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Hydrogen embrittlement (HE) remains a critical challenge in steels, particularly as hydrogen gains importance
as a clean energy carrier. Direct microstructural evidence of HE mechanisms is difficult to obtain due to the
high mobility of hydrogen and the instability of crack propagation. In this study, we introduce a controlled
experimental approach using low-energy proton implantation to locally introduce hydrogen into 22MnB5 press
hardened steel. This technique, adapted from prior investigations in silicon, confines hydrogen-induced effects
to a well-defined depth, enabling focused nano-scale analysis by transmission electron microscopy. The results
reveal the nucleation of hydrogen-stabilized nano-cavities aligned in one-dimensional rafts, which subsequently
coalesce into nano-cracks within the martensitic matrix. These findings provide direct experimental insight into
the incipience of HE, supporting the synergistic action of hydrogen-enhanced localized plasticity and hydrogen-
enhanced decohesion. The proposed methodology offers a promising route to systematically investigate the onset

of hydrogen embrittlement in metallurgy with nanoscale resolution.

Hydrogen is ubiquitous and easily incorporated into metallic mi-
crostructures, where it interacts and/or accumulates in site-specific re-
gions [1,2], leading to degradation of mechanical properties through
hydrogen embrittlement (HE) [3-9]. Engineering strategies tradition-
ally focus on reducing hydrogen ingress or mitigating its impact through
alloy design [1]. Although HE has been recognised as a problem for
more than 150 years [9], hydrogen has recently gained importance as a
clean energy carrier [10,11], making exposure of materials to hydrogen
unavoidable and necessitating a clear understanding of its degradation
effects [12]. Multiple HE mechanisms have been proposed, and no sin-
gle mechanism is universally dominant [5]. Classical concepts include
pressurisation of voids or pores by molecular hydrogen [1], hydride
formation in susceptible metals [13,14], and synergistic operation of
Hydrogen-Enhanced Localised Plasticity and Hydrogen-Enhanced Deco-
hesion (HELP + HEDE) in steels [3,15]. Direct microstructural evidence
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remains challenging due to high hydrogen mobility and lack of in situ
techniques to measure hydrogen and its effects at nano- and atomic-
scales as a function of time [9].

In this work, we show that low-energy proton implantation allows
the introduction of a localised hydrogen concentration in materials, thus
enabling controlled observation of the incipience of hydrogen-related
damage. Protons with energies below 100 keV dissipate their energy
mainly through electronic stopping, avoiding displacement cascades and
vacancy supersaturation typical of high-energy irradiation [16]. As pre-
viously demonstrated for crack nucleation studies in silicon [17] and
further explored through implantation-induced platelet formation at
high doses [18], this approach yields a confined implantation depth
while keeping implantation-induced defects at minimal levels. Apply-
ing this method to 22MnB5 Press-Hardned Steel (PHS) — a martensitic
steel containing substantial residual stresses and characteristic defect
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Fig. 1. Monte-Carlo calculation of implanted-hydrogen concentration and ion-
beam-induced vacancies concentration profiles after the consecutive 30 and
60 keV proton implantations on the 22MnB5 PHS samples.

structures such as dislocations [19,20] — allows hydrogen-materials in-
teractions to be investigated without significant radiation damage. Rel-
evant overviews of hydrogen effects in martensitic steels were provided
by Venezuela et al. [21,22], and a detailed metallurgical characterisa-
tion of 22MnB5 PHS has recently been reported by Liang et al. [23].
The nanoscale response to low-energy implantation is herein examined
using focused ion beam preparation followed by transmission electron
microscopy (TEM).

Strips with 1.4 x 25 x 150 mm were plasma-cut from an AlSi-coated
22MnB5 PHS automotive component, after which the coating was re-
moved by grinding with #80 SiC paper. From these strips, 3 mm-
diameter disks were produced by spark erosion using kerosene and a
bronze tool, then ground to 0.4 mm thickness and further reduced to
0.1 mm using 200-1200# SiC papers. To minimise oxidation, the im-
plantation surface was polished with a suspension containing 1 ym
Al, O3, alkaline soap paste and distilled water, followed by mechanical
polishing using 0.25 ym Al,O5 suspension. Proton implantation was per-
formed at room temperature using a 500 kV High Voltage Engineering
Europa B.V. (HVEE) ion implanter at the Ion Implantation Laboratory of
the Federal University of Rio Grande do Sul (Brazil), with the beam in-
cident at 45° relative to the surface normal. A dual-energy implantation
was applied to broaden the hydrogen distribution: (i) E = 60 keV to a
fluence of 8 x 10'6 ions-cm~2 for 7 h 00 min, followed by (ii) E = 30 keV
to 5x 10'® jons-cm~2 for 4 h 40 min. Fig. 1 shows the resulting hydro-
gen and vacancy depth profiles as estimated using the SRIM2013-Pro
Monte Carlo code [24], assuming a model 22MnB5 composition (at.%):
C (1.15), Si (0.39), Mn (1.21), Cr (0.23), Ti (0.35), Fe (balance), with
displacement energies of 40 eV for all elements [25] and 10000 simu-
lated ions.

Following low-energy proton implantation, the hydrogen-implanted
microstructure of 22MnB5 PHS was examined ex situ by TEM. Electron-
transparent lamellae were prepared by standard FIB lift-out procedures
[26] using a TESCAN LYRA-3 dual-beam system with a Ga ion source.
A protective Pt cap was deposited in situ prior to milling, and lamellae
were thinned with decreasing probe currents (1 to 50 pA) before at-
tachment to Cu lift-out grids. TEM analysis was performed on a JEOL
2100F (Schottky FEG, 200 kV) equipped with a 4k Gatan OneView
camera. Specimen thicknesses were determined by EELS using a GIF
Tridiem system, applying the logarithmic-ratio method [27], yielding
t =26.2 + 4.3 nm (see supplementary Information).

An electron microscopy characterisation of the 22MnB5 PHS before
low-energy proton implantation is presented in Fig. 2A-B. The STEM-
BF micrograph in Fig. 2A show lath martensite with micrometre grain-
sizes, a typical microstructure for steels with a relatively low carbon
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content [28]. The high dislocation density is also representative and
shown in Fig. 2B: these dislocations are associated with the intrinsic
residual stresses of the martensite [19,20]. An important observation is
the absence of e-carbides. Such precipitates are reported to form even
at low tempering temperatures and then serve as trapping sites for hy-
drogen, thereby influencing HE behaviour, i.e. increasing HE resistance
[29].

The effects of low-energy proton implantation on the 22MnB5 PHS
is shown in Fig. 2C-D. Similarly to Fig. 2A-B, the BFTEM micrograph in
Fig. 2C shows a typical microstructure of lath martensite, characteristic
of the investigated steel [23]. Particularly, one of the laths is parallel to
the surface. Under-focus imaging reveals linear white-contrast features
running approximately perpendicular to the surface, corresponding to
nano-cavities aligned in a 1D raft. These ordered nano-cavities can be
both voids and bubbles, but in the latter, may contain trapped hydro-
gen atoms and/or molecular hydrogen gas as the formation energy for
dihydrogen in transition metals is in the order of ~1 eV [30]. Their align-
ment cannot be attributed to any conventional microstructural feature,
unlike the creep-induced rafting of y’ precipitates in nickel superalloys
[31-33]. One possible origin of this 1D rafting in the 22MnBS5 steel after
proton implantation would be due to the interaction with some residual
stress fields characteristic of quenched-in the martensite such as dislo-
cations (see supplemental information). Rafting of precipitates in nickel
superalloys is also associated with the behaviour of dislocations dur-
ing creep [32]. Evans proposed that rafting and superlattice of voids
and bubbles are formed in metals due to the diffusion of self-interstitial
atoms, but in our case the interstitial diffusion of implanted hydrogen
will be effectively reduced by an extraordinary number of traps [34-39]
(i.e. the defects in the martensite). Several authors point out that this
problem is not yet fully understood [13,40-42].

Analysis at deeper implantation depths show that these bubbles co-
alesce under the influence of implantation-induced black-spots (both
visible in the micrographs Fig. 2C and D) and, further inside the sam-
ple, nano-cracks become visible. The latter can be noted in the higher-
magnification underfocused BFTEM micrograph in Fig. 2D. Following
the recent assessment of Harrison et al. on the self-organisation of nano-
bubbles in gas-implanted W [42], the Fast-Fourier Transformation (FFT)
shown as inset on Fig. 2D confirms the presence of 1D-rafting via the
appearance of symmetric 60°/270° lobes.

Post-implantation analysis shown in Fig. 2C-D enabled the quantifi-
cation of nano-cavities and nano-cracks generated by the two controlled
low-energy proton implantations in the 22MnB5 PHS. The additional
underfocused BFTEM micrographs in Fig. 3A-C were recorded after im-
plantation at higher magnifications. They provide clear nanoscale evi-
dence of nano-crack formation within the martensitic matrix. Applying
a high-band-pass filter to the image in Fig. 3C and presenting the result
in Fig. 3D, one can observe that the nano-cavities and nano-cracks are
readily distinguishable both from themselves and the surrounding steel
matrix. The histogram in Fig. 3E shows the distribution of nano-cavity
diameters with the average estimated to be 1.20+0.02 nm whereas the
histogram in Fig. 3F shows the distribution of nano-cracks with average
length estimated to be 2.3+0.2nm. The nano-cavities exhibit a regu-
lar, symmetrical size distribution around the average diameter, whereas
the nano-cracks show an asymmetric distribution skewed toward sizes
>2nm and up to 11 nm, indicating that after formation from the coa-
lescence of bubbles within the 1D-rafts, the nano-cracks initiate growth
(and possibly) propagation within the microstructure of the 22MnB5
PHS. In summary, Figs. 2 and 3 show the qualitative and quantitative
effects of low-energy proton implantation in 22MnB5 PHS.

These results clarify the early stages of HE in this steel, which pro-
ceed in three steps, schematically described in Fig. 4: (i) hydrogen enters
the material and interacts with microstructural trapping sites [5,9,43],
with quenched-in and implantation-induced vacancies promoting the
formation of aligned nano-cavities (likely gas-filled); (ii) these cavities
grow by short-range migration and coalescence driven by interstitial hy-
drogen diffusion and local stress fields; and (iii) continued coalescence
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Fig. 2. The microstructure of the 22MnB5 PHS before low-energy proton implantation is shown in A and B, where both the typical lath martensite and high dislocation
densities are noted, respectively. Upon implantation of monoatomic hydrogen in the matrix of this martensite steel with excess vacancies, B agglomeration nano-
cavities in a 1D-raft alignment fashion is noted as particularly observed under BFTEM underfocused conditions. The underfocused BFTEM micrographs in C and D
were taken at a higher magnification and indicate that nano-cavities within the 1D-rafts are able to coalesce and eventually this leads to the initiation of nano-cracks
within the martensite as denoted by the white arrows (top-left). Note: the inset in D is an FFT of the BFTEM micrograph confirms the presence of 1D-rafting promoted

by nano-cavities.

within the aligned raft produces nano-cracks that retain the original 1D
arrangement.

The present study reveals that HE in 22MnB5 PHS may initiate
through the nucleation, migration, and coalescence of nano-cavities,
which can further evolve into nano-cracks within the martensitic matrix.
The formation and propagation of hydrogen-assisted cracks — central

topics in HE research since its first documentation in 1875 [9,44,45] —
remain insufficiently understood. In the broader context of ion implan-
tation of gaseous species, the formation of gas-filled bubbles has been
extensively studied since the 1950s, with key contributions summarised
by Thompson [46], Donnelly and Evans [47]. Self-organisation of bub-
bles into 1D rafts and 3D superlattices has also been reported across
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Fig. 3. BFTEM underfocused micrographs taken at higher-magnifications unequivocally shows in A-C the presence of nano-cracks in the 22MnB5 PHS as a result
of low-energy proton implantation. The image in D shows a high-band pass filtered micrograph processed from C where nano-cavities and -cracks are clearly
distinguishable from the martensite matrix. The histogram in E shows the average diameter of nano-cavities whereas the histogram in F shows the average length of
nano-cracks. Low-energy proton implantation in controlled conditions leads to the formation of nano-cracks after nucleation, growth and coalescence of nano-cavities
in the martensite of the 22MnB5 PHS.
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Fig. 4. Proposed mechanism to explain the incipience of HE in the 22MnBS5 steel subjected to low-energy proton implantation.

various metals, alloys, and implantation conditions [40-42,48,49], par-
ticularly for inert gases such as helium due to their relevance in nuclear
materials research [42,50-52]. Nano-cavities produced during ion im-
plantation arise from vacancy formation and clustering, subsequently
evolving into bubbles when gaseous species are trapped. Bubbles sta-
bilise when vacancy and interstitial gas fluxes reach equilibrium, and
grow or shrink if this balance is disturbed. Although bubble migration
and coalescence are widely regarded as the dominant coarsening routes
[47,53], the emergence of nano-cracks within a 1D raft — as observed
here - constitutes a new result not previously reported for the experi-
mental conditions and methodology.

To show that the observed nano-cracks arise directly from low-
energy proton implantation and represent the onset of HE in the 22MnB5
PHS, it is necessary to recall key features of its shear martensitic mi-
crostructure. This martensite forms during cooling below the martensite
start temperature through a coordinated lattice shear that produces lath
or plate morphologies [20]. Such a transformation generates high dis-
location densities [20] (as in Fig. 2B) and introduces non-equilibrium
vacancies [54].

Once inside the matrix, hydrogen primarily interacts with both the
pre-existing defects (dislocation segments) inherent to the martensitic
matrix and its non-equilibrium population of vacancies. As the onset of
HE in this steel under the studied conditions is linked — as demonstrated
experimentally - to the formation and growth of nano-cavities and evo-
lution into nano-cracks, the population of vacancies is a key parameter.
Due to the martensite transformation, the non-equilibrium population of
retained vacancies in the steel was previously estimated to be in the or-
der of 1.0 x 10~ at.% [54,55]. The low-energy proton implantation also
induces the formation of an irradiation-induced population of vacancies
— as shown in Fig. 1 — which peaks at around 1.5 at.% (~100nm) and
with an average concentration around of 4.3 x 102 at.% for the whole
implanted depth. Thus, the population of implantation-induced vacan-
cies is about two orders of magnitude higher than that of quenched-in
vacancies from shear martensite transformation, however, the distribu-
tion of irradiation-induced vacancies is asymmetric and concentrated
in the forward implanted region, so that our present experimental ap-
proach to HE is able to introduce hydrogen in regions subject to the
natural distribution of excess vacancies. In addition, the low implanta-
tion energy and low ion mass (in fact H* is the lowest possible mass
for an ion) character of our experiments, yields that the total vacancy
population generated due to the proton implantation remains far below
the typically generated in ion implantations simulating nuclear environ-
ments [42,47].

In steels, the interaction between hydrogen and vacancies has a bind-
ing energy of around 0.6 eV [56], which is higher than both the binding
energy between hydrogen and common steels’ substitutional and inter-
stitial solute atoms (~ 0.1 eV [56]) and also the steel grain-boundaries (<
0.4 eV [57]). In this way, vacancies are not the preferable site by which
hydrogen can get trapped (trapped hydrogen does not cause HE). How-
ever, the martensitic matrix has an intrinsic high-level of pre-existing
defects such as dislocation segments, thus it is reasonable to assume —

given Oriani’s theory [35] developed upon the experimental data from
Darken and Smith [34] and recently refined by several authors [36-39]
- that the diffusion of implanted hydrogen will be significantly reduced
as a high-number of dislocations act as extraordinary sites that pro-
motes hydrogen trapping. A parallel is here noteworthy: interestingly,
hydrogen diffusion in proton-implanted silicon — the motivation for our
study — was also confirmed to be hindered by the presence of impuri-
ties and defects [58]. From these arguments, hydrogen is implanted in
the 22MnB5 PHS and it will be prone to locally (i.e. at the short-range)
interact with both defects of the martensite and the total population of
non-equilibrium vacancies. Therefore, the observation of nano-cavities
in a 1D raft fashion is intrinsically related with the existing population of
defects (giving rise to regions with high strain) of the martensite and the
ability of hydrogen to bind with excess vacancies given the limited mo-
bility promoted by the existing martensite dislocations. The martensite
full of defects also limits the movement of nano-cavities, thus coales-
cence takes place within the 1D rafts and among the nearest cavities:
the implantation has been carried out at room temperature, therefore,
no long-range movement of either vacancies or nano-cavities is expected
to take place in this steel [53], yet the breakthrough observation of
nano-cracks in the post-implanted specimens. As the low-energy pro-
ton implantation barely dislocate substitutional atoms from their lattice
positions (i.e., the setup does not cause severe radiation damage), we
can reasonably assume that there is no significant irradiation-driven in-
terstitial diffusion, therefore, the only actor in this metallurgical system
that is driving nano-cavities formation and grow towards nano-cracks is
— de facto — hydrogen.

Our work reveals that the phenomenon of HE in martensitic steels
may initiate with the interaction between the implanted hydrogen with
a population of non-equilibrium vacancies (in the range from 102 to
107* at.%), which is permitted given the lower hydrogen diffusivities
due to pre-existing dislocations: a characteristic of the shear marten-
site [20]. Guedes-Oudriss-Feaugas et al. showed that elastic distor-
tions in martensitic steels have little influence on hydrogen solubility,
whereas the non-equilibrium vacancy population significantly enhances
it [55]. Consistent with their findings, our low-energy proton implanta-
tion and post-implantation TEM analysis provide direct evidence that
this vacancy-assisted hydrogen uptake drives HE through the nucle-
ation, growth, migration, and coalescence of nano-cavities leading to
crack formation.

A final note should be added regarding the initiation of HE in marten-
sitic steels, as revealed by our recent research findings. This is related
with the fundamental understanding of HE mechanisms in metallurgy.
HELP (hydrogen interacts with dislocations and lowers the barriers for
their movement) manifests in materials at low-hydrogen concentrations
whereas HEDE (hydrogen weakens atomic bonding in lattice planes)
operates in high-hydrogen concentrations. In between, as proposed by
Djukic et al. [5], there exists a critical hydrogen concentration (Cy;) that
regulates the manifestation of either HELP or HEDE. Currently, the accu-
rate estimation of Cj; constitutes one of the major challenges for modern
metallurgy giving the limitations on quantitatively measuring hydro-
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gen concentrations in materials at the nano-scale [9]. HELP proposes
that hydrogen accelerates ductile fracture by softening microstructural
sites through interactions with dislocations [5,9,59,60]. Hydrogen is at-
tracted to dislocation cores and surrounding elastic fields, increasing
the dislocation mobility and leading to the formation of micro-voids,
ultimately resulting in accelerated cracking. HEDE proposes that high
levels of interstitial hydrogen at trapping sites cause atomic decohesion
and crack initiation, leading to catastrophic brittle failure [5,9,60]. This
process is thought to occur through a charge transfer between the hydro-
gen fundamental electron-orbital and the conduction band of transition
metals, reducing the metal lattice’s cohesive strength due to electric re-
pulsion [61,62].

Which HE mechanism operates in the 22MnB5 PHS when hydrogen
is implanted with low-energy proton beams at room temperature? We
cannot estimate how much hydrogen is retained in the steel matrix after
implantation, giving its high mobility even at room temperature, but we
know with high-accuracy the concentration of hydrogen as a function
of depth that has been implanted in the samples. This is shown in Fig. 1.
The average hydrogen concentration on the implanted depth is between
1-2 at.%. As noted earlier, 22MnB5 PHS contains high densities of dislo-
cations and non-equilibrium vacancies arising from both ion implanta-
tion and the shear-martensitic transformation. Our results showed that
the combined presence of these defects promoted the nucleation of nano-
cavities in a 1D rafting arrangement. The formation of nano-cavities it-
self requires the agglomeration of vacancies and incorporation of hydro-
gen atoms: as lately reviewed by Sugita et al. [63], Positron Annihilation
Lifetime Spectroscopy (PALS) measurements confirmed the formation of
stable hydrogen-vacancy clusters (pre-cavitation) in hydrogen-charged
martensitic steels, corroborating our findings. In this way, our work
shows for the first time that nano-cracks form due to this synergistic
action of hydrogen interactions with elastic fields of pre-existing disloca-
tions and excess vacancies: when hydrogen diffusivity is hindered by the
elastic field of dislocations, hydrogen-vacancy clusters form, evolve to
nano-cavities yielding nano-cracks formation. This suggests that the idea
proposed by Djukic et al. [5] on the synergistic action of HELP + HEDE
is the most appropriate HE mechanism governing the formation of nano-
cracks: the presence of dislocations within the martensite (enhanced
plasticity, HELP) mediate the formation of an ordered array of nano-
cavities that upon nucleation and growth results in nano-cracks (deco-
hesion, HEDE).

It is worth noting that this interpretation is consistent with the Hy-
drogen Enhanced Strain-Induced Vacancies (HESIV) mechanism [9,60,
64-66]. In this concept, hydrogen is understood to increase the con-
centration of strain-induced vacancies, a phenomenon partially sup-
ported by PALS measurements [63]. The externally implanted vacan-
cies in the present study therefore behave analogously to an increased
population of strain-induced vacancies, facilitating cavity formation
and subsequent cracking. In martensitic steels, however, the high den-
sity of pre-existing dislocations implies that HELP is likely to precede
HESIV, thereby reducing hydrogen mobility and enabling the formation
of hydrogen—vacancy clusters, ultimately evolving to nano-cracking, im-
aged by our work on the 22MnB5 PHS for the first time. Therefore,
these remarks are in accordance with the unified HELP + HEDE model
[51, which states that at the lower hydrogen concentrations and stress
conditions, the possible simultaneous activity of plasticity-mediated HE
mechanisms (HELP and HESIV) precedes nano-cracking due to HEDE
dominance [8,9,15].

We presented a methodology for probing HE based on controlled
low-energy proton implantation in a martensitic steel. Hydrogen was
implanted in the steel with minimal radiation damage. TEM analysis
revealed the formation of 1D rafts of nano-cavities that evolved into
nano-cracks, providing insight into the underlying HE mechanism: a
synergistic combination of HELP+HEDE. The influence of the inher-
ent residual stresses of the martensite in the formation of the 1D raft of
nano-cavities is a topic for further research. To assess the broader appli-
cability of this approach for nanoscale HE studies, further work employ-
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ing varied implantation energies, temperatures, and material systems is
herein identified as necessary.
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