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High-strength pipeline steels are susceptible to hydrogen embrittlement (HE), with inclusions
exacerbating this vulnerability. This study employed deoxidation to regulate inclusion/matrix
interfacial properties, converting them into functional units that act as deep hydrogen traps and
promote acicular ferrite (AF) nucleation. The atomic-scale structure, chemical characteristics, and
hydrogen trapping capacity of inclusion/matrix interfaces exhibiting “mosaic” and “core-shell”
microstructures were systematically investigated using aberration-corrected transmission electron
microscopy and time-of-flight secondary ion mass spectrometry. Results reveal that both oxygen
vacancies in inclusion/matrix interfaces and tensile strain fields in the matrix contribute to hydrogen
trapping at incoherent interfaces. The TiO/Fe interface in “core-shell” inclusions exhibits stronger
trapping capability than Ti,Os/Fe interface in “mosaic” inclusions. These interfaces also enhance AF
nucleation and grain refinement, improving HE resistance and synergistic toughening. These findings
provide a novel strategy for developing HE-resistant high-strength steels by interface engineering.

Hydrogen energy plays a crucial role in achieving carbon peak and carbon
neutrality goals by driving a revolution in energy production and con-
sumption, thereby facilitating the development of a clean, low-carbon, safe,
and efficient energy system'~. Within the entire hydrogen energy chain,
which encompasses production, storage, transportation, and utilization,
hydrogen storage and transportation have emerged as critical bottlenecks
hindering the advancement of hydrogen energy technologies'. During
long-term exposure to hydrogen-containing environments, high-strength
steels are prone to increased hydrogen-induced brittleness or reduced
toughness, a phenomenon known as hydrogen embrittlement (HE)~,
which can ultimately result in hazardous accidents"™".

HE in high-strength steels is closely related to hydrogen permeation,
diffusion, and accumulation within the steel matrix'*"'*. The development of
HE-resistant steels focuses on introducing microstructural features within
the grains that inhibit hydrogen accumulation at grain boundaries or
around large inclusions'”"". Recently, strategies leveraging intragranular

microstructures to mitigate HE have gained increasing attention and vali-
dation, including the use of nano carbon/nitride precipitates™’, oxygen-
enriched nanoclusters™, mixed-metal nanoprecipitates*, and local com-
positional heterogeneity”**. These approaches primarily exploit the unique
structural and chemical characteristics of microstructure-steel matrix
interfaces to trap hydrogen or promote the formation of localized soft
phases that hinder HE crack propagation.

For nano-scale carbon/nitride precipitates, the hydrogen trapping
effect at coherent and semi-coherent interfaces with the steel matrix is
primarily governed by vacancies*”’ and the strain field""*”. There has
been controversy regarding whether incoherent interfaces can effec-
tively trap hydrogen. Some studies suggest that incoherent precipitates
such as TiC, NbC, and VC do not serve as efficient hydrogen traps™*,
while others argue that these precipitates act as deeper hydrogen
traps”. Zhang et al. ** further clarified this debate by proposing that
incoherent interfaces can effectively trap hydrogen when carbon or
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sulfur vacancies induce tensile strain in the adjacent steel matrix;
conversely, in the absence of such vacancies and under compressive
strain, hydrogen is repelled. Moreover, external tensile strain at the
interface may induce carbon vacancies or interstitial atoms, enhancing
hydrogen trapping capacity by lowering hydrogen solution energy”’~>.
Therefore, hydrogen trapping behavior at interfaces is closely linked to
the presence of vacancies and strain in the matrix, a phenomenon
observed not only at nano-precipitate/matrix interfaces but also at
larger ferrite/cementite boundaries"*"'. It has been confirmed that
interfaces with vacancies and without tensile strain on the matrix side
can trap hydrogen effectively’’; however, whether interfaces lacking
vacancies but exhibiting tensile strain on the matrix side also facilitate
hydrogen trapping remains unclear.

In addition to the aforementioned strategies for mitigating HE, another
class of second-phase particles in steel, spheroidized and dispersed micro- to
nano-scale inclusions, can also serve as hydrogen traps to reduce HE
susceptibility’>”. Studies have reported that modified inclusions can
improve resistance to hydrogen-induced cracking in steels***’. Our research
group has applied oxide metallurgy techniques, including micro-Mg
treatment, to functionalize inclusions in X70 pipeline steel, resulting in
significant enhancement of HE resistance***. Similar to precipitates, a
critical and challenging question remains: can HE in high-strength steels be
mitigated by deliberately designing and controlling the interfacial structure,
as well as the chemical and mechanical properties, between inclusions and
the steel matrix? To date, no relevant studies have thoroughly addressed
this topic.

To address this objective, two APL X70 pipeline steels were fab-
ricated by controlling the degree of deoxidation in molten steel and
applying micro-Mg treatment. The steel without Al addition (desig-
nated as TM) primarily contained multi-interface “mosaic” inclusions,
whereas the steel with 0.0085% Al addition (designated as TMA)
predominantly featured dual-interface “core-shell” inclusions. The
microstructures of these interfaces were characterized using high-
angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM), while hydrogen trapping and diffusion behaviors at
the inclusion interfaces were quantitatively analyzed through micro-
electrochemical hydrogen permeation, time-of-flight secondary ion
mass spectrometry (TOF-SIMS), scanning Kelvin probe force micro-
scopy (SKPFM), and thermal desorption spectroscopy (TDS). Fur-
thermore, the effect of oxygen vacancies at the interfaces on hydrogen
trapping was investigated via electron energy loss spectroscopy (EELS)
and first-principles calculations. This study clarified the atomic-scale
mechanisms underlying the mitigation of HE susceptibility in high-
strength steel by controlling the interfacial properties between inclu-
sions and the steel matrix. Additionally, a metallurgical strategy was
proposed to synergistically enhance toughness and HE resistance
without compromising strength. These findings provide a theoretical
foundation and empirical data to guide the design and control of
micro-interfaces in inclusions, thereby advancing the development of
high-strength, HE-resistant steels.

Results

Microstructure of the two tested steels

The microstructure images and EBSD analysis of the two tested steels are
shown in Fig. 1. The microstructures primarily consist of polygonal ferrite
(PF), with smaller amounts of AF and granular bainite (GB). Compared to
TM steel, TMA steel exhibits a higher proportion of AF, a lower proportion
of PF, and finer average grain sizes. The average grain sizes are measured as
2.6 um for TM steel and 1.9 um for TMA steel, while the average Kernel
Average Misorientation (KAM) values are 0.314 and 0.365, respectively. The
average KAM values are derived from the frequency distribution diagram
(Fig. 1i), with higher values indicating greater dislocation density. Notably,
both steels undergo identical rolling processes after casting, differing only in
their deoxidation treatments. Therefore, the increased dislocation density

observed in TMA steel is likely a result of grain refinement rather than
differences in processing.

Preliminary characterization of inclusions in the two tested steels
The macroscopic distribution, typical planar and cross-sectional
morphologies, and elemental distributions of inclusions in TM and TMA
steels are illustrated in Fig. 2. In both steels, inclusions are predominantly
spherical or spheroidal; however, the inclusions in TMA steel are smaller in
size compared to those in TM steel. In TM steel, inclusions mainly consist of
a Ti-O matrix embedded with Mg-Al-O and Mn-S phases, referred to as
“mosaic” inclusions (Fig. 2a). In contrast, inclusions in TMA steel primarily
feature a Mg-Al-O core surrounded by a Ti-O shell, termed “core-shell”
inclusions (Fig. 2b). Additionally, the interfaces between inclusions and the
steel matrix in both steels are predominantly Ti-O/Fe interfaces. Subsequent
analyses will therefore focus primarily on these two types of interfaces.

A quantitative analysis of the composition, size, and quantity of
inclusions in TM and TMA steels is conducted (Fig. 3a, b). In TM steel,
the proportion of “mosaic” inclusions increases with inclusion size,
with inclusions larger than 5pum predominantly exhibiting the
“mosaic” structure. In contrast, in TMA steel, inclusions sized between
1 and 3 pm mainly display a “core-shell” structure, while the number of
“core-shell” inclusions larger than 3 um decreases significantly. These
findings suggest that weak deoxidation during smelting promotes the
formation of “mosaic” inclusions, whereas strong deoxidation favors
the development of “core-shell” inclusions. Additionally, the total
number of inclusions in TMA steel exceeds that in TM steel, with
almost no inclusions larger than 5 um observed in TMA steel.

Furthermore, it is well established that micro- and nano-sized particles
formed through oxide metallurgical processes effectively promote the
nucleation of AF”. To quantitatively evaluate the influence of “mosaic” and
“core-shell” inclusions on AF nucleation, the number and percentage of
inclusions facilitating AF nucleation in TM and TMA steels are statistically
analyzed (Figure 3c). Figure 4 presents SEM images illustrating AF
nucleation induced by the two types of inclusions in the tested steels, along
with corresponding EDS mappings of the inclusions. In both steels, the
effectiveness of inclusions in inducing AF nucleation (denoted as E) is
defined by Eq. (1):

N
Epp = f x 100% 1)

t

where N ,; represents the number of inclusions capable of inducing AF
nucleation, and N, is the total number of inclusions, both those that can and
cannot induce AF. The effectiveness of AF nucleation (Esp) initially
increases with inclusion size, then decreases. “Core-shell” inclusions sized
1-3 um exhibit the highest nucleation capability, while “mosaic” inclusions
between 2 and 4 pm are most effective. Moreover, “core-shell” inclusions in
TMA steel demonstrate superior AF nucleation effectiveness with an Exg of
49%, compared to 39% for “mosaic” inclusions in TM steel.

Analysis of interfaces between inclusions and steel matrix

The morphology and compositional distribution of FIB specimens from the
longitudinal sections of the “mosaic” and “core-shell” inclusions, along with
HAADF-STEM images and their corresponding fast Fourier transform
(FFT) patterns at the two Ti-O/Fe matrix interfaces, are presented in Fig. 5.
No microvoids are observed at the interfaces between the Ti-O inclusions
and the Fe matrix. FFT analysis identifies the matrix of the “mosaic”
inclusions as Ti,O3 (Fig. 5e), whereas the “shell” of the “core-shell” inclu-
sions is determined to be TiO (Fig. 5g). Notably, TiO exhibits a superlattice
structure characterized by a 12-fold periodic ordering along the [422] TiO
direction. HAADF-STEM imaging further reveals that the two interfaces are
either stepped or irregularly curved. Atomic-scale imaging shows a well-
defined atomic arrangement on one side of the interface, while the opposite
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Fig. 1 | Microstructure images and EBSD analysis
of TM steel (a-d) and TMA steel (e-h). a, e Optical
microscope morphologies. b, f FE-SEM morpholo-
gies. ¢, g IPF maps. d, h KAM maps. i KAM fre-
quency distribution diagram.
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side displays only lattice fringes. Moreover, significant angular misalign-
ment of atomic orientations is observed across the interfaces. These findings
indicate that both Ti-O/Fe matrix interfaces are incoherent.

Various zone axes are systematically rotated to further investigate
the orientation relationship (OR) between different Ti-O phases and

the Fe matrix. Diffraction patterns with unclear lattice points are dis-
carded, and representative composite selected area electron diffraction
(SAED) patterns are selected. The SAED results are presented in Fig.
6h, i. The lattice misfit (§) and average interfacial energy (o) values are
summarized in Table 1, with the specific calculation methods
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Fig. 2 | Characteristics of inclusions in TM and TMA tested steels. a Macroscopic
distribution of inclusions in TM steel. (a;) Planar microscopic morphology and
elemental distribution of “mosaic” inclusions in TM steel. (a,) Cross sectional
morphology of inclusions in TM steel. (a3) Cross sectional morphology and

elemental distribution in (a,). b Macroscopic distribution of inclusions in TMA steel.
(by) Planar microscopic morphology and elemental distribution of “core-shell”
inclusions in TMA steel. (b,) Cross sectional morphology of inclusions in TMA steel.
(bs) Cross sectional morphology and elemental distribution in (b,).

referenced in the literature™. Lattice misfit and average interfacial
energy are critical parameters for evaluating the effectiveness of het-
erogeneous nucleation at an interface’ . According to literature™, an
interface is considered incoherent when the lattice misfit § exceeds 0.25
and the average interfacial energy & falls between 0.5 J/m’ and 1 J/m*.
Similarly, as reported in ref. 54, interfaces with &<0.32]/m* are
coherent, those with 0.32 J/m?* < & < 0.60 J/m? are semi-coherent, and
those with 0.60 J/m*< 6 < 1.10 J/m’ are incoherent. In this study, the
average interfacial energies (o) of the TiO/Fe and Ti,0;/Fe interfaces
are determined to be 1.03 J/m’ and 0.63 J/m’, respectively, indicating
that both Ti-O/Fe interfaces are incoherent.

The strain state results of Ti-O/Fe matrix interfaces

The strain state of the matrix adjacent to the interfaces is evaluated by
directly analyzing atomic column positions in atomic-resolution
HAADF-STEM images. Strain distributions across ROIs at the
Ti,03/Fe and TiO/Fe interfaces are quantitatively mapped and pre-
sented in Fig. 6. Statistical analysis indicates that near the TiO
boundary, the lattice exhibits an average tensile strain of 2.7% along the
[101] direction and 1.5% along the [110] direction. In contrast, at the
Ti,0; interface, the lattice shows average tensile strains of 1.3% and
0.8% along the [101] and [110] directions, respectively. Combining
these results with the calculated degrees of incoherency for both
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Fig. 3 | Quantitative statistics of inclusions and AF nucleation induced by inclusions in TM and TMA steels. a In TM steel. b In TMA steel. ¢ AF nucleation induced by

inclusions.

interfaces, it can be concluded that the magnitude of interface tensile
strain is positively correlated with the degree of incoherency.

EELS results of Ti-O/Fe matrix interfaces

The EELS analysis of the Ti L,,; core-loss edges is conducted both within the
interior of inclusions and at their interfaces with the Fe matrix (Fig. 7). For
the “mosaic” inclusions, no energy shift is observed when comparing the Ti
L,,; peaks, 459.6 eV for Ti L, and 464.9 eV for Ti Ls, between the Ti,Os
interior and its interface. In contrast, for the “core-shell” inclusions, the Ti
L,,; peaks at the TiO/Fe interface (459.2 eV for Ti L, and 464.5 eV for TiL;)
shift by approximately 0.3 eV to lower energy relative to the peaks within the
TiO interior (459.5 eV for Ti L, and 464.8 eV for Ti Ls). Previous studies™
suggest that such an energy shift indicates a reduction in the Ti valence state.
Therefore, it is reasonable to infer the presence of oxygen vacancies on the
TiO side of the TiO/Fe interface, whereas the Ti,O3 side of the Ti,Os/Fe
interface appears free of oxygen vacancies, potentially related to the
superlattice structure of TiO.

DFT calculations of hydrogen solution energy at the Ti-O/a-Fe
interfaces

To investigate the aggregation behavior of hydrogen atoms and evaluate
hydrogen trapping capacities across different interfacial chemistries, sim-
plified periodic models are constructed for Ti,Os/a-Fe and TiO/a-Fe
interfaces without oxygen vacancies, as well as TiO/a-Fe interfaces with
oxygen vacancies (Fig. 8). The results indicate that for oxygen vacancy-free
interfaces, the hydrogen solution energies (E;) at three interstitial sites are

negative for both Ti,Os/a-Fe (-021+0.05eV) and TiO/a-Fe
(-0.39 £ 0.05 V) interfaces, with the TiO/a-Fe interfaces exhibiting a lower
E,o.. When an oxygen vacancy is introduced at the TiO/a-Fe interface, the
E,, further decreases to -0.51 eV, indicating enhanced hydrogen trapping
capacity.

Precipitates in the two tested steels

Precipitates, as common second-phase particles in steel, are also char-
acterized in this study. The macroscopic distribution and quantitative
statistics of precipitates in TM and TMA steels are presented in Fig. 9,
while their chemical compositions are summarized in Table 2. Pre-
cipitates are observed both within grains and along grain boundaries,
exhibiting a uniform size distribution ranging from 20 to 100 nm. They
predominantly appears as spherical shapes, mainly NbC, as well as
ellipsoidal or quasi-ellipsoidal forms, primarily (Nb, Ti)C. The com-
position and quantity of precipitates are found to be nearly identical in
both steels (Fig. 9g).

Results of HE susceptibility and fracture toughness

The stress-strain curves and mechanical properties of the two steels under
pure N, and H, atmospheres are presented in Fig. 10a and Table 3,
respectively. Under a pure N, environment, the elongation at break (&) of
both steels is comparable, while TMA steel exhibits higher yield strength and
ultimate tensile strength. However, in a pure H, environment, TM steel
shows a significantly greater loss of plasticity, with a HE index (Iyg) of
15.9%, which is more than twice that of TMA steel at 6.1%.
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Fig. 4 | The SEM images of AF nucleation induced by inclusions and their EDS mappings. a, b “mosaic” inclusions in TM steel. ¢, d “core-shell” inclusions in TMA steel.
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Fig. 6 | Atomic strain mappings near the border of the inclusions. a HAADF-
STEM image of TiO/Fe interface. b Atomic strain mappings in the TiO/Fe interfaces
at [101] and [110] direction, respectively. ¢ HAADF-STEM image of Ti,Os/Fe

interface. d Atomic strain mappings in the Ti,05/Fe interfaces at [101] and [110]
direction, respectively.

Table 1 | Calculations of lattice misfits and interfacial energy

System Matching planes n o/ (°) & |b]/(nm) o/(J/m?) o/(J/m?)

TizOg/Fe (120);, o ~// (022)g, 2 6.40 0.24 0.2790 0.67 0.63
(800)r,,0, ~// (211)ge 2 9.32 0.60 0.2298 0.60

TiO/Fe (202)10 ~// (200)g, 2 20.48 0.53 0.2784 1.34 1.03
(220)7i0 ~// (222)f, 3 0.43 0.41 0.2234 0.83

Note: n is the corresponding period of crystallographic planes; a is the angle between crystallographic planes; |b| is the module of the Burgers vectors.

Fracture toughness (Kj.) and its degradation index (I K, ), measured for
both steels, are calculated using Eq. (2) and presented in Fig. 10b.

0 H
Iy = KICchKk x 100% 2)
where K9 and K}! represent the fracture toughness of the uncharged and
hydrogen-charged specimens, respectively. A larger Kj. svalue indicates
superior fracture toughness, while a smaller toughness degradation index
Iy, signifies reduced loss of toughness after hydrogen charging. Both steels
demonstrate relatively low toughness degradation following hydrogen
charging. Compared to TM steel, TMA steel exhibits higher fracture
toughness and lower toughness degradation, indicating better resis-
tance to HE.

Macroscopic and microscopic hydrogen permeation results

To evaluate the hydrogen trapping efficiency of individual “mosaic” and
“core-shell” inclusions, inclusions of similar size are selected for microscopic
hydrogen permeation testing. FE-SEM images and EDS mappings of the
inclusions are presented in Fig. 11. Figure 12 shows the macroscopic and
microscopic hydrogen permeation curves for the two types of inclusions and
their corresponding steel matrices. The microscopic saturation currents (..)

are determined as follows: for the “mosaic” inclusion and TM steel matrix,
3.72x 107 £1.71 x 10 A and 1.78 x 10 + 1.12 x 10” A, respectively; and
for the “core-shell” inclusion and TMA steel matrix, 1.35 x 107 + 8.49 x
10° A and 1.60 x 107 + 1.03 x 107 A, respectively. The saturation currents
of the matrices are essentially identical, while those of the inclusions are
significantly higher, with the “mosaic” inclusion exhibiting a greater I, than
the “core-shell” inclusion.

The kinetic parameters of hydrogen permeation, derived from the
macroscopic hydrogen permeation curves of the two steels, are presented in
Table 4. Compared to TM steel, TMA steel exhibits a smaller effective
hydrogen diffusion coefficient (D) and a longer breakthrough time (%),
indicating a stronger capability to impede hydrogen diffusion. Furthermore,
TMA steel shows higher hydrogen diffusion flux (J..L) and macroscopic
saturation current (I..), corresponding to an increased content of diffusible
hydrogen.

TDS results

The TDS curves, activation energy (Ey) fitting curves, and resolved hydro-
gen contents for TM and TMA steels reveal three distinct hydrogen deso-
rption peaks at different heating rates, corresponding to temperature
intervals of approximately 150-300°C, 350-450°C, and 450-550 °C,
respectively (Fig. 13). The activation energies for the low, medium, and
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high-temperature peaks are approximately 16.3, 61.2, and 76.4 kJ/mol for
TM steel, and 15.9,62.5,and 115.3 k]/mol for TMA steel, respectively. While
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Fig. 7 | EELS analysis of the Ti L,, 3 core-loss edges in the interior and interface of
inclusions with the Fe matrix. a EELS spectrums of “mosaic” inclusion Ti,O;
interior and interface. b EELS spectrums of “core-shell” inclusion TiO interior and
interface. Dash lines indicate the L, and L3 peak positions.

the low- and medium-temperature peaks exhibit similar activation energies
in both steels, a significant difference is observed at the high-temperature
peak. Typically, low-temperature hydrogen desorption peaks correspond to
reversible hydrogen traps such as dislocations, vacancies, and
microvoids™®. Activation energies exceeding 60 kJ/mol, as seen in the
medium and high-temperature peaks, indicate irreversible hydrogen traps™.
In this study, the medium-temperature activation energies align well with
reported values for NbC precipitates (63-68 kJ/mol)*’, suggesting that these
peaks arise from hydrogen trapping at precipitates. The pronounced dis-
parity in high-temperature activation energies between the two steels likely
stems from microstructural differences in inclusions, which will be exam-
ined in detail later.

To quantitatively assess the hydrogen content within various traps in
the two tested steels, the TDS peak areas are integrated from curves obtained
ata heating rate of 100 K/h (Fig. 13a, b), with the results are presented in Fig.
13e. TMA steel exhibits significantly higher hydrogen content than TM steel
at both the low- and high-temperature peaks. This increased hydrogen
uptake is attributed to TMA steel’s refined grain structure, higher fraction of
AF, elevated dislocation density, and greater inclusion density. In addition,
the hydrogen content at the medium-temperature peak is comparable for
both tested steels and is relatively lower than the contents observed at the
low- and high-temperature peaks, indicating a consistent influence of pre-
cipitates on hydrogen trapping. Therefore, the subsequent discussion will
exclude the effects of precipitates. In other words, the higher total hydrogen
content observed in TMA steel can be primarily attributed to its micro-
structural features and the increased density of inclusions.

Quasi in-situ silver decoration results

To visually observe hydrogen diffusion and trapping processes, a silver
decoration experiment is conducted. The EDS mappings illustrating the
distribution of silver particles around inclusions in both TM and TMA
steels, before and after hydrogen charging, are presented in Fig. 14. After
equal hydrogen charging times, silver particles are clearly observed at the
interfaces between inclusions and the steel matrix in both steels. Notably, a
greater accumulation of silver is found at the TiO/Fe interfaces of the “core-
shell” inclusions in TMA steel, indicating that these “core-shell” inclusions
possess a stronger hydrogen trapping capability than the “mosaic”
inclusions.

Fig. 8 | Hydrogen solution energy of different
interface systems. a Ti,Os/a-Fe interfaces without
oxygen vacancies. b TiO/a-Fe interfaces without
oxygen vacancies. ¢ TiO/a-Fe interfaces with an
oxygen vacancy. d Hydrogen solution energy at
different interface sites.
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TOF-SIMS results

To accurately quantify the hydrogen trapped at different Ti-O/Fe interfaces,
TOF-SIMS analyses are performed on the inclusions and their surrounding
matrix. Unfortunately, the hydrogen content at the Ti-O/Fe interfaces is too
low to be clearly visualized in the 'H distribution mappings. The ROIs of the
micro-interfaces are reconstructed and analyzed using TOFWERK soft-
ware, and the corresponding mass spectra for these ROIs are presented in
Fig. 15. The results show that the TiO/Fe interfaces (2.28 +0.17) of the
“core-shell” inclusions can trap more hydrogen than the Ti,05/Fe interfaces
(1.52 +0.08) of the “mosaic” inclusions. These findings are consistent with

Table 2| Chemical composition of the precipitates (unit: wt. %)

Precipitate Nb (o] Ti
14# 50.9 491 -
2# 60.5 35.7 3.8
3# 50.1 46.8 3.1
44 51.2 48.8 -

the results from the TDS tests (Fig. 13e) and the silver decoration experi-
ments (Fig. 14).

In situ SKPFM results

In-situ SKPFM is employed to indirectly assess the hydrogen trapping
capability of different interfaces in the two types of inclusions. The variations
in Volta potential for the “mosaic” and “core-shell” inclusions, along with
their surrounding steel matrix surfaces, under various hydrogen charging
durations are illustrated in Fig. 16. Corresponding FE-SEM images and EDS
mappings of the inclusions are provided in Fig. 17. The Volta potential
profiles along the indicated arrow directions for both inclusions are
extracted before and after hydrogen charging, and the interface potentials
were compared relative to the Fe matrix (Fig. 16b, d). The results show that
both inclusions exhibit lower potentials than the Fe matrix both before and
after hydrogen charging. After 120 min of hydrogen charging, the potentials
of both the inclusions and the Fe matrix increase; however, the rise in
potential at the TiO/Fe interface of the “core-shell” inclusion is more pro-
nounced than that at the Ti,O5/Fe interface of the “mosaic” inclusion. This
indicates that the TiO/Fe interface has a stronger hydrogen trapping cap-
ability than the Ti,Os/Fe interface, which is consistent with the SIMS
experimental results*®".

Discussion

Hydrogen is widely recognized to preferentially accumulate near non-
metallic inclusions and/or at their interfaces with the steel matrix™*.
This study supports that understanding through silver decoration tests,
which visually confirm hydrogen enrichment at such sites (Fig. 14).
Comparative analysis of hydrogen trapping behavior between
“mosaic” and “core-shell” inclusions reveals several key findings: (1)
Both types of inclusions exhibit higher microscopic I, values than the
surrounding steel matrix (Fig. 12a), indicating that inclusions serve as
principal sites for hydrogen trapping, where hydrogen atoms are
attracted and retained. Once saturation equilibrium is reached at the
inclusion/matrix interfaces, the diffusible hydrogen surrounding these
inclusions contributes to an oxidation current detected at the electrode,
confirming localized hydrogen enrichment at these interfaces. (2)
“Core-shell” inclusions display lower microscopic I, values compared
to “mosaic” inclusions due to their enhanced capacity for irreversible
hydrogen trapping (Fig. 13c, d). This superior trapping efficiency
corresponds to a higher saturation threshold for irreversibly bound
hydrogen (Fig. 13e and Fig. 15), which consequently reduces the
concentration of surrounding diffusible hydrogen and results in a
diminished microscopic I.. response. Furthermore, numerous
researchers have attributed the hydrogen trapping capabilities of var-
ious interface types primarily to their atomic-scale characteristics,
including chemical factors such as atomic vacancies™”, as well as
structural features like misfit dislocations™, lattice strain®, and related
properties. In the present study, a comparison between “mosaic”
inclusions featuring a Ti,Os/Fe interface, formed under weaker
deoxidation conditions in TM steel, and “core-shell” inclusions with a
TiO/Fe interface, resulting from stronger deoxidation in TMA steel,
reveals that the latter exhibits a significantly stronger hydrogen trap-
ping ability (Figs. 13, 15, and 16). This enhanced performance can be
attributed, in part, to the nature of the oxide-metal interface: unlike the
high-valence Ti,O;/Fe interface, the low-valence TiO/Fe interface
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Fig. 10 | Engineering stress-strain curves and
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Table 3 | Mechanical properties of two steels under 10 MPa N, and H,
Specimen YS/MPa UTS/MPa 80/% Ine/%
TM-N 519.1+10.9 592.9+7.4 18.2+0.3 15.9
T™M-H 516.4+10.5 599.2 +5.7 15.3+0.6
TMA-N 574.3+11.3 643.6 +8.3 18.0+1.0 6.1
TMA-H 555.8+7.4 625.3+6.5 16.9+0.5

Fig. 11 | The inclusions in two steels subjected to a
microscopic hydrogen penetration tests.

a “Mosaic” inclusion in TM steel. b “Core-shell”
inclusion in TMA steel.

induces greater tensile strain on the adjacent steel matrix due to its
higher degree of incoherency, thereby facilitating more effective
hydrogen trapping. This phenomenon partially accounts for the more
pronounced silver (Ag) aggregation observed at the “core-shell”
inclusion/matrix interfaces compared to the “mosaic” inclusions
during silver decoration tests; On the other hand, beyond the tensile
strain field, the TiO/Fe interface on the side of the “core-shell” inclu-
sions also contains oxygen vacancies; the synergistic effect of these
oxygen vacancies (Fig. 7) and the tensile strain (Fig. 6) further enhances
the hydrogen trapping capability at TiO/Fe interfaces. First-principles
calculations further confirm that oxygen vacancies can lower the

hydrogen solution energy at the inclusion/Fe matrix interface (Fig. 8),
thereby enhancing its hydrogen trapping capability. Building on this,
TDS testing reveals hydrogen desorption energies of 76.4 kJ/mol for
TM steel, primarily containing “mosaic” inclusions, and 115.3 kJ/mol
for TMA steel, mainly composed of “core-shell” inclusions (Fig. 13).
These results align with the observed differences in hydrogen trapping
performance, indicating that “core-shell” inclusions provide deeper
hydrogen traps compared to their “mosaic” counterpart.

Previous studies have demonstrated that micro- and nano-sized
inclusions can act as heterogeneous nucleation sites, promoting the for-
mation of AF in steel””. AF is widely recognized as a beneficial
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Table 4 | Macroscopic hydrogen permeation kinetic parameters of TM and TMA steels

Specimen L/mm t/s J..L mol/(cm:-s) Dt cm?/s co mol/cm®
™ 1.02 £0.01 1483 + 68 1.95x107'2+9.36 x 107" 1.17x10°+6.20x 10 1.67x10°+1.52x107
TMA 1.03 £0.02 2273+ 116 229x10"%+£1.44x 107" 7.78x 107 +2.96 x 107® 2.94x10°+2.48 x 107

microstructure that enhances the toughness of steel™*. Specifically, tita-
nium oxides have been shown to facilitate AF formation”"”?, and higher
interfacial energy has been found to further promote AF nucleation”. In the
present study, as shown in Fig. 18, both “mosaic” and “core-shell” inclu-
sions, regulated by the degree of deoxidation, function as “functional units”
that not only facilitate AF nucleation but also serve to trap hydrogen and
suppress its accumulation along grain boundaries, thereby reducing the
susceptibility of high-strength pipeline steel to HE. Despite the higher dis-
location density observed in TMA steel (Fig. 1), its reduced susceptibility to
HE is primarily attributed to the superior hydrogen trapping capability of
the “core-shell” inclusions. Simultaneously, these “functional units” also
contribute to grain refinement by promoting the nucleation of AF (Fig. 3),
thereby enhancing the toughness of the steel matrix. Once cracks initiate
and begin to propagate within the matrix, diffusible hydrogen can be
effectively trapped by the dispersed inclusions, which prevents the crack tip
from reaching the critical hydrogen concentration required for sustained
propagation, thus mitigating the risk of crack advancement. Additionally,
the presence of AF serves to further inhibit crack growth, thereby reducing
HE susceptibility and synergistically improving the overall toughness of the
high-strength pipeline steel.

In summary, inclusions traditionally considered detrimental to
steel performance can be transformed into micro/nanoscale “func-
tional units” by tailoring their interfacial properties, chemical, struc-
tural, and mechanical, through micro-Mg treatment and controlled
deoxidation processes. On one hand, oxygen vacancies and tensile
strain fields at the inclusion/steel matrix interface serve as effective
hydrogen trapping sites, functioning as deep traps that significantly
enhance the HE resistance of pipeline steels. On the other hand, micro-
and nanoscale inclusions can promote the nucleation of AF through
interfacial strain, leading to grain refinement and improved toughness
of high-strength pipeline steels under high-pressure hydrogen envir-
onments. These findings present a novel strategy for developing steels
with synergistically enhanced HE resistance and mechanical
toughness.

Methods

Materials

The two types of tested steels used in this study were self-produced high-
strength pipeline steels, treated with Ti-Mg and deoxidized with 0 wt.% Al
(designated as TM steel) and 0.0085 wt.% Al (designated as TMA steel),
respectively. Their main chemical compositions and fundamental
mechanical properties are presented in Tables 5 and 6, respectively. All the

mechanical properties meet the performance requirements of X70 pipe-
line steel.

Microstructure observation and second phases analysis

The microstructures were examined using an optical microscope (OM,
Zeiss Axioplan 2), a field emission scanning electron microscope (FE-
SEM, Thermo Fisher Apreo S HiVac), and complementary electron
backscatter diffraction (EBSD) analysis. Quantitative statistics of
inclusions were conducted by analyzing an area of 3 mm’ for both
tested steels using FE-SEM, which also facilitated the examination of
the relationship between inclusions and acicular ferrite (AF). Trans-
mission electron microscopy (TEM) specimens of inclusions were
prepared via focused ion beam (FIB) cutting. Inclusion characteriza-
tion was performed using FE-SEM at 15kV and a JEOL JEM-
ARM200CF microscope operating at 200 kV. Based on HAADF-STEM
images, strain values in the matrix at different inclusion interfaces were
measured and compared, and strain maps were generated along both
the [101] and [110] crystallographic directions. EELS of the inclusion
interface and the inclusion itself was performed using a Gatan One-
View Camera. For precipitate analysis, TEM foils were prepared via the
carbon replica method and examined using a JEM-F200 (CF-HR)
microscope operating at 200 kV.

HE susceptibility and fracture toughness evaluation

Slow strain rate tensile (SSRT) tests were conducted to evaluate the HE
susceptibility of the two tested steels in a 10 MPa pure H, environment at a
strain rate of 1 x 10° s Tensile specimens with gauge dimensions of 15 mm
x @3 mm were machined in accordance with the ASTM E8/E8M standard™.
Prior to testing, the hydrogen pressure was maintained for 24 h, after which
the SSRT experiments were performed immediately. The HE susceptibility
index (Ig) of the steels was determined based on the degree of ductility loss
in pure hydrogen and calculated using Eq. (3)”:

Iy = O = 1009 3)

N
where Jy and Jy represent the elongations from SSRT tests conducted in
pure nitrogen and pure hydrogen environments, respectively. To ensure
experimental accuracy, all SSRT tests were repeated three times.

Fracture toughness tests were conducted in accordance with the ASTM
E399-20a standard” using compact tension (CT) specimens. The pre-
cracking procedure was performed at a frequency of 1 Hz with a stress ratio
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Fig. 13 | TDS curves, E4 fitting curves, and resolved hydrogen content in two
tested steels. a The TDS curves of TM steel at 100 K/h heating rate. (a; ~ a;) The
TDS curves of TM steel at different heating rates from 200 K/h to 400 K/h. b TDS
curves of TMA steel at 100 K/h heating rate. (b; ~ b;) The TDS curves of TMA steel

I |00239
I
TMA

at different heating rates from 200 K/h to 400 K/h. ¢ E, fitting curves of different
desorption peaks of TM steel. d E4 fitting curves of different desorption peaks of
TMA steel. e Resolved hydrogen contents of different desorption peaks in TM and
TMA steels.
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Fig. 14 | EDS mappings of quasi in situ silver
decoration of two tested steels before and after
hydrogen charging. a TM steel before hydrogen
charging. b TM steel after hydrogen charging

15 min. ¢ TMA steel before hydrogen charging.
d TMA steel after hydrogen charging 15 min.

2.5um

of 0.3, and the pre-crack length was set to 2.54 mm. Displacement control
was applied at a rate of 0.01 mm/min, while crack opening displacement was
measured to determine the loading displacement. Tests were carried out
under both uncharged hydrogen and electrochemically pre-charged

hydrogen conditions. The hydrogen charging solution consisted of
0.1 mol/L NaOH and 0.22 g/L. CH,N,S, with a current density of 5 mA/cm’
applied for 12 h. The fracture toughness tests were carried out immediately
after the pre-charged hydrogen.
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Fig. 15 | Mass spectra and statistical plots of two Ti-O/Fe matrix interfaces reconstruction analyses. a Mass spectra of two Ti-O/Fe matrix interfaces reconstruction

analyses. b H content of two Ti-O/Fe matrix interfaces.

Hydrogen permeation tests
The hydrogen permeation tests in this study were conducted at both mac-
roscopic and microscopic levels. Specimens measuring 30 mm x 20 mm x
approximately 1 mm were prepared, with both sides sanded and polished.
The macroscopic hydrogen permeation tests followed the procedure outlined
in ref. 77. Three key kinetic parameters were determined from these tests: the
hydrogen diffusion flux (J..L), the effective hydrogen diffusion coefficient
(Desr), and the subsurface hydrogen concentration (c) at the cathode side.
The microscopic hydrogen permeation tests employed a custom-
designed device developed by the research group to evaluate hydrogen
desorption at individual inclusions. As illustrated in Fig. 19, the setup
consisted of two chambers positioned on either side of the specimen. The
hydrogen charging chamber on the left contained a mixture of 0.1 mol/L
H,SO,4and 0.56 g/L Na,P,0; (a poisoning agent), while the right side served
as the hydrogen detection chamber, featuring a modified capillary three-
electrode electrolytic cell’™”. This electrolytic cell was filled with deox-
ygenated 0.1 mol/L NaOH solution. The capillary port was precisely aligned
with pre-marked inclusions on the specimen surface, with a hydrogen
charging area of 1 mm” and a current density of 10 mA/cm”. The oxidation
current at the anode was recorded using an electrochemical workstation,
generating a current-time curve. The test concluded once the oxidation
current stabilized. To ensure data reliability, each test was repeated at least
three times under identical conditions.

TDS tests

The activation energy (E;) of hydrogen traps was measured using a TDS
(HTDS 003, R-DEC) equipped with a quadrupole mass spectrometer (Q-
mass Microvision2) at multiple heating rates of 100, 200, 300, and 400 K/h.
Cylindrical specimens (¢10 mm x 20 mm) were immersed in a 0.1 mol/L
NaOH solution for electrochemical hydrogen charging at a current density
of 1 mA/cm’ over a duration of 96h. Immediately after completing
hydrogen charging, the samples were transferred to the TDS for analysis. E,
was calculated using Eq. (4)™**:

an(o/T,2) g,

a(l/Tp) TR

where T, denotes the desorption peak temperature, and @ is the heating rate

(K/h), R is the gas constant, is 8.314 J-mol™-K ™.

4)

Quasi in-situ silver decoration tests

The silver decoration tests, based on the redox reaction between hydrogen
atoms and Ag’ions, visualized hydrogen pathways through the deposition of
silver particles. For detailed experimental procedures, please refer to ref. 81.

TOF-SIMS tests

Depth profiles of inclusions and the surrounding matrix were analyzed
using TOF-SIMS with a TESCAN Amber Ga FIB-SEM microscope
equipped with a C TOF-SIMS detector. The specimens used had identical
dimensions, electrolyte composition, and current density as those employed
in the microscopic hydrogen permeation tests, with a charging duration of
4 h. TOF-SIMS analyses were performed immediately following hydrogen
charging. A Cobra Ga”ion beam (30 keV, 500 pA) was used to scan an 8 um
x 8 um area under an operating pressure of 10 mbar. Calibration was
performed utilizing "H" and °O" ions. Hydrogen intensities were quantified
by analyzing multiple regions of interest (ROIs) at inclusion interfaces using
TOFWERK software.

In situ SKPFM tests

In-situ SKPFM measurements were performed in tapping mode using an
atomic force microscope (Bruker Dimension Icon, Germany). The speci-
mens, electrolyte solutions, and current densities were consistent with those
used in microscopic hydrogen permeation tests. The Volta potential dif-
ference between the specimen surface and the probe tip (SCM-PIT-V2,
antimony-doped silicon, tip radius <25nm, force constant ~3.0 N/m,
resonance frequency ~75 kHz) was measured in situ both before and after
hydrogen charging, and was defined as:

_ Prip — Pspecimen

AV cpp ()

e

where ¢, and ¢, denote the work functions of the tip and specimen,
respectively, and e represents the elementary charge®**’. Previous studies
have demonstrated that hydrogen lowers the work function of metal
surfaces**™. In this study, the tip’s work function remained constant, while
increased hydrogen uptake by the specimen corresponded to a decrease in
surface work function and a larger AV 5. The SKPFM measurements were
conducted in air at 20 + 0.5 °C with a relative humidity of 38 + 1%.

Density functional theory (DFT) calculations

The hydrogen solution energy at various Ti-O/matrix interfaces,
including the effects of oxygen vacancies, was calculated using DFT
following methodologies outlined in the relevant literature*>”. DFT
calculations were performed using the Vienna Ab-initio Simulation
Package (VASP), where valence electron interactions were modeled via
the projector augmented-wave method. Electron behavior was described
using the generalized gradient approximation (GGA) with the Perdew-
Burke-Ernzerhof exchange-correlation functional. Computational
parameters included a plane-wave energy cutoff of 400 eV, Gaussian
smearing of 0.1eV for metallic systems, a self-consistent field
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Fig. 16 | The atomic force microscope (AFM) and SKPFM mappings of two
inclusions at different hydrogen charging times. a “mosaic” inclusion morphology
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Fig. 17 | FE-SEM images and EDS mappings of
inclusions of SKPFM tests performed in two tes-
ted steels. a “Mosaic” inclusion in TM steel. b “Core-
shell” inclusion in TMA steel.

Fig. 18 | Mechanism diagram of hydrogen trap-
ping and inducing AF by inclusions with different
micro-structure. Different colors distinguish dif-
ferent structures and phases.
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convergence criterion of 1 x 10*eV per atom, and atomic relaxation
until residual forces were below 0.02eV/A. The Brillouin zone was
sampled using the Monkhorst-Pack method, with a 4 x 4 x 2 k-point grid
for the TiO/a-Fe system and a 1 x 4 x 1 k-point grid for the Ti,Os/a-Fe
system. The entire system was treated as ferromagnetic, with a vacuum
layer thickness of 15 A. In the interface models, atoms in the surface
layers were fully relaxed, while atoms in the remaining layers were fixed.

The solution energy of a hydrogen atom was calculated as follows™:

E, = Etmp+H - Etmp - 1/ZEH2 (6)

where E,,,,,. ;; and E,,,,, represent the total energies of the crystal structures
with and without hydrogen, respectively, and Ey; denotes the total energy of
the hydrogen molecule.
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Fig. 19 | Schematic diagram of the microscopic hydrogen permeation device. Details and assembly of each component of the microscopic hydrogen permeation device.

Table 5 | Chemical composition of tested steels (unit: wt. %)

Specimen (] Si Mn P S Cr Ni--Mo-+Nb-+V Ti Mg Al
™ 0.045 0.26 1.1 0.0043 0.0025 0.26 <0.364 0.015 0.003 -
TMA 0.043 0.25 1.10 0.0047 0.0029 0.26 <0.375 0.015 0.003 0.0085
[Note]: The “-” in TM steel denotes Al is below the detection level.
Table 6 | Mechanical properties of the two steels
Specimen YS/MPa uUTSs/ YS/UTS Ak Hardness/
MPa (-30°C)/J HV0.3
™ 519.1 592.9 87.6% 314 204
TMA 574.3 643.6 89.2 317 207
[Note]: YS- yield strength; UTS- ultimate tensile strength; Ak-impact power
Data availability Code availability

The raw/processed data required to reproduce these findings cannot be
shared at this time due to technical or time limitations.

The raw/processed code required to reproduce these findings cannot be
shared at this time due to technical or time limitations.
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