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 A B S T R A C T

We introduce a novel experimental device for tensile testing in high-pressure hydrogen environments, coupled 
with in situ 3D synchrotron X-ray tomography. Demonstrated on E355 steel, this setup enables repeated 
tomographic imaging during deformation, offering unprecedented time-resolved insight into hydrogen-assisted 
damage mechanisms. It allows full 3D quantification of crack and void volume, shape, orientation, and spatial 
distribution, opening new pathways for understanding hydrogen embrittlement at the microscale. Specimens 
were tested at 20 and 130 bar H2 at a strain rate of 1 × 10−4 s−1, with ductility loss of 20% at 20 bar 
and 69% at 130 bar. The new methodology enabled precise tracking of surface crack penetration during the 
test, which increased from 4 μm at the Ultimate Tensile Strength to an average of 24 μm near fracture at 
130 bar. Finally, the approach enabled the direct observation of internal hydrogen-induced cracks coalescing 
with surface cracks, demonstrating their contribution to final fracture.
1. Introduction

The transition to a low-carbon energy system has increased interest 
in renewable hydrogen [1–4]. However, hydrogen is known to diffuse 
into metals and interacts with their microstructure, resulting in a pos-
sible degradation of mechanical properties. This phenomenon, known 
as hydrogen embrittlement (HE), has been studied for decades [5,6], 
and several mechanisms have been proposed [7–12], yet the governing 
processes remain debated [13]. A challenge in this debate is the limited 
ability to observe hydrogen-induced damage mechanisms within the 
bulk of specimens tested under hydrogen.

Three-dimensional (3D) X-ray tomography enables characterization 
of micrometer-scale damage, providing insight into void nucleation, 
growth, and coalescence [14,15]. Its application to hydrogen studies 
is expanding. Depraetere et al. [16,17] showed by ex-situ tomography 
that hydrogen accelerates fracture in X56 steel and alters void morphol-
ogy in X70 steel. Konert et al. [18] reported hydrogen-induced changes 
in crack orientation in X65 pipeline steel. Maire et al. [19] showed by 
in-situ tomography that hydrogen pre-charging in austenitic stainless 
steels transforms spherical voids into micro-cracks perpendicular to the 
tensile axis. Our recent work [20] used ex-situ tomography to study 
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E355 ferritic–pearlitic steel under 100 bar H2, revealing brittle surface 
cracks and ductile bulk damage at moderate strain rates (5×10−4 s−1), 
while low strain rates (1×10−5 s−1), promoted deeper diffusion and 
internal embrittlement.

Previous tomography studies relied on post-mortem analysis or in-
situ tests of pre-charged specimens, which is limiting for materials with 
high hydrogen diffusivity. In-situ mechanical testing during hydrogen 
exposure has so far been restricted to surface techniques, such as scan-
ning electron microscopy [21,22]. Time-resolved X-ray tomography of 
hydrogen-induced damage during loading in a hydrogen environment 
has not yet been reported. Here, we address this gap by performing 
in-situ 3D X-ray tomography during tensile testing in pressurized hy-
drogen for the first time. An in-situ sample environment was developed 
to enable in-situ tomography scans during loading, capturing temporal 
evolution and allowing quantitative assessment of hydrogen-assisted 
damage, opening new opportunities to advance understanding of HE.

2. Methodology

A modified E355 steel tube was used in this study, with composition 
(at%) 0.15 C, 1.38 Mn, 0.19 Si, 0.04 Cr, 0.02 Ni, 0.01 Mo, 0.002 S, 
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and 0.015 P, balance Fe. Its microstructure consists of a ferritic matrix 
with elongated pearlite bands along Longitudinal (L) and Transverse (T) 
directions, average grain size 15.9 μm. SEM-EDS showed low inclusion 
content (0.06 vol%), mainly globular CaS and (Al, Mg) oxides, with 
average diameter of 0.25 μm. Further details are in [23].

Sub-size tensile specimens (mST-𝛷0 = 1.2 mm, 𝐿0 = 2 mm, as 
shown in the detail of Fig.  1(a)) were machined along the L direc-
tion of the tube. Previous work by Madi et al. [24] showed that 
this geometry provides mechanical properties consistent with standard 
specimens. The same geometry was used in gaseous hydrogen tensile 
tests with interrupted loading and ex-situ 3D X-ray tomography for 
damage characterization [20].

Tensile tests were carried out at the SOLEIL synchrotron on the 
PSICHE beamline using a modified version of an in-situ tensile setup
[25] incorporating a compact autoclave designed for high-pressure 
hydrogen exposure under X-ray irradiation. The principle of the experi-
ment is depicted in Fig.  1(a). Prior to testing, the specimen is mounted 
in the autoclave, which is then connected to a gas panel. Ten purge 
cycles with nitrogen were followed by ten purge cycles with analytical-
grade hydrogen to remove residual O2 and H2O, which are known to 
inhibit hydrogen embrittlement [26]. The autoclave was then filled 
with hydrogen to the desired test pressure, sealed, and transported 
to the beamline. Two hydrogen pressures were investigated for this 
initial study: 20 bar, representing moderate H2 pressure, and 130 bar, 
corresponding to a higher charging condition.

An internal load cell measures the applied force directly on the 
specimen, eliminating the influence from sealing friction that affects 
external measurements, while load line displacement was controlled by 
the beamline control system, based on Tango.1 Local deformation was 
monitored via radial strain measured from tomography data, following 
Madi et al. [24], because a mechanical extensometer could not be used 
in the confined volume. The radial strain is defined as the relative 
reduction in the minimum cross-sectional diameter measured along 
the tube short-transverse (thickness) direction (𝛥𝛷𝑠∕𝛷0), where 𝛷0 is 
the initial diameter at the start of the test. The diameter is obtained 
by post-processing the radiographs to detect the specimen contour. 
Experiments were performed at a longitudinal strain rate of 1 × 10−4

s−1, with loading periodically slowed down for tomography scans to 
capture damage evolution. Imaging was performed at a peak energy 
of 65 keV with an exposure time of 20 ms per projection. A total 
of 1500 projections were acquired, resulting in reconstructed datasets 
of 20483 voxels with a voxel size of 0.65 μm. This corresponds to 
an analyzed volume of ≈2.36 mm3. Data processing and analysis was 
conducted using Thermo Scientific Avizo Software and the open source 
Python package Pymicro [27], similarly to our previous work [20].

3. Results

Fig.  1(b) shows the tensile response of sub-size specimens tested 
in gaseous hydrogen at 20 and 130 bar H2 (blue and red curves, re-
spectively). The black curve shows an air tensile test from our previous 
work [20], included as an inert reference and characterized by ex-situ 
tomography. Circles mark the loading steps where the displacement 
rate was reduced for X-ray tomography, enabling in-situ damage ob-
servation. Dotted lines show the evolution of total damage volume 
fraction, with squares indicating values from individual scans.

Three-dimensional renderings of segmented damage are shown for 
selected scans, illustrating its temporal and spatial evolution. Surface-
connected damage appears in red, internal damage in green and blue, 
and the specimen geometry in semi-transparent gray. The damage 
classification is detailed later in Fig.  3, where the evolution of damage 
can also be more clearly observed.

1 https://www.tango-controls.org/.
2 
Stress–radial strain responses at both hydrogen pressures are similar 
up to the Ultimate Tensile Strength (UTS), indicating little effect of 
hydrogen on initial plastic deformation, but clear differences appear be-
yond the UTS. The specimen tested at 20 bar H2 reaches a higher radial 
strain at failure (𝛥𝛷𝑠∕𝛷0 = 0.446, corresponding to an area reduction 
of 69.3%), compared to the specimen tested at 130 bar H2 (𝛥𝛷𝑠∕𝛷0 =
0.172, area reduction 31.4%). The area reduction is calculated assuming 
a circular cross-section, using 𝑅.𝐴. = 1 − (1 − 𝛥𝛷𝑠∕𝛷0)2. For reference, 
typical air tests from our previous work yield 𝛥𝛷𝑠∕𝛷0 = 0.56 (area 
reduction 80.6%) [20,24].

Based on these values, the corresponding hydrogen embrittlement 
indices (HEI), defined as 

HEI =
(

1 −
(𝛥𝛷𝑠∕𝛷0)H2

(𝛥𝛷𝑠∕𝛷0)air

)

× 100 (1)

which yield approximately 20.4% at 20 bar and 69.3% at 130 bar.
The evolution of damage volume fraction accentuates the difference 

in behavior. The damage volume fraction is calculated as the ratio 
of the total volume of damage captured in the tomography scan to 
the scanned specimen volume at each loading step, which changes 
as the specimen deforms. At 20 bar H2, the damage volume fraction 
increases gradually, followed by a marked acceleration near failure 
(around 𝛥𝛷𝑠∕𝛷0 ≈ 0.3). The total damage volume fraction measured in 
the last scan prior to rupture is 5.87 × 10−3. In contrast, at 130 bar H2, 
damage initiates earlier and grows much more rapidly immediately 
after the UTS, at approximately 𝛥𝛷𝑠∕𝛷0 ≈ 0.1. The total damage 
volume fraction in the final scan before rupture reaches 1.40 × 10−2, 
which is approximately 2.4 times higher than in the 20 bar condition. 
For reference, the air test exhibits a final damage volume fraction of 
4.38 × 10−3, remaining below the values measured under hydrogen.

Analysis of the three-dimensional visualizations reveals pronounced 
differences in damage distribution. At 20 bar H2, damage develops 
predominantly in the central region of the specimen (blue), with limited 
surface damage (red). In contrast, at 130 bar H2, surface damage 
becomes increasingly dominant as deformation progresses.

As the tests differed primarily in extent and progression of surface 
damage, a methodology was developed to quantify hydrogen-induced 
surface crack penetration from 3D X-ray tomography data.

The methodology was applied here to the tensile test conducted 
under 130 bar H2, as depicted in Fig.  2(a). The 50 largest surface 
cracks were selected based on their volume. For each selected crack, 
the radial distance of each voxel was calculated with respect to the 
specimen center. In the next step, the deepest 5% of crack voxels 
(depicted in black in Fig.  2(a)), were retained. The penetration depth 
of an individual crack was then defined as the average radial distance 
of these deepest 5% of voxels. The accompanying probability density 
plot (Fig.  2(a), right) illustrates the distribution of voxel penetration 
depths for a representative crack, with the black region highlighting 
the voxels used to calculate the average penetration, further clarifying 
the methodology. This approach was selected because it provides a 
robust and reproducible measure of crack penetration, focusing on the 
deepest regions while minimizing the influence of surface irregularities 
and reconstruction artifacts.

Fig.  2(b) presents the engineering stress (𝐹∕𝑆0) - radial strain 
(𝛥𝛷𝑠∕𝛷0) response for the specimen tested at 130 bar H2, together 
with boxplots summarizing the penetration depth of the 50 largest 
hydrogen-induced surface cracks. The boxplots correspond to succes-
sive tomographic scans acquired from the UTS up to the final scan 
prior to fracture. The box represents the central 50% of the data, with 
the orange line indicating the median value. The whiskers extend to 
1.5 times this central range, and any points beyond them are plotted 
individually as outliers (white circles).

The figure clearly quantifies the evolution of surface crack penetra-
tion during the tensile test. The first two boxplots, corresponding to the 
UTS and just before UTS, show average penetration depths of ≈4.3 μm, 
with a few outliers in the second boxplot reaching up to 15.9 μm, 

https://www.tango-controls.org/
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Fig. 1. Fig.  1(a) shows a schematic view of the in-situ tensile testing setup developed for high-pressure hydrogen experiments, featuring a compact autoclave 
compatible with synchrotron X-ray tomography. Fig.  1(b) presents engineering stress (𝐹∕𝑆0) - radial strain (𝛥𝛷𝑠∕𝛷0) curves for sub-size specimens tested at 20 
and 130 bar H2, highlighting tomography acquisition steps (circles), and total damage volume evolution (squares). Selected 3D renderings illustrate the spatial 
and temporal progression of internal and external damage, which classification is detailed later in Fig.  3.
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Fig. 2. (2(a)) Illustration of the methodology used to quantify hydrogen-induced surface crack penetration from 3D X-ray tomography. For each of the 50 largest 
cracks, the penetration depth was defined as the average distance to the specimen center of the deepest 5% of their voxels. (2(b)) Engineering stress–radial strain 
response for the 130 bar H2 test with boxplots showing the evolution of crack penetration depth across successive scans from UTS to fracture. Crack penetration 
starts at UTS, increasing from 4.3 μm to an average of ≈24.4 μm.
indicating a small fraction of deeper cracks. In subsequent steps, pen-
etration progressively increases and becomes more heterogeneous, as 
indicated by the appearance of multiple outliers, with averages rising 
from ≈7.0 μm (third boxplot) to ≈21.4 μm (second-to-last boxplot). 
The final scan exhibits the most advanced damage, ranging from 14 to 
49 μm, with an average of ≈24.4 μm, revealing the presence of deeply 
penetrating cracks.

Building on the surface crack penetration analysis, the morphology 
and orientation of all damage features are examined to understand 
the contributions of internal and external cracks and the differences 
between the 20 bar and 130 bar tests.

The morphology and orientation of each damage feature were quan-
tified using an approach adapted from Denis et al. [28], based on a 
shape factor and alignment of major axis relative to the loading axis (𝛾
angle). For further details, the reader is referred to Denis et al. [28] 
and Santana et al. [20]. This procedure enabled the separation of 
damage into three distinct groups, illustrated by the three-dimensional 
visualizations in Fig.  3(a).

Damage features were classified according to quantitative criteria 
derived from 3D X-ray tomography data. Surface cracks (red) were 
defined as damage features having at least one voxel in contact with 
the specimen’s exterior envelope, corresponding to Hydrogen-Induced 
External Cracks (HIEC). As illustrated in Fig.  3(a), these cracks nucleate 
and coalesce with an ellipsoidal morphology, their major axes oriented 
perpendicular to the loading axis, progressively penetrating into the 
specimen.

Group 1 (blue) comprises internal damage features exhibiting near-
spherical morphology (shape factor > 0.8) or elongation primarily 
4 
aligned with the loading axis (𝛾 < 30◦), corresponding to ductile voids 
formed by nucleation and growth within the bulk material. These 
features typically nucleate around inclusions as spherical cavities and 
coalesce into prolate ellipsoids with their major axis parallel to the 
loading direction, commonly referred to as ‘‘necktie’’ morphology [14] 
(Fig.  3(a)).

Group 2 (green) consists of internal damage features whose major 
axes are oriented approximately perpendicular to the loading axis 
(𝛾 > 60◦), indicative of Hydrogen-Induced Internal Cracks (HIIC), 
consistent with previous observations by Santana et al. [20]. These 
features generally nucleate as slightly oblate ellipsoids and evolve into 
flat, elongated ellipsoids (Fig.  3(a)).

Three-dimensional renderings of specimens tested under 20 bar and 
130 bar H2 are shown in Figs.  3(b) and 3(c). Seven 45◦ circular sectors, 
arranged in a circular layout, represent successive loading steps at the 
same position within the specimen, illustrating local damage evolution 
in a fixed region. A surrounding circular scale indicates radial strain 
(𝛥𝛷∕𝛷0). Damage features are color-coded as previously described: 
blue for ductile voids, red for HIEC, and green for HIIC.

In the 20 bar H2 test, damage evolves progressively, with ductile 
voids nucleating and coalescing into elongated prolate ellipsoids. Sur-
face cracks appear only at late stages, forming a sparse peripheral 
network, while the interior remains predominantly governed by ductile 
void growth.

Under 130 bar H2, HIEC nucleate immediately after UTS, propagat-
ing rapidly from the periphery and coalescing earlier than at 20 bar. 
Ductile void growth is limited, while HIIC nucleate preferentially in 
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Fig. 3. Three-dimensional characterization and quantitative analysis of damage during tensile tests in hydrogen. (3(a)) Schematic representation of the 
classification procedure based on shape factor and orientation relative to the loading axis, distinguishing Ductile Voids (blue), Hydrogen-Induced External Cracks 
(HIEC, red), and Hydrogen-Induced Internal Cracks (HIIC, green). (3(b)–3(c)) 3D renderings of the same location at successive loading steps for tests performed 
under 20 bar and 130 bar H2, respectively, with radial strain indicated. (3(d)) Evolution of the damage volume fraction for each mechanism at 130 bar H2. (3(e)) 
Radial distribution of damage volume fraction in the last scan prior to rupture at 130 bar H2. The images highlight the progressive, void-dominated damage at 
20 bar, in contrast with the rapid surface crack penetration and HIIC formation at 130 bar.  (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.)

International Journal of Hydrogen Energy 229 (2026) 154770 
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Fig. 4. Coalescence of hydrogen-induced cracks during tensile loading under 130 bar H2, shown in 2D slices at 4(a) and in 3D at 4(b). Red indicates Hydrogen-
Induced External Cracks (HIEC), while green shows Hydrogen-Induced Internal Cracks (HIIC). Initially, HIEC and HIIC are distinct, but during deformation 
they progressively coalesce, forming continuous cracks that link the interior to the surface. Despite their smaller volume fraction, HIIC play an important role, 
accelerating crack propagation and ultimately leading to hydrogen-assisted failure.  (For interpretation of the references to color in this figure legend, the reader 
is referred to the web version of this article.)
the sub-surface region and rarely near the center, reflecting limited 
hydrogen diffusion. These HIIC, though less volumetrically dominant 
than surface cracks, are a clear signature of hydrogen-assisted damage, 
and will be addressed in greater detail later in this work.

Fig.  3(d) shows the evolution of damage volume fractions under 
130 bar H2, defined as the volume of a given mechanism divided by the 
specimen volume at each stage. Beyond UTS, HIEC dominate damage 
volume growth, with HIIC increasing in the last scans and ductile voids 
contributing negligibly.

Fig.  3(e) quantifies the radial damage distribution in the last scan 
prior to rupture for the tensile test conducted under 130 bar H2. Each 
feature was segmented and its barycenter determined. Radial position 
6 
in the deformed geometry is normalized as: 

𝑟̄ =
𝑟𝑝

𝑅(𝑧)
(2)

where 𝑟𝑝 is the distance from the specimen centerline and 𝑅(𝑧) the local 
radius at the barycenter height. Here, 𝑟̄ = 0 (0R) corresponds to the 
center and 𝑟̄ = 1 (1R) to the surface.

The specimen’s deformed volume is divided into concentric radial 
intervals, which serve as histogram bins. Each detected damage feature 
is assigned to a bin according to its normalized radial position, 𝑟̄, for 
volume analysis, as illustrated in Fig.  3(e).

The results indicate that, at this stage of the test, HIEC are con-
fined to ≈10% of the radius near the surface. In contrast, HIIC are 
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predominantly located in the sub-surface region and extend toward 
the mid-radius. Ductile voids are distributed across the entire radius, 
consistent with their association with pre-existing globular inclusions.

4. Discussion

Although HIIC represent a relatively small fraction of the total dam-
age volume at 130 bar H2, their spatial localization and morphology 
suggest a significant role in the fracture process. HIIC preferentially 
form in the sub-surface region with major axis perpendicular to the 
loading direction, making them mechanically compatible with the ad-
vancing HIEC. This complementarity raises the question of whether 
HIIC are merely secondary features or actively contribute to crack 
propagation through interaction and coalescence with surface cracks.

Fig.  4(a) presents 2D tomography slices illustrating the coalescence 
of HIIC (green) with HIEC (red) during the final three stages of the 
130 bar H2 tensile test. Initially, four distinct cracks are visible: three 
HIIC and one HIEC. In subsequent scans, HIIC grow while the HIEC 
progressively connects with them, forming a continuous crack path 
from the surface into the bulk. Despite their smaller volume fraction, 
HIIC act as precursors that facilitate crack linkage and propagation.

Fig.  4(b) provides a 3D view of another coalescence event. The 
upper panels show the relative positions of the HIIC in the sub-surface 
region and the HIEC at the surface prior to coalescence. The lower pan-
els present a zoomed 3D view along the loading axis, highlighting how 
HIEC progressively links with the nearby HIIC, forming a continuous 
crack path extending into the bulk.

As HIIC develop preferentially in the sub-surface region and extend 
deeper than HIEC (Fig.  3(e)), their coalescence with surface cracks 
suggests an active role in HIEC propagation. This interaction may 
explain the outliers observed in the final steps of Fig.  2(b), where 
unusually deep surface cracks appear. Moreover, the coalescence pro-
cess implies a partial ‘‘volume transfer’’ from HIIC to HIEC, consistent 
with the evolution of damage volume fractions depicted in Fig.  3(d). 
Altogether, these observations support the conclusion that HIIC act not 
only as indicators of sub-surface hydrogen-assisted damage but also 
as facilitators of surface crack propagation, contributing to the final 
fracture process under high-pressure hydrogen environment.

5. Conclusions

The present work demonstrates, for the first time, the use of in-
situ 3D X-ray tomography to monitor hydrogen-assisted damage evo-
lution in steel during tensile loading under high-pressure hydrogen 
gas. The developed setup enabled repeated scans throughout tensile 
testing, providing time-resolved, three-dimensional insight into dam-
age nucleation, growth and coalescence at 20 bar and 130 bar H2. 
While similar mechanical responses were observed up to the Ultimate 
Tensile Strength (UTS), distinct damage mechanisms emerged beyond 
this point depending on hydrogen pressure. Quantitative 3D analy-
sis revealed a transition from predominantly ductile void growth at 
20 bar H2 to damage dominated by Hydrogen-Induced External Cracks 
(HIEC) at 130 bar H2. The specimen tested at 20 bar H2 reached a radial 
strain at failure of 𝛥𝛷𝑠∕𝛷0 = 0.446 (69.3% area reduction), whereas at 
130 bar H2 failure occurred earlier at 𝛥𝛷𝑠∕𝛷0 = 0.172 (31.4% area 
reduction). This ductility loss was accompanied by a marked increase 
in total damage volume fraction prior to rupture, reaching 1.40% at 
130 bar compared to 0.59% at 20 bar.

At 20 bar H2, damage was dominated by ductile void nucleation 
and coalescence in the specimen core, with limited surface cracking. In 
contrast, at 130 bar H2, HIEC became the main contributor to damage 
growth beyond the UTS, with penetration depths increasing from ≈4.3 
μm near UTS to ≈24.4 μm in the final scan, reaching maximum val-
ues of 49 μm. Hydrogen-Induced Internal Cracks (HIIC) were mainly 
localized in the sub-surface region (up to 1/2R) and interacted with 
HIEC. Their progressive coalescence indicates that HIIC facilitate HIEC 
7 
advance, contributing to crack linkage and final fracture despite their 
smaller volume fraction.

The proposed methodology enables quantitative classification of 
voids, HIIC, and HIEC based on morphology and spatial distribution, as 
well as direct tracking of crack penetration depth in 3D. By combining 
in-situ imaging with quantitative damage analysis, this work provides 
new insight into hydrogen embrittlement mechanisms and establishes 
a robust experimental platform for predictive modeling and the design 
of hydrogen-resistant materials.
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