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Abstract

Abstract

Derived from the most abundant element in the universe, hydrogen is the smallest
element and, at the same time, a clean, mobile, and efficient energy carrier. Nowadays,
hydrogen is regarded as the fuel of future and could help the world transform into a zero-
emissions scenario. However, the popularity of hydrogen-based energy economy has also
put the problems associated with hydrogen storage and transport to the forefront.
Hydrogen embrittlement (HE), the phenomenon where dissolved hydrogen in metals
causes dramatic degradation of mechanical properties leading to sudden and catastrophic
failure, was first observed in 1875. However, even after one-century research, the
fundamental mechanisms of HE are still in the dark forest mainly due to the lacking of
effective methodology for tracking hydrogen experimentally. In this thesis, the HE
phenomenon is studied in a substituted way, by using atomistic simulations, to get a
comprehensive understanding of the nanoscale mechanism.

Essentially, HE is all things about the interactions between hydrogen atoms and
multiple types of microstructures in material, including vacancies, dislocations, grain
boundaries (GBs) and crack tips. Of them, GB is the interface separating differently
oriented crystallites and plays a central role in deformation and fracture mechanisms. In
polycrystalline materials, the HE is often accompanied by a transition from transgranular
to intergranular fracture. However, the nanoscale interactions between hydrogen and GB
largely remain illusive. And there is a large knowledge gap in the connection between the
microscale hydrogen-GB interactions and macroscale observed fracture transition.
Starting from this, uniaxial straining is applied to bi-crystalline Ni with a £5(210)[001]
GB and a transgranular to intergranular fracture transition facilitated by hydrogen is
directly elucidated by atomistic modeling. Hydrogen is found to form a local atmosphere
in the vicinity of GB, which induces a local stress concentration and inhibits the
subsequent stress relaxation at the GB during deformation. It is this local stress
concentration that promotes earlier dislocation emission and generation of additional
vacancies that ultimately facilitate nanovoiding. The nucleation and growth of nanovoids
finally lead to intergranular fracture at the GB, in contrast to the transgranular fracture of
hydrogen-free sample. This hydrogen-controlled plasticity mechanism provides a
rationale for macroscale fracture transition.
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To further validate the universality of this mechanism under various conditions and
quantify the hydrogen-induced fracture transition process, uniaxial straining is applied to
Ni 25(210)[001] and X9(1-10)[22-1] GBs with various hydrogen concentrations and
temperatures based on a large statistical repetition. Without hydrogen, vacancy generation
at GB is limited and transgranular fracture mode dominates. When charged, hydrogen as
a booster can enhance strain-induced vacancy generation by up to ten times. This leads to
the superabundant vacancy stockpiling at the GB, which agglomerates and nucleates
intergranular nanovoids. While hydrogen 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 a good agreement with positron
annihilation spectroscopy experiments. Importantly, an S-shaped quantitative correlation
between the proportion of intergranular fracture and vacancy concentration was for the
first time derived, highlighting the existence of a critical vacancy concentration, beyond
which fracture mode will be completely intergranular.

Besides GB fracture, hydrogen could also influence the migration behavior of GBs.
The effect of solute hydrogen on shear-coupled GB migration is investigated with the
dislocation-array type X25(430)[001] GB and a dual role of hydrogen on GB mobility is
unraveled. In the low temperature and high loading rate regime, where hydrogen diffusion
is substantially slower than GB motion, GB breaks away from the hydrogen atmosphere
and transforms into a new stable phase with highly enhanced mobility. In the reverse
regime, hydrogen atoms move along with GB, exerting a drag force on GB and decreasing
its mobility. This helps to understand the coexistence of hydrogen hardening and
softening in experiments.

Finally, we make an attempt to extend the results in bicrystal to polycrystal model.
The trapping and diffusion of hydrogen in polycrystal was analyzed by elucidating the
hydrogen-GB segregation spectrum. The spectrum shows three peaks corresponding to
GB core sites and hybrid GB surface-octahedron/ tetrahedron sites, respectively. The low
migration energy inside GB core and high energy barrier between different types of sites
indicate the coexistence of short-circuit diffusion and GB trapping. Various stress
conditions are further applied to investigate their influence on the spectrum, where

hydrostatic stress shows the predominating role in hydrogen trapping behavior.
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Chapter 1 Introduction

Chapter 1  Introduction

1.1  Background and Motivation

Renewable and low-carbon fuel is crucial for meeting the Paris Agreement goals to
decarbonize the hard-to-abate sectors. Hydrogen as a flexible and efficient energy carrier
with zero greenhouse gas emissions can be a perfect alternative to fossil fuels. According
to DNV’s forecast [1], hydrogen would need to meet around 15% of world energy demand
by the mid-century. It means the usage of hydrogen energy will increase a hundredfold
(Figure 1.1) and global spending on producing hydrogen for energy purposes till then
will approach USD 6.8 trillion. The hydrogen economy as a sunrise industry will help the
world transform into an environment-friendly community, as well as create more new
jobs. However, developing a complete hydrogen economy is still facing many technical
challenges during production, transportation, storage, and utilization. Of them, the most
urgent task is the verification of the safety of large-scale hydrogen transportation systems
[2], and the key to solving it lies in our understanding of the hydrogen embrittlement

phenomenon.

Hydrogen embrittlement (HE) refers to the phenomenon where dissolved hydrogen in
metals causes dramatic degradation of mechanical properties, including strength, ductility,
and fracture toughness. It usually results in a premature and catastrophic failure, which is
far below the yield stress and uneasy to predict. Due to its widespread presence, HE also

brings a great challenge to a large number of industries, e.g., oil and gas companies. Since
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first observed in 1875 [3], continued efforts from both industry and academia have been
dedicated to studying this topic [4]. As shown in Figure 1.2, HE has attracted surging
attention in the recent ten years due to the perspective of hydrogen economy. Despite this
long history of study on HE, there is still a lot of blurry space as to the mechanism by
which hydrogen degrades the mechanical response. Contributing to this situation is a lack
of detailed information at the microstructural and atomistic scales. Even worse, hydrogen
is notoriously tricky to detect by certain experimental techniques [5] and no direct

observation of hydrogen atoms has been reported till now.

Units: MtH,/yr

2020 2025 2030 2035 2040 2045 2050
B Dedicated renewable Grid-connected
electrolysis electrolysis
Hl Fossil-based with CCS
Figure 1.1. Global production of hydrogen and its derivatives for energy purposes by production route.

The unit is million tonnes per year, CCS means carbon capture and storage, reprinted from Ref. [1].
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Figure 1.2. Publications and citations associated with ‘Hydrogen embrittlement’ from 1946 to now. The

data is collected by Web of Science.
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Conventionally, there are two strategies for solutions when HE is a concern. The first
one is source control by designing HE-resisted material which has good resistance to HE
or suppressing hydrogen uptake with surface coating. The second one is the development
of predictive models based on physical mechanisms, facilitating the design and inspection
during engineering applications. Over the years, data on the effect of hydrogen on
mechanical properties of different metals and their alloys has been generated which
makes the selection of relatively suitable materials possible. However, cost considerations
will lead to more than 50% of hydrogen pipelines globally being repurposed from natural
gas pipelines [1], and existing material may still fail prematurely when exposed to long-
term permeation or the uncertainty of the environment. In this scenario, accurate
prediction for HE is of immediate concern but failure prediction based on data in hand
can be only viable in a narrow region. All the current limitations are due to the lack of a

fundamental and universal understanding of the HE mechanisms.

To begin to address this problem, atomistic simulation is a good alternative pathway.
Since the 1970s, with the dramatic increase in computer capacity and resources,
computational material science has become increasingly important in promoting our
understanding of the relationship between material properties and their fundamental
structures. Atomistic simulation or molecular dynamics (MD) simulation [6] has been
proved to be a powerful tool to capture the mechanical response of materials at the
nanoscale. Thus, mainly by using atomistic simulations, we will explore the nanoscale

HE mechanism in the thesis.

1.2 Research objectives

This PhD thesis study is part of the M-HEAT project, which aims to develop a model
framework that investigates the atomic-scale HE mechanism and links it to mechanism-
based hydrogen-induced failure criteria. Specifically, nickel will be the target material
system with an emphasis on hydrogen-grain boundary interaction. These main objectives

are described as following:
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(1) To investigate the nanoscale hydrogen embrittlement mechanism by elucidating
the microstructure evolution and effect of hydrogen during deformation in
bicrystal.

(2) To examine the distinct roles and interactions of the existing mechanisms during
the fracture mode transition and establish a mechanism-based predictive model.

(3) To extend the result from bicrystal to polycrystal.

1.3 Thesis outline

The thesis is composed of an introductory section and a collection of four peer-
reviewed journal papers. The introductory section can be decomposed into four chapters.
In Chapter 1, the background and motivation, and research objectives are stated. In
Chapter 2, a literature review is presented. In Chapter 3, the main scientific results

produced in this thesis are summarized. In Chapter 4, some perspectives are discussed.



Chapter 2 Literature Review

Chapter 2 Literature review

2.1 Introduction

This Chapter will be unfolded in the same order as PhD learning process: In 2.2, the
current understanding in the hydrogen embrittlement community will be elucidated, with
emphasis on several significant mechanisms and their representative work. In 2.3, the
current modeling methods for hydrogen embrittlement will be reviewed with a focus on
atomistic simulations. In 2.4, the previous study specific to hydrogen-grain boundary

interaction will be introduced as a warm-up for our work.
2.2 Hydrogen embrittlement and its mechanisms

“After a few minutes’ immersion (half a minute will sometimes suffice) in strong
hydrochloric or dilute sulfuric acid—a piece breaking after being bent once on itself,
while before immersion it would bear bending on itself and back again two or three times
before breaking.” This is the first demonstration of hydrogen-induced degradation in 1875
by Johnson who launched the field of study of hydrogen embrittlement of metals [3].
Since then, people recognized that ductility can be markedly decreased upon the
formation of interfacial chemical compounds of which hydrogen can be a by-product [7].
Hydrogen can then diffuse to the component bulk, producing a wealth of interactions at
various scales with the microstructure including vacancies, dislocations, grain boundaries,
phase boundaries, precipitates, and dislocation cells, which finally facilitate the formation

and propagation of cracks [8, 9]. Hydrogen embrittlement has also been a significant
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concern for industry associated with oil and gas facilities, aircraft engines, and marine
exposed to long-time hydrogen permeation. Especially in light of the hydrogen economy,
hydrogen embrittlement has become one of the burning technical concerns towards a
complete hydrogen value chain (Figure 2.1).

Sourcing Conversion Transport Use

Hydr w E‘, Refine
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Figure 2.1. Forecasted hydrogen production and use in 2050, the thickness of the flow lines approximates
the volume of each flow indicating major production routes and end uses. Reprinted from Ref. [1].

The discovery of the underlying fundamental mechanisms of hydrogen embrittlement
is a complex multi-faceted challenge that requires knowledge of hydrogen source,
hydrogen surface chemical interaction, hydrogen diffusion and hydrogen trapping, and
importantly, how hydrogen modify the mechanical properties causing the observed
ductile, “quasi-cleavage,” and intergranular fracture modes [9]. With continuous efforts
for nearly one and a half centuries [10, 11], several hydrogen embrittlement mechanisms
are proposed, with the most commonly invoked being: hydrogen-enhanced decohesion
(HEDE), hydrogen-enhanced localized plasticity (HELP), hydrogen-enhanced strain-
induced vacancy mechanism (HESIV), adsorption-induced dislocation emission (AIDE),
defactants theory, and hydride formation et al. Each of these mechanisms claim support
from both theoretical and experimental results, but the multi-faceted nature of hydrogen-

induced degradation, as well as the likelihood of mechanism synergy, complicates the
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universal application of any one paradigm. However, a consistent theme amongst the
proposed mechanisms is the assumption that hydrogen-induced degradation is principally
driven by a localized hydrogen-microstructure interaction [12]. The myriad of possible
hydrogen-microstructure interactions is illustrated in Figure 2.2, where atomic hydrogen
(H+) ingress is followed by interactions with dislocations (_L), promoting transgranular
and intergranular cracks, leading to the formation of voids or twins, while interacting with
phases such as austenite and precipitates. Of them, particular attention has been paid to
hydrogen-induced intergranular fracture [13-16], eg. the hydrogen-GB interaction, which

will also be the main results in this thesis.

stablished hydrogen embrittlement theor) ﬂ)w-energy dislocation nanostructuN
e Precipitates e Grain boundaries * === Dislocation cell

— Dislocation cell size initatac
e H* Twin boundaries < . — 4 Precipitates
3 5 . = Dislocation cell misorientation
1 Dislocation O Voids i ies
H* content N —— Twin boundaries

Precipitatgs trap ¥ g
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Figure 2.2. Multiscale depiction of HE. (Left) Accepted theories of HELP (hydrogen-enhanced localized
plasticity), with strong interaction with dislocations at crack tips; HESIV (hydrogen-enhanced strain-
induced vacancy formation), forming clusters of vacancies (voids) at the tips; and HEDE (hydrogen-
enhanced decohesion), promoting decohesion. (Right) Hydrogen diffuses to crack tips, where its
concentration increases, promoting dislocation cell formation, which, upon reaching a critical level, causes
failure. Reprinted from Ref. [12].
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2.2.1 Hydrogen-Enhanced Decohesion (HEDE)

The hydrogen-enhanced decohesion (HEDE) mechanism has the closest origin to
“embrittlement”. The decohesion concept was first proposed in 1926 by Pfeil [17], who
proposed that “ hydrogen decreased the cohesion across cubic cleavage planes ” (and
GBs). Troiano [18] suggested that the entry of 1s electron of hydrogen atom into the
unfilled d-band of transition metals would elevate the interatomic repulsive force, thus
decreasing the lattice cohesion. However, the existence of HE in the aluminum alloys
with filled d-band suggests that the transfer of 1s electron is not the only factor to decrease
the atomic bonding [19, 20]. Then the HEDE mechanism describing that the atomic
bonding is weakened due to the presence of hydrogen atoms in solid solution was
quantitatively developed by Oriani [21] and others [22-24], illustrated in Figure 2.3.

High H concentration in lattice
(i) in region of high hydrostatic stress

D,islocatior}
» pile-up
\),’

i)

Adsorbed H Particle-matrix interface

Figure 2.3. Schematic diagrams illustrating the HEDE mechanism involving tensile separation of atoms
owing to weakening of interatomic bonds by (i) hydrogen in the lattice or segregated at grain boundaries
ahead of crack tips, (ii) hydrogen adsorbed at crack tips, and (iii) hydrogen segregated at particle-matrix
interfaces ahead of cracks. Crack growth could involve decohesion at one or more sites, and could occur in
conjunction with other mechanisms. Reprinted from Ref. [10].

Decohesion is usually envisaged as a simple, sequential tensile separation of atoms
when a critical crack-tip-opening displacement (CTOD) is reached. However, the
separation of atoms at crack tips is constrained by surrounding atoms and, hence, the

separation process could be more complex and involve incipient shear movement of
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atoms to enable a critical CTOD (around half lattice constant) to be achieved. Brittle
fracture associated could occur with very high concentrations of hydrogen, commonly at
(i) sharp crack tips (ii) several tens of nanometres ahead of cracks where dislocation-
shielding effects result in a tensile-stress maximum, (iii) positions of maximum
hydrostatic stress and (iv) particle-matrix interfaces ahead of cracks. Decohesion could
also happen at GB ahead of a crack given GB works as the preferred trapping site for
hydrogen. To be noted, the simulation setups in the attached Paperl and Paper2 mimic
hydrogen-GB interaction in the high hydrostatic stress state region tens of nanometres

ahead of crack tips.

Direct evidence of HEDE is difficult to obtain because there are no experimental
techniques for directly observing hydrogen-crack interaction events on the atomic scale.
But from the featureless fracture surface (without void or obvious dislocation trace)
observed by scanning electron microscopy (SEM), researchers could still judge that
decohesion has occurred [16, 25]. And recently, by using atom probe tomography (APT),
Chenetal. [26] and Zhao et al. [20] have observed hydrogen accumulation at dislocations,
GBs, and precipitates where the HEDE mechanism could work given the high density of
local hydrogen clusters (Figure 2.4). Besides, numerous quantum mechanical
calculations supported the decohesion concept where hydrogen-induced weakening of
interatomic bonds leads to HEDE, especially in the case where common slip systems are
not supported for crack propagation [27]. Previous calculations have covered many
systems including Fe [28-30], Ni [31-33], and Al [19, 28, 31] and those could be utilized
to quantitatively predict the hydrogen-caused fracture energy reduction. However,
discrepancies also exist. When the fracture surface is examined at high-resolution SEM
or transmission electron microscopy (TEM), the direct observation of nanoscale dimples
on the surface [34] and dislocation cells underneath the surface [13] is beyond what
HEDE could explain. Tehranchi et al. [35] studied the hydrogen-assisted intergranular
fracture of Ni by atomistic simulations and concluded the presence of hydrogen creates
no ductile-to-brittle transition for several types of GB cracks. Wang et. al [14] performed
first-principle calculations for hydrogen-assisted intergranular fracture in Fe and found
that decohesion alone could not account for the cohesive energy reduction and plasticity

should play arole.
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Figure 2.4. APT analyses of deuterium-charged martensitic steel samples containing GBs and dislocations.

(A and B) Views at two different angles of a reconstructed atom map showing deuterium (red), iron (gray),

and 2% carbon isosurfaces in blue. This sample contains a high density of linear, carbon-decorated
dislocations. (C) Slice, 5 nm thick, from the center of the dataset shown in (B) (indicated with the black
dashed rectangle) with carbon atoms (blue) and deuterium atoms (red) showing the spatial correlation

between the two elements. (D) Collective proxigram analysis of the 70 dislocations and carbon isosurfaces

contained in (A), showing that the dislocations have carbon and deuterium at their cores but little niobium.

(E and F) Two views of a different dataset from the same sample. Again, features are highlighted by 2%
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carbon isosurfaces, with one of these surfaces that encompasses a GB region highlighted by a transparent
red isosurface. (G) z Axis, 5-nm-thick slices from the GB region, indicated in (F). (H) 1D composition
profile with a 1-nm step size from a volume of 20 nm by 20 nm by 18 nm across the GB marked in (E).
Reprinted from Ref. [26].

2.2.2 Hydrogen-Enhanced Localized Plasticity (HELP)

The concept of hydrogen-enhanced localized plasticity was first proposed by Beachem
in 1972 [36], partly based on fractographic observations where hydrogen-assisted
cracking is assumed to be a result of hydrogen facilitating the movement of dislocations.
This idea was subsequently expanded by Birnbaum and coworkers [37-42] into a broad
universe. The premise of the mechanism is that hydrogen assists the deformation
processes, but only locally where hydrogen is present in sufficient concentrations, leading
to fracture which is macroscopically brittle in appearance and behavior.

Hydrogen is strongly bound to dislocation, most likely trapped at the core [43, 44], as
well as attracted by the elastic field surrounding the dislocation. Based on the observed
hydrogen-related softening in FCC, BCC and HCP systems, including in pure metals,
solid solutions and in precipitation hardened systems, Birnbaum and Sofronis proposed
an analytical model for the hydrogen shielding effect on elastic stress field. As shown in
Figure. 2.5, The net shear stress, ty, induced by the hydrogen atmospheres is found by
the integration of the stress contributions of each of the hydrogen dilatation lines over the
entire area S occupied by the atmosphere. In polar coordinates, the shear stress on

dislocation 2 due to the hydrogen atmospheres is given by the following equation:

2n
U Vy

Ty :_mN_AJ— C(r,¢)

sin2¢
r

drd¢ (2.1)

where p and v are the shear modulus and Poisson’s ratio respectively, r and ¢ are the
polar coordinates as measured from the dislocation core and slip plane, and C is the local
hydrogen concentration per unit volume. Eq. (2.1) indicates that the stress field of a
hydrogen dilatation line decays as 1/r? with distance r, and is associated with the
volumetric strain produced by the introduction of hydrogen into the lattice (volumetric
swelling), and the hydrogen-induced changes in the constitutive moduli (modulus effect).

It is important to note that this shielding effect of hydrogen will result in several important
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changes in dislocation behavior. The mobility of the dislocations is usually increased,
with 2-10 fold increases having been recorded, depending upon the material [45, 46], and
with the effect being more pronounced in solute-strengthened materials, which will
accelerate the subsequent plastic deformation. Additionally, the dislocations will tend to
pack closer together in pile-ups [41] and form stacking faults easily [47], but the cross-
slip will be suppressed [48].

Outer boundory of the
hydrogen ctmosphere

Figure 2.5. Schematic showing the coordinates of the interacting dislocations and the hydrogen
atmospheres. The shear stress, dTy is the shear stress due to the hydrogen atmosphere in the area dS
located at position (7, ¢). The extent of the outer radius of the hydrogen atmosphere, R, is determined by

convergence of the full elastic solutions. Reprinted from Ref. [37].

Besides the direct hydrogen-dislocation interactions, a bunch of recent work has been
focusing on the role of HELP in hydrogen-induced intergranular fracture. One notable
example is the mechanical evaluation of near-fracture surface microstructure in
hydrogen-charged Fe and Ni using a combinatory transmission electron microscopy
(TEM)/focused ion beam (FIB) technique [13, 49-51]. Martin et.al [52] found despite the
different hydrogen and mechanical loading configurations, Fe and Ni both failed
intergranularly due to the presence of hydrogen with little evidence of plasticity on the
fracture surface (Ni shown in Figure 2.6a). The slip traces on the surface would suggest
some plasticity, but being limited and of a planar character. However, in both cases,
dislocation cells were found immediately beneath the fracture surface (Figure 2.6b) and

the size of the dislocation cells was suggestive of a plastic strain nearly three times what
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the sample actually experienced macroscopically. In fact, in the Ni case, this dislocation
distribution was found to extend to over 3 mm from the fracture surface [57] (Figure
2.6¢), suggesting that the structures extend throughout the gage length and were formed
prior to crack initiation. They further concluded that hydrogen-induced intergranular
fracture ultimately proceeds via decohesion of GBs due to the attainment of a critical
localized stress and hydrogen concentration combination (i.e. HEDE), which is primarily

driven by the interaction between hydrogen and dislocations (i.e. HELP).

Figure 2.6. Hydrogen-induced intergranular failure of nickel. Uniaxial tensile tests were conducted on pre-
charged tensile bars. a) SEM micrograph showing intergranular failure of fracture surface. b) TEM
micrograph showing microstructure immediately underneath the fracture surface, comprising of dislocation
cells. Arrows mark steps on the surface, usually labeled as slip traces. ¢) TEM micrograph showing
microstructure 3—-6 mm away from the fracture surface (i.e. bulk microstructure after loading). Note that

cell structure still remains. Adapted from Refs. [13, 53].

Nevertheless, many debates or mysteries about HELP mechanism still exist. First, the
reason for hydrogen atmospheres accelerating dislocation motion unlike other Cottrell
atmospheres that have a solute drag effect is unclear. By checking the dislocation gliding
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behavior in a-Fe over a wide range of hydrogen concentrations using atomistic
simulations, Song and Curtin [54] found that the Cottrell atmospheres follow the moving
dislocations, leading to a resistance to dislocation motion which is consistent with solute
drag theory and reduces the dislocation mobility (Figure 2.7). Furthermore, once motion
stops and a pile-up is established, the hydrogen Cottrell atmospheres do not affect the
equilibrium spacing of dislocations in the pile-up; thus, the hydrogen atmosphere
provides no “shielding” of dislocation—dislocation interactions. Furthermore, Xie et.al
pointed out that the experimental set-up [41, 42, 55] to prove the shielding effect may not
guarantee that the applied ‘constant strain’ or ‘constant stress’ was truly constant when
tens of torrs of hydrogen gas flooded the TEM chamber, as fresh dislocations were seen
to be generated in the ‘constant strain’ stage. By quantitative mechanical tests in an
environmental TEM, they even found mobile dislocations can lose mobility with
activating stress more than doubled, after exposing Al to hydrogen. Second, how
enhanced dislocation slip in an atomic bond-switching manner (HELP) can lead to
fracture in a bond-breaking manner (HEDE) is not known [56, 57]. Even HELP
supporters insisted that HELP mechanism only works at a very specific material-
dependent temperature and strain-rate range and establishes the necessary conditions for
final HEDE, less is known for the quantitative contribution of mobile hydrogen-
deformation interaction in determining the conditions required for HEDE, or more
specifically, intergranular fracture. By interrupting the results from tensile tests conducted
at cryogenic temperatures (77 K), where mobile H-deformation interactions are
effectively precluded, and at room temperature, where the HELP mechanism should work,
Harris [16] concluded that mobile hydrogen-deformation interactions are not an intrinsic
requirement for H-induced intergranular fracture (Figure 2.8). Moreover, an evaluation
of the true strain for intergranular microcrack initiation for testing conducted at room
temperature and 77 K suggests that hydrogen which is segregated to GBs prior to the
onset of straining dominates the hydrogen-induced fracture process for the prescribed
hydrogen concentration of 4000 appm. More critical and detailed discussions about HELP
are summarised by Lynch [58]. These contradictory results reflect the complexity of the
interactions between plasticity and hydrogen when examined at different spatial and

temporal scales and a more comprehensive understanding of HELP should be developed.
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Figure 2.7. (a) Projected atomistic view (along the Z direction) of the second and third dislocation cores
surrounded by clouds of H atoms (H atoms, black; Fe atoms in dislocation core, cyan; other Fe atoms, red).
(b) Close-up perspective atomistic view of a dislocation core surrounded by the cloud of H atoms that form
naturally in the simulation, at co = 2% (H atoms, silver; Fe atoms colored via the pressure field p, with
positive and negative values indicating tension and compression respectively). (c, d) Time evolution of the
x-coordinate for the second and third dislocation cores within the first 1.2 ns after application of T = 400
MPa, for materials with three representative H concentrations cO as indicated. The corresponding

dislocation velocities vq (i.€. the slopes of curves) are also noted. Adapted from Ref. [54].

15



Chapter 2 Literature Review

H immobile, IG cracking only
from previously segregated H

H mobile, mobile H-
deformation interactions
contribute to IG cracking

0.20 ~™—nu__

True Strain for Microcrack Initiation

0.12

No H/77 K HI77 K HRT

Testing Condition

Figure 2.8. Effect of testing condition on true strain for H-induced intergranular (IG) microcrack initiation.
The Adapted from Ref. [16].

2.2.3 Hydrogen-Enhanced Strain-Induced Vacancy (HESIV)

Dislocation is not the sole carrier of plasticity, vacancy could be generated by
dislocation plasticity [59-61] and exert an influence through its interaction with hydrogen.
Hydrogen has been experimentally found to facilitate the preservation of superabundant
vacancies (SAVs) in a large variety of metals and alloys [62-65]. Based on these findings,
Nagumo [66] first pointed out the predominant role of vacancies in premature fracture,
which is referred to as hydrogen-enhanced strain-induced vacancies (HESIV) mechanism
[67]. Takai et.al examined hydrogen-related failure in the Inconel 625 and iron by thermal
desorption spectroscopy (TDS) and found annealing at 200 °C at the unloaded stage
almost completely recovered the decrease in fracture strain. This result directly indicates
the primary role of vacancies rather than hydrogen itself in hydrogen degradation. Similar
charging-straining-annealing-TDS analysis processes were further applied to pure iron
[68] with different annealing temperatures. Hydrogen absorbed in the weak trapping sites
substantially increases with plastic strain, and continuous reduction in desorption in
Figure 2.9 with elevated annealing temperature implies the presence of vacancy clusters
of different sizes. Positron annihilation spectroscopy (PAS) that efficiently and
specifically discriminates vacancies from other traps like dislocations is also utilized to

investigate hydrogen-induced vacancy generation where the mean positron lifetime was
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substantially increased by tensile straining with charged hydrogen [69]. Lawrence further
pointed out the role of GB in vacancy generation by PAS [70]. Besides experimental
evidence, numerous first-principle calculations show that vacancy could be stabilized by
forming hydrogen-vacancy (Va-H) complexes [71-75] and those Va-H complexes could
influence the subsequent plastic deformation [76, 77]. Hydrogen adatoms on vacancy or

nanovoid surfaces could also cause blistering at the surface [78, 79].
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Hydrogen desorption rate, R/ppm min™’
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Figure 2.9. Low-temperature thermal desorption spectroscopy profiles of hydrogen introduced into iron
specimens strained up to 25% with hydrogen precharging and successively annealed at various
temperatures for 1 h at 303 K or 2 h at other annealing temperatures. The specimen thickness was 0.3 mm
and tracer-hydrogen was introduced by cathodic electrolysis of a mild condition in 0.1 N NaOH + 5 g/l
NH4SCN aq at 100 A/m?. Adapted from Ref. [68].

These SAVs generated by strain and hydrogen will further interact with other defects
in the material, and importantly, agglomerate and nucleate the nanovoid. The nanovoid
will further grow up, coalesce and cause crack propagation. One notable piece of evidence
is the observation of significant dislocation plasticity and nanovoid beneath the fracture
surfaces [80-82]. By carefully zooming into fracture surfaces in ferritic steels with TEM
and conjugate analysis, Neeraj [34, 83] found the quasi-brittle fracture surfaces were
covered with nanoscale dimples 5-20 nm wide and 1-5 nm deep (Figure 2.10). Most of

the nanodimples appear to be “valley-on-valley” type, rather than“mound-on-valley” type,
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indicating nanovoid nucleation and growth in the plastically flowing medium prior to
ultimate failure. Based on these observations, an alternative scenario of plasticity-
generated, hydrogen-stabilized vacancy damage accumulation and nanovoid coalescence
mechanism is proposed as the failure pathway for HE (referred to as NVC mechanism in

Figure 2.11). And this mechanism will be the inspiration for the attached Paper2.

Figure 2.10. (a) Typical quasi-brittle fracture observed in X60 CT sample tested in 21 MPa hydrogen gas
pressure. (b) Higher magnification view of a small region from (a). The fracture surface shows “mottled”
contrast, indicating the presence of nanoscale dimples on hydrogen-embrittled quasi-brittle facets. This is
similar to the observations in H pre-charged SENB samples. Adapted from Ref. [34].
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Figure 2.11. Schematic of NVC mechanism compared to HELP mechanism by Martin [56]. Adapted from
Ref. [34].
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2.2.4 Adsorption-Induced Dislocation Emission (AIDE)

The Adsorption-induced dislocation emission (AIDE) mechanism was first proposed
by Lynch [84, 85]. As shown in Figure 2.12, the term “dislocation emission”
encompasses both nucleation and subsequent movement of dislocations away from the
crack tip, and it is the only nucleation stage that is critical and facilitated by adsorption.
Once nucleated, dislocations can readily move away from the crack tip under the applied
stress. The nucleation stage involves the simultaneous formation of a dislocation core and
surface step by cooperative shearing of atoms (breaking and reforming of interatomic
bonds) over several atomic distances. Thus, the weakening of interatomic bonds over

several atomic distances by “adsorbed” hydrogen can facilitate the process.

Stress
axis

Small, shallow zone
dimples

;o C

A ~
Near-{100} plane
or
grain boundary

—————
-

Dislocation emission
from crack tip

Figure 2.12. Schematic diagram illustrating the AIDE/void-coalescence mechanism for HE for some
systems, resulting in small, shallow dimples on cleavage-like or intergranular fracture surfaces, which are
often inclined to the stress axis. Note that voids may be extremely small (on the nanoscale) so that dimples
on fracture surfaces may not be obvious (or obscured by films). Dislocation emission from crack tips (owing
to adsorption-induced weakening of interatomic bonds) promotes the coalescence of the crack with voids
formed in the plastic zone. The inset illustrates emission on plane A, and then on plane B resulting in an
increment of crack opening and crack advance, Aa. For transgranular cracking, there is a tendency for equal
amounts of slip to occur on slip planes on either side of cracks since back stresses from emitted dislocations

on a more active slip plane would then favor emission on the other slip plane. Intergranular cracking can
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occur in some cases owing to preferential adsorption at crack-tip/grain-boundary intersections. The stresses
required for AIDE are sufficient for dislocation activity and void formation ahead of cracks, and some crack
growth and blunting occur by egress of dislocations around crack tips, as well as dislocation emission from
crack tips. The degree of embrittlement and deviations of crack planes away from low-index planes depends
on the relative extent of dislocation emission from crack tips vis-a-vis dislocation activity from near-crack-
tip sources adapted from Ref. [10].

In the AIDE model, crack growth occurs not only by dislocation emission from crack
tips, nucleation and growth of microvoids (or nano-voids) ahead of crack tips also make
a contribution, similar to the NVC model in Figure 2.11. Nucleation and growth of voids
at second-phase particles, slip-band intersections, or other sites in the plastic zone ahead
of cracks occurs because stresses required for dislocation emission are sufficiently high
that some general dislocation activity occurs ahead of cracks. Void formation contributes
to crack growth, and also serves to resharpen crack tips and result in small crack tip-
opening angles. In summary, AIDE is a fundamentally complex model combining HEDE,
HELP and HESIV where HEDE weakens the bonding energy, HELP accelerates crack

growth and HESIV facilitates void growth and coalescence.
2.2.5 Defactants theory

“DEFect ACTing AgeNTS” commonly referred to as Defactants theory is introduced
by Kirchheim [86-88], in analogy to the concept that the surface energy of water can be
reduced by solute molecules known as surfactants (SURFace ACTing AgeNTS). Solute
atoms segregating at defects with an excess I" are called defactants because they lower
the defect formation energy of defects y, with p as the chemical potential of the defactant

we have the following equation:
dy = —T'du (2.2)

Excess defactant, I', given by Eq. (2.2) is positive, and defactants therefore reduce the
defect energy y. In other words, attractive interaction between solute atoms and defects
leads to excess solute at the defect and a free energy gain. For the HE scenario, the
segregation of hydrogen into defects, such as vacancies, dislocations, and stacking faults,
can reduce the defect formation energy and therefore enhance their generation rate.
The defactants theory rationalizes reduced fracture energy in HEDE and enhanced
dislocation and vacancy generation in HELP and HESIV at the same time. In addition, it
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is most useful to comprehend recent nanoindentation experiments which reveal a

reduction of the dislocation line energy in the presence of hydrogen [89-91].
2.2.6 Hydride formation

A mechanism based on the formation and fracture of hydrides at crack tips was first
proposed by Westlake in 1969 [92]. The basic mechanism is thought to involve repeated
sequences of (i) hydrogen diffusion to regions of high hydrostatic stress ahead of cracks,
(ii) nucleation and growth of a hydride phase, (iii) cleavage of the hydride when it reaches
a critical size, and (iv) crack-arrest at the hydride matrix interface (Figure 2.13). This
mechanism is more generally accepted but only available in certain materials such as V,
Zr,Nb, Ta, and Ti [45, 93] where there is a strong thermodynamic driving force for brittle

hydride formation.

Crack arrest

/ and blunting
\4 /]
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s
/ \ Brittle Cleavage of
hydride hydride

Figure 2.13. Schematic diagram illustrating sub-critical crack growth involving hydride formation.
Adapted from Ref. [10].

In summary, the aforementioned mechanisms have captured certain characteristics in
HE experiments but a universal mechanism still does not exist, due to the complex HE
processes depending on various environmental conditions and local microstructures.
However, those mechanisms are not necessarily mutually exclusive. For example, easier
defect formation could be expected in HELP, HESIV and AIDE. A number of researchers
have suggested the synergistic action of mixed mechanisms [94-96], where a crack forms
under a single mechanism followed by propagation under an alternative one, or by a
combination of both or several. Furthermore, the remaining puzzles about the mechanism
for typical hydrogen-induced transgranular to intergranular fracture transition and the
quantitative contributions of each mechanism to this process will be discussed in attached

Paperl and Paper2.
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2.3 Atomistic modeling for hydrogen embrittlement

In the recent 50 years, with the advance of computational capacity, the emerging multi-
scale and multi-physics materials modeling methods help to bridge the wide range of time
and length scales in a number of essential phenomena and processes in materials science
and engineering. Typically, depending on the scale of systems, the methodology (Figure
2.14) could be divided into ab initio methods based on many-body electronic structure
theory, density functional theory (DFT), quantum chemistry, atomistic simulations
widely used as molecular dynamics (MD) or kinetic Monte Carlo models, mesoscopic
modelings such as discrete dislocation dynamics and continuum mechanism-based

simulation which could be polycrystalline plasticity or Finite element method.
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Figure 2.14. Illustration of the multiscale modeling in varying scales.

Depending on the purpose, different methods could provide valuable information for
HE at different scales but with a tradeoff between accuracy and complexity. For example,
the finite element method could be a very useful engineering tool to predict failure strain
and sample lifespan in hydrogen environment, but it requires constitutive relations and
associated parameters which are almost always obtained empirically. Dislocation
dynamics could well describe the mesoscopic collective interaction between dislocations

during plasticity under the premise of a correct understanding of the role of hydrogen and
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dislocations. Molecular dynamics are particularly suited to understand Kkinetically
dominated mechanisms including hydrogen diffusion, trapping and interaction with metal
atoms based on the accurate atomic potential. Ab initio calculations give a precise
description of the bonds and elementary excitations from which all material properties
derive from, however, its system is limited to thousands of atoms due to the exponentially
increased calculation complexity. As our motivation is to investigate the fundamental
mechanisms and try to establish mechanism-based quantitative criteria, molecular
dynamics is chosen as the main methodology which could provide direct hydrogen-metal

interaction in a range of varying temperatures and stress conditions.

Plenty of previous work [33, 97-102] has proved atomistic simulations as a powerful
tool for understanding nanoscale HE mechanisms and provided information on the local
and global mechanical behavior in the presence and absence of hydrogen. Those atomistic
studies of HE could be divided into several sub-processes, i.e., vacancy formation [19,
71, 74, 75, 103-106], dislocation dynamics [107-110], intergranular decohesion [111-
113], and crack propagation [44, 54, 114-119]. Hydrogen is trapped by vacancy and forms
Va-H complex [120-122], and Hou et.al [75] explicitly demonstrated sequential
adsorption of hydrogen adatoms on Wigner—Seitz squares of nanovoids with distinct
energy levels and found a pairwise power-law repulsion using DFT. Using MD and
cluster dynamics simulations, Li et.al [123] revealed that, unlike a lattice vacancy, a Va-
H complex is not absorbed by dislocations sweeping through the lattice (Figure 2.15).
Additionally, this complex has lower lattice diffusivity; therefore, it has a lower
probability of encountering and being absorbed by various lattice sinks. Hence, it can
exist metastably for a rather long time and act as the embryo for the formation of proto
nano-voids. Ping et.al [109] further pointed out that the main effect of hydrogen on
dislocation is increasing the core radii and decreasing the core energies. Using DFT [110],
Li et.al found at low hydrogen concentrations, dislocation maintains the intrinsic easy-
core structure, and hydrogen atoms are attached to the “periphery” of dislocation to
enhance dislocation motion. While at high concentration, dislocation transforms into a
hard-core, metal hydride-like structure, as hydrogen atoms become the “body” of
dislocation to significantly reduce the dislocation mobility. Besides, systematic work has

been done by Tehranchi et.al [35, 124] to investigate the intergranular decohesion with a

23



Chapter 2 Literature Review

set of GBs. Finally, crack propagation behavior has been widely studied by atomistic
simulations. Using mode 1l loading, Taketomi et al. [125] showed hydrogen-enhanced
(112)<111> edge dislocation emission is proportional to the hydrogen content around the
crack tip. In the contrast, Song and Curtin [98] propose an atomic mechanism where the
suppression of dislocation emission at the crack tip due to aggregation of hydrogen

permits brittle-cleavage failure followed by slow crack growth with mode | loading

(Figure 2.16).
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Figure 2.15. Four independent events illustrating the high stability of hydrogen-vacancy complex when
interacting with dislocations in a-Fe. Crystals are oriented along x-[111], y-[ -101], z-[1-21]. Spheres with
blue, gold and black colors refer to iron atoms in dislocations, vacancies and hydrogen, respectively. The
radius of vacancy and hydrogen are enlarged for clarity. (a) When a a/2<111>-type edge dislocation
interacts with a vacancy in the slip plane, the dislocation absorbs the vacancy. (b) In contrast, the hydrogen-
vacancy complex is very stable when colliding with an edge dislocation. (c) The stability of hydrogen-
vacancy complex is further confirmed when lattice hydrogen grabs an absorbed vacancy from an edge
dislocation and stabilizes it in the form of a hydrogen-vacancy complex. (d) The hydrogen-vacancy
complex can even grow displacively by capturing more vacancies that were absorbed by edge dislocations.
Adapted from Ref. [123].
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Figure 2.16. H atoms are colored white, and Fe atoms are colored red, except for those in a dislocation core

colored cyan; shaded regions in b,c show areas of bcc—fcc phase transformation. a, For low amounts of H,

H saturates the crack surfaces and the crack tip deforms through dislocation emission. b, For increased H,

the H accumulates into a H-rich wedge-shaped region in the bulk near the crack tip, which evolves to induce
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a bcc—fcc phase transformation that blocks dislocation emission, and leads to brittle cleavage. c, Increased

H leads to further growth of the H-rich region, which intersects the crack front and leads to emission of a
single full dislocation of Burgers vector [-1-1-1]/2 followed immediately by brittle cleavage. d, Loading
beyond the onset of cleavage leads to slow crack growth, where the H-rich region moves with the crack tip
through diffusion; with a fixed amount of H, the H-rich region shrinks as H atoms are depleted by surface

segregation until eventually it becomes so small that dislocation emission resumes. Adapted from Ref. [98].
2.4 Hydrogen-grain boundary interaction

Grain boundaries (GBs) [126] are the interface between two grains or crystallites in a
polycrystalline material. Most of them are preferred sites for solute segregation and onset
of corrosion, including hydrogen embrittlement where the hydrogen-induced ductile to
brittle transition is often accompanied by a transgranular to intergranular fracture
transition. In metallic materials such as high-strength steels and nickel, etc., this
embrittlement is manifested by a loss of cohesion primarily in the GBs (HEDE concept),
leading to low-toughness intergranular fracture. Due to the energy-favorable trapping
sites GBs, local accumulation of hydrogen is inevitable and it can result in intergranular
fracture which is the most serious by inducing time-dependent subcritical cracking at low
applied stresses and leading to unexpected catastrophic failures of structures. The
associated hydrogen-GB interactions are thus extensively studied through previous
experiments [25, 26, 40, 101, 127-133] or modelings [35, 101, 111, 124, 134-139], and
multiple studies suggest the hydrogen diffusion, trapping and decohesion behavior
depend highly on the GB types and local structures.

For instance, through permeation tests, Yao et al. [132, 140] discover that GB
diffusivity of hydrogen is concentration-dependent. When the hydrogen concentration is
extremely low, the grain boundary diffusion of hydrogen is virtually stopped. And the
low-energy sites within GBs are postulated to be responsible for such retardation. Oudriss
etal. [127, 129, 141] further illustrate the effects of random and special boundaries on the
different defects and trapping sites stored in the GBs. The high-angle random boundaries
are considered as disordered phase where the hydrogen diffusion is accelerated, while the
special boundaries constitute a potential zone for hydrogen trapping due to the high
density of trapping sites as dislocations and vacancies. Based on DFT calculations, Xiao

et al. [137] found a transition between slow and fast hydrogen diffusion along the GB
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with an abrupt change in hydrogen diffusivity. Low-angle GBs are shown to comprise
isolated high-barrier regions to trap and inhibit H diffusion, while high-angle GBs are
shown to provide interconnected low-barrier channels to facilitate H transport (Figure
2.17).
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Figure 2.17. Contour mapping of the energy barrier Eb of H migration at representative GBs. (a)
$3[110](111), (b) T11[110](113), (c) =5[100](210), (d) =5[100](310), (e) =25[100](430), (f)
341[100](540). Big gray spheres represent host Ni atoms. Adapted from Ref. [137].

As for hydrogen trapping behavior, by TDS, Wada et al. [25] found that hydrogen was
trapped along GBs with a binding energy of =20 kJ/mol in polycrystalline Ni, and
further true fracture stress analysis and fracture surface morphology examination showed
hydrogen-induced intergranular fracture of pure Ni is controlled by the concentration of
the GB trapped hydrogen, and not by the concentration of lattice hydrogen (Figure 2.18).
Besides, Bechtle et al. [128] conducted experiments on GB-engineered Ni samples with
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and without hydrogen, and the results showed that the susceptibility of HE can be
drastically reduced at special GBs that are characterized by low excess free volumes and
a high degree of atomic matching. Using DFT calculations on two typical GBs of X3[-
110](111) with a close-packed interface structure and x5[001](210) with a less dense
interface structure consisting of open structural units, Davide et al. [139] found these two
GBs have a markedly different interaction behavior with atomic hydrogen that X3 GB
neither traps hydrogen nor enhances its diffusion but £5 enhance the trapping and on-
plane diffusion behavior. Xiao et al. [136] demonstrated the chemomechanical origin of
hydrogen trapping at GBs. The GB excess volume was found to linearly determine the
hydrogen trapping energy in a variety of face-centered cubic metals of Ni, Cu, y-Fe, and
Pd.
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Figure 2.18. (a) Stress—stroke curves of H-free and H-charged pure Ni. (b) Peak 2 hydrogen content and

true fracture stress as functions of hydrogen-gas fugacity. (c—e) Fracture surface morphologies of H-charged
pure Ni in 0.7 MPa (c), 50 MPa (d) and 100 MPa (e) hydrogen gas. Adapted from Ref. [25].

To quantitatively predict decohesion behavior and fracture energy reduction caused by
hydrogen, many theoretical studies combined with atomistic calculations have been done.

Ali [35] calculated the binding energy of hydrogen atoms to various atomic sites and to
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various surfaces created by separating these GBs into two possible fracture surfaces and
found no tendency for hydrogen to cause a ductile-to-brittle transformation for cracks
along most GBs. The experimental observations of cleavage-like failure are thus
attributed to mechanisms involving H diffusion or dynamic crack growth. Shuai et al. [14]
further calculated the reduction of the reversible work of separation of Fe GBs and found
the reduction is lower than the experimental observations even at a level near the hydride
formation limit. They posited that hydrogen-enhanced plasticity and attendant effects
establish the local conditions responsible for the transition in fracture mode from
transgranular to intergranular. The conclusion is reached that intergranular failure occurs
by a reduction of the cohesive energy (HEDE) but with contributions from structural as
well as compositional changes in the GB that are driven by hydrogen-enhanced plasticity
(HELP) processes. However, the microscale detailed HELP-mediated HEDE mechanism
is still not clear. Using MD simulations, Li et al. [142] and Zhu [143] et al.further examine
the dynamics behaviors of GBs in the hydrogen environment with uniaxial tension, the
dislocation nucleation stress was found to be decreased by hydrogen but intergranular
fracture always happens even without hydrogen. Using atomistic modeling to investigate
the mechanical response of GBs in alpha-iron with various hydrogen concentrations,
Liang et al. [101] found that dislocations impingement and emission on the GB can
provoke it to locally transform into an activated state with a more disordered atomistic
structure, and introduce a local stress concentration. The activation of the GB segregated
with hydrogen atoms can greatly facilitate decohesion of the GB, with the proposed model
in Figure 2.19. In all, previous simulations has shown the reduced fracture toughness at
GB by inserting hydrogen, but no transgranular to intergranular fracture transition
corresponding to experiments was observed, which is due to their low stress triaxiality

state setting and will be further analysed in the attached Paperl and Paper2.
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)

H segregated on GB Dislocation impinging on & Void formation by decohesion
(moderate H concentration) emission from GB at activated sites on GB

Void growth by dislocation
emission & GB decohesion

H segregated on GB Dislocation impinging on &
(highH concentration) emission from GB

Formation of void at Fracture by voids extension &
activated sites on GB coalescence along GB plane

Figure 2.19. Schematic illustration of H embrittlement controlled by dislocation-GB reaction in metals. (a)
Polycrystalline sample with moderate concentration of hydrogen mechanically failed with a quasi-cleavage
fracture surface on which the traces of the original GBs can hardly be identified. (b) Intergranular fracture
of a polycrystalline sample with fairly high hydrogen concentration for which the traces of original GBs
are largely preserved on the fracture surface. The yellow strips on the GBs represent sites at which the
reaction of GB with dislocations results in a locally activated state of the GB. Adapted from Ref. [101].
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Chapter 3  Main results

Hydrogen embrittlement (HE) has been a long-standing issue for both academia and
industry, however, the nanoscale HE mechanisms associated with a broad range of
hydrogen-microstructure interactions are largely unknown. Of particular significance, the
hydrogen-grain boundary (GB) interaction can make HE occur in its most severe form,
i.e., intergranular fracture. Herein, aiming to understand the microscale mechanism of
intergranular fracture and develop a mechanism-based predictive model, a set of atomistic
simulations is designed and performed to obtain atomic insights into hydrogen-GB

interactions.

Previous work focused on the decohesion effect of hydrogen at GB, but the critical
timing for transgranular to intergranular fracture transition has not been recorded in the
literature. By applying uniaxial straining to mimic the high-stress triaxiality state in the
vicinity of crack tips, we first show a nanoscale transgranular to intergranular fracture
transition facilitated by hydrogen at Ni £5(210)[001] GB. Hydrogen is found to form a
local atmosphere in the GB region, which induces a local stress concentration and inhibits
the subsequent stress relaxation at the GB during deformation. It is this local stress
concentration that promotes earlier dislocation emission, twinning evolution, and
generation of more vacancies that facilitate nanovoiding. The nucleation and growth of
nanovoids finally leads to intergranular fracture at the GB, in contrast to the transgranular
fracture of hydrogen-free sample. These observations revealed a specific hydrogen-

induced plasticity-participated decohesion mechanism.
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To universalize this mechanism to varying GBs and environmental conditions and
develop a quantitative prediction, statistically reliable simulations on Ni £5(210)[001]
and X9(1-10)[22-1] GBs with or without pre-charged hydrogen at various temperatures
are carried out. Without hydrogen, vacancy generation at GB is limited and transgranular
fracture mode dominates. When charged, hydrogen as a booster can enhance strain-
induced vacancy generation by up to ten times. This leads to the superabundant vacancy
stockpiling at the GB, which agglomerates and nucleates intergranular nanovoids
eventually causing the intergranular fracture. Compared to the enhancement of vacancies,
changes in dislocation quantities and behavior are negligible and not sensitive to
intergranular fracture. While hydrogen tends to persistently enhance vacancy
concentration, temperature plays an intriguing dual role as either an enhancer or an
inhibitor for vacancy stockpiling. These results directly indicate the critical role of
vacancy in the fracture mode transition and good agreement with recent positron
annihilation spectroscopy experiments. An S-shaped quantitative correlation (Fig. 3.1)
between the proportion of intergranular fracture and vacancy concentration was for the
first time derived, highlighting the existence of a critical vacancy concentration, beyond
which fracture mode will be completely intergranular. The relationship provides a robust

tool to quantitatively predict the transgranular to intergranular fracture transition.
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Figure 3.1. Left: Transgranular nanovoid formation in the absence of hydrogen and intergranular nanovoid
formation in the presence of hydrogen. Right: Relationship between intergranular fracture fraction and
vacancy concentration at GB.
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Besides the decohesion effect on fracture behavior, hydrogen also influences the
mobility of GB during the shear-coupled migration process. By inserting hydrogen as
solute at the typical dislocation-array £25(430)[001] GB and applying shear deformation,
the hydrogen-coupled GB migration is investigated and a dual role of hydrogen on GB
mobility is unraveled. In the low temperature and high loading rate regime, where
hydrogen diffusion is substantially slower than GB motion, GB breaks away from the
hydrogen atmosphere and transforms into a new stable phase with highly enhanced
mobility (Fig. 3.2). In the reverse regime, hydrogen atoms move along with GB, exerting
a drag force on GB and decreasing its mobility. These findings provide rationale for the
coexistence of hydrogen hardening and softening observed experimentally in
polycrystalline materials.
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Figure 3.2. Left: GB core structure in the absence of hydrogen, in the presence of hydrogen before breaking
away and in the presence of hydrogen after breaking away, respectively. Right: Stress-strain curve during
GB migration.

Finally, to transfer the results from a certain special GB to a general GB, i.e, from
bicrystal to polycrystal, we elucidate the hydrogen segregation energy spectrums at GBs
of polycrystalline Ni by traversing all the geometrically favorable trapping sites. The
spectrum is a statistical result from millions of local atomic motifs and it is found to be
naturally captured by a three-peak Gaussian mixture distribution (Fig. 3.3). The first peak
(-0.205eV) corresponds to GB core sites which account for the most favorable trapping
sites and also contribute to the fast GB network diffusion with lower migration energy,
while the second and third peaks correspond to hybrid GB surface-octahedron/
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tetrahedron sites acting as an on-plane diffusion barrier. A thermodynamic model is
further derived to describe the equilibrium hydrogen concentration at GB. Through mean
squared displacement analysis, these general GBs in polycrystal show a higher diffusion

coefficient by three orders of magnitude at GB compared to the fcc lattice.

= Model 1 i

e Model 2 IBEEo,= 0 DE*%,=0.4
Model 3 i

—— Model4 N

Segregation energy

-O.Sev X
. -0.6eV

.2 04 0.6

-0.4 -0.2 0.0 0.
Energy(eV)

Figure 3.3. Left: Hydrogen trapping spectrum in polycrystal. Right: Density distribution of segregation
energy for varying trapping sites.
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Chapter 4  Perspectives

Hydrogen embrittlement has almost a history of 150 years, the remaining debates may
originate from 1) hydrogen as the smallest element is still tricky to be detected, 2) the
collective effect of small-scale interaction to macroscale is still unclear. To resolve these
issues, new technology and interpretation are necessary. In this thesis, we could have a
glance into the nanoscale HE with the help of atomistic modeling, however, limitation

exists and potential further studies could be:

1) Atomistic simulation has its own limitation due to the constrained time and space
scale. The slow hydrogen diffusion in reality may take several years to get fully
saturated and the macroscale mechanical may depend on long-range plastic
behavior across the whole sample, which makes the simulation condition
oversimplified to the real situation. This gap may be mitigated by the advance of
experimental techniques (atom probe tomography and high-resolution
transmission electron microscopy) into a smaller scale and the revolution in
computer hashrate (quantum computing). The accuracy of atomistic simulation
highly depends on the atomic potential, more material systems and varying
potential can be verified in the future. For instance, hydrogen in bcc iron could be

a future target system where the diffusion is faster than typical fcc Ni. The
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2)

3)

emerging machine-learning potential can be a good candidate for simulating
multiple systems.

Nowadays, machine learning is coupled with powerful data processing and high
prediction performance and is being widely used in multiple fields. Its previous
success in pattern recognition, drug development, etc. can also be transferred to
predict hydrogen embrittlement or design anti-hydrogen embrittlement materials
based on a bunch of past data. For example, the component-properties relationship
for high-entropy alloy could be derived by computer to design suitable material.
Specifically in this thesis, we explore hydrogen interaction with a range of GBs,
however, the effect of pre-existing dislocation, precipitate and phase boundary are
still not considered. More attention could be focused on their collective interaction

with an accelerated kinetic hydrogen diffusion modeling methodology.
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It is known that hydrogen can influence the dislocation plasticity and fracture mode transition of metallic
materials, however, the nanoscale interaction mechanism between hydrogen and grain boundary largely
remains illusive. By uniaxial straining of bi-crystalline Ni with a £5(210)[001] grain boundary, a trans-
granular to intergranular fracture transition facilitated by hydrogen is elucidated by atomistic modeling,
and a specific hydrogen-controlled plasticity mechanism is revealed. Hydrogen is found to form a local
atmosphere in the vicinity of grain boundary, which induces a local stress concentration and inhibits the
subsequent stress relaxation at the grain boundary during deformation. It is this local stress concentra-
tion that promotes earlier dislocation emission, twinning evolution, and generation of more vacancies
that facilitate nanovoiding. The nucleation and growth of nanovoids finally leads to intergranular fracture
at the grain boundary, in contrast to the transgranular fracture of hydrogen-free sample.

© 2021 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.orgflicenses/by/4.0f)

As indicated by its name, a key feature of hydrogen embrit-
tlement (HE) [1-3] is the transition from ductile to “brittle” frac-
ture in the presence of hydrogen. For polycrystalline materials, this
transition is usually attributed to hydrogen-induced transgranular
to intergranular fracture at the microscopic scale, observed in a
large number of ex-situ experiments [4-7]. All the studies [8-16]
show that grain boundary (GB) plays an important role in HE and
the hydrogen-GB interactions hold the key to understanding the
transgranular to intergranular fracture transition. Nowadays, it is
well understood that the transition process may involve the syn-
ergistic action of several important HE mechanisms [11,17]. Three
widely accepted mechanisms are hydrogen enhanced local plas-
ticity (HELP), hydrogen enhanced decohesion (HEDE), and hydro-
gen enhanced strain-induced vacancy formation (HESIV). The the-
ory of HELP [18-22] is based on the experimental evidence of
enhanced dislocation mobility and well-evolved dislocation struc-
tures beneath the fracture surfaces of hydrogen-embrittled sam-
ples. However, there is still a large gap in the understanding of
how this locally ductile behavior could lead to the eventual “brit-
tle” fracture. HEDE [23-27] postulates that local accumulation of

* Corresponding author.
E-mail address: zhiliang.zhang@ntnu.no (Z. Zhang).

https:/{doi.org/10.1016/j.scriptamat.2021.114122

H at crack tips could contribute to the weakening of metal bonds
resulting in fracture, but it does not make an explanation for the
enhanced plasticity. HESIV [28-32] assumes that the vacancy clus-
ters generated during plastic deformation are stabilized by forming
H-vacancy complexes, which will further interact with the dislo-
cations. However, the connection of those stabilized vacancies to
embrittlement remains unexplained. All these mechanisms can be
viable at the GBs, which is a material interface with intensive dis-
location activity and high H trapping capacity [33]. The hydrogen-
enhanced plasticity mediated failure mechanism [3] has been pro-
posed as a connection between HELP and HEDE, trying to make a
universal explanation to HE phenomena. It should be mentioned
that the whole framework was established as a posteriori inter-
pretation of evolved microstructures. The transition process of the
fracture mode has not been directly demonstrated by in-situ exper-
iment or simulation. Verification of this mechanism is one of the
outstanding issues in HE research.

The interaction between hydrogen and grain boundary/material
interface has been simulated both using the continuum approach
[34] and the atomistic method [35]. Hydrogen segregation around
GBs [36,37] and the influence of hydrogen on the propagation of
an existing crack [38] have been elaborated. However, the direct
transgranular to intergranular transition without an initial crack

1359-6462/© 2021 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/4.0f)
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has not been observed. Recent experimental studies [39-41] indi-
cate that mobile H-deformation interaction is not an intrinsic re-
quirement for H-induced intergranular fracture, implying that the
initial H segregation on the GB is the key. But it is still unclear how
the segregated H interacts with the GB. The present work zooms
into the GB region with segregated H and probes the mechanisms
behind H-induced intergranular fracture. A X5(210)[001] GB was
created by constructing two separate crystals with desired crystal-
lographic orientations and joining them along a plane normal to
the Y-direction (Fig. 1a). The initial configuration was then modi-
fied by shifting the upper grain in the X-Z plane, deleting overlap-
ping atoms, and applying the conjugate gradient method to equi-
librate the system. The simulation box was divided into three re-
gions: The vicinity +1 nm to the GB as GB region, 1 nm thick re-
gion on the top of grainl and bottom of grain2 as boundary layers
to apply displacement controlled loading, and rest part as grains.
Periodic boundary conditions were imposed along the X and Z di-
rections while a free boundary condition was employed along the
Y direction. After equilibrium in the isothermal-isobaric (NPT) en-
semble at 300 K for 100 ps, the mixed grand canonical Monte
Carlo (GCMC)/molecular dynamic (MD) method was utilized to ob-
tain the dynamic trapping map around the GB. For the GCMC im-
plementation, the system was kept at constant chemical potential
/4, volume V and temperature T. There is a relationship between
chemical potential ¢ and equilibrium bulk H concentration cg in
perfect lattice: ;+ = kT Incg + AE, where AE is the segregation en-
ergy of one H atom and k is the Boltzmann constant. During the
H charging process, each step of GCMC runs (insertion or dele-
tion of one randomly chosen H atom) was followed by 50 steps
of MD runs in canonical (NVT) ensemble until the H concentra-
tion fluctuates in a narrow range (+1% atomic ratio). The simula-
tions were first performed for the perfect FCC Ni lattice without
GB, to obtain the relationship between ¢y and p (Fig. 1d). Then
1t = —2.31 eV was chosen as the charging parameters for all the
subsequent study corresponding to ¢g = 0.001 in the bulk grain.
The equilibrium hydrogenated GB after charging was regarded as
the 100% saturation case with the 0, 13, 25, 40, 60% saturation
cases as comparison. After charging, the system was relaxed in the
NPT ensemble for 100 ps. To obtain a realistic stress state in front
of a crack tip and avoid unphysical elongation, uniaxial straining in
the NVT ensemble was carried out by moving the upper boundary
layer at a constant velocity of 2 m/s along Y direction while the
lower layer is kept stationary. The atomic stress during deforma-
tion was analyzed by Viral theory [42], illustrations of all simula-
tion snapshots were achieved by the coordination number centro-
symmetry parameter [43] and common neighbor analysis (CNA)
[44], and dislocations were identified by Ovito [45].

The H distribution during charging is shown in Fig. le. The H
concentration in the grains and GB reaches ¢y = 0.001 in the first
100,000 MC steps. H atoms continue to pump into the GB region

due to the high trapping energy and excess volumes in the sub-
sequent MC steps. However, the H concentration inside the grains
is slightly reduced and kept around ¢ = 0.0008, which is mainly
caused by the attractive interaction between the formed H atmo-
sphere around the GB and newly inserted H. Finally, the GB struc-
ture reaches an equilibrium at ¢ = 0.25 after 15,000,000 MC steps
in Fig. 1b. The locally high H concentration agrees well with the
experimental results [33] and theoretical calculation [46], indicat-
ing that this type of X5 GB could be a preferred gathering site for
H. For comparison, a ¥3 coherent twin boundary (CTB) is charged
under the same conditions. The evenly distributed H in Fig. 1c im-
plies that CTB has an inconsequential effect to trap H because of
the compact structure and few trapping sites, indicating that CTBs
have good resistance to HE [16,47].

Fig. 2a shows the stress (Syy)-strain curve in the Y direction
with varying H concentrations during deformation. Fig. 2c-h are
the snapshots of the elastic stage, plastic stage, and final frac-
ture for the cases without H and with H in the 100% saturation
case, respectively. Without H, the sample fractured (¢ = 0.208)
with nanovoid nucleation in the grains near the upper boundary
layer due to the accumulation of high-density dislocations. With
H in the 100% saturation case, the sample fractured (¢ = 0.173)
with nanovoid nucleation on the GB. This shift of nanovoid nu-
cleation site from grain interior to the GB caused by H is mani-
fested as H-induced transgranular to intergranular fracture transi-
tion. The sample deforms mainly through the nucleation and glid-
ing of 1/6<112> Shockley dislocations (green pipelines) and leaves
the twins (red stacking fault) on the path in which they have
glided. At the first drop of stress (critical stress), the twins start to
grow and soon get pinned by the top and bottom boundary. The
inserted H could facilitate earlier twinning nucleation (¢ = 0.08
without H and ¢ = 0.062 with H) and decrease the critical stress
(Syy = 11.06 GPa without H and & = 9.55 GPa with H) during this
stage. Higher H concentration could amplify those effects. To re-
lease the stress caused by subsequent deformation, more disloca-
tions nucleate, multiplicate and exit on the GB, which generates
more twins. These twins interact with each other in the junctions,
further increasing the dislocation density. As shown in Fig. 2b, the
twins volume fraction evolution displays a zig-zag pattern until
fracture, which is the main plasticity activity during deformation.
It should be noted that hydrogen promoted deformation twinning,
revealed in the MD simulation, has not been experimentally ob-
served in typical Ni microstructures [39,48-50]. This is probably
because the MD simulation assumes no pre-existing dislocations
before deformation, so continued plasticity dominated by dislo-
cation gliding was source-controlled and twinning was facilitated,
this can be the case for nanocrystalline Ni [51,52]. Therefore, cau-
tion should be taken when applying hydrogen-induced twinning
mechanism in Ni, since this is likely applicable to highly special-
ized cases instead of the typical coarse-grained microstructures.
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Nevertheless, this can still be a viable mechanism in a number of
FCC alloys that undergo deformation twinning, such as in TWIP
steels [53,54] or those with nanocrystalline grain structures. To
better understand how H influences local plasticity, the average
von Mises stress distribution along the Y direction in different re-
gions is plotted in Fig. 3. It is interesting to note that in Fig. 3b the
¥5(210)[001] GB could release the initial stress and always keep
its stress level lower than in the grains during deformation without
H. This might be a good explanation for the huge amount of point
defects in the grains without H (Fig. 2¢) and the eventual trans-
granular fracture. The saturated H can increase the initial stress
concentration in the GB region and more importantly inhibit the
stress-releasing ability of the GB during deformation. The GB thus
stays at an activated state [11] with a more disordered atomistic
structure due to the higher stress level maintained at the GB than
the grain interior, which induces the earlier twinning nucleation
and void formation on the GB. Increased H concentration could in-
crease the local stress concentration which induces more serious
plastic deformation and earlier fracture.

Another important feature revealed in Fig. 2e,h is nanovoid-
ing. In order to investigate the nanovoid formation mechanism, the

process of vacancy formation, which could be the embryo of the fi-
nal void [31], is analyzed in the GB region. The extremely distorted
atoms are identified as vacancy cluster and the vacancy volume
fraction-strain curve is plotted in Fig. 4a. It is found that there are
few vacancies formed around the GB before twinning nucleation
without H, but the fraction of vacancy volume comes to grow after
more plasticity occurs around the GB. With H, the vacancy volume
fraction comes to grow in the elastic stage which shows that the
GB has entered a plasticity-activated state [33], and the vacancy
volume fraction rises with increasing pre-charged H concentration.
It indicates that H accelerates vacancy formation at early plastic-
ity stage on the GB, possibly through lattice dislocation interaction
and jog formation. Previous studies also show that vacancies could
be stabilized by forming Va-H complexes [31,32], consistent with
the high vacancy volume fraction observed in the H charged cases.
Those Va-H complexes could be the reason for the earlier void for-
mation with H in Fig. 4g.

In summary, by scrutinizing the tensile responses of Ni
¥5(210)[001] GB with varied hydrogen concentration using atom-
istic modeling, we demonstrate a transgranular to intergranular-
fracture transition mechanism controlled by hydrogen-influenced
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Fig. 4. (a) Vacancy volume fraction as a function of strain with varying H concentration. (b,-g) Snapshots of vacancy surface atoms at strain = 0.18 with varying H concen-

tration. Only highly distorted atoms with coordination numbers less than 8 are colored.

plasticity. Compared with the ¥3 coherent twin GB which traps
nearly no H atoms, H will form an atmosphere at the X5 GB due
to the high trapping energy and excess volume and induce a higher
initial local stress. In the case without H, less stress is built up at
the X5 GB region during deformation, which leads to transgran-
ular fracture. In contrast, H suppresses the stress-releasing abil-
ity of the X5 GB, which causes a local stress concentration and
promotes local plasticity on the GB. This further leads to early
dislocation emission, severe twinning evolution, increased num-
ber of vacancies and thus enhanced nanovoiding on the GB. The
growth of nanovoids with H finally completes the transgranular to
intergranular-fracture transition. This work reveals that hydrogen-
grain boundary interaction and hydrogen enhanced vacancy for-
mation are important factors in the hydrogen-induced intergranu-
lar fracture at room temperature. However, the influence of hydro-
gen on atomic bonds, i.e. the HEDE mechanism, was not examined
here. According to Harris et al. [39], HEDE may play an important
part in the process. Therefore, the transgranular to intergranular-
fracture transition with hydrogen is likely due to the synergistic
action of all the three mechanisms.
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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 Z9(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:
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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
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 [3-6G], and to name only a few, hydrogen-enhanced deco-
hesion (HEDE) and hydrogen-enhanced localized plasticity (HELP).
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E-mail add : haiyang.y
He), zhiliang.zhang@ntnu.no (Z. Zhang).

om.uuse (H. Yu) jianyinghe@ntnu.no (J.
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ducing the fracture energy [7]. It reflects the nature of embrittle-
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

1359-6454}© 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/)
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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
X5(210)[001] symmetric tilt GB and X9{1-10)[22-1] pure twist

Acta Materialia 239 (2022) 118279

GB. % 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 %5 and Z9 GBs represent typical low-% 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 (Ly, 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 x 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 g and
the locally equilibrated hydrogen concentration c:

n = kTinc + AE, (1)

where 4 E is the local segregation energy of one hydrogen atom
and k is the Boltzmann constant. For all the cases, t = —2.31 &V
was chosen as the charging potential which corresponds to the
bulk hydrogen concentration in grains ¢y = 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, 300K, 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 & 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 £5(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 = —-2.31 eV is
illustrated in Fig. 2¢, d for the X5 and %9 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 X5 and X9 GBs also reached equilibrium (100% satu-
ration) with ¢ = 0.240 and ¢ = 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 ¢y = 0.0008. The
relationship between local equilibrium hydrogen concentration and
applied chemical potential was further shown in Fig. 2Db, 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. 3a;, a4, by,
by). 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 = 1106 GPa in the hydrogen-free sample against
& = 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, gy = 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. 3a,, a4, by, bs). 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, by, the nanovoid at GB is formed
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highlighted in the inset. (c, 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 ¥5 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 X5 or X9 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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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 X9 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
X9 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. 5c-e, h-j. To
avoid counting atoms on the nanovoid surface, we show only the
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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 9 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 £9 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:

Eycy, e, T
0= gew(—%), (2)

where g is the geometry factor depending on the arrangement of
vacancies, Ey 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 £y 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¢y. 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. &b, d. Sur-
prisingly, both £5 and £9 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 %5 and
1.5% for £9), 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 5 and 1.5% ~ 2.8% for £9),
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 %9, 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
%9 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 9, we obtain the critical hydrogen concentration for the in-
tergranular fracture in the X9 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, eg. 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 X5 GB case at 300 K. Before dislecation nucleation, there
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Fig. 6. GB vacancy stockpiling is responsible for intergranular fracture. (a, ¢) GB vacancy concentration before nanovoid nucleation versus varying hydrogen concentrations
and temperatures. Each data point is collected at a point right before fracture. (b, d) Relationship between intergranular fracture fraction and vacancy concentration at
GB. Intergranular fracture fraction becomes 100% as critical vacancy concentration (1.7% for X5 and 2.8% for X9) is reached, ie. all the samples are expected to fail by
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 X9 GB and for the X5 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 £5 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. 7¢, 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
X5 and X9 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-

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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ABSTRACT

The effect of solute hydrogen on shear-coupled grain boundary (GB) migration is investigated with the dislocation-array type £25(430)
[001] GB and a dual role of hydrogen on GB mobility is unraveled. In the low temperature and high loading rate regime, where hydrogen
diffusion is substantially slower than GB motion, GB breaks away from the hydrogen atmosphere and transforms into a new stable phase
with highly enhanced mobility. In the reverse regime, hydrogen atoms move along with GB, exerting a drag force on GB and decreasing its
mobility. These findings provide rationale for the coexistence of hydrogen hardening and softening observed experimentally in polycrystal-

line materials.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0132488

1. INTRODUCTION

Hydrogen as a clean energy carrier is attracting enormous
attention nowadays and is envisioned as the fuel of future.
However, the safety of engineering components for hydrogen storage
and transport is often undermined due to a phenomenon called
hydrogen embrittlement (HE), where dissolved hydrogen in metals
can cause dramatic degradation of mechanical properties leading to
sudden and catastrophic failure. Despite studies over one century, the
fundamental mechanisms of HE remain controversial.' ™ The core
debate is over the effects of hydrogen on dislocation motion. The
hydrogen-enhanced localized plasticity (HELP)" mechanism pro-
poses that hydrogen exerts a shielding effect on the elastic field to
enhance dislocation mobility. This is supported by a number of
transmission electron microscopy observations”™ and has been cor-
related to a global softening effect. However, HELP cannot rational-
ize the hydrogen-induced hardening observed in some macroscopic
experiments,”~ " which is often attributed to the pinning effect of
hydrogen on dislocations.'”™"* The hydrogen-enhanced decohesion
(HEDE)"” mechanism assumes a weakening of the interatomic
bonds by hydrogen; it is always associated with locally high hydrogen
concentrations where hardening is observed but cannot explain the

softening behaviors. Recently, more researchers suggested synergistic
action of mixed mechanisms where HEDE and HELP play their
respective roles in hardening and softening with the dominance of a
particular mechanism depending on numerous factors,'” but the
nanoscale detail about those mechanisms is still lacking It should be
noted that in addition to the intensively studied hydrogen—disloca-
tion interaction, the grain boundary (GB), as a type of interface sepa-
rating differently oriented crystallites, works as an important
plasticity carrier in polycrystalline materials and can, therefore, also
play a significant role in HE.'"~ Among the topics, the study on
hydrogen-influenced GB mobility has been rather limited.

1l. METHODOLOGY

Traditional models treat GBs as immobile structures that pose
an obstacle to dislocation motion. However, increasing evidence™ ™
showed that GBs can also move under shear stress. This phenome-
non is referred to as coupling GB motion to shear deformation,”’
where the normal motion of GB is always coupled with a simultane-
ous relative translation of adjacent grains parallel to the GB plane.

J. Appl. Phys. 133, 045103 (2023); doi: 10.1063/5.0132488
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The ideal coupling is described by a linear relationship,
v = Bvn> (1)

where f3 is a coupling factor between grain translation velocity v and
GB normal velocity v, Both theoretical” ™ and experimental
studies” " revealed that f is purely a geometric parameter when it
comes to a perfect coupling. Continuous efforts have been devoted to
quantifying GB mobility M,,”"~"*">"" which is an inherent property
of GB defined as the normalized v, by the normal driving force F,
(in stress unit),

M, = vl (2

Considering that the rate of energy dissipation by normal GB
motion is equal to the work done by the shear stress 7 per GB unit
area, F,v, = 7v|, and the Eq. (1), we get

Vn
M, = B (3)

GB mobility depends on several factors, e.g, temperature,
loading rate, and solute concentration. The force produced by the
segregation of a solute atmosphere on the GB is known as solute
drag which depends strongly on the velocity of the GB relative to
the diffusivity of the solute.”"™" At low velocity, the segregation
atmosphere moves together with GB and causes an additional fric-
tion force (hereinafter referred to as the solute drag model).
At high velocity, the GB breaks away from the atmosphere and the
friction force decreases (referred to as the breakaway model).
In both velocity regimes, hydrogen as a solute should exert a strong
or weak hardening effect which is, however, contradictory to the
HELP mechanism. To explore those mysteries, we perform atomis-
tic modeling and reveal that hydrogen could induce GB phase tran-
sition and work either as an enhancer or inhibitor for GB mobility
at varying temperature and loading rate regimes.

Molecular dynamics (MD) simulations are carried out in a
nickel-hydrogen bicrystal system with an embedded atom method
potential”' using the LAMMPS code,” and atomic structures are
visualized in Ovito." As illustrated in Fig. 1(a), 225(430)[001]
symmetric tilt GB is created by constructing two perfect FCC crys-
tals with desired crystallographic orientations in a rectangular box
and joining the crystals along a plane normal to the Y-direction.
The GB interface shows a typical structure composed of an array of
lattice dislocations and its migration behavior has been intensively
studied before.”” Periodic boundary conditions are applied along
the X (10.6nm) and Z (5.3 nm) directions while a free boundary
condition is employed along the Y (12.7 + 25.4 nm) direction.

After equilibrium in the isothermal-isobaric (NPT) ensemble
at 300 K for 100 ps, the system is put into hybrid grand canonical
Monte Carlo (GCMC)/molecular dynamic simulation™ to obtain
the hydrogen distribution around GB. In the GCMC process,
hydrogen atoms are randomly inserted or deleted to achieve a
desired chemical potential (—2.31eV) within a constant volume
(grand canonical ensemble). This chemical potential corresponds
to a bulk hydrogen concentration of 1000 appm at a similar level to
previous experimental studies in polycrystalline nickel " (see the

ARTICLE scitation.org/journal/jap

relationship between bulk hydrogen concentration for the perfect
fcc nickel and hydrogen charging chemical potential in Fig. 1 in
the supplementary material). In the MD part, each GCMC step is
followed by ten steps in the canonical (NVT) ensemble at 300 K
until the hydrogen concentration in the box fluctuates in a narrow
range (£1% atomic ratio), and the final configuration is taken as
the 100% hydrogenated GB. Figure 1(b) shows the hydrogen con-
centration ¢y evolution at the GB region (the vicinity +1 nm to the
GB) and in the grains (the remaining part in the box). Hydrogen
tends to form an atmosphere (0.194 atomic ratio) in the GB region,
while the hydrogen concentration in the grains stays at a level
(0.001 atomic ratio) often seen in experiments. After charging and
further equilibrating in the NPT ensemble for 100 ps, the migration
behavior of the 0%, 13%, and 100% hydrogenated GBs in response
to an external shear deformation are investigated. Figure 1(c)
shows the local GB structures, clearly, hydrogen atoms mainly
accumulate in the vicinity of the GB. Displacement-controlled
loading is applied by shearing the upper rigid slab at a constant
velocity (v = 0.02, 0.2, and 2 m/s) while keeping the lower rigid
slab stationary, and the NVT ensemble is carried out in the middle
region at varying temperatures (7 = 300, 400, 500, and 600 K).
During the deformation stage, the external charging reservoir is not
applied to keep the hydrogen concentration unchanged.

(b)

10?
C,, at £25 grain boundary

———C, in the grains
—— G, in the whole box

10°

Hydrogen concentration (at.%)

10+ L

5
MC steps(millions)

Z25(430)[001]

Without H

biddbddddiid

With 13% H
Adddd ddddddd

With 100% H

FIG. 1. (a) Schematic of the nickel £25(430)[001] symmetric tilt GB. Atoms rep-
resenting ordinary FCC structures are marked green, those belonging to GB dis-
location cores are marked white, and atoms in the lower stationary slab and in
the upper rigid slab with a constant shearing velocity are marked brown. (b)
Hydrogen concentration evolution around the £25 GB during the GCMC/MD
charging process. (c) Local structure of hydrogenated GB with 0%, 13%, and
100% hydrogen. The blue circle represents the GB dislocation line perpendicular
to the paper plane with its Burgers vector indicated by the gray arrow, and
hydrogen atoms are colored pink.
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temperatures.

atmosphere for all the cases at 300 K where hydrogen diffusion is
slower than the GB velocity (0.0701 m/s). The relationship between
shear stress 7. and shear displacement &) is shown in Fig. 2(e).
In the absence of hydrogen, 7,. first increases linearly with &
corresponding to an elastic regime where the system is uni-
formly deformed and the GB structure remains unchanged. This
regime ends when 7, reaches a critical value () = 0.65nm,
Teritical = 0.78 GPa) and GB starts to move by the nucleation and
propagation of disconnections.”” When the shear stress enters a
steady-state regime, it shows a stick-slip pattern and continues to
fluctuate around a constant value, which is termed the average
migration stress (Zayeraee = 0.65 GPa). Under perfect coupling con-
ditions, the average stress for this regime is proportional to the GB
driving force F, = Ptayerage and directly reflects the reciprocal of

GB mobility in Eq. (3). Hydrogen inhibits the normal motion of
GB by suppressing the formation of disconnection steps.
The elastic region is elongated, and it causes larger strain and
stress in the system before migration. The shear stress continues
to rise until a new critical stress for activating GB migration
is reached (&) = 1.05nm, Zuiicat = 1.36 GPa for ¢y = 0.13, and
8) =2.02nm, Tyifice = 2.45GPa for ¢y =1). Then, GB breaks
away from the hydrogen atmosphere and jumps (by a distance of
2.2nm for ¢y = 0.13 and 6 nm for ¢y = 1) to the same position as
in the absence of hydrogen. The shear stress drops instantaneously
and falls into the stick-slip regime. However, the average
migration stress in this regime is highly decreased for cy =1
(Taverage = 0.64 GPa for ¢y =0.13 and 7Zayerape = 0.33GPa  for
¢y = 1). This indicates that the mobility of GB is enhanced due to
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the interaction with hydrogen, which could be attributed to the
forming of a new stable GB phase. As shown in Fig. 2(d), for
cg =0 and 0.13, GB remains an array of perfect dislocations
during migration with almost the same average migration stress.
For ¢y = 1, the activation stress for GB migration is much higher,
and local dislocation interaction could happen on the GB plane.
For 8| = 2nm before migration, as a result of hydrogen and high
local stress, the perfect GB dislocations decompose into Shockley
dislocations and interact with other dislocations on the XZ plane.
Upon reaching the critical stress, the GB breaks away but its config-
uration has been permanently changed, with vacancies and even
dislocation loops (part of original GB dislocations) detected in the
hydrogen atmosphere left behind. The newly formed GB structure

is more compact than the original one. By fast quenching and cal-
culating the excess free energy compared with the perfect FCC
lattice per area, we find that GB energy Eqy after breaking away for
¢y =0, 0.13, and 1 are 1.057, 1.055, and 0.974 J/m?, respectively.
This new GB phase has lower energy and higher mobility. In the
case at 300 K, hydrogen exerts a dual effect on GB motion. On one
hand, it increases the energy barrier and, thus, the critical stress for
the activation of GB migration; on the other hand, it induces the
GB phase transition which alters the structure and energetics of the
GB and enhances the mobility.

To further investigate the coupling effect of solute concentra-
tion and temperature on GB mobility, the same cases in Fig. 2 are
studied at different temperatures. Figure 3(a) shows the hydrogen
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distribution with 8 = 4nm, a clear transition from the breakaway
model to the solute drag model could be observed by increasing
the temperature. For T'= 300 and 400 K, hydrogen moves slowly
and is not able to follow the GB, which causes the GB to finally
break away from the hydrogen atmosphere and transform into a
new phase. As the temperature increases, the diffusivity of hydro-
gen is enhanced. At 500K, hydrogen atoms can move along with
GB dislocations and some of the atoms can be trapped along the
path traveled by the GB. At 600K, hydrogen atoms move even
faster than the GB. These cases fall into the regime of the solute
drag model where hydrogen exerts friction force on the moving
GB. The shear stress—displacement curve is shown in Fig. 3(b), and
the critical stress and average migration stress are presented in
Figs. 3(c) and 3(d), respectively. Each case was repeated 10 times
with different temperature seeds to extract statistically reliable data.
As shown in Fig. 3(c), hydrogen increases the barrier for the activa-
tion of GB migration at all the temperatures investigated, as evidenced
by the elevated critical stress with increasing hydrogen concentration.
In contrast, the average migration stress shows opposite trends at dif-
ferent temperature regimes. For the breakaway regime (below 500 K),
migration stress decreases with increasing hydrogen concentration.
It is caused by the formation of a new GB phase with higher mobility.
For the solute drag regime (500 K and above), the hydrogen atoms
transported by GB motion impose a drag force on the GB, which
degrades the GB mobility. Using Eq. (3), the GB mobility is calculated
and shown in Fig. 3(e), and the dual role of hydrogen in GB mobility
under different temperature regimes is quantitatively presented.

By changing the shear velocity of the slabs (from 0.02 to 2 m/s),
the migration behavior under different loading rates is also studied.
Figure 4 shows the stress-displacement curves under varying loading
rates and the corresponding averaging stresses. Under the breakaway
model at 300 K, increased GB velocity tends to weaken the effect of
hydrogen and reduce the migration stress, ie., hydrogen has less
potential to transform the GB into a low-energy and high-mobility
phase. At 500K, the enhanced GB velocity promotes the transition
from solute drag model (v =0.02m/s) to breakaway model
(v =0.2 and 2 m/s) because hydrogen atoms are unable to keep
pace with the accelerated GB. Thus, the role of hydrogen on GB
mobility switches from an inhibitor to a booster when strain rate
elevates.

IV. CONCLUSION

In summary, we studied the effect of hydrogen on the migra-
tion behavior of £25(430)[001] GB using Monte Carlo and molecu-
lar dynamics methods. A dual role of hydrogen in GB mobility was
unraveled. In the low temperature and high loading rate regime,
hydrogen atoms move slower than GB, so the hydrogen atmosphere
exerts a pinning effect on the GB before the GB motion is activated;
this results in increased critical stress for GB activation. Once the
critical stress is reached, GB breaks away from the hydrogen atmo-
sphere and transforms into a new stable phase with lower energy
and higher mobility, so the migration stress is lower with hydrogen.
In the high temperature and low loading rate regime, hydrogen
atoms travel along with GB, pose a drag force on the GB, and
decrease its mobility, in line with classical solute drag theory.
Considering GB as a plasticity carrier, the dual role of hydrogen

ARTICLE scitation.org/journal/jap

can lead either to plastic softening or hardening. This dual role can
also be relevant to hydrogen-dislocation interaction since the 225
GB is composed of rows of edge dislocations, and hydrogen may
facilitate the transformation of dislocation core structures. These
findings can thus help rationalize the controversial observations of
hydrogen hardening and hydrogen softening in polycrystalline
materials under different experimental conditions. Local hydrogen
accumulation hinders the mobility of GBs or dislocations and
induces hardening, at the same time it can also enhance their
mobility by reconstructing their core structure, with the transition
between them depending on several factors such as hydrogen con-
centrations, temperatures, and loading rates.

SUPPLEMENTARY MATERIAL

See the supplementary material for the relationship between
equilibrium bulk hydrogen concentration ¢, in perfect fec nickel
and chemical potential u used in the charging process (Fig. 1),
energy/atom-MC steps plot during GCMC/MD charging process
(Fig. 2), migration behaviors of £25(430)[001] GB at 300 K with
varying hydrogen concentration ¢y = 0, 0.13, and 1, respectively
(Movie 1), and migration behaviors of 2£25(430)[001] GB in the
presence of hydrogen with varying temperatures T = 300, 400, 500,
and 600 K, respectively.
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