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hydrogen-induced degradation of pipeline steels is needed to inject Hy gas into the existing
infrastructure safely. The conservative and standardized method consists of in-situ tensile tests in
an autoclave filled with high-pressure hydrogen gas. A proposed alternative method involves
using a hollow specimen as containment volume and applying the gas pressure in the inner cavity.
This technique has lower costs and shorter test preparation time but is not standardized yet. This
study aims to evaluate and compare the tensile properties of API 5L X65 pipeline steel in two
states: vintage and modern. The influence of the surface roughness is investigated through par-
allel tests with drilled and reamed specimens. Hydrogen tests are compared with reference tests in
an inert environment. A significant hydrogen-induced decrease in tensile properties is observed,
and no significant difference between vintage and modern X65 can be drawn. The reduction in
tensile properties is more significant in specimens with higher inner surface roughness. The
evaluation of surface conditions appears crucial when assessing the HE susceptibility of hydrogen
transport and storage equipment.

1. Introduction

The European Commission recognized hydrogen as a clean and versatile energy carrier with the potential to decarbonize transport,
power production, and other industrial sectors. The EU Hydrogen Strategy [1] was implemented in national and regional roadmaps in
different countries to guide the future rollout of hydrogen-based technologies. Despite the great interest of industries, governments,
and researchers in green hydrogen, this sustainable energy carrier is not devoid of safety concerns. Hydrogen atoms can diffuse into
most structural materials and degrade their mechanical properties to an extent that can result in early failures of industrial equipment
[2]. Although hydrogen-induced damages have been widely investigated, the underlying mechanisms remain debated. Therefore,
further research is required to assess the hydrogen compatibility of base materials and weld joints [3].

Hydrogen embrittlement (HE) is a long-known phenomenon that results from the synergy of three factors: hydrogen-containing
environment, susceptible material, and mechanical load [4]. Hydrogen atoms from the operating environment, cathodic protection,
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manufacturing processes, or corrosion mechanisms can enter the metal lattice, permeate through the bulk material, and get trapped in
different locations. The material’s microstructure, along with temperature, strongly influences the diffusivity and, therefore, the steel’s
compatibility with hydrogen environments [5]. Hydrogen atoms can get trapped in vacancies, dislocations, grain boundaries, and non-
metallic inclusions and escape from these sites only if their energy level is higher than the binding energy of the trap [6]. Diffusible
hydrogen is responsible for the degradation of mechanical properties associated with hydrogen embrittlement [7], and the specific
mechanism for low-alloy structural steels most likely results from the combination of hydrogen-enhanced decohesion (HEDE) and
hydrogen-enhanced localized plasticity (HELP) [8].

When it comes to the qualification of industrial equipment, a limited number of codes are currently used to design components for
hydrogen service. The most known are the ASME B31.12 [9], the standard for hydrogen pipes and pipelines, and the ASME BPVC-VIII-
3 [10], which establishes the construction rules for high-pressure storage tanks. Both indicate the requirements for material
compatibility with hydrogen based on the assessment of their fracture properties. This regulatory framework may impose over-
conservative design criteria and a limited variety of high-performance materials for hydrogen handling and storage equipment.
Therefore, new standards are required to regulate components’ design, inspection, and maintenance. Repurposing natural gas pipe-
lines for hydrogen transport is even more challenging when assessing the hydrogen compatibility of vintage steels. Most of this
infrastructure is designed according to engineering standards that do not address hydrogen transport, as in the case of the subsea
pipelines on the Norwegian continental shelf, designed according to the code DNV-ST-F101 [11]. In addition, evaluating the pipeline
conditions after a long service in aggressive environments is crucial since various surface defects (such as corrosion, dents, and
scratches) can affect their structural integrity. Corrosion defects represent preferential sites to accumulate H atoms and initiate
hydrogen-induced cracks [12], while dents are particularly susceptible to HE due to the high hydrostatic stress [13].

When assessing the hydrogen impact on structural materials through tensile tests, two main categories of environmental conditions
are commonly employed and can be found in the standards. The first involves testing in a Ho-rich environment, applying tensile stress
concurrently with hydrogen exposure. The second entails testing in an ambient atmosphere after precharging with hydrogen. The
former category, defined as in-situ testing, is required for carbon and low-alloy steels due to the high diffusivity of hydrogen atoms
(greater than 107!% m?/s [14]). In fact, a significant amount of hydrogen can escape the material between precharging and test
completion. Hydrogen charging, whether in-situ or ex-situ, can be achieved through electrochemical or high-pressure gas charging
[15]. The former method is simpler and emulates the cathodic protection in subsea pipelines. Conversely, charging with gaseous
hydrogen mimics the conditions of Hy transport and storage equipment (e.g., tanks and pipes) [14]. Many investigations use elec-
trochemical charging and draw general conclusions about the impact of hydrogen; however, in some case, these charging methods
cannot be compared one-to-one.

A well-established method to evaluate the influence of gaseous hydrogen on mechanical properties consists of testing in-situ in an
autoclave filled with pressurized Hy [16,17]. This technique is standardized in ASTM G142-98 [16] and ISO 111144 [17] and used for
many structural materials. The most conservative process requires slow strain rate tensile (SSRT) tests, commonly used as a screening
method to assess the hydrogen influence on material properties. These tests should simulate the operating conditions of industrial
components and be reliable, affordable, and safe. Performing the tests in the autoclave allows for adjusting several parameters (e.g.,
pressure, temperature, oxygen content, and nominal strain rate). This degree of freedom allows to emulate the operating conditions of
industrial components, which undergo tension when exposed to pressurized hydrogen gas. Despite these advantages, autoclave tests
have long overall durations and high costs due to the strict safety regulations imposed by the relatively large amount of compressed
gaseous hydrogen (CGHy). This complex procedure can be performed only by a few laboratories worldwide, limiting the testing ca-
pacity and slowing down the development of new engineering standards for hydrogen technologies. A testing method that has been
getting increasing attention in the last decades since it can provide safe and fast results consists of using hollow specimens with the
inner surface exposed to pressurized hydrogen [18]. This technique requires a smaller amount of Hy gas, achieves the safety re-
quirements to perform such tests in laboratories, and can be adjusted into regular testing machines with minimal modifications for
clamping the samples. However, tests with hollow samples are not yet standardized, and it is not clearly and fully understood how to
compare results obtained by these different testing techniques [19].

In the past years, only a limited number of studies have investigated the effects of HE through hollow specimens. It was initially
adopted to test the impact of hydrogen at cryogenic temperatures. Ogata [20,21] investigated the hydrogen compatibility of several
austenitic steels by comparing three machining techniques (i.e., electric discharge, wire-cut, and honing), resulting in different inner
surface roughness. A comparable test setup was used to assess the fatigue performance of other stainless steels at extremely low
temperatures and elevated pressures, reaching 20 K and 70 MPa [22-26]. In addition, Ogata [27] explored the fatigue and tensile
properties of stainless steels at temperatures up to 800 K, yielding results closely aligned with conventional tests. In pursuit of stan-
dardizing this method, Ogata and Ono [28] assessed the influence of inner surface roughness on SSRT test results for 316 and
SNCM439 steels by comparing wire-cut, honed, and polished specimens. They proved how polished specimens were more sensitive to
environmental changes. Michler et al. [29] examined several austenitic steels’ yield and ultimate tensile strengths, drawing parallels
between hollow and conventional specimens.

Only in recent years has the hollow specimen technique been used to evaluate the hydrogen compatibility of pipeline steels. Boot
et al. [30] and Faucon et al. [31] developed a testing apparatus to assess the tensile properties and fatigue performance of base metal
and welds of an X60 pipeline steel, varying the hydrogen pressure within the cavity. They highlighted the necessity to re-evaluate the
welding defects before using the existing pipelines for hydrogen transport. Simultaneously, Michler et al. [8,23] explored the role of
purge cycles in achieving the desired hydrogen purity within the hole and compared test results with solid specimens. Konert et al. [32]
recently investigated the impact of gaseous hydrogen on the tensile properties of an X65 steel, visualizing the crack formation and
growth through pCT imaging. In addition, Konert et al. [33] evaluated the tensile properties of vintage pipeline steel in CGHz
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environments, observing a significant ductility loss and quasi-cleavage fracture surface near the inner hole of the specimens. As shown,
the utilization of hollow specimens is gaining increasing interest among the scientific community, and further research aims to
standardize this testing technique in the coming years.

While most of the existing studies investigated the effects of temperature, pressure, and inner surface roughness in austenitic steels
or the influence of pressure and hydrogen purity in pipeline steels, this research compares the hydrogen-induced reduction in tensile
properties in API 5L X65 pipeline steel in two different states (i.e., vintage and modern) with various microstructures. Hollow spec-
imens were tested in compressed Hy gas and an inert reference environment (i.e., compressed argon). Pressure, temperature, and
nominal strain rate were kept the same for all the tests. In contrast, two manufacturing techniques (i.e., drilling and reaming), resulting
in different surface roughness, were used to produce the inner hole and evaluate the influence of surface finishing on the degradation of
tensile properties. The specific impact of surface roughness on HE susceptibility remains relatively unexplored and has never been
investigated in pipeline steels using this technique. Notches and grooves produced by the drilling process can act as crack initiation
sites in hydrogen environments, constituting preferential paths for hydrogen uptake into the bulk material and accelerating the failure.
Therefore, a deeper understanding of this critical factor could facilitate targeted mitigation strategies, enhancing the durability and
reliability of hydrogen transport infrastructure. The severity of HE was quantified by determining the embrittlement index and the
relative elongation loss. In addition, analysis of the microstructure, characterization of the materials, and post-mortem fractographic
analysis allowed to clarify the failure mechanism.

2. Materials and methods

This study investigates two different pipeline legs made of API 5L X65 steel. This low-alloy steel has been used as a structural
material for pipelines for decades and constitutes roughly 7 % of the European natural gas transport network [34]. Depending on the
year of production and the manufacturing technique, components of the same steel grade exhibit different compositions and micro-
structures. For this reason, an X65 steel manufactured in 1982 by Fukuyama Steel Works and used since 1985 for natural gas transport
was deemed representative of vintage pipeline steels. The material was extracted from the base metal of the inner pipe (770 mm in
diameter, 26 mm thick, and 1 m long) in the longitudinal direction. The choice of this position is justified by the tests conducted on the
same material by Myhre et al. [35], who showed how the specimens extracted from the mid-base metal manifested the highest
hydrogen-induced ductility loss. This stretch of pipe is produced by rolling and forming through the UOE method (U-bending, O-
bending, welding, and expanding) and longitudinally welded.

Similarly, a modern X65 steel manufactured in 2020 by Eisenbau Kramer was used as a comparison. The material was extracted
from a pipe with an outer diameter of 610 mm, thickness of 28.6 mm, and 12.15 m long. The specimens were machined from the mid-
base metal in the longitudinal direction to allow a direct comparison with the vintage X65. The pipe is welded with longitudinal
submerged arc welding. The chemical compositions obtained through Spectrotest Optical Emission Spectroscopy (SPECTRO GmbH,
Germany) for vintage and modern steels are reported in Table 1. The measured values are compared with the chemical compositions of
the product specification levels (PLS) in API 5L [36].

The mechanical properties of the vintage steel were evaluated with tensile tests conducted in the air at room temperature, with a
nominal strain rate of 2.5 x 10~*s™. The average yield strength (YS), i.e., the nominal stress that will result in a plastic strain of 0.2 %,
and the average ultimate tensile strength (UTS), i.e., the maximum nominal stress the material can withstand before breaking, were
considered. In addition, minimum and maximum values of YS and UTS for an API 5L X65 steel are provided by the manufacturers and
reported in Table 2.

The metal surfaces were treated by Nital etching for a microstructural analysis of the X65 pipeline steels. The microstructure of the
X65 vintage steel is shown in Fig. 1a. It consists of polygonal ferrite and pearlite in banded appearance, with plate-like bainitic bands.
The fraction of ferrite is approximately 83 % of the total, while the fraction of pearlite and bainite accounts for the remaining 17 %. The
average grain size was determined through the average grain intercept (AGI) method and is approximately 4.2 pm. Fig. 1b shows the
microstructure of the modern X65 steel. In contrast to the vintages steel, the modern X65 is characterized by a homogenous
appearance, without bands. As with the vintage material, the microstructure mainly consists of ferrite grains with smaller fractions of
bainite.

The axial hole was machined through two different techniques: conventional drilling with a high-speed steel (HSS) driller of 3 mm
diameter and drilling with an HSS driller of 2.8 mm, followed by reaming to 3 mm diameter. Reaming after drilling allowed to obtain a
smoother and more controlled inner surface. Drilled specimens have nominal average roughness (R,) and a ten-point height of ir-
regularities (R,) of 1.5 pm and 8.5 pm, respectively. In comparison, reamed specimens have R, and R; equal to 0.1 pm and 1.4 pm,
respectively. After the hole was produced, the outer geometry of all the specimens was manufactured by turning, and the outer surface
was ground. The specimen’s overall length and gauge length are 125.94 mm and 25.4 mm, respectively. The outer diameter is 6.35

Table 1

Measured and nominal chemical compositions of the API 5L X65 pipeline steels.
Chemical composition C Mn P S Cr Cu Mo Ni Nb v Ti
Vintage measured 0.07 1.53 0.013 <0.002 0.02 <0.01 0.01 0.01 0.033 0.076 0.009
Modern measured 0.04 1.31 0.008 <0.002 0.05 0.02 0.21 0.44 <0.01 0.04 <0.01
PSL 1 nominal <0.28 <1.4 <0.03 <0.03 <0.50 <0.50 <0.50 <0.50 <0.05 <0.05 <0.05
PSL 2 nominal 0.18 1.70 0.025 0.015 <0.50 <0.50 <0.50 <0.50 <0.05 <0.05 <0.05
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Table 2
Yield and ultimate tensile strength of vintage and modern X65 pipeline steel in longitudinal direction.
Measured YS Minimum YS Maximum YS Measured UTS Minimum UTS Maximum UTS
Vintage X65 518 MPa 450 MPa 570 MPa 627 MPa 535 MPa 760 MPa
Modern X65 555 MPa 450 MPa 570 MPa 626 MPa 535 MPa 760 MPa
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Fig. 1. Optical micrographs of the a) vintage X65 and b) modern X65 in the longitudinal direction.
mm. Fig. 2 shows the technical drawing of the specimen.
Slow strain rate tensile tests were performed using Grade 5.0 hydrogen (i.e., Hy > 99.999 %, O3 < 2 ppm, H,0 < 3 ppm, and N3 <5
ppm) and argon as a reference inert gas (Linde GmbH, Germany). Hy gas was injected into the inner hole at a pressure of 6 MPa and at

room temperature. The desired purity was obtained by six cycles of filling up to 6 MPa and venting down to 1 MPa, as described by
Michler et al. [18]. The final oxygen content within the hollow specimen was estimated using Eq. (1), according to ANSI/CSA CHMC
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Fig. 2. Drawing and cross-section of the hollow specimen.
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1-2014 [37]:

n
Cfinal = Cinitial * <M> (€9)

p purge

where Cipiial is the oxygen content in the air (i.e., 20.9 %vyol), Pyene and Ppyrge are the venting and purging pressure, respectively (i.e., 1
and 6 MPa), and n is the number of purging cycles. All the tests were conducted at a nominal strain rate of 10~ s~. The complete
fracture of the specimens was considered the failure criterion. Even if pressure variations are negligible throughout the test duration, a
pressure drop might occur before the complete fracture when the main crack reaches the outer surface of the specimen. The exper-
imental setup is shown in Fig. 3. Additional components, such as hydrogen gas bottle, valves, and flexible hose, were integrated with a
conventional 100 kN machine for SSRT tests (Cormet Testing Systems, Finland) in a standard laboratory environment at room
temperature.

The embrittlement index (EI) is a key parameter for quantifying the effect of hydrogen on the material’s tensile properties. It is
defined in Eq. (2) as the relative change of reduced areas at fracture obtained in a hydrogen atmosphere and a reference environment
(e.g., argon). The strain loss, defined in Eq. (3), allows for quantification of the relative reduction in elongation at failure after exposure
to hydrogen-containing environments:

fios = 100 = Klf*l“)/[z"lf]’:’l:)[/(lif];l")/l"}”z -100 €)

where RAx, and RAy, represent the reduced areas in argon and hydrogen gas, respectively, A, and Ay are the initial and final cross-
sections, ear and ey, are the strain at failure in argon and hydrogen gas, and 1, and I; are the original gauge length and the gauge length
at fracture, respectively. The initial cross-section and the original gauge length were obtained from the sketch in Fig. 2. It must be noted
that the area of the hole was not counted as part of the cross-section, because the hole does not include any material that could be
affected by hydrogen. The final fracture area was measured through a digital optical microscope Keyence VHX-5000. The post-mortem
fractographic analysis was performed through a FEI Quanta 650 FEG scanning electron microscope (FEI Company, USA) with a high
voltage of 20 kV for the vintage steel and a Phenom XL scanning electron microscope (Thermo-Fisher Phenom, Netherlands) with a
second electron detector and a high voltage of 15 kV for the modern steel.

3. Results and discussion
This section presents and discusses the results of the SSRT tests. First, the hydrogen-induced reduction in tensile properties is

quantified for each test in terms of stress—strain curve, embrittlement index, and strain loss. Second, the fracture surfaces are analyzed
to highlight the differences between drilled and reamed specimens, vintage and modern X65 steels, hydrogen and reference

environments.
% TN

a) &

Fig. 3. Experimental setup for the a) SSRT tests, b) clamps and connections, and c¢) hollow specimen.
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3.1. Hydrogen-induced reduction in tensile properties

The stress—strain curves for drilled and reamed specimens made of vintage and modern X65 pipeline steels are reported in Fig. 4 and
Fig. 5, respectively. The following identification is used in the legend: V and M indicate the material, i.e., vintage or modern X65 steels;
AR and H2 indicate the operating environment, i.e., argon or hydrogen gas; D and R indicate the surface finishing of the inner hole, i.e.,
drilled or reamed, and the numbers indicate the test repetition. For the tests in hydrogen atmosphere, drilled specimens are marked
with red lines, reamed specimens with blue lines, whereas the reference tests in argon are drawn with black lines.

The tensile curves of the vintage X65 steel are unaffected by hydrogen up to the ultimate tensile strength. This observation is
independent of the specimen’s surface conditions. For this reason, it is assumed that the hydrogen atmosphere has a minimal impact on
the yield strength and the ultimate tensile strength, which are substantially unaffected by the manufacturing process of the inner hole.
Furthermore, the YS and UTS of this steel are not influenced by the presence of 60 bar gaseous hydrogen. These findings are consistent
with those by Michler et al. [18] for a similar X60 pipeline steel. In contrast, all the specimens tested in Hy gas exhibit a different
mechanical behavior from the reference samples after reaching the maximum stress. The pressurized hydrogen induces a ductility loss,
resulting in a lower strain at fracture, as reported by several studies [38-41] conducted on similar steels. It must be mentioned that the
deviation of the strain at fracture is more significant for the samples tested in hydrogen than for the reference ones. In addition, the
results of the drilled samples show a higher scattering than the reamed ones. Since almost no difference is observed for the tests in
argon, the source of the scattering must be attributed to the hydrogen-metal interaction. It is well known that many environmental,
material, and mechanical factors influence the susceptibility to HE; among them, stress concentration is one of the driving forces for
hydrogen uptake and accumulation into the metal lattice. The higher inner surface roughness of the drilled specimens determines
higher local stresses during tensile loading. As a result, hydrogen uptake is significantly enhanced in regions with high stress triaxiality,
such as surface defects, thus influencing crack initiation and propagation. A secondary effect of notches, grooves, and scratches is
related to the larger surface exposed to CGHy, which may facilitate the adsorption and absorption of hydrogen atoms. In the case of
drilled specimens, the significant scattering might be due to the limited control over the inner surface roughness, which has a
comparatively higher influence on the tests conducted in hydrogen gas.

Based on the results of the vintage X65 steel tested in argon, which show how the stress-strain curves are not affected by the
machining technique, reference tests with drilled and reamed specimens are considered comparable. Therefore, the reference tests for
the modern X65 are performed with reamed samples only. Similarly to the results obtained on the vintage X65, the SSRT tests the
drilled hollow specimens of modern X65 show a negligible influence of hydrogen up to the UTS, lower strain at fracture, and significant
scattering. In contrast, the yield and ultimate tensile strength of modern reamed samples tested in hydrogen are slightly higher than
those measured in reference atmosphere. According to the relatively small number of tests and considering that the samples were
manufactured in two batches, the effect cannot be uniquely related to the presence of hydrogen. In addition, scattering in the results
due to a slight shift of the extraction position might cause these differences, as confirmed by Venkatsurya et al. [42] for a similar
pipeline steel.

Table 3 summarizes the results of the testing campaign. Yield and ultimate tensile strengths, reduced area at fracture, and strain at
failure are measured for each test. In addition, the influence of the hydrogen environment is quantified in terms of embrittlement index
and strain loss by comparing the reduced area and the strain at failure in H, with that in argon. The type of failure (either perpendicular
or slanted with respect to the loading direction) and the test duration are specified for each test.

Fig. 6 shows the average embrittlement index (with solid bars) and strain loss (with striped bars) calculated for drilled and reamed
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Fig. 4. Stress —strain curves of the vintage X65 for a) drilled specimens in Ar and H; (black and red lines, respectively), and b) reamed specimens in
Ar and H; (black and blue lines, respectively). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 5. Stress — strain curves of the modern X65 for a) drilled specimens in H, (red lines), and b) reamed specimens in Ar and H; (black and blue
lines, respectively). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

specimens of vintage and modern X65. The black bars indicate the error for each calculated value.

The results show how exposure to high-pressure hydrogen gas determines a significant strain loss in drilled specimens of vintage
steel (i.e., 25.45 + 17.70 %). The reduction of area is significantly lower for the specimens tested in hydrogen gas compared to the
reference in argon, thus resulting in an EI of 28.19 + 11.45 %. The measured strain at failure and the reduction of area features high
scattering, which could result from the inhomogeneous microstructure of the vintage pipeline steel. Reamed specimens of vintage X65
show similar results in pressurized hydrogen gas, with a strain loss of 17.14 + 9.80 % and an EI of 13.38 + 9.14 %. In general, the
results indicate how the mechanical properties of reamed specimens are less affected by hydrogen and have limited scattering
compared to the drilled ones. In addition, they highlight a remarkable influence of the surface conditions on the hydrogen suscep-
tibility of the component. It is evident that surface defects, such as notches and grooves resulting from the drilling process, can act as
crack initiation sites and hydrogen concentrators, constituting preferential paths for hydrogen uptake into the bulk material, thus
accelerating the failure. Interestingly, despite the different surface finishings, drilled and reamed specimens manifest comparable
strain at failure and reduction of area when tested in argon. The average test duration reflects the trends observed for the strain at
failure. It is the highest for the specimens tested in argon and lower in hydrogen environments, particularly for drilled specimens.

Qualitatively, the same observations can be made for the results obtained on the modern X65. The hydrogen-induced strain loss is
38.24 + 15.39 % for drilled specimens and 18.78 + 9.55 % for reamed ones, while the embrittlement indexes are 40.55 + 13.72 % and
16.56 + 13.88 % for drilled and reamed specimens, respectively. This makes it clear that the hydrogen-induced reduction in tensile
properties is more prominent in drilled specimens for both tested steels. The average EI and ¢}, of the reamed specimens show that the
reduction in mechanical properties is nearly equal for vintage and modern X65 steel. In contrast, the drilled specimens made of modern
steel manifest higher average strain loss and EI than those made of vintage X65.

The observations regarding the average duration of the SSRT tests with vintage X65 also apply to modern steel. The latter shows an
even more significant difference between drilled and reamed specimens tested in pressurized Hy. These findings might indicate a
higher susceptibility to hydrogen embrittlement for modern steel. On the other hand, the scatter of the results must be considered. For
both materials, the results are characterized by a significant standard deviation. In Fig. 4 and Fig. 5, two out of three tested samples of
vintage X65 show a relatively low reduction of mechanical properties, and two out of three samples of modern steel show a remarkable
hydrogen effect in terms of strain reduction. This observation is confirmed by the values reported in Table 3. Because of the relatively
small number of samples, no clear conclusion can be drawn concerning a higher susceptibility to hydrogen embrittlement either for the
vintage or the modern X65 steel.

3.2. Fractographic analysis

The fractographic analysis of a reamed specimen of vintage X65 tested in argon is shown in Fig. 7. The post-mortem cross-section is
characterized by an elliptical shape (in Fig. 7a), revealing the anisotropic mechanical properties of the material. The topography of the
fracture surface presents dimples (in Fig. 7b), indicating ductile microvoid coalescence (MVC). Necking is visible from the general
view, and the fracture surface is perpendicular to the tensile direction. Similar elliptical fracture surfaces and MVC characterize the
drilled specimens tested in argon at higher magnification. Notably, in one drilled specimen, the crack is slanted from the direction
perpendicular to the applied load, thus revealing the possible presence of local inhomogeneities.

The fractographic analysis of drilled and reamed specimens of vintage X65 tested in compressed gaseous hydrogen are shown in
Fig. 8 and Fig. 9, respectively. For those specimens, the post-mortem cross-section is elliptical (Fig. 8a and Fig. 9a). Due to the
hydrogen-induced lowered strain at failure, the elliptical shape is less evident than in the reference samples. Moreover, it is possible to



Table 3

Results of the SSRT tests in hydrogen and argon for drilled and reamed specimens of vintage and modern X65 steels.

D Material Type Environment YS [MPa] UTS [MPa] Reduction of area Embrittlement index Strain at failure Strain loss Type of failure Test duration
[%] [%] [%] [%] [h]

V_Ar D1 Vintage X65  Drilled 6 MPa Ar 462.0 545.0 67.56 - 23.47 - Perpendicular 65.63

V_Ar D2 Vintage X65 Drilled 6 MPa Ar 453.0 548.0 65.62 - 24.15 — Slanted 67.48

Average Vintage Drilled 6 MPa Ar 457.5 + 6.4 546.5 + 2.1 66.59 + 1.37 — 23.81 + 0.48 — — 66.56 + 1.31
X65

V_H, D1 Vintage X65 Drilled 6 MPa Hy, 443.0 542 46.78 29.75 19.10 19.78 Perpendicular 54.14

V_H, D2 Vintage X65 Drilled 6 MPa H, 451.0 544 40.83 38.68 13.05 45.19 Perpendicular 36.98

V_H, D3 Vintage X65 Drilled 6 MPa H, 456.0 552 55.85 16.12 21.11 11.34 Slanted 59.65

Average Vintage Drilled 6 MPa Hy 450.0 + 6.6 546.0 + 5.3 47.82 + 7.56 28.19 + 11.45 17.75 + 4.20 25.45 + - 50.26 + 11.82
X65 17.70

V_Ar R1 Vintage X65  Reamed 6 MPa Ar 459 541 66.94 - 23.97 - Perpendicular 67.00

V_Ar_R2 Vintage X65 Reamed 6 MPa Ar 457 543 67.33 — 23.50 — Perpendicular 65.74

Average Vintage Reamed 6 MPa Ar 458.0 + 542.0 + 67.14 + 0.28 — 23.74 + 0.33 — — 66.37 + 0.89
X65 1.41 1.41

V_H; R1 Vintage X65 Reamed 6 MPa Hy 452 548 60.45 9.96 19.65 17.22 Perpendicular 55.68

V_Hy R2 Vintage X65 Reamed 6 MPa H, 452 547 51.19 23.75 17.38 26.79 Perpendicular 49.05

V_H, R3 Vintage X65 Reamed 6 MPa H, 440 545 62.85 6.39 21.99 7.37 Slanted 62.09

Average  Vintage Reamed 6 MPa H, 448.0 + 6.9 546.6 + 1.5 58.16 + 6.13 13.38 + 9.14 19.67 + 2.31 17.14 +9.80 — 55.61 + 6.52
X65

M_H, D1 Modern X65 Drilled 6 MPa H, 474 539 54.83 24.94 17.54 20.81 Perpendicular 49.81

M_H, D2 Modern X65 Drilled 6 MPa H, 474 539 36.08 50.61 11.23 49.30 Perpendicular 31.71

MH; D3  Modern X65  Drilled 6 MPa H, 489 542 39.39 46.08 12.28 44.56 Perpendicular 34.63

Average Modern Drilled 6 MPa H, 479.0 + 8.7 540.0 + 1.7 43.43 + 10.01 40.55 + 13.72 13.68 + 3.38 38.24 + — 38.72 £ 9.72
X65 15.39

M_Ar R1 Modern X65  Reamed 6 MPa Ar 489 551 73.58 - 21.63 - Slanted 60.52

M_Ar_ R2 Modern X65 Reamed 6 MPa Ar 479 551 72.52 — 22.66 — Slanted 63.36

Average Modern Reamed 6 MPa Ar 484.0 + 7.1 551.0 73.05 + 0.75 — 22.15 + 0.73 — — 61.94 + 2.01
X65

MH; Rl  Modern X65  Reamed 6 MPa H, 505 559 69.66 4.64 19.75 10.84 Slanted 55.79

M_H, R2 Modern X65 Reamed 6 MPa H, 515 562 63.34 13.29 18.45 16.70 Slanted 52.13

M_H, R3 Modern X65 Reamed 6 MPa H, 504 556 49.84 31.77 15.77 28.80 Perpendicular 45.11

Average  Modern Reamed 6 MPa H, 508.0 + 6.1 559.0 + 3.0  60.95 + 10.12 16.56 + 13.88 17.99 + 2.03 18.78 + 9.55 — 51.01 + 5.43
X65

0 32 Lpdww) Y

0£S801 ($Z0Z) £91 SisApuy a.mvg SuleauIduy



A. Campari et al. Engineering Failure Analysis 163 (2024) 108530

I Embrittlement Index Strain Loss
50

ol s

40
35
30
25
20
15
10

MY

Vintage drilled  Vintage reamed Modern drilled Modern reamed

Fig. 6. Average embrittlement indexes and strain losses with standard deviations for drilled or reamed specimens made of vintage and modern X65.

3 mm

Fig. 7. Fractographic analysis of the vintage X65 for the reamed specimen tested in 6 MPa Ar a) in a general view and b) in a higher magnification.

distinguish three different areas when moving from the inner to the outer surface of the hollow specimen: a brittle quasi-cleavage
region (QC), a brittle-to-ductile (BD) transition region, and a ductile region characterized by dimples. Similar observations were
obtained on the same material when tested with conventional solid specimens under in-situ electrochemical charging. The area closer
to the source of hydrogen was characterized by cleavage behavior, while the ductile behavior was increasingly prominent, moving
towards the inner part of the specimen [43].

In the case of hollow specimens, the area near the inner surface is characterized by transgranular brittle fracture, as shown in Fig. 8b
and Fig. 9b. This region, where signs of hydrogen-assisted fracture are evident, occupies a large portion of the fracture surface of the
drilled specimens. The surface characterized by quasi-cleavage fracture is significantly lower in reamed specimens. Notably, the QC
area has a different appearance in drilled and reamed samples, most likely due to the differences in the crack initiation behavior of
these two specimen types. It can be speculated that the higher roughness inherent to the drilling process results in a higher number of
local crack initiation sites. Multiple cracks are simultaneously initiated on the inner surface of the drilled specimens. The elevated local
stress concentration in these regions fosters the hydrogen uptake into the metal bulk and might determine a more homogeneous
concentration of H atoms in the inner annulus of the cross-section. In contrast, the fracture seems to be mainly driven by the formation
and propagation of a single dominant crack starting from the internal surface of the reamed specimens. The crack tip has high localized
stress and is a preferential site for hydrogen uptake. As a result, H atoms distribute unevenly throughout the specimen’s cross-section
and are primarily concentrated in the crack propagation direction. This difference could result in a different appearance of the quasi-
cleavage zone of the drilled and reamed specimens.

The MVC region is limited to a small annulus at the outer surface of the drilled specimen in Fig. 8d, while it occupies a greater area
of the fracture surface of the reamed specimen in Fig. 9d. This region is dominated by dimples, which appear deeper than those
observed in the reference samples. The area between QC and MVC regions presents mixed features (Fig. 8c and Fig. 9¢). Considering all
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Fig. 8. Fractographic analysis of the vintage X65 for a drilled specimen tested in 6 MPa H,. Higher magnifications of b) the brittle QC area, c) the
transition BD area, and d) the ductile MVC area.

the tests conducted in hydrogen, the specimens show a significant scattering in the ratio between Hj-affected and unaffected zones.
This observation correlates with the embrittlement index values: the larger the brittle area, the higher the corresponding EI will be. In
most cases, the crack propagation is not concentric to the longitudinal axis of the specimens. Therefore, the crack penetrates the wall at
a local spot, determining the hydrogen release and a sudden pressure drop within the hole. As hydrogen is released from the
containment volume, the driving force for hydrogen uptake (i.e., the pressure) is lost, and the same magnitude of adsorption is
impossible [33]. In most of the specimens tested in hydrogen, the topography of the fracture is perpendicular to the tensile direction. In
some cases, the main hydrogen-assisted crack deviated from the expected direction perpendicular to the load, revealing the possible
presence of local inhomogeneities of the banded microstructure. The specimens with slanted cracks tend to have longer test durations
and show more necking from the outer diameter, higher strain at failure, and lower embrittlement index. This effect was also observed
by Michler et al. [18] for X60 steel with similar microstructure.

The fractographic analysis of a reamed specimen of modern X65 tested in argon is shown in Fig. 10 in a general view and higher
magnification. The reamed specimen’s overview picture clearly shows the necking of the sample. The shape of the post-mortem cross-
section is a nearly concentric ring. This is a clear difference in comparison to the elliptical shape observed on the vintage specimens in
Fig. 7, which points out the difference in microstructure homogeneity between the two materials investigated. The dimples shown in
the center of the SEM picture indicate the material’s ductile behavior. Out of the center, a smeared surface generated by the slip of the
sample halves during the test is visible.

Fig. 11 shows the fractographic images of the drilled sample of modern X665 tested in hydrogen. The appearance is similar to that of
the drilled samples of the vintage X65 tested under the same conditions. As well as for the vintage steel, the fracture surface is divided
into three different regions, namely the brittle QC zone (Fig. 11b), the transition BD zone (Fig. 11c), and the ductile zone, where
dimples are dominant (Fig. 11d). Similarly to the fractographic surfaces of the drilled samples made from the vintage X65, these
regions are characterized by the same fracture modes: a quasi-cleavage fracture in the brittle zone and microvoid coalescence in the
ductile region. In contrast with vintage steel, the BD zone occupies a comparatively small surface, and there is a more abrupt transition
between brittle and ductile fracture modes. The dimples in the MVC region indicate the material’s ductile behavior. The origin of the
voids is most likely due to local inhomogeneities in the material, such as the precipitates visible in Fig. 11c and Fig. 11d. This in-
homogeneities tend to locally weaken the material, while the surrounding matrix maintains its integrity. In addition, the crack
propagation is not concentric in the case of drilled samples of modern X65 tested in hydrogen atmospheres. Therefore, the crack
penetrates the wall at a local spot, leading to the hydrogen release and a sudden pressure drop, which determines the formation of the
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Fig. 9. Fractographic analysis of the vintage X65 for reamed specimen tested in 6 MPa H,. Higher magnifications of b) the brittle QC area, c) the
transition BD area, and d) the ductile MVC area.

Fig. 10. Fractographic analysis of the modern X65 for the reamed specimen tested in 6 MPa Ar a) in a general view and b) in a higher magnification.

ductile annulus. This behavior is similar to that observed for the reference samples of vintage X65. All the drilled specimens fractured
perpendicularly to the tensile direction.

The fractographic images of the reamed specimen made from modern steel and tested in hydrogen are shown in Fig. 12. The
appearance is slightly different from the other configurations tested in hydrogen. There is no clear differentiation between the three
regions. The overview picture (in Fig. 12a) shows a homogeneous appearance of the fracture surface. In addition, the SEM pictures
with higher magnification highlight a slightly different material behavior. While the other configurations manifest a relatively plane
QC fracture, the reamed sample of modern steel is characterized by a more scaly appearance (as shown in Fig. 12b and Fig. 12c).
Compared to the fracture surface of the reamed sample tested in the reference atmosphere (in Fig. 10), the change in the fracture mode
is clearly due to the presence of hydrogen. Nevertheless, also for the reamed sample of modern X65, there is a visible ductile region in
the high-resolution SEM picture in Fig. 12d. This ductile zone is characterized by MVC fracture, as in the case of the other samples

11
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Fig. 11. Fractographic analysis of the modern X65 for drilled specimen tested in 6 MPa H,. Higher magnifications of b) the brittle QC area, c) the
transition BD area, and d) the ductile MVC area.

tested in hydrogen. Two of three reamed specimens exhibit a slanted fracture. These samples have higher EI and strain loss than the
specimen fractured perpendicularly to the tensile direction. This is coherent with the considerations expressed for the vintage steel.

The permeation of hydrogen from the inner surface to local areas ahead of crack tips is essential in hydrogen-assisted cracking. The
transport of H atoms can be either due to the diffusion through interstitial sites in the metal lattice or the dislocation mobility. Koren
et al. [44] investigated the hydrogen diffusivity in the same vintage X65 tested in this study and similar modern steel, obtaining high
diffusion coefficients (2.70 x 10719 to 3.34 x 1071% m?/s for vintage and modern steels, respectively) and significant scattering for the
vintage steel due to the presence of major traps and ferrite-pearlite bands. In addition, it is well-known that hydrogen transport by
dislocations plays a crucial role during plastic deformation [45]. Considering that all the specimens exposed to CGHj, failed after
necking was initiated, it may be argued that transport by dislocation mobility is also responsible for solubilizing hydrogen and in-
fluences the ductility reduction at the macroscopic level.

The post-mortem analysis of the inner surface shows significant differences between drilled and reamed specimens. The typical
drilled hole surface is characterized by evident scratches enveloping large sections characterized by “smooth” areas, probably due to
chip removal during manufacturing. In contrast, the reamed hole surface does not exhibit any visible scratch or imperfection. Notably,
the average ten-point height of irregularities is six times lower in reamed specimens than in drilled ones (R; is 1.4 and 8.5 pm,
respectively). A thorough analysis of the necked region does not show preferred cracking from the scratches due to the high ductility of
the X65 steel. The main difference between drilled and reamed specimens pertains to multiple cracks in the surface exposed to H; gas.
These cracks can be observed in the necking zone of the reamed specimens. In contrast, they are present in the necked region and the
zone far from the fracture (i.e., the area characterized by uniform plastic deformation) of the drilled specimens. This difference in the
crack distribution between drilled and reamed specimens cannot be observed in the specimens tested in argon, thus confirming the
influence of the inner surface roughness on the degradation in tensile properties in hydrogen environments.

4. Conclusions
Failures of pipeline systems can have severe environmental, human, and economic consequences. Therefore, ensuring the physical
integrity of such systems is paramount. This study, which delves into the tensile properties of API 5L X65 steel under high-pressure

hydrogen conditions, is a significant step in this direction. The investigation, conducted through tensile testing with hollow speci-
mens, compares two types of specimens to assess the impact of inner surface roughness on crack initiation and propagation. The key
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Fig. 12. Fractographic analysis of the modern X65 for reamed specimen tested in 6 MPa H,. Higher magnifications of b) brittle QC area, c) the
transition BD area and d) the ductile MVC area.

findings are as follows:

e The tensile properties of vintage and modern X65 were significantly degraded in pressurized hydrogen gas, proving the pipeline
steel’s susceptibility to hydrogen embrittlement.

e The level of surface finishing investigated did not substantially impact the tensile properties in inert environments. In contrast,
drilled specimens exhibited lower strain at failure and reduction of area than reamed ones in pressurized hydrogen gas and showed
greater scatter in the results.

e The crack propagation is not concentric to the longitudinal axis of the samples and penetrates the wall at a local spot. This effect is
more prominent for the vintage X65, which shows anisotropic mechanical properties, even for the tests in reference atmosphere. It
is most likely due to its banded microstructure resulting from manufacturing.

e The post-mortem analysis showed the presence of a hydrogen-affected region close to the inner wall of the specimen, a micro-void
coalescence region close to the outer wall, and a transition area in between. This observation was consistent for all the specimens
tested in Hy gas, regardless of the age and manufacturing process of the material.

The results of this study underscore the importance of considering the evolution of surface conditions when assessing the HE
susceptibility of non-notched or cracked components for hydrogen transport and storage. However, a direct comparison between
hollow and conventional specimens is necessary to fully understand the hydrogen effect on the tensile properties of the materials. In
particular, the similarities and differences in the stress—strain evolution need to be carefully assessed. Eventual differences in the stress
state between conventional and hollow specimens affect and are affected by hydrogen ingress and distribution in the specimen cross-
section. This aspect becomes even more relevant when necking begins (i.e. when hydrogen effects become evident at the macroscale
level). Consequently, different stress-strain state evolution inherent to the specimen geometries may play an essential role in the
magnitude of ductility loss. While this investigation demonstrates the potential to assess HE susceptibility using hollow specimens,
further research is crucial to standardize this technique and enable direct comparisons with the autoclave tests. Moreover, the
reduction in the tensile properties of structural materials should be tackled through preventive maintenance strategies, particularly as
we consider blending higher fractions of hydrogen into the existing pipelines. Therefore, a tailored integrity management approach for
hydrogen pipelines could include detecting and identifying defects through in-line inspections, developing damage prediction models
based on inspection data, and estimating the probabilities of failure. By implementing predictive maintenance strategies for hydrogen
transport pipelines, we can significantly reduce the frequency of equipment breakdowns and unintended hazardous releases.

13
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