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ARTICLE INFO ABSTRACT
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We report the evolution of metastable precursor structures during hydrogen infusion in the near-surface region of
a super duplex stainless steel. Grazing-incidence x-ray diffraction was employed to monitor, operando, the lattice
degradation of the austenite and ferrite phases. Electrochemical hydrogen charging resulted in the splitting of the
diffraction peaks of the austenite phase, suggesting the evolution of a metastable precursor structure. This may be
explained by the formation of quasi-hydrides, which convert back into the austenite parent structure during

hydrogen effusion. The ferrite showed less lattice deformation than the austenite and no phase transformation.

1. Introduction

Super duplex stainless steels (SDSSs) are work-horse materials and
are generally used in demanding engineering applications due to their
high strength and superior resistance to corrosion and hydrogen-
induced material degradation compared to various counterpart single-
phase stainless steels [1,2]. However, several failures of offshore com-
ponents, subjected to cathodic hydrogen exposure for several years
(cathodic protection), have been reported [3,4]. These materials had a
very coarse microstructure with a grain size in the order of >50 pm on
average [3,4] or were cold-worked [5]. In contrast, no failure due to
hydrogen embrittlement has been reported for SDSSs with
finely-grained solution-annealed microstructures with an austenite
spacing of less than 10 pm [1]. Earlier research has pointed out that
finely-grained duplex microstructures are significantly less sensitive to
hydrogen-induced degradation [1,6]. Therefore, we need to understand
the reasons for a possible immunity of finely-grained SDSSs to hydrogen
embrittlement in application-relevant conditions. Grain boundaries, in
particular phase boundaries, in duplex microstructures serve as trap
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sites for hydrogen, which reduce the susceptibility to hydrogen-induced
cracking. Trapped hydrogen in steels has been reported to be innocuous,
and only mobile hydrogen in the microstructure causes embrittlement
[7].

Characterization of the effect of hydrogen in microstructures is
challenging as it requires real-time measurements with a high spatial
and temporal resolution [8-10]. This problem necessitates access to
large-scale research facilities. Earlier work indicated that hydrogen
embrittlement might consist of metastable degradation events that are
only accessible if measured with high temporal resolution and sufficient
sensitivity [6,11,12]. It has been shown that hydrogen interacts more
with the austenite than ferrite in duplex stainless steel microstructures
[13]. Hydrogen infusion into the austenite resulted in the formation of
tensile strains that were significantly higher than those developed in the
ferrite. In parallel, the ferrite was seen to undergo compression along the
tensile loading direction [13]. The austenite phase typically dissolves
more hydrogen than the ferrite phase, but the hydrogen in the ferrite
phase is able to diffuse with orders of magnitude faster rates than in the
austenite [7,14,15]. These, hence, ultimately result in the localization of
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hydrogen and a time-dependent evolution of lattice changes in the
microstructure.

The objective of this work is to reveal metastable activities or
reversible processes associated with hydrogen infusion, that are acces-
sible if measured in-situ and in real-time only, and to understand the
earliest stages of material degradation induced by the interaction of
hydrogen with the microstructure. Synchrotron grazing-incidence x-ray
diffraction (GIXRD) was employed to observe, operando, the lattice
changes in the austenite and ferrite phases during electrochemical
hydrogen charging to gain insight into hydrogen-microstructure in-
teractions. This work provides high temporal resolution and detection
sensitivity to structural changes occurring during hydrogen infusion into
stainless steel microstructure.

2. Experimental

The material used was a commercial-grade SAF 2507 SDSS with a
finely-grained microstructure, supplied by Sandvik Materials Technol-
ogy, Sweden. The investigated microstructure had a ferrite and austenite
grain size of 5—10 pm, with an austenite spacing of 4 pm. The micro-
structure of the investigated SDSS is shown in Fig. 1, highlighting the
spatial distribution and connectivity of both phases. Samples were cut
from a tube material, with the surface pointing outward to the tube
diameter. The specimens were successively ground to 4000-grit (EU
grade) size using SiC sandpapers, followed by polishing down to % pm,
to achieve a mirror-finish surface. The chemical composition (in wt.-%)
was 25.35 % Cr, 6.46 % Ni, 3.85 % Mo, 0.44 % Mn, 0.28 % Si, 0.13 % Cu,
0.29 % N, and other trace elements.

An electrochemical cell was 3D-printed to expose the specimens to
an electrolyte while applying a cathodic current/potential to charge the
specimens with hydrogen. The cell walls were made of a PEEK foil with
100 pm thickness that was amorphous and translucent to high-energy x-
rays. The specimen, together with a platinum-wire counter electrode,
and a miniature-sized Ag/AgCl (sat.) reference electrode was mounted
into the cell and sealed with ultra-fast drying silicone. The cell had inlet
and outlet ports to continuously pump the solution, using a peristaltic
pump, to remove bubbles generated during electrochemical charging
and to provide fresh electrolyte into the system. A Gamry Reference
600+ potentiostat was used to control the applied current and potential.

Synchrotron GIXRD measurements were carried out to reveal lattice
changes occurring in the near-surface region with a probing depth of
approximately 170 nm, determined according to Welzel et al. [16]. The
surface is the place where the first contact with hydrogen occurs, and the
location where most and first material degradation happens. Therefore,
the aim was to understand the most incipient stages of

(a) Longitudinal Section
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hydrogen-induced degradation of SDSS. The GIXRD measurements were
conducted at the beamline 107 at Diamond Light Source in the UK. The
energy of the x-rays was 20.5 keV with a beam size of 100 pm (vertical) x
300 pm (horizontal) at the sample position. The experiment was per-
formed with a DECTRIS Pilatus 100 K two-dimensional detector with an
area of 487 x 195 pixels (each 172 x 172 pmz) mounted on the
diffractometer arm at a distance of 900 mm from the sample. The
near-surface was probed with an incidence angle of 0.2°; thus, the
projected x-ray beam onto the surface was 300 pm x 500 pm, producing
diffraction signals from approximately 100-300 grains. At the same
time, the sample was subjected to static cathodic hydrogen charging in
1M NaCl at room temperature. The electrochemical cell used for
hydrogen charging and the diffraction measurement setup is schemati-
cally illustrated in Fig. 2.

Diffraction measurements were first carried out under potentiostatic
control at —1500 mV (vs. Ag/AgCl) to simulate near-realistic conditions
(the cathodic protection potential is between —1050 and —1150 mV vs.
Ag/AgCl [1]), but also to accelerate the absorption of hydrogen into the
microstructure. The diffraction patterns were measured out-of-plane
(along the specular direction) with an angular range of 2.3° 26 on the
detector. This setup provides information about strain evolution in the
direction perpendicular to the surface with a deviation of half the Bragg
angle minus the grazing angle (0.2°), which results in 8.2° for the
austenite phase and 8.5° for the ferrite phase. The diffraction signals
were collected by moving the detector while maintaining a fixed sample
position. The 26 range for the diffraction measurement was 15.8-36.1°,
capturing signals from five Bragg peaks for the austenite and three peaks
from the ferrite (Fig. 2).

The second set of experiments focused on time-lapse diffraction
measurements under galvanostatic control with a current density of
—37.5mA/cm? at the angular range 15.5-17.8° 26. These experiments
were designed to monitor the reflection of the austenite phase with 111
orientation and the ferrite phase with 110 orientation with higher
temporal resolution (2.9 s/frame). The specimen was subjected to gal-
vanostatic hydrogen absorption for 1760s. Then, the charging was
stopped, and the diffraction measurements were continued for 940 s to
measure hydrogen desorption (effusion), giving a total measurement
time of 2700s. Hence, it was possible to measure the lattice changes
during hydrogen absorption (infusion) and desorption under operando
conditions. The penetration depth of hydrogen at room temperature in
ferrite and austenite was estimated from the diffusion coefficients pro-
vided by Mente and Boellinghaus [17], which was 7.7 pm/s for the
ferrite and 24nm/sec for the austenite. Thus, 1760s of hydrogen
charging resulted in minimum penetration depth of 4.2 pm in austenitic
grains, and the ferrite grains were infused to the center of the specimen.

(b) Cross Section

Fig. 1. Optical micrographs after electrochemical etching using 40 wt.-% KOH solution showing the microstructure of the investigated SDSS. The ferrite is the matrix
phase shown as brown color whereas the austenite is embedded in the ferrite shown with white contrast (Note: only the distributions of both crystallographic phases

is shown here and not the grain sizes).
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Fig. 2. (Left) The electrochemical cell used for hydrogen charging. The frame of the cell was made of 3D-printed polylactic acid. (Right) GIXRD measurement

configuration showing out-of-plane 2D-diffraction patterns.

The surface grains of the austenite phase became nearly saturated with
hydrogen during the charging experiment.

All 2D-diffraction data were converted into 1D patterns, as described
elsewhere [18], and details about the experimental method can be found
in earlier published work [19]. The 1D-diffraction peaks were fitted
using the Gaussian_LorenCross (a mixture of Gaussian and Lorentzian
line shapes) fitting function in OriginLab V2020b to determine the peak
positions. This fitting function gave the best results among all common
fitting functions. The change in peak position versus the uncharged
position was calculated and denoted as macrostrain, as described else-
where [20,21]. The reported strains do not reflect the absolute strain
states in the microstructure and provide only relative changes that
occurred due to hydrogen interaction with the lattice.

3. Results and discussion

The operando diffraction results of the specimen subjected to
potentiostatic hydrogen charging at —1500 mV are summarized in
Fig. 3. The absorption of hydrogen resulted in large lattice deformation,
with the austenite phase undergoing more severe deformation than the
ferrite. The evolution of the strains in the austenite perpendicular to the
surface was tensile, which means that the lattice expanded along with
that direction. It should be noted that we report only relative strains
with reference to the uncharged condition. The microstructure of duplex
stainless steel typically has residual strains which may vary over the
position in the specimen in all directions. So, the evolution of tensile
strain may not mean that the austenite is under tension since compres-
sive strains may have been operating. However, the development of
tensile stresses indicates that the magnitude of compressive forces, if
any, is reduced.

The diffraction peaks both altered in shape and position, indicating
the evolution of micro- and macro-deformation. Micro-strains are the
deformation that occur on a grain scale (intra-granular), whereas macro-
strains are those that operate over a broader range of grains (inter-
granular and all grains) [22]. The positional changes of a diffraction
peak, however, may also be caused by chemical alterations, which
typically are more substantial than those caused by deformation. The
infusion of hydrogen in our experiment was chemical alloying; there-
fore, severe shifts of the diffraction peaks of the austenite phase were
observed. The austenite can dissolve an order of magnitude more
hydrogen atoms than the ferrite [7,23,24], which explains the reason for
the shifts. However, chemical effects are also reflected by an instanta-
neous deformation of the lattice as it becomes distorted by the hydrogen,

but a deconvolution of chemical forces and strain is not trivial. Never-
theless, the results indicated that the most significant contribution to the
peak shift was due to the entered hydrogen into the lattice as, during
desorption, most of the macro-strains reverted, showing elastic defor-
mation to have occurred.

Moreover, the austenite peak intensity was significantly reduced,
with the development of a discrete second peak (a separate diffraction
spot on the 2D image captured) close to the austenite peaks via peak
splitting, as seen in Fig. 3a-c. A more detailed investigation was con-
ducted on the 2-Theta region shown in Fig. 3b, encompassing the 111-
austenite and 110-ferrite Bragg peaks, to investigate the observed
peak splitting further. Time-lapse diffraction measurements of the 111-
austenite peak during hydrogen charging and discharging showed that
the nature of the peak splitting had a metastable character, as the new
peaks reverted to austenite during the discharging cycle, summarized in
Fig. 4. The results of the operando GIXRD experiments during galva-
nostatic hydrogen charging are also presented in Video 1. Fig. 4 shows
three frames from Video 1 at different times. The absorption of hydrogen
shifted the positions of the austenite and ferrite peaks to lower 2-Theta
values indicating lattice expansion, with the austenite changing more
than the ferrite. The absorption of hydrogen led to the evolution of a
diffraction peak in proximity to the 111-austenite diffraction peak
within a few seconds of charging. The intensity of the austenite peak
decreased when the new peak position developed, indicating a hetero-
geneous lattice deformation of the austenite that is associated with the
evolution of a new precursor structure that potentially precedes crack
evolution. This observation suggests that near-surface austenite grains
became rapidly saturated with dissolved hydrogen that resulted in peak
splitting.

The peak splitting occurred on individual grains only (Fig. 4),
pointing toward a higher propensity of certain grains to hydrogen-
induced structural modification of the lattice. The 110-peak of the
ferrite did not show peak splitting. The ferrite peak intensity did not
change during hydrogen charging and discharging. Our experiments
have shown that the uptake of hydrogen and its interaction with the
microstructure is heterogeneous and dynamic. This has shown that the
austenite is the load-bearing phase, supporting the ferrite in maintaining
the structural integrity of the microstructure of duplex stainless steel.
Most hydrogen and strain are accommodated by the austenite reducing
thereby the load-burden on the ferrite phase, supporting increased
resistance to hydrogen embrittlement. The new peaks disappeared upon
the termination of the hydrogen charging, indicating that the process is
reversible.
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Fig. 3. Operando GIXRD measurement results obtained during electrochemical hydrogen charging under potentiostatic control at —1500 mV vs. Ag/AgCl (sat.): (a)
showing the main reflections of the austenite and ferrite phases, (b) showing the 111-peak of the austenite and 110-peak of the ferrite with a magnified view, and (c)
showing the 220-reflection of the austenite with a magnified view, (d-e) showing the diffraction peaks for 200 and 220 austenite with fitting results.

However, no additional diffraction rings other than that of the parent
phases were present, which might suggest that no new phase had
formed. However, the observed peak splitting may be a precursor stage
of the formation of possible hydrides that have been documented in
austenitic stainless steel [25,26]. It has been reported that when the
hydrogen in the lattice reaches a threshold concentration, hydrides,
having a crystallographic orientation relationship with the host lattice,
can be formed [10,25-27]. FeHy 13 and NiHy (x < 1.25) type of hydrides
with face-centered-cubic (fcc) structure have been observed under
electrolytic charging conditions [27]. Kamachi [26] and Chen et al. [25]
reported hydrides that formed in different types of austenitic stainless
steels under electrochemical charging. Two different types of hydrides

were formed; one was having a face-centered cubic structure with a
slightly larger lattice constant and another with hexagonal
closely-packed lattice [25,26]. There is an agreement that the hydrides
are metastable at room temperature and that they transform rapidly
back to austenite [25,26]. However, phase identification requires
chemical evidence, which was not reported by Kamachi [26] and Chen
et al. [25]. Chemical detection of hydrogen in a compound is, however,
not trivial, and via x-ray experiments, hydrogen cannot be detected
directly.

Our experimental data clearly showed that a change in the atomic
structure occurs during cathodic hydrogen charging, and disappears
when hydrogen desorbs, indicating a metastable character that cannot
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Fig. 4. Snapshots from the operando, real-time GIXRD measurements during galvanostatic hydrogen charging with a current density of —37.5 mA/cm?®. The 2D-
diffraction images on the left show the diffraction signals from the austenite (111) and ferrite (110) phase. The graphs on the right-hand side are data extracted
from partial integration over the highlighted regions in the diffraction images. (a-c) show diffraction information at t =0s (uncharged condition), (d-f) show the
diffraction data for hydrogen charging at 1765s, (g-i) show the real-time diffraction data 900 s after the termination of hydrogen charging (1800 s). The average
diffraction peak is from the entire azimuthal projection in the 2D-diffraction image.

be explained by the evolution of strains only. The average strain for-
mation due to hydrogen infusion in the austenite phase by considering
the peak shift of the main diffraction peak was 21073, This already
indicates plastic deformation. When, however, the position of the new
diffraction peak is considered for macrostrain evolution, then the
maximum strains become 6-1073, which would indicate three times
higher deformation. Such large deformation would produce a residual
change to the lattice; however, the experimental results clearly showed
that most of the lattice change is reversible, indicating that more than
simple elastic deformation should be considered. Hence, this suggests
that a new chemical phase was formed during the time of charging.
The new phase has a structure very similar to that of the host lattice,
and the diffraction peak intensity of the host lattice decreased with time,
while that of the new structure increased, indicating the conservation of
material. This suggests that the new structure transforms by the con-
version of the host austenitic lattice. It seems that the structure forms at
individual grains only or more preferentially (see ROI 2 and ROI 3 in
Fig. 4). We have conducted additional operando diffraction experiments
at more negative electrode potentials (up to -1.9 V) and have seen that
the peak splitting becomes more pronounced, resulting in distinctive
peak separation (data not shown). We have further conducted simple ab-
initio first-principles calculation based on density-functional theory
(DFT)' to see whether hydrides can be formed. The DFT calculation
results revealed that hydride formation is possible in the studied duplex
stainless steel, with NiH providing the most energetically favored

! The DFT calculation was done on https://materialsproject.org/ by search-
ing for hydrides of Fe, Cr, and Ni.

hydride as contrasted to CrH, CryH, and FeH. The formation energy of
NiH is exothermic (=112 mV), which forms a face-centered-cubic (fcc)
lattice with only a few percent larger cell structure than the host lattice.
Other possible exothermic hydrides were FeH, CrH, and CroH, which
have exothermic formation energy of —56 mV, —45mV, and —30 mV,
respectively, but these are less likely as nickel forms stronger hydrides.
The diffraction patterns of the possible hydrides were simulated, and the
closest peak position to the newly formed peak was seen to be the peaks
of NiH. However, as the data shows, the peak splitting is not an
instantaneous event of the formation of a fixed-determined chemistry
and lattice structure, but rather is a process that lasted throughout the
charging period, showing gradual accumulation and evolution. So, the
new structure may not be a true hydride with fixed composition and
lattice structure but instead seems to be a quasi-hydride that is a
hydrogen-rich austenitic lattice.

The observed peak splitting cannot be associated with any kind of
martensite (¢’ or &) formation as the positions of the detected peaks do
not indicate any other lattice structure than face-centered cubic.
Martensite can be formed in austenitic stainless steel [28] or
transformation-induced plasticity duplex stainless steel [29] and is
typically formed due to large strains. However, martensite formation in
SDSS is not favored due to the presence of nitrogen in high concentra-
tions. Strain-induced martensite has not been reported, to our knowl-
edge, in SDSS with high nitrogen content. Strain-induced martensite has
been observed in grade 22Cr-5Ni duplex stainless steel but only at very
high levels of plastic deformation [30]. However, no hydrogen-induced
martensite was observed when the same duplex material was subjected
to cathodic hydrogen charging [30]. In our work, the material was not
subjected to any mechanical load but only to hydrogen absorption. So,
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the observed peak splitting is therefore unlikely to be due to any kind of
martensite formation.

The local concentration of hydrogen in the austenite can reach
higher values than in the ferrite due to higher solubility and lower
diffusion kinetics of atomic hydrogen [7-9,31]. Therefore, structural
changes are more likely to occur in the austenite in duplex stainless steel
microstructures. So, the reason for the peak splitting can only be due to
large but highly heterogeneous lattice expansion of austenite grains,
suggesting quasi-hydrides to have formed. Therefore, we believe that
peak splitting is a positive response (i.e., mitigating hydrogen embrit-
tlement) of the microstructure regarding hydrogen-induced lattice
degradation. Coarsely-grained microstructures cannot accommodate a
large amount of hydrogen that ultimately results in cracking. In contrast,
microstructures with smaller grain sizes can immobilize the hydrogen by
trapping and/or formation of quasi-hydrides. As the whole process is
reversible, the microstructure with small austenite spacing can accom-
modate more (elastic) strain (and hydrogen) and is, therefore, more
resistant to hydrogen embrittlement. The quasi-hydrides are not stable
and revert back once cathodic charging has ceased. It should be further
noted that the evolution of these quasi hydrides may not be an adverse
effect regarding to hydrogen embrittlement. The austenite could
accommodate three-times more macro-deformation due to the presence
of the quasi hydrides, which in turn was beneficial to the entire duplex
microstructure as no surface cracks were observed upon termination of
the charging experiments.

The saturation of near-grain boundary regions of large grains can
lead to high lattice deformation compared to areas with less hydrogen.
The high deformation is, interestingly, mostly elastic. Smaller grains
become saturated faster than larger ones, with the grain orientation
possibly also having an influence. Hence, more significant hydrogen-
induced strain gradients may develop across larger grains. This may
explain the reason for more substantial lattice strain evolution observed
on individual grains, as apparent from discrete 2D diffraction intensities
(Fig. 4). The increase in deformation is associated with the generation of
defects in the microstructure, which leads to more hydrogen uptake and
hence resulting in a higher concentration of dissolved hydrogen. Linear
defects can line up and form sub-grain boundaries that can further in-
crease H uptake. Larger grains can then develop higher partial pressures
than smaller ones, suggesting more deformation. This, in turn, may
explain the reason for the superior resistance of super duplex stainless
steel with small austenite spacing (equivalent to small grains) to
hydrogen embrittlement as compared to coarsely-grained microstruc-
tures. It should be noted that such a large peak shift should have resulted
in plastic macro-deformation. However, the peak splitting was revers-
ible and showed that most the strain was elastic. Elastic strain theory
cannot explain the large shifts; therefore, this argument corroborates the
evolution of a quasi-hydrides, well-likely a form of NiH. The hydrides
observed by Kamachi [26] and Chen et al. [25] were stable at room
temperature, but these were seen in austenitic stainless steel that con-
tained 18 wt.-% Ni. We believe the nickel (content) plays a crucial role in
the evolution of hydrides. Hydride formation may not be a negative,
unwanted occurrence regarding hydrogen embrittlement. The devel-
opment of hydride shows that the microstructure can accommodate
large amounts of hydrogen and immobilize it, as contrasted to the ferrite
that is susceptible to hydrogen-induced cracking. So, the evolution of
quasi-hydrides in super duplex stainless steel may explain the reason
why finely-grained microstructures have superior resistance to
hydrogen embrittlement than coarsely-grained microstructures, as the
latter showed less or no peak splitting.

The strain evolution of individual regions of the austenite and ferrite
was analyzed in more detail in Fig. 5. The integration over the entire
portion of the 2D-diffraction ring did not show peak splitting (average
1D-pattern in Fig. 5). There are some individual grains that were more
affected than others. The diffraction data suggest that the ferrite un-
derwent a more homogeneous deformation as no discrete changes in the
2D-diffraction pattern were seen. It is propitious that the austenite
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Fig. 5. Determination of the macrostrains of selected regions, as highlighted in
Fig. 4 and Video 1. The strain evolution of selected austenitic and ferritic re-
gions. The direction of the strain evolution is approximately perpendicular to
the surface of the specimen.

accommodates most hydrogen and deformation, protecting thereby the
ferrite. The austenite is the far more ductile phase and less susceptible to
cracking reasoned by dissolved hydrogen.

Implications — Our work has shown that metastable structures can be
formed during electrochemical hydrogen charging without the need for
external stresses. These were formed in the austenite phase, which
showed higher lattice deformation than the ferrite phase. This obser-
vation indicates that in the duplex stainless steel microstructure, the
behavior of the austenite phase primarily matters regarding hydrogen
embrittlement. The ferrite phase is often considered responsible for
hydrogen embrittlement since cracks have frequently been observed to
initiate at and propagate through ferritic grains, with the austenite
grains typically having an effect on crack deflection or arrest [3,4,
32-36]. Those observations, however, were made on coarsely-grained
microstructures with austenite spacing >30 pm or cold-worked mate-
rials. The results of our work suggest that the austenite (in finely-grained
microstructure) can accommodate high concentrations of hydrogen and
severe deformation without transmitting a high mechanical burden on
ferritic grains. It seems that as long as the austenite phase has a high
accommodation capacity for hydrogen and lattice strain, the ferrite
phase is protected from hydrogen embrittlement. No sign of any
cracking was seen on austenite and ferrite grains when imaged in a
scanning electron microscope after the termination of our experiments.
This demonstrates the superior resistance to hydrogen embrittlement of
the austenite phase despite the more interaction (deformation) with
hydrogen occurred.

4. Conclusions

e Electrochemical hydrogen charging led to the evolution of hetero-
geneous tensile lattice strains predominantly occurring in the
austenite phase.

e The infusion of hydrogen led to splitting of the diffraction peaks of
the austenite phase, which reverted rapidly back to austenite during
the effusion of hydrogen.

e The observation of the peak splitting points towards the formation of
a precursor structure, suggesting the evolution of a metastable
hydride.

e Hydrogen-induced lattice strain formation is reversible, with the
earliest onset of hydrogen embrittlement associated with the
degradation of the austenite phase.



C. Ornek et al.

e The austenite phase supports and probably protects the ferrite phase
by mostly accommodating infusing hydrogen into the duplex stain-
less steel microstructure.
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