (Figure 9c,d), which subsequently coalesce into longitudinal cracks (LCs) up to
20 µm wide and oriented close to the rolling direction (RD).
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Transgranular cracks propagating along ferrite–cementite interfaces within pearlite
colonies are clearly visible (Figure 9d), confirming that ferrite–cementite interfaces and
pearlite–ferrite boundaries are preferential sites for hydrogen trapping and crack initia-
tion [24]. Near the specimen edges, well-defined cleavage and QC facets are observed
(Figure 9e,f), indicating HEDE-controlled fracture under conditions where hydrogen re-
duces local cohesive strength below the critical threshold [23,25].

Figure 9. Fractured surfaces of hydrogen-charged tensile tested specimens with PW. (a) General view
of the fractured surface of PW-1H; (b) General view of the fractured surface of PW-2H; (c) Transgran-
ular cracks (TG), intergranular (IC) and longitudinal (LC) cracks oriented along the RD in PW-1H;
(d) TG cracks in PW-1H; (e) QC facets and planar cleavage facets near the specimen edges in PW-2H;
(f) longitudinal (LC) and transgranular cracks.

Failure in GW-1H occurred at the interface between the BM and the HAZ, with a BFZ
fraction of approximately 53%, representing more than a tenfold increase relative to GW-1.
Fracture in GW-2H occurred entirely within the HAZ, with a BFZ fraction of approximately
26%, corresponding to an approximately fivefold increase relative to GW-2.

Both hydrogen-charged GW specimens exhibit IC and TG cracking, together with
features corresponding to crack propagation perpendicular to the observation plane
(Figure 10c,d). The fracture behavior reflects the heterogeneous HAZ microstructure, which
contains ferrite, bainitic constituents, and lamellar pearlite. The high density of interfaces
in pearlite and bainite promotes hydrogen trapping and localization, thereby reducing
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fracture resistance. These observations are consistent with previous findings reporting
crack propagation both parallel and perpendicular to cementite lamellae under hydrogen
charging [26].

Figure 10. Fractured surfaces of hydrogen-charged tensile-tested specimens with GW: (a) General
view of the fractured surface of GW-1H; (b) General view of the fractured surface of GW-2H; (c) IC,
TG, and LC cracks in GW-1; (d) QC and planar cleavage facets near the edge of the specimen GW-1H;
(e,f) GW-2H fracture details—intergranular (IC) and transgranular (TG) cracks.

The BFZ fractions measured before and after hydrogen charging are summarized in
Figure 11. The results clearly demonstrate a systematic increase in brittle fracture after
hydrogen charging, together with a pronounced gradient between outer-wall (position 1)
and inner-wall (position 2) specimens.
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Figure 11. Data for the average values of relative fractions of BFZ in the fracture surfaces of PW and
GW specimens before and after hydrogen charging. Yellow solid fill: uncharged; hatched orange fill:
hydrogen-charged specimens.

3.3. Hydrogen Embrittlement Susceptibility Index

The hydrogen embrittlement susceptibility (HES) index was calculated using:

HES =

(
1 − fH

f

)
× 100%, (1)

where fH and f are the elongation ductility parameters measured after and before hydrogen
charging, respectively [27,28]. The calculated HES values (Figure 12) show substantial varia-
tion between specimen positions, reflecting the combined influence of distance from the pipe
bore, local microstructure, non-metallic inclusion distribution, and welding-related factors.

Figure 12. Data for the average values of hydrogen embrittlement susceptibility (HES) indices of PW
and GW specimens from the outer (1) and inner (2) pipe wall positions, calculated using Equation (1).

Inner-wall specimens exhibit lower hydrogen sensitivity, with HES values of approxi-
mately 28% for both PW and GW configurations. In contrast, outer-wall specimens show
significantly higher susceptibility, reaching approximately 59% for PW-1 and 38% for GW-1.

The greater embrittlement observed in outer-wall specimens is unlikely to result solely
from electrochemically introduced hydrogen. Long-term exposure to soil corrosion may
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enhance hydrogen uptake through cathodic reactions, thereby promoting hydrogen ingress
and synergistic degradation processes [29–32]. However, these corrosion processes are
beyond the scope of the present investigation.

The fractographic results are fully consistent with the HES trends, supporting the exis-
tence of a pronounced through-thickness gradient in hydrogen embrittlement susceptibility.

3.4. X-Ray Diffraction Phase Analysis (XRD)

XRD analysis was performed to determine the phase composition in the BM, GW, and
PW regions. Representative diffraction patterns are shown in Figure 13.

Figure 13. Representative X-ray diffraction patterns of the investigated pipeline steel in the BM, GW,
and PW. The green box corresponds to the angular range shown in Figure 14.

Figure 14. X-ray diffraction pattern of the PW sample in the angular range of the FCC γ-Fe reflections,
showing clearly resolved (111)γ and (200)γ peaks confirming the presence of retained austenite in the
production weld seam.

The diffraction patterns of BM and GW contain only reflections corresponding to the
body-centered cubic (BCC) ferritic phase. Owing to the relatively low detection limit of
the measurements (approximately 5%), no additional reflections associated with secondary
phases were identified.

In contrast, the PW diffraction pattern contains, in addition to ferritic BCC reflections,
low-intensity peaks corresponding to face-centered cubic (FCC) γ-Fe at positions associated
with the (111) and (200) reflections of retained austenite [33,34]. The enlarged angular
range shown in Figure 14 clearly resolves these peaks, confirming the presence of retained
austenite in the PW.

The absence of comparable FCC reflections in BM and GW indicates that retained
austenite is either absent or below the detection limit in these regions. The FCC austenitic
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phase exhibits significantly higher hydrogen solubility and lower hydrogen diffusivity
than the ferritic BCC matrix [35,36]. Consequently, retained austenite in the PW promotes
reversible hydrogen trapping and localized hydrogen accumulation at austenite–ferrite
interfaces [37]. This behavior reduces effective hydrogen diffusivity and limits hydrogen
penetration during short-term charging.

To further evaluate the microstructural state of the investigated regions, peak broaden-
ing analysis was performed using the modified Williamson–Hall method to estimate lattice
microstrain ε. The calculated microstrain values are summarized in Table 2.

Table 2. Calculated microstrain values for the three investigated regions of the pipeline steel.

Region Microstrain ε

BM 0.0013
GW 0.0028
PW 0.0046

The calculated values increase progressively from BM to GW and reach the highest
level in PW.

This trend indicates increasing crystallographic defect density and lattice distortion in
the welded regions, particularly in PW, consistent with the complex thermal history and
mixed-phase microstructure associated with welding. Elevated microstrain in PW may
additionally enhance hydrogen trapping through strain-induced lattice distortions and
defect-associated trapping sites.

3.5. Hydrogen Permeation Study
3.5.1. Comparative Overview of Hydrogen Transport Properties

Electrochemical hydrogen permeation experiments revealed substantial differences in
hydrogen transport behavior among the BM, PW, and GW regions, reflecting their distinct
microstructural characteristics.

The analysis is based on the first permeation transient (T1), representing the only
measurement obtained from a fully hydrogen-free specimen and therefore providing the
most physically meaningful basis for comparison. The normalized permeation transients
are presented in Figure 15.

Figure 15. Normalized hydrogen permeation transients J(t)/J∞ as a function of time for the BM, PW,
and GW specimens (first transient, T1).
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3.5.2. Apparent Diffusion Coefficient

The apparent hydrogen diffusion coefficient Dapp varied significantly among the
investigated regions (Figure 16). GW exhibited the highest value, followed closely by BM,
whereas PW showed a markedly lower value approximately 2.6–2.8 times lower than the
other regions.

All measured diffusion coefficients are substantially lower than the lattice diffusion
coefficient for BCC iron at 25 °C (DL = 7.3 × 10−9 m2/s), confirming the presence of
extensive hydrogen trapping microstructures.

Figure 16. Comparison of hydrogen transport parameters for the three specimen types (first transient,
T1): (a) apparent diffusion coefficient Dapp; (b) total hydrogen trap density NT . The dotted line in
(a) indicates the lattice diffusion coefficient for BCC iron at 25 ◦C (DL = 7.30 × 10−9 m2 s−1). All
values were derived from the time-lag method (ISO 17081:2014 [17]).

The near-equivalence of BM and GW in terms of Dapp is noteworthy. Despite orig-
inating from different regions of the pipeline system, both permit hydrogen transport
at comparable rates. In contrast, the significantly lower diffusion coefficient in PW indi-
cates the presence of a much denser and more effective population of hydrogen trapping
sites [38]. This behavior is consistent with the expected microstructural complexity of weld
regions, which contain elevated dislocation density, carbide redistribution, residual stress
gradients, and mixed-phase microstructures [2,26].

3.5.3. Trap Density

The total hydrogen trap density NT exhibits the most pronounced differences among
the investigated regions. PW shows the highest trap density, approximately five times
greater than BM and more than six times greater than GW.

The elevated trap density in PW confirms the presence of a highly developed popu-
lation of hydrogen trapping sites. These traps repeatedly capture and release hydrogen
during diffusion, thereby increasing the time lag and reducing Dapp.

This interpretation is fully consistent with the hydrogen concentration anomaly re-
ported in Part I [5], where PW absorbed less hydrogen during electrochemical charging
despite containing more hydrogen in the as-received state. The high density of partially
saturated irreversible traps in PW limits its effective hydrogen uptake capacity during
short-term charging.

3.5.4. Sub-Surface Hydrogen Concentration

The sub-surface hydrogen concentration C0 is related to the steady-state permeation
flux and apparent diffusion coefficient through:
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C0 =
JSS · L
Dapp

, (2)

where JSS is the steady-state permeation flux and L is the specimen thickness.
PW exhibits the highest C0, whereas GW exhibits the lowest. Since all specimens were

charged under identical cathodic current density conditions and displayed comparable
steady-state permeation fluxes, the differences in C0 are governed primarily by the inverse
dependence on Dapp.

The elevated C0 in PW (Table 3) indicates a higher local hydrogen chemical poten-
tial at the entry surface and a greater driving force for hydrogen transport into stressed
regions [39]. Consequently, PW represents the most severe hydrogen uptake condition
among the investigated regions.

Table 3. Summary of hydrogen permeation parameters derived from the first transient (T1) for
the BM, PW, and GW specimens. All values obtained by the time-lag method in accordance
with ISO 17081:2014. Uncertainties are propagated from primary measurement errors: thickness
δL/L = 2%, exposed area δA/A = 1.5%, time-lag δtlag/tlag = 3%, and current δI/I = 1%.

Specimen Dapp ± 5% JSS ± 2% C0 ± 6% NT ± 8%
(m2 s−1) (mol m−2 s−1) (×10−6 mol cm−3) (m−3)

BM 1.71 × 10−10 6.71 × 10−8 0.412 3.44 × 1024

PW 6.57 × 10−11 4.76 × 10−8 0.761 1.68 × 1025

GW 1.86 × 10−10 5.88 × 10−8 0.333 2.56 × 1024

3.6. Mechanistic Interpretation of the Hydrogen Concentration Anomaly in the Production Weld

The BM, PW, and GW regions differ not only in phase composition but also in the type,
density, binding energy, and saturation state of their hydrogen traps. These differences
fundamentally control their hydrogen-assisted fracture behavior.

The anomalous hydrogen concentration behavior observed in PW, namely lower
hydrogen uptake after electrochemical charging despite higher initial hydrogen content,
reflects competition between reversible and irreversible trapping sites. During 31 years
of service, irreversible traps associated with inclusions, voids, and high-energy interfaces
likely became progressively saturated with hydrogen.

Consequently, fewer trapping sites remained available during subsequent short-term
electrochemical charging. In contrast, the GW contains a larger population of unsaturated
trapping sites generated by the heterogeneous thermal cycles associated with multi-pass
field welding [5], enabling greater additional hydrogen uptake.

Differences in welding conditions also contribute significantly. PW was produced
under controlled factory conditions using mechanized welding and relatively stable thermal
cycles, favoring the stabilization of retained austenite and dense trapping microstructures.
In contrast, GW was produced by manual multi-pass field welding, resulting in greater
local heterogeneity within the HAZ.

3.7. TEM Investigation- Features in Welded Joints

Because TEM is inherently a local characterization technique and the BM, PW, and GW
regions are microstructurally heterogeneous, the present analysis is focused on identifying
representative microstructural features associated with hydrogen-induced damage rather
than providing a statistically representative characterization across the entire wall thickness.
Figures 17–21 show representative areas, found both in specimens from position 1 and
position 2 (based on Figure 1 designations).
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3.7.1. Effect of Non-Metallic Inclusions

Non-metallic inclusions containing Si, Mn, Ti, Al, and O are observed in both PW and
GW specimens and act as crack initiation sites [5]. In the present study, particular attention
is given to the influence of inclusion morphology and distribution on dislocation behavior.

TEM observations reveal inclusions both inside ferrite grains and along grain bound-
aries (Figure 17). Most inclusions are spherical with smooth edges, although some exhibit
irregular or serrated morphologies. Irregular inclusion edges act as local stress concen-
trators and promote dislocation generation, whereas inclusions with smooth edges are
associated mainly with isolated dislocations.

Figure 17. TEM images of the microstructure of welded joints after long-term service of the pipe:
(a,b) PW; (c,d) GW.

Additional hydrogen charging substantially increases dislocation density around
inclusions, confirming that non-metallic inclusions act as effective hydrogen trapping sites
(Figure 18).

The observations additionally reveal a clear size-dependent role of inclusions. TEM-
detected inclusions generally exhibit equivalent diameters below 1 µm, whereas inclusions
identified as crack initiation sites on fracture surfaces are considerably larger, approximately
5–7 µm.

This size separation is consistent with the critical inclusion size framework proposed
previously [40,41]. Sub-micron inclusions act primarily as irreversible hydrogen traps that
homogenize hydrogen distribution and suppress local pressure buildup, whereas larger
inclusions generate sufficient stress concentration and local hydrogen accumulation to
nucleate interfacial cracks.

The larger average size of crack-initiating inclusions in PW-H relative to GW-H is con-
sistent with the greater inclusion population and larger inclusion size previously reported
for PW [5].
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Figure 18. TEM images of the microstructure of welded joints after additional hydrogen charging:
(a) PW-H; (b) GW-H.

3.7.2. Effect of Martensite–Austenite (M/A) Zones in Welded Joints

The welded joints contain acicular ferrite together with martensite–austenite (M/A)
constituents distributed primarily along ferrite grain boundaries. TEM and SAED analyses
confirm the coexistence of ferritic and retained austenitic phases (Figures 17a and 19).

Figure 19. TEM images of the microstructure of welded joints of the pipe: (a) PW; (b,c) GW;
(d) corresponding SAED pattern of the marked area in (c).

PW contains a greater number of M/A constituents than GW, which is consistent with
its higher Mn content and with the XRD evidence for retained austenite. Mn stabilizes
austenite, suppresses pearlite formation, and promotes ferrite stability [42]. Consequently,
the weld microstructure resembles that of transformation-induced plasticity steels, contain-
ing ferrite, bainite, retained austenite, martensite, and carbides.
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3.7.3. Dislocation Behavior in Welded Joints

The dislocation structure in both PW and GW specimens after 31 years of service is
well developed within ferrite grains (Figure 20). Both edge and screw dislocations are
observed, with many dislocations arrested at grain boundaries.

TEM observations additionally reveal M/A zones containing coherent twin bound-
aries. During tensile deformation, retained austenite grains may form deformation
twins [43,44], reflecting the high plasticity of the welded regions.

Figure 20. TEM images of the microstructure of welded joints after long-term service of the pipe:
(a,b) PW; (c,d) GW.

After additional hydrogen charging (Figure 21), the dislocation structure becomes signifi-
cantly more intense. Dislocation lines are observed looping around M/A zones or accumulat-
ing as pile-ups at M/A interfaces, indicating strong hydrogen-dislocation interactions.

Figure 21. TEM images of the microstructure of welded joints (PW-H) after additional hydrogen
charging. (a) Dislocation lines are observed looping around M/A zones, (b) Dislocation lines are
observed accumulating as pile-ups at M/A interfaces.
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3.7.4. Plastically Deformed Zone (PDZ) Adjacent to the HAZ

Our studies showed that the fine structure of welded joints is a prerequisite for their
good quality. This is also confirmed by the fact that 90% of the samples with both types
of weld seams, after tensile testing, failed not in the weld metal but in the HAZ or in BM
regions near the HAZ.

We defined the boundaries of the HAZ after etching as the zone in which structural
changes occur. However, the BM located directly adjacent to the HAZ, where no structural
changes have occurred, has also undergone thermal effects during and after welding.
Therefore, some researchers include this narrow BM zone as part of the HAZ [45]. This BM
zone is defined as a plastic deformation zone formed during welding (PDZ) [46] and/or
as a tempered zone (TZ) [45]. In this zone, deformation effects from rolling, welding,
and tensile testing processes are observed. Figure 22 schematically shows the location of
this zone.

TEM images of investigated samples from weld metal, HAZ, and PDZ are presented
in Figure 22. In the microstructure of the metal from HAZ and PDZ, a well-developed
dislocation structure is observed. The samples were prepared from the original pipe mate-
rial, which eliminates the presence of dislocations from tensile testing. The accumulation
of dislocations in HAZ and PDZ indicates the presence of residual stresses, making these
zones more susceptible to failure and explaining material fracture in these regions.

Figure 22. Schematic representation of the thermal gradient and characteristic welding zones in pipeline
welded joints (PW and GW), with representative TEM images of the corresponding structures.

The observed increase in dislocation activity and pile-up formation near M/A con-
stituents and inclusions supports the operation of the HELP mechanism [47]. Conversely,
intergranular cracking, planar cleavage facets, and crack propagation along ferrite grain
boundaries and ferrite–cementite interfaces indicate the concurrent operation of HEDE-
controlled decohesion.

The results therefore demonstrate that HELP and HEDE operate synergistically rather
than independently. HELP dominates during the early stages of localized plastic deforma-
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tion and crack nucleation, whereas HEDE becomes increasingly important during crack
propagation under conditions of elevated local hydrogen concentration and stress triaxiality.

Overall, the combined XRD, permeation, fractographic, and TEM results provide a con-
sistent multiscale interpretation of hydrogen-assisted degradation in long-term operated
pipeline welded joints. In contrast to previous studies that typically address these aspects
separately, the present work demonstrates how weld-specific microstructural heterogene-
ity, residual-stress-related dislocation structures, non-metallic inclusions, and retained
austenite collectively govern hydrogen trapping, diffusion, and crack initiation in different
welded regions of the pipeline.

4. Conclusions
The combined X-ray diffraction, electrochemical hydrogen permeation, fractographic,

and transmission electron microscopy investigations lead to the following conclusions:

• The phase composition differs between the investigated regions. The BM and GW
consist predominantly of body-centered cubic ferrite (α-Fe), whereas the PW addi-
tionally contains retained austenite (γ-Fe), as confirmed by both X-ray diffraction and
transmission electron microscopy. The presence of retained austenite is associated
with the higher manganese content in the PW.

• Hydrogen transport behavior is strongly governed by the local microstructure. The PW
exhibits the lowest apparent hydrogen diffusion coefficient and the highest hydrogen
trap density, approximately five to six times greater than those measured in the BM
and GW, indicating a much higher density of effective trapping sites in the production
weld region.

• Electrochemical hydrogen charging causes a pronounced increase in brittle fracture
behavior. The relative fraction of BFZs increases from approximately 8–11% to 43–53%
in PW specimens and from approximately 5% to 26–53% in GW specimens, demon-
strating the strong effect of hydrogen on fracture mode transition.

• A distinct gradient in hydrogen embrittlement susceptibility is observed across the
pipe wall thickness. Outer-wall specimens consistently exhibit significantly higher
susceptibility than inner-wall specimens, indicating the combined influence of service-
induced degradation and hydrogen-assisted damage accumulation.

• Fracture morphology changes from predominantly ductile MVC in uncharged speci-
mens to QC and crack-dominated fracture after hydrogen charging. The observed dif-
ferences between PW and GW specimens are related to differences in microstructural
heterogeneity, weld geometry, and loading orientation relative to the rolling direction.

• Transmission electron microscopy reveals a substantial increase in dislocation density
after hydrogen charging, particularly in the vicinity of martensite–austenite (M/A)
constituents and non-metallic inclusions. These observations confirm strong interac-
tions between hydrogen, dislocations, and local microstructural heterogeneities.

• A clear size-dependent role of non-metallic inclusions was identified. Sub-micron
inclusions (up to approximately 1.1 µm) act predominantly as irreversible hydrogen
trapping sites, whereas larger inclusions (above approximately 5.17 µm) serve as
preferential crack initiation sites under hydrogen charging conditions. The results
indicate that the critical inclusion size for the investigated material system lies within
this interval, although its precise value was not quantitatively determined in the
present study.
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