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Protection of metal interfaces against
hydrogen-assisted cracking

Guillaume Hachet 1,2 , Shaolou Wei 1, Ali Tehranchi 1,3, Xizhen Dong1,
Jérémy Lestang2, Aochen Zhang4, Binhan Sun 4,5 , Stefan Zaefferer1,
Baptiste Gault1,2, Dirk Ponge1 & Dierk Raabe 1

Enabling a hydrogen economy requires the development ofmaterials resistant
to hydrogen embrittlement (HE). More than 100 years of research have led to
several mechanisms and models describing how hydrogen interacts with lat-
tice defects and leads tomechanical property degradation. However, solutions
to protect materials from hydrogen are still scarce. Here, we investigate the
role of interstitial solutes in protecting critical crystalline defects sensitive to
hydrogen. Ab initio calculations show that boron and carbon in solid solutions
at grain boundaries can efficiently prevent hydrogen segregation. We then
realized this interface protection concept on martensitic steel, a material
strongly prone to HE, by doping the most sensitive interfaces with different
concentrations of boron and carbon. These segregations, in addition to stress
relaxations, critically reduce the hydrogen ingress by half, leading to an
unprecedented resistance against HE. This tailored interstitial segregation
strategy can be extended to other metallic materials susceptible to hydrogen-
induced interfacial failure.

Hydrogen, either used as an energy carrier in transportation, power
generation, or industrial processes, has the potential to be a key ele-
ment for the reduction of carbon dioxide emissions through, for
instance, the direct reduction of iron ores or the conversion of CO2

into fuels1–4. However, metals and alloys used for hydrogen transport
and storage are subject to hydrogen embrittlement, a drop in ductility,
toughness, and fatigue resistance that can lead to sudden catastrophic
failure of parts. Mechanisms have been proposed to explain and pre-
dict hydrogen embrittlement, including hydrogen-enhanced decohe-
sion, hydrogen-enhanced localized plasticity, absorption-induced
dislocation-emission, hydrogen-enhanced strain-induced vacancies,
hydrogen-induced phase transformation, and so on5–7. Because of its
small size, hydrogen ingress into materials is unavoidable, and over-
comingHE is becoming an important scientific challenge in the field of
materials science to enable a safe hydrogen economy. Recent works

have developed different solutions to mitigate HE by, for instance,
refining grain size8, forming secondary phases for hydrogen trapping9,
or developing microstructure to stop crack initiation and growth
induced by hydrogen10. However, distinct solutions to directly protect
specific microstructural features that are particularly susceptible to
hydrogen remain largely unexplored.

With nearly 1.9 billion tons produced each year11, steel is undeni-
ably a backbone material of the world’s infrastructure, with versatile
properties, resulting from nearly unlimited microstructure manipula-
tion possibilities via adjustments to the chemical composition and the
cornucopian of thermomechanical processing routes that can be
used12. Steel variants suffer from different degrees of HE. Figure 1a
plots the ultimate tensile strength of a range of steels as a function of
the hydrogen-induced ductility loss obtained from the difference in
total elongation with and without hydrogen divided by the total
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elongation of the steel grade without hydrogen, referred to as HE
index. While most steel grades presented (martensitic, medium Mn,
dual phase, and duplex stainless steels) are susceptible to HE, mar-
tensitic steel hashigherHE indexes and is generally themost impacted.
This is attributed to its high strength and complex and dense
arrangement of hierarchically-arranged interfaces (Fig. 1b). This latter
feature makes martensitic steel, such a compelling, widely used, low-
cost, high-strength structural material. However, it also makes it par-
ticularly vulnerable to HE.

According to previous reports13–16, HE in martensitic steels is
mostly observed due to crack propagation along (i) prior austenite
grain boundaries, (ii) martensite boundaries (interfaces between
martensite variants that origin from one austenite grain), (iii) {001}
planes (cleavage planes for body-centered cubic (BCC) crystals), (iv)
{011} planes (typical slip plane family of dislocations in BCC), and (v)
interface of inclusions or precipitates as illustrated in Fig. 1b.

Consequently, interfaces including grain boundaries (GB), which
largely govern materials’ properties with their structure and
chemistry17, are critical to the HE susceptibility of the system. Ab
initio calculations can probe the likelihood of hydrogen segregation
at a solute-doped GB through the interaction energy between
hydrogen and the doped defect (E inter

H�X�GB). Additionally, they can also
probe the cohesive energy of solute-doped GB (Ecoh

X�GB) relative to the
undoped interfaces18,19. Although numerous works have already been
developed to highlight the effect of solutes to strengthen grain
boundaries, information on their effect towards hydrogen segrega-
tion remains scarce, and experimental evidence of this behavior is
lacking in the literature, which is the aim of this study. While the
interfacial segregation of these solutes should have a limited effect
on crack propagation along crystalline planes within grains, they can
avoid the decohesion of interfaces such as prior austenite and mar-
tensite boundaries.

Fig. 1 | Strategy to determine the most suited solutes to prevent hydrogen
segregation at interfaces in steels. aUltimate tensile stress as a function of theHE
index for various steelmicrostructures. The size of filled symbols is proportional to
the hydrogen concentration, while the open ones do not provide information on
the hydrogen concentration. b Main crack propagation observed on hydrogen-
chargedmartensitic steels at prior austenite grain boundaries (PAGBs), {001} plane,
{011} plane either from dislocation slip planes or martensite boundaries (MBs), and
decohesion of inclusion/precipitate interfaces13–16. c Cohesive energy of a doping

solute Xwith a grain boundary (GB) as a function of the interaction energy between
hydrogen and the same GB doped with X20–25. For comparison, Ecoh

H�GB = 0.31 eV and
E inter
H�GB = −0.41 eV is also represented. d–g Illustrations of the different mechanisms

of the doping solute on the GB and H segregation. Mixing enthalpy of h) iron and
i carbonwith different solutes determinedusing theMiedemamodel63 as a function
of the interaction energy between X and GB in α-iron (E inter

X�GB). More information on
the nature of GB and energy used from the literature is provided in Supplemen-
tary Note 1.
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Suggested design maps are next plotted from ab initio calcula-
tions tofind themost suitable solutes toprevent hydrogen segregation
at interfaces and reduce the HE susceptibility of martensitic steels.
Figure 1c plots Ecoh

X�GB, which represents the cohesive energy of a GB
with different solutes X as a function of E inter

H�X�GB, which corresponds to
the interaction energy of hydrogen with a GB doped with a solute for
different coherent site lattice of α-Fe GB20–27. Complementary ab initio
calculations for B, C, andNon Σ5(210) α-Fe GBhave been performed in
this work, highlighting four specific regions depending on Ecoh

X�GB and
E inter
H�X�GB. The first region is when Ecoh

X�GB <0 and E inter
H�X�GB >0: it is where

the best solutes against HE should be located since a strengthening of
the GB with a repulsive interaction against hydrogen is observed by
doping GB with X. The second one is when Ecoh

X�GB <0 and E inter
H�X�GB <0,

where the solute X has a limited impact on HE because it strengthens
GB, but hydrogen is still attracted to GB. The third one is when
Ecoh
X�GB >0 and E inter

H�X�GB >0, where the solute X is inefficient because it
has a repelling effect against hydrogen, but it embrittles GB Finally, the
last region is when Ecoh

X�GB >0 and E inter
H�X�GB <0: it is where the solute X is

detrimental due to an embrittlement of the interface in combination
with an attraction of hydrogen to the GB. More information related to
this figure, including the different types of GB, is provided in Supple-
mentary Note 1. Additionally, ab initio calculations have also been
performed in the present work for a range of solutes (boron, carbon,
and nitrogen) in a Σ5(210)α-Fe GBwith andwithout hydrogen. One can
note that the energy E inter

H�X�GB is sensitive to the distance between
hydrogen and the doping solute X within the same GB20,21, but also to
different types of GB. Consequently, it leads to an energy spectrum for
one doping solute, as presented in Fig. 1c.

For the approach developed in this study, the most suited solute
against hydrogen embrittlement should increase the cohesion of the
GB and have a repulsive interaction with hydrogen when inserted into
the crystalline defect to repel hydrogen. Guided by these metrics,
boron becomes the best element because it can have a repulsive
energy (E inter

H�X�GB) above 0.5 eV and a cohesive energy (Ecoh
X�GB) around

−1 eV. These high hydrogen repulsion and cohesion values would
provide the GB with mechanical strengthening and chemical protec-
tion against hydrogen. Niobium and carbon are also potentially good
candidates due to a repulsive interaction energy between 0.2 eV and
0.5 eV at a cohesive energy around−0.5 eV.Molybdenumand tungsten
would also be suited elements specifically for strengthening the GB
(Ecoh

X�GB below −0.5 eV), but their interaction energies are at maximum
close to 0 eV. Finally, aluminum, silicon, titanium, chromium, and
manganese also fall within the criteria of suited protective elements
against hydrogen but have a cohesive energy close to 0 eV with an
interaction energy which can be at maximum at 0.2 eV.

The strategy of this work is to design interfaces that are resistant
to hydrogen segregation via doping with selected solutes. It is hence
crucial to evaluate the interaction between doping solutes and the
matrix to avoid precipitate formation, which can be detrimental to the
microstructure, even though they could also be suited for trapping
hydrogen28,29. Therefore, Fig. 1d, e presents additional design maps
plotting the mixing enthalpy of X with iron and carbon (Hmix

X�ðFe, CÞ) as a
function of the interaction between X and a GB (E inter

X�GB). A positive
Hmix

X�ðFe,CÞ indicates a preferential phase separation between the solute
X and ironor carbon, whereas a negativeHmix

X�ðFe, CÞ indicates a tendency
to form a precipitate.We also chose to investigate themixing enthalpy
of X with carbon because it is present at a high concentration in a GB
for steels. Figure 1d, e shows that all solutes are attracted to the
interface (because all E inter

X�GB are negative). While solutes like boron,
phosphorus, and silicon have a lowmixing enthalpy (Hmix

B�Fe = −0.37 eV,
Hmix

P�Fe = −0.41 eV, and Hmix
Si�Fe = −0.36 eV), carbon and nitrogen are the

most reactive elements (Hmix
C�Fe = −0.52 eV and Hmix

N�Fe = −0.90 eV). This
finding suggests that no precipitates will be formed if iron carbide and
nitride formation are avoided. However, Fig. 1e shows that with car-
bon, niobium and tungsten are more reactive than iron to form

carbides (Hmix
Nb�C = −0.56 eV and Hmix

W�C = −0.62 eV). Consequently,
boron seems to be the most suited solute against hydrogen segrega-
tion at GB in addition to carbon. Considering the strengthening effect
of each solute element, molybdenum is also a good candidate, even
though the repulsive energy can be at a maximum close to zero, and
solutes like aluminium, silicon, chromium, and manganese should
have a slightly positive effect against hydrogen segregation.

Further, we investigate the incorporation of interstitial solutes
(boron and carbon) at interfaces in a low-carbon (0.15wt% C) mar-
tensitic steel (referred to as LC hereafter). The choice of these solutes
is also motivated by their fast diffusion compared to molybdenum or
tungsten, which are potentially beneficial elements against hydrogen
segregation, but their diffusion is too slow inmartensite. In the present
manuscript, we design martensitic steel with a similar microstructure,
but they have drastically different behavior with hydrogen. This effect
is obtained by favoring the segregation of boron and carbon at inter-
faces sensitive to hydrogen. Additionally, this improvement is partially
due to the relaxation of the microstructure, which reduces the
hydrogen uptake and avoids early deformation-induced martensite
transformation, as detailed in the next section.

Results and discussion
Alloy design to reduce hydrogen uptake and embrittlement
Four different microstructures are investigated and are referred to as
LC, LC+B, LC+LTT, and LC+B+LTT (the +B implies that boron is added,
and +LTT implies that the steel is subjected to low-temperature tem-
pering at 160 °C).While boron addition and segregation shouldmainly
strengthen prior austenite grain boundaries, the LTT will have two
impacts against HE. First, it induces carbon segregation at various
interfaces. Second, it should reduce the internal stresses resulting
from quenching-induced martensitic transformation. We perform
electron backscattered diffraction (EBSD) and synchrotron X-ray dif-
fraction (SXRD) analyses to characterize these four microstructures,
presented in Fig. 2a–e. Previous investigations have shown that
incorporating boron in steel has a minor effect on the grain size, GB
distributions, and dislocation densities (ρ)16,27,30. Such effects are also
observedduring tempering: Fig. 2f shows a similar distribution of grain
boundary types, with less than 15% of prior austenite grain boundaries
for all conditions. Using the circular integration of the synchrotron
experiments, we determine a similar dislocation density in martensite
and austenite of ρα0

= 1.2 × 1015m−2 and ργ = 3.8 × 1015m−2 for all
microstructures (with or without boron and tempering). The disloca-
tion density for the different systems is determined with the
Williamson–Hall approach27,31,32 and indicates that recovery or recrys-
tallisation does not rejuvenate themicrostructure in both phaseswhen
the tempering temperature is 160 °C. However, a reduction of 30%
(2.2 vol% to 1.5 vol%) of the retained austenite is noted. Thismetastable
phase should be localized at martensite lath boundaries, according to
previous work onmedium-carbon steel33. The loss in austenite volume
fraction can indicate stress relaxation of the martensite, which has
been observed in recent work on press-hardened steels34. The tem-
pering treatment also induces a slight peak shift of both phases, which
is due to the evolution of the lattice strain during treatment. Figure 2f
represents the determined lattice parameter from SXRD of both pha-
ses for all microstructures. When both LC and LC+B are tempered at
160 °C for 4 h, the lattice parameter of the martensite is reduced by
0.017%, while it is reduced by 0.087% for the austenite. This lattice
parameter reduction implies an increase in compressive stress in the
austenite, while it implies a stress relaxation of the martensite. It is
mainly related to carbon diffusion (segregating from the matrix into
the phase and grain boundaries) and partition during tempering.More
information is available in Supplementary Note 2 on that topic.

Additionally, it has been reported that tempering at 160 °C can
induce the formation of transition carbides in both high-carbon and
low-carbon steels35,36. These precipitates are known to trap hydrogen
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besides dislocations and grain boundaries and can significantly influ-
ence hydrogen embrittlement resistance37,38. Therefore, the inset of
Fig. 2e highlights the contribution related to carbides (fluctuations of
the diffraction pattern around 4.5°). The fluctuation is observed for all
microstructures, indicating the presence of carbides for all our inves-
tigated samples. They are formed during the helium quenching, after
the martensite transformation (the so-called auto-tempering), and
havebeendescribedpreviously for LCandLC+B27. Further,weperform
micro-hardness measurements to verify the formation of carbides35,39.

The hardness of LC+B and LC+B+LTT are 394 ± 10 HV500 and 397 ± 10
HV500, respectively. The very similar hardness values suggest that the
growth of these carbides or the formation of new transition carbides
during the tempering is limited. Consequently, the trapping of
hydrogen associated with these carbides should be similar with and
without LTT. Additional information related to this topic is also pro-
vided in Supplementary Note 2.

Finally, carbon segregation at the martensite boundaries is
quantified using correlative transmission Kikuchi diffraction-atom

Fig. 2 | Microstructure characterisation of boron addition and low-
temperature tempering onmartensitic steel. Electron backscattered diffraction
(EBSD) maps of a LC (low-carbon steel), b LC+B (boron-doped LC steel), c LC+LTT
(tempered LC steel), d LC+B+LTT (boron-doped and tempered LC steel). e Circular
integration of the 2D diffractograms from synchrotron X-ray diffraction (SXRD)
measurements with an inset to highlight the contribution of carbides around 4.5°.
f Resulting length distribution of the different boundary types, fraction of auste-
nite, and lattice parameter measured in different phases. The error bars for the
length distribution are obtained from the percentage of pixels with a confidence

index higher than 0.1. The ones from the austenite fraction are deduced from the
difference between the fit and the actual values of fγ provided in Supplementary
Note 2. Finally, the ones from the lattice parameters, a, are deduced from the
variation between the different integration peaks. The measured lattice parameter
reduction of martensite and austenite is Δα0 , γ

LTT g Transmission Kikuchi diffraction
(TKD) measurements and h atom probe tomography (APT) reconstructions of a
martensite boundary in LC+B and LC+B+LTT with the same misorientation angle/
axis (51.7°/½747�)40. i Deduced 1D concentration profile and carbon excess from the
APT reconstruction.
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probe tomography (TKD-APT) measurements. Supplementary Note 2
presents an analysis of the case of boron at prior austenite grain
boundaries for steels LC and LC+B. The interfacial excess of boron is
3.3 at% nm−2 for LC+B, while almost no boron is observed for LC27.
Figure 2g presents the analysis for LC+B and LC+B+LTT for a marten-
site boundary variant with the same orientation angle/axis (51.7°/
½747�)40. The carbon excess at this interface, quantified by APT (Fig. 2h)
and plotted in Fig. 2i, shows an increase from 9 at% nm−2 to 14 at% nm−2

after tempering.
The resistance against HE of these microstructures is then eval-

uated using slow strain rate tensile tests following electrochemical
hydrogen charging. The evolution of the local strain during defor-
mation is measured by digital imaging correlation (DIC). Figure 3.a
presents the residual ductility (defined as the ratio of the total elon-
gation of a microstructure to the total elongation of LC without
hydrogen). The tensile test curves are presented in Supplementary
Note 3. The corresponding hydrogen concentration (CH

total) is deter-
mined by thermal desorption spectroscopy (TDS) and presented in
Fig. 3b. In pure, untreated LCmartensitic steel, the residual ductility is
already lower than 20% after less than 1 h of charging. When boron is
added, the charging time tH needs to be increased up to 3 h to observe
a residual ductility lower than 20%. This strongly suggests an
improved resistance against HE, mostly due to the boron segregation
at prior austenite grain boundaries. This improvement has been
characterized previously using correlative TKD-APT
measurements16,27 and shown in Supplementary Note 2. According
to the TDS measurements, this improvement is determined for
similar CH

total for LC and LC+B for all tH (saturating around 280 appm
when tH = 2 h). Tempering leads to a substantially lower reduction of
the residual ductility across all charging times, with the residual
ductility consistently above 40%. It is evidenced that the reduction of
austenite fraction and carbon segregation at martensite boundaries
improves the resistance against HE. Finally, the best result is observed
for LC+B+LTT, where the ductility is always above 80%. It suggests a
synergistic effect of boron segregation at prior austenite grain
boundaries, carbon into martensite boundaries, and reduction of the
austenite fraction. This improvement can be explained when deter-
mining the saturated CH

total of these microstructures. It drops to
180 appm for LC+LTT and 120 appm for LC+B+LTT. These measure-
ments indicate an improvement in resistance against HE by a reduc-
tion in the hydrogen uptake.

Complementary experiments have also been conducted for
more severe hydrogen charging conditions, still showing an
improved resistance against HE of the LC+B+LTT compared to the
othermicrostructure (Supplementary Note 3). Hydrogen permeation

tests (presented in Supplementary Note 3) show a slightly reduced
steady state permeation rate, suggesting a reduced hydrogen solu-
bility due to tempering, which is also confirmed in Fig. 3b. In addi-
tion, an increase in the apparent hydrogen diffusion coefficient is
observed when the steel is tempered. It might be induced by the
internal stress relaxation from carbon segregation and austenite
reduction, reducing the number of trapped sites for hydrogen, which
is also consistent with our TDS experiments.

A detailed analysis of the crack propagation path is further con-
ducted to understand the improved resistance to HE from boron and
carbon segregations, as well as the relaxation of austenite. Previous
works have shown that boron addition impedes crack propagation
along prior austenite grain boundaries13,16, due to an increase of grain
boundary cohesion by a strong hybridization between the iron s, d-
states, and the boron s, p-states, according to previous ab initio
calculations24,41. Further, we opted to study secondary cracks over the
study of the primary cracks because observing both sides of a crack is
necessary to distinguish {011} planes within the samemartensite grain
or from amartensite boundary. Figure 4a-d are examples of secondary
cracks induced by the presence of hydrogen in LC, LC+B, LC+LTT, and
LC+B+LTT, respectively. The distribution of the crystallographic or
microstructural nature of these cracks is summarized in Fig. 4e. While
more than half of the cracks observed in LC+H are fromprior austenite
grain boundaries, this fraction drops to 20% for the material variants
LC+LTT+H. It suggests an effect of carbon on reducing the crack
propagation at these microstructure features in the presence of
hydrogen, in agreement with previous results from the literature42.
When boron is added, the fraction becomes lower than 10% for boron-
doped variants. Considering the ab initio calculations of Fig. 1 and
boron segregation previously measured through correlative TKD-APT
measurements (in Supplementary Note 2). This fraction reduction
underpins the tremendous improvement in HE resistance provided by
boron. However, the weakest remaining microstructural features
observed in materials LC+B+LTT+H are martensite boundaries and
inclusions’ interfaces, which fail at larger strains than the LC+H mate-
rial variant. Therefore, the excess of carbon segregating at martensite
boundaries only mitigates the embrittlement of these interfaces and
does not completely stop hydrogen segregation at these interfaces.
Further investigation is performed to determine the inclusion’s type.
Site-specificAPTmeasurements, detailed in Fig. 4d, e is conducted and
identify them as manganese sulfate (MnS), as shown in Fig. 4f, g.
Although they can trap hydrogen (trapping energy around 0.75 eV43),
they remain a weak point in steel, leading to facial crack initiation.
Carbide precipitates can have a similar role, in addition to inclusions,
as widely reported in the literature15,43–45.

Fig. 3 | Impact of the boron addition and tempering on the resistance against
hydrogen uptake and embrittlement. a Residual ductility (with 100% being the
residual ductility of pure, untreated LC steel) and b corresponding hydrogen
concentration for different hydrogen charging times, presented in atom part-per-
million (appm)andweight part-per-million (wppm). The residualductility is plotted

corresponding to the average of two tensile test experiments, with the curve pro-
vided in the Data Source folder. The standard deviation has been determined to
encompass all measured (of at least two per condition) and fitted concentrations
permicrostructure, resulting in a standarddeviation of 0.9wppmfor LC, 0.7wppm
for LC+B and LC+LTT, and 0.6 wppm for LC+B+LTT.
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Suppression of early deformation-induced martensite
transformation
The existence of residual austenite is proven unambiguously by syn-
chrotron measurements. Previous transmission electron microscopy
analysis of martensite in steels with similar microstructure shows that
such retained austenite might appear as an elongated phase in
between martensite boundaries33. In the present work, some retained
austenite films on martensite boundaries could be detected using

EBSD by using spherical indexing. The detected films had a thickness
of 20 nm and a length of 200nm (Fig. 5a). Figure 5b plots the recon-
struction of an APT analysis of this thin filmof austenite. This austenite
follows the curvature of the 3D reconstruction, due to the recon-
struction protocol from Geiser et al. implemented in the AP Suite
software and known to develop distortion at the border of the
reconstruction46. While this approach can modify the size of the thin
film, it will not change the chemical composition plotted in Fig. 5c,

Fig. 4 | Secondary crack analysis on hydrogen-charged (tH = 6h) and tensile-
strained samples. Examples of secondary cracks observed in pre-charged a LC,
b LC+B, c LC+LTT, and d LC+B+LTT at the subsurface of the fracture surface. The
grain orientation is also represented to identify the nature of secondary cracks: (i)
prior austenite grain boundaries (PAGBs), (ii) martensite boundaries (MBs), (iii)
interface inclusion/matrix, (iv) {001}, and (v) {011} planes. For this analysis, indexed
pixels have amean angular deviation under 1∘. eDistribution of different secondary

cracks (SCs) natures in LC+H and LC+B+LTT+H. For all steels, the measurement is
performed onmore than 120μmof cracks with images provided in Supplementary
Note 4. f Phase map from EBSD analysis of areas with inclusions (only pixels with a
confidence index higher than0.1 are shown),withg imageof one inclusion showing
the different contrast with the matrix, and highlighting where the APT analysis is
performed. h 1D concentration of carbon, sulfur, manganese, and iron around the
interface between the inclusion and the matrix.
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which shows two ranges of manganese concentration. One range,
contains up to 20 at% of manganese (called γMn-rich) and the second
one γMn-lean with 5 at% of manganese. Previous work shows that such
chemical heterogeneity improves the resistance against HE47. Figure 5c
also shows the concentration of carbon and hydrogen. The latter
solute is not pre-charged; thus, it originates from either the sample
preparation or it has already been present in this phase48,49 and can
only give qualitative information on the hydrogen distribution. In the
SupplementaryNote 5, the evolution of the electrostaticfield along the
1D concentration profile is presented using the relative charge state
ratio of Fe+/(Fe+ + Fe2+). The decrease of this ratio indicates an increase
in the electrostatic field in the austenite, which should result in a
reduction of hydrogen from residual gas ionization. Because a higher
hydrogen concentration is detected in the austenite, the measured
hydrogen concentration does not originate from this ionization.
According to previous ab initio calculations50, hydrogen should be
more soluble in the austenite phasewith a higher concentration ofMn.
However, this is not observed in the APTmeasurements, which instead
show a slightly higher concentration of hydrogen in the γMn-lean (more

than 6 at%) compared to the γMn-rich phase (between 4 at% and 5 at%).
One possible explanation is the higher concentration of carbon (close
to 0.8 at%) observed in the martensite and the γMn-rich phase, as the
steel is tempered at 160 °C while it is closer to 0.2 at%C. in the matrix
and the γMn-lean phase. Additionally, one can note that a lower carbon
concentration is observed after tempering in the γMn-lean phase even
though carbon partitioning should have occurred. This result is
obtainedbecauseof the carbon segregation at the grainboundarynext
to the γ phase, which is quantified in Supplementary Note 5. Assuming
a repulsive interaction between carbon and hydrogen (which can be
observed through ab initio calculations for GB in α-iron and seen at
prior austenite grain boundary42), carbon could slow down hydrogen
diffusion into this phase by increasing its concentration at the
interface.

Finally, synchrotron X-ray diffractionmeasurements is performed
at a defined distance from the fracture surface on deformed samples,
both uncharged and precharged with hydrogen for 3 h. These mea-
surements aim to better understand the stability of the retained aus-
tenite as a function of the retained austenite after treatment and with

Fig. 5 | Contribution of retained austenite at martensite boundary interfaces.
a Localisation of the austenite in LC+B+LTT observed by EBSD using spherical
indexing and b APT reconstruction of the austenite with c Mn, C, and H con-
centrations. d Local strain of the last frame before failure of a tensile test and
illustration of the synchrotron measurements: During the experiment, the frac-
tured sample is navigated along the x direction, starting from the fracture end

(highest local strain position) to the clamped region (lowest local strain position)32.
The integration is performed only in the axial direction of the synchrotron dif-
fraction. Fraction of austenite as a function of the local strain before fracture of a
tensile strain specimen of LC and LC+B e without and f with the LTT showing the
deformation-induced martensite transformation (DIMT) for each microstructure.
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hydrogen. The local strain is determined using the last digital imaging
correlation frame before fracture (Fig. 5d). From these post-mortem
analyses, the fraction of austenite is plotted in Fig. 5e, f for untempered
and tempered conditions, respectively. Deformation-induced mar-
tensite transformation is observed when the local strain is increased, a
phenomenon that is more important for LC+B than LC (Fig. 5e). When
hydrogen is incorporated into both microstructures, the transforma-
tion is observed for lower strain levels (Fig. 5e). It indicates a hydrogen-
induced reduction in austenite mechanical stability. This earlier mar-
tensite formation can induce cracking and is directly linked to the
susceptibility of HE51. However, this change in austenite stability due to
hydrogen is not observed when the microstructure is relaxed after
tempering (see LC+LTT andLC+B+LTT inFig. 5f). It suggests that either
hydrogen ingress or trapping is lower within austenite of tempered
steels or/and the austenite is becoming more stable after tempering.

Since no early deformation-induced martensite transformation is
seen for hydrogen-precharged tempered steel, the retained austenite
is either more stable (due to stress relaxation) or/and the hydrogen
uptake is reduced in this phase (possibly due to carbon segregation).
To clarify this point, we determined the equivalent hydrostatic stress
(σα0 , γ

hydro) from the lattice parameter reduction (Δα0 , γ
LTT ), using

52:

σα0 , γ
hydro =

Eα0 , γ

1� 2ν
Δα0 , γ
LTT :

ð1Þ

with Eα0 , γ the isotropic Young’s modulus of martensite and austenite
(Eα0

= 180 GPa and Eγ = 172GPa) and ν the Poisson’s ratio (ν = 0.3)52.
Figure 2 shows that the tempering induces a slight reduction of the
lattice parameter for both martensite (Δα0

LTT = −0.017%) and austenite
(Δγ

LTT = −0.087%) from carbon partitioning (loss of carbon in solid
solution from the martensite) and a reduction of the austenite (due to
stress relaxation). It leads to a relaxation of −76MPa in the martensite
(σα0

hydro), and an increase of 374 MPa of the compressive stress in the
austenite (σγ

hydro = −374MPa). In Supplementary Note 5, we have
conducted ring core experiments on LC and LC+LTT, measuring a
similar total hydrostatic stress. It strongly suggests that the tempering
induces stress relaxation, as discussed in previous work34, stabilizing
the austenite. The resulting reduction of hydrogen ingress from stress
relaxation in both phases (ΔSα

0 , γ
H ) can be theoretically estimated

using53:

ΔSα
0 , γ

H = exp
σα0 , γ
hydro

�V
α0 , γ
H

kBT

0
@

1
A ð2Þ

With �V
α0 , γ
H the partial volume of hydrogen in martensite and austenite

(�V
α0

H = 3.3Å3/at.54 and �V
γ
H = 2.0Å3/at.55), kB the Boltzmann constant and

T the temperature. The resulting solubility reduction inmartensite and
austenite are ΔSα

0
H is 94% and ΔSγH is 83%. However, Fig. 3b shows that

the hydrogen concentration of the tempered LC is 60% for LC and 50%
for LC+B, which canbe explained by the reduction of hydrogen ingress
from boron and carbon segregation at interfaces.

To summarize, atomistic calculations suggest that interstitial
solutes, particularly boron and carbon at grain boundaries, have a
tremendous effect against hydrogen segregation due to their capacity
to strengthen interfaces and a repulsive interaction concerning
hydrogen. While solute strengthening of interfaces in steel has been
well documented in the literature, the influence of solute strengthen-
ing on hydrogen segregation has been less explored (some examples
have been detailed in the design treasure maps of Fig. 1c). In the pre-
sent work, we successfully demonstrate experimentally how these
insights canbe used todesignmartensitic steels, a grade that exhibits a
high HE susceptibility. We showcase a significant improvement in the
resistance against HE, with a reduction of the hydrogen ingress, due to
interstitial solute segregation at interfaces (GB and retained austenite/

martensite) and stress relaxation of the retained austenite. Our com-
prehensive study over multiple scales finally provides direction for
further optimization of the steel, targeting strengthening of marten-
site boundaries and limiting inclusions and precipitates, to go beyond
this already unprecedented improvement in HE resistance.

Methods
Ab initio calculations
The calculations are carried out using the projector augmented wave
(PAW) potentials as implemented in Vienna Ab initio Simulation
Package (VASP) v5.4.4 code56–58. The calculations’ details are identical
to those presented in previous work to determine the interaction
energy between hydrogen and a Σ5(210) α-Fe GB at 0 K27. The cohesive
energy of a solute doped grain boundary (Ecoh

X�GB) is obtained by using
the formulation from the work of Rice and Wang18:

Ecoh
X�GB =

ðESC
X�GB � ESC

GBÞ � ðESC
X�FS � ESC

FS Þ
NX

ð3Þ

with ESC
X�FS and ESC

FS supercells containing free surfacewith andwithout
the doping solute X, NX the number of doping solute incorporated at
the interface, and ESC

X�GB and ESC
GB, supercells containing GB with and

without X, respectively. Following this convention, positive Ecoh
X�GB

implies embrittlement because X prefers to segregate into free sur-
faces than GBs and negative Ecoh

X�GB implies a strengthening of GB
with X.

This energy is plotted as a function of the interaction energy
between hydrogen and a solute-doped GB (E inter

H�X�GB). It describes the
capacity of hydrogen to segregate at that crystalline defect when it is
doped with X and it is defined as:

E inter
H�X�GB = ðESC

H�X�GB � ESC
X�GBÞ � ðESC

H�bulk � ESC
bulkÞ ð4Þ

with ESC
H�X�GB, the energy of the supercell containing hydrogen in a

solute-dopedGB. ESC
H�bulk and ESC

bulk are the energies of the supercell of a
bulk α-Fe with hydrogen in tetrahedral site, and without solute,
respectively.

The HE index presented in Fig. 1 is determined using:

HEI =
ε0 � εH

ε0
ð5Þ

with ε0 and εH the total elongation of a system without and with
hydrogen, respectively.

Materials
The chemical compositions of both low-carbon steel without and with
B (LC and B+LC, respectively) were Fe-0.15C-1.5Mn-0.0005B and Fe-
0.15C-1.5Mn-0.0024B (wt%), respectively16. All steels were homo-
genized following the procedure explained previously27 and were next
heat treated in a Bähr DIL805 dilatometer with an austenitization
temperature of 1373 K for 30 s, and then quenched using helium gas
(with a cooling rate of 230K.s−1). Then, the low-temperature tempering
is performed at 433 K for 4 h in the same apparatus after quenching LC
and B+LC.

Electron back-scattered diffraction analysis
The EBSD maps of Figs. 2, 4f, and 5a have been acquired using a high-
resolution field emission GEMINI SEM 450 (Carl Zeiss Microscopy)
equipped with a Velocity detector. An acceleration voltage of 15 kV,
probe current of 5 nA, and step size of 0.1μmhave been chosen for the
mappings. The post-processing of all images has been carried out
using the TSL OIMAnalysis v8 on pixels with a confidence index above
0.1 on a surface of at least 1.5 × 10−4 μm2. Then, theMTEX 5.11.1 software
toolbox based on MATLAB R2021b was used to identify the
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misorientation angle and axis of all grain boundaries to reconstruct
prior austenite grain boundaries from the EBSD maps59. Grain
boundaries were separated into three types: (i) Martensite boundaries
that are grain boundary variants formed with the Kurdjumov–Sachs
orientation relationship, (ii) Prior austenite grain boundaries that are
other random boundaries with a misorientation angle larger than 8°,
and (iii) Sub-grain boundaries, which are low-angle grain boundaries,
usually representing martensite lath boundaries27. Spherical indexing
was used to analyze EBSD patterns that were recorded with a 10 nm
step size at a low acceleration voltage of 10 kV. This combination of
measurement parameters improves the spatial resolution because of
the high robustness of pattern analysis, which shows signals from
several grains. This allowed us to detect some of the larger austenite
lamellae in steel. The presence of a Kurdjumov-Sachs orientation
relationship between the determined austenite and the neighboring
martensite proved the austenite’s correct detection. Then, the crack
analysis has been conducted on EBSD maps acquired using a Helios 5
FFIB (ThermoFischer) equipped with a CMOS detector. An accelera-
tion voltage of 15 kV, probe current of 6.2 nA, and step size of 0.05μm
have been chosen for the mappings. Then, the MTEX
6.2.beta.3 software toolbox based on MATLAB R2023b was used to
identify the type of secondary cracks onmore than 120μmof crack for
each sample.

Synchrotron X-ray diffraction measurements
The microstructure has been analyzed using synchrotron X-ray dif-
fraction measurements. They were conducted at Deutsches
Elektronen-Synchrotron (DESY, Hamburg, Germany) on the Petra III
P-02.1 beamline at 60 keV. A high-energy transmission X-ray beam
with a wavelength of 0.207381Å was shed on square-shaped speci-
mens (10 × 10 × 1mm3) to collect two-dimensional diffractograms at a
working distance of 969mm. All specimens were individually heat-
treated in Bähr DIL805 dilatometer, and aged for one month at room
temperature before performing the SXRD measurements on each
specimen. Before conducting quantitative diffraction analyses, the
instrumental parameters have been calibrated using the diffraction
patterns of NIST standard LaB6. All recorded two-dimensional dif-
fractograms have been post-processed using the GSAS-II
v5.2.0 software60. The fraction of austenite has been determined by
integrating peaks from both austenite and martensite, and the dis-
location density ρ in both phases has been determined using the
Williamson-Hall approach31 on the different tempered specimens:

β cosðθhklÞ=
λ
D

+ εmicro sinðθhklÞ ð6Þ

with β the full width at half maximum of the diffraction peak at θhkl
(the position of the hkl reflection group), λ thewavelength of the beam
(0.207381Å), εmicro themicro-strain. Thedislocationdensityρ can then
be estimated using31:

ρ =
2
ffiffiffi
3

p
εmicro

bD
ð7Þ

with b being the magnitude of the Burgers vector of the screw and
edgedislocations in themartensite (2.48Å) and in the austenite phases
(2.54Å), respectively.

Transmission Kikuchi diffraction
Prior to conducting the APT measurements, specimens were analyzed
using TKD to characterize the grain boundaries with a Digiview V)
EBSD detector on MERLIN SEM (Zeiss Microscopy) and were operated
with an acceleration voltage of 30 kV and a probe current of 2 nA.

Atom probe tomography
Samples havebeenpreparedusing a dual-beamSEM-focused ionbeam
(FIB) instrument (FEI Helios Nanolab 600i) using an in situ lift-out
procedure. The prepared APT specimens were investigated using a
CAMECA LEAP 5076XS instrument, operating in laser mode at 60K
with a pulse rate of 200 kHz, pulse energy of 30pJ, and a detection rate
of 50 ions per 1000 pulses. The three-dimensional reconstructions
have been performed using the AP Suite 6.3 software.

Tensile test experiments
Slow strain rate tensile testing was conducted on a Kammrath &Weiss
test stage coupled with the digital image correlation (DIC) technique,
and the data were processed with the ARAMIS Professional
2020 software. Tensile specimens with a gauge length of 4mm and a
width of 2mmwere used, and the tests were performed at a strain rate
of 7.5 × 10−5 s −1. At least two samples were tested for each hydrogen-
charged condition. The DIC technique determined the engineering
strain and local strain distribution.

Hardness measurements
Micro-hardness measurements were performed using an HZ50-4
device with a Vickers diamond indenter from Presi at room tempera-
ture. 10 indents with a load of 500 g. and a dwell time of 10 s has been
performed for each microstructure.

Hydrogen charging condition and concentrationmeasurements
Hydrogen was incorporated electrochemically into both steels using a
three-electrode system. The procedure consisted of imposing a cur-
rent density in a 0.1M H2SO4 aqueous solution with 0.3% of NH4SCN.
For all conditions, the time between the end of hydrogen charging and
the beginning of the tensile test experiments was 15min. However, the
time between the end of hydrogen charging and the melting experi-
ments was less than 5min. The hydrogen concentration was deter-
mined by the melt extraction method using a thermal conductivity
detector from the G8 GALILEO apparatus of BrukerⓇ. The measure-
ments were performed on samples with a dimension of 5 × 5 × 1mm3.
The equation used to follow the total hydrogen concentration in dif-
ferent microstructures in Fig. 3 is61:

CðtÞ= 4Cl

π

Z x =h=2

x =�h=2

X1
n=0

ð�1Þn
ð2n+ 1Þ cos

ð2n+ 1Þπx
h

1� exp
π2ð2n+ 1Þ2DHt

h2

 !
dx

ð8Þ

with h and DH the thickness and the hydrogen diffusion coefficient in
martensite (DH = 4.5 × 10−11 m2 s−162). The hydrogen concentration Cl is
the limit fitted to the hydrogen concentration determined by thermal
desorption spectroscopy.

Data availability
The raw data generated in this study, required to reproduce these
findings, have been deposited in the public community repository
Figshare: https://doi.org/10.6084/m9.Figshare.30086674.
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