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We characterize the grain boundary (GB) susceptibility to hydrogen-assisted intergranular cracking in pure
nickel as a function of coincident site lattice value (X-n), over a wide range of hydrogen concentrations (4 to
14 wppm). Cracks on the surface and within the bulk material were identified across the entire gauge region
of the specimens. The susceptibility of GBs to crack initiation and propagation was evaluated by separating
cracks containing single GB or multiple GBs. A larger loss in fracture strain, a smaller reduction in area, and
an increase in the percentage of intergranular fracture indicated a higher degree of embrittlement at elevated
hydrogen concentrations. The number of cracks was significantly higher on the surface than in the bulk for
the most severe hydrogen charging conditions (>8 wppm), while a similar number was observed for lower
concentrations. The propensity for hydrogen-assisted intergranular cracking at different types of GBs on the
surface and in the bulk material was consistent, indicating that while cathodic charging can promote surface
cracks, it does not significantly impact the GBs relative susceptibility. The X-3 boundaries were the most
resistant to cracking, as evidenced by the considerably lower fraction of these GBs exhibiting intergranular
cracking at all hydrogen concentrations considered. This contrasts literature findings for Ni alloys and can
be explained by the segregation energies and reductions in the cohesive strength with hydrogen, with less
favorable trapping at the X-3 boundaries. No evidence of plasticity-mediated cracking initiation was observed.

1. Introduction observed hydrogen-induced intergranular microcracks in nickel tensile
tested at 77 K, showing that even at temperatures where hydrogen-
plasticity interactions are suppressed, hydrogen accumulation at GBs
can lead to cracking.

Identifying the resistance of the type(s) of GBs to hydrogen-induced

intergranular cracking is crucial to guide alloy design [21-23]. GBs can

In an expanding hydrogen-based economy, it is expected that many
metallic structures and components will be exposed to hydrogen-
containing environments. This poses a technological challenge. Due
to its small atomic size, hydrogen can easily be absorbed into met-
als, degrading their mechanical properties and ultimately resulting in
premature brittle failure through a phenomenon known as hydrogen
embrittlement (HE) [1-4]. Grain boundaries are a common fracture

be characterized by the number of atoms included in their coincident
site lattice (CSL), referred to as the X value according to Brandon’s

path in this brittle failure mode, with hydrogen-assisted intergranular
cracking reported in many metals and alloys under various hydrogen
charging conditions [3,5-11]. Therefore, there has been considerable
interest in understanding the HE susceptibility of GBs [3,12-14]. GBs
can be preferential hydrogen trapping sites, depending on their char-
acter [15-17]. For example, this is the case for GBs with a binding
energy of 20-30 kJ/mol in pure nickel [18,19]. In addition, hydrogen
transported by dislocation movement and pile-ups might also con-
tribute to hydrogen accumulation at GBs [3,20]. The accumulation of
hydrogen at these interfaces reduces their cohesive energy, weakening
their strength, and favoring fracture. For example, Harris et al. [13]
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criterion [24]. This geometrical atomic arrangement, characterized by
%, results in different mechanical and thermodynamic properties, such
as interface energy and hydrogen solubility. Fracture can occur once
the hydrogen coverage is sufficient to induce a certain reduction in
the GB interface energy. Therefore, it is important to investigate the
susceptibility of GBs to HE based on their X value. Attempts have
been made to identify which GBs are more resistant to hydrogen.
Studies using density functional theory and molecular dynamics have
shown that GBs have different interface energies, both without and
with hydrogen, depending on their X value [25-32]. The strength of
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GBs with different orientations was also evaluated using micro-bending
tests [29,33]. Despite these attempts to obtain the fracture strength
of grain boundaries with hydrogen, the results are still scarce, with
a large scatter between the different studies [25-31]. For example,
the X-3 and X-5 GBs are commonly studied, while other boundaries
(e.g., 2-29) have rarely been investigated, and their susceptibility to
hydrogen-assisted intergranular cracking remains unclear.

A statistical approach was previously used to evaluate the resis-
tance of GBs to hydrogen, which suggested that X¥-3 GBs are more
prone to hydrogen-assisted cracking in Inconel 725 [34]. Additional
studies [35,36] have also reported increased susceptibility for X-3
GBs and their adjacent regions to HE in Ni alloys. Despite extensive
discussions on hydrogen-dislocation interactions in these works, the
underlying mechanism responsible for hydrogen promoting X-3 GB
fracture remains unresolved. Seita et al. [34] attributed the fracture
to suppressed dislocation transmission, resulting in the formation of
dislocation substructures within the X-3 GB plane. Liu et al. [36]
observed that cracks were more likely to initiate near slipping X-3
GBs, but without concluding that slip is the dominant reason for their
weakness. Zhang et al. [35] identified hydrogen-assisted cracks and
dislocation slip bands forming at a ‘weak’ trilayer interface due to y”’
approximately 40 nm away from the ¥-3 GB, rather than directly on
the GB. Therefore, the inherent structural complexity of nickel alloys
has posed challenges to fully understanding the resistance of GBs to
hydrogen. The presence of second-phase particles, such as y’ and y”/,
obfuscates what is happening at the grain boundaries themselves. There
is thus a strong need for studying the susceptibility of grain boundaries
to hydrogen cracking in a pure material where no such complications
exist.

This study provides a comprehensive analysis of the susceptibility of
GBs to hydrogen-assisted cracking in pure nickel at various hydrogen
concentrations. The fractured GBs were systematically categorized to
elucidate their relative susceptibility to hydrogen-induced cracking.
The results consistently reveal that 2-3 occurrence among the fractured
GBs is significantly lower than in the baseline microstructure, while
other X-low GBs accounted for an intermediate fraction of fractures.
The orientations of the fractured GBs are predominantly perpendicular
to the loading axis, revealing the important contribution of normal
stress to hydrogen-assisted intergranular cracking. In contrast to studies
on nickel alloys [34-36], this work purposely removed the influence of
second-phase particles to study the relative susceptibility of different
grain boundary types. The results emphasize the remarkable resistance
of X-3 GBs to hydrogen-assisted intergranular cracking under fracture
conditions predominantly driven by decohesion.

2. Methodology
2.1. Material and baseline characterization

All experiments were performed on 99.9 wt% pure nickel procured
as a 20 mm thick cold-rolled plate. The as-received material was an-
nealed at 950 °C for 1 h, resulting in the baseline microstructure shown
in Fig. 1, with equiaxed grains and an average size of 101 + 7 pm.

Samples of 10 x 10 x 0.7 mm? and of 8 mm gauge length with
3 x 0.7 mm® cross-section were electrical discharge machined for
thermal desorption spectroscopy (TDS) analysis and tensile tests, re-
spectively. The surfaces of both samples were ground up to 2000 grit
(7 pm) with SiC paper. The tensile specimens were then polished with
6, 3, 1, and 0.25 pm diamond suspensions and finished with a 0.25 pm
OPS silica suspension to achieve the high-quality surface necessary for
electron backscatter diffraction (EBSD).

The X value of GBs in the gauge region was characterized following
the criteria described in Appendix, as shown in Fig. 1. The GBs were
then classified into X-3, X-low (3 < ¥ < 29) and general GBs (X >
29, and random GBs). The fractions of these three groups, given in
terms of the number of GB segments (where each GB segment has
identical misorientation), reflect the population of GBs in the annealed
specimens. These fractions, obtained after heat treatment but before
deformation, are considered the baseline microstructure.
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2.2. Electrochemical charging and TDS analyses

After this baseline characterization, the specimens were then elec-
trochemically charged using a Gamry 1010B potentiostat, with Ag/AgCl
as the reference electrode and Pt as the counter electrode. To achieve a
wide range of hydrogen concentrations, 0.6 mol/L NaCl and 0.1 mol/L
NaOH solutions were employed with applied constant cathodic current
densities of —4 mA/cm? and —15 mA/cm?. Electrochemical charging
was performed for 70 h at 70 °C. This condition was chosen to reach
a uniform hydrogen concentration throughout the sample with a con-
centration of 98% at the middle thickness, considering a 1D diffusion
model and a hydrogen diffusivity in Ni of 8.32 x 10713 m%/s [15].

TDS measurements were conducted with a Hiden Analytical RC PIC
quadrupole mass spectrometer to determine the hydrogen concentra-
tion after electrochemical charging. Two samples were tested for each
charging condition. The measurements were performed with a heating
rate of 30 °C/min and a current of 20 pA up to 1000 °C.

2.3. Tensile testing and hydrogen-assisted intergranular cracking

Uniaxial tensile tests at a strain rate of 2 x 10~ s~! were performed
with a Deben MT1000 Microtest stage. Two specimens were tested for
each hydrogen charging condition, including an uncharged specimen.
To ensure comparable hydrogen concentrations, both the TDS and the
tensile tests were started 30 min after the end of the hydrogen charging.
The fracture strain obtained from the stress—strain response curve was
used as an indicator of HE. In addition, the total fracture surface area
and the fraction of the intergranular fracture area were also measured
to provide a further assessment of HE levels.

All cracks on the surface and bulk material were analyzed by
scanning electron microscopy (SEM) and EBSD. Surface cracks were
assessed using EBSD scans taken before the specimens were deformed,
while for bulk cracks new EBSD maps were performed after fracture.
There are roughly 7 layers of grains throughout the sample considering
its thickness and average grain size. To characterize the bulk condition,
the surface located halfway through the thickness of the sample was
used. The bulk material was exposed by grinding to half thickness after
the tensile test, followed by polishing with diamond suspensions to
0.25 pm and finished with a 0.25 pm OPS suspension for further EBSD
characterization, as shown in Fig. 2. This procedure ensured that the
GBs associated with bulk cracks were not the same as those of surface
cracks, as sufficient thickness was removed to reveal a completely new
surface of the material.

The analysis included quantifying the number of surface and bulk
cracks using SEM and determining the fractions of X-3, other X-low
and general GBs exhibiting intergranular cracking through SEM-EBSD
characterization, according to Appendix. The resistance of GBs is dis-
cussed on the basis of comparing the fraction of fractured GBs (in terms
of the number of GB segments) with the baseline microstructure. In
addition, cracks were further classified as primary cracks if they are
involved in the main crack leading to final failure, and secondary cracks
if they occur in the GB but not in the main crack path. Cracks that
contain more than one GB, involving crack initiation and propagation,
are named multi-GB, and others passing through only one GB are
referred to as single-GB cracks as represented in Fig. 3. Their length and
inclination angles with respect to the loading axis were summarized to
assess the extent to which plasticity (resolved shear stress at the grain
boundaries) contributed to the fracture. To evaluate any contribution
from electrochemical hydrogen charging, cracks at the surface of the
material and at the bulk were compared.

All microscopy analyses to characterize the GBs and identify cracks
were performed throughout the entire gauge length of the specimens
using an Oxford Instruments EBSD system installed on a Zeiss Sigma
V500 SEM.
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Fig. 1. Baseline microstructure: (a) IPF map and (b) three GB categories showing X-3 in red, other X-low in blue and general in black. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Surface and bulk intergranular cracking analysis: (a) material removal to expose the bulk, (b) IPF maps of surface and bulk, (c) IPF map of bulk material
with a crack, and (d) GB characterization around the crack (depicted by a zigzag line).

Fig. 3. The longitudinal surface of post-deformation specimens with highlighted cracks: (a) single-GB and (b) multi-GB surface cracks; (c) single-GB and (d)

multi-GB bulk cracks after removing half of the material thickness.
3. Results
3.1. Electrochemical charging and TDS measurement

The measured hydrogen concentration by TDS in the uncharged
samples is 0.58 + 0.12 wppm. The hydrogen concentrations after
cathodic charging are presented in Table 1, showing the effects of
different electrolytes and current densities on hydrogen uptake in the
samples. Two electrolytes were used: 0.6 mol/L NaCl and 0.1 mol/L
NaOH, each tested at two different current densities, —~4 mA/cm? and
—15 mA/cm?. The measured potential of samples charged under the
same conditions for TDS and tensile tests was identical. This consistent
potential, to some extent, ensures a similar hydrogen evolution reaction
and, consequently, comparable hydrogen concentrations between the
TDS analysis and the tensile tested samples [37]. The cathodic charging
took around 40 min to stabilize, as indicated by a small change in
potential at the initial stage. The variation in potential was within
0.03 V during the subsequent stable cathodic charging.

No obvious surface damage was observed after cathodic charging
up to a hydrogen concentration of 14 wppm achieved with 0.1 mol/L
NaOH at —15 mA/cm?. The measured hydrogen concentration re-
mained constant at approximately 4 wppm when using 0.6 mol/L NaCl
solution, even as the applied current density ranged from —4 mA /cm? to
—15 mA/cm?. In contrast, charging with the 0.1 mol/L NaOH solution
led to higher hydrogen concentrations of 8 and 14 wppm at the same
applied current densities.

Since no significant differences in hydrogen concentration were ob-
served between NaCl charged samples, the charging conditions in this
study effectively produced three different levels of hydrogen concentra-
tion: 4, 8 and 14 wppm. There was only a small variation between the
two measurements for each charging condition, particularly under mild
cathodic charging, such as when using NaCl or applying —4 mA /cm?.
The following sections show how these studied hydrogen concentra-
tions were sufficient to induce significant HE in the nickel samples and
discuss the effects of electrochemical charging on the susceptibility of
GBs to hydrogen-assisted cracking.
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Table 1
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Hydrogen concentration measurements for the various electrolytes, current densities, and potentials.

Electrolyte 0.6 mol/L NaCl 0.1 mol/L NaOH

Current density (mA/cm?) -4 -15 -4 -15
Potential versus Ag/AgCl (V) -1.20 -1.28 -1.30 -1.50

H concentration (wppm) 3.91 + 0.35 3.45 + 0.03 8.18 + 0.34 14.47 + 1.07
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Fig. 4. Engineering stress—strain curves (left) and fracture surfaces (right) of uncharged specimen and specimens with hydrogen concentration of 3.5, 3.9, 8.2

and 14.5 parts per million in weight (wppm).
3.2. Tensile tests

Tensile tests were performed with specimens charged in all the con-
ditions displayed in Table 1 using a strain rate of 2x 10~* s~!, as shown
in Fig. 4. All specimens exhibited HE, evidenced by a reduction in the
fracture strain (Elpg) relative to the uncharged condition, while no
significant changes in work-hardening behavior were observed. HE is
also evaluated based on the reduction in area (EIgs, RA/RAyncharged)s
and the fraction of intergranular fracture (A;g) on the fracture surface,
as can be seen in Fig. 5(a).

As expected, embrittlement became more pronounced with increas-
ing hydrogen concentration. Although samples charged with 3.5 and
3.9 wppm showed similar trends in Ay, notable differences in EIg and
EIRa can be observed. A marked increase in A;g was evident between
4 and 8 wppm. However, beyond 8 wppm, the embrittlement level is
plateauing, with no further significant changes in Elgg or Elg,, yet
showing a 10% increase in A;q. This indicates that a comprehensive
assessment of the severity of embrittlement is best achieved by con-
sidering the three parameters Elgg, Elgs, and Ajg in combination.
The trend shown in Fig. 5(a) agrees with previous observations of
nonlinear relationships between embrittlement severity and hydrogen
concentration, with initially sharp reductions in toughness followed
by a plateau at a concentration-invariant toughness [14]. The small
differences in HE severity between specimens with 8 and 14 wppm
indicate that 14 wppm is probably close to the plateau where the
maximum embrittlement level for nickel is reached. On the other hand,
the dispersion of the data between 3.5 and 3.9 wppm is likely because,
at these hydrogen levels, small differences in concentration between
the tensile and TDS samples lead to a larger scatter in HE.

The uncharged specimen’s fracture surface exhibited extensive ev-
idence of ductile microvoid coalescence and a complete absence of
intergranular faceting, consistent with the observed RA of 96%. In con-
trast, the fracture surfaces of all four cathodic charging conditions show
widespread intergranular fracture which increased in area fraction as

hydrogen content increased. Such results are supported by the smaller
reduction in area observed for each condition relative to the uncharged
baseline. Critically, intergranular fracture was consistently observed in
the specimen mid-thickness in all hydrogen-charged cases, despite the
presence of mixed failure modes, including intergranular fracture and
microvoid growth for the 3.5 and 3.9 wppm (Fig. 5(b)). This mixed
failure mode is, to a certain extent, also observed in the sample with
14 wppm where the percentage of intergranular fracture was 65% (Fig.
5(c)). In general, HE indexes (Elgg, Elxa, and Ag) together with the
intergranular fracture distribution on the fracture surfaces, especially
at 14 wppm, not only confirm that the hydrogen concentration was
sufficient to induce significant intergranular fracture, but also suggest
a uniform hydrogen distribution within the samples.

3.3. Hydrogen-assisted intergranular cracking

The number density of intergranular cracks (number of cracks per
gauge length surface area, which is 8 mm x 3 mm = 24 mm?) is sum-
marized in Fig. 6. Post-deformation intergranular cracks were rarely
observed in the uncharged specimen, with only three surface cracks
and one bulk crack detected. On the other hand, there was an average
of 15 to 40 surface and 12 to 25 bulk intergranular cracks in the
hydrogen-charged specimens, depending on the charging conditions.
For the samples with 3.5 and 3.9 wppm, there is a similar number of
cracks on the surface and in the bulk material, suggesting that these
charging conditions did not induce surface damage. In contrast, there
is a substantially larger number of cracks on the surface compared
to the bulk material for the samples charged with 8 and 14 wppm.
This indicates that more intense hydrogen evolution and/or increased
hydrogen absorption during these cathodic charging conditions may
facilitate the formation of surface cracks. It is also worth noting that the
higher deformation levels attained for the low hydrogen content cases
will result in higher hydrostatic stresses at the center of the samples,
which could drag hydrogen from the surface and further contribute to
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Fig. 5. Quantifying HE in pure Ni: (a) Reduction in area, RA/RAyycharged> @nd intergranular area, Ay, as functions of hydrogen concentration, indicating increased
embrittlement with higher hydrogen concentration. Fracture surfaces for (b) 3.5 wppm with a mix of microvoids and intergranular fracture, whereas for (c)
14.5 wppm, a larger fraction of intergranular fracture corresponds to a higher embrittlement level.

2.5 T T
o O Surface total ¢ Surface single-GB 0O Surface multi-GB
é 5 ®Bulktotal ¢ Bulksingle-GB  ® Bulk multi-GB
s
i)
o) o
g 1s) 1
&
b o
g I 3 ¢ o]
A e .
A [u]
205¢F g ¢ ®
&
Q n
2 ; B !
olL® , .
0 5 10 15

Hydrogen concentration (wppm)

Fig. 6. GB crack densities: total, single-GB and multi-GB crack densities for
the surface (hollow symbols) and bulk (solid symbols), considering the average
number of cracks observed in the gauge region of two samples for each
hydrogen concentration. The crack densities for the uncharged sample are
included for comparison.

higher predominance of bulk cracks (versus the lower necking, high
concentration tests).

The fractions of X-3, X-low and general GBs are plotted according
to their locations, crack categories, and hydrogen concentrations in Fig.
7. The samples charged with 3.5 and 3.9 wppm were grouped for clarity
due to the similarity in observed HE levels, fracture surface morpholo-
gies, and crack density. Thus, in Figs. 7 to 11, hydrogen concentrations
are classified as low (3.5-3.9 wppm), medium (8 wppm) and high
(14 wppm). The GB baseline microstructure has an average distribution
of 46 + 1.1% -3, 3 + 0.2% X-low and 51 + 1% general GBs. These
baseline fractions were obtained from ~5000 GBs per specimen. The
small variations in the fractions of GBs in the baseline microstructure
between all the samples confirms that they had a nominally identical
GB distribution before tensile testing.

From the results in Fig. 7, the relative fractions of fractured GBs
appear to be independent of their location (surface or bulk) and crack
type (single or multi-GB). The X-3 GBs consistently exhibit the lowest
fraction among the fractured GBs, showing a substantial decrease com-
pared to the baseline, regardless of location, crack type, or hydrogen

concentration. Specifically, >-3 GBs accounted for 8%, >-low GBs for
24%, and general GBs for 68% of all secondary cracks observed. In
addition, the occurrence of fractured X-3 GBs decreases with increasing
hydrogen concentrations. These findings thus demonstrate that >-3 GBs
have the highest resistance to hydrogen-assisted cracking at all hy-
drogen concentrations. This conclusion applies to both crack initiation
and propagation, as the fraction of fractured GBs shows no signifi-
cant difference between single-GB and multi-GB cracks, indicating that
susceptibility is independent of the number of GBs involved.

Although there is a difference in the number of cracks between
the surface and bulk (Fig. 6), they have similar relative proportions
of the types of fractured GBs. This suggests that while cracking may be
enhanced by the intensity of cathodic charging, this effect does not alter
which types of GBs are more or less susceptible to hydrogen-assisted
intergranular cracking. Finally, Fig. 7 also reveals that Z-low GBs (3
< X < 29) have higher post-deformation fracture fractions compared
to the baseline microstructure. A detailed analysis (Fig. 8) shows that
this is due to the greater susceptibility of >-23 and X-29, while GBs
with lower X values (especially >-7 and X-9) demonstrate resistance to
hydrogen-assisted cracking with smaller fractions of fractured GBs than
the baseline. This figure combines the fractured GBs within the >-low
range from all categories (surface and bulk, single-GB and multi-GB)
and hydrogen concentrations (low, medium and high).

A summary of the crack lengths and orientation angles of the GBs
exhibiting intergranular cracking is presented in Fig. 9. Surface and
bulk cracks are combined in this analysis. In Fig. 9(b), a crack orienta-
tion angle of 0° indicates alignment parallel to the loading axis, while
90° corresponds to perpendicular alignment. For multi-GB cracks, the
angles of all individual GB crack segments are taken into account, i.e. if
a multi-GB crack spans two grain boundaries, two crack segment angles
are considered. At all hydrogen concentrations, GBs with orientation
angles below 20° are rare. Cracks exhibit preferential orientation, with
a higher frequency of angles between 70° and 90°, which can be seen
to some extent in Fig. 3. Furthermore, hydrogen concentration does
not appear to influence crack length distributions for either single-GB
or multi-GB cracks, with typical lengths ranging from 20 to 70 pm for
both.

GB fraction and crack geometry analyses were also performed on
primary cracks (i.e., cracks responsible for the final failure) by tracking
their paths on the longitudinal view SEM images of the fractured
samples and comparing them with the EBSD maps of the undeformed
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Fig. 7. GB crack statistics compared to the baseline microstructure. The fractions of fractured GBs are shown according to their X values, on the surface or in
the bulk, involved in single-GB or multi-GB secondary cracks for low (blue), medium (orange), and high (red) hydrogen concentrations. Error bars represent the
standard deviation based on all samples for each concentration. The groups of GBs are based on their CSL values, 2-3, X-low (3 < X < 29) and general GBs. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

samples. The primary cracks exhibit a combination of intergranular
(IG) and transgranular (TG) fractures. The fractions of these two failure
modes and of GBs in the IG cracks are shown in Fig. 10. There are
around 70% IG and 30% TG for all the studied hydrogen concentra-
tions. Similar to secondary cracks, the -3 GBs consistently show the
highest resistance to hydrogen-assisted intergranular cracking. The IG
crack length for primary cracks is comparable to that of secondary
cracks, generally ranging from 20 to 70 pm (Fig. 11(a)), while TG
cracks exhibit greater variability in length. The orientation angles of
the fractured GBs show a more pronounced trend around 80° and 90°
(Fig. 11(b)), especially for medium and high hydrogen concentrations,
reinforcing the contribution of decohesion to the cracking of these
interfaces.

4. Discussion

By analyzing 349 secondary and 159 primary intergranular cracks,
this work provides strong evidence that >-3 GBs are more resistant

to hydrogen-assisted cracking. Furthermore, the lower susceptibility
to HE of low-X GBs and the orientation angles of the fractured GBs
relative to the loading axis suggest that failure is predominantly driven
by decohesion rather than plasticity.

4.1. Embrittlement and density of IG cracks

Firstly, the findings of the present work appear to be universal
and not linked to the hydrogen charging approach adopted. The in-
creasing levels of embrittlement with hydrogen concentration after
electrochemical charging, linked to higher fractions of intergranular
fracture, were similar to previous findings for a similar Ni material
charged with hydrogen gas at high temperature and pressure [14]. This
embrittlement was also accompanied by a decrease in the density of
secondary integranular cracks observed at the bulk of the specimens
with the highest hydrogen concentration. This can be explained by the
expected decrease in fracture toughness with hydrogen concentration,
enabling fracture to occur with an increasingly lower level of internal
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damage, which in this work consists mainly of intergranular cracks.
Furthermore, a similar crack density is observed at the surface and
bulk for the smallest tested hydrogen concentrations (~ 4 wppm). On
the other hand, the surface is about twice as susceptible to cracking
than the bulk for the tests with 8 and 14 wppm, likely due to the more
severe applied cathodic charging, although no obvious damage to the
surface (e.g., blisters [38], slip lines and cracks [39]) was observed after
charging.

4.2. Mechanism of hydrogen-assisted IG cracking in nickel

The current results demonstrate that the ¥ value of a GB corre-
lates well with its likely susceptibility to hydrogen-assisted cracking.
Although the X value alone does not fully characterize the crystal-
lography of GBs [40], the present data show that general GBs exhibit
increased susceptibility, while a lower susceptibility is observed for ¥ <
9 boundaries. This result is in agreement with previous experimental
works (e.g., [14,41]) that suggest that increasing the fraction of low-X
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boundaries through grain boundary engineering methods could be an
effective strategy to mitigate HE. Moreover, this study provides a
more comprehensive statistical demonstration of the generality of this
susceptibility trend (X-high vs X-low) for Ni over a wide range of
hydrogen concentrations and whether the cracks are bulk or surface,
primary or secondary, single or multi-GB, even under conditions where
the metal surfaces appear to be damaged by severe cathodic charging
(>8 wppm).

The observed link between hydrogen-assisted intergranular cracking
with GB character can be explained based on thermodynamics and
kinetics considerations of decohesion. By defining the density of co-
incident lattice sites, the X value serves as a proxy for the atomic
structure of the GB, which directly influences the grain boundary
energy, as well as the hydrogen segregation energy and the fracture
energy as a function of hydrogen occupancy. Atomistic studies have
predicted linear reductions of cohesive energies of GBs with hydrogen
occupancy (C;p) depending on their ¥ values, as summarized from
multiple studies in Fig. 12(a). However, it is unclear which grain
boundary type experiences the least reduction in separation energy
with increasing hydrogen coverage due to substantial discrepancies in
atomistic simulation results reported in the literature.

On the other hand, calculations and experimental results corrobo-
rate the higher resistance of X-3 due to the significantly less favorable
trapping [28,29,42]. The hydrogen coverage at grain boundaries (Cgp)
as a function of the hydrogen bulk concentration and their segregation
energies is shown in Fig. 12(b). These values were calculated according
to the Langmuir-McLean isotherm [43,44]

Cep  _ _Chui exp < _Eseg> &)
1-Csp 1-Cpui kT
where Cp, is the atomic concentration of hydrogen in the bulk, Eg,,
is the segregation energy for hydrogen to grain boundary sites, k is the
Boltzmann’s constant and 7 is the temperature in Kelvin. In Fig. 12(b),
Cpui is converted into wppm to facilitate comparison with the values in
this work (Table 1). The segregation energies reported in the literature
used to calculate C;p are also provided. For the GB types where
Eg,, is reported in multiple studies, the average value is taken and a
shaded area is used to represent the scatter considering the standard
deviation of the values. It is possible to see from Fig. 12(b) that the >-
3 boundary exhibits the least favorable hydrogen segregation energy,
with a mean value of —0.02 eV and marginal scattering (—0.01 to
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—0.04 eV [26-29,31]). Therefore, increasing hydrogen coverage at the
-3 boundary in pure nickel is particularly difficult, greatly limiting
hydrogen-assisted intergranular cracking to happen.

Recent studies have shown that the thermodynamically predicted
equilibrium segregation and fracture energy decreases of hydrogenated
boundaries alone could not explain cleavage along GBs in Ni [25,45].
Hydrogen-enhanced decohesion of GBs could only be predicted in the
atomistic simulations when it was included kinetics considerations re-
lated to hydrogen accumulation at atomic-scale crack tips and diffusion
towards fractured surfaces [45]. The decrease in local Mode I crack tip
stress critical intensity factor (Kj.) resulting from these phenomena is
also dependent on the GB’s crystallography, and could hence be used
to explain the observed differences in HE resistance according to the
GB X value. Therefore, the results of this work are in line with the
decohesion mechanism in which the low-energy GBs, especially X-3,
are expected to be more resistant to cracking in the presence of a given

hydrogen concentration due to their lesser segregation and greater
cohesive strength.

4.3. Difference between cracking susceptibility for Ni and Ni alloys

In contrast to what is predicted by thermodynamic-kinetic con-
siderations of decohesion and observed in the present work, recent
studies with Ni alloys have shown greater susceptibility of the X-3
coherent twin GBs to hydrogen-assisted cracking nucleation [34-36].
These results were explained based on the localized plasticity activity
at these GBs. The fact that in the present work no such plasticity-
enhanced cracking nucleation at X-3 boundaries is observed suggests
that this cracking mechanism is less favored in pure Ni than in Ni
alloys. One possible explanation is that the susceptibility to hydrogen-
assisted cracking of twin boundaries in FCC materials depends on their
stacking fault energy (SFE), with low SFE alloys being more susceptible
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Fig. 12. (a) GB separation energy as a function of hydrogen coverage from DFT and MD simulations [26,29-31]. The circles indicate conditions under which near
full hydrogen coverage at the GB is achieved for a given bulk atomic concentration of 0.001 (17 wppm) [25,27]. (b) Hydrogen coverage at grain boundaries as a
function of bulk hydrogen concentration. The shaded areas represent variations in coverage due to different segregation energies reported in the literature [25-31].
The mean segregation energy values considered are given in the legend. For works where multiple values are provided, the highest segregation energy is used

for each GB type.

due to enhanced planar slip and impediment of cutting through twin
boundaries [46]. This susceptibility may also be enhanced by the y’
and/or y” precipitation observed in several Ni alloys, such as the
Inconel 725 studied in [34,36]. Therefore, pure nickel with a higher
SFE than its alloys and without precipitation would, as observed in
this work, be more resistant to twin boundary cracking enhanced by
hydrogen and plasticity interactions. A final analysis of crack orien-
tation was performed in this work to elucidate the role of resolved
shear stress in GB cracking. Cracks oriented nearly normal to the load-
ing axis are observed more frequently, corroborating the decohesion
mechanism. Therefore, once factors that induce plasticity localization
are removed (e.g., solutes and precipitates), as in this work using pure
Ni, the results show that both the grain boundary character and the
orientation relative to the load axis are key factors for the occurrence
of hydrogen-assisted intergranular cracks.

Conclusion

This study characterizes the susceptibility of nickel’s surface and
bulk GBs to hydrogen-assisted intergranular cracking under tensile
loading across a wide concentration range (4 to 14 wppm) using
SEM-EBSD. The main findings are as follows:

-3 GBs consistently exhibit the highest resistance to hydrogen-
assisted intergranular cracking. This resistance is reflected in
crack initiation and propagation.

Cathodic charging can promote hydrogen-assisted surface cracks.
However, the relative susceptibility of the GBs remains unchanged.
Embrittlement and intergranular fracture increase with hydrogen
concentration. This is accompanied by a decrease in the bulk
secondary cracking, corroborating that a lower degree of damage
is required for failure to occur as the hydrogen concentration
increases.

The length and orientation of primary and secondary cracks show
no sensitivity to hydrogen concentration. Most crack lengths are
between 20 and 70 pm for an average grain size of 101 pm. Crack
orientations >70° (relative to the applied load) are observed more
frequently.

Intergranular cracking susceptibility in nickel can be explained
by thermodynamic-kinetic considerations of hydrogen-enhanced
decohesion.

Hydrogen-induced plasticity-assisted cracking at twin boundaries
is less favored in pure Ni than in its alloys.

Therefore, this work brings new insights into the intrinsic resistance
of grain boundaries to hydrogen-assisted cracking. It contrasts with
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scenarios, such as that of certain Ni alloys, in which the local stresses
from plastic localization can obfuscate GB susceptibility. Its findings lay
the foundation for more holistic engineering strategies for Ni alloys,
taking into account not only the GB character but also the complexity
of the structural features within them.
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Appendix. Grain boundary characterization

The X values were identified according to Brandon’s criterion
15°
VE
Where the misorientation angle 6 of the fractured GBs was calcu-

lated based on rotation matrices of neighbor grains R;, R, and their
relative rotation matrix R,,; by

A0 =

(A1)

Ry =Ry - R{

ou(9) - 10!

employing the MTEX MATLAB add-on package (version 5.10.0).

The X value was determined based on misorientation angles re-
ported in [47]. Only X-3, 2-5, X-7, X-9, ¥-23, ¥-29, ¥-31 and X-35
GBs exist in the baseline microstructure as CSL boundaries (Table A.1).
Therefore, these > values were possible for fractured GBs. Additionally,
GBs that failed to meet such criteria, i.e., random GBs, were categorized
into general GBs.

(A.2)

(A.3)

Table A.1
X values of the identified CSL grain boundaries with their § and 46 for cubic
lattices (m3m point group).

X Value 0 (°) 40 (°) X Value 0 (°) 40 (°)
3 60.00 8.66 23 40.45 3.13
5 36.86 6.71 29 46.40 2.79
7 38.21 5.67 31 52.20 2.6

9 38.94 5.00 35 34.05 2.54
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