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The attention to hydrogen embrittlement (HE) has been intensified recently in the light of hydrogen as a
carbon-free energy carrier. Despite worldwide research, the multifaceted HE mechanism remains a mat-
ter of debate. Here we report an atomistic study of the coupled effect of hydrogen and deformation
temperature on the pathway to intergranular fracture of nickel. Uniaxial straining is applied to nickel
¥5(210)[001] and X9(1-10)[22-1] grain boundaries with or without pre-charged hydrogen at various
temperatures. Without hydrogen, vacancy generation at grain boundary is limited and transgranular frac-
ture mode dominates. When charged, hydrogen as a booster can enhance strain-induced vacancy genera-
tion by up to ten times. This leads to the superabundant vacancy stockpiling at the grain boundary, which
agglomerates and nucleates intergranular nanovoids eventually causing intergranular fracture. While hy-
drogen tends to persistently enhance vacancy concentration, temperature plays an intriguing dual role
as either an enhancer or an inhibitor for vacancy stockpiling. These results show good agreement with
recent positron annihilation spectroscopy experiments. An S-shaped quantitative correlation between the
proportion of intergranular fracture and vacancy concentration was for the first time derived, highlight-
ing the existence of a critical vacancy concentration, beyond which fracture mode will be completely
intergranular.

Keywords:

Hydrogen embrittlement
Intergranular failure
Vacancies

Grain boundaries
Molecular dynamics (MD)

© 2022 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction The HEDE mechanism postulates that dissolved hydrogen at a grain
boundary (GB) or crack tip weakens interatomic bonds, thus re-

The phenomenon of hydrogen in metals causing catastrophic ducing the fracture energy [7]. It reflects the nature of embrittle-

degradation of mechanical properties, including strength, ductil-
ity, and fracture toughness, is known as hydrogen embrittlement
(HE). Substantial efforts have been devoted to deciphering the gen-
esis of this phenomenon at different scales since it was first ob-
served in 1875 [1,2]. However, the fundamental mechanism of HE
remains a matter of debate because of its multifaceted nature.
The primary controversy is over the role of plasticity in hydrogen-
induced degradation. Many theories have been proposed in this
respect [3-6], and to name only a few, hydrogen-enhanced deco-
hesion (HEDE) and hydrogen-enhanced localized plasticity (HELP).
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ment and has been widely employed to rationalize the hydrogen-
induced ductile to brittle transition [8-11]. However, HEDE does
not explicitly address the intensive plasticity seemingly promoted
by hydrogen, as revealed in many experiments [12,13]. In con-
trast, the HELP [14] mechanism regards hydrogen as an enhancer
for dislocation mobility, as evidenced by a number of transmis-
sion electron microscopy (TEM) observations [15]. However, re-
cent atomistic modeling [16] and in-situ experimental observation
[17] showed that dislocation motion could be hindered by the Cot-
trell atmosphere built up by hydrogen. These contradictory results
reflect the complexity of the interactions between plasticity and
hydrogen when examined at different spatial and temporal scales.

Dislocation is not the sole carrier of plasticity, other types of
defects such as GB and vacancy also exert an influence through
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their interaction with hydrogen. In polycrystalline materials, the
embrittlement is usually accompanied by a transition from trans-
granular to intergranular fracture [18,19]. This transition has been
attributed to decohesion caused by hydrogen segregation at GBs
[20,21]. By observing extensive dislocation substructures beneath
the intergranular fracture surface, Robertson et al. [5,22] claimed
that hydrogen-enhanced dislocation activity was the necessary
precursor for intergranular fracture. It should be noted that this
conclusion is a posteriori interpretation of microstructural features
observed after failure, whereas a time-resolved nanoscale mecha-
nism is still lacking.

Superabundant vacancies have been shown to form in many
hydrogen-metal systems [23]. With aid of positron annihilation
spectroscopy (PAS), Nagumo et al. [24,25] pointed out the predom-
inant role of vacancies in premature fracture, which is referred
to as hydrogen-enhanced strain-induced vacancies (HESIV) mech-
anism. Hydrogen stabilizes vacancies by forming hydrogen-vacancy
complex (Va-H) and participates in subsequent plastic deformation
[17,26,27]. However, the direct connection between superabundant
vacancies and the final intergranular fracture remains a mystery.
Recent PAS experiments by Lawrence et al. [28] showed that the
hydrogen-enhanced vacancy generation becomes more pronounced
in fine-grained nickel alloys as temperature decreases, and the
propensity for intergranular failure is also amplified [29,30]. These
observations call for an in-depth investigation of the nanoscale in-
teractions among hydrogen, vacancy, and GB.

It is still very challenging today to track hydrogen atoms
precisely by experiment [31,32]. As a result, knowledge about
hydrogen-microstructure interactions is limited. Atomistic mod-
eling has proven as a powerful alternative tool for probing the
nanoscale mechanisms of HE [9,10,15,17,33-35]. The atomistic
studies of HE have been divided into several sub-processes, i.e., va-
cancy formation [36-38], dislocation dynamics [39-41], intergran-
ular decohesion [42-44], and crack propagation [45-47]. In these
studies, the respective contributions of hydrogen-influenced dis-
location and vacancy to the intergranular fracture transition have
been treated ambiguously. In order to explore a nanoscale mecha-
nism that can directly link to the intergranular fracture transition,
we employ atomistic modeling to study HE in bi-crystal nickel.
Uniaxial straining tests with two representative GBs are carried out
at varying hydrogen concentrations and temperatures, focusing on
the time-resolved evolution of dislocations and vacancies as well
as their contribution to the final separation of GBs. A large num-
ber of repeated simulations are performed for each condition to
obtain a statistical representation of the results. The study enables
quantification of the individual roles played by hydrogen, temper-
ature, dislocations and vacancies in the transition to intergranu-
lar fracture. A quantitative relationship between vacancy concen-
tration and intergranular fracture is for the first time derived to
highlight the threshold vacancy concentration for fully intergranu-
lar fracture. The present findings unveil a nanoscale mechanism for
intergranular fracture transition, more importantly, allow for the
establishment of a quantitative mechanism-based prediction of HE.

2. Methodology

We utilized large-scale atomistic simulations to investigate the
deformation behavior of the nickel-hydrogen system, focusing on
the microstructure evolution during the hydrogen-induced inter-
granular fracture transition process. The atomic interactions were
described by the embedded atom method potential developed by
Angelo [48], which is widely adopted to study the deformation be-
havior of nickel [49-51]. The molecular dynamic (MD) simulations
were performed using the LAMMPS code [52].

Two nickel bicrystal models were established with
35(210)[001] symmetric tilt GB and X9(1-10)[22-1] pure twist
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GB. X is the reciprocal density of coincident sites; (210) and (1-10)
represent the GB planes, and [001] and [22-1 | are the tilt or twist
axes. The X5 and X9 GBs represent typical low-X and general
GBs, respectively. The models were assumed to be in the vicinity
of a crack tip, subjected to high stress triaxiality. An illustration
was given in Fig. 1. The GBs were created by constructing two
separate crystals with desired crystallographic orientations in a
rectangular simulation box and then aligning the crystals along
a plane normal to the Y-direction. Periodic boundary conditions
were applied along the X and Z directions, while free boundary
condition was employed along the Y direction. The initial config-
uration was then modified by shifting the upper grain in the X-Z
plane, deleting overlapping atoms, and applying the conjugate gra-
dient method to equilibrate the system. The resulting simulation
box dimensions (Lx, Ly, L,) were (11.9 nm, 23.8 nm, 10.6 nm) and
(10.6 nm, 20.1 nm, 9.1 nm) for ¥5 and X9, respectively. All the
simulation boxes were divided into three regions: the area 1 nm
above and below the GB was referred to as the GB region, the
1 nm thick regions at the top and bottom of the simulation box
were fixed as rigid blocks for the application of displacement, and
the remaining was regarded as grain interior.

After relaxation in the isothermal-isobaric (NPT) ensemble
at 300 K for 100 ps, the hybrid grand canonical Monte Carlo
(GCMC)/molecular dynamic method [19] was utilized to obtain hy-
drogen distribution in the samples. The procedure consists of loops
of hydrogen charging GCMC steps and subsequent MD steps and
provides a hydrogen segregation map without considering the ki-
netic process, which would otherwise take a formidable long time
in a pure MD simulation. At each GCMC step [53], hydrogen atoms
were randomly inserted/deleted in the boxes in order to achieve a
target chemical potential ;& within a constant volume V and tem-
perature T. In the end, the equilibrium hydrogen distribution in GB
and grain interior will be under the same chemical potential .
There exists a relationship between the chemical potential © and
the locally equilibrated hydrogen concentration c:

i = kTlnc + o E, (1)

where A E is the local segregation energy of one hydrogen atom
and k is the Boltzmann constant. For all the cases, u = —2.31 eV
was chosen as the charging potential which corresponds to the
bulk hydrogen concentration in grains cy = 0.001 (H/Ni atomic ra-
tio). This hydrogen concentration is in agreement with previous ex-
periments [28,29]. In the subsequent MD steps, a canonical (NVT)
ensemble was applied to equilibrate the system at T = 300 K after
every hydrogen charging step. Each GCMC step was followed by 50
MD steps until the hydrogen concentration in the box fluctuated in
a narrow range (+1% atomic ratio). The equilibrium hydrogenated
GB after charging was regarded as a 100% saturation case, and the
0%, 13%, 25%, 40%, 60% saturation cases were simulated for com-
parison. All samples in these cases were further equilibrated at 77
K, 300 K, and 600 K in the NPT ensemble for 100 ps. Then uniaxial
straining was applied in the NVT ensemble at the three tempera-
tures by moving the upper boundary layer at a constant velocity
along the Y direction while the lower layer was kept stationary.
This loading method provides a high stress triaxiality and mimics
the mechanical behavior close to the crack tip. In total, we had 2
GB types x 6 hydrogen concentrations x 3 temperatures = 36 dif-
ferent conditions. For each condition, we performed 20 indepen-
dent mechanical tests with random temperature seeds. This guar-
antees statistical significance in capturing the thermal effect during
mechanical deformation and produces the basis for calculating the
intergranular fracture fraction.

The atomic stress during deformation was analyzed by Viral
theory [54]. The local atomistic structures in the system were char-
acterized by the centro-symmetry parameter (CSP) [55] and com-
mon neighbor analysis (CNA) [56]. Vacancy surface atoms were
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Fig. 1. Schematic of the atomistic models of nickel X5(210)[001] symmetric tilt and £9(1-10)[22-1] twist grain boundaries. Only atoms belonging to the GB are shown. The

top and bottom are the rigid layers serving to apply deformation.

counted by calculating the coordination number of atoms in each
snapshot after fast quenching and dislocations were identified with
Ovito program [57].

3. Results and discussion

3.1. Hydrogen-induced transgranular to intergranular fracture
transition

The dynamic GCMC/MD charging process with u = —2.31 eV is
illustrated in Fig. 2¢, d for the X5 and X9 GBs, respectively. The
hydrogen concentration in the grains reached cy = 0.001 during
the first 100,000 MC steps and stabilized gradually during the sub-
sequent simulation steps. Meanwhile, hydrogen atoms keep pump-
ing into the GB region due to the high excess volume and bind-
ing energy. After around 10,000,000 MC steps, hydrogen concen-
tration at the ¥5 and X9 GBs also reached equilibrium (100% satu-
ration) with ¢ = 0.240 and c = 0.215, respectively. These two equi-
librium GB configurations with saturated hydrogen in Fig. 2a are
regarded as 100% (fully) charged cases at the chemical potential
= —2.31 eV. Apparently, a local hydrogen atmosphere has been
formed around the X5 and X9 GB core, while the grain interior
hydrogen concentration was slightly decreased to cy = 0.0008. The
relationship between local equilibrium hydrogen concentration and
applied chemical potential was further shown in Fig. 2b, agreeing
with Eq. (1). These hydrogen distribution maps show good agree-
ment with previous studies [31,58], where GBs are preferable ac-
commodation sites for hydrogen.

After charging, uniaxial straining in the Y direction is applied on
the bicrystal specimens at 300 K. This loading strategy provides a
high stress triaxiality which mimics the stress state in the vicinity

of a crack tip. During tension, plasticity occurs firstly with nucle-
ation of 1/6<112> Shockley dislocations at the GBs (Fig. 3ay, as, by,
bsz). These dislocations enter the grains rapidly and interact with
the top or bottom boundary, leaving stacking fault bands along
the propagation pathway. As more dislocations nucleate and spread
across the specimen, nanovoids start to nucleate, eventually lead-
ing to fracture. Compared to non-charged ones, hydrogen-charged
samples are distinct both in mechanical response and in fracture
mode. As shown in Fig. 3a and b, the first drop of the stress-strain
curves corresponds to the first dislocation nucleation event as a
sign of the onset of plasticity. Hydrogen facilitates the dislocation
nucleation at X5 GB (first dislocation nucleates at strain ¢ = 0.079
and stress oy, = 11.06 GPa in the hydrogen-free sample against
e = 0.061, oy = 9.51 GPa in the hydrogen charged specimen),
while its influence on X9 GB seems negligible (¢ = 0.045 and
oy = 8.48 GPa without hydrogen versus ¢ = 0.044, 0, = 8.34 GPa
with hydrogen). In Fig.3 bs, the dislocation nucleation at the lower
half-grain will occur slightly later (0.001 strain) than in the upper
grain. When the samples fracture by nanovoiding, the stress drops
to zero. Hydrogen can significantly reduce the fracture stress and
strain, and, more importantly, it switches the nanovoid nucleation
site from the grain interior to GB (Fig. 3ay, a4, by, by). A distinctive
companion of this process is the distortion of the crystal lattice
in the vicinity of GB due to the accumulation of lattice defects.
This distortion can be so significant that the translation symme-
try breaks in some local regions leading to partial amorphization
of the material as has been experimentally observed in hydrogen-
charged steels [59,60] and nickel alloys [61,62]. In Fig. 3a;, a3, the
local lattice distortion is noticed at the early stages of straining and
is associated with the formation of Shockley dislocations and local
HCP atomic packing. In Fig. 3a4, bg, the nanovoid at GB is formed
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Fig. 2. (a) Equilibrium hydrogen distribution map around X5 and X9 GBs. Only hydrogen atoms are colored black. (b) The relationship between local equilibrium hydro-
gen concentration (H/Ni atomic ratio) and chemical potential. The relationship between equilibrium hydrogen concentration and chemical potential around £5 and X9 is
highlighted in the inset. (¢, d) Hydrogen concentration evolution around X5 and X9 GBs during GCMC/MD charging process.

by the expanding of those heavily distorted layers. The pivotal sig-
nificance of the free volume associated with the excess vacancies
and nanovoids in the local deformation and partial amorphization
of the GB area will be further unfolded and clarified in Section 3.3.
We repeat the simulation process 20 times with different random
seeds for temperature. In the absence of hydrogen, transgranular
fracture prevails over intergranular fracture: 19 out of 20 X5 sam-
ples, i.e., 95% of the samples, fail with nanovoid nucleation sites lo-
cated inside the grains. The picture changes drastically in the pres-
ence of hydrogen: all 20 X5 samples fail with nanovoiding at GB.
Thus, hydrogen enhances the intergranular fracture fraction from
5% to 100% for X5 GB at 300 K. This process is identified as the
hydrogen-induced transgranular to intergranular fracture transition
(see Supplementary movies 1 and 2). We should underline for clar-
ity that the term “intergranular fracture” used in this study refers
to the “intergranular nanovoiding” or “GB opening by nanovoiding”
process, because the intergranular fracture occurs almost concur-
rently with the nanovoiding. This means the intergranular fracture
here and below focuses only on the nanovoid nucleation behav-

ior, which differs from the macroscopic intergranular fracture pro-
gressing through the void nucleation, coalescence, and crack prop-
agation [3,63]. However, since the nanovoid nucleation is the pre-
requisite for void coalescence and crack propagation and since the
nucleation site has been assigned to GB, the propensity for macro-
scopic intergranular fracture should also be enhanced.

3.2. Coupling effect of hydrogen and temperature

Both hydrogen and low temperature can cause embrittlement
and intergranular fracture transition and their roles may be inter-
twined. We carried out simulations at various hydrogen concen-
trations and temperatures (77 K, 300 K, 600 K) to explore their
coupling effect. Normalized hydrogen concentration at GB is de-
fined as the relative ratio compared to the full saturation cases
with ¥5 or ¥9 GBs. For instance, the 100% saturation at the X5
GB corresponds to a hydrogen concentration of ¢ = 0.240. Hence, a
normalized hydrogen concentration of 60% is equivalent to a con-
centration of ¢ = 0.144. For each condition, 20 independent sim-
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Fig. 3. Hydrogen-induced transgranular to intergranular facture transition: nanovoid nucleation site switching from grain interior to GB. (a, b) The stress-strain curves during
uniaxial straining at 300 K for £5 and X9 GBs with and without hydrogen. Every line represents a MD simulation result with varying random seeds for temperature, which
means all the atoms are given a different set of velocities according to the changed random seeds while the systems are kept at the same temperature of 300 K. (a;, a3,
by, b3) Snapshots show the events of first dislocation nucleation, corresponding to the first drop of stress in (a, b). (az, a4, bz, bs) Snapshots show the events of nanovoid
nucleation, corresponding to the maximum stress in (a, b). Atoms are colored by the common neighbor analysis parameters. FCC atoms are deleted, red HCP atoms indicate
the glide paths of 1/6<112> Shockley dislocations (green pipelines), and grey atoms are in an amorphous structure.

ulations are performed to extract statistically reliable data. The
coupling effect of hydrogen and temperature on dislocation nu-
cleation varies depending on the GB type (Fig. 4a, d). Hydrogen
could facilitate dislocation nucleation at the X5 GB with a more
pronounced effect at 600 K, while 39 GB remains immune to
hydrogen attack within the temperature range tested. In contrast,
the coupling effect on nanovoid formation and final fracture man-
ifests itself in a different manner (Fig. 4b, c, e, f). When suffi-
cient hydrogen is charged, earlier fracture and increased propor-
tions of intergranular fracture were observed. To avoid confusion
with the customary notions where intergranular fracture usually
addresses fractographic features indicative of the brittle nature
of HE, the intergranular fracture in this study describes the GB
opening process by nanovoiding accompanied by intense plastic-
ity. Notably, the effect of hydrogen is always most pronounced at
77 K. This observation is consistent with the experimental results
[29] that the hydrogen-promoted intergranular fracture was more
frequently observed at low temperatures. However, the fact that
hydrogen-enhanced dislocation nucleation and hydrogen-promoted
earlier fracture have opposite temperature dependence suggests
that hydrogen-dislocation interaction may not directly contribute
to the final intergranular fracture. The change in the fracture
mode should be attributed to other types of microstructural de-
fects such as vacancies. This is elaborated in the subsequent
sections.

3.3. Vacancy stockpiling at GB and its temperature dependence

A number of experimental observations [17,24,28] highlighted
the importance of vacancy formation at GB. Here we explore the
hydrogenated vacancies in the vicinity of GB and treat them as po-
tential embryos for nanovoids. To quantify the evolution of vacan-
cies at a deformed GB, the distorted atoms with coordination num-
bers less than 9 (featuring bond-breaking states) in the GB region
are treated as vacancy surface atoms [33], and the fraction of these
atoms is taken as the vacancy concentration. This definition differs
from the conventional one for the vacancy-type of point defects,
but it could well capture the amount of lattice distortions at GB,
and give a comprehensive description of the enhanced excess free
volume during GB amorphization [28,59,60]. Fig. 5b, g shows the
distribution of vacancy surface atoms at GBs at a constant strain,
as examples from the concentration plots in Fig. 5a, f. A dramatic
increase in the number of vacancies is observed in all hydrogen-
charged cases, with the maximum enhancement of over 10 times,
as observed in the 100% saturated cases at 77 K for both X5 and
%9 GBs. It should be noted that, to eliminate thermal noise, ev-
ery snapshot is fast quenched to 10 K before calculating vacancy
concentration. By repeating the quenching-and-calculating process
for multiple times at different strains, we obtain the evolution of
vacancy concentration as a function of strains in Fig. 5¢c-e, h-j. To
avoid counting atoms on the nanovoid surface, we show only the
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Fig. 4. The coupling effect of hydrogen and temperature on mechanical responses. (a, d) Dislocation nucleation stress is the critical stress for the first dislocation nucleation
corresponding to the snapshots in Fig. 3(a;, as, by, bs). (b, e) Fracture strain is the strain for the onset of fracture, or on the other hand, failure corresponding to the snapshots
in Fig. 3(az, as, by, byg). (¢, f) Fraction of intergranular fracture is a statistical quantity for samples exhibiting intergranular nanovoiding behavior. Hydrogen concentrations are
normalized by the full saturation concentration at ¥5 and X9 GBs, respectively. The error bar on each data point in (a, b, d, e) indicates the standard deviation obtained
from 20 independent simulations under the same conditions. All the samples are of the same size and a total amount of strain of 0.25 is applied to make sure that the
nanovoid formation is observed in the course of deformation. The fraction of intergranular fracture is calculated as the proportion of samples with intergranular nanovoiding
among the 20 independent simulations.
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strain range before failure. For the ¥5 GB at relatively low tem-
peratures, 77 K and 300 K, vacancy is not observed at a small
strain (¢ < 0.05); the concentration starts to increase only after
the onset of plasticity (Fig. 5c, d), and hydrogen acts as a powerful
booster for the subsequent vacancy generation process. At 600 K,
vacancies could be generated solely by hydrogen charging without
external loading, and the vacancy concentration increases continu-
ously at a very early stage (Fig. 5e). For the X9 GB, the insertion
of hydrogen triggers vacancy generation at all three temperatures,
while this only happens at 600 K for 5. This difference is caused
by the less uniform structure of the X9 twist GB compared to the
%5 symmetric tilt GB. Local plasticity could be activated during
the elastic stage through self-amorphization before dislocation nu-
cleation [64,65] at X9 GB. However, for the ¥5 boundary with a
regular atomic structure, this deformation mechanism works only
at high temperatures, where the conditions for sufficient thermal
activation are fulfilled.

While hydrogen tends to persistently enhance the vacancy con-
centration, the temperature plays an intriguing dual role as ei-
ther an enhancer or an inhibitor. In the absence of hydrogen,
temperature increases lattice vibrations, and thus the probability
of the thermally activated nucleation of lattice defects. The in-
creased vacancy concentration can be expected at higher temper-
atures, where the highest vacancy concentration is observed at
600 K. When the specimen is pre-charged, the trapped hydrogen
atoms reduce the vacancy formation energy by forming Va-H com-
plexes, accelerating vacancy generation. Nevertheless, according to
the previous thermodynamics work [66-68], those Va-H complexes
become unstable at high temperatures and can dissociate into va-
cancy and interstitial hydrogen, which suppresses the role of hy-
drogen as a booster for vacancy generation. The enhanced diffu-
sion at high temperature also accelerates the transport of hydro-
gen atoms from the GB region to the grain interior, driven by
a decreased excess free volume ratio of GB [69,70]. This further
restrains the influence of hydrogen at GB. All the above factors
lead to the competition between thermal-activated vacancy gen-
eration and hydrogen detrapping mediated vacancy annihilation at
elevated temperature, depending on the hydrogen concentration.
As the concentration is low or zero, high temperature is favorable
for strain-induced vacancy generation by thermal activation. When
the concentration is high, however, low temperature becomes fa-
vorable, where detrapping of hydrogen is suppressed and the Va-
H complex stays stable. These observations agree very well with
the positron annihilation spectroscopy measurement [28] where
grain refinement and cryogenic temperature amplify the hydrogen-
enhanced vacancy effect and can be further rationalized with the
equation for equilibrium vacancy concentration cy:

Ey(cy, €, T
Cy = gEXp(—J( ;:bT l):

where g is the geometry factor depending on the arrangement of
vacancies, E, is a positive value of vacancy formation energy as a
function of trapped hydrogen concentration cy, local strain €, and
absolute temperature T. kg is Boltzmann’s constant. The magnitude
of E, reduces with increasing hydrogen concentration, favoring the
formation of Va-H complex and an increasing c,. Meanwhile, E,
increases with temperature, promoting the decomposition of Va-
H complexes and decreasing c,. In a heuristic way, one can as-
sume that ¢, is controlled primarily by temperature at low hydro-
gen concentration; at high concentration, the influence of hydro-
gen on vacancy formation prevails over the effect of temperature.
This explains the trend observed earlier.
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3.4. Critical vacancy concentration for intergranular fracture

To shed light on the relationship between vacancy stockpiling
at GB and fracture mode, we extracted the vacancy concentration
within the narrow strain interval before failure in Fig. 6a, c. The
interval has a width of 0.01, as indicated in Fig. 5d, and the va-
cancy concentration is averaged within this strain interval prior to
nanovoid nucleation. The vacancy concentrations show a similar
dependence on hydrogen and temperature as in Fig. 5. Interestingly
is that a fully intergranular fracture (with 100% frequency of obser-
vations) is observed when a sufficient number of vacancies is accu-
mulated at GB. All these vacancy concentrations are measured and
plotted against the intergranular fracture fraction in Fig. 6b, d. Sur-
prisingly, both £5 and X9 GBs reveal an S-shape correlation be-
tween the intergranular fracture fraction and the vacancy concen-
tration. At the low vacancy concentration (below 1.0% for X5 and
1.5% for 39), which usually means a low hydrogen concentration,
the transgranular fracture mode prevails. Vacancies mainly nucle-
ate and coagulate to form nanovoids in the grain interior; while
the number of vacancies at GB is small. As the vacancy concentra-
tion increases (to 1.0% ~ 1.7% for the X5 and 1.5% ~ 2.8% for X9),
the intergranular fracture fraction increases rapidly. At this stage,
the concentrations of both hydrogen and vacancies reach high val-
ues, and hydrogen further promotes vacancy agglomeration at GB.
Nanovoid nucleation at GB eventually wins the competition over
that in grain interior. As the vacancy concentration exceeds a cer-
tain critical value (of 1.7% for 5 and 2.8% for X9, respectively),
the fully intergranular fracture is observed. In this regime, all the
samples fail intergranularly. We should note that all vacancy con-
centrations used in the above considerations are still defined in the
local region close to the GB (& 1 nm). The existence of this critical
value reveals the pivotal role played by vacancies in the hydrogen-
induced transgranular to intergranular facture transition. Under-
standing of this fact can be further utilized to predict the nanovoid
nucleation site. That is, if we can estimate the vacancy concen-
tration based on its relationship with hydrogen concentration and
temperature, c.f.,, Fig. 6a, ¢, or through direct measurements, then
it is possible to compare the estimated or measured value of the
vacancy concentration with the simulated critical value to unveil
the proportion of the intergranular fracture in all samples. Take the
29 GB for example, the critical vacancy concentration is about 2.8
at.%. The normalized hydrogen concentration for achieving this va-
cancy concentration is about 0.6 for T =77K and 1 for T =300K,
respectively. Considering that the real hydrogen concentration is
0.215 corresponding to a normalized hydrogen concentration of 1
for X9, we obtain the critical hydrogen concentration for the in-
tergranular fracture in the ¥£9 GB, which is 0.129 for T =77K and
0.215 for T =300K, respectively. Those critical hydrogen concen-
trations can be utilized as the threshold for intergranular fracture
transition. Another interesting observation is that at high temper-
ature, e.g. T =600K, the critical hydrogen concentration does not
exist; in other words, it is impossible to have fully intergranular
fracture. These findings also explain the recent observations made
in low-temperature HE experiments [28,29] where the hydrogen-
dislocation interaction was highly suppressed whereas the inter-
granular fracture was still observed. The rationale standing be-
hind this observation is that it is the enhanced vacancy generation
due to hydrogen that made a major contribution to the increased
propensity towards intergranular failure.

3.5. Role of dislocations in vacancy stockpiling

Further analysis is carried out to elucidate the relationship be-
tween dislocation activity in grains and vacancy evolution at GB.
Fig. 7a, b show the atomic structures and the vacancy distribution
in the ¥5 GB case at 300 K. Before dislocation nucleation, there
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Fig. 6. GB vacancy stockpiling is responsible for intergranular fracture. (a, c) GB vacancy concentration before nanovoid nucleation versus varying hydrogen concentrations
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intergranular fracture. Error bars correspond to the standard deviation of 20 individual simulations under the same conditions.

are few vacancies at the GB, with or without hydrogen. Once plas-
ticity emerges in the grains, the vacancy concentration increases
rapidly, with line-shaped vacancy clusters occurring at sites where
dislocations nucleated. In the presence of hydrogen, the vacancy
clusters become more distinguished, indicating enhanced vacancy
multiplication. The enhancement is often thought to be mediated
by hydrogen enhanced dislocation activity, in line with the HESIV
theory. This assumption is also examined. We take the fraction of
HCP atoms along the dislocation path as an indicator of dislocation
glide volume, i.e., the amount of dislocation activity. Every sudden
increase or drop of this indicator signifies the interaction between
dislocations and GB. Fig. 7c-h show the evolution of vacancy con-
centration and dislocation glide volume. Surprisingly, the enhance-
ment due to hydrogen on the amount of dislocation activity in all
the cases is limited, while the enhancement due to hydrogen on
vacancy generation is far more pronounced. It is particularly the
case for the £9 GB and for the £5 GB at 600K. As mentioned
earlier, the generation of vacancies is thermally activated in these
cases, which can be triggered by hydrogen charging [71]. Hydrogen
increases the vacancy concentration by multiple times, even before

plasticity occurs. It appears that hydrogen-enhanced vacancy gen-
eration in these cases is not related to dislocation nucleation or in
other words, plasticity in the grains. It is more likely that hydrogen
directly participates in the thermodynamics of vacancy formation
and interacts with existing vacancies, whether there is plasticity
or not. In other words, plasticity does not seem to be a premise
for this to happen. Deviation appears in the case of X5 GB at 77K
and 300K. There is no vacancy formation before the onset of plas-
ticity with or without hydrogen. Then the vacancy concentration
suddenly increases accompanied by a rise in dislocation glide vol-
ume in Fig. 7c, d, approximately at a strain of 0.07. This applies also
to hydrogen-free cases. The development of vacancies aligns very
well with plasticity in the grains. This alignment shows the impor-
tant role of GB-dislocation interaction in producing vacancies but is
still insufficient to explain the large enhancement in vacancy gen-
eration, considering that the enhancement in dislocation activity is
still limited. Those observations show good agreement with recent
experimental measurements [72]. All these cases convey the same
important message that hydrogen enhanced vacancy generation in
25 and £9 GBs primarily has to do with the direct interaction be-
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calculating the fraction of atoms through which dislocations have traveled.

tween hydrogen and existing vacancies, while the interaction with
dislocations does not seem to be a prerequisite.

4. Conclusion

Through atomistic simulations on the interaction between hy-
drogen and two types of representative GBs, we were able to
probe the nanoscale mechanism of hydrogen-induced transgran-
ular to intergranular fracture transition. Hydrogen-boosted va-
cancy stockpiling at GB is revealed to be responsible for the
increased propensity towards intergranular failure. This process
can be termed hydrogen-enhanced vacancy stockpiling-induced
nanovoiding mechanism, which is in harmony with the recent ex-
perimental studies [73-75]. During straining, vacancies are gener-
ated in the vicinity of GBs as a result of dislocation-GB interac-
tion giving rise to local GB amorphization. Hydrogen works as a
promoting agent for vacancy generation and can enhance vacancy
concentration at GB by up to 10 times. The subsequent vacancy ag-
glomeration causes earlier nanovoid formation at GB, which other-
wise should nucleate in a much later stage inside the grains. This
proposed mechanism covers the interactions among hydrogen, dis-
locations, vacancies, and GB, which is essential for interpreting ex-

10

perimental observations. It should be noted that this mechanism
is not in conflict with the existing theories, rather, it should be
regarded as a synergistic action of HELP, HESIV, and HEDE mech-
anisms, although there may be certain discrepancies when com-
pared to a single mechanism. For example, the HELP mechanism
emphasizes the role of hydrogen-enhanced plasticity in establish-
ing the condition for final failure. In this study, we did observe
intense dislocation activities beneath the fracture surface. How-
ever, the hydrogen effect on dislocation gliding is limited. The
main effect of hydrogen-dislocation interaction is exerted at the
GB, which increases the vacancy concentration and furnishes the
condition for final decohesion. Compared to hydrogen which per-
sistently boosts the vacancy generation, temperature plays a dual
role depending on the charged hydrogen level. When hydrogen
concentration is low, temperature facilitates vacancy generation by
thermal activation. While at a high hydrogen level, temperature in-
habits vacancy formation by destabilizing the Va-H complex. This
temperature dependence revealed in our simulations is in good
agreement with the recent PAS experiments [28]. Furthermore, a
GB-specific quantitative relation between the probability of inter-
granular fracture and vacancy concentration under different condi-
tions was further drawn. It highlights the existence of critical va-
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cancy concentration acting as a threshold for the complete inter-
granular fracture and enables the quantitative prediction of HE in
polycrystalline materials. A case in point is, given the microstruc-
ture (GB type and fraction), temperature and loading, it is possible
to utilize the critical vacancy concentration to calculate the thresh-
old hydrogen concentration for intergranular fracture. In summary,
by quantitative analysis of the time-resolved microstructure evo-
lution, we pinpoint the key role of vacancy stockpiling in HE and
provide a vacancy-based criterion for hydrogen-induced intergran-
ular fracture.
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