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ARTICLE INFO ABSTRACT

Keywords: Hydrogen embrittlement (HE) of steels in the presence of gaseous hydrogen poses a challenge
Gaseous Hydrogen embrittlement to the safe transportation of hydrogen through pipelines. The use of sub-size specimens
Mlml-speamen machined from coupons extracted from pipes is proposed for monitoring the degradation of
Steel

material properties over the entire operational life. The objective of this paper is to present
a methodology based on the sub-size specimens using a machine developed to operate with
a small volume of gaseous hydrogen, up to a pressure of 250 bars, and test control using
Edge Tracing (ET) technique. Tensile and toughness mini-specimens extracted from a E355
mod. steel grade are employed for this study. Reliable results are obtained using tensile mini-
specimens with 1.2 and 2.4 mm diameters, tested under both air and gaseous H,. Toughness
tests are conducted using mini-specimens with a thickness of 5 mm. These tests monitored
the Load Line Opening Displacement (LLOD) and the Opening Angle are monitored during the
tests through ET technique, allowing for the determination of J — 4a and 6 — 4a plots under
both air and gaseous H, conditions. The results uncover the impact of H, pressure and specimen
dimensions on hydrogen embrittlement, leading to the computation of Hydrogen Embrittlement
Indexes through various methods. The insights gained from this study establish the necessary
foundations for the utilization of mini-specimens in characterizing hydrogen embrittlement.

Tensile
Toughness

1. Introduction

Europe is firmly committed to a sustainable energy transition, with ambitious carbon neutrality goals by 2050. France has set
a target to reduce greenhouse gas emissions by 33% by 2030 compared to 2022. In this context, the development of renewable
and low-carbon hydrogen becomes a strategic priority. As an energy vector, renewable hydrogen offers the advantage of not
emitting greenhouse gases during its use and production. It also presents significant potential as a means of electricity storage,
thus contributing to the balance of the electrical system.

Furthermore, the European Hydrogen Backbone (EHB) initiative plays a key role in the decarbonization of Europe, highlighting
the crucial importance of the hydrogen infrastructure, [1,2]. This initiative envisages the combined use of repurposed existing natural
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gas pipelines and new pipelines to create a competitive, renewable, and low-carbon pan-European hydrogen market. By 2040, the
network is expected to consist of approximately 60% repurposed natural gas pipelines and 40% new pipelines. The repurposing
of existing pipelines, potentially more cost-effective — estimated at just 10% of the cost of constructing new ones — will, however,
be subject to a multitude of considerations. These factors include availability, implementation timelines, long-term sustainability,
ecological impact, land footprint, and societal value, all of which are critical in the decision-making process for repurposing.

Hydrogen embrittlement (HE) of steels in the presence of hydrogen gas presents a significant challenge to the safe transportation
of hydrogen via pipelines. This aspect has been the subject of several recent literature reviews, [3-6], providing a detailed
exploration of relevant considerations in addressing HE in pipeline transportation. This phenomenon leads to a reduction in
both ductility and fracture toughness of the steel, posing a major obstacle to the utilization of existing pipeline systems for
pressurized gaseous hydrogen transport. Before these systems can be deemed fit for this new purpose, a thorough evaluation of their
serviceability is imperative, [7,8]. The severity of hydrogen embrittlement is influenced by a combination of mechanical, material,
and environmental factors. Research suggests that the introduction of gas impurities, acting as inhibitors, into the hydrogen gas
mixture can mitigate the uptake of hydrogen by pipeline steel.

Several methods exist for investigating HE in metallic materials, with most research employing electrochemical hydrogen
charging due to its ease of implementation. However, this approach is not entirely accurate for materials exposed to gaseous
hydrogen in pipeline transportation, as it necessitates coupling hydrogen charging with mechanical loading. Additionally, due to
the high hydrogen diffusion, testing typically requires specialized and expensive equipment designed for pressurized environments,
which also entails stringent safety measures due to the explosive risks involved. On the other hand, load and strain measurements are
often conducted using electrical resistance strain gauges, which are prone to drift in high-pressure hydrogen gas environment, [9,10].
An alternative method, [11-13], involves using tubular tensile specimens filled with pressurized gaseous hydrogen to study hydrogen
embrittlement. While this method provides a direct approach to investigating HE under conditions akin to pipeline transportation,
it is limited to tensile specimens without pre-existing cracks.

To simplify and monitor the evolution in material properties during the lifetime of hydrogen transport systems, the use of subsize-
specimens, machined from extracted coupons, is proposed, [14,15]. In the literature, the use of mini flat tensile specimens is widely
accepted for characterization of anisotropy, size effect and monitoring of in-service degradation [16-19]. Nevertheless, it remains
imperative to rigorously assess numerous factors that can influence the quality and accuracy of results, especially for smooth tensile
specimen geometries, including: machining and surface preparation; metrology; ratio of microstructural grain size to specimen
size; tensile test setup and resolution of load cells and transducers. However, the experimental evaluation of toughness using
subsize-specimens is less developed. The use of mini-toughness specimens has been developed in the nuclear industry for studying
the ductile-to-brittle transition in irradiated steels of pressure vessels. These are primarily Compact Tension (CT) type specimens,
which are machined from the undeformed parts of broken standard Charpy specimens. This technique is employed by [20-22] and
comparisons with standard-sized specimens demonstrate that they are well-suited for measuring mechanical fracture properties, as
long as scale effects are properly considered. Particularly, thin-walled tubes in gas transport, which cannot accommodate standard-
sized specimen extraction, represent a similar challenge. To be considered valid, toughness tests must be performed on sufficiently
large specimens. According to the ASTM E1820 standard [23], the maximum J-integral capacity that a specimen can achieve is
determined by the following:

max —

Joe < % min(B, by)oy 1)

where, B represents the specimen’s thickness, b, the initial ligament length, and ¢y the average of yield stress and tensile strength.
This criterion ensures that the plasticized zone is significantly smaller than the specimen thickness and ligament size, indicating that
the process zone is also substantially smaller than these dimensions. However, due to hydrogen embrittlement impact on material
properties, which results in reduced toughness and a smaller plasticized zone, meeting the standard’s size requirements becomes
more feasible. Even if the tests do not conform to standard validity, these specimens are still valuable for comparing different loading
conditions within a specific material, or for comparing various materials extracted from different parts under a given condition.

In this study, a specialized gaseous pressurized hydrogen machine is designed to perform low strain rate tests for subsize
specimens. The chamber’s volume is minimized, substantially mitigating explosive risks. Additionally, an optical extensometer
employing Edge Tracing (ET) technique, [24], outside the chamber is developed to measure local specimen strain and control
machine displacement during mechanical tests. The aim of this paper is to present a methodology based on the sub-size specimens
using the developed tensile machine. The application of this methodology is then demonstrated on a modern ferritic-pearlitic
material, selected for its isotropic behavior and its excellent ductility and toughness properties. Its composition is closely related to
that of pipeline materials used for natural gas transportation. This approach aims to establish the necessary foundations for exploring
vintage materials with more complex behaviors (anisotropy, welds, gradients, etc.), which will be essential for the conversion of
existing pipeline networks.

2. Gaseous hydrogen setup for sub-size specimens

In this section, the development and setup of a new testing machine designed for experiments with hydrogen are detailed.
Methods for measuring local displacements based on ET method are described, followed by a discussion on machine control
derived from these measurements. Importantly, the machine conducts rigorous analyses of gas impurities downstream, crucial for
maintaining a reproducible and accurate testing environment.
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2.1. Description of the setup

Fig. 1 describes the setup developed for this study. A specialized high-pressure chamber is introduced. The chamber is designed
for testing in no-ATEX conditions and confined spaces, thus requiring smaller test specimens. Outfitted with four sapphire windows,
it enables the utilization of the Edge Tracing (ET) technique for optical extensometry as described in [24]. This ensures accurate
measurements without the need for internal mechanical devices, and it remains unaffected by time-dependent drift during exposure
to hydrogen gas. Backlighting is a technique where the object to be measured is positioned between an LED light source and a camera.
A notable adaptation is the integration of a Keyence XG-X2800 controller. Initially designed for industrial product measurement and
quality control, this controller has been adapted to support the ET technique, allowing for real-time communication with the MTS
machine controller.

Considering the impact of friction forces from dynamic seals on the load line, the chamber includes an internal load cell capacity
of 5 kN for a direct measurement of the test specimen’s mechanical load. One challenge associated with using this strain gauge-based
load cell is the tendency of the output signal to drift during the initial stages of hydrogen gas exposure, [9,10]. To address this issue,
the load cell output is stabilized prior to initiating any tests, and the calibration factor is consistently checked to ensure it remains
unchanged, with validations carried out at regular intervals.

Addressing the question of environmental control within the hydrogen chamber, the setup integrates comprehensive measures
for impurity analysis, focusing on humidity and oxygen levels. This approach is crucial for ensuring a safe and precise testing
environment. The procedures include securing system tightness and minimizing contaminant levels in the testing gas. Prior to any
experimental runs, inerting procedures are carried out, and the autoclave’s tightness is meticulously verified. Various procedures
were assessed at the beginning of the test campaign to establish a secure and optimal testing environment. The gas analysis
system features two electrochemical analysis cells for oxygen detection: a cell for high oxygen content (percent cell) and a cell
for measurements below 200 volume parts per million (vppm), with a resolution up to 0.4 vppm for measurements below 10 vppm
(Accurate RACE). Moisture analysis is facilitated by a stainless steel drying head with reduced volume, ensuring rapid transitions
from dry to humid environments and an accuracy of +2 °C dew point, approximately +1.6 vppm. The system is designed to introduce
a controlled small leak flow (1 liter/min) for measurements, allowing for the acquisition of real-time data for both oxygen and
moisture content.

A modified dynamic MTS servo-hydraulic Landmarks machine with a proper program configuration is used. Very low strain rate
testing can be reached (0.3 ym/min, ¢ = 107%/s for sub-size smooth tensile specimens), accomplished through the combination of
a low-flow servo valve, super clean oil and a precise displacement sensor (MTS 632.06 H-33, +2 mm travel displacement gauge)
to control the load line rather than using the machine’s linear variable differential transformer (LVDT). This specific configuration
is inspired by methodologies outlined in [25]. The importance of the various components of the closed-loop controlled system and
the test configuration is reviewed in [26].

Additionally, the system facilitates real-time communication between the MTS and Keyence controllers via the EtherCAT
protocol. This feature allows for instantaneous adjustments through the MTS TestSuite program, providing precise regulation of
the displacement gauge during experiments. These features collectively contribute to a setup that is not only innovative but also
highly responsive and precise in its operations.

2.2. Gas analysis and inertization methodology

The purity of hydrogen gas in test conditions is a critical factor that significantly influences the outcomes of experiments, [27].
Adhering to standards such as ANSI/CSA CHMC-1(2014), [28], it is essential to ensure that the source gas purity aligns with the
specifications outlined in CGA G-5.3. This involves not only the selection of high-quality source gas but also meticulous purging
processes to maintain purity levels. It is crucial to recognize that the purity of the test gas should not be presumed to be equivalent
to that of the source gas. Instead, it must be explicitly verified through the analysis of gas testing chamber. Key purity criteria
include limiting oxygen content to less than or equal to 2 volume parts per million (vppm) and moisture or water content to less
than or equal to 10 vppm.

For our experiments, hydrogen gas of 6.0 quality (99.9999% purity, with oxygen levels capped at 0.5 vppm) was utilized. To
secure the most favorable testing conditions, we evaluated various preparatory procedures before launching the test campaign. The
initial inertization process comprised several stages: (a) three nitrogen purges; (b) vacuum application; (c) leak testing with helium;
(d) a second vacuum; and (e) hydrogen fill. This sequence was repeated with intervals, measuring oxygen concentration post each
step. Post step (a), oxygen levels hovered around 480 vppm. Surprisingly, after vacuum application and helium testing (steps b and
c), oxygen levels rose to approximately 4250 vppm, and the process concluded with oxygen at 3700 vppm, indicating an ineffective
inertization, due to probably the entrance of air in the system during the vacuum.

Considering this inefficiency, a refined procedure to control gas impurities is proposed. Fig. 2 illustrates the autoclave pressure
progression during the enhanced inertization method, now standardized owing to its efficacy in achieving the desired inert state.
The revised steps are: (a) triple nitrogen purges; (b) a ten-minute nitrogen sweep; (c) helium leak check; and (d) pressurizing with
hydrogen beyond test requirements, followed by gas analysis to confirm low oxygen levels prior to testing. Subsequent analysis
confirmed that omitting the vacuum step in favor of a nitrogen sweep before helium addition markedly reduced oxygen content to
13.5 vppm. Finally, hydrogen injection reduced the oxygen level to below the limit detection of the accurate cell, thereby validating
the improved procedure. Furthermore, after the completion of each mechanical test, the oxygen level is always analyzed to reaffirm
the purity of the test environment, ensuring that the results are not compromised by environmental variables.
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2.3. Test control using edge tracing (ET) technique

In hydrogen environment testing, the Edge Tracing (ET) technique is a preferred method for specimen analysis, offering high
metrological accuracy and efficient image processing. This technique, unlike Digital Image Correlation (DIC) or marker tracking,
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Table 1
Optical Engineering telecentric lenses used for sub-size specimens: fixed working distance of 132.4 mm.
Telecentric lens Field of view (X*Y) Calibration px/mm Accuracy (%)
OE-TC-LWD 150 5.67 mm X 4.73 mm 435.17 0.05
OE-TC-LWD 100 8.50 mm X 7.09 mm 288.48 0.07
OE-TC-LWD 075 11.33 mm x 9.45 mm 215.29 0.53
Table 2
Chemical compositions of the E355 mod. steel grade.
C Mn Si Cr Ni Mo S P Fe
At.% 0.15 1.38 0.19 0.04 0.02 0.01 0.002 0.015 Bal.

which require specimen surface alteration for tracking, preserves specimen integrity by avoiding any surface interaction with
hydrogen environment. The method is suitable for identifying and tracking points, lines, and arcs along the edges of the specimen,
ensuring comprehensive coverage and analysis. Its versatility lies in measuring varying distances between edges, crucial for
monitoring radial contraction during tensile tests and assessing crack opening displacement (LLOD) for toughness measurements.
In this study, the ET method is also employed to control the displacement speed in tensile tests by continuously monitoring radial
contraction up to the point of rupture, and in toughness tests by tracking the rate of LLOD.

Telecentric lenses are used due to their ability to provide a clear image with a unique field of view (FOV), necessitated by the use
of a pressurized chamber. These lenses not only simplify the setup process but also prevent edge distortion in the image, crucial for
reducing potential measurement errors. Table 1 describes telecentric lenses suitable for sub-size specimens, used in conjunction with
a 5 megapixels Keyence camera (LHR50). The optical system’s calibration from pixels to millimeters is conducted using a cylindrical
calibration pin, 2.4 mm in diameter, across the entire FOV. This calibration was further corroborated using a pin with a diameter
of 1.050 mm. On the other hand, optical measurements provide precise access to the metrology of the sub-size specimens, as shown
in Fig. 5-a. Due to their small dimensions, this metrology is very important for the analysis and interpretation of the tests. Table 1
also presents the accuracy error associated with each lens.

An unloaded specimen was monitored to assess the measurement fluctuation, with indicators such as low standard deviation
pointing to reduced repeatability error. A comprehensive statistical analysis was conducted on the radial contraction of a tensile
specimen using the OE-TC-LWD 150 lens. These results were compared with those obtained from a conventional clip mechanical
extensometer, focusing on LLOD measurements. The analysis demonstrated that both extensometers exhibited low standard
deviations, indicative of high precision: the optical method recorded a standard deviation of 0.28 pm in radial contraction
measurements, while the mechanical sensor achieved marginally better performance with a standard deviation of 0.06 pm in LLOD
measurements.

3. Material and geometries

The newly developed test setup underwent evaluation via a series of tensile and toughness tests in both ambient air and hydrogen
environments. A comprehensive test campaign is designed to assess the performance and reliability of the apparatus, thereby offering
insights into its efficacy for evaluating material properties under varied conditions.

This section is dedicated to present the studied material and specimen geometries.

3.1. Material

A modern E355 mod. (modified) steel grade, provided in the form of a hot rolled tube condition, is used in its as-received
condition for this study. The tube features an internal diameter of 74.45 mm and a thickness of 12.7 mm. The chemical composition
of the steel grade can be found in Table 2. The material exhibits a ferritic-pearlitic microstructure elongated in the L and T directions,
as depicted in Fig. 3-a. Moreover, the steel grade’s average inclusion volume fraction was determined as 0.065% through SEM
observations. To assess the material’s homogeneity, a microhardness profile was conducted with a 1 kg load and a dwell time
of 10 s, using double staggered configuration. The results are illustrated in Fig. 3-b. Observations reveal the homogeneity of the
material, with microhardness values ranging between 140 and 170 HV1. The average microhardness of the material is 153 HV1.

3.2. Specimen geometries

Fig. 4 depicts the various tensile specimen geometries employed in the research. The study began with the use of a macro
standard tensile specimen, designated as ST-®@;, = 4 mm, featuring a diameter (&) of 4 mm and a gauge length (L) of 20 mm. This
particular specimen served as a benchmark for validating the results obtained from the mini-specimens. Following this, two mini
tensile specimens were introduced: the mST-@,, = 2.4 mm, with a diameter (&) of 2.4 mm and a gauge length (L) of 4 mm, alongside
its homothetic counterpart, the mST-@;, = 1.2 mm, which possesses a diameter (&) of 1.2 mm and a gauge length (L;) of 2 mm.
All tensile specimens were extracted parallel to the longitudinal direction of the raw material. These miniaturized specimens were
designed to facilitate a detailed analysis of material behavior under scaled-down dimensions. All tensile specimens were meticulously
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machined to maintain a surface roughness of 0.35 pm Ra, ensuring that the machining process did not adversely affect the residual
stresses on the surface of the specimen.

Mini Disk-Shaped Compact Tension (mDCT) specimens with a 10 mm width (W) and 5 mm thickness (B) were machined without
initial side grooves. These specimens were extracted in the LT direction. Surfaces were polished to 1 pm Ra to track fatigue pre-crack
propagation according to ASTM E1820 guidelines. Final side grooves, ensuring a 4 mm net thickness (B,), were added via EDM
machining to promote a straight crack front, crucial for reliable fracture toughness testing.

4. Tensile tests on mini-specimens

This section aims to validate the testing methodology for sub-size specimens in ambient air, ensuring mini tensile specimens
accurately represent material’s mechanical properties. It also seeks to examine the effects of hydrogen on these specimens and
validate the new test setup under gaseous H, environments.

4.1. Methodology

The primary objective is to ensure that mini tensile specimens accurately reflect the material’s mechanical properties. This crucial
step, conducted in ambient air, sets the foundation for subsequent evaluations in gaseous H, environments. To this end, a distinct
experimental setup, as described in [24], is employed to compare specimens of varying sizes outlined in Fig. 4. Air tensile tests are
conducted using an MTS hydraulic machine equipped with a 10 kN load cell, chosen to enhance measurement precision due to the
smaller dimensions of the mini-specimens. The machine’s crosshead displacement is regulated by an electromechanical extensometer
(with a gauge length /,) to maintain a strain rate of 5x10~* s~1. During testing, a camera, positioned perpendicularly to the specimen,
captures images against a retro-illuminated white background from a LED panel. These images are then used to evaluate radial
deformation using the Edge Tracing (ET) Technique.
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Table 3

Coefficients of the constitutive law for the E355 mod. steel grade.

o, (MPa) Q, (MPa) b, Q, (MPa) b, Q; (MPa)
265 45 80 275 15 189

Following this, the tensile tests under H, are carried out using the machine setup detailed in Section 2.3. After the insertion of
the specimen into the autoclave, the inertization procedure outlined in Section 2.2 is performed. At the conclusion of the inertization
procedure, the autoclave is pressurized to a pressure over 50 bars higher than the desired pressure for the test. This step allows to
conduct a gas analysis before the launching of the test, ensuring the effectiveness of the inertization. Following the gas analysis, a 60-
minutes waiting period is observed to achieve the stabilization of the internal load cell. The ET technique, as detailed in Section 2.3,
is employed to monitor the specimen deformation. Throughout the test, the minimal diameter of the specimen is tracked, enabling
the determination of radial strain. Although the test is controlled by gauge displacement, a feedback loop has been programmed
to adjust the displacement speed based on the virtual measurement. Radial contraction is used in order to maintain the quantity
Ad /D x 2L, = £ X L, constant, where L, corresponds to the gauge length of the specimen. The longitudinal strain rate is calculated
at intervals of 10 pm of crosshead displacement. Fig. 5-a illustrates this principle applied to an mST specimen. The comparison with
the displacement gauge shows that maintaining the speed in radial contraction implies a significant slowdown of the displacement
gauge speed during the post-necking phase. All tests are performed under the strain rate of 5 x 107* s~!. After concluding the test,
a new gas analysis is performed to ensure that the low level of impurities was maintained throughout the test. The fracture surfaces
of the specimens after the tensile tests are analyzed by means of field emission-SEM, operated at 15 kV.

4.2. Standard vs. mini-specimens: a ssessing size effect on mST

Fig. 5 displays the results obtained from the tests. In Fig. 5-b, the Engineering Stress (F/S,) versus Engineering Strain (4//1,)
with overlay of True Stress—Strain curves graph up to the Ultimate Tensile Strength (UTS) shows considerable overlap among the
three distinct specimens. However, Fig. 5-c reveals that the elongation at rupture, as measured from the crosshead displacement
(ALL,/Ly), is significantly influenced by the dimensions of the specimens. Specifically, the post-necking elongation is observed to
increase as the gauge length decreases: the ST-®; = 4 mm specimen has a L,/®, ratio of 5, while the mST-®, = 2.4 mm and mST-
@, = 1.2 mm specimens have a ratio of 1.66. This trend indicates that smaller gauge lengths result in greater post-necking elongation
measurements. These observations align with prior studies [29,30] that observed similar effects. Zhao et al. through FEM analysis,
attributed these effects to strain measurement inaccuracies during uniform elongation, stemming from machine compliance and
deformation at the fillet region of the reduced section. Consequently, crosshead displacement measurements used for characterizing
specimen ductility should be interpreted with caution.

Notably, reducing the diameter from 2.4 mm to 1.2 mm without altering the aspect ratio L,/®, did not affect fracture elongation,
diverging from the typical impact of thickness reduction on ductility observed in flat specimens [16,30-32]. Moreover, the consistent
trend observed in the plot of F /S, against A® /@, for all specimens, as depicted in Fig. 5-d, shows that local plastic behavior remains
unaffected by specimen geometry and machining, even after the onset of post-necking. In this study, specimens were aligned with
the rolling direction (L) for consistency. While anisotropic behavior is an important consideration for future research, [16,33], the
isotropic deformation suggested by the fracture surfaces (Fig. 7) informs our current understanding.

4.3. Identification and validation of the plastic behavior

As it was demonstrated experimentally that plasticity is independent of specimen geometries, it is possible to determine a
constitutive law for E355 mod. steel grade using the experimental data obtained from mini tensile specimens.

The determination of the constitutive law is performed using the Finite Elements Analysis (FEA) Z-set software,' [34]. The
method uses the difference between experimental and finite element results as an objective function to be minimized. The fit of the
hardening function is first done assuming von Mises plasticity. The fit is performed using the load-diameter reduction curves before
the onset of sharp load drop. The flow stress o is expressed as a function of the accumulated plastic strain p as:

0r(p) =09+ Q (1 —exp™17) + 0, (1 — exp™"2") + Q3p )

Here, o, represents the yield stress, and the coefficients Q,, b;, O,, b,, and Q5 characterize the hardening law. These coefficients
were optimized to minimize the objective function. The optimized coefficients are presented in Table 3. To enrich the analysis, the
True Stress-Strain curve has been integrated, overlaying the experimental data with simulation outcomes for a direct comparison
in Fig. 5-b. The concordance between experimental data and simulation results, particularly in the context of local plastic behavior
shown in Fig. 5-d, indicates a high level of agreement, validating the established constitutive law for the E355 mod. steel grade.

1 http://www.zset-software.com/
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Fig. 5. Methods and results of tensile testings conducted in air.

4.4. Hydrogen effect on mini tensile specimens

The results for mST-@; = 1.2 mm and mST-®; = 2.4 mm under different conditions, including air, 100 bar H,, and 200 bar
H,, are depicted in Fig. 6. The results for mST-®, = 1.2 mm are represented with circles, while those for mST-®;, = 2.4 mm with
squares. Black markers correspond to results in air, gray to 100 bar H, and white to 200 bar H,.

Table 4 presents a summary of the results.

As previously noted in Section 4, the results in air for both specimens are equivalent. Even with the strain rate of 5x10~* s~ the
impact of H, is evident in the results. Particularly in the decrease of the final elongation (A = ALL,/L) and the final radial strain
(Z = A® /®,) when compared to the air results. These parameters can be exploited in order to calculate a Hydrogen Embrittlement
Index based on final plastic elongation (HEI,), according to Eq. (3):

_(,_ AH)
HEI, = (1 A(Air)> X 100 3
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Table 4
Results of mST in air and in H,.
@, Env. Y.S. UTsS A z HEI, HEL,
[MPa] [MPa] [%] [%] [%] [%]
Air 301 506 58.2 56.2
1.2 mm 100 bar H, 316 502 40.0 28.0 31.2 50.2
200 bar H, 338 501 36.6 22.9 37.1 59.2
Air 320 506 57.9 56.9
2.4 mm 100 bar H, 333 508 47.7 33.4 17.6 41.3
200 bar H, 341 501 40.1 26.1 29.5 54.1

and one based on final radial strain (HEI,), according to Eq. (4):

EL = (1- 28293 100 @
z Z(Air)

Hydrogen embrittlement is observed in the tests conducted with H,, resulting in a HEI, ranging between 17.6% and 37.1%
and a HEI, ranging between 41.3% and 59.2%. The increase in H, pressure leads to more pronounced embrittlement. For mST-
@, = 1.2 mm HEI, increases from 50.2% to 59.2% as the H, pressure rises from 100 to 200 bar, while for mST-®, = 2.4 mm
it increases from 41.3% to 54.1% for 100 and 200 bar H,, respectively. Additionally, the influence of specimen geometry on H,
embrittlement is noticeable. The mST-®, = 1.2 mm exhibits higher embrittlement than the mST-®;=2.4 mm under the same H,
pressure. For instance, HEI, at 100 bar H, is 50.2% for mST-®, = 1.2 mm and 41.3% for mST-®, = 2.4 mm. This effect seems to
be associated with the H, diffusion, as hydrogen can penetrate relatively deeper in the mST-®; = 1.2 mm specimen, resulting in a
larger embrittlement.

In order to illustrate the difference in hydrogen diffusion within both specimens, a simple comparison using Fick’s Equations is
proposed. To calculate the depth of hydrogen penetration into the material, Eq. (5) can be utilized:

1=+/Dt (5)

Where ! is the penetration depth, D is the Diffusion Coefficient and ¢ indicates time. Considering D = 1.27 x 1078 m?/s, [35],
the time required to hydrogen penetrate the mST-®,-1.2 mm specimen to its center (i.e. / = 0.6 mm) is 28 s, while for mST-
@) = 2.4 mm (/ = 1.2 mm), it is 113 s. This implies that hydrogen penetration into the mST-®, = 2.4 mm specimen takes four times
longer compared to its penetration into the mST-®, = 1.2 mm specimen. However, a more precise analysis of hydrogen diffusion
necessitates a model incorporating additional factors such as the stress field and hydrogen trapping by dislocations, as proposed by
Pinto et al. [35].

HEI, results in values higher than those derived from HEI,. Indeed, HEI, is directly related to necking, which represents a
localized deformation in the fracture zone, whereas HEI, correlates with the average axial deformation, which is influenced by the
specimen’s gauge length. Based on these results, HEI, is considered more sensitive and thus more effective for evaluating hydrogen
embrittlement (HE) susceptibility. This finding is in agreement with the conclusions presented by Du et al. [12].

The results obtained in this work are in accordance with results from others authors [36-38]. Briottet et al. [36] performed
tensile tests under 300 bar H,. They observed that Hydrogen did not affect the YS and the UTS. Furthermore, they obtained HEI 4
between 38.3% and 60.9% for strain rates ranging between 2 x 107® s~! and 5 x 107> s~1. Michler et al. [37] found more severe
HE for higher H, pressure in tensile tests. Nanninga et al. [38] did the comparison of gaseous hydrogen embrittlement of three
pipeline steels. Similarly, they have found that gaseous hydrogen did not have significant effect on YS and UTS, but the ductility of
the studied steel was reduced.

4.5. Fractography

Fig. 7 displays the fracture surfaces of the mST-®, = 1.2 mm specimens tested under air, 100 bar H,, and 200 bar H,. Figs. 7a—
¢ depict the lateral views of the specimens. The higher ductility of the specimen tested under air is noticeable, as evidenced
by significant necking during the test. In contrast, there is a lower area reduction observed in the specimens tested under H,.
Furthermore, the substantial quantity of secondary cracks observed in the specimens tested under H, is noteworthy.

Figs. 7d-f illustrate the top views of the specimens. In Fig. 7-d, the predominance of Micro Void Coalescence (MVC) is evident
in the specimen tested under air. Different features are observed in the fracture surfaces of the specimens tested under H,.

Fig. 7-g provides a higher magnification view of the specimen tested under 100 bar H,. A predominance of Quasi-Cleavage (QC)
fracture aspect is observed near the surface, with a smooth transition to MVC in the center. However, the dimples found in this
specimens are smaller than those observed in the specimen tested under air.

Fig. 7-h offers a higher magnification of the specimen tested under 200 bar H,. An almost exclusive predominance of Quasi-
Cleavage (QC) fracture aspect is seen from the surface to the center of the specimen. However, small dimples are found in the center
of the specimen, and these dimples are smaller than the ones observed in the specimen tested under 100 bar H,.
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Fig. 6. Results for mST-®;, = 1.2 mm and mST-®, = 2.4 mm under air, 100 bar H,, and 200 bar H,.

5. Toughness test on mini-specimens

Having validated the tensile testing methodology with mini-specimens, the subsequent step is to extend this approach to
toughness tests. This progression aims to contribute to a more comprehensive understanding of material behavior under varying
conditions.

5.1. Methodology

5.1.1. Pre-cracking

The mDCT specimens are first machined without side grooves. Subsequently, the sides of each specimen are polished until 1
pm Ra to facilitate the tracking of crack propagation using an optical device. Precracking of the specimens is performed using an
electromechanical Instron Electropuls E10000 Linear-Torsion machine with a force capacity of +/- 10,000 N. Due to the reduced size
of the mDCT specimen, special attention is given to the precracking procedure to avoid its influence on subsequent results. Initially,
a K5 of 15 MPa\/E was applied, with a ratio load (R) of 0.1 and frequency (f) of 35 Hz. Every 30,000 cycles, the fatigue procedure
is halted to measure crack advancement on the polished sides of the specimen. Subsequently, the force is adjusted to maintain the
initial K., of 15 MPaﬁ. During each interruption, the specimen is rotated to mitigate any effects of misalignment of the load
line on crack propagation. This initial load is sustained until reaching half of the desired precrack propagation. Following this, each
30,000 cycles, the load is reduced to achieve a K,,,, of approximately 12 MPa\/E at the end of the fatigue precrack procedure.
This procedure results in a theoretically calculated plastic zone radius of around 0.125 mm, representing approximately 2.5% of
the original remaining ligament (b,). The total number of cycles requires to achieve a precrack propagation of around a,/W = 0.5
ranged between 210,000 and 250,000. After this procedures, the side grooves are EDM machined.

5.1.2. Compliance method

The machine setup detailed in Section 2.3 is used for conducting a toughness test on the mDCT specimen. The Edge Trace
Technique is employed to monitor key parameters, including Load Line Opening Displacement (LLOD) and the Opening Angle ().

To assess crack propagation during the test, the elastic compliance method is employed, involving a loading/holding/unloading
procedure. During the loading step, a displacement is applied at a LLOD rate of 100 pm/min until reaching an incremental load
line displacement of 50 um. Subsequently, the displacement is maintained for a holding time of 30 s to prevent material relaxation
during the unloading and loading steps. Following the holding time, the specimen is unloaded to 65% of the charge that is reached
at the end of the holding step and reloaded to the this same force. This step enables the calculation of the crack length using the
compliance equations available in ASTM E1820. This sequence is repeated until a significant crack propagation of approximately
1.3-1.5 mm is achieved. After completing the last cycle, the force is returned to zero.

10
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Fig. 7. Fracture surfaces of the mST-®;, = 1.2 mm specimens tested under air, 100 bar H, and 200 bar H,.

5.1.3. CTOD determination

Crack Tip Opening Displacement (CTOD — §) can be measured using the double clip gauge method, where a pair of clip gauges
are mounted above the notch. These clip gauges measure the Crack Mouth Opening Displacement (CMOD) at different heights above
the specimen crack mouth, enabling the determination of § through geometric considerations. This methodology has been applied
by various authors [39-42].

In this work, a methodology is proposed, based on the double-clip gauge method developed by ExxonMobil [43]. However,
instead of employing two clip gauges, the CTOD is calculated based on the Load Line Opening Displacement (LLOD) and the Opening
Angle (a), which can be directly measured using ET technique. Fig. 8-a shows a schematic representation of the specimen during
the test, where 6 is the CTOD measured at the 90° intersect starting from the original crack tip and q is the initial crack length.
Based on geometric and trigonometric assumptions, it is possible to obtain the following:

. [ LLOD -6
in(3) = Q
Subsequently, it is possible to isolate §, leading to the following:
8 = LLOD — 24, sin (%) )

11
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Fig. 8. Schematic representation to measure CTOD (§) using ET technique.

Fig. 8-b presents an excerpt from an image captured during a toughness test. The measurements required to compute § are
indicated in the image. It is noticeable that LLOD is measured at the edge of the starter notch, resulting in an offset (D) relative
to the fatigue crack. Despite the small value (approximately 0.075 mm) of this offset, it is considered in the calculation of LLOD
in Eq. (7), imposing a LLOD correction of —2D(1 — cos (a/2)). This offset is not depicted in Fig. 8-a to enhance the clarity of the
image. Eq. (7) thus becomes:

8 =LLOD - 2D(1 —cos%)—2a0 sin(%) (8)

After the conclusion of each test, a post-test fatigue cycling is performed to mark the crack extension. The crack extension as
well as the fatigue pre-crack are measured using the nine points average procedure based on optical measurements.

The mDCT specimens tested under H, follow the same procedure outlined above. Similarly to what is presented in Section 4.4,
the gas analysis is performed both before and after the test to verify the low content of impurities.

5.2. Results in air

Fig. 9 illustrates the results obtained for an mDCT specimen tested in an air atmosphere. The experimental data Load — LLOD is
represented in Fig. 9-a. Additionally, Fig. 9-b presents the J — 4a curve obtained from this specimen. The experimental points are
marked with black triangles. The J, value exceeding the Jy,,, suggests the test is not valid according to the ASTM E1820 standard.

The evolution of § during crack propagation is illustrated in Fig. 9-c. For comparison, § calculated according to the ASTM E1820
standard (65gry) is presented in the graph. As observed, §,gry yields more conservative § values, a point previously discussed by
other authors [41]. § and Spgry Values were compared with an estimated actual § measured in a post-mortem specimen. Before
undergoing the post-fatigue procedure, the specimen was measured using an optical profilometer, observing § from the lateral of
the specimen. The analysis revealed that § calculated is 9.8% higher than the estimated actual 6, whereas the 57\ is 46% lower.
Specifically, 6 and g1y demonstrate a better correlation below the Sagrymaxs @s illustrated in Fig. 9-c. However, beyond this
threshold, the deviation between 6 and 6,gmy becomes more pronounced. It is acknowledged that the relationship between § and
J is no longer valid under conditions of excessive plasticity or significant crack growth. This limitation arises because J-Integral
concept is applicable when the plastic zone is small relative to the overall dimensions of the specimen [44,45]. The maximum force
is indicated in Fig. 9-a as a red dot, and 6 at maximum force (5,,) is marked in Fig. 9-c also as a red dot. The value of §,, is 0.48 mm,
higher than the 0.40 mm 65g7y; . calculated according to the ASTM E1820 standard and denoted as a red square. This 20% difference
emphasizes the fact that ASTM E1820 calculation of § results in lower values. However, it is essential to note that 0.40 mm does
not represent a valid critical 6, as this value exceeds the 0.23 mm 6xgry calculated according to the ASTM E1820 standard.

5.3. Results in hydrogen

Fig. 10 illustrates the J — 4a curves obtained for mDCT specimens under different conditions: air, 100 bar H,, and 200 bar H,.
The obtained J, or J;c values are displayed as red points in the plot.

Table 5 provides a summary of the results.

It can be observed the effect of H, pressure on toughness specimen. Increasing H, pressure from 100 bar to 200 bar resulted in
a decrease in J;, value from 238.7 MPa+/m to 140.3 MPa+/m. Similarly to the HEI, presented in Section 4.4, HEI, , can be defined
using the Eq. (9):

9)

Jo(Hy)
HE, =(1--2-"2)x100
4 Jo(Air)
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Fig. 9. Results obtained for a mDCT specimen tested in an air atmosphere.

Notably, significant HEI Jp Was observed with 100 bar H, and 200 bar H,: 47.5% and 81.8%, respectively.

Fig. 10-b also shows the evolution of § during crack propagation. Similarly, the influence of H, pressure on specimen toughness
is evident through the decrease in §,, with increasing test pressure. The tests under air and under 100 bar H, presented similar
values of §,, : 0.48 mm and 0.43 mm, respectively. In contrast, the test conducted under 200 bar H, presented a §,, of 0.02 mm,
representing a notably low 5. A remark should be made regarding the plot § — 4a of the test under 200 bar H,. As observed, two
points are highlighted: §,, marked with red ’x’ in red and 6. marked with orange '+’. The reason behind this distinction is elucidated
in the F-LLOD plot (Fig. 10-c). The orange ‘+’ point corresponds to the first local maximum force, while the red point represents
the global maximum force of the test. The same colors were used in the § — 4a plot (Fig. 10-b). In this study, it is assumed that §
associated with the initiation of crack propagation is linked with the first local maximum force (orange point ‘+’). This implies that

crack propagation occurs with minimal crack blunting, what is confirmed in the SEM image in Fig. 11-g. Consequently, it means

13
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Table 5
Results of mDCT in air and in H,.
Env a, a, Jo Jic Ky, Ky, S HEIL,, HEI,
[mm] [mm] [kJ/m?] [MPay/m] [mm] [%] [%]
Air 5.20 7.02 493.4 329.3 0.48
100 bar H, 5.19 6.76 259.2 238.7 0.43 47.5 10.42
200 bar H, 5.20 7.12 89.6 140.3 0.02 81.8 95.83

that the experimental data must be interpreted with caution. Misinterpretation could potentially result in less conservative values
for 6.
A Hydrogen Embrittlement Index can be calculated based on the §,, value (HEI[;m, Eq. (10)):

HEI, = <1 - 5”’(H,2)> x 100 (10)
m 5,,(Air)

The calculated HEI; values are presented in Table 5. HEI; observed for 100 bar H, is 10.42%, a value not so high as the 47.5%
seen for HEI,  in the same test. However, the test under 200 bar H, revealed a HEI; of 95.83%, even more severe than the 81.8%
HEIL,, for the same test. These results highlight the contrasts that can arise in different Hydrogen Embrittlement Index criteria, even
when considering similar test methodologies. In this case, a J/ — 4a and a 6 — 4a curves are extracted from the same test.

The existing body of literature offers limited references for direct comparison with our results. However, it is recognized that
hydrogen embrittlement tends to increase with increasing hydrogen gas pressure [46]. Briottet et al. [36] performed fracture
toughness measurements in air and in 300 bar H, on X80 steel. They observed a decrease of the toughness of this alloy from
210 kJ/m? in air to 15 kJ/m? in H,, representing around 92.8% of decrease in toughness, what is reasonable in comparison with
81.8% obtained in this work for 200 bar H,. Wang et al. [47] presented a quantitative model to predict the fracture toughness of
steels in gaseous hydrogen. The model was validated with experimental data [48,49], obtaining good agreement. The study shows
the decreasing of toughness properties with the increasing of hydrogen pressure.

5.4. Fractography

The fracture surfaces of the specimens after the toughness tests were analyzed by means of field emission-SEM, operated at
15 kV.

Fig. 11 depicts the fracture surfaces of the mDCT specimens tested under air (Figs. 11a—c), 100 bar H, (Figs. 11d-f), and
200 bar H, (Figs. 11g-i).

The fracture surface of the specimen tested under air (Figs. 11a-c) exhibits the typical ductile behavior. In Fig. 11b, the
characteristic zones of pre-crack, blunting, and propagation are clearly visible. The propagation zone, highlighted in Fig. 11-c, reveals
the presence of MVC. For mDCT specimen tested under 100 bar H,, the blunting zone is similarly observed (Fig. 11-e). However,
in Fig. 11-f, the initiation of crack propagation displays a mixed mode of fracture, featuring both MVC and QC. In contrast, the
mDCT specimen tested under 200 bar H, does not exhibit a blunting zone, as shown in Fig. 11-h. Instead, a direct transition is
observed from the pre-crack to the propagation zone. Furthermore, the onset of the propagation zone presents a distinctly brittle
appearance, characterized by quasi-cleavage (QC) fracture, as illustrated in Fig. 11-i. This observation aligns with findings by Ogawa
et al. [50], who reported similar behavior in carbon steel tested in 115 MPa hydrogen gas. In their study, the crack propagated with
the formation of QC, maintaining a sharp, minimally blunted shape.

6. Conclusions and remarks

This paper presents a methodology that employs sub-size specimens with an innovative setup for a specialized gaseous pressurized
hydrogen tensile machine. An optical extensometer employing Edge Tracing (ET) technique was developed to measure local
specimen strain and control machine displacement during mechanical tests. The application of this methodology was demonstrated
on a modern ferrito-pearlitic material, leading to the following conclusions:

» The developed methodology successfully yields reliable results in tensile tests with mini-specimens. The local measurement of
radial strain is an effective way of comparing the results of samples of different sizes. Additionally, a constitutive law could
be established using mini-specimens.

Toughness tests with mini-specimens, monitoring LLOD and the opening angle through ET, allow the determination of J — 4a
and & — Aa plots. Due to the high toughness and small dimensions of the specimen, J, value obtained is not valid according
to the ASTM E1820 standard. It is observed that §xg7y o’ calculated by J conversion according to ASTM E1820, yields a more
conservative value (0.40 mm) compared to the §,, of 0.48 mm, determined from ET technique.

Tensile tests conducted under varying H, pressures reveal significant insights into the Hydrogen Embrittlement effect. The
HEI, and HEI, indexes show the influence of H, pressure and specimen size on embrittlement. Notably, HEI,, reflecting
localized strain, yields less conservative but more suitable values for assessing Hydrogen Embrittlement, as evidenced by the
differing results obtained for mST specimens with diameters of 1.2 mm and 2.4 mm under different H, pressures.
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Fig. 10. Toughness results obtained for mDCT specimens under different environments.

+ The impact of different H, pressures on toughness was quantified through HEI Jo and HEI;,, indexes. The results showed a
HEI, , of 47.5% and 81.8% for 100 bar H, and 200 bar Hy, respectively, and HEI; values of 10.42% and 95.8% for the same
pressures. Particularly, the test at 200 bar H, demonstrated no blunting before crack propagation, underscoring the critical role
of fracture observation in assessing hydrogen embrittlement and the need for detailed analysis. It is important to emphasize
that the reported hydrogen embrittlement index values are derived from a single test per configuration, implying that while

they provide valuable insights into the effects under specific conditions, broader generalizations from these results require
additional testing across varied conditions.

The approach outlined in this paper provides a foundational basis for investigating a diverse array of materials by extracting small
coupons. This includes studying heterogeneous materials, different weld zones, components with low thickness, precious materials,
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(g) 200 bar Hy (h) 200 bar H, (i) 200 bar H,

Fig. 11. Fracture surfaces of the mDCT specimens tested under air, 100 bar H, and 200 bar H,.

deposited layers, and monitoring installations. This research importantly contributes to the expanding focus on adapting current
pipeline networks for the transportation of hydrogen, a field that is attracting international attention.
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