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To obtain a fundamental understanding of mechanisms of hydrogen embrittlement (HE) and its prevention in
advanced high-strength steels containing novel nanoscale mixed-metal precipitates, it is necessary to study local
microstructure, H trapping, and crack path with new multiscale experimental and simulation approach. Spatially
resolved hydrogen mapping via SKPFM is used together with investigation of the crack path using high-
resolution EBSD and HMPT, and global trapping behavior of the alloys by TDS. These results are combined
with newly introduced method to elucidate real-time distribution of hydrogen in the alloy using high-energy
synchrotron X-ray diffraction (HES-XRD). Mixed-metal precipitates improves HE resistance of the alloy, due to
nature of the trapping sites, e.g. irreversible H-trapping by carbon vacancies inside novel nanoprecipitates and
high total length of PAGBs. This is because of lower possibility of build-up of critical local hydrogen content at
PAGBs for intergranular hydrogen-assisted cracking due to hydrogen-enhanced decohesion mechanism. Less
weakly trapped hydrogen also reduces frequency of dislocation activation and enhanced dislocation slip in
{011} slip plane due to hydrogen-enhanced localized plasticity in regions with affinity for transgranular
hydrogen-assisted cracking at lower local hydrogen content. Direct evidence of carbon vacancies in novel
nanoprecipitates is observed for the first time via HAADF-STEM.

precipitation temperature than V-containing ones [5-7], suggesting that
NbC can more efficiently prevent recrystallization of the austenite ma-
trix via pinning the migrating prior austenite grain boundaries (PAGBs)
[8]. In addition, Nb has a similar electronic structure to V, which leads to

1. Introduction

Controlling microstructure to include precipitates in advanced high-
strength steels (AHSS) is a technique commonly used to improve the

hydrogen embrittlement (HE) behavior of steels. The addition of
precipitate-forming elements, namely Ti, Mo, V, and Nb, leads to an
improvement in the strength due to precipitation hardening as well as
the HE behavior of the AHSSs [1-4]. Vanadium has a special effect on
steels due to its increased solubility in austenite at high temperatures,
which leads to dissolution during heating, resulting in the formation of
fine nanoprecipitates. Nb-containing precipitates have a higher
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competition with V in precipitate formation. Therefore, the simulta-
neous addition of Nb and V may have two beneficial effects on material
properties: dispersion of fine precipitates and control of static recrys-
tallization of prior austenite grain (PAGs) during hot rolling. This sug-
gests that the V + Nb micro alloy may be used simultaneously as
precipitate-forming elements.

It is known that microstructural control can affect the HE behavior of
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steels by influencing the trapping states and migration patterns of
hydrogen. The trapping sites of hydrogen in an alloy are considered to be
one of the key factors affecting the HE behavior of the steels [9,10].
Traps in an alloy are generally categorized into reversible and irre-
versible traps, based on the calculated binding energy of hydrogen at the
specific trap site [9,11,12]. Hydrogen trapped at reversible trap sites is
diffusible hydrogen, while hydrogen trapped at irreversible ones are
considered non-diffusible hydrogen. The desired mechanism for miti-
gating HE susceptibility in AHSS is to introduce relatively irreversible
hydrogen trap sites to the alloy to minimize the amount of diffusible
hydrogen that can reach crack tip or potenital flaws [13-17]. Several
studies have been performed to characterize hydrogen-carbide in-
teractions. Lee et al. [18] and Wei et al. [19] showed that some carbides
are strong trap sites that can reduce diffusible hydrogen content. How-
ever, it was also reported that the trapping behavior of these carbides
depends on several parameters such as size, chemical composition,
trapping capacity, and coherency [20,21]. The concept of deep traps has
been applied to single-metal carbides, leading to the development of
nanocarbides in martensitic alloys to suppress HE. The trap capacity of
the carbides is ordered as NbC > TiC > VC > MosC, showing that NbC
has the highest capacity to trap H [20]. The addition of some of these
elements showed significant HE mitigation, however, the mechanical
properties are not desirable and there is considerable loss of elongation
[17,22,23]. Wei and Tsuzaki [17] reported the shape and size of the
precipitates have a decisive influence on the mechanical properties and
HE behavior of the alloys. The disk-shaped precipitates form in a rela-
tively coherent or semicoherent state, while at high tempering temper-
atures the incoherent precipitates form in a spherical shape. It has been
already reported [21,24] that the strengthening effect of the finer
nanoprecipitates is due to the generation of an antiphase boundary and
leads to improved strength and toughness compared to the incoherent
nanoprecipitates. The addition of combined Nb and V can result in finer
precipitates in a similar tempering temperature with single-metal car-
bides and can inhibit recrystallization of the austenite matrix more
efficiently via pinning the migrating PAGBs. The former leads to an in-
crease in strength and ductility due to the beneficial effect of nano-
precipitates with the generation of antiphase boundaries [21,24] and
the latter leads to a finer grain size and a better combination of strength
and ductility due to the Hall-Petch effect [25]. This suggests that V + Nb
microalloying can contribute to improving alloy strength and ductility.
Despite several studies conducted on the effect of single-metal carbide-
forming elements on the HE behavior of AHSS, the effect of nano-sized
(Nb,V)C mixed-metal precipitates and their hydrogen trapping nature in
high-strength martensitic steels on HE behavior and mechanical prop-
erties of the alloy has not yet been investigated.

To investigate the effects of mixed metal precipitates on the HE
behavior and mechanical properties of AHSS, the V + Nb microalloyed
martensitic steel is compared with the basic martensitic Fe-C steel. This
leads to unveiling the effects of the mixed metal precipitates on the HE
behavior and mechanical properties of the martensitic steel. In the
present study, combined advanced, multiscale, comprehensive experi-
mental and simulation approach was used to characterize the micro-
structure of AHSS and hydrogen-precipitate interaction. These
techniques include atomic and sub-atomic characterizations such as
atom probe tomography (APT), scanning transmission electron micro-
scopy (STEM), in situ scanning Kelvin probe force microscopy (SKPFM),
and hydrogen microprint technique (HMPT) in combination with
atomistic simulation through density functional theory (DFT). In addi-
tion, thermal desorption spectroscopy (TDS), electrochemical hydrogen
permeation measurements, and high-resolution electron backscatter
diffraction (EBSD) were used for crack path studies. A novel method for
measuring hydrogen distribution in the alloy using high-energy syn-
chrotron X-ray diffraction was introduced and used for the first time.
The combination of these techniques allows us to perform multiscale
hydrogen mapping and understand the hydrogen distribution in the
alloy, from the macroscale to the nanoscale. This multiscale
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experimental and simulation approach and the obtained results are used
to clarify the mechanism of hydrogen-assisted cracking, the crystallo-
graphic features of H-assisted fracture, and its prevention in martensitic
steels with and without nano-sized (Nb,V)C mixed metal precipitates.

2. Experimental procedures
2.1. Materials

The contents of precipitate-forming elements were chosen consid-
ering preliminary density functional theory (DFT) calculations of the
solution energies of hydrogen at the octahedral and tetrahedral inter-
stitial sites of the (Nb,V)C mixed-metal precipitate with respect to
different ratios of Nb and V (See appendix 1). The results indicate that
the hydrogen trapping at the mixed-metal precipitates is most favorable
at a composition of Nbg 25V 75C. It was also shown that niobium defects
in VC minimize the surface energy when they are located at the carbide
surface [26]. The VCy precipitates are supposed to contain Nb defects,
since the observed increased lattice parameter [27,28]. Therefore, for
martensitic steel containing (Nb,V)C mixed-metal precipitates, the
composition mentioned in Table 1 was considered. The composition of
the formed mixed-metal precipitates with the calculated chemical
composition will be measured experimentally by APT. Two alloys were
produced in an induction melting system under Ar atmosphere. The
obtained cast bars were subsequently hot rolled and heat treated at
1250 °C for 2 h to allow them to austenitize. They were then immedi-
ately quenched in ice brine followed by sub-zero cooling in liquid ni-
trogen. This was followed by a tempering treatment at 740 °C for 20
min. The tempering treatment was chosen based on previous studies
about its effects on the shape and size of the precipitates [29,30].

2.2. Electrochemical charging

Electrochemical hydrogen charging of the samples was performed. A
cylindrical Pt mesh electrode was used as anode and the sample as
cathode with a cathodic current density of 10 mA in an aqueous 3.5%
NaCl solution with 1 g/1 thiourea was used to avoid recombination of
hydrogen. After electrochemical hydrogen charging, liquid nitrogen was
used for cooling the specimens to avoid the effusion of hydrogen before
analyzing the specimens.

2.3. In-situ slow-strain rate testing (SSRT)

Before starting the SSRT, the specimens were precharged in the same
solution, current density, and charging time mentioned in section 2.2.
The SSRT tests with in situ H charging were carried out at the strain rate
of 3.4 x 10 s71. The dimensions of the gauge part of the flat tensile
specimen are 12.0 x 5.0 x 2.0 mm?. As a reference test, an SSRT with a
similar strain rate was done in the air. To ensure adequate repeatability,
tests were performed three times per condition and representative re-
sults were reported.

2.4. SEM, FIB lift-out and high-resolution EBSD

Microstructures were characterized using a Zeiss GeminiSEM 560
field emission scanning electron microscope (FE-SEM) in conjunction
with an Oxford EBSD system and focused ion beam (FIB). All samples
were prepared by grinding, followed by electropolishing. The ion slicing
technique (Hitachi IM4000 + ) was used with parameters of 15° tilting

Table 1

The chemical composition (wt %) of the alloys under study.
Alloy C Nb \Y Fe
Fe-C 0.081 - - Balance
Fe-C-Nb-V 0.091 0.07 0.28 Balance
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angle and 6 kV voltage. More details about the ion slicing procedure can
be found elsewhere [31].

2.5. Scanning transmission electron microscopy (STEM)

The microstructures of the specimens were observed using an atomic
resolution electron microscope (JEOL-JEM -ARM200F) equipped with
spherical aberration correctors to perform typical HAADF-STEM and
bright field TEM. For this purpose, the samples were first mechanically
ground and then electropolished at 15-20 V and — 20 °C using the twin-
jet polishing method and a solution (20% perchloric acid + 80%
methanol) as electrolyte.

2.6. Atom probe tomography

To investigate matrix and precipitate composition, atom probe to-
mography (APT) specimens of the alloy were prepared using a FEI Helios
NanoLab 600i SEM /focused ion beam (FIB) dual-beam instrument on
commercially available silicon micro-tip coupons. The samples were
milled with a 30 kV Ga* beam, with an additional cleaning step (5 kV
and 40 pA) to remove damaged regions induced by the Ga™ ions. A site-
specific preparation was performed for APT characterization of the
mixed-metal precipitates. 20% nitric acid in methanol and 2%
perchloric acid in 2-butoxyethanol were used as the solutions for two-
step electropolishing. Tip radii were measured by SEM at around 450
nm. FIB milling was used for shape the tip to the desired shape. FIB
milling was repeated when the precipitate position was monitored by
transmission Kikuchi diffraction (TKD). The more experimental details
of the APT measurements were mentioned in our previous work [32].

2.7. Measurement of hydrogen distribution using high-energy synchrotron
X-ray diffraction

For a qualitative assessment of the H depth distribution due to H
charging, samples of approx. 3 x 10 x 10 mm in size were prepared by
careful mechanical grinding with corundum abrasive and polishing in a
diamond suspension. Directly before the measurement, the samples
were electrochemically H-charged from all sides for one hour in a 3.5 %
NaCl solution with 1 g/1 CH4N,S (thiourea), using a current density of
10 mA/cm? Charging took place in a chemical laboratory in close
proximity to the high-energy synchrotron X-ray diffraction (HES-XRD)
experimental station at beamline PO7b of the synchrotron PETRA III,
operated by Helmholtz Zentrum Hereon at Deutsches Elektronen Syn-
chrotron (DESY) in Hamburg, Germany. A reference state of each sample
was measured before the start of H charging, to be able to account for
any inhomogeneities in lattice parameter depth distribution due to
sample preparation and the initial microstructural state. The measure-
ments were performed in cross-sectional transmission geometry, with a
Perkin Elmer 2-dimensional (2D) detector placed approx. 1.3 m down-
stream of the sample. The size of the X-ray beam was set to 10 x 500 pm
(depth x width) and the photon energy was set to 87.1 keV. The exact
detector geometry was calibrated with a LaBe standard powder using the
calibration routines provided by the pyFAI software package. The same
software was then also employed to integrate the 2D diffraction patterns
within 40° azimuthally around the directions perpendicular to the
sample surface. Employing Bragg’s law, the lattice parameter was
calculated as an average value from the first 5 diffraction rings 110, 200,
211, 220 and 310, considering that the chosen direction is compara-
tively insensitive to changes in the residual stress state, since only the
effect of Poisson contraction would be visible.

2.8. Hydrogen electrochemical permeation (EP) experiments
Electrochemical permeation experiments were performed using D-S

cell [33]. The electrolyte in the galvanostatically charging cell was a
3.5% NacCl solution with 1 g/1 CH4N,S (thiourea) and a current density
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of 1 mA cm™2, and the electrolyte for the oxidation cell of a 0.1 mol/1
NaOH solution was used. The experimental conditions are listed in
Table 2, and the other details of the technique can be found elsewhere
[34]. The effective diffusion coefficient (D), the apparent hydrogen
solubility (cqy,) of the sample material for hydrogen, the permeation
coefficient (permeability, ®), and density of trap sites (N1) were calcu-
lated by the following equations:

LZ
D, = 1
4 6-114g )

joo L
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where tq is the time required for reaching the oxidation current to
0.63 steady-state value, L is the sample thickness, j,, is steady-state
hydrogen flux per area, Dy, is lattice diffusion coefficient and N is
Avogadro constant.

2.9. Thermal desorption spectroscopy

Thermal desorption spectroscopy (TDS) was performed using an in-
strument equipped with a quadrupole mass spectrometer. The samples
under study were charged with a 5% NaCl solution containing 1 g/1
CH4N,S at 23 °C with a current density of 10 mA/cm? for one hour. After
charging with hydrogen, liquid nitrogen was used to prevent escape of H
from specimen. The samples with the thickness of 0.5 mm were then
rinsed with acetone and weighed in the dry state. The samples were then
heated at a rate of 300 K.h 1. The calibration gas was a mixture of Ny + 5

% Hy. The linear regression of the slope of d(ln(%)) as a function of

d(Tl—m) was used to calculate the desorption energy (Eq) of the H traps in

different heating rates [24,35]:

d(in T%" ) y
_d((J _ J% (5)

T

where Tp,, ¢, Eq, and R are the center of the peak, the heating rate,
desorption energy and the gas constant, respectively.

2.10. Hydrogen microprint technique (HMPT)

To characterize the local sites of hydrogen accumulation, a hydrogen
mapping technique, HMPT was used. The tensile-tested sample with
polished surface was electrochemically charged and subjected to HMPT
mapping. The AgBr solution was used, followed by applying formalin to
harden the gelatin layer and NaS203 aqueous solution. More details of
the HMPT can be found elsewhere [9,36].

Table 2
Experimental conditions used for electrochemical permeation test.

Electrolyte charging cell
Electrolyte oxidation cell
Charging current density
Oxidation potential

3.5 % NaCl + 1 g/l CH4N,S
0.1 mol/1 NaOH

1 mA cm~? (constant)

546 mV vs. SHE (constant)

Gas purging 0.2 1/min Ar (purity > 99,999 %)
Counter electrode Pt

Reference electrodes Ag/AgCl (sat. KCI)

Temperature 25+0.5°C

Sample thickness 1 mm

100 nm Pd on exit side
1.348 cm?
1.094 cm?

Sample coating
Sample area on charging side
Sample area on oxidation side
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2.11. Density function theory (DFT) calculations

The Vienna ab-initio Simulation Package (VASP) plane was utilized
to perform wave DFT calculations. Periodic boundary conditions as well
as spin polarization were applied. The gradient approximation was used
with a correlation functional based on the Perdew-Burke-Ernzhof
scheme with a cut-off energy of 520 eV. A Monkhorst-Pack 12 x 12 x
12 k-point mesh on the unit cell was used and adjusted accordingly for
larger supercells. Size convergence was checked and found to have a
maximum error of 20 meV when using a 3 x 3 x 3 supercell.

Vibrational frequencies have been calculated by keeping the metal
and carbon atoms fixed, while hydrogen was perturbed in each direction
by 0.015 A. The zero-point energy (ZPE) was approximated as ZPE =
13".7w;, where # is the plank constant divided by 2 = and v are the
vibrational frequencies.

2.12. In-situ SKPFM experiment procedure

The scanning kelvin probe force microscopy (SKPFM) measurements
were performed under dry nitrogen gas at room temperature using an
Agilent 5500 AFM. Hydrogen was introduced into the Fe-C-Nb-V sam-
ples via hydrogen charging by a 5% NaCl solution containing 1 g/1
CH4N,S at 23 °C with a current density of 10 mA// cm? for 24 h, and then
a thin Pd layer was physically vapor deposited on the surface as a
detection layer for the hydrogen. Then the sample was transferred to the
SKPFM, where the probe was a conductive Pt-coated silicon tip and the
tip was vibrated over the surface at different frequencies. Therefore, the
tip performance is not stable and often the tips jump due to contami-
nation, resulting in uncalibrated measurements of the potentials with
the SKPFM that are not suitable for quantification. However, evaluation
of the potential contrast over time provides important information about
the varying rates of hydrogen desorption from the traps.

3. Results
3.1. Crystal orientation, phase analysis and grain growth inhibition

Figs. 1 and 2 show the EBSD results obtained for Fe-C and Fe-C-Nb-V
alloys, respectively. The inverse pole figure (IPF) maps show that after
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the addition of (Nb,V)C mixed-metal precipitates, the martensite
packets, blocks, and the prior austenite grain boundaries (PAGBs), as
well as the overall microstructure, become more homogeneous. The
colors in the IPF map show the orientations parallel to the normal di-
rection of the section under consideration based on the stereographic
triangle under the EBSD orientation map. The intensity of the texture
decreased with the addition of (Nb,V)C mixed-metal precipitates,
meaning that the Fe-C alloy showed a strong texture and the Fe-C-Nb-V
alloy showed a weaker texture. In fact, the intensity of the {111} texture
can be reduced with the addition of (Nb,V)C mixed-metal precipitates.
The grains in the Fe-C alloy are free to grow in the {111} direction, and
with (Nb,V)C mixed metal precipitates this growth can be confined. The
inhibition of grain growth of the prior austenite at high temperatures
[37] via the (Nb,V)C mixed-metal precipitates leads to a finer martensite
microstructure. The high-temperature stability of the nanoprecipitates
leads to effective grain growth inhibition [37,38]. Grain growth inhi-
bition affects the size of the prior austenite grain (PAG) and the
martensite microstructure.

Fig. 1d and 2d show the phase maps of the Fe-C and Fe-C-Nb-V alloys,
respectively. The results show that the total carbide content is higher in
the Fe-C-Nb-V alloy than in the Fe-C alloy. The phase maps also show
that the two alloys do not contain retained austenite. However, it is
known that when the size of retained austenite phase particles is in the
order of few nanometers, the Kikuchi pattern of the retained austenite
can overlap with the pattern of the austenite matrix, so that the confi-
dence index (CI) of the austenite block is very low [39]. Therefore, the
nano-sized retained austenite cannot be detected by EBSD measurement.
It has already been reported that retained austenite affects the hydrogen
trapping capacity and hydrogen embrittlement behavior of high-
strength martensitic steel [40]. HES-XRD is a powerful tool for in-situ
characterization of structural steels considering the effects of nano-
phases [41,42]. Thus, HES-XRD is used to detect nanophases as well as a
novel method to detect the hydrogen distribution profile in the
martensitic microstructure.

3.2. Characterization of particles

Fig. 3 shows the TEM, scanning TEM (STEM), high-angle annular
dark-field STEM (HAADF-STEM) micrographs and atom probe

—— Block boundaries  80.6 %
Packet boundaries 19.4%

s Martensite  99.4%
mmmmm Austenite 0%
mmmmm Carbide  0.2%

Fig. 1. (a) inverse pole figure (IPF) and (b) boundary map of martensitic structure, (c) prior austenite microstructure obtained by Kurdjumov-Sachs relationship

between martensite and austenite, and (d) phase map of Fe-C alloy.
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Block boundaries 81.8 %
Packet boundaries 18.2 %

memm Martensite  98.1%
mmsmmm  Austenite 0%
mmmmm Carbide 12%

Fig. 2. (a) inverse pole figure and (b) boundary map of martensitic structure, (c) prior austenite microstructure obtained by Kurdjumov-Sachs relationship between

martensite and austenite, (d) phase map of Fe-C-Nb-V alloy.

tomography (APT) map reconstruction of the (Nb,V)C mixed metal
precipitates. It has already been reported that Nb alters the solidification
pathway. Vanadium carbides host large amounts of niobium [27]. The
alloy showed the presence of nanosized precipitates, with an average
size of 12 nm (Fig. 3a and b). Fig. 3c shows the pattern of diffraction of
selected areas (SAD) pattern of Fe-C-Nb-V alloy. This includes the points
associated with (Nb,V)C mixed-metal precipitates (as shown by green
arrows). From the diffraction, the interplanar spacing of d{hkl}(Nb,V)C
corresponds to 2 times the interplanar spacing of the d{1 30}Fe matrix.
Vanadium and niobium precipitates are isomorphous and have the cubic
NacCl lattice B1 [27], and comparable size have been reported in other
research [43]. Experiments at high temperatures have established
continuous series of solid solutions. Liu et al. [44] explained the pro-
gression of mixed-metal (Nb,V)C equilibrium phase as follows: iso-
structural diffuse atmospheres — Fe-depleted V-Nb clusters —
metastable transient phases (Fe,V,Nb)C — (Nb,V)C equilibrium phase.
In the formed mixed-metal precipitates with the mentioned nominal
composition in Fe-C-Nb-V quaternary alloys, solubility of niobium was
observed, where about 25% of vanadium atoms could be replaced by
niobium. Fig. 3d-g show HAADF-STEM images of a (Nb,V)C precipitate
particle, an inverse fast Fourier transform (IFFT) of it, and the schematic
representation of atom positions and the coherent and incoherent in-
terfaces of the precipitates. The lattice parameter of the (Nb,V)C particle
with cubic NaCl lattice B1 structure was measured to be 4.364 A. This is
in agreement with the results of a previous study [45]. The IFFT results
also showed that there are some misfit dislocations in side interface of
the (Nb,V)C mixed-metal precipitates, indicating an incoherent side
interface of the (Nb,V)C mixed-metal precipitates. The smooth interface
(broad interface) along (100) is coherent, which has also been reported
by other studies [46,47]. The disk-like precipitates with similar interface
properties have already been mentioned in recent findings [30,48].
Fig. 3f shows the APT compositional analysis results of the (Nb,V)C
mixed-metal precipitates, with gray, blue, orange, and green indicating
Fe, C, Nb, and V atoms, respectively. The results also show the 1-D
concentration profile of the region of interest in the APT

reconstruction microscopy (marked by a red rectangle). The results
indicate the presence of carbon at the interface and show that the
octahedral sites at the interface (preferred interstitial sites for C or H
[48]) are already occupied by carbon. This indicates that there are only a
limited number of vacant octahedral sites at the interface that can
accommodate hydrogen. Therefore, remarkable hydrogen trapping at
the octahedral sites of the interfaces cannot be considered in this alloy.
The obtained results also show that the carbon concentration in the
carbide is lower than expected for this mixed-metal precipitate than
stoichiometric. This carbon deficit can be associated with carbon va-
cancies, which are also already observed for the carbides [20]. Recent
studies suggest that the quantification approach used here is associated
with accurate results, especially for carbon content [49,50]. The for-
mation of (Nb,V)C mixed-metal precipitates in steels with carbon va-
cancies has also been shown previously in another study [26] which
agrees with the current results of APT. Fig. 3i shows the atomic reso-
lution HAADF images of the mixed-metal precipitates. The very dark
centers as indicated by a blue rectangle in the magnified HAADF-STEM
image could be related to carbon vacancies. This means that these are
most likely (Nb,V)C mixed-metal precipitates in the alloy with multiple
carbon vacancies. A similar method for observing vacancies has already
been used in a recent research paper [51].

3.3. Mechanical properties and fractography

The stress-strain curves of the alloys with and without electro-
chemical hydrogen charging are shown in Fig. 4. It can be seen that the
mechanical properties of the alloys tested with hydrogen were changed
compared to the specimens tested in air. The yield strength and ultimate
tensile strength of the specimens tested with and without hydrogen did
not change significantly and the results are comparable. The elongations
of the H-charged specimens were reduced compared to the uncharged
condition, indicating that hydrogen embrittlement in the alloys occurs
after the absorption of hydrogen by the electrochemical hydrogen
charging [24,31,52,53]. This elongation loss for the H-charged Fe-C-Nb-
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Fig. 3. (a) STEM micrograph of the Fe-C-Nb-V alloy, indicating the distribution and size of (Nb,V)C carbides. (b) Magnified high-resolution image of the (Nb,V)C
carbides; (c) Selected area diffraction (SAD) pattern; (d) STEM-HAADF micrograph of the (Nb,V)C carbide; (e) the schematic depiction of atom positions and the
coherent and incoherent interfaces of the precipitates; (f) the inverse fast fourier transform (IFFT) of the inside the precipitate, (g) IFFT of (Nb,V)C carbides indicating
misfit dislocations at the incoherent interface; (h) Atom probe tomography (APT) map reconstruction with grey, purple and blue which indicate C, V, and Nb atoms.
(i) STEM-HAADF images of the (Nb,V)C carbides showing the atomic structure of the mixed-metal carbide. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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Fig. 4. Changes in engineering stress-strain curve with and without electro-
chemical hydrogen charging at the strain rate of 3.4 x 10™®s~1,

V sample is much smaller than the elongation loss for the Fe-C sample.
This means that the mixed-metal precipitates play a beneficial role in
mitigating the hydrogen embrittlement sensitivity. Fig. 4 also shows that
with the addition of (Nb,V)C mixed-metal precipitates, the ultimate
tensile strength and yield strength increase, while the elongation de-
creases only slightly, and by a reasonable amount (0.15 for H-charged
Fe-C-Nb-V specimens).

The fracture surfaces of the H-charged and uncharged specimens are
shown in Fig. 5. The fracture surface of the tensile tested H-charged Fe-C
alloy contains intergranular cracks with a relatively smooth surface in
the corner of the specimen. In a higher depth of the sample from the
surface, the quasi-cleavage transgranular fracture surfaces with serrated
markings were observed. It was already reported [54] that the low or
high local hydrogen contents at potential flaws in martensitic steel can
lead to quasi-cleavage and intergranular fracture features. In the current
study, it is clear that the fracture mode is composed of transgranular
quasi-cleavage fracture and intergranular fracture mode. In the corner of
the fracture surface, a high amount of local hydrogen is present, leading
to intergranular fracture, while in the higher depth of the sample, a
lower content of absorbed hydrogen during SSRT leads to a lower local
hydrogen content and quasi-cleavage fracture in the Fe-C steel. The
intergranular cracking is a stress-controlled H-enhanced decohesion
(HEDE) in the Fe-C alloy. This mechanism explains the reduction in
cohesive bond strength between the atoms of the alloy in the presence of
hydrogen and stress. The decohesion may occur when the critical
hydrogen content is reached, and subsequently the crack initiation stage
can be commenced in the preferred sites of decohesion, such as grain
boundaries with high local hydrogen concentration. The HEDE mecha-
nism can also assist the crack propagation. The relatively smooth facets
in Fig. 5a show the intergranular crack, indicating the activation of the
HEDE mechanism [10,55,56]. The serrated markings typical of quasi-
cleavage fracture have also been found in other similar materials
[52,571].

The fracture surface of the tensile-tested H-charged Fe-C-Nb-V
specimen (Fig. 5c) contains no significant quasi-cleavage fracture
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Fig. 5. The fracture surfaces of the tensile-tested H-charged and uncharged Fe-C and Fe-C-Nb-V specimens; (a) H-charged Fe-C specimen; (b) uncharged Fe-C
specimen; (c) H-charged Fe-C-Nb-V specimen; and (d) uncharged Fe-C-Nb-V specimen.

features or intergranular crack indications, which is in good agreement
with the SSRT results and demonstrates mitigated hydrogen embrittle-
ment sensitivity. The fracture surfaces of the uncharged tensile tested
Fe-C and Fe-C-Nb-V specimens (Fig. 5b,d) consist of dimples, indicating
a dominance of ductile fracture features.

3.4. The nature of hydrogen trapping and distribution

Fig. 6 shows the TDS results of the H-charged specimens, at a con-
stant heating rate. It is evident that different amounts of H are trapped in

Fe-C i
Fe-C-Nb-V
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0.0020
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_.w
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Fig. 6. TD spectra of the alloys and the corresponding peak deconvolution at
heating rate of 300 K/h.

the two alloys at the same hydrogen charge time. Interestingly, there is a
high-temperature peak in the Fe-C-Nb-V alloy that is absent in the
thermal desorption (TD) of the Fe-C alloy. It is known that the distance
of lattice diffusion of hydrogen from the different depths of the alloy at
higher temperatures can form a misleading TDS peak resulting from the
different distribution of hydrogen in the depth of the sample. We
reduced the thickness of the sample to 0.5 mm to minimize the effect of
thickness. To further clarify this effect, HES-XRD was used to qualita-
tively evaluate the distribution of hydrogen in the thickness of the
sample. Diffusion of hydrogen leads to swelling of the crystal structure
and introduction of additional residual stress. This residual stress due to
hydrogen in the crystal structure is a response to the expansion of the
lattice parameter of the alloy. The schematic illustration of the setup of
the HES-XRD experimental station at DESY is shown in Fig. 7a. Fig. 7b
shows the results of the HES-XRD measurement and the relative changes
of the lattice parameter (the difference between the lattice parameters of
the H-charged and the uncharged sample). The relative changes of lat-
tice parameters in both alloys show the relatively uniform distribution of
residual stress and thus the uniform distribution of hydrogen in the
depth of the specimens for TDS measurements, importantly Fe-C-Nb-V.
This means that in the TDS specimen, there is a uniform distribution
of hydrogen in the depth of specimen and the distance of diffusion is not
affecting the TDS results. Therefore, it is confirmed that the high-
temperature peak is related to the high-energy trap site, and not to the
hydrogen distribution profile in the alloy.

It has been found that partially obscured or overlapping thermal
desorption (TD) peaks can vary the perceived height and width of the
peaks [58]. Thus, there is the possibility of masking some peaks with
other peaks, and it is necessary to analyze the TD spectra by fitting
Gaussian functions, as shown in Fig. 8a and b. The results show that



M. Moshtaghi et al.

@

Materials & Design 234 (2023) 112323

=
N

2D Diffraction Pattern 0.00 R S
e
1%
E 0.05 ; ]
C/, =2 qe
ed y = :
~ Y, 8
s £ o10f 7&- ]
Beam o :
2€0.2x 0 5 =]
-2 mm a
] o015 3 1
o Fe-C
High-energy synchrotron X-ray ® Fe-CNb-V
~989.5 mm 87.1 keV monochromatic beam 0.20 .

H-charged Fe-C - phase plot

500.0

50.00

0.5000

2¢ (deg)

Intensity (a.u.)

-25-20 15 10 05 0.0 0.5 1.0 15 20 2.5

rel. lattice parameter change (x107)

@

0.05000 0.05000

0.20

0.05000

000 Uncharged Fe-C - phase plot Intensity (a.u.) Uncharged FeC-No-V -phase plot Ity o) H-charged Fe-C-Nb-V - phase plot  Intensity (a.u.)
X 500.0 5000 500.0
- 0.05 E0.05
00 o g 005 5000 & 50.00
z z £
2010 2 Z0.10
000 2 5000 010 5000 & 5.000
£ 2 =
g ) &
g & &
. . 05000 = 0.15 05000 015 0.5000
005000 020 .
4 s 6 71 8 9

6 7
2¢ (deg) (deg> 24 (deg)

Fig. 7. (a) Schematic diagram showing the setup of high-energy synchrotron X-ray diffraction measurements at Deutsches Elektronen-Synchrotron (DESY) for a
qualitative assessment of the H depth distribution due to H charging, (b) lattice constant measurements in the H-charged and uncharged specimens in the depth of the
specimens by high-energy synchrotron X-ray beam for Fe-C and Fe-C-Nb-V specimens. The relative ay changes indicate the distribution profile of hydrogen in the
alloys, (c-f) the diffraction patterns and the phase maps of the H-charged and uncharged specimens.

(2)

(b)

__."“ 00030 T T T T om 00030 T T T T
E Fe-C E Fe-C-Nb-V
g o002 T Peakl 4 & o0025F e Peakl ]
g - Peak2
g 0.0020F 1% o0oo20p f o Peak3 ]
s s —— Cumulative fit peak
£ 00015} 1 £ 00015 .
3 &
2 0.0010 {1 & o.0010 1
o o
5 §
& 0.0005 1 & 0.0005
3 B
> > \
= 0.0000 ' =1 T 0.0000 . .
0 200 400 600 800 0 200 400 600 800
Temperature (°C) Temperature (°C)
(c) ~ 0.0030 . . . . (d) ; . .
g ——300K/h S.0F
& 0.0025F e 750 K/h
E
o 0.0020 Peak2
s
£ 00015}
g 0.0010
% .
& 0.0005
o Y B
s
jun) L L L

0.0000
0

1.5 2.0

T, x 10° (K™!)

600 2.5 3.0

Temperature (°C)

Fig. 8. Measured TD spectra and the peak deconvolution procedure for the heating rate of 300 K/h: (a) Fe-C and (b) Fe-C-Nb-V; (c) the desorption spectra in three
different heating rates: 300, 750, and 1200 K/h, (d) thermally ramped desorption data calculated using Eq. (5) and Fig. (c), indicating the desorption energy of each

trap as the slopes of the lines.



M. Moshtaghi et al.

there is one peak in the TD spectra of the Fe-C alloy and three peaks in
the TD spectra of the Fe-C-Nb-V alloy. The peaks corresponding to the
Fe-C-Nb-V alloy are labeled as peakl, peak2 and peak3 in ascending
temperature order. Fig. 8c shows the TD spectra at three different
heating rates. Increasing the heating rate leads to shifting the peaks to
higher temperatures. Based on Eq. (5) and the centers of the peaks in

Fig. 8c, we could plot In (%) versus TIT,,’ as shown in Fig. 8d. The slope of

the line for each peak can be correlated with the desorption energy of
each peak corresponding to a hydrogen trap. The obtained desorption
energies are listed in Table 3.

Fig. 9 and Table 4 shows the permeation obtained electrochemical
permeation results of the alloys. The higher trap density (N7) in Fe-C-Nb-
V alloy than that in the Fe-C alloy is in good agreement with the lower
hydrogen diffusion coefficient in the Fe-C-Nb-V alloy. This means that
higher trap density results in lower hydrogen diffusivity, which is
consistent with the TDS results showing higher hydrogen trapping in the
Fe-C-Nb-V alloy.

Defr.1 and Dz, 2 for Fe-C-Nb-V alloy are smaller than those for the Fe-
C alloy. The steady-state current densities and hydrogen fluxes observed
in the first and second charging cycle are higher than for the Fe-C alloy.
The comparatively high steady-state current and hydrogen flux resulted
in a large ®. The higher trap density (N7) than in the Fe-C alloy is in good
agreement with the lower hydrogen diffusion coefficient in the Fe-C-Nb-
V alloy. This means that higher trap density results in lower hydrogen
diffusivity, which is consistent with the TDS results showing higher
hydrogen trapping in the Fe-C-Nb-V alloy.

4. Discussion
4.1. Hydrogen trapping state

While the TD spectra of the Fe-C alloy show only one hydrogen
desorption peak, which can be associated with the hydrogen trapped in
the basic martensitic structure [20,52], the TD spectra of the Fe-C-Nb-V
alloys shows three hydrogen desorption peaks. The martensitic basic
martensitic microstructure includes dislocations, grain boundaries, and
the crystal lattice itself. Deconvolution of desorption spectra was not
performed since in lath martensite microstructure there are several
reversible hydrogen traps with low activation energies that conse-
quently makes it complex to distinguish between them with very close
desorption energies. It is rather postulated in literature that activation
energy at low temperature is average value of desorption from these
sites together, including also interstitial hydrogen in lattice [70]. The
(Nb,V)C mixed-metal precipitates are semicoherent nano-size pre-
cipitates (STEM results in Fig. 3) with a relatively homogeneous distri-
bution in the tempered martensitic structure. The coherency of the
particles depends on their size and shape, which is correlated with the
tempering temperature [20,21,24]. As can be seen in the TEM micro-
graphs in Fig. 3, the (Nb,V)C mixed-metal precipitates are nano-sized
disk-shaped with an average size of 12 nm. The results from APT show

Table 3
Summary of trapping data determined from thermal desorption spectroscopy
(TDS).

peak  Approx. peak Trap site Desorption
position energy,
[°C] Eq4 [kJ/mol]
1 97 Basic martensitic microstructure® 28.1
2 176 Incoherent interface of (Nb,V)C mix- 43.2
metal precipitates
3 761 Carbon vacancies at octahedral sites 87.3
inside the (Nb,V)C mix-metal
precipitates

*The basic martensitic microstructure included linear defects, lattice and grain
boundaries.
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that the (Nb,V)C mixed-metal precipitates are disk-shaped with broad
faces and thin sides. The IFFT results in Fig. 3 show that there are some
misfit dislocations in side interface of the (Nb,V)C mixed-metal pre-
cipitates, while the smooth surface (broad interface) along (100) is
coherent. This means that the (Nb,V)C mixed-metal precipitates are
semicoherent, with an incoherent side interface and a coherent broad
interface.

It has been previously reported that the broad faces of the disk-shape
nanocarbides can act as hydrogen trap sites [13,39] which were found to
be strong traps. Takahashi et al. [59] reported the observation of trap-
ping of deuterium in APT, where some hydrogen had accumulated near
the broad face of the disk-shaped nanocarbides. However, they did not
investigate the precise origin of the trapped hydrogen. In another recent
work [32], we have shown by DFT calculations that there is a rela-
tionship between the size of the interstitial sites at the coherent interface
and the reversibility of the trapping sites. We found a very smooth
coherent interface and very low coherency strain (%) where ag; and
amq are the interplanar distances between the planes of the nano-
particles and matrix, respectively [21,32]. Therefore, the size of the
interstitial sites at the coherent interface is similar to the matrix and they
cannot be a strong trap site (similar to the interstitial lattice sites).
Additionally, these interstitial sites (octahedral sites) at the interfaces
were filled with carbon as indicated in APT results (Fig. 3h). Therefore,
the broad coherent interface cannot be a strong trap site.

As can be seen in Fig. 3h in the results from APT, there is a carbon
deficit in the mixed-metal precipitates, showing that there is a concen-
tration of vacancies in the (Nb,V)C mixed-metal precipitates. In Fig. 3,
we were able to show for the first time, direct evidence for these carbon
vacancies by STEM-HAADF. In addition, it has already been reported
that vacancies can be considered as high-energy hydrogen traps
[17,20,31,60]. In the NaCl-type single-metal carbides, it has been re-
ported that the carbon vacancies can be considered as strong irreversible
hydrogen traps [17,48]. They also reported that in single-metal car-
bides, the irreversible hydrogen trap with a comparable desorption en-
ergy is related to carbon vacancies at the octahedral sites. Fig. 10 shows
Kelvin probe force microscopy (SKPFM) after 8 and 120 h measuring
times for the same area for each sample. After 8 h, the matrix has a lower
potential than the particles. The observation of a bright area at the
nanoparticles in the SKPFM images indicates that the nanocarbide traps
more hydrogen than the matrix. After 120 h, the potential of the matrix
and the particles on the side face of the nanocarbides decreased
dramatically, while the potential of the broad face of the nanocarbides in
this sample remained high. The presence of dark contrast in the poten-
tial maps after 120 h indicates a release of hydrogen from the matrix.
The release of hydrogen from the broad face of the nanocarbides was not
observed to any significant extent even after 120 h. While the broad face
of the interface has a coherent smooth interface with a very low co-
herency strain, the very low hydrogen release from the broad face of the
nanocarbides indicates that the hydrogen atoms are irreversibly trapped
inside the particle since the face is broad and there is easy access without
obstacle to the hydrogen trap sites inside the nanocarbides especially
due to coherent borad interface. On the side face of the nanocarbides, it
was observed that some misfit dislocations are present and can trap
hydrogen, and avoid hydrogen to reach the precipitate.

When a part of coherency has been lost on the incoherent side, the
elastic strain by lattice misfit has been reduced via the misfit dislocations
(Fig. 3g), resulting in a weak elastic interaction of strain of misfit with
the H atoms. This weak interaction leads to a consideable increase in H
accumulation at misfit dislocations during SSRT in a hydrogen-
containing environment. This indicates that the misfit dislocations
(Fig. 3g) prevent hydrogen from entering the nanocarbide from the side
interface. Therefore, in the SKPFM map cannot irreversibly trap the
hydrogen, and the misfit dislocations and the side interface can act as a
modest peak with intermediate energy for trapping the hydrogen. From
the reported energies for this trapping site [17,59] and the calculated
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Fig. 9. Normalized permeation transients of Fe-C and Fe-C-V-Nb alloys.

Table 4
Electrochemical permeation results.
Material Dett1 Lo leo,1 Joon Defr 2 L2 ico,2 Jooy2 ] Nr
[em2s 1] [nA] [nA em~?] [mol em~2s™1] [em—2s ] [nA] [pAcmfz] [mol em~2s™ 1] [mol em~'s™ 1] [em—3]
Fe-C 2.18107° 6.46 6.11 6.36:107! 2.72:107° 6.31 5.48 5.72:107! 6.18.107'2 1.22.10'®
Fe-CNb-V  4.24.107 33.38  31.43 3.35.107"° 7.74-107 1543  13.81 1.34.107%° 3.48.10 1.78-10%
hydrogen traps. Therefore, it is assumed that there are three hydrogen
traps, namely the basic martensitic microstructure (peakl), the inco-
herent interface of the (Nb,V)C mixed-metal precipitates (peak2), and
the carbon vacancies at octahedral sites inside the (Nb,V)C mixed-metal
z precipitates (peak3). In the next sections, we will discuss the mecha-
=5 nisms of HE susceptibility and its mitigation with the obtained results for
B the irreversibility of the hydrogen traps via the multiscale analysis
2 approach.
=
v

10 nm

Fig. 10. SKPFM observations of the Fe-C-Nb-V alloy over the time; (a) 8 h; (b)
120 h.

desorption energy for peak2 compared to the references, it can be
concluded that peak2 may originate from hydrogen trapped at the
incoherent interface at the side face of the (Nb,V)C mixed-metal pre-
cipitates. The peak corresponding to H trapped at the side incoherent
interface is the modest peak, indicating that the capacity to trap
hydrogen at this site is small.

The results of DFT (Fig. 11) show that the octahedral sites (carbon
vacancies) in the (Nb,V)C mixed-metal precipitates have negative so-
lution energy for H, indicating that the trapping of hydrogen at the
carbon vacancies at octahedral sites of the mixed-metal precipitates is
favorable. The results from APT in Fig. 3f show that a higher carbon
content has accumulated at the interface. Therefore, the octahedral sites
of the interface are filled with carbon. The carbon vacancies inside the
(Nb,V)C mixed-metal precipitates can be considered preferential

4.2. Hydrogen-assisted crack initiation and propagation behaviors

Fig. 12 shows the SEM image of the microprinted specimen after H
charging during tensile test and EBSD results of the area around a
hydrogen-assisted secondary crack on the surface of the fractured
charged tensile-tested Fe-C specimen parallel to the loading axis. We
could not find any secondary crack in the H-charged tensile tested Fe-C-
Nb-V alloy, which might be related to mitigation of hydrogen embrit-
tlement in the alloy. It has already been reported that secondary crack
cannot be observed in an alloy with mitigated hydrogen embrittlement
[61,62]. Fig. 12a shows the analysis of hydrogen accumulation around
the hydrogen-induced crack in Fe-C alloy using hydrogen microprint
technique (HMPT) after tensile test in hydrogen environment. Fig. 12b,c
shows the crack path in the IPF map and the boundary map after ion
beam cleaning of the surface from the Ag particles. The results show that
the crack path is not related to the orientation of the grains and the block
or packet boundaries. There is also no evidence of retained austenite and
carbide in the crack path as shown in Fig. 12d. The results from HES-
XRD in Fig. 7 also confirm the presence of retained austenite in both
alloys. The IPF map of parent austenite grains reconstructed using the
Kurdjumov-Sachs orientation relationship model (Fig. 12f) shows that
the hydrogen-assisted crack is passing along the PAGBs as an

10
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Fig. 11. (a) The tetrahedral site (TS) and (b) the octrahedral site (OS) that arises due to a C-vacancy in (Nb, V)C mix-metal carbides, including the enlarged figures
showing the positions of the atoms and the solution energy calculated for the each one.
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Fig. 12. (a) SEM image of the tensile tested specimen followed by HMPT around the H-assited crack path, (b-f) EBSD results of the tensile tested Fe-C specimen after
ion beam cleaning of the surface from the Ag particles, showing the H-assisted crack path; (b) inverse pole figure (IPF) map of the child martensite microstructure; (c)
the boundary map comprised of block and packet boundaries; (d) phase map; (e) Kernel average misorientation (KAM) map; and (f) the IPF map of the prior austenite
grain (PAG) structure simulated by Kurdjumov-Sachs orientation relationship model.

intergranular crack and transgranular crack (the quasi-cleavage
pattern). As discussed in section 3.3, the relatively smooth facets indi-
cate the intergranular crack, suggesting the activation of the HEDE
mechanism. In addition, the Kernel average misorientation (KAM) map
in Fig. 12e shows the local misorientation gradient caused by the dis-
locations. In Fig. 12d, it can be seen that there is a high amount of
dislocation accumulation around the crack path in some areas of the
crack with intergranular character. The higher KAM value in the

11

martensite substructure shows the high local strain and density of dis-
locations. The accumulation of dislocations close to the PAGBs forming
the intergranular crack path is important evidence of the hydrogen
embrittlement behavior of the Fe-C martensitic steel [63]. The grain
boundaries are the preferential sites of accumulation of dislocation, and
they are related to intergranular crack at PAGBs. We recently also re-
ported [63] high accumulation of dislocations near the PAGBs and
resulted high strain localization at the PAGBs. The weakly trapped
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hydrogen in the dislocations close the PAGBs will play a role as a H
source for the H-assisted intergranular crack. The combined HMPT
result, KAM map, and IPF map of the PAGs in Fig. 12a, e, and f indicate a
high hydrogen will be trapped at the dislocations near the PAGBs when
the crack passes the PAGBs intergranularly. The weak trapping of
hydrogen at the basic martensite microstructure, which also includes
hydrogen trapped at dislocations, was studied and discussed in section
4.1. The reversibly trapped hydrogen at dislocations has been consid-
ered as a source of hydrogen for hydrogen assisted cracks [55,64,65]. By
load increment during SSRT, the incremental opening of the PAGBs
occurs. The local hydrogen concentration at the PAGBs increases
continuously due to the supply of hydrogen via diffusion and/or the
weakly trapped hydrogen near the PAGBs. In Fig. 12e,f, it can be seen
that the intergranular cracking occurs at the PAGBs when the disloca-
tions have accumulated near the crack that showing the H trapping at
dislocations (Fig. 12a). However, when the crack is transgranular, the
crack proceeds within the PAGs, which coincides with the low hydrogen
trapping at dislocations and other weak H traps within the grain,
implying that the weakly trapped hydrogen as a source of hydrogen
cannot be only considered for the mechanism of the observed trans-
granular mechanism. This indicates that transgranular crack propaga-
tion does not only depend on the weakly trapped hydrogen, but also on
the crystallographic features. The crystallographic features of the frac-
ture plane of the hydrogen-induced transgranular crack are discussed in
detail.

We performed a slip trace analysis based on the orientation data
(Fig. 12b). The crack component that is transgranular crack is parallel to
{011} plane traces (the orange dashed line in Fig. 12a). Our previous
findings [52,57,63] also suggested that the {011} planes, which are slip
planes in martensitic steel, can be associated with crack propagation
along the {011} plane and thus can be arisen from hydrogen-enhanced
slip localization. Although the analysis in Fig. 12 was a one-surface
analysis and the exact orientation of the crack plane could not be
determined, it is based on several previous studies, including our studies
[44-47], one can conclude that the area consisting of {011} planes is
related to quasi-cleavage fracture features. Fig. 13 shows the quasi-
cleavage fracture surface including serrated markings in the tensile-
tested Fe-C martensitic steel tensile tested under hydrogen environ-
ment, and the STEM micrograph of the lift-out lamella of the region
indicated by a red line in Fig. 13(a), as well as the plane normal of the
block boundary facets. Fig. 13(b) shows the facets that were separated
by block boundaries. The block consists of many single-crystal laths. The
normal direction of the facets between the block boundaries is calcu-
lated by obtaining the Kikuchi diffraction pattern. It can be seen that the
facets run along the {011} planes, which is in good agreement with the
orientation of the plane trace orientation in Fig. 12b. Nagao et al [66]
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show that the dominance of the {011} planes and the quasi-cleavage
fracture pattern with serrated markings are related to dislocation acti-
vation and enhanced dislocation slip in the slip plane, which is related to
hydrogen enhanced localized plasticity. The crystallographic features of
the fracture plane of the hydrogen-induced transgranular crack indicate
that the facets separated by block boundaries along the {01 1} planes are
related to the quasi-cleavage fracture pattern with serrated markings.
This indicates the activation of dislocations and enhanced dislocation
slip in the {011} slip plane due to hydrogen-enhanced localized plas-
ticity. The quasi-cleavage fracture occurred along the {0 1 1} planes in
the current study and other other bee and bcet steels [52,57,63] indicates
that fracture at the {0 1 1} plane is an intrinsic feature of hydrogen-
induced quasi-cleavage fracture in bee/bct steels

4.3. The mechanism of HE mitigation with addition of nanosized mixed-
metal precipitates

The SSRT results (Fig. 4) show that the loss of ductility in the Fe-C-
Nb-V alloy is significantly reduced, implying that the HE susceptibility
is mitigated by the addition of (Nb,V)C mixed-metal precipitates. The
TDS and electrochemical permeation results confirm that the trap den-
sity in the Fe-C-Nb-V alloy is higher than that in the Fe-C alloy. This high
H trapping capacity can be related to the high trapping capacity
resulting from the addition of (Nb,V)C mixed-metal precipitates. In
Fig. 8, it can be seen that two additional peaks appear in the Fe-C-Nb-V
alloy. Peak2 and peak3 exhibit higher hydrogen desorption energies
resulting from the incoherent interface of the (Nb,V)C mixed-metal
precipitates and the carbon vacancies at octahedral sites within the
(Nb,V)C mixed-metal precipitates (43.2 and 87.3 kJ .mol’l, respec-
tively). These energies indicate that the higher density of H-traps in the
Fe-C-Nb-V alloy is accompanied by the introduction of higher energy H-
traps. This leads to a higher proportion of irreversible hydrogen atoms in
the Fe-C-Nb-V alloy compared to the Fe-C alloy with hydrogen in-
clusions in the basic martensitic structure. It is known that a high frac-
tion of irreversible hydrogen atoms in an alloy reduces the possibility of
reaching diffusible hydrogen to a potential flaw and/or crack tip to
allow crack initiation and/or propagation. Between these trapped
hydrogen atoms at peak2 and peak3 (trapped hydrogen at the trap sites
introduced by the mixed-metal precipitates), carbon vacancies at octa-
hedral sites within the (Nb,V)C mixed-metal precipitates are associated
with peak3, representing the relatively irreversible hydrogen content in
the Fe-C-Nb-V alloy.

While the fracture surface of the tensile-tested Fe-C alloy with
hydrogen charging shows the intergranular cracks and quasi-cleavage
fracture features, the fracture surface of the F-C-Nb-V alloy consists of
dimples indicating a ductile fracture feature. These results of the crack

Vs

‘Bl\ick bt;undaes along
the {011} planes

1

@ [0%876 0.024 0.789]
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Fig. 13. (a) The quasi cleavage fracture surface of the H-charged Fe-C alloy, (b) STEM micrograph of the lift-out lamella of the area indicated in Fig. 13(a) by red line,
and the plane normal of the block boundary facets. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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path studies in Fig. 12 indicate that the available weakly trapped
hydrogen near the PAGBs in the Fe-C alloy is mainly trapped at the
dislocations around PAGBs, suggesting a hydrogen-enhanced decohe-
sion mechanism. This low-energy trapped hydrogen at the dislocations
around the PAGBs is the H source for the H-assisted crack. This accu-
mulated H source can provide more hydrogen to the potential flaw (such
as the PAGBs). Several studies have reported that a global concept for
hydrogen embrittlement is the necessity of building up a critical local H
concentration at flaw before crack initiation [10,12]. Hydrogen accu-
mulation at the flaws i.e., the PAGBs, during in situ hydrogen charging
would increase, leading to weakening of cohesive interatomic bonds and
eventual separation of atoms during tensile loading and the eventual
initiation of PAGB cracks [64,66-68]. The microcracks may also form
due to hydrogen-enhanced localized plasticity when the local hydrogen
content is lower and quasi-cleavage fracture features with serrated
markings form along certain {011} crystallographic planes (Fig. 5a, 12,
and 13).

Fig. 14 summarizes the mechanism of mitigation of hydrogen
embrittlement in the Fe-Nb-V-C alloy. According to the obtained results,
the promising hydrogen embrittlement behavior of the Fe-C-Nb-V alloy
is due to the following reasons, which are determined by the nature of
the trap sites and the microstructural features: (i) a higher fraction of
irreversible hydrogen traps indicates that the strong hydrogen trapping
sites in this alloy prevent the hydrogen at the potential flaws from
reaching the critical concentration required for crack nucleation
[9,12,69] and a lower possibility of dislocation activation and enhanced
dislocation slip in the {011} slip plane due to the localized plasticity
enhanced by hydrogen at lower local hydrogen content. (ii) As seen in
the EBSD results, the addition of the (Nb,V)C mixed metal refines the
PAGs in the Fe-C-Nb-V alloy by pinning the grain boundaries. The high
total length of the PAGBs in the Fe-C-Nb-V alloy and the high fraction of
irreversible hydrogen traps in the alloy leads to a decrease in the
normalized H content in the PAGB unit length in the Fe-C-Nb-V alloy. A
widely accepted mechanism for hydrogen embrittlement is that some
critical hydrogen content accumulates at potential flaws to initiate
cracking. The nature of trap sites and high total length of the PAGBs in
the Fe-C-Nb-V alloy mean that the possibility of building up critical local
hydrogen content at the PAGBs for intergranular hydrogen-assisted
cracking is reduced due to the hydrogen-enhanced decohesion mecha-
nism, thus improving the hydrogen embrittlement behavior of the alloy.

Fe-C

Intergranular
Fracture due to

decohesion at

crack plan

traces

Severe hydrogen embrittlement susceptibility

Hydrogen-induced intergranular cracks at PAGBs and
along {011}planes forming quasi cleavage transgranular fracture pattern

Block
boundary

{011} plane
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In addition, less weakly trapped hydrogen in the alloy increases the
possibility of dislocation activation and enhanced dislocation slip in the
{011} slip plane due to hydrogen-enhanced localized plasticity in the
areas with affinity for transgranular hydrogen-assisted cracking at lower
local hydrogen content.

5. Conclusions

The following conclusions can be deducted from this study:

[y
]

The (Nb,V)C mixed metal nanocarbides act as irreversible hydrogen
traps by trapping hydrogen at carbon vacancies in the nanoscale
mixed-metal precipitates, which can effectively trap hydrogen and
prevent hydrogen from reaching the potential flaws, e.g. PAGBs, to
reduce the possibility for HE caused by high local hydrogen con-
centration. In lower local hydrogen contents, the high fraction of
irreversible H traps can reduce the possibility of dislocation activa-
tion and enhanced dislocation slip in the {011} slip plane due to the
localized plasticity enhanced by hydrogen.

The high total length of PAGBs in Fe-C-Nb-V alloy due to grain
refinement by (Nb,V)C mixed-metal precipitates and the high frac-
tion of irreversible hydrogen traps in the alloy leads to a decrease in
the normalized H content in the unit length of the PAGBs, and thus to
a lower probability of H-assisted cracking.

In the Fe-C alloy, hydrogen-assisted cracks start at the PAGBs and
propagate along the {011} planes, forming a quasi-cleavage fracture
pattern. A detailed crystallographic study was performed and the
mechanism of H-assisted transgranular fracture was explained.

4- In the martensitic Fe-C steel, the coexistance of HEDE and HELP
mechanims was observed depending on the local hydrogen content.
Direct evidence for the carbon vacancies in the novel nano-
precipitates is observed for the first time via HAADF-STEM. The
SKPFM results indicate that the broad face of the novel nano-
precipitates has an irreversible hydrogen trapping character. The
smooth, coherent broad interface paves the way to access the high-
energy trap sites in the carbon vacancies inside the novel mixed-
metal precipitates. Calculations from DFT have shown that trap-
ping at the carbon vacancies at octahedral sites of the nano-
precipitates is energetically favorable and preferable.

N
)

w
T

ul
T

Fe-C + mixed metal (Nb,V)C

i i H at basic martensite microstructure

Mitigated hydrogen embrittlement

1. A higher fraction of irreversible hydrogen traps e.g. the novel nanoprecipitates
reduces the hydrogen atoms reaching PAGBs: lower possibility of decohesion at
PAGBs

2. Reduced normalized local H content in the PAGBs unit length due the grain
refinement

3.Lower possibility of he activation of dislocations and enhanced dislocation slip
in the {011} slip due to higher fraction of irreversible H traps

Fig. 14. Schematic illustrations of the hydrogen embrittlement behaviour of the Fe-C and Fe-C-Nb-V specimens.
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Density functional theory (DFT) calculation of the solution energies of the different ratios of Nb and V at octahedral (OS) and tetrahedral (TS) sites.

Carbide type Es in OS [eV] Es in TS [eV]
Nby.75V0.25C —0.32517 1.68281575
Nbo5V0.5C —0.2869 1.09579863
Nbo.25V0.75C —0.26064 0.44234516

Solution energies have been calculated relative to H in ferrite (aFe).

AE,y = (NbVC iy — NbVC,y on) — (aFeyn — aFey /i)

Where NbVC yy is the cell with H and NbVC,, /o without. There have been no stable TS for Nbg 5V 5C and Nbg 25V¢.75C. H was pushed into the more

stable trigonal sites.
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